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Introduction to the Proceedings
of the Twenty-Eighth Symposium

on Biotechnology for Fuels and Chemicals

JONATHAN R. MIELENZ

Oak Ridge National Laboratory
Oak Ridge. TN 3831

The Twenty-Eighth Symposium on Biotechnology for Fuels and
Chemicals was held April 30-May 3, 2006 in Nashville, Tennessee which
provided a new interesting venue as well as a convenient travel destina
tion. The growing interest in alternative fuels and chemicals, driven in part
by the rising cost of petroleum, along with the exciting technical program
yielded a record attendance at this Symposium with 479 participants,
exceeding late year's record attendance in Denver. Notable was a dramatic
increase in representation from industry which comprised about 40% of
the attendees, signifying the continuing transition of Symposium from
biomass research to inclusion of commercial development and deploy
ment. The Symposium continued to receive strong international support
with 30% of the attendees coming from 24 counties. As always, the
Symposium was a strong supporter of education as shown by the 86 students
registered for the meeting at the reduced rate.

The 2006 28th Symposium on Biotechnology for Fuels and Chemicals
marked a transition from a meeting organized and managed by the
National Renewable Energy Laboratory and the Oak Ridge National
Laboratory to transferring these critical duties to a professional not-for-profit
scientific society, the Society for Industrial Microbiology (SIM). SIM took
on the responsibility for contracting with the host hotel, handling registra
tion, abstract submission and tracking, proceedings publication and over
all management of the meeting. The technical aspects continue to be
managed by the 21 member organizing committee whose responsibility is
to support the meeting Co-Chairs. Session selection, abstract review,
manuscript review and editing and proceedings editing is handled by the
meeting Co-Chairs and overseen by the committee as it has been in previ
ous years. This transition went very smoothly and the meeting was man
aged quite well by SIM even in the face of the record attendance.
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Selection of the Charles D. Scott awardees marked a small but appro
priate departure from tradition with selection of two equally deserving
individuals based upon their significant, lengthy support of the
Symposium both through their technical contribution for bioenergy
research and also by their serving tirelessly as Co-Chairs for the
Symposium for ten to twelve years! Brian Davison from Oak Ridge
National Laboratory (ORNL) is the Chief Scientist for Systems Biology and
Biotechnology. In his twenty years at ORNL he has performed biotechnol
ogy research in variety of areas including bioconversion of renewable
resources, non-aqueous biocatalysis, systems analysis of microbes, and
immobilization of microbes and enzymes among other areas of research.
He supported the Symposium many ways before becoming co-chair of the
15th to 26th Symposium on Biotechnology for Fuels and Chemicals and
served as editor of Proceedings in Appl. Biochem. Biotechnol., (1994-2005).
The Symposium grew from 150 to over 400 attendees during these twelve
years (ten with Mark Finkelstein).

Mark Finkelstein joined the National Renewable Energy Laboratory
(NREL) in 1992 to introduce industrial approaches to problem solving and
helped establish numerous successful business relationships during his
tenure at NREL. He helped initiate work on Zymomonas within the
Biofuels Program that resulted in numerous patents, publications, NREL's
first team Staff Award, and an R&D 100 award in 1995. He has served in a
variety of capacities in support of the Symposium on Biotechnology for
Fuels and Chemicals before becoming co-chair from 1996 to 2004. In 2004
Mark joined Luca Technologies, a small biotechnology company using
microbes to create in-situ hydrogen/methane as a new source of energy.
The Symposium on Biotechnology for Fuels and Chemicals congratulates
both Brian and Mark for receiving the CD Scott Award in 2006.

These proceeding cover many of the 62 oral presentations and 255
poster presentations covering topics ranging from Feedstock Supply and
Logistics, Microbial Catalysts and Metabolic Engineering, to Bioprocessing
and Separations R&D, and Bio/Thermo-chemical Integrated Biorefinery.
In addition, the Symposium hosted two special sessions on Life Cycle
Analysis/Sustainability, and International Biomass/Biofuels Update.

Session Chairpersons

Session lA: Enzyme Catalysis and Engineering
Chairs: Michael Himmel, National Renewable Energy Laboratory,

Golden, CO
Elena Vlasenko, Novozymes, Inc.,Davis, CA

Session IB: Plant Biotechnology and Genomics
Chairs: Mariam Sticklen, Michigan State University, East Lansing, MI

Gerald Tuskan, Oak Ridge National Laboratory, Oak
Ridge, TN
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Session 2: Biomass Fractionation and Hydrolysis
Chairs: Amy Miranda, USDOE Office of the Biomass Program,

Washington, DC
Charles Wyman, University of California, Davis, CA

Session 3A: New and Developing Industrial Bioproducts
Chairs: Mohammed Moniruzzaman, BioEnergy Inti. LLC, Norwell,

MA
Christian Stevens, Ghent University, Gent, Belgium

Session 3B: Feedstock Supply and Logistics
Chairs: Robert Perlack, Oak Ridge National Laboratory, Oak Ridge,

TN
Richard Hess, Idaho National Laboratory, Idaho Falls, ID

Session 4: Microbial Catalysis and Metabolic Engineering
Chairs: Stanley Bower, Tate & Lyle, Decatur, IL

Mark Eiteman, University of Georgia, Athens, GA

Session 5: Bioprocessing and Separations R&D
Chairs: Luca Zullo, Cargill, Minneapolis, MN

Seth Synder, Argonne National Laboratory, Argonne, IL

Session 6: Bio/Thermo-chemical Integrated Biorefinery
Chairs: Art Ragauskas, Georgia Institute ofTechnology, Atlanta, GA

Thomas Foust, National Renewable Energy Laboratory,
Golden, CO

Special Topics Session A: Life Cycle Analysis/ Sustainability
Chairs: Bruce Dale, Michigan State University, East Lansing, MI

Michael Wang, Argonne National Laboratory, Argonne, IL

Special Topics Session B: International Biomass/Biofuels Update
Chairs: Jin-Ho Seo, Seoul University, Seoul, Korea

Barbel Hahn-Hagerdal, Lund University, Lund, Sweden

Organizing Committee
Jonathan Mielenz, Conference Chairman, Oak Ridge National

Laboratory, Oak Ridge, TN
K. Thomas Klasson, Conference Co-Chairman, USDA Agricultural

Research Service, Southern Regional Research Laboratory, New
Orleans, LA

Jim McMillan, Conference Co-Chairman, National Renewable
Energy Laboratory, Golden, CO

William Adney, National Renewable Energy Laboratory, Golden, CO
Doug Cameron, Khosla Ventures, Menlo Park, CA
Brian Davison, Oak Ridge National Laboratory, Oak Ridge, TN
Jim Duffield, National Renewable Energy Laboratory, Golden, CO
Don Erbach, USDA -Agricultural Research Service, Beltsville, MD
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22. "Proceedings of the Twenty-Second Symposium on Biotechnology for Fuels and
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23. "Proceedings of the Twenty-Third Symposium on Biotechnology for Fuels and
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This symposium has been held annually since 1978. We are pleased to
have the proceedings of the Twenty-Seventh Symposium currently pub
lished in this special issue to continue the tradition of providing a record
of the contributions made.

The Twenty-Eighth Symposium will be April 3D-May 3, 2006 in
Nashville, Tennessee. More information on the 27th and 28th Symposia is
available at the following websites: [http://www.eere.energy.gov/biomass/
biotech_symposium/J and [http://www.simhq.org/html/meetings/J.
We encourage comments or discussions relevant to the format or content
of the meeting.
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Enzyme Catalysis and Engineering

Introduction to Session 1A

MICHAEl E. HIMMEl*
National Renewable Energy Laboratory, Golden, CO 80407

E-mail: mike_himmel@nrel.gov

Understanding and overcoming the natural resistance of plant cell
walls to enzymatic hydrolysis remains one of the most active research
areas in biofuels production (as indicated by the number of abstracts and
papers submitted to this session). A number of the oral presentations given
during the Enzyme Catalysis and Engineering session highlighted the use
of new and innovative tools for advancing our understanding of plant cell
wall deconstruction. The oral presentations and posters given for this
session included applications of imaging tools and computational models
to advance our understanding of biomass recalcitrance relative to enzy
matic deconstruction. This session was opened with a presentation by
Dr. Danny Akin, who outlined the structural and chemical barriers for
the bioconversion of grasses to sugars. Lignocelluloses from grasses, such
as switch grass, are resistant to bioconversion by various aromatic con
stituents, which include both lignins and phenolic acid esters. However,
Akin and coworkers demonstrated the use of selected white rot fungal
enzymes, which lack cellulases that could be used to produce delignified
lignocellulosic materials, resulting in improved bioconversion.

Dr. Shi-You Ding presented an expose on the use of new imaging
tools now available at the National Renewable Energy Laboratory.
Dr. Ding presented state-of-the-art applications of imaging and how it can
be used to understand how plant cell wall microfibril structure changes
during biomass conversion processes. Researchers now have the ability to

*Author to whom all correspondence and reprint requests should be addressed.
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examine the microfibril at the nanometer scale using atomic force
microscopy, which allows for the imaging of biomaterials at atomic scale
without extensive sample preparation or change in the original structure.
Dr. Ding described how he has used this technique to visualize cellulases
directly under aqueous conditions. His findings have resulted in a new
model of the molecular structure of the cellulose microfibril in the plant
cell wall.

Other presentations were focused on techniques to reduce biomass
recalcitrance by applying thermal tolerant enzymes, supplementation
with "accessory enzymes," or by using blocking agents, such as bovine
serum albumin to prevent nonspecific absorption of enzymes to lignin.
Dr. Deidre Willies from the Thayer School of Engineering at Dartmouth
College presented data indicating that corn stover and lignin adsorb large
amounts of cellulases and outlined methods that could be used to present
adsorption and enhance cellulose digestion.

The presentations and resulting discussion during the session high
lighted the need for more research that will advance our understanding of
the natural resistance of plant cell walls to microbial deconstruction. It is
this property that is largely responsible for the high cost of lignocellulose
conversion; and yet to take the steps toward sustainable energy use we
must overcome the chemical and structural properties that have evolved
in biomass to prevent its deconstruction.

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Grass Lignocellulose
Strategies ta Overcame Recalcitrance

DANNY E. AKIN*

Russell Research Cente~ PO Box 56771 ARS-USOA1 Athensl Georgia 30604/
E-mail: danny.abin@ars.usda.gov

Abstract

Grass lignocelluloses are limited in bioconversion by aromatic constituents,
which include both lignins and phenolic acids esters. Histochemistry, ultravi
olet absorption microspectrophotometry, and response to microorganisms
and specific enzymes have been used to determine the significance of aro
matics toward recalcitrance. Coniferyllignin appears to be the most effective
limitation to biodegradation, existing in xylem cells of vascular tissues; cell
walls with syringyl lignin, for example, leaf sclerenchyma, are less recalci
trant. Esterified phenolic acids, i.e., ferulic and p-coumaric acids, often con
stitute a major chemical limitation in nonlignified cell walls to biodegradation
in grasses, especially warm-season species. Methods to improve biodegrad
ability through modification of aromatics include: plant breeding, use of
lignin-degrading white-rot fungi, and addition of esterases. Plant breeding
for new cultivars has been especially effective for nutritionally improved for
ages, for example, bermudagrasses. In laboratory studies, selective white-rot
fungi that lack cellulases delignified the lignocellulosic materials and
improved fermentation of residual carbohydrates. Phenolic acid esterases
released p-coumaric and femlic acids for potential coproducts, improved the
available sugars for fermentation, and improved biodegradation. The separa
tion and removal of the aromatic components for coproducts, while enhancing
the availability of sugars for bioconversion, could improve the economics of
bioconversion.

Index Entries: Lignin; microspectrophotometry; phenolic acid esters; plant
breeding; white-rot fungi.

Introduction

Corn-to-ethanol production and use is rapidly expanding. With the
phase-out of methyl tertiary butyl ether, which has been used as an oxy
genate for more efficient burning of gasoline, ethanol has been added in
ever increasing quantities. Further, the desire to use even higher ratios of
ethanol as a fuel related to improved national security, trade imbalance,

*Author to whom all correspondence and reprint requests should be addressed.
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and use of agricultural products has driven up the demand, price, and pro
duction. With greater emphasis on fuel ethanol, lignocellulose as substrate
for fermentation has been given an increased priority (www.ethanolrfa.org)
(1). Recently, the Iogen Corporation reported the first commercial batch
of ethanol from lignocellulose, using wheatstraw as a substrate
(www.iogen.ca) .

Cost of lignocellulosic materials is lower than corn grain, but pro
cessing for fermentation of this substrate is more costly. The sugars in
lignocellulose, i.e., largely polysaccharides such as cellulose and hemi
cellulose, are not readily available, and pretreatment is necessary to
free polysaccharides from lignin and aromatics (2). Dilute sulfuric acid
has been proposed for pretreatment by the United States Department of
Energy, and this method has been tested in several variations. After pre
treatment, enzymatic saccharification of polysaccharides to fermentable
sugars is required. Finally, most lignocellulosic materials are rich in
xylans and hemicelluloses, and 5-carbon fermentation is needed to take
advantage of all the potential substrates (3). Just as distillers dry grains
and solubles as a value-added coproduct drives the economics of corn
to-ethanol, high-value coproducts are needed for lignocellulose-to-ethanol
processes.

Lignin and other aromatics covalently link with, and at times physi
cally mask, the potential fermentation substrates in lignocelluloses, thus
protecting the carbohydrates from degradation (4-6). Pretreatment, there
fore, is required for bioconversion of lignocellulosic materials. A consider
able body of knowledge is available from the animal nutrition discipline,
and indeed many of the same limiting factors are important in bioenergy
concerns (6). Whereas woody plants and dicotyledons have rigid, non
degradable lignified cell walls, monocotyledons (e.g., grasses) have ligni
fied cell walls as well as walls rich in low molecular weight phenolic acids,
ester-linked to arabinose (5). Another remarkable feature of grasses is that
ester-linked p-coumaric and ferulic acids occur in nonlignified cell walls
(7). Warm-season grasses, which include potential bioenergy crops such as
corn stover, sugarcane (bagasse), bermudagrass, and switchgrass, are
especially high in the phenolic acid esters (8). Because of the complexities
within cell wall types, delineation of the nature, type, and location of aro
matics within cell types of specific bioenergy crops can lead to environ
mentally friendly pretreatments, more efficient bioconversion, and
identification of potential coproducts for high-value applications. The
objectives of this article are to:

1. Review the structural/chemical barriers to bioconversion in grasses,
especially warm-season grasses.

2. Discuss environmentally friendly (nonchemical) strategies to reduce
recalcitrance of grass lignocelluloses.

3. Identify potential coproducts.

Applied Biochemistry and Biotechnology Vol. 136-140, 2007



Crass Lignocellulose 5

Fig. 1. Scanning electron micrographs showing biodegradation of grass fractions.
Left-young stem showing resistance of epidermis, sclerenchyma ring, and vascular
tissue with other cell types degraded. Center-mature stem showing resistance of epi
dermis, sclerenchyma ring, vascular tissue, and most of parenchyma cells; parenchyma
nearest the stem center is partially degraded. Right-leaf blade showing resistance of
vascular bundles, sclerenchyma, and portions of PBS; in addition to partial degrada
tion of parenchyma bundle sheath and epidermis, mesophyll between vascular bun
dles and phloem cell walls are degraded.

Structural and Chemical Factors Influencing Recalcitrance
in Grass Lignocellulose

Biodegradation of Specific Tissue Types

Response to the actions of fiber-digesting microorganisms within the
cattle rumen shows differential cell wall recalcitrance within various lig
nocellulosic substrates and the influence of specific compounds. Figure 1
indicates the response of cell types in leaf blades and young and old stem
internodes of a warm-season grass. The cell walls in the stems of Fig. 1 that
resist biodegradation are many of the typically highly lignified cells. Walls
are thick and cell contents are lacking, indicating a nonliving support tis
sue. Such cell types are thought to be the most resistant to degradation
owing to the interaction of polymerized phenylpropanoid units with other
consistuents. Histochemical stains identify the location of particular lignin
types. Vascular cell walls, such as the mestome sheath, show a strong reac
tion with acid phloroglucinol (AP). Sarkanen and Ludwig (9) reported that
AP "had universal application to all lignins, although the reaction may be
weak or absent in lignins containing high amounts of syringyl propane
units." Clifford (10) reported that various formulations of AP all detected
most aldehydes, with various color responses for different aldehydes and
those of cinnamaldehyde compounds giving a purple color. The deep red
to purple color is taken to indicate a strong contribution to the cell walls by
coniferyl (monomethoxylated) units of lignin. AP positive reactions (AP+)
occur in vascular tissues of leaves and stems of grasses and these tissues, as
indicated in Fig. 1, have been shown to be the most recalcitrant in grasses (11).

Chlorine water followed by sulfite (CS) is reported to indicate lignin
containing large amounts of syringyl (dimethoxylated) units of lignin (9).
CS+ reactions occur in leaf blade sclerenchyma (extensions of the vascular
bundles) and in the parenchyma cell walls of mature (but not immature)
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Table 1
Histochemical Reactions for Lignin and Relative Biodegradation

of Cell Walls in Grass Lignocelluloses

Akin

Cell wall type

Leaf blade
Xylem/mestome

sheath
Sclerenchyma
Epidermis

Parenchyma
bundle sheath

Mesophyll

Stem!
Epidermis +

sclerenchyma
Ring + vascular

(xylem)
Parenchyma

(mature)
Parenchyma

(immature)

Histochemical
reactiona

AP
CS

CS

AP

CS

Areab (%)

4±2
6±3

35 ± 10d

22 ± 6e

15 ± 7d

6±2e

38 ±9d

57±5e

34±4

55 ±6

BiodegradationC

None
Slow to partial
Slow to partiald

Rapide

Slow to partiald

Rapide

Rapid
Rapid

None

Slow to partial

Rapid

From ref. 11.
aMost dominant staining reaction. No designation means histochemical reaction not

prominent.
bCalculated from morphometric determinations.
cResponse to fiber-degrading, rumen microorganisms.
dWarm-season.
eCool-season.
tWarm-season.

stems (11,12). The mechanism for reaction is unknown, and at times nonlig
nified cell walls show a positive reaction with chlorine-sulfite, suggesting
that compounds other than syringyllignin react. At times, CS+ tissues are
partially degraded and are more susceptible to some chemical treatments,
for example, alkali, than AP+ tissues. Table 1 compares many features in cell
types of warm- and cool-season grasses related to biodegradation.

Often, and particularly in warm-season grasses, nonlignified cell
types that do not show a histochemical reaction for lignin resist biodegra
dation. An example is shown for bermudagrass leaf blade in which the
parenchyma bundle sheath and a portion of the epidermis is not degraded
(Fig. 1). It is well established that grasses, and particularly warm-season
species, have high levels of ester-linked p-coumaric and ferulic within the
cell walls (6,8). Use of diazotized sulfanilic acid to show phenolic compounds
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Table 2
UV Absorption of Phenolic Esters

7

Compound

FAXX

PAXX

UV spectroscopy

236
300
324
230
294
312

UMSP-80

238,242
304
324
234,236
286
312,314

Unpublished results by R.D. Hartley.

in cell walls (13) has been used to define nonlignified and nonbiodegradable
cell walls. The positive histochemical reactions of parenchyma bundle sheath
and epidermis in leaf and parenchyma in stem with diazotized sulfanilic
acid, suggest a prominent role for these ester-linked phenolic acids as a fac
tor in the recalcitrance of grass lignocellulose (14).

Further evidence for a prominent role for ester-linked phenolic acids is
shown by ultraviolet (UV) absorption microspectrophotometry and biodegra
dation studies of specific cell walls (15-17). These studies were made possible
by the use of UV-generated illumination and a scanning monochromator
designed into an optical microscope. Further, the preparation of specific
compounds, namely coniferyl lignin (18) and isolated ferulic acid ester
linked to arabinose linked to xylose units (FAXX) and similar structures
but with p-coumaric acids (PAXX) (19), allowed for location of these vari
ous aromatic compounds within cell wall types. Specific absorbances for
the two ester-linked compounds by the microspectrophotometric system
are confirmed by UV spectroscopy (Table 2).

UV absorption studies of cell wall types undertaken with the Carl
Zeiss, Inc. (Thronwell, NY) UMSP-80 microspectrophotometry system are
shown in Fig. 2. The Amax near 280 nm is typical for lignin (Fig. 2A). The
ester-linked phenolic acids show a bathochromic shift from 280 to a shoul
der near 290 nm with Amax near 320 nm. FAXX and PAXX can be differenti
ated by Amax'S near 326 and 314 nm, respectively (Fig. 2B). With absorbances
for these compounds and compositional data on aromatic compounds in
grasses, information can be obtained from individual cell types and related
to biodegradation and recalcitrance. Mestome sheaths of grasses all show
prominent absorbances near 280 nm and near 320 nm (Fig. 2C). This result
suggests the presence of lignin and phenolic acid esters within these highly
lignified (as shown with AP), nondegradable cell walls. Parenchyma bundle
sheaths (PBS), which are a prominent part of the Kranz anatomy of warm
season grasses (Table 1) (20), show a UV spectral pattern identical to pheno
lic acid esters, suggesting little or no polymeric lignin but a prevalence of
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Fig. 2. UV absorption microspectrophotometry. (A) Synthesized coniferyl lignin
showing Amax at about 280 nm. (B) Phenolic acids esters linked to FAXX and PAXX
showing a shoulder near 290 nm and Amax at 324 nm for FAXX and 313 for PAXX. (C)
Highly lignified mestome sheath cell walls of the warm-season Coastal bermudagrass
(CBG), cool-season grasses fescue (FES) and orchardgrass (OG), and the legume alfalfa
(ALF). Grasses have high-absorbances indicative of lignin and phenolic acids, whereas
alfalfa has only the absorbance indicative of lignin. (D) PBS of grasses showing strong
absorbance indicative of phenolic acid esters in CBG and weaker ones in FES and OG.
(E) Bermudagrass mestome sheath untreated (UNT) and treated with 0.1 M and 1 M
levels of NaOH. Treatment with NaOH removes absorbance indicative
of ester-linked phenolic acids but leaves absorbance indicative of lignin. (F)
Bermudagrass parenchyma bundle sheath untreated and treated with 0.1 M and 1 M
levels of NaOH showing progressive loss of UV absorbance indicative of ester-linked
phenolic acids, with 1 M NaOH removing all UV absorbance.
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these esters. The slow to partial degradation pattern (Table 1) of warm-sea
son PBS coincides with the presence of phenolic acid esters. In contrast, PBS
of cool-season grasses have little to no UV absorbance indicative of lignin or
phenolic acids (Fig. 2D), and are rapidly and completely degraded (Table 1).
Further evidence for the presence of ester-linked phenolic acids within these
tissues is shown in studies using 0.1 M and 1 M NaOH treatments to com
pare untreated mestome (Fig. 2£) and PBS (Fig. 2F) cell walls in bermuda
grass. The progressive removal of absorbance with increasing NaOH levels
suggests alkali-labile, ester linkages. For mestome cell walls, the absorbance
near 280 nm is indicative for lignin remains but is reduced. In contrast, the
absorbances at 290 and 320 nm for PBS are totally removed.

The use of histochemical stains for lignin, UV absorption microspec
trophotometry for lignin and ester-linked phenolic acids, and response of
cell types to fiber-degrading, rumen microorganisms provides information
on factors influencing recalcitrance of lignocellulose. Certain cell wall
types are highly lignified and recalcitrant to biodegradation, even to the
potent fiber-degrading, rumen microbial system. However, in warm-sea
son grasses, living, nonlignified tissues are often slow to degrade owing to
the presence of ester-linked phenolic acids. The nonlignified cell types in
cool-season grasses, in contrast, lack phenolic acid esters and are rapidly
degraded (Fig. 2D, Table 1).

Increasing levels of aromatics in cell types, shown by UV absorption,
and biodegradability was followed in grass stems (21). In young cell walls,
the epidermis, sclerenchyma ring, and vascular tissue gave spectra similar
to FAXX and PAXX and were partially degraded, with only the middle
lamellae resistant. As the grass internode matured, UV spectral patterns were
similar to those for xylem cells with lignin and FAXX/PAXX, with degrada
tion occurring only in cell walls near the cell lumen. In young parenchyma,
UV absorbance was low and biodegradability high. As parenchyma cells
matured, middle lamellae were the most resistant portions of the cell wall,
and UV absorbance spectral patterns resembled those for FAXX/PAXX.

Grassses, especially warm-season species, are high in the phenolic
acid-polysaccharide complexes such as FAXX and PAXX and other, related
esters (19). The lack of biodegradability is more associated with lignin, but
these complexes likely are the predominant factor influencing recalci
trance in living, nonlignified tissues like PBS and epidermis of leaves and
mature stem parenchyma. Amounts of these cell wall types are substantial
in warm-season grasses.

Biological Strategies to Overcome Recalcitrance

Plant Breeding

The presence of lignin and aromatics within plants is a protective
mechanism against pathogens. Plant breeding to remove these aromatics
can result in extremely susceptible plants. An extensive breeding program
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Table 3
Comparison of Cell Wall Biodegradability and Chemical Composition

of Coastal/Coastcross I

Akin

Area
Leaf dry weight loss of PBS UV absorbance

24h 38 h 72h After 24 h Parenchyma Mestone
bundle sheath sheath
Amax A Amax A

Coastal 24%a 36%a 42%a 350 pm2a 291 1.2a 285 1.8
318 1.3a 318 1.8

Coastcross I 34%a 49%a 57%a 196 pm2a 291 0.8a 288 2.0
322 0.9a 321 1.9

From ref. 15.
aOifferent between cultivars (p ~ 0.05).

that has existed for over 70 yr in the Agricultural Research Service of the
United States Department of Agriculture (ARS-USDA) in Tifton, Georgia,
has produced several new varieties of sustainable bermudagrasses with
improved biodegradability (22). In many of these varieties, the improved
biodegradability is related to lowered levels of aromatics. One notable
example is Coastcross I bermudagrass (CC I) (23). We studied CC I and one
of the parents in the cross, namely Coastal bermudagrass (CBG), which is
extensively grown as a forage in the southern United States.

In direct comparison of the biodegradation of leaf blades, CC I was sig
nificantly higher in rate and extent of biodegradation compared with CBG
(Table 3). Transmission electron micrographs of PBS cell walls colonized
and degraded by rumen bacteria further provide evidence that these walls
in CC I, although similar in structure, are considerably more biodegradable
than those of CBG (Fig. 3). UV absorption data provide an explanation for
the greater biodegradability of CC I in showing a significantly lower
absorbance of FAXX/PAXX type compounds. The mestome sheath cells,
recalcitrant to biodegradation in both cultivars, have similar spectral pat
terns. In terms of cell wall biodegradability, data support the fact that living,
nonlignified cell walls have lower levels of phenolic acid esters in CC I, indi
cating that these compounds limit biodegradation and such plant breeding
can be a strategy to improve fermentation.

A substantial part of ARS-USDA's program for bioenergy crops relies on
research by plant breeders. Collaborative work is needed where information
such as that on CBG and CC I can provide a comprehensive decision on the
most appropriate bioenergy crops. For example, the amount and the suscep
tibility of phenolic acid esters could be factor chosen for improved fermenta
tion and production of high-levels of aromatic coproducts, such as ferulic acid.
Indeed, previous work has shown variation in the germplasm of bermuda
grasses that might be exploited in these aspects of bioenergy crops (24).
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Fig. 3. Comparative biodegradation of parenchyma bundle sheath cells walls (CW)
of CBG and CC I undigested and 48 h incubation with the potent fiber-digesting action
of rumen microorganisms. (A) Cell wall of undigested parenchyma bundle sheath of
CBG. (B) Cell wall of undigested parenchyma bundle sheath of CC I. (C) Attack of
parenchyma bundle sheath of CBG by rumen bacteria, with slight pitting at this time.
(0) The PBS of CC I is more susceptible to bacterial attack, with substantial erosion of
the cell wall material.

Lignin-Degrading Microbes and Enzymes

White-rot fungi are recognized as the most active lignin-degrading
microorganisms (25). Oxidative enzymes produced by the fungi, along
with catalysts, attack aromatics and produce free radicals, which results in
degradation of aromatic compounds. Well-publicized oxidative enzymes
include: laccases, manganese peroxidase, and lignin peroxidase. At least
one of these enzymes, laccase with an activator, is commercially available.

A variety of white-rot fungi occur in nature, and their activities differ.
The common pattern of attack on lignocellulose by these fungi is a simultane
ous decay of polysaccharides and lignin (25). However, patterns of decay and
degrees of delignification vary among species and even strains, and some
species selectively delignify plant material leaving an unprotected and available
carbohydrate for further use (26). Studies have been undertaken using different
white-rot fungal species to improve forage utilization with mixed results (27,28).
We evaluated several species of white-rot fungi, emphasizing mutants and
species reported to lack cellulase and to selectively attack lignin (29).

Data in Table 4 review results obtained with two white-rot fungi hav
ing different capablilities. Phanerochaete chrysosporium is a well-studied
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Table 4
Influence of Pretreatment With Species of White-Rot Fungi

on Bioconversion of Plant Lignocellulose

Characteristics of pretreated lignocellulose

Akin

Fungus

Untreated
P. chrysosporium

K-3a

C. subvermispora
90031-sp.b

Residual aromatics Bioconversion potential

1MNaOH 4MNaOH Volatile Fatty
Acids

(mg/g) (mg/g) Dry weight (ll moles/mL)
loss (%)

13.0 22.9 34.9 47.9

7.1 18.9 46.9 63.8

5.3 17.8 63.9 85.9

From ref. 29.
ap. chrysosporium is a well-known and studied white-rot fungus that produces cellulases,

hemicellulases, and lignin-degrading enzymes.
be. subvermispora is a white-rot fungus that does not produce cellulase.

white-rot fungus that nonselectively attacks cell wall components, i.e.,
lignin and carbohydrates (25). Ceriporiopsis subvermispora had been
reported to lack cellulase, produce manganese peroxide and laccase, and
to selectively delignify several wood species (30,31). Before our work,
this fungus had not been evaluated in the improvement of grass lig
nocellulose. Our data indicated that C. subvermispora was better able
to attack the aromatics in bermudagrass and improved the utilization
of the residue over that by P. chrysosporium. C. subvermispora removed
ester-linked phenolic acids and lignin moieties from bermudagrass and
significantly improved the fermentation of the delignified material
(Table 4) (29).

Release of Phenolic Acids by Esterases

The ester-linked p-coumaric and ferulic acids previously discussed in
grass cell walls, especially warm-seasons grasses such as bermudagrass,
not only limit lignocellulosic bioconversion but offer a potential value
added coproduct. Earlier work on anaerobic fungi, some of the most
potent fiber-digesting microorganisms in ruminants and herbivorous ani
mals, showed highly active phenolic acid esterases (Table 5) (32). It is
believed that these enzymes promoted the ability of the fungi to attack and
partially degrade aromatic-containing tissues.

More recent work has shown the value of cell-free ferulic acid esterase
along with hemicellulases, in releasing ferulic acid from a variety of plant
materials (33-35). For example, recent extraction of defatted jojoba meal with
ferulic acid esterase from Clostridium thermocellum released ferulic acid from
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Table 5
Phenolic Acids Released From Plant Cell Walls

13

Rumen fungus culture
filtrates

Neocallimastix MC-2
Piromyces MC-1
Anaeromyces PC-1
Orpinomyces PC-2
Orpinomyces PC-3

From ref. 32.
ap-Coumaric acid.
bFerulic acid.

p-CAa (llg/100 mg
cell wall)

130
114
83
93
89

FAb (llg/100 mg
cell wall)

376
336
254
287
296

Table 6
Effect of Pretreatment With a Commercial Ferulic Acid Esterasea

Dry weight Compounds in filtrates after
Fraction Treatmentb loss (%) treatment (mg/g)

p-CAc FAd Xylose Glucose

Corn leaf Cellulase 41 0.14 0.33 8.0 53.0
E+C 62 0.32 0.58 36.7 125.0

Corn stem pith Cellulase 17 0.26 0.22 23.0 68.6
E+C 29 0.94 0.87 34.0 83.8

Bermuda leaf Cellulase 16 0.19 0.38 8.0 17.8
E+C 21 0.61 1.02 30.8 141.3

Corn fiber Cellulase 27 0.04 0.05 2.6 36.7
E+C 48 0.23 2.69 8.2 159.3

Adapted in part from ref. 35.
aDepol740L.
bCellulase incubation for 72 h; E +C incubation with esterase (Depol740L) for 24 h, removal

of filtrate, and subsequent incubation with cellulose 72 h. Values for E + C are summed from
the two incubations.

cp-Coumaric acid.
dFerulic acid.

seven simmondsin ferulates (34). Recentl~ we evaluated Depol 740 L
(Biocatalysts, Ltd., Pontypridd, Wales, UK), a commerical mixture containing
ferulic acid esterase, as a pretreatment for grasses before saccharification with
cellulases and bioconversion of bermudagrasses (24) and corn stover fractions
(35). Pretreatment with ferulic acid esterase and saccharification with cellulase
is shown for a variety of grass lignocelluloses (Table 6). In all cases, esterase
improved release into the filtrate of p-coumaric acid, ferulic acid, xylose, and
glucose. Particular plants and fractions were more susceptible for release of
these particular compounds (24,35). The use of esterases to release ferulic acid
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into the filtrate offers the possibility of a value-added coproduct while pro
cessing grass lignocellulose for bioconversion to ethanol. p-Coumaric and, to
a lesser degree ferulic acid can inhibit carbohydrases and biodegradation of
plant materials (36,37). The separation and collection of phenolic acids
released by esterases may be necessary to optimize subsequent saccharifica
tion of pretreated materials. As an inhibitor of microbial growth and enzyme
activity, these acids (especially p-coumaric acid) may have value for natural
compounds for pest control. Other potential uses for ferulic acid are a sub
strate for vanillin production, UV protection in cosmetics, and food antioxi
dants (38). Future work should focus on the optimal enzyme cocktail, for
example, inclusion of appropriate hemicellulases, optimal substrates, and
optimal conditions for the most cost-efficient pretreatment system.
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Abstract

A sequential injection analysis system with two enzymatic microreactors for
the determination of ethanol has been designed. Alcohol oxidase and
horseradish peroxidase were separately immobilized on glass aminopropyl
beads, and packed in O.91-mL volume microreactors, working in line with the
sequential injection analysis system. A stop flow of 120 s was selected for a lin
ear ethanol range of 0.005-0.04 giL ± 0.6% relative standard deviation with a
throughput of seven analyses per hour. The system was applied to measure
ethanol concentrations in samples of distilled and nondistilled alcoholic bever
ages, and of alcoholic fermentation with good performance and no significant
difference compared with other analytical procedures (gas chromatography
and high-performance liquid chromatography).

Index Entries: Alcohol oxidase; ethanol; horseradish peroxidase; immobi
lized enzymes; sequential injection analysis; biosensors.

Introduction

Highly sensitive analytical systems for use in the clinical, forensic, phar
maceutical, food, fuels, bioprocess monitoring, and control industries are
being developed to obtain fast and reliable results (1). Several analytical tech
niques that use enzymatic reactions have been applied to quantify low
ethanol concentrations. Of these, the use of flow injection analysis (PIA)
promises to be reliable, reproducible, reagent saving, and a readily auto
mated technique (2). PIA has been used for ethanol detection in alcoholic bev
erages and in gasohol mixtures (3-5). The systems use sequential enzymatic

*Author to whom all correspondence and reprint requests should be addressed.
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microreactors packed with the alcohol oxidase (AOD) and horseradish per
oxidase (HRP) enzymes, immobilized on chitosan or glass beads. Sequential
injection analysis (SIA), with a time-based aspiration of defined samples and
reagent zones, is an alternative to PIA systems that use smaller sample and
indicator volumes, reduce the waste volume, and have more versatile sam
ple handling capabilities (6,7). SIA has been applied with free or immobi
lized enzymes for bioprocess automation and parameters control (8-11).
Amperometric detection of hydrogen peroxide or quinohemoprotein alcohol
dehydrogenase complexed with a redox polymer and spectrophotometric
detection reaction with NAD+ cofactor dependent enzyme, were reported for
ethanol analyses (9,12,13). The aim of this work is to design and develop a
sequential injection analysis system with two enzymatic microreactors using
AOD and HRP immobilized separately, with a spectrophotometric detection
reaction, for the determination of ethanol in distilled and nondistilled bever
ages and for alcoholic fermentation bioprocess monitoring.

Materials and Methods

Chemicals

All reagents were analytical grade and were obtained from Sigma
Chemical Co. (St. Louis, MO) unless otherwise noted. AOD and HRP
(Toyobo of Brazil) were immobilized separately on aminopropyl glass
beads treated with 2.5% (v/v) glutaraldehyde as previously described (4).
The composition of the indicator solution was: 4-aminophenazone 0.395
giL and phenol 0.875 giL prepared in a 0.1 M sodium phosphate buffer
solution (pH 7.0). The phosphate buffer was also used as carrier. Reactions
were carried out at room temperature (20°C).

Enzymatic Reactions

Ethanol + 02 ~ Acetaldehyde + H20 2

2H
2
0

2
+ 4-aminophenazone AOD)

monoimino-p-benzoquinone-4-phenazone + 4H20

The resulting colored product, monoimino-p-benzoquinone-4
phenazone, is detected with a spectrophotometer at 470 nm.

The Sequential Injection Analysis System

The analyzer (Easi Technologies, Cerdanyola del Valles, Spain) is con
sisted of four modules, connected by a RS-485/RS-232 interface and pow
ered by a single 12V/2.5A source. The integrated analyzer system includes
a five-way eight-roller peristaltic pump (Model 1201/06-5-0), a colorimeter
(Model 1203/470/Z10), a module with two three-port rotary valves (Model
1202/3), and a six-port rotary valve (Cheminert Model 4162510, Valco
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Instruments, Houston, TX). The sampling lines of the SIA system were
made up of PTFE tubing (0.8 mm Ld.) joined by polyvinylchloride (PVC)
fittings. A 1 m length of polytetrafluoroethylene (PTFE) tube was used as a
holding coil. Samples and reagent solutions were aspirated and delivered to
the six-port rotary valve by two automatic microburettes (Crison MicroBU
Model 2031, Alella, Spain) with two syringes of 1-mL and 0.5-mL volume
each (Hamilton Model 1002 Teflon Luer Lock, Hamilton Bonaduz AG,
Bonaduz, Switzerland). A personal computer with a RS-485/RS-232 inter
face was used to control and for data acquisition using software developed
in C++. Figure 1A shows the SIA system schematic. The system has two
acrylic microreactors, each with 0.91 mL void volume packed with AOD and
HRP immobilized enzymes. The sequence zone structure and the time
schedule implemented in the SIA system are shown in Fig. lB. A 1.2-mL
diluted sample was used with 0.14 mL of reagent solution in each run with
the proposed time schedule: coil cleaning, 30 s; colorimeter cleaning, 100 s;
sequential aspiration of sample and reagent solutions, 89 s; impulsion I, 9 s;
stop-flow at AOD immobilized microreactor, 120 s; impulsion 2, 150 s.

Microorganisml Mediuml and Culture Conditions

A batch fermentation with baker's yeast Saccharomyces cerevisiae (AB
Mauri Division, Cordoba, Spain) was monitored in 2-L bioreactor (Braun
Biostat ED, Braun Biotech International, Melsungen, Germany), with 1 L of
sterilized medium, conducted at 30°C and 500 rpm. The fermentation
medium consisted of 100 giL glucose, 1 giL KH2P04, 1 giL MgS04·7H20,
2 giL (NH4)2S04' 1 giL NaCI, and pH 4.5 sterilized at 121°C for 30 min.
The samples were centrifuged at 5000g and filtered before being diluted
for the SIA analyses.

Biomass Analysis

Biomass was measured by withdrawing 3-mL samples from the biore
actor. After filtration and washing (Whatman GFIF, Maidstone, UK) the
samples were dried at 105°C to a constant weight. Alternatively, biomass
was measured by optical density at 570 nm, using a dry cell weight linear
relation (Absorbance =3.027.C + 0.094) with correlation coefficient 0.9957.e
Biomass concentration (Ce) was expressed as dry cell weight/mL. Both
determinations were performed by duplicate and the RSD was about 5%.

Off-Line Ethanol Analysis

A Hewlett Packard (Paolo Alto, CA) 5890 gas chromatograph with a
HP-INNOWAX Agilent column (30 m x 0.53 mm x 1 Ilm) was also used to
analyze standard diluted ethanol samples for comparison. Operating condi
tions were 220°C and 280°C for injection and detector temperatures, respec
tively; oven temperature profile 40°C for 2 min, followed by 20°C Imin up to
180°C, maintained for 2 min. Helium was used as a carrier gas with a flow
rate of 8 mL/min. Injection volumes were 1 pL with splitless injection.

Applied Biochemistry and Biotechnology Vol. 136-1401 2007
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Fig. 1. The SIA (A) l-3-pH 7.0 phosphate buffer solutions, 4-diluted ethanol
sample, S-phenol and 4-aminophenazone solution, 6-waste, 7-1000 ilL microbu
rette, 8-500 ilL microburette, 9-peristaltic pump, la-two three-way valves, ll-six
channels distribution valve, 12---eolorimeter at 470 nm, 13---eoil, 14-AOD immobi
lized microreactor, 15-HRP immobilized microreactor, 16-computer and software
control, 17-Interface RS-232/RS-485 and (B) Schematic diagram of the sequenced
zone structure implemented in the SIA system. B, phosphate buffer; S, sample; and R,
reagent solution. Quantities are expressed in microliter.

Ethanol was also determined using high-performance liquid chro
matography (HPLC) (Hewlett Packard 1050) fpor samples of beverages
and for monitoring batch fermentation using an Aminex HPX-87H column,
at 25°C, and a refraction index detector. The mobile phase was 15 mM sul
phuric acid in MilliQ water at 0.6 mL/min, and injection volume was 20 pL.

Off-Line Glucose Analysis

Glucose present in the fermentation medium was measured by the
HPLC and confirmed with a YSI (Yellow Springs, OH) 2700 SELECT bio
chemistry analyzer.
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Operational Conditions of the SIA System

The retention efficiencies obtained in the immobilization of AOD and
HRP were 95.07 ± 2.33% and 55.60 ± 5.37%, respectively. The retention effi
ciency was calculated as reported in previous work (4). Preliminaryexperi
ments were conducted in the SIA system to select between two different
approaches: continuous- and stop-flow strategies, in order to obtain maxi
mum signal response. Three continuous flows of 1.7, 3.3, and 7.4 mLlmin
were studied in order to analyze the performance of the system in terms of
linear range of measurements and sample frequency. Initial results obtained
with experiments using a standard solution of 0.05 giL ethanol rejected the
intermediate flow rate. In Table 1 the main parameters obtained for the two
flows using a set of ethanol standard solutions are presented.

As can be seen, the selection of the optimum flow is dependent on the
detection limit or sample frequency. Trying to amplify the output signal the
stop-flow method was used for the same linear range of ethanol solutions.
Evaluating different stop-flow times at the first AGO immobilized microre
actor with a standard solution sample of 0.05 giL ethanol, 120 s was
selected as an intermediate value between sample frequency and linear
range. With this configuration a linear range up to 0.04 giL ethanol was
attained with a coefficient correlation of 0.9922, as shown in Fig. 2. The
repeatability of the response signal for different ethanol concentrations is
shown in Fig. 3. The sample frequency was seven analyses per hour and the
calculated RSD was lower than 0.6% with a detection limit of 2.1 x 10-3 giL,
calculated as three times the standard deviation of the background noise.
After 60 analyses the enzymatic activity decreased by 50% at which point
the immobilized enzymes had to be replaced with new lots.

In Fig. 4, a comparison of results between the proposed SIA and gas
chromatography analysis shows with a good correlation (r2 =0.9923). The
performance of the proposed SIA system was also evaluated for the anal
ysis of ethanol concentration of nine diluted samples of distilled and
nondistilled beverages. The results obtained are presented in Table 2. A
maximum relative error of 7% was observed in samples of white wine,
tequila, and vodka. Nevertheless the relative error for the other beverages
was lower than 3% compared with HPLC analysis results.

Finally, the proposed SIA system was applied for monitoring a batch of
alcoholic fermentation. Culture broth samples were collected every 30 min,
filtered to obtain a biomass-free sample, and diluted manually before anal
ysis in the SIA system. Figure 5 shows the production of ethanol measured
using the SIA system and fermentation parameters as biomass-glucose,
obtained by other measurement techniques. A good agreement between SIA
and HPLC results were obtained and no problems of interference with other
culture components were detected with a maximum relative error of 4.9%.
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Table 1
Continuous Flow Effects on the SIA System

Flow
(mL/min)

1.7
7.4

Ethanol Sample
Ethanol linear Correlation detection frequency
range (giL) factor (r2) limit (giL) (l/h)

0.005-0.02 0.9917 2.1 x 10-4 2
0.005-0.08 0.9717 1.5 x 10-3 9

RSD (%)

0.70
0.74
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Fig. 2. Calibration curve for the 120 s stop-flow at the AOD immobilized microreactor.
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Fig. 3. Response signal repeatability obtained in SIA: (A) Phosphate buffer pH 7.0,
(B) 0.005 giL ethanol, (C) 0.008 giL ethanol, (D) 0.020 giL ethanol, (E) 0.030 giL
ethanol, (F) 0.040 giL ethanol, and (G) 0.060 giL ethanol.

Hence, the reliability of the method proposed was corroborated. A relative
error of 4.4% was also reported in the literature for ethanol analysis in fer
mentation samples, working with an amperometric detection device and
immobilized AOD in a SIA system (9). The advantage of the SIA system
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Fig. 4. Comparison of SIA and gas chromatography results.

Table 2
SIA and HPLC Analyses of Distilled and Nondistilled Beverage Samples

Sample HPLca (giL ethanol) SIAa (giL ethanol) Relative error (%)

Gin
Tequila
Vodka
White wine
Sugar-cane spirit
Whisky
Cognac
Wine spirit
Peach liqueur

365.2 ± 0.2
359.8 ± 1.1
427.8 ± 1.5
101.9 ± 0.1
320.6 ± 2.5
322.8 ± 7.1
375.6 ± 2.0
254.3 ± 5.1
181.2 ± 0.3

378.8 ± 9.0
336.5 ± 6.6
455.6 ± 4.5

94.5 ± 3.3
312.8 ± 5.5
324.8 ± 5.7
365.8 ± 9.0
252.9 ± 10.2
181.4 ± 2.3

-3.7
6.5

-6.5
7.3
2.4

-0.6
2.6
0.6

-0.1

aMean of two analyses.

proposed in this work is that it works with both AOD and HRP enzymes
and a colorimetric detection system for ethanol samples with only a sim
ple dilution for the alcoholic beverages, appropriate for the sensible linear
measurement range of 0.005-0.04 giL ethanol. Other authors (12,13)
reported similar relative errors working with alcohol dehydrogenase, but
needed the cofactor NAD+/NADH, which is not necessary in the present
proposed system.
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Fig. 5. Ethanol monitoring of alcoholic batch fermentation samples by SIA and
HPLC. SIA: ethanol (.), HPLC and biochemistry analyzer: glucose ("), and dry cell
weight <*).

Conclusions

A reproducible and reliable SIA analyzer system for ethanol samples
was developed. The use of two microreactors with immobilized AOD and
HRP permitted an important saving of enzymes reagents in a spectrophoto
metric detection system. The system was applied to the analysis of distilled
and nondistilled beverage samples with similar performances, as reported by
other authors working with a more expensive system than the one proposed
in this work (12,13). The SIA system performance was also demonstrated to
be useful in the monitoring of an alcoholic fermentation showing flexibility
and robustness of the analytical equipment. No pretreatment of the samples
was needed, simple dilution adequate for the linear range of 0.005-0.04 giL
ethanol was sufficient to analyze the alcoholic beverages and bioprocess
medium samples with a detection limit of 2.1 x 10-3 giL ethanol.
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Abstract
Cyclodextrin glucanotransferase production from Bacillus clausii E16, a new

bacteria isolated from Brazilian soil samples was optimized in shake-flask cul
tures. A 24 full-factorial central composite design was performed to optimize
the culture conditions, using a response surface methodology. The combined
effect among the soluble starch concentration, the peptone concentration, the
yeast extract concentration, and the initial pH value of the culture medium
was investigated. The optimum concentrations of the components, deter
mined by a 24 full-factorial central composite design, were 13.4 giL soluble
starch, 4.9 giL peptone, 5.9 giL yeast extract, and initial pH 10.1. Under these
optimized conditions, the maximum cyclodextrin glucanotransferase activity
was 5.9 UlmL after a 48-h fermentation. This yield was 68% higher than that
obtained when the microorganism was cultivated in basal culture medium.

Index Entries: Alkalophillus Bacillus clausii; CGTase production; cyclo
dextrin glucanotransferase; experimental design; submerged fermentation;
response surface methodology.

Introduction

Cyclodextrin glucanotransferase (CGTase) (EC 2.4.1.19) is an extracel
lular bacterial enzyme, used in the production of cyclodextrin from starch.
Cyclodextrins (CDs) are cyclic maltoligosaccharides made up of six, seven,
or eight D-glucose units, named a-, p-, or y-cyclodextrin, respectively (1).

*Author to whom all correspondence and reprint requests should be addressed.

Applied Biochemistry and Biotechnology 27 Vol. 136-140, 2007



28 Alves-Prado et al.

The internal cavities of CDs are hydrophobic and the external surface
hydrophilic, so they can encapsulate a wide variety of hydrophobic
molecules, potentially improving their properties. The modified properties
make CDs suitable for numerous applications in the food, cosmetic, and
pharmaceutical industries. For example, CDs can be used to capture unde
sirable tastes or odors, to stabilize volatile compounds, to increase water sol
ubility of hydrophobic substances, or to protect a substance against unwanted
modifications (2-6). They are commonly produced from starch through
four reactions catalyzed by the CGTase:

1. Intramolecular transglucosylation or cyclization reaction, in which a
linear oligosaccharide chain is cleaved and the new reducing-end
sugar is transferred to the nonreducing-end sugar of the same chain.

2. Coupling reactions, in which a cyclodextrin ring is cleaved and
transferred to an acceptor maltooligosaccharide substrate.

3. Intermolecular transglucosylation or disproportionation, in which a
linear maltooligosaccharide is cleaved and the new reducing-end
sugar is transferred to an acceptor maltooligosaccharide substrate.

4. A weak hydrolyzing activity on starch (6,7).

CGTase producers are mainly alkalophilic Bacillus sp., but they are also
reported as Klebsiella sp., Micrococcus sp., Brevibacterium sp., Paenibacillus sp.,
Themoanaerobacter sp., Thermoactinomyces sp., and others (2). Some studies
have shown the improvement of CGTase production through changes in the
composition of the culture medium (8-14).

Traditional methods of optimization involve changing one indepen
dent variable, whereas fixing the others at a certain level. This single-factor
search is laborious, time-consuming, and incapable of reaching the true opti
mum condition as it fails to reveal interactions among variables. Response
surface methodology (RSM), described first by Box and Wilson, is an exper
imental strategy for seeking the optimum conditions for a multivariable
system (15,16). It has been successfully used to optimize the medium
ingredients and to operate conditions in enzyme production and many
other bioprocesses (8,9,13/14/17-20). In earlier studies we isolated a new
CGTase producer, first identified as Bacillus sp. subgroup alcalophilus E16
(21) and we also identified some factors affecting the production of
CGTase. In the work reported here, these factors were investigated, using
a full-factorial central composite design and RSM, with the aim to improve
the CGTase production by optimizing the culture medium.

Materials and Methods
Bacterial Strain Isolation and Identification

The strain £16 was isolated from a soil crop sample and its microbial
properties were investigated by classical taxonomy as described in
Bergey's Manual (22). Based on these results, it was identified as a Bacillus
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sp. strain E16. Molecular techniques based on partial sequence of 16S ribo
somal RNA (rRNA) analysis were applied for specie identification. The
genomic DNA of strain E16 was isolated and the 16S ribosomal DNA was
amplified by polymerase chain reaction using forward primer p27 and
reverse primer p1525. These primers are homologous to preserved regions
of the 16S rRNA gene of bacteria. The amplified product polymerase chain
reaction was purified and sequenced. The 16S ribosomal DNA sequence
was aligned with sequences obtained from Ribosomal Database Project
(Wisconsin, WI; http://www.cme.msu.edu/RDPIhtml) and GenBank
(http://www.ncbi.nlm.nih.govI).

The sequences with high similarity and alcalophilic Bacillus sp. were
compiled into NEXUS files after alignment in CLUSTAL W program (23).
The phylogenetic relationships among selected sequences were estimated
by using the maximum parsimony method, using a branch-and-bound
algorithm as implemented in PAUP v.4.0b10 (31). Branch support was
calculated by bootstrap analysis consisting of 500 replicates. The distance
matrix used in this work was constructed by "p" method. DNA sequences
of Clostridium butyricum strain MW (AJ002592), B. clausii strain z a w3
(AY066000), B. clarkii DSM 8720 (X76444), B. clausii strain Y76-A (AB201796),
B. clausii DSM 8716 (X76440), Bacillus sp. strain ikaite 27 (AJ431332), B.
pataginiensis PAT 05 (AY258614), Bacillus sp. DSM 8714 (X76438), B.
alcalophilus YB380 (AF078812), B. horti (D87035), Bacillus sp. strain NER
(AJ507321), Bacillus sp. TS1-1 (AY751538), Bacillus sp. G1 (AY754340), B.
oshimae K-11 (AB188090), B. pseudalcaliphilus DSM 8725 (X76449), B.
alcalophilus DSM 485T (X76436), B. horikoshii DSM 8719 (X76443), B. circulans
ATCC4513 (AY647299), B. litoralis IB-B4 (AJ309561), B. galactosidilyticus
(AJ535638), and B. thermoamylovorans (AJ586361) were obtained from the
GenBank DNA sequence library.

Materials

P-Cyclodextrin, maltodextrin, and phenolphthalein were purchased
from Sigma (St. Louis, MO). Yeast extract was obtained from Difco (Detroit,
MI) and peptone was obtained from Biobras (Montes Claros, MG, Brazil).
Soluble starch was obtained from Mallinckrodt (Paris, France). Other chem
icals of analytical grade were obtained from Merck (Darmstadt, Germany).

Cultivation Medium

Stock culture of the strain E16 was maintained at 5°C on agar slant
with the same composition as the following basal liquid culture medium
plus 1.5% agar (24). The basal liquid culture medium was made up of
soluble starch 10.0 giL, peptone 5.0 giL, yeast extract 5.0 giL, K2HP04
1.0 giL, MgS04·7H20 0.2 giL, Na2C03 10.0 giL (separately sterilized),
and pH 10.0 (25). For the optimization experiments the culture medium
contained various quantities of soluble starch, peptone, and yeast extract
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concentrations; and the initial pH was varied in accordance with the
experimental design. Bacteria was transferred by loop to a flask with basal
liquid medium and cultured for 24 h to produce the inoculum. The opti
mization experiments were carried out in 12S-mL Erlenmeyer flasks each
containing 20 mL of one of the culture media. These flasks were seeded
with 0.1 mL from the 24 h-old culture containing 2.6 x 109 cells/mL, and
were incubated for 48 h on a rotary shaker at 37°C and 150 revImine After
a 48-h fermentation, the contents of each flask was centrifuged at 10,OOOg
at SoC for 15 min, and CGTase activity was measured in the supernatant.

CGTase Assay

CGTase activity was measured as B-CD forming activity based on
phenolphthalein method (26) with slight modifications as described in
Alves-Prado et al. (27). One unit of CGTase activity was defined as the
amount of enzyme that produces 1 Jlmol of B-CD per minute.

Experimental Design and Optimization

The software "Statistical! (version 5.0), from StatSoft Inc., was used
for design experiments and for regression and graphical analysis of the
data obtained. The dependent variable selected for this study was the
CGTase activity, expressed in U/ mL, and the independent variables cho
sen were the concentrations of soluble starch, peptone, and yeast extract,
plus the initial pH of the culture medium. These variables and the value
ranges were chosen based on previous experiments changing one inde
pendent variable and fixing the other variables at a certain level (28). In
order to determine the optimal conditions for the production of CGTase
by B. clausii E16, a 24 full-factorial central composite design with five
coded levels was implemented, resulting in twenty-six sets of experi
ments. Eq. 1 shows the code of independent variables used in the statis
tical analysis.

Xi-XO
Xi = ~i (1)

where Xi is the independent variable coded value, Xi is the independent
variable real value, Xois the independent variable real value of the center
point, and ~Xi is the step change.

The ranges and levels of the variables investigated in this study are
given in Table 1. In this table, the studied variables are coded as Xl (initial
pH), X

2
(soluble starch), X

3
(peptone), and X4 (yeast extract). The five levels

are the results of previous runs based on a path of steepest ascent analysis of
which (-1) and (+1) points are the minimum and maximum points, respec
tively. The (0) point is the central point, which was determined from the arith
metic mean between the minimum and maximum points, for each studied
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Table 1
Experimental Ranges and Levels of the Independent Process Variables Used

in the 24 Full-Factorial Central Composite Design

Independent variable Symbol Ranges and levels

-1.483 -1 0 1 +1.483
pH Xl 9.34 9.62 10.2 10.78 11.06
Soluble starch (giL) X2 11.3 12.5 15.0 17.5 18.7
Peptone (giL) X3 3.8 4.4 5.6 6.8 7.4
Yeast extract (giL) X4 3.7 4.2 5.3 6.4 6.9

variable. The (-a =-1.483) and (+a =+1.483) points are levels which result in
a star configuration, determined by the mentioned statistic software.

The estimated response surface (9) was expressed by the second
degree Eq. 2:

g=bo+bIXI +b2X2+b3X3+b4X4+bI2 XIX2
+b3XIX3+b14 X1X4+b23 X2X3+b24 X2X4+b34X3X4 (2)

+b11Xl +b22Xi + b33X~ + b44X~ + £-

where Yi represents the response variable, bois the intercept, bl , b2, b3,

and b4 are the linear terms, bll , b22, b33, and b44 are the quadratic terms, b12,

b13, b14, b23, b24, and b34 are the cross-product terms, Xl' X2, X3, and X4 rep
resent the variables studied, initial pH, soluble starch concentration, pep
tone concentration, and yeast extract concentration, respectively, and £- is
the random error.

Results and Discussion

Identification of the Isolated Strain

The cells were grown in nutrient agar in alkaline condition (pH 9.5)
at 35°C for 24 h. The cells were rod-shaped with stained positive gram and
not motile, the spores were ellipsoidal and subterminal. The colonies were
circular with entire margins of light yellow color, and approximate size of
up to 2.0 mm. The microorganism was strictly aerobe and positive for cata
lase and oxidase reaction and negative for nitrate to nitrite reduction. The
cellular growth at 30, 35, and 40°C was observed on nutrient medium in
pH 6.8. These characteristics comprehend the Bacillus sp., a phylogenetic
analysis with 165 rRNA sequence was necessary for specie identification.
So, the strain E16, was first identified as Bacillus sp. subgroup alcalophillus
in accordance to Nielsen (29).

The aim of the phylogenetic analysis was to determine the relation
ships among some alcalophilic bacilli sequences. A parsimonious tree was
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Fig. 1. Phylogenetic tree of the alkalophilic isolates based on 16S rRNA gene
sequence using the neighbor-joining method. C. butyricum strain MW8 (AJ002592) was
used as the outgroup. The accession numbers of the additional 16S rRNA sequences
used are as follows: B. clausii strain z a w3 (AY066000), B. clarkii DSM 8720 (X76444),
B. clausii strain Y76-A (AB201796), B. clausii DSM 8716 (X76440), Bacillus sp. strain
ikaite 27 (AJ431332), B. pataginiensis PAT 05 (AY258614), Bacillus sp. DSM 8714
(X76438), B. alcalophilus YB380 (AF078812), B. horti (D87035), Bacillus sp. strain NER
(AJ507321), Bacillus sp. TSl-l (AY751538), Bacillus sp. Gl (AY754340), B. oshimae K-ll
(AB188090), B. pseudalcaliphilus DSM 8725 (X76449), B. alcalophilus DSM 485T (X76436),
B. horikoshii DSM 8719 (X76443), B. circulans ATCC4513 (AY647299), B. litoralis IB-B4
(AJ309561), B. galactosidilyticus (AJ535638), and B. thermoamylovorans (AJ586361).

obtained by the analysis of the 22 species (Fig. 1). From a total of 762 char
acters, 365 were phylogenetically informative. The consistency index was
0.8108 and the retention index was 0.7969. Two clades, one major contain
ing B. clarkii DSM 8720, B. clausii strain Y76-A, B. clausii DSM 8716, Bacillus
sp. strain ikaite 27, B. pataginiensis PAT OS, Bacillus sp. DSM 8714, B.
alcalophilus YB380, B. horti, Bacillus sp. strain NER, Bacillus sp. TS1-1,
Bacillus sp. G1, B. oshimae K-11, B. pseudalcaliphilus DSM 8725, B. alcalophilus
DSM 485T, B. horikoshii DSM 8719, B. circulans ATCC4513, B. litoralis IB-B4,
B. galactosidilyticus, and B. thermoamylovorans (bootstrap value 85) and the
other with the B. clausii strain zaw3 and Bacillus sp. E16 (bootstrap value
100) were highly resolved. These results agree with those observed on
the nucleotides sequence. Based on these results, it is suggested that the
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Bacillus sp. strain E16 be named B. clausii strain E16, owing to the low
divergence shown on the distance between matrixes (3.8%). This sequence
was submitted to GenBank and its access number is DQ924973.

Experimental Design and Optimization

The identification of the major factors affecting the experimental
response is the first step in determining the optimum conditions for
enzyme production. The culture medium concentrations of the compo
nents K2HP04, MgS04·7H20, soluble starch, peptone and yeast extract,
and initial pH of the culture medium were studied previously. Based on
these trial runs using a factorial design and a path of steepest. ascent, the
soluble starch, peptone and yeast extract concentrations, and the initial
culture medium pH were identified as important factors in CGTase pro
duction (28) and were therefore selected for further study of the optimiza
tion of CGTase production.

In this study, these variables were statistically optimized with the
help of a quadratic model consisting of 24 trials plus a star configuration
(a = ± 1.483) and two replicates at the center point. The design of this
experiment is given in Table 2, together with the experimental results. The
highest CGTase activity (4.82 UImL) was observed in run number 26 and
this run corresponded to the center point. The average CGTase activity
obtained on the center points was 4.66 UImL, where the factors soluble
starch, peptone, and yeast concentrations and initial medium pH were 15.0
giL, 5.6 giL, 5.3 giL, and 10.2, respectively. This activity was 30.8% higher
than that observed in the control run, where the factors were those used in
the basal culture medium.

The regression obtained after analysis of variance gives the produc
tion of CGTase from B. clausii strain E16 as a function of the different ini
tial pH (Xl)' soluble starch concentration (X2), peptone concentration (X3),

and yeast extract concentration (X4). These terms were included in the fol
lowing second-order polynomial equation where the mathematical model
representing the CGTase activity (9) in the experimental region studied
can be expressed by Eq. 3:

g= 4.472 - O.296X1 - O.363X2 - O.384X3 - O.181X4 - O.362X
1
X2

+ O.281X1X3 + O.OOlX1X4 - O.082X
2
X

3
- O.162X

2
X

4
(3)

- 0.184X3X4 - O.0674Xi - O.278Xi - 0.436Xi - O.362X~

The regression model was generated by Statistica software consisting
of 1 offset, 4 linear, 4 quadratic, and 6 interaction terms. Table 3 shows a
regression analysis of the estimates and hypothesis tests for the coefficients
of regression, which were displayed in Eq. 3. At the 5% probability level,
the linear and quadratic coefficients of initial pH (Xl) and peptone con
centration (X3), the linear coefficient of soluble starch concentration (X

2
),

and the interaction of initial pH and soluble starch concentration (XI X2)
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Table 2
Experimental Design and Results of the 24 Full-factorial Central Composite Design

Uncoded levels

Soluble Yeast
Enzymatic activity

Coded levels (U/mL)
starch Peptone extract

Runs Xl X2 X3 X4 pH (giL) (giL) (giL) Observed Predicted

1 -1-1-1-1 9.62 12.5 4.4 4.2 3.85 3.58
2 -1-1-1+1 9.62 12.5 4.4 6.4 4.17 3.96
3 -1 -1 +1 -1 9.62 12.5 6.8 4.2 2.33 2.45
4 -1-1+1+1 9.62 12.5 6.8 6.4 1.85 2.09
5 -1+1-1-1 9.62 17.5 4.4 4.2 3.89 3.75
6 -1+1-1+1 9.62 17.5 4.4 6.4 3.35 3.44
7 -1 +1 +1-1 9.62 17.5 6.8 4.2 2.63 2.95
8 -1+1+1+1 9.62 17.5 6.8 6.4 1.83 1.92
9 +1-1-1-1 10.78 12.5 4.4 4.2 3.23 3.14
10 +1-1-1+1 10.78 12.5 4.4 6.4 3.95 3.52
11 +1 -1 +1 -1 10.78 12.5 6.8 4.2 3.37 3.14
12 +1 -1 +1 +1 10.78 12.5 6.8 6.4 2.64 2.79
13 +1+1-1-1 10.78 17.5 4.4 4.2 2.22 1.86
14 +1+1-1+1 10.78 17.5 4.4 6.4 1.70 1.58
15 +1+1+1-1 10.78 17.5 6.8 4.2 1.97 2.19
16 +1 +1 +1 +1 10.78 17.5 6.8 6.4 1.01 1.17
17 -1.48000 9.34 15.0 5.6 5.3 3.65 3.43
18 +1.48000 11.06 15.0 5.6 5.3 2.12 2.55
19 0-1.4800 10.20 11.3 5.6 5.3 3.97 4.40
20 0+1.4800 10.20 18.7 5.6 5.3 3.54 3.32
21 o0 -1.48 0 10.20 15.0 3.8 5.3 3.12 4.08
22 o0 +1.48 0 10.20 15.0 7.4 5.3 3.70 2.94
23 o0 0 -1.48 10.20 15.0 5.6 3.7 3.68 3.92
24 o00+1.48 10.20 15.0 5.6 6.9 3.47 3.44
25 0000 10.20 15.0 5.6 5.3 4.49 4.42
26 0000 10.20 15.0 5.6 5.3 4.82 4.42
Controla 10.0 10.0 5.0 5.0 3.55

abasal medium composition.

were found to be significant for the enzyme activity. Similar to our results,
the quadratic coefficients for sago starch concentration, peptone from
casein concentration as well as the interaction sago starch concentration,
and initial pH were significant for the CGTase activity from B. stearother
mophilus HRI (14).

The statistical significance of this second-order polynomial model
equation (Table 4) was evaluated by performing the F-test on the analysis
of variance (ANOVA) estimates of mean squares, which showed that this
regression is statistically significant (p = 0.004) at 95% confidence level.
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Table 3
Results of Regression Analysis Using the 24 Full-factorial

Central Composite Design

35

Term Standard errors

±0.28
±0.23
±0.33
±0.23
±0.33
±0.23
±0.33
±0.23
±0.33
±0.56
±0.56
±0.56
±0.56
±0.56
±0.56

Coefficient

4.472
-0.297
-0.674
-0.363
-0.278
-0.384
-0.436

0.181
-0.362
-0.362

0.281
0.001

-0.082
-0.162
-0.184

TO}) value

15.974a

-2.592a

-4.054a

-3.174a

-1.673
-3.359a

-2.619a

-1.412
-2.175
-2.799a

-2.178
0.007
0.632

-1.292
-1.422

p-value

0.0250
0.0019
0.0088
0.1225
0.0064
0.0238
0.1856
0.0523
0.0173
0.0521
0.9943
0.5403
0.2226
0.1827

Table 4
Analysis of Variance (ANOVA) for the Regression Model

Representing CGTase Activity

Source

Model
Residue
Lack of fit
Pure error
Total

SS

20/727
2940
2889
0052

23/669

DF

14
11
10
1

25

MS

1480
0267
0289
0052

F-value p-value

554 0004

550 0321

R2, 0.88; 55, sum of squares; OF, degrees of freedom; MS, mean square.

The model fitted the data well and gave a good coefficient of determination
(R2 = 0.88), explaining 88% of the variability in the response, the rest (12%)
being explained by the residues.

The response surface described by model equation (9) to estimate
dependence of CGTase activity on the variables soluble starch concentra
tion (X2) and initial pH of medium (Xl) is shown in Fig. 2. This depen
dence suggests that when the soluble starch concentration is increased, the
initial pH value should be decreased to obtain results that tend to maxi
mize CGTase production. For the other studied variables, peptone and
yeast extract, there was no significant interaction at the 5% probability
level. So, for these variables, the concentrations keep at around the 0 point
concentration (central point).
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(4)

Fig. 2. Response surface described by the model y, which represents CGTase activity
(U/mL) produced by B. clausii strain E16 after a 48-h fermentation, as a function of
soluble starch concentration and initial pH of growth medium.

The second-order polynomial model was significant in the region
studied, the optimum coded values (optimum point) of the variables Xl'
X2' X3, and X4 being determined by Eq. 4, as proposed by Myers (30):

x =B-1
• b

o 2

where Xo is the vector of optimum values; B is a matrix of the estimated
coefficients of quadratic terms and b is a vector of the estimated coeffi
cients of linear terms.

The optimum coded values obtained from the experimental data by
Eq. 4 are shown here as components of Xo (Eq. 5):

x =o

-o.170pH

-0.616soluble starch

-0.548peptone

-0.527yeast exlract

(5)

The coded values presented above correspond to initial culture medium
pH 10.1; soluble starch 13.5 giL; peptone 4.9 giL; yeast extract 5.9 giL.
Under these conditions, the model predicts CGTase activity to be at a high
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(6)

value of 4.64 UI mL, with a possible range from 4.09 to 5.19 UI mL at the 5%
probability level. The decrease of CGTase production at higher concentra
tions of carbon source (soluble starch) was also found in B. firmus (Gawande
et aI., 1998) and B. stearothermophilus HR1 (14), similar to our results.

The canonic form was obtained from the second-order polynomial
model (9) as follows:

g= 4.64 - 0.786w~H - 0.518w;oluble starch

- 0.282w~eptone - 0.165w~eastextract

In this equation, all of the coefficients are negative, indicating that the
optimum point found is the maximum for the surface and thus the
adjusted response surface model produces the highest results. Equation 6
may also indicate that any change in its values will cause a fall in CGTase
activity. The greatest interference is caused by changes in initial pH and
soluble starch concentration. The changes in peptone and yeast extract
concentrations cause the least interference on CGTase activity.

Figures 3A and 3B are comparisons of growth and activity in the opti
mized culture medium found in this study with those achieved in the
basal medium proposed by Nakamura and Horikoshi (25). Optimized
medium produces the highest CGTase activity (5.9 U ImL) after a 48-h fer
mentation as analyzed in this study. The biomass production peaked
between 32 and 40 h (Fig. 3A). However, with basal medium, the highest
CGTase activity was 3.5 UImL after 48-h fermentation, and the maximum
biomass production was obtained in a 24-h fermentation (Fig. 3B). These
results indicated that it was possible to increase the CGTase activity by
68%, using the optimized medium, in relation to the original basal culture
medium. Another important point was that the CGTase activity on base
medium after a 48-h fermentation was similar to that obtained on opti
mized medium after a 24-h fermentation. This shorter time fermentation
for the optimized medium can compensate the increase of the medium
components and can lead to a decrease in production costs, because the
equipments and energy sources are used only half of time when compared
with the basal medium for obtaining the same CGTase activity.

Other authors have successfully improved enzyme production, using
RSM. Gawande et al (9) working with B. firmus, obtained the maximum
CGTase activity of 7.05 UImL after a 80-h fermentation. The optimum
composition of the culture medium was found at the central point of the
23 full-factorial design, made up of corn starch 21.0 giL, yeast extract
23.0 giL, and pharmamedia 22.0 giL. According to the authors, these
results led to an increase of about 20-fold in CGTase activity, compared with
the basal medium. Gawande and Patkar (8) applied two-level fractional
factorial designs to optimize medium composition, in the production of (X

CD-specific CGTase from K. pneumoniae AS-22. The optimized medium
resulted in ninefold higher production of CGTase than in the basal
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Fig. 3. CGTase production in (A) optimized medium and (B) basal medium by B.
clausii strain E16 at 37°C. (-.-) pH; (-e-) enzymatic activity; (-~-) biomass.

medium. The optimum composition of the nutrient medium was dextrin
49.3 giL, peptone 20.6 giL, yeast extract 18.3 giL, ammonium dihydrogen
orthophosphate 6.7 giL, and magnesium sulfate 0.5 giL. The CGTase pro
duction from B. stearothermophilus HR1 was analyzed through RSM, an
optimized culture medium was performed, which was made up of sago
starch 16.02 giL, peptone from casein 20.0 giL, K2HP04 1.4 giL, CaCl2
0.2 giL, and initial pH 7.54. The maximum CGTase activity obtained was
14.20 U/mL (14). Ibrahim et al. (13) studied the optimal concentration
of the culture medium for CGTase production from Bacillus sp. G1 using

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



CGTase Production From Bacillus clausii 39

a 25 central composite design. In this case, the optimized medium increased
the CGTase activity by 53% over the basal medium. The optimum compo
sition of the culture medium was tapioca starch 40.0 giL, peptone 20.0
giL, MgS04·7H20 4.0 giL, and Na2C03 10 giL at pH 9.9.

Comparing the literature results, in relation to UI g of substrate, it
was observed that better CGTase production was obtained by Bacillus sp.
Gl (1372.5 UI g of tapioca starch) followed by B. stearothermophilus HRI
(886.4 UI g of sago starch), B. clausii strain E16 (437.0 UI g of soluble starch),
B. firmus (434.1 U/g of corn starch), and K. pneumoniae AS-22 (335.7 U/g of
dextrin). So, better conditions for CGTase production from B. clausii strain
E16 could be obtained, if other variables such as starch source, inoculum
quantities, and time were optimized.

Conclusion

A new CGTase producer was isolated and identified as B. clausii strain
E16 and the compounds medium for better CGTase production was stud
ied. The 24 full-factorial central composite design, with independent vari
ables soluble starch, peptone and yeast extract concentrations, and culture
medium initial pH were used to optimize the culture medium composition
for CGTase production from B. clausii strain E16. The optimized medium
resulted in a more than 68% higher CGTase production, compared with that
in the basal medium. Optimum conditions found in this work were: solu
ble starch 13.4 giL, peptone 4.9 giL, yeast extract 5.9 giL, K2HP04 1.0 giL,
MgS04'7H20 0.2 giL, and initial pH 10.1 wherein this pH was obtained
using Na2C03 13.0 giL sterilized separately. The study was carried out in
shaker flasks at a 48-h fermentation. These results demonstrated that it is
possible to apply statistical design to CGTase production, with a strategy
RSM that is relatively simple, and saves both time and material.
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Abstract

A cyclomaltodextrin glucanotransferase (E.C. 2.4.1.19) from a newly iso
lated alkalophilic and moderately thermophilic Paenibacillus campinasensis
strain H69-3 was purified as a homogeneous protein from culture supernatant.
Cyclomaltodextrin glu.canotransferase was produced during submerged fer
mentation at 45°C and purified by gel filtration on Sephadex G50 ion
exchange using a Q-Sepharose column and ion exchange using a Mono-Q
column. The molecular weight of the purified enzyme was 70 kDa by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and the pI was 5.3. The
optimum pH for enzyme activity was 6.5, and it was stable in the pH range
6.0-11.5. The optimum temperature was 65°C at pH 6.5, and it was thermally
stable up to 60°C without substrate during 1h in the presence of 10 mM CaClz.
The enzyme activity increased in the presence of Coz+, Baz+, and Mnz+. Using
maltodextrin as substrate, the Km and K

cat
were 1.65 mg/mL and 347.9

f.!mol/ mg·min, respectively.

Index Entries: CGTase characterization; CGTase purification; cyclomal
todextrin glucanotransferase; thermostable CGTase.

Introduction

Cyclomaltodextrin glucanotransferase (CGTase; EC 2.4.1.19) is a mem
ber of the a-amylase family (family 13) of glycosyl hydrolase (1). CGTase can
also hydrolyze glucan chains in a manner similar to a-amylases, but differs
in its ability to form cyclodextrins (CD) as reaction products. CDs are formed
from starch molecules through intramolecular transglycosylation (cycliza
tion) and can be made up of 6-8 glucan residues, a-, ~-, and y-CD, respec
tively. This enzyme is in fact multifunctional; besides cyclization reaction it

*Author to whom all correspondence and reprint requests should be addressed.
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displays intermolecular transglycosylation (coupling and dispropor
tionation) and hydrolytic activity on starch and CDs (2-4). CDs are dough
nut-shaped molecules with a hydrophilic outer surface and a relatively
hydrophobic cavity. Owing to their ability to form inclusion complexes
with many organic molecules, CDs have become increasingly useful in
pharmacy, food, cosmetics, agriculture, analytical chemistry, and biotech
nology. They can be used to capture flavors and odors, stabilize volatile
compounds, improve the solubility of hydrophobic substances, and protect
substances against undesirable modifications (2-7).

CGTases are produced extracellularly by a variety of bacteria mainly by
the alkalophilic, mesophilic, and thermophilic Bacillus genus (4,8). However,
other producers have also been reported such as Klebsiella sp. (9,10),
Brevibacterium sp. (11), Paenibacillus sp. (12-15), Thermoanaerobacter sp. (16,17),
Thermoanaerobacterium sp. (18), Thermococcus sp. (19), and Thermoactinomyces
sp. (20). Most of these CGTase producers are able to produce a mixture of
CGTase types, mainly a-CD and/or p-CD.

As the majority of the CGTases studied are produced by mesophilic
microorganisms, they possess low-thermostability. In the CD production
process, therefore, it is necessary to add a thermostable a-amylase during
the liquefaction step carried out at high-temperature (95-105°C). On
completion of liquefaction, the stream is cooled to 50-55°C for the CD
production by CGTase (16). Thermostable CGTases would make it less
necessary to reduce the temperature for CGTase action, and this would
decrease the cost of final CD production. On the other hand, the high pro
duction cost of CGTase and CDs is considered the limiting factor in CD
applications on an industrial scale. Research aimed at decreasing the cost
of CGTase production is, therefore, necessary if commercial use of CDs is
to become economically feasible. The search for a thermophilic CGTase
producing microorganism with high-thermostability is thus of commer
cial interest.

We have isolated a new CGTase producer from soil cassava crop sam
ples, which grows at 45°C and is classified as P. campinasensis strain H69-3
(henceforth referred to as H69-3). Although many studies have been car
ried out on detection of CGTase in different microorganisms, few reports
have described CGTase from the alkalophilic thermophilic P. campinasensis.
Therefore, in the present study we report its classification and the purifi
cation and characterization of its CGTase for the first time.

Materials and Methods

Materials

CDs (a-, p-, and y-CD), maltodextrin, phenolphthalein, orange methyl,
and bovine serum albumin were purchased from Sigma (St. Louis, MO).
Yeast extract, peptone, and agar were obtained from Difco (Detroit, MI).
Soluble starch and all other chemicals of analytical grade were obtained
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from Merck (Darmstadt, Germany). Resins for enzyme purification were
purchased from Amersham Pharmacia Biotech (Uppsala, Sweden).

Microorganism Isolation and Identification

The bacterial strain H69-3 was isolated from soil cropped with cas
sava in Sao Jose do Rio Preto, SP-Brazil, as described in our previous
work (15). The phylogenetic properties of H69-3 were determined with the
help of the Centro Pluridisciplinar de Pesquisas Quimicas, Bio16gicase Agricolas
(Unicamp, Campinas, SP, Brazil) using molecular techniques of the
sequencing and phylogenetic identification analysis of the 16S rRNA gene
fragments. The 165 rDNA sequence was amplified by polymerase chain
reaction (PCR), using as template the genomic DNA that was isolated off
the H69-3 strain. The primers used in PCR were a p27 forward primer and
a p1525 reverse primer that corresponded to a homologous conserved
region of the 16S rRNA gene in bacteria.

The amplified PCR product was purified and sequenced directly on a
MegaBACE 1000 (Amersham Biosciences) automatic sequenator. The for
ward primers p10 and 765 and reverse primers 782 and p1100 were used
during sequencing. The 165 rDNA sequence was compared with known
sequences on databases from Ribosomal Database Project (RDP, WI;
http://www.cme.msu.edu/RDPIhtml) and GenBank (http://www.ncbi.
nlm.nih.govI). The 16S rDNA sequences related to H69-3 sequence were
selected for phylogenetic analysis. The evaluative distance matrices were
calculated with the Kimura model (21) and the phylogenetic tree was built
using the Neighbor-Joining method (22) in accordance with analysis soft
ware from RDP.

Assay of CCTase

CGTase activity was measured as P-CD forming activity based on
phenolphthalein method (23) with slight modifications as described in
Alves-Prado et al. (20). One unit of CGTase activity was defined as the
amount of enzyme that produced 1 Jlmol of P-CD per min.

Protein Determination

Protein concentration was estimated according to the Hartree-Lowry
method, using bovine serum albumin as standard (24).

Purification of CCTase

The culture medium used for CGTase production was based on the
proposal by Nakamura and Horikoshi (25) with some modifications: solu
ble starch 10.0 giL, peptone 5.0 giL, yeast extract 5.0 giL, K2HP04 1.0
giL, MgS04·7H20 0.2 giL, Na2C03 5 giL (separately sterilized), pH 9.6.
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The CGTase was produced by cultures of H69-3 in 500-mL Erlenmeyer
flasks, containing 80 mL culture medium with soluble starch as substrate.
The cultures were incubated on a rotary shaker at 45°C, for 48 h at 200
cycles per min. The cells were removed from the medium by centrifuga
tion at 10000g for 15 min at SoC. Supernatant containing crude CGTase was
concentrated by ultrafiltration using the Pellicon® system (Millipore,
Beldford, MA). The concentrated CGTase was subjected to gel filtration
chromatography on a Sephadex superfine G-50 column (2.6 x 100 cm2) that
had been preequilibrated with 20 mM Tris-HCI buffer (pH 7.5), containing
20 mM NaCl. Elution was carried out by the same buffer at a flow rate of
0.3 mL/min at room temperature, and 5 mL fractions were collected using
a fraction collector (Pharmacia Biotech Frac-l00, Sweden). The CGTase
containing fractions were spin-concentrated using Centricon® YM10 tubes
(amicon bioseparations, Millipore, Beldford, MA) with 10 kDa cutting
membrane and purified to homogeneity on an AKTA purifier system
(Pharmacia Biotech, Sweden). The following chromatographic steps were
performed using a Q-Sepharose® Fast Flow column (5.0 x 10.0 cm2) fol
lowed by a Mono-Q HR 5/5 column with bed volume of 1.0 mL
(Pharmacia Biotech, Sweden) using 20 mM Tris-HCl buffer (pH 7.5). The
purity of the CGTase was determined by sodium dodecyl sulfate-poly
acrylamide gel electrophoresis (SDS-PAGE).

Determination of Protein Molecular Weight

The molecular weight of the pure protein was estimated by SDS
PAGE according to Laemmli (26). The SDS-PAGE was performed on a 10%
homogeneous gel using the Mini-Cell electrophoresis apparatus (BioRad
Laboratories, Richmond, CA). The gel was stained by means of the Blum
silver-staining method (27). BenchMarker™ Protein Ladder (Invitrogen)
was used as standard.

Activity Gel

The native gel was performed on a 10% homogeneous gel using the
Mini-Cell electrophoresis apparatus (BioRad Laboratories) in accordance
to Laemmli (26), but without SDS. Part of the gel was stained by means of
the Blum silver-staining method (27) and other part of this gel was incu
bated on soluble starch solution 1% overnight, rotating at SoC and after
this, the gel was stained with I-IK solution 1%.

Isoelectric Focusing

Isoelectric focusing (pD was performed in an Ettan IPGphor II two
dimensional electrophoresis apparatus (Amersham Biociences), using a strip
holder with a pI scale from 3.0 to 10.0 for focusing and a 12% (wIv) acry
lamide gel for the second dimension. During isoelectric focusing, the strip
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holder was submitted to rehydration loading together with the enzyme sam
ple for 12 h. It was subjected to different voltage steps, with the first step car
rier in 500 Vh, the second step carrier in 1000 Vh, and the third step carrier in
12,500 Vh. After focusing, the strip holder was transferred to a polyacry
lamide gel (SDS-PAGE) for the two-dimensional. SDS-PAGE was carried out
at a constant voltage of 90 V for the first half hour and 220 V for the next 4 h
at 25 mAo The gel was stained by the Blum silver-staining method (27).

Kinetic Parameters

The kinetic parameters were determined by incubating the pure
enzyme in maltodextrin with DE 13.0-17.0 (Aldrich, Milwaukee, WI)
(from 0 to 10 mg/mL) in 50 mM acetate buffer, pH 6.5, at 60°C, for 10 min
under phenolphthalein assay conditions. The values of Km and Vmax were
estimated by fitting the data to a Michaelis-Menten model using the GraFit
program, version 5.0 (Erithacus Software).

Effect of pH and Temperature on Activity and Stability
of the Enzyme

The optimum pH of the pure CGTase was determined by measuring
activity at 60°C using MacIlvaine buffer (pH 2.5-8.0) and glycine-NaOH
buffer, 0.1 M (pH 8.0-11.5). The reaction was carried out using the CGTase
assay as previously mentioned. Optimal pH was the pH where the enzyme
displayed its maximal activity, which was considered 100% activity. The opti
mum temperature of the pure enzyme was determined by incubating the
reaction mixture of the CGTase assay in different temperatures, ranging from
5 to 90°C for 10 min. Optimal temperature was the temperature where the
enzyme displayed its maximal activity, which was considered 100% activity.

The pH stability was determined by incubating the CGTase prepara
tion without substrate in the same buffer systems used previously, at 25°C
for 24 h. The remaining activity was assayed under standard conditions at
60°C. The temperature stability was checked by subjecting the enzyme,
without substrate, at various temperatures at 5°C up to 90°C for 60 min
and then cooling in ice before measuring the residual activity under stan
dard conditions at 60°C and pH 6.5.

Results and Discussion

Microorganism Isolation

The bacterial strain H69-3 showed high CGTase activity and growth
at 45°C. The strain H69-3 was identified according to 16S rDNA sequence
comparisons and correlation with the physiological characteristics of this
isolate. H69-3 has rod-shaped cells and Gram coloration was variable.
During early growth phase Gram-positive cells could be observed, but
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Strain H69-3

Paenibacillus campinasensis KCTC 0364BP

Paenibacillus lactis MB 1871

Paenibacillus glucanolyticus DSM 5162

Paenibacillus lautus NRRL NRS-666

Paenibacillus polymyxa lAM 13419

Paenibacillus azotofixans DSM 1735

Paenibacillus xylanilyticus XIL 14

Paenibacillus illinoisensis NRRL NRS-1356

Paenibacillus pabuli HSCC 492

Paenibacillus macquariensis NCTC 19419

'----------Streptococcus hyointestinalis ATCC 49169

0.1

Fig. 1. Phylogenetic tree based on the 16S rRNA gene sequence, of the H69-3 strain
and other related microorganisms. The Neighbor-Joining method was used and
Streptococcus hyointestinalis was used as the out-group. The GeneBank accession num
bers of the additional16S rRNA sequences used are as follows: P. campinasensis KCTC
0364BP (AF021924); P.lactis MB 1871 (AY257868); P. glucanolyticus DSM 5162 (D78470);
P. lautus NRRL NRS-666 (D78473); P. polymyxa lAM 13419 (DI6276); P. azotofixans DSM
1735 (X77846); P. xylanilyticus XlL14 (AY427832); P. illinoisensis NRRL NRS-1356
(D85397); P. pabuli HSCC 492 (AB045094); P. macquariensis NCTC 10419 (X60625).

after 50 h of growth, only Gram-negative rods were visible. This microor
ganism was facultative anaerobic, positive for catalase reaction and nitrite
to nitrate reduction as well as negative to oxidase reaction. The cellular
growth at 30°C, 37°C, 40°C, 50°C, and 55°C was observed for nutrient
medium in pH6.8. These physiological properties indicated the gender of
the strain H69-3, but only with 16S rRNA was possible to identify correctly
this strain. The partial16S rRNA sequence of H69-3, with 892 pb revealed
99% similarity with sequences of the P. campinasensis strain 324 (28) and
other Paenibacillus sp. strains included in RDP and GenBank. Similarity
of 94 and 96% was found with other Paenibacillus sp., such as P. lactis and
P. pabuli. Phylogenetic analysis and physiological characteristics con
firmed the similarity found in databases and clearly grouped the strain
H69-3 with P. campinasensis (Fig. 1). Based on these results, the studied
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microorganism (strain H69-3) was classified as P. campinasensis strain H69-3.
The partial 165 rDNA sequence has been deposited in the GeneBank and
has been assigned the accession number DQ153080.

CGTase Purification

After 50 h of fermentation, the supernatant from the P. campinasensis
strain H69-3 culture was used for purification of CGTase in four steps. The
supernatant containing crude enzyme was first concentrated by ultrafiltra
tion and subsequently purified by gel filtration and anion exchange (Table 1).
These steps resulted in a lIS-fold purification with a yield of 13.3%, and spe
cific activity of 8.1 U/ mg of protein (Table 1). The purification steps resulted
in one homogeneous band on a silver-stained SDS-PAGE (Fig. 2A). A native
polyacrylamide gel for activity staining also gave the purified CGTase one
single band in the presence of soluble starch (Fig. 2B).

Previously, CGTase purification from Bacillus sp. AL-6 was performed
using starch adsorption chromatography and two DEAE-Sephadex A-50
chromatographies, with a yield of 14.4% and a 230-fold purification, sim
ilar to the yield (29). In another study, CGTase from the P. campinasensis
(B. firmus) strain 324 was purified by ion exchange- and affinity
chromatography resulting in a 26.6% yield and a 90-fold purification (30).
Finally, process chromatography was used to purify the CGTase from P.
illinoisensis ST-12K using a DEAE-cellulose column and a Butyl-Toyopearl
column, resulting in a 4.5-fold purification and a 27% yield (13).

Molecular Weight

The molecular weight of the purified CGTase was estimated by elec
trophoretic mobility under denaturing conditions to be 70 kDa (Fig. 2A).
This molecular weight is in agreement with the majority of purified CGTase
reported in literature, which is between 70-88kDa (4,8-13,25,29-31).
However, in some cases, CGTase has been reported to have a lower molecu
lar weight, such as those from B.lentus (33 kDa) (32), B. coagulans (36 kDa) (33),
and Bacillus sp. 1919 (42 kDa) (34). On the other hand, CCTases with a higher
molecular weight have also been reported, such as those from B. agaradhaerens
(110 kDa) (35), B. licheniformis (144 kDa) (36), and Thermoanaerobacter sp. (103
kDa) (16, 17) (Table 2). The variation of the pI values among studied CGTases
can be owing to adaptations from environmental properties of the screening
place. Different environments can lead to genetic sequence changes of this
enzyme during the evolutionary process (40).

Isoelectric Focusing

The pI of the purified CGTase was S.3. The pI exhibited by this CGTase
is slightly acidic, similar to CGTase from B. stearothermophilus (37), which
has a pI value of 5.0. Some CGTases have shown high acidic pI values, such
as CGTase from Brevibacterium sp. (11) with a pI value of 2.8 and from
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Table 1
Summary of Purification Results

Total Total Total Specific
volume protein CGTase activity Fold Percent

Step (mL) (mg) activity (U) (U/mg) purification yield

Crude enzyme
(supernatant) 350.0 1393.0 91.0 0.07 100

Concentration
by ultrafiltration
(Pelicon) 40.0 316.0 87.2 0.28 4.0 95.8

Gel filtration
Sephadex G-50 123 32.0 49.2 1.54 22.0 54.1

Ion exchange
(Q-Sepharose) 70 2.8 39.9 14.25 203.6 43.8

Ion exchange
(Mono-Q column) 7.5 1.5 12.1 8.07 115.3 13.3

Enzymatic activity determined by phenolphthalein method.

A

180 kDa
120 kDa

90 kDa
80 kDa
70 kDa
60 kDa

50 kDa

40 kDa

30 kDa

25 kDa

20 kDa

3 4 5

B
1 2

Fig. 2. CGTase from P. campinasensis strain H69-3 (A) determination of molecular
weight on 50S-PAGE. Lane 1, molecular weight marker; lane 2, crude enzyme; lane 3,
elution from gel filtration; lane 4, Q-Sepharose fast flow elution; and lane 5, purified
CGTase (Mono-Q elution). (B) Native gel, 1: silver stained and 2: amylolytic activity
I-KI stained.
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B. autolyticus (38) with a pI s value of 3.0 and 4.0. However, other CGTases
have a high basic pI, such as that from Bacillus sp. G1 (31) with a pI of 8.8.
There are also neutral pI CGTases, such as B. agaradhaerens LS-3C (35) with a
pI value of 6.9, and B. circulans E192 (39) with pI values of 6.9 and 6.7 (Table 2).

Kinetic Parameters

The Km and Vmax values obtained were 1.69 ± 0.39 mg/mL and 4.97 ±
0.30 I1mol/min·mg, respectively. Km values ranging from 0.15 to 21.2 mg/mL
and Vmax values ranging from 7.4 to 249 U/ mg have previously been
reported for few CGTases (10, 30, 31, 35, 39, 41). However, only the B.
agaradhaerens LS-3C (35) and B. circulans E192 (39) used maltodextrin as sub
strate. The K

m
of CGTase from P. campinasensis strain H69-3 was larger than B.

circulans E192 (0.7 mg/mL) and smaller than CGTase form B. agaradhaerens
LS-3C (18.0 mg/mL). As K

m
might be correlated with the affinity for sub

strate, by comparison it is possible to infer a good affinity of the CGTase of
P. campinasensis strain H69-3 for maltodextrin. The Kcat and Kcat / Km were
calculated and it was 347.9 I1M/mg'min and 205.9 min/l1mol, respectively.
The Kcat value exhibited by this CGTase was larger than those obtained by
CGTases from Klebsiella pneumoniae AS-22 (249 ~/mg·min) (10) and B. firmus
(145.17 I1M/mg·min) (41). However, here any conclusion might be
obtained, as the used substrates were not the same.

Effect of pH on Activity and Stability of the Enzyme

The activity CGTase was determined at varying pH values ranging
from 2.5 to 11.5 at 60°C. The purified CGTase was highly active between
pH values 5.5 and 7.0 with maximum activity at pH 6.5 in Macllvaine
buffer (Fig. 3). The optimum pH value suggests that, in order to effect the
cyclization reaction, CGTase from the P. campinasensis strain H69-3 needs a pH
near to neutral. This optimum pH was also noted for CGTase from B. lentus
(32) and B. coagulans (33). The pH stability was determined by incubating
the crude CGTase on different pH values, ranging from 2.5 to 12.0 for 24 h
at 25°C. Then, the residual activity was measured at standard activity con
ditions. The purified CGTase was found to be stable over a wide range of
pH (6.0-11.0) after 24 h of incubation at 25°C (Fig. 3).

Effect of Temperature On Activity and Stability of The Enzyme

The activity of pure CGTase was measured at temperatures between
30°C and 80°C at pH 6.5. The enzyme exhibited maximum activity at temper
atures between 60°C and 65°C (Fig. 4). The effect of temperature on stability
of pure CGTase was also investigated. The enzyme was incubated for 1 h
at various temperatures (30-70°C) followed by measurement of residual
activity under standard assay conditions. Hundred percent CGTase activity
was maintained up to 55°C, indicating good thermal stability (Fig. 4). The
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Fig. 3. Effect of pH on CGTase activity (-e-) and CGTase stability (---) from
the P. campinasensis strain H69-3. The buffers used were: MacIlvaine (pH 3.0-8.0) and
glycine-NaOH (pH 8.0-11.5).

enzyme was completely inactive at 80°C. The thermal stability increased when
the CGTase was incubated in the presence of the Ca2+. About 90% of CGTase
activity was maintained up to 60°C when it was incubated with 10 mM CaCl2
(Fig. 5). Ion Ca2+has been used as enzyme stabilizer and these results were
similar to that obtained by Chung (37) studying CGTase from B. stearother
mophilus ET1.

Effect of Metal Ions and Chemicals on CGTase Activity

The enzyme was incubated with a number of salts and reagents, at 5 mM
and 1 mM, in 100 mM acetate buffer, pH 6.5 at 25°C for 60 min. A sample
of the mixture was used to determine residual activity under standard
assay conditions, while maintaining salt and reagent concentrations. The
results are summarized in Table 3. Considering the presence of metallic ions
and other reagents, the response of CGTase activity from the P. campinasensis
strain H69-3 was similar to that reported for other CGTases (29,35). This
CGTase was strongly inhibited by Agl+, AI3+, Cr2+, Cu2+, Fe2+, Fe3+, Hg3+,
NH42+, Sn2+, and ~-CD. It was slightly inhibited by Cd1+, Pb2+, Zn2+, Zn3+,
Sr2+, SDS, and y-CD with 20-70% of the activity. CGTase activity was not
inhibited in the presence of Mg2+, Kl+, Ca2+, Na1+, Ni2+ ethylenediamine
tetra acetic acid, phenylmethylsulfonyl fluoride, sodium m-arsenite,
sodium azide, 2-mercaptoethanol, dithiothreitol, and a-CD and it was
enhanced in the presence of C0 2+, Ba2+, and Mn2+.
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Fig. 4. Effect of temperature on CGTase activity (-e-) and CGTase stability
(-.-) from the P. campinasensis strain H69-3.
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Fig. 5. Effect of CaCl2 on temperature stability of CGTase from P. campinasensis
strain H69-3. (-.-) control, without CaCI2; (-e-) 5 mM CaCl2 and (-...-)
10 mM CaCI2.

Unlike our results, the activity of CCTases from Bacillus AL-6 (29) was
not inhibited by Fe2+; the same was reported from P. campinasensis strain
324 (B. firmus) (30), B. firmus (42), and B. autolyticus (38). The activity was
increased using the CGTase from Brevibacterium sp. (22) and Bacillus sp. Gl
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Table 3
Effects of various reagents on CGTase activity

from P. campinasensis strain H69-3

53

Reagent (1 mM)

None
SDsa
EDTAb
PMSpc
Sodium azide
Sodium m-arsenite
2-mercaptoethanol
Dithiothreitol
a-CD
P-CD
y-CD

Residual activity (%)

100
70.0
84.0
95.0
96.5
97.0
98.0

106.5
90.0
o

69.0

a Sodium dodecyl sulfate.
bEthylenediaminetetra acetic acid.
CPhenylmethylsulfonyl fluoride.

(31). It has been reported that Cu2+ has a significant inhibitory effect on
CGTases from Bacillus AL-6 (29), B. firmus (42), Brevibacterium sp. (11),
and B. agaradhaerens (35), whereas CGTases from B. autolyticus (38) and
P. campinasensis strain 324 (B. firmus) (30) were not inhibited in presence of
the Cu2+ at 2 mM. Also, the CGTase activity from B. agaradhaerens (35),
B. autolyticus (38), and Brevibacterium sp. (11) was maintained in presence
of the Zn2+, Pb2+, and 5r2+, unlike the CGTase from P. campinasensis strain
H69-3. Metal ions such as Hg2+, Agl+, Zn2+, and Cu2+ have been reported
as inhibitors of thermostable a-amylases. As one of the mechanism of pro
tein thermostabilization is by formation of disulfite bridges, the presence
of cysteine residues are higher in themostable molecules. These metal
ions (Hg2+, Agl+, and Cu2+) have affinity to the sulfhydryl groups. So,
these ions inhibit the enzymatic activity of some proteins by oxidation of
the functional cysteine residue groups (43). The almost complete inhibi
tion of CGTase activity from the P. campinasensis strain H69-3 by Hg2+,

Agl+, and Cu2+ reinforces the hypothesis that the thiol group is essential
for the enzymatic activity of the CGTase. About the CD type effect on the
CGTase activity, the presence of ~-CD and y-CD has exhibited an
inhibitory effect for the CGTase from B. autolyticus (39). In the case of
CGTase activity from B. agaradhaerens (35), a slight increase in the pres
ence of ~-CD is reported. In common with the studied CGTase, the
majority of the CGTase reported present stimulated activity in the pres
ence of Ca2+ that also has been reported to be a stabilizer of thermal
denaturation (11/12/21/30/35/38).
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Conclusions

Alves-Prado et al.

The CGTase from new producer P. campinasensis strain H69-3 isolated
from soil cassava crop was purified and characterized with molecular weight
of 70 kDa, optimum pH at 6.5, and optimum temperature at 65°C. So, this
bacteria P. campinasensis strain H69-3 proved to be a viable alternative
microorganism for CGTase production. The moderate optimum temperature
and thermostability of the purified CGTase would be advantageous in cer
tain industrial applications.
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Abstract

The influence of several factors on the hydrolytic activity of lipase, present
in the acetone powder from dormant castor seeds (Ricinus communis) was
evaluated. The enzyme showed a marked specificity for short-chain sub
strates. The best reaction conditions were an acid medium, Triton X-IOO as the
emulsifying agent and a temperature of 30°C. The lipase activity of the ace
tone powder of different castor oil genotypes showed great variability and
storage stability of up to 90%. The toxicology analysis of the acetone powder
from genotype Nordestina BR5 149 showed a higher ricin (toxic component)
content, a lower 25 albumin (allergenic compound) content, and similar aller
genic potential compared with untreated seeds.

Index Entries: 25 albumin; castor seeds; lipase; ricin; Ricinus communis;
acetone powder.

Introduction

Lipases (glycerol ester hydrolase, enzyme comission [Ee] 3.1.1.3) are
defined as a group of enzymes that are capable of catalyzing the hydroly
sis of long-chain triacylglycerols into glycerol and free fatty acids,
although they can also utilize other substrates such as medium or short
fatty acid esters. Because of the hydrophobic nature of their substrates,
lipases generally act in an aqueous-organic interface. Apart from their
hydrolytic activity, lipases may also present reverse activity (esterification
and transesterification reactions) in water-restricted environments, such as
organic solvents. Their capacity to carry out all these transformations with

*Author to whom all correspondence and reprint requests should be addressed.
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a high chimio-, regio-, and enantio-specificity means that lipases have great
potential as biocatalysts in technological applications, such as in detergents,
foods, pharmaceuticals, oleochemicals, and other industries (1/2).

Lipases are generally found in animals, plants, and microorganisms,
but microbial enzymes have been studied the most and applied most to
industrial processes. However, in recent years plant lipases have also
attracted the attention of researchers. There still exists a huge diversity of
plants to be explored and the discovery of lipases with different specifici
ties and stability would extend these enzymes' range of application. Plant
lipases generally exhibit a particular specificity, usually a substrate speci
ficity (more pronounced than in microbial enzymes), and are a low-cost
raw material. Most of the literature on plant lipases concerns oil seed
lipases, of which the most studied seeds are probably from oats, colza, and
castor seeds. Lipases from the dormant seed of the castor plant (Ricinus
communis) could be an option of some interest for industrial applications,
given that they are found in large quantities in the ungerminated seed,
whereas lipases from oil seeds generally need the seed to start germinat
ing for them to be synthesized, and the quantities produced are very small
(3/4). Additionally, the castor bean grows throughout Brazil, it is easy to
cultivate and is attracting interest because of its oil, which presents a chal
lenge in finding the best ways to exploit the seeds using the latest scientific
and technological approaches.

The lipase activity of dormant castor seeds has been recognized for
over a century. Lipases are found in association with the lipid body (small
intracellular organelles that store the oil) membranes, and are probably
anchored by their hydrophobic region close to the N-terminal end (4/5). The
lipase accounts for 5% of the total proteins in the lipid bodies and its molec
ular weight has been estimated at around 60 kDa (6). Recently, Eastmond (4)
cloned the lipase of the dormant castor seed with the purpose of clarifying
the role this enzyme plays in starting germination; however, its physiologi
cal function is still unclear and a new hypothesis is that it might be involved
in defending the seed against parasites.

The presence of compounds with a high-toxicity (ricin) and pro
nounced allergenicity (25 albumin isoforms) (7/8) in castor seeds should be
taken into account whenever industrial uses are planned for castor seed
derivatives, including lipid biotransformation. Ricin is the most lethal of
the toxins present in castor cake; it is a member of the family of ribosome
inactivating proteins constituted of two polypeptide chains: the A-chain
hydrolyses a conserved region of the 285 rRNA, blocking protein synthesis
and bringing about cell death, whereas the B-chain exhibits lectin proper
ties by which the toxin is endocyted (8,,9). The castor seed allergen is a non
toxic and unusually stable protein belonging to the 25 albumin class, which
exhibits an exceptional capacity to enhance individuals' sensitivity to small
concentrations of dust from castor seeds or castor cake (7). The aim of this
work was to characterize the lipase activity present in dormant castor seed
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acetone powder and to evaluate the acetone treatment for inactivating toxic
and allergenic compounds. The castor oil genotypes with the greatest
potential as sources of lipases were also selected.

Materials and Methods

Castor Seeds

The castor bean seeds were supplied by Embrapa Cotton Research
Center in Campina Grande, Brazil, and stored at 4°C until use.

Extraction of the Acetone Powder

One hundred and fifty milliliter acetone at 4°C was added to 10.0 g seeds
and the mixture was blended (Turmix blender; ARNO) and sieved to obtain
particles smaller than 500 f.1m. These were washed with 300 mL acetone at 4°C
and incubated with 150 mL acetone for 16 h. After incubation they were washed
with 150 mL acetone. The fat-free powder was left in an open flask for 24 h to
complete the removal of the residual acetone and then stored at 4°C until use.

Lipase Assay

Lipase activity was determined by adding 90.0 mg acetone powder to
10 mL emulsion consisting of tributyrin* (5% [wIv]), Triton X-100* (25%
[wIv]), and acetate buffer, 0.05 M, pH 4.0 (50% [vIv]). This was incubated at
37°C* for 3, 5, and 7 min under agitation (200 rpm). The reactions were
stopped by adding 20 mL ethanol and the fatty acids were extracted under
agitation (200 rpm) for 10 min and titrated until the end point (pH 11.0) with
a NaOH solution (0.04 N). The blank assays were performed by adding the
acetone powder after the ethanol had been added. The activity (U) was calcu
lated from the a of the graph (f.1mol free fatty acids vs reaction time), which
resulted in the specific activity (U/ g acetone powder). One lipase activity unit
(U) was defined as the amount of enzyme that produced 1 f.1mol fatty acid per
min under the assay conditions. The reactions were performed in triplicate.

Effect of Different Factors on Lipase Activity

The assays were carried out as previously described except when
evaluating the influence of pH.

• Temperature: 25, 30, 35, 40, 45, and 50°C.
• Type of emulsifier: Triton X-100 (25% [w/v]) and gum arabic (5%

[w Iv]); the reaction times were 10, 20, 30, and 40 min.
• Type of substrate: olive oil, sunflower oil, castor oil (the oils were from

local stores), trycaprylin and tributyrin (purchased from Sigma);
reaction emulsions contained 10% (wIv) substrate.

*These conditions were changed in some assays.
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• Comparison among different genotypes: acetone powder from castor
genotypes Nordestina BRS 149, Brejeira CNPAM 93-168, CSRN 393,
Pernambucana SM-5, and CSRD-2.

• Storage stability: acetone powder was stored for 7 mo at 400C before use.

Two experiments were performed to evaluate the influence of pH.

• Hydrolysis catalyzed by the acetone powder: ten milliliter sunflower
oil was incubated with 50.0 mg acetone powder in 10-mL buffer
(acetate pH 4.0 or phosphate pH 7.2) at 5000C for 68 h. The blank
assays were performed by incubating the oil and buffer solution only.

• Autohydrolysis: the action of the endogenous lipase on the seed oil
was verified by incubating 1 g ground seed with 10-mL buffer
(acetate pH 4.0 or phosphate pH 7.2) at 50aC for 1 h under agitation.
The control or blank assay was performed with ground seeds and no
addition of a buffer. The thin-layer chromatography (TLC) of the
sunflower oil reactions (eluted with 70/30/1 hexane/diethyl
ether/ acetic acid) and castor seed oil reactions (eluted with 40/60/1
hexane/diethyl ether/ acetic acid) were visualized by spraying the
TLC plate with a (1 : 1) saturated solution of cupric sulphate: phos
phoric acid 85%, followed by 5 min at 180aC.

Determination of Toxic and Allergenic Compounds

In these experiments untreated Nordestina BRS 149 seed and acetone
powder were compared.

Determination of 2S Albumin Content

3.2 mL water at 80aC was added to 16.0 mg acetone powder or
ground castor seed and was incubated at 60ac for 6 h under agitation.
After decantation, 500 fJ,L from the upper layer was removed and submit
ted to gel-filtration chromatography using a 50 x 1.5 cm2 Sephadex G-50
column, eluted with trifluoroacetic acid (TFA) 0.1 %, at 0.7 mL/min. 200 fJ,L
was taken from the fraction containing 2S albumin and injected into the C18
reverse phase chromatography column. The sample was eluted using a sol
vent gradient consisting of solvent A (TFA 0.1 %) and solvent B (acetonitrile
80% and TFA 0.1 %): 0-10 min 0% of B; 10-40 min 0 to 80% of B; 40-45 min
80% of B; 50-55 min 80 to 0% of B.

Immune-Detection of 2S Albumin

The fractions containing 2S albumin that originated from the reverse
phase chromatography were concentrated IS-fold and 10 fJ,L of this concentrate
was spotted on a nitrocellulose membrane using 2% milk powder as a blocker.
After exhaustive washing, an anti-2S albumin rabbit antibody (dilution 1 :500)
and a secondary antibody were added. The primary antibody was not added
to the negative control so that any unspecific reactions could be observed.
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Evaluation of Allergenic Properties

The mast cells used came from Wistar rats, which were put down by
CO2 asphyxia. The peritoneum cavity was washed with 20 mL Dulbecco's
Modified Eagle Medium containing heparin, and 15 mL was incubated in
a Petri dish at 37°C for 30 min, after which time 2/3 of the upper phase
was discarded. The mast cells (100 J.1L) resulting from sedimentation in the
Petri dish were treated with:

1. Only the preimmune rat serum.
2. Only the anti-2S albumin serum.
3. Anti-2S albumin serum and 2S albumins (10 J.1g/mL).
4. Negative control (without any treatment).

The pool of IgE obtained from immunized RA/thor rats was diluted at
1 : 100 in the mast cell suspension and subsequently incubated at 37°C for 1 h.
In order to observe degranulation, 10 J.1L cell suspension was incubated for 15
min with 10 J.1L of a solution containing 0.1 %toluidine blue, 10% formaldehyde,
and 1% acetic acid at pH 2.8. The count of whole and damaged cells was per
formed with a microscope using a Neubauer (BOECO, Germany) chamber.

Determination of Ricin Content

Sixteen milligrams acetone powder or ground castor seed was dis
solved in 3.2 mL deionizer and distilled water and incubated at 80°C for 4 h
under stirring and a further 16 h at room temperature. The proteins were ana
lyzed in 12% (wIv) SDS-polyacrylamide gel (SDS-PAGE) according to the
methodology described by Laemmli (10). Sample preparation: 40 J.1L sample
buffer containing SDS (10%) and ~-mercaptoethanol(5%) was added to 80 J.1L
protein extract, and 35 J.1L of this mixture was used to run the SDS-PAGE.

Results and Discussion

Effect of Different Factors on Lipase Activity

Acetone powder of genotype Nordestina BRS 149 was used to study
the influence of pH, emulsifier type, substrate type, and temperature on
the lipase activity of dormant castor seeds.

Influence of pH

Figure lA shows the TLC of hydrolysis conducted in acid and neutral
reaction media by the acetone powder on sunflower oil. The results for the
reaction at pH 4.0 (lane b) show the hydrolysis products: fatty acids (reten
tion factor [Rf] = 0.76) and partial triacylglycerols (Rf 0.60, Rf 0.50, and Rf
0.14). At pH 7.2 (lane c), no reaction took place so the pattern was much
the same as for the starting oil (lane a). This result is in agreement with
Eastmond (4) who only found significant activity from cloned dormant
castor seed lipase at pH 3.5-5.0. The same pH influence was observed for
autohydrolysis (Fig. IB). The reaction at pH 4.0 (lane c) shows fatty acids
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Fig. 1. (A) TLC of sunflower oil hydrolysis by acetone powder in neutral and acid
media: (a) sunflower oil, (b) hydrolysis at pH 4.0, (c) hydrolysis at pH 7.2, (d) standard
fatty acid, (e) negative control at pH 4.0, and (f) negative control at pH 7.2. (B) TCL of
autohydrolysis in neutral and acid media: (a) commercial castor oil, (b) extracted cas
tor seed oil, (c) hydrolysis at pH 4.0, (d) hydrolysis at pH 7.2, (e) reference sample of
ricinoleic acid (Rf 0.41), and (f) negative control of ground seed hydrolysis.

(Rf 0.41), but the reaction at pH 7.2 (lane d) only shows the seed oil tria
cylglycerols (Rf 0.44 and Rf 0.35), as does the starting oil (lane b).

Influence of Emulsifier Type

Considerable lipase activity was observed of the acetone powder on
tributyrin (5% [w/ vD emulsified with gum arabic (5% [w/ vD or Triton
X-IOO (25% [w/ vD: 139 ± 6 U/ g and 220 ± 7 U/ g, respectively. The almost
twice as high-activity obtained with Triton X-IOO may have been caused by
alterations to the substrate aggregation state and/or changes to the
enzyme's structure (11). One hypothesis is that the lipase's capacity to
anchor to the interface may be greater because of the lower interfacial ten
sion of emulsions prepared with Triton X-IOO (12), or this lower tension may
cause a larger interfacial area that makes a greater amount of lipid available
for lipase activity. Some enzymes, not just lipases, have been reported to be
activated by triton-X 100 (13-15), possibly by molecular structural changes
to a more compact protein (14). The result could also be associated to the
composition of the emulsifiers. For example, higher lipase activity has been
reported in the presence of nonionic emulsifiers (like Triton X-lOO) than with
ionic emulsifiers (like gum arabic) (15), and castor seed lipase seems to be
partially inhibited by some ions (16) present in gum arabic (the gum is a
plant exudate and has no fixed composition) (17).

Influence of Substrate Type

The lipase activity of acetone powder with different substrates (10%
[w/v] substrate emulsified with 25% [w/v] Triton X-lOO) was: olive oil
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Fig. 2. Lipase activity of the fresh acetone powder from different castor genotypes
and after storage for 7 mo at 4°C. Reactions were conducted using tributyrin (5%
[wIv]) emulsified with Triton X-IOO (25% [w Iv]) in a buffer, pH 4.0, at 37°C, catalyzed
by acetone powder from the different castor genotypes.

28 ± 3 UI g, sunflower oil 24 ± 2 UI g, castor oil 28 ± 2 UI g, tricaprylin 56 ±
7 U I g, and tributyrin 811 ± 54 U I g. The lipase exhibited a marked speci
ficity for triacylglycerols formed by shorter chain fatty acids such as tribu
tyrin (C4). As reported for Geotrichum candidum lipase, the chimio-specificity
could be attributed to a few aminoacid residues both at the entrance and at
the bottom of the active site cavity (18). However, some authors believe that
greater lipase activity on a smaller substrate may be caused by the increased
water solubility of these short chain compounds, which would create a
larger interfacial area and a less pronounced inhibition by products because
the free fatty acids would have a stronger tendency to go to the aqueous
phase than those of medium and long chains (19).

Influence of Temperature

The lipase activity of the acetone powder (5% [wIv] tributyrin with 25%
[wIv] Triton X-lOO) was higher in the 25 (429 ±9 U/g) to 35°C (368 ±6 U/g)
range, and the optimal temperature was 30°C (429 ± 9 UI g). The higher tem
peratures resulted in lower activities: 216 ± 5 UI g at 40°C; 57 ± 4 UI g at 45°C;
and not detectable activity at 50°C.

Lipase Activity of Different Castor Genotypes and Storage Stability

The lipase activity presented by the acetone powders from the differ
ent castor genotypes (Fig. 2) shows a great variation (96%) among them.
This pronounced variation in lipase activity among different genotypes has
also been observed for other plants, such as Carica papaya latex (92%) (20)
and palm fruit (70%) (21). The most promising castor genotypes as sources
of dormant seed lipases were Nordestina BRS 149 (511 ± 63 U/g) and
Brejeira CNPAM 93-168 (468 ± 47 Dig) (Fig. 2). After the acetone powders
had been stored for 7 mo at 4°C, their remaining lipase activity (Fig. 2) was
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Table 1
Ricin Content, 2S Albumin Content, and Allergenic Properties

of Acetone Powder and Untreated Castor Seed of Genotype Nordestina BRS 149

Material Ricin (%)a Albumins 2S (%)a Mast cells degranulation (%)b

Castor seed
Acetone powder

0.85
2.15

2.1
0.7

43
45

agram per 10.0 g of material.
bnumber of mast cells degranulated per 100 mast cells.

80-90% of the fresh powders, except for genotype CSRD-2, which lost all its
activity (22).

Toxic and Allergenic Compounds in Acetone Powder

The ricin protein was isolated by water extraction and gel-filtration
chromatography then detected by SDS-PAGE (Table 1); 0.85% (gram per
10.0 g of material) content was found in whole seeds and 2.15% in acetone
powder. The higher toxin concentration found in acetone powder may be
owing to the elimination of the oil from the seed (about 500/0 of the seed
mass). However, investigations into acetone powder toxicity are recom
mended because the ricin molecule could be inactive yet present. The 2S
albumin was isolated by gel-filtration and reverse phase chromatography
(Table 1) and its content dropped by 2.1 to 0.7%. This reduction was con
firmed by immune-blot analysis (data not shown). Castor bean allergens
demonstrate extreme stability and there are few methodologies for remov
ing the allergen from the cake. Recently, Kim (23) proposed a drastic heat
and NaOH- or NaOel-based treatment to reduce antigenic activity, so the
acetone treatment proposed here could be another option. The biological
assays to evaluate the allergenic properties of acetone powder based on
mast cell degranulation presented very similar degranulation percents to
untreated castor seeds (approx 43%) (Table 1).

Conclusions

The acetone powder from dormant seeds of R. communis contains a
lipase that is only active in an acid pH. This enzyme activity is stimulated
by the Triton X-IOO emulsifier, and has a marked specificity for short
chain substrates and a pronounced variability among castor genotypes.
The acetone powder also has good storage stability. The ricin content was
higher in acetone powder. However, a toxicity investigation is needed to
evaluate whether the protein is still in its active form. Given that 25 albu
mins are stable proteins, and that inactivation treatments have not yet
been described, a reduction of their level by acetone treatment could be a
promising technique for eliminating these allergenic proteins.
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Abstract

The objective of this study was to covalently immobilize Candida antarctica
type B lipase (CALB) onto silanized green coconut fibers. Variables known to
control the number of bonds between enzyme and support were evaluated
including contact time, pH, and final reduction with sodium borohydride.
Optimal conditions for lipase immobilization were found to be 2 h incubation
at both pH 7.0 and 10.0. Thermal stability studies at 60°C showed that the
immobilized lipase prepared at pH 10.0 (CALB-lO) was 363-fold more stable
than the soluble enzyme and S.4-fold more stable than the biocatalyst pre
pared at pH 7.0 (CALB-7). CALB-7 was found to have higher specific activity
and better stability when stored at SoC. When sodium borohydride was used
as reducing agent on CALB-lO there were no improvement in storage stabil
ity and at 60°C stability was reduced for both CALB-7 and CALB-lO.

Index Entries: Coconut fiber; covalent attachment; enzyme immobilization;
lipase; hydrolysis; esterification.

Introduction

Lipases <triacylglycerol ester hydrolases, E.C. 3.1.1.3) catalyze both
the hydrolysis and synthesis of esters from glycerol and long-chain fatty
acids (1). They catalyze interesterification, aminolysis, and thiotransesteri
fication reactions (2). Industrial applications of lipases include food
processing, detergent formulations, and the synthesis of fine chemicals (3).
The use of immobilized enzymes provides for several advantages such as
enzyme recycle or reuse and reduced cost. Therefore, many methods have
been used to immobilize lipases, such as adsorption (4), covalent attach
ment (5), and chelation (4). The multipoint attachment of proteins involves

*Author to whom all correspondence and reprint requests should be addressed.
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several covalent attachments between one molecule of enzyme and the
activated support. Attachment on a solid support should increase the
rigidity of the immobilized enzyme molecules, making them more resis
tant to small conformational changes induced by heat, organic solvents,
denaturing agents, and so on. To be successful the support surface should
be complementary to that of the enzyme molecule. Not all supports or
methods of activation offer the same possibilities to force an intense
covalent multipoint attachment and in some conditions the immobilized
enzyme can be less stable than the soluble one (6).

Covalent immobilization is based on the retention of enzymes to sup
port surfaces by covalent bonds between functional groups of the enzymes
and reactive groups on the support (7). The majority of supports must be
activated before immobilization making the technique more expensive
than simple adsorption (4,7). Biocatalysts that can be covalently attached
are usually more stable and resistant to extreme conditions (pH range and
temperature). This stability and resistance are very important characteris
tics for industrial biocatalysts (8). Lipase immobilization on supports acti
vated with 3-glycidoxypropyltrimethoxysilane ([GPTMS] Sigma-Aldrich
Chemical Co, St. Louis) (a silane coupling agent) occurs through a reaction
between glyoxyl (aldehyde) groups, present on the support, and amines
groups from the enzyme. As a consequence of the amine-aldehyde reac
tion, Schiff's bases between the enzyme and support are formed. At neutral
pH, the reactivity of enzyme lysine residues is very low because of their
pKa (around 10.5). Thus, the covalent attachment under these conditions is
said to be one-point. However, at pH 10.0, the multipoint covalent attach
ment is possible because of the increase in the lysine residues reactivity,
and consequently, a larger number of Schiff's bases are formed (9,10).

Considering the high cost of some available commercial support
matrixes, studies have been intensified in order to obtain cheaper sup
ports. Some articles have reported the use of agroindustrial wastes as an
immobilization matrix for a-amylase (11), invertase (12), and lipase (13).
These studies showed that agroindustrial wastes are a suitable raw mate
rial source for an immobilization matrix. In Brazil, an increase in the green
coconut water market had a direct impact on the increase of coconut husk
production, an agroindustrial waste. This waste takes up to seven years to
decompose, contributes to spreading tropical diseases, and is responsible
for the overfilling of sanitary landfills when not disposed properly (14).

In this study, we examine the immobilization of Candida antarctica
lipase B by covalent attachment to green coconut fiber. Green coconut fiber
was first silanized using GPTMS followed by immobilization of the enzyme.
Two covalent immobilization strategies were compared: one-point covalent
attachment (pH 7.0) and multipoint covalent attachment (pH 10.0). The
derivatives formed by a one-point covalent bound have almost the same
properties as the free enzyme and can be used as a standard to test
activity/ stability of the original enzyme. In this immobilization strategy,
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only one (or two) amine residue of the enzyme molecule is involved in the
CALB-support covalent bound (15). In general, enzyme stability can be
improved if the immobilization occurs through multipoint attachment at
multiple lysine residues. Because attachment to the support stabilizes the
enzyme structure they should become much more stable than their soluble
counterparts or their randomly immobilized derivatives (9,16). High con
centrations of aldehyde groups on the support surface may also result in
several multipoint bounds between the enzyme and the matrix, which can
distort its three-dimensional structure and its active site. Different factors
may influence the immobilization process, such as: activating agent, nature
of the support, and interaction with enzyme (17). The objective of this work
was to study the immobilization of CALB on green coconut fiber by one
point (pH) and multipoint covalent binding (pH 10.0), and investigating the
effects of immobilization on the activity and stability of the enzyme.

Materials and Methods

Materials

Commercial C. antarctica lipase type B(1780 U/mL) was kindly donated
by Novozymes Latin America Ltd. and was used as received. Methyl
butyrate and GPTMS was obtained from Sigma-Aldrich Chemical Co.
Butyric acid and butanol were purchased from Merck S. A. (Rio de Janeiro,
Brazil). Molecular sieve 4A (Na20[AI203(5.0Si02)]12H20) was from W. R.
Grace & Co (Massachusetts, MA). Polyethyleneglycol6000 was from Vetec
(Rio de Janeiro, Brazil). All chemicals were of analytical grade.

Support Activation

Green coconut fiber was obtained from green coconut husks through
a process developed by Embrapa Agroindustria Tropical, Ceara State,
Brazil (14). It was cut and sieved to obtain particles between 32 and 35
mesh, washed with distilled water, and dried at 60°C before being used as
an immobilization matrix. The support was activated using a four-step pro
cess. The support was first protonated with nitric acid (10%, [vIv]) under
low stirring for 30 min at 30°C. It was then rinsed with nitric acid (10%,
[vIv]) and acetone-water solutions (20, 50, and 100%, [vIv]) and dried at
60°C for 1 h. The support was then silanized using GPTMS (1 %, [vIv]) at
pH 8.5 under low stirring for 5 h at 60°C. The fiber was rinsed with water,
acetone-water solutions, and dried. In the third step, the hydrolysis of
epoxy groups was done with 0.1 M sulphuric acid at 85°C under low stir
ring for 2 h. Again, the fiber was rinsed with water and acetone-water and
dried. For each gram of dry support used in the previous stages, 30 mL of
each solution was used. Finally, oxidation was achieved by reaction with
0.04 M sodium periodate solution (5 mL/g fiber) under low stirring at room
temperature for 1 h. After oxidation, the activated fiber was thoroughly
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rinsed with water then with 5 mM sodium phosphate buffer pH 7.0. Before
immobilization, activated fiber was dried under vacuum (18).

Preparation of Immobilized Enzyme

Lipase was immobilized by covalent attachment by contact at room
temperature. The enzyme and support were mixed by repeated inversion
using the apparatus shown in Fig. 1. For each gram of dry support, 10 mL
of lipase solution (80 U/mL) in 25 mM sodium phosphate buffer pH 7.0 or
in 200 mM sodium bicarbonate buffer pH 10.0, were used. After immobi
lization, the biocatalyst was separated by filtration, rinsed with phosphate
buffer (10 mL) and dried at vacuum for 10 min.

Assay of Hydrolytic Activity: Methyl Butyrate Hydrolysis

Methyl butyrate hydrolysis was used to determine the hydrolytic
activity of the immobilized or soluble enzyme (19). Experiments were per
formed using an automatic titrator (pHstat Netrohm Titrino 751,
Switzerland) and 50 mM NaOH as titrating agent. The pH was set at 7.0
and the reaction initiated by the addition of 0.1 mL of free enzyme solution
or 0.4 g of immobilized enzyme to 30 mL methyl butyrate solution dis
solved in 25 mM phosphate buffer pH 7.0. One unit (U) of enzymatic activ
ity is defined as the amount of enzyme that releases 1 llmol of methyl
butyrate per min at pH 7.0 and 28°C.

Esterification Yield: Butyl Butyrate Synthesis

Stock solutions of butyric acid (150 mM) and butanol (150 mM) were
prepared in n-heptane. Experiments were set up in 250-mL flasks containing
20 mL of stock solution, 1.0 g of molecular sieve 4A, and 0.3 g of the
biocatalyst (20). The flasks were kept at 30°C under vigorous agitation for 24 h.
The consumption of butyric acid was measured by titration with 20 mM
NaOH using phenolphthalein as an indicator. The total acid content before
the reaction was determined by titration of a blank sample, without enzyme.
The esterification yield was calculated from the decrease in butyric acid con
centration after 24 h of reaction.

Operational Stability: Methyl Butyrate Hydrolysis

Immobilized enzyme stability was assayed by using 0.4 g of the biocat
alyst in successive batches of methyl butyrate hydrolysis. Assay conditions
were the same as described for the assay of hydrolytic activity. At the end of
each batch, the immobilized lipase was removed from the reaction medium,
washed with phosphate buffer to remove any remaining substrate or prod
uct, dried under vacuum (10 min), and assayed again. The residual activity
of the biocatalyst was calculated in terms of percentage of activity (U) of the
immobilized enzyme measured after each cycle compared with the activity
of the immobilized enzyme before the first cycle.
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Fig.I. Details of the apparatus used for enzyme immobilization (15).
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Operational Stability: Synthesis of Butyl Butyrate

Operational stability of the immobilized enzyme was also assayed by
using 0.3 g of the biocatalyst in successive batches of butyl butyrate synthesis.
The operational conditions were the same as described for the determination
of esterification yield. At the end of each batch, the immobilized lipase was
removed from the reaction medium and rinsed with hexane (20 mL), in order
to extract any substrate or product retained in the matrix. After 1 h at room
temperature, the immobilized enzyme was introduced to fresh medium. The
residual activity of the biocatalyst was calculated in terms of percentage of
activity CD) of the immobilized enzyme measured after each cycle compared
with the activity of the immobilized enzyme before the first cycle.

Thermal Stability

The thermal stability of soluble or immobilized enzyme was deter
mined by incubating them in 100 rnM sodium phosphate buffer at 60°C
and pH 7.0. Periodically, samples were withdrawn and their residual activ
ities were assayed by the hydrolysis of methyl butyrate. Residual activity
is given as percentage of activity taken as 100% of the hydrolytic activity
of the enzyme immobilized before incubation. Thermal deactivation
curves follow the first-order deactivation model (21), see Eq. 1. First-order
deactivation rate coefficients (Kd ) were estimated from experimental data.

(1)

where Ao is the initial residual activity, A is the residual activity in time t,
and Kd are first-order deactivation rate coefficients. The biocatalyst half-life
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(t1/ 2) was estimated by Eq. 2 using the estimated parameter kd . In this arti
cle, stabilization factor (F) was considered as the ratio between soluble and
immobilized enzymes half-lives.

In(O.5)
tI/2=--

-kd
(2)

Storage Stability

To evaluate the storage stability of the immobilized enzyme, derivatives
produced by covalent attachment were stored dry packed in aluminum paper
at 5°C and their residual hydrolytic activities were determined every 24 h.

Effect of Sodium Borohydride Reduction

The effect of sodium borohydride (NaBH4), used as reducing agent,
was studied. NaBH4 concentration ranged from 0.5 to 6.0 mg/mL. After
immobilization, solid NaBH4 was added directly to the system and the
reaction occurred for 30 min at room temperature. At the end of the reac
tion, the immobilized enzyme was separated by filtration, thoroughly
rinsed with phosphate buffer and dried at vacuum for 10 min. The con
centration of sodium borohydride that promoted minor loss on hydrolytic
activity was selected based on results of thermal and operational stabilities.

Scanning Electron Microscopy

In order to evaluate changes in the surface provoked by the activation
process, natural fibers and activated fibers were analyzed by scanning elec
tron microscopy (SEM) using a Zeiss DSM 940A SEM (Zeiss, Germany) oper
ating at 10 kYo All samples were glued onto special stubs and gold-coated
with a Sputter Emitech KS50 (Emitech Ltd., Kent, UK) to avoid electrostatic
charge and to improve image resolution.

Results and Discussion

Green Coconut Fiber Activation With GPTMS

Lignocellulosic materials, such as coconut fiber, can be activated by
inserting functional groups owing to the presence of hydroxyl and car
bonyl groups (22) on its surface. In the specific case of GPTMS, functional
groups are added by reaction with hydroxyl groups (18) present in the
support. Some techniques allow observing the axial deformation of
hydroxyl groups promoted by the addition of functional groups (23).

Scanning electron micrographs shown in Fig. 2 demonstrates the presence
of this activating agent on the surface of the support. The enzyme was suc
cessfully coupled to the activated support, as hydrolytic activity could be
measured after immobilization. Other authors have also studied enzyme
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A B

Fig. 2. Scanning electron micrographs of (A) natural green coconut fiber and (B)
activated fiber with GPTMS (x2000).

immobilization on nonporous supports (11,23), mainly by covalent attach
ment (23), obtaining good results.

Enzyme Immobilization and Effect of Contact Time
on Biocatalyst Hydrolytic Activity

The influence of lipase contact on fiber activated with GPTMS was
investigated for different time intervals. As shown in Fig. 3, when the
immobilization was performed at pH 7.0, after 1 h of contact between
enzyme and support, no improvement or decrease on immobilized
enzyme hydrolytic activity was observed. Nevertheless, when immobi
lization was performed at pH 10.0, a decrease on immobilized enzyme
hydrolytic activity was observed after 2 h of contact. According to the
literature (24), this behavior suggests that more than one Schiff's base was
formed between enzyme and support, promoting a larger rigidity on the
enzyme molecule, and consequently, losses on enzyme activity. Based on
these results, the contact time of 2 h was selected for further immobiliza
tion studies.

Effect of pH of Lipase Solution on Biocatalyst Thermal
and Operational Stabilities

The effect of pH of lipase solution during the binding step of
C. antarctica lipase B on coconut fiber activated with GPTMS was investi
gated. The objective of this study was to obtain one-point and multipoint
covalent immobilized enzymes. Derivatives prepared at pH 7.0 are
expected to be one-point attached. On the other hand, owing to the pKa of
lysine residues on the enzyme surface (pKa = 10.5), the immobilization at

Applied Biochemistry and Biotechnology Vol. 136-140,2007
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Fig. 3. Effect of contact time on the hydrolytic activity of the derivative obtained
through lipase immobilization in coconut fiber by covalent attachment at pH 7.0
(CALB-7) or pH 10.0 (CALB-10).

pH 10.0 should be multipoint (17). It can be observed (Fig. 3) that CALB-7
exhibited higher hydrolytic activity than CALB-10, around 42 U/g and
20 UIg, respectively. This result may be an indication of a multiinteraction
between enzyme support at pH 10.0. Because a low density of active
groups was present on the activated fiber, enzyme immobilization by mul
tipoint attachment would allow a small number of enzyme molecules to
bind on the support. However, activity is not the only important parame
ter when industrial biocatalysts are designed. Therefore, thermal and
operational stabilities of the immobilized enzyme were determined.

A direct correlation between the number of attachment points and
enzyme thermal stability has been previously reported (25,26). Moreover,
multipoint binding between the enzyme and the support, which is respon
sible for enhancing thermal stability, would provide better stability against
deleterious effects of organic solvents (25), which are usually used as reac
tional media when lipases are used to catalyze the synthesis of esters.
Therefore, inactivation profiles at 60°C of free and immobilized lipases
(Fig. 4) were studied in this work.

It can be seen in Fig. 4 that the immobilized enzyme is more stable
than free enzyme suggesting that immobilization protects the enzyme from
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Fig. 4. Thermal stability of derivatives from lipase B from C. antarctica obtained by
covalent attachment at pH 7.0 (CALB-7) or pH 10.0 (CALB-I0) with or without reduc
tion with sodium borohydride (NaBH4), incubated in 0.1 M sodium phosphate buffer,
pH 7.0, at 60°C. Initial hydrolytic activity of the immobilized enzyme (before thermal
treatment): (a) Soluble CALB 160 D/mL; (b) CALB-7 without reduction with NaBH

4
42.0 Dig; (c) CALB-7 treated with NaBH4 32.3 Dig, (d) CALB-10 without reduction
with NaBH4 20.0 Dig; and (e) CALB-I0 treated with NaBH4 12.0 Dig.

thermal inactivity. The plots of residual activity vs incubation time (at pH
7.0 and 60°C) adjust quite well with the proposed model (see Eq. 1) and
allow calculating the half-lives of inactivation (see Table 1). The most stable
derivative was prepared at pH 10.0, with stabilization factor (F) equal to
363.71, which is 5.4-fold more stable than the derivative prepared at pH 7.0.
Hence, thermal stability is very sensitive to the process of enzyme-support
multiinteractions (25), indicating that a multipoint interaction might have
occurred when immobilization was conducted at pH 10.0.

The ability to reuse the biocatalyst is of practical importance; the
operational stability of lipase preparations was determined. In this work,
two model reactions were selected: methyl butyrate hydrolysis (aqueous
media) and butyl butyrate synthesis (organic media). The results are
summarized in Fig. 5. It can be observed that the biocatalyst prepared at
pH 7.0 (CALB-7) retained an activity of about 55% in aqueous media
(hydrolysis) and 75% in organic media (synthesis), respectively, after five
reuses. The biocatalyst prepared at pH 10.0 (CALB-10) had a similar
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Fig. 5. Batch operational stability of covalent immobilized lipase B of C. antarctica
on coconut green fiber activated with GPTMS: (A) methyl butyrate hydrolysis and (B)
butyl butyrate synthesis. Initial hydrolytic activity of the immobilized enzyme (before
operational stability tests): (a) CALB-7 42.0 U/g and (b) CALB-IO 20.0 U/g.

behavior in aqueous media, around 55% of residual hydrolytic activity, but
presented a poor result of synthetic activity, around 45% of residual activ
ity. After 10 reuses, the residual activities of CALB-7 and CALB-I0 were,
respectively, around 40% and 45% in aqueous media and 55% and 45% in
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Fig. 6. Storage stability at SoC of derivatives from lipase B from C. antarctica
obtained by covalent attachment at pH 7.0 (CALB-7) and pH 10.0 (CALB-10), with or
without reduction with sodium borohydride. Initial hydrolytic activity of the immo
bilized enzyme (before storage): (a) CALB-7 without reduction with NaBH4 42.0 U/ g;
(b) CALB-10 without reduction with NaBH4 20.0 U/g; and (c) CALB-10 treated with
NaBH4 12.0 UI g.

Table 1
Kinetics Parameters of Thermal Desativation, at 60°C, of Soluble and

Immobilized Lipase B From C. antarctica Obtained by Covalent Attachment at
pH 7.0 (CALB-7) or pH 10.0 (CALB-IO)

Enzymes kd (h-1) t1 / 2(h) R

Soluble enzyme 7.14 0.097 1.00
Immobilized 0.106 6.51 67.11

enzyme at pH 7.0
Immobilized 0.020 35.28 363.71

enzyme at pH 10.0

organic media. One possible explanation for the poor operational stability
of CALB-IO in organic media is the lower enzyme loading in the support
(20 Dig), because one protein molecule is coupled to more than one func
tional group on the support.

The effect of storage of the immobilized lipases at SoC was deter
mined and results are illustrated in Fig. 6. It can be observed that
CALB-7 is very stable and maintained 100% of activity after 96 h of
storage. On the other hand, CALB-10 lost more than 30% of its activity
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Fig. 7. Effect of sodium borohydride on the hydrolytic activity of derivatives
obtained by covalent attachment of lipase B from C. antarctica in coconut fiber.
Initial hydrolytic activity of the immobilized enzyme (before to NaBH4 reduction):
(a) CALB-7 42.0 U/g and (b) CALB-IO 20.0 U/g.

after 24 h of storage and almost 50% after 96 h. This deactivation pro
file observed in CALB-IO may be caused by the reaction of amine
groups from the bound enzyme with aldehyde groups from the sup
port, because no reduction steps to transform the Schiff's bases into sta
ble secondary amino bonds and the remnant aldehydes into inert
hydroxyl groups (6) were performed after immobilization. Other possi
ble explanation would be enzyme leakage from the support. Although
covalent bound formation is favored, the condensation reaction
between amino groups and aldehydes is reversible, which can lead to
loss of bound enzyme (27).

Effect of the Sodium Borohydride Reduction on the Biocatalyst
Activity and Stability

Sodium borohydride is a double-functional agent, which seems to be a
very suitable reducing agent, and also, able to inactivate the remaining alde
hydes groups present in the support after immobilization (10). The final
reduction of the immobilized enzyme with sodium borohydride transforms
weak Shiff's bases into stable secondary amino bounds and remaining alde
hyde on the solid support into inert hydroxyl groups. Undesired enzyme-sup
port interactions may be caused by noninert support surfaces, promoting the
decrease on enzyme activity and stability (28,29). Therefore, the influence of
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sodium borohydride (NaBH4) reduction after the immobilization was evalu
ated (Fig. 7). All NaBH4 concentrations studied promoted a decrease on the
immobilized enzyme hydrolytic activity. For CALB-10, the significant loss in
activity might be caused by the low enzyme loading, which is also the proba
ble reason for the false absence of influence of NaBH4 concentration on the
biocatalyst activity. For CALB-7, O.S mg/mL and 1.0 mg/mL of NaBH4 pro
moted the smallest reduction in activity values. In spite of the inactivation of
bound enzyme, owing to the deleterious effect of NaBH4, the derivatives
treated with 1.0 mg/mL of NaBH4 were selected for thermal and storage at
SOC stability studies, as this treatment would prevent further uncontrolled
reaction between support and the enzyme that could decrease its stability (28).

Figure 4 shows the thermal stability at 60°C of the immobilized deriva
tives obtained with and without sodium borohydride reduction. The thermal
stability was reduced after the reduction step with sodium borohydride for
both CALB-7 and CALB-10. It has been reported that sodium borohydride
can have deleterious effects on protein structures: for example, disulfide
bond splitting or reductive cleavage of peptide bonds (3D), which could jus
tify this thermal stability results. Moreover, the reduction step was not able to
improve the storage stability at SoC (Fig. 6), and therefore, the use of NaBH4
was unsatisfactory for this system. Other authors (6,17) have also observed
that NaBH4 was not an appropriate reducing agent and found different solu
tions to solve this problem, such as the use of competitive inhibitor to protect
the active center of the enzyme during the reduction step with NaBH4 (6) or
use another reducing agent, for instance, and amino acids (27).

Conclusions

The results obtained in this work show that green coconut fiber is a
suitable support for lipase immobilization, enabling the preparation of
highly stabilized immobilized enzymes, for example, around 363.71-fold
(CALB-I0) or 67.11-fold (CALB-7) more stable than the soluble enzyme.
The higher thermal stabilization observed when immobilized enzyme was
prepared at pH 10.0 might be owing to the generation of a multipoint
covalent attachment between the aldehyde groups of the support and the
lysine residues of the enzyme. Best results of operational stability of syn
thesis and storage at SoC were obtained when lipase was covalently immo
bilized at pH 7.0. The reduction step using sodium borohydride had no
influence on CALB-10 storage stability at SoC. Moreover, it promoted a
decrease in thermal stability of both CALB-7 and CALB-10, which shows
that it's not an appropriated reducing agent for this system. Other strate
gies to improve CALB-IO storage and operational stabilities are currently
being investigated that include enhancing superficial area of the support.
However, we have demonstrated that coconut fiber, a cheap support, is
compatible with C. antarctica lipase, rendering a biocatalyst with interest
ing properties that can be used in aqueous or organic media.
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Abstract

Soaking in aqueous ammonia at moderate temperatures was investigated as
a method of pretreatment for enzymatic hydrolysis as well as simultaneous
saccharification and cofermentation (SSCF) of corn stover. The method
involves batch treatment of the feedstock with aqueous ammonia (15-30 wt%)
at 40-90°C for 6-24 h. The optimum treatment conditions were found to be
15 wt% of NH3, 60°C, 1 : 6 of solid-to-liquid ratio, and 12 h of treatment time.
The treated corn stover retained 100% glucan and 85% of xylan, but removed
62% of lignin. The enzymatic digestibility of the glucan content increased from
17 to 85% with 15 FPU/g-glucan enzyme loading, whereas the digestibility of
the xylan content increased to 78%. The treated corn stover was also subjected
to SSCF test using Spezyme-CP and recombinant Escherichia coli (KGll). The
SSCF of the soaking in aqueous ammonia treated corn stover resulted in an
ethanol concentration of 19.2 giL from 3% (wIv) glucan loading, which corre
sponds to 77% of the maximum theoretical yield based on glucan and xylan.

Index Entries: Biofuel; bioethanol; biomass conversion; simultaneous
saccharification and cofermentation; hemicellulose; lignin.

Introduction

Hemicellulose is the second largest carbohydrate source in the lignocellu
losic biomass. Effective utilization of it is a necessary element in biomass con
version process. In most known process schemes of biomass conversion, the
hemicellulose fraction is recovered in liquid during the pretreatment stage. It is
so because most pretreatment methods apply temperatures high enough to sol
ubilize the hemicellulose. These conventional pretreatment methods generate
hydrolyzates containing a mixture of sugars, lignin, and various decomposed
products, which are inhibitor to enzymatic hydrolysis and toxic to bioconver
sion processes (1-6). A previous study indicates that hemicellulose removal
becomes significant at temperatures above 130°C (7). In order to utilize the sol
uble hemicellulose in the pretreatment hydrolyzate, it must be detoxified before

*Author to whom all correspondence and reprint requests should be addressed.
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it is subjected to bioprocessing. Detoxification is not an established process at
this time, but it is a significant cost factor in the overall bioconversion scheme.

In our previous work on pretreatment, corn stover was treated in aque
ous ammonia at room temperature (soaking in aqueous ammonia [SAA]). We
found that with proper operation of this process, one can remove 74% of the
lignin, but retain nearly 100% of glucan and more than 85% of xylan (8). It is
one of the few pretreatment methods wherein both glucan and xylan are
retained. The treated corn stover was found to be highly digestible by cellu
lase. As the hemicellulose fraction mostly remains intact along with cellulose
fraction, they can be hydrolyzed by cellulase enzyme to give glucose and
xylose. It is to be noted that most commercial "cellulose" enzymes do exhibit
xylanase activity as well as glucanase activi~ Such enzyme hydrolyzate is
nontoxic, therefore, can be put through a subsequent microbial conversion
without detoxification. Elimination of detoxification is a significant cost-saving
measure. Retention of hemicellulose in solid during pretreatment is a desirable
feature because the overall bioconversion can be carried out without separate
recovery and processing of xylose from the pretreatment liquid (8).

In previous SAA at room temperature, a problem arose that the reaction
time in the range of 10 d is required to treat the feedstock properly by this
method. In this study, SAA with elevated temperatures was investigated to
see if the reaction time can be reduced and still retain the hemicellulose frac
tion. The focus of this work is to evaluate the overall effectiveness of the SAA
at moderate temperature as a pretreatment process. The effects of reaction
parameters on the composition and the digestibility of the remaining glucan
and xylan were investigated. The reaction parameters of interest were solid
to-liquid ratio, reaction time, and ammonia concentration. A recombinant
Escherichia coli, strain KOll (American Type Culture Collection (ATCC®)
55124, Manassas, VA) is reported to utilize hexose as well as pentose and
convert them into ethanol efficiently (9,10). A simultaneous saccharification
and cofermentation (SSCF) using this strain and a cellulase enzyme was used
in this work, to evaluate the SAA and the overall conversion scheme as the
bioprocess to produce ethanol from lignocellulosic biomass.

Materials and Methods

Materials

Air-dried ground corn stover was supplied by the National Renewable
Energy Laboratory (NREL, Golden, CO). The corn stover was screened to a
nominal size of 9-35 mesh. The initial composition of the corn stover, as
determined by NREL, was: 36.1 wt% glucan, 21.4 wt% xylan, 3.5 wt% ara
binan, 1.8 wt% mannan, 2.5 wt% galactan, 17.2 wt% Klason lignin, 7.1 wt%
ash, 3.2 wt% acetyl group, 4.0 wt% protein, and 3.6 wt% uronic acid.
a-Cellulose was purchased from Sigma (Cat. No. C-8200, St. Louis, MO
Lot No. llK0246). Cellulase enzyme, Spezyme CP (Genencor, Palo Alto, CH,
Lot No. 301-00348-257) was obtained from NREL. The average activity and
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the protein content of the enzyme, as determined by NREL were: 31.2 filter
paper unit (FPU)/mL and 106.6 mg/mL, respectively. Activity of
p-glucosidase (Novozyme 188 from Novo Inc., Sigma Cat. No. C-6150,
Lot No. 11K1088) was 750 CBU ImL. Recombinant E. coli ATCC 55124
(K011) was used for the SSCF tests. LB medium (Sigma Cat. No. L-3152)
was used for the growth of K011, which contained 1% tryptone, 0.5%
yeast extract, 1% NaCI, and 40 mg/L chloroamphenicol.

Experimental Setup and Operation

Corn stover was treated with 15-30 wt% of aqueous ammonia in
screw-capped laboratory bottles at 40-90°C for 6-24 h. Solid-to-liquid
ratios ranging 1 : 2-1 : 10 were applied. After soaking, the solids were sep
arated by filtering, washed with DI water until pH reached 7.0, and sub
jected to the enzymatic digestibility tests. Klason lignin, carbohydrate
content, and digestibility were determined by NREL Chemical Analysis
and Testing Standard Procedure (11).

Digestibility Test

The enzymatic digestibility of corn stover was determined in dupli
cates following the procedure of the NREL Chemical Analysis and Testing
Standard Procedure (11). The conditions of the enzymatic digestibility tests
are 50°C and pH 4.8 (0.05 M sodium citrate buffer). Enzyme loadings were:
15 and 60 FPU of Spezyme CPI g-glucan, supplemented with 30 CBU of
P-glucosidase (Novozyme 188)I g-glucan. The initial glucan concentration
was 1% (wIv). One hundred mL of total liquid was used in the digestibility
test. Screw-capped Erlenmeyer flasks (250 mL) containing the enzyme hydrol
ysis preparations were placed in an incubator shaker (New Brunswick
Scientific, Innova-4080). Samples were taken periodically and analyzed for
glucose, xylose, and cellobiose content using high-performance liquid chro
matography (HPLC). Total released glucose after 72 h of hydrolysis was
used to calculate the enzymatic digestibility. a-Cellulose and untreated corn
stover were put through the same procedure as a reference and control.

Simultaneous Saccharification and Cofermentation

A 250-mL Erlenmeyer flask was used as the bioreactor. It was shaken
in the incubator (New Brunswick Scientific, Innova-4080) at 38°C and 150
rpm (0.64g). Into a 100 mL working volume of liquid, treated corn stover
sample was introduced to reach 3% (wIv) glucan content in the reactor.
a-Cellulose was put through the same procedure as the control. The SSCF
runs were performed with buffer without external pH control, starting at pH
7.0 at the beginning of the fermentation and gradually decreasing to pH 6.0
at the end. The loading of cellulase enzyme (Spezyme CP) was 15 FPUI g-glucan,
and that of P-glucosidase (Novozyme 188) was 30 CBUIg-glucan. The ethanol
yield in SSCF test was calculated as follows:
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Theoretical maximum = Ethanol produced. (g) in reactor 00
ethanol yield (%) Initial sugar (g) in reactor x 0.511 x 1

Note: Sugar is interpreted as glucose plus xylose in the SSCF work.

Analytical Methods

The solid samples, such as treated/untreated corn stover, a-cellulose,
and so on, were analyzed for sugar and Klason lignin following NREL
Chemical Analysis and Testing Standard Procedures (11). Each sample was
analyzed in duplicates. Sugars were determined by HPLC using a Bio-Rad
Aminex HPX-87P column (BioRad Laboratories, Hercules, CA). For the
SSCF tests, HPX-87P and 87H columns were used to measure the sugar
content and e1:hanol, respectively. An YSI 2300 Glucose/Lactate analyzer
(YSI Incorporated, Yellow Springs, OH) was used for rapid analysis of glu
cose during inoculums preparation. A refractive index detector was used
for HPLC analysis.

Scanning Electron Microscope

Untreated and treated corn stover samples were freeze-dried before
observation through a scanning electron microscope (ZEISS, Thornwood, NY
Model-DSM940).

Results and Discussion

Effect of Reaction Temperature and Ammonia Concentration

The effects of reaction temperature and ammonia concentration in
SAA were investigated. The results are summarized in Table 1. Two differ
ent ammonia concentrations and three different temperatures were
applied at each concentration. As seen in Table I, the major compositional
changes are in the lignin. Delignification increased from 50 to 77% as
temperature was increased from 40°C to 90°C (Table 1). Increase of ammo
nia concentration from 15 to 30% showed little effect on delignification.
Treatment at 60°C with 15-30 wt% of ammonia achieves 67-71 % of delig
nification. The glucan contents were well preserved over the entire range
of treatment condition. About 80% of the xylan is preserved in the SAA.
Xylan loss of 20% is much lower than those observed from other treatment
methods using aqueous ammonia (8,12,13). Increasing of the ammonia
concentration from 15 wt% to 30 wt% resulted in slightly improved enzy
matic digestibility of the treated samples. The condition of 15 wt% of
ammonia at 60°C carries a special meaning because the system pressure
under this condition equals the atmospheric pressure. The SAA can thus
be carried out without the use of pressure vessel, a significant cost benefit.
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Table 1
Effect of Reaction Temperatures and Ammonia Concentrations on the

Compositions and the Enzymatic Digestibility in SAA-Treated Corn Stovef'l

Enzymatic

NH3 Temper-
digestibility

Solid (%) (%)d
coneentra- ature S.R. Lignin Delignifi-
tion (wt%) (OC) (%)b (%)C cation Glucan Xyian Gluean Xyian

Untreated 17.2 36.1 21.4 17.2 12.5
± 0.4 ± 0.3 ± 0.2 ± 1.5 ± 1.2

30 40 77.4 8.4 51.2 36.1 17.7 86.5 75.4
±2.5 ± 0.2 ± 1.2 ± 0.5 ± 0.3 ± 2.5 ± 1.8

60 69.6 5.1 70.4 35.9 17.5 90.3 82.2
± 1.1 ± 0.4 ± 2.5 ± 0.2 ± 0.4 ± 1.6 ± 1.7

90 68.1 3.9 77.3 35.6 16.0 98.0 85.2
± 2.0 ± 0.3 ± 1.6 ± 0.4 ± 0.1 ± 2.1 ± 2.2

15 40 76.0 8.6 50.0 36.9 17.9 80.0 72.5
± 1.6 ± 0.6 ± 3.7 ± 0.3 ± 0.6 ± 1.5 ± 1.3

60 71.4 5.6 67.4 36.1 17.2 90.1 79.8
±2.1 ± 0.5 ± 2.9 ± 0.7 ± 0.4 ± 2.7 ± 1.9

90 67.3 3.9 77.3 35.8 16.5 93.4 81.5
± 1.0 ± 0.2 ± 0.9 ± 0.6 ± 0.5 ± 1.5 ± 1.1

aData in the table are based on the oven-dry untreated biomass. Values are expressed as
mean and standard deviation (n = 2 for the composition analysis, n = 4 for the enzymatic
digestibility). Pretreatment conditions: 15-30 wt% of ammonia concentration, 40-90°C of
reaction temperature, 24 h of reaction time, and 1 : 10 (based on wt) of solid: liquid ratio.

bS.R. stands for solid remaining after reaction.
cKlason lignin.
dDigestibility at 72 h, enzymatic hydrolysis conditions: 15 FPU/ g-glucan, pH 4.8,

digestibility at 50°C and 150 rpm. Digestibility (%) = ([grams of glucan or xylan digested by
enzyme]/[grams of glucan or xylan added]) x 100.

Most of the subsequent experiments were therefore carried out under this
condition.

Effect of Reaction Time and Solid-to-Liquid Ratio

In order to study the effect of reaction time, three different reaction times
(6, 12, and 24 h) were applied keeping the reaction temperature at 60°C and
the ammonia concentration at 15 wt%, and the solid: liquid ratio at 1 : 6. The
composition data and enzymatic digestibility after these treatments are sum
marized in Table 2. The data indicate that the xylan and lignin remaining in
the solids generally decrease as reaction time increase. Solubilization of xylan
is 17-19%, and lignin removal was in the range of 47-69% with 6-24 h of
retention time. However, increase beyond 12 h of treatment was insignificant.

The effect of solid-to-liquid ratio was tested at 60°C. The results are
summarized in Table 3. Lignin removal and enzymatic digestibility increased
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Table 2
Effect of Reaction Time On The Compositions and Enzymatic Digestibility

in SAA-Treated Corn StovetJ

Deligni-
Enzymatic

S.R. Lignin fication
Solid (%) digestibility (%)d

Time (h) (%)b (%)C (%) Glucan Xylan Glucan Xylan

Untreated 17.2 36.1 21.4 17.2 12.5
± 0.4 ± 0.3 ± 0.2 ± 1.5 ± 1.2

6 75.2 9.1 47.1 36.1 18.8 79.7 71.9
± 2.4 ± 0.6 ± 3.5 ± 0.2 ± 0.3 ± 1.5 ± 0.5

12 71.3 6.4 62.6 36.1 17.8 85.0 77.9
± 1.5 ± 0.3 ± 1.8 ± 0.0 ± 0.5 ± 1.2 ± 2.2

24 71.1 5.3 69.3 35.9 17.4 86.4 78.4
± 1.8 ± 0.2 ± 1.0 ± 0.4 ± 0.2 ± 1.1 ± 17

aData in the table are based on the oven-dry untreated biomass. Values are expressed as
mean and standard deviation (n =2 for the composition analysis, n =4 for the enzymatic
digestibility). Pretreatment conditions: 15 wt% of ammonia concentration, 600 e of reaction
temperature, and 1 : 6 of solid: liquid ratio (based on wt).

bS.R. stands for solid remaining after reaction.
cKlason lignin.
dDigestibility at 72 h, enzymatic hydrolysis conditions: 15 FPU/ g-glucan, pH 4.8,

digestibility at 500 e and 150 rpm. Digestibility (%) = ([grams of glucan or xylan digested by
enzyme]/[grams of glucan or xylan added]) x 100.

when the solid-to-liquid ratio was increased from 1 : 2 to 1 : 10.
Delignification increased from 38 to 67%. The digestibility (with 15 FPU/
g-glucan) also increased steadily from 74 to 91 %. However, Xylan removal
stayed relatively constant at 17-18%. The overall view is that a 1 : 6 ratio of
solid/liquid is near the optimum level as it represents the minimum S : L
ratio that can give a satisfactory pretreatment effect (85% glucan digestibility
at 72-h). On the basis of the collective experimental data of delignification,
xylan remaining, and digestibility we determined the optimum operating
condition of the SAA to be: 60°C, 12 h of reaction time, and 1 : 6 of S : L ratio.

The enzymatic digestibility profile of a representative SAA-treated
corn stover is shown in Fig. 1. The digestibilities at 72 h with 15 FPU/
g-glucan are 85% and 78% for glucan and xylan, respectively. In the initial
phase of profile, hydrolysis rate of SAA-treated corn stover is much higher
than that of a-cellulose, perhaps owing to the presence of less crystalline
cellulose in the treated corn stover. As indicated by the 78% of xylan
digestibility, Spezyme CP obviously has a substantial amount of xylanase
activity as well as glucanase activity. Judging from the digestibility values,
the xylanase activity of Spezyme CP measured against the SAA-treated
corn stover is somewhat lower than glucanase activity.

Applied Biochemistry and Biotechnology Vol. 136-140, 2007



Pretreatment of Corn Stover by SAA 87

Table 3
Effect of Solid-to-Liquid Ratio on the Compositions

and Enzymatic Digestibility in SAA-Treated Corn Stovet?

Deligni-
Enzymatic

Solid-to- S.R. Lignin fication
Solid (%) digestibility (%)d

liquid (%)b (%)C (%) Glucan Xylan Glucan Xylan

Untreated 17.2 36.1 21.4 17.2 12.5
± 0.4 ± 0.3 ± 0.2 ± 1.5 ± 1.2

1:2 79.0 10.7 37.7 36.1 18.1 74.0 66.2
± 0.9 ± 0.7 ± 4.1 ± 0.1 ± 0.2 ± 1.1 ± 1.2

1:4 74.4 8.2 52.6 36.1 17.4 81.3 73.6
± 10.4 ± 0.4 ± 2.2 ± 0.3 ± 0.4 ± 0.5 ± 2.2

1:6 71.3 6.4 62.6 36.1 17.8 85.0 77.9
± 1.5 ± 0.3 ± 1.8 ± 0.0 ± 0.5 ± 1.2 ±2.2

1 : 8 71.6 6.1 64.8 35.3 18.4 87.1 77.8
± 0.8 ± 0.1 ± 0.8 ± 0.2 ± 0.1 ± 0.2 ± 1.7

1 : 10 71.4 5.6 67.2 36.1 17.2 90.1 79.8
± 2.1 ± 0.5 ± 2.9 ± 0.7 ± 0.4 ±2.7 ± 1.9

aOata in the table are based on the oven-dry untreated biomass. Values are expressed as
mean and standard deviation (n =2 for the composition analysis, n =4 for the enzymatic
digestibility). Pretreatment conditions: 15 wt% of ammonia concentration, 60°C of reaction
temperature, 1 : 2-1 : 10 of solid: liquid ratio (based on wt), and 12 h of reaction time.

bS.R. stands for solid remaining after reaction.
cKlason lignin.
dOigestibility at 72 h, enzymatic hydrolysis conditions: 15 FPU/ g-glucan, pH 4.8,

digestibility at 50°C and 150 rpm. Digestibility (%) = ([grams of glucan or xylan digested by
enzyme]/[grams of glucan or xylan added]) x 100.

Selectivity of Lignin Removal Over Xylan Removal

Soluble lignin and its derivatives are toxic to microorganism and they
also inhibit the enzymatic hydrolysis. The lignin content is, therefore, one
of the major factors hindering the SSCF process (1-6,14). Our previous
study has also shown that removal of lignin form biomass substrates,
which improves the microbial activity and the enzyme efficiency
(8,12,13,15,16). Lignin removal and xylan retention are two major factors in
the SAA. The main purpose of the SAA is to maximize these factors with
a constraint that we attain acceptable level of digestibility. We paid close
attention to these reactions, especially the ratio of the lignin removal reac
tion over xylan removal reaction. We now introduce a selectivity defined
as follows:

Selectivity = mUgnin

mXylan
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Fig. 1. Comparison of enzymatic hydrolysis between untreated and SAA-treated
samples (Note: 15 FPU of cellulase/g-glucan, 30 CBU of ~-glucosidase/g-glucan 50°C,
150 rpm, pretreatment conditions: 15 wt% of ammonia concentration, 60°C of reaction
temperature, 12 h of reaction time, and 1 : 6 (based on wt) of solid : liquid ratio.
Digestibility (%) = ([grams of glucan or xylan digested by enzyme/grams of glucan or
xylan added]) x 100. The data in the figure show the mean value [n = 4]).

Where, mUgnin and mXylan are the mass loss rate of lignin and xylan
from the solid. The temperature effects on experimentally determined
selectivity are presented in Fig. 2. The data clearly show that the selec
tivity attains maximum at 60°C for the two levels of ammonia concen
trations (15 and 30 wt%). The aforementioned optimum temperature of
60°C for SAA is therefore reaffirmed from the standpoint of selectivity
as well.

Scanning Electron Microscope

Physical changes because of SAA were observed in the scanning elec
tron microscope pictures of treated and untreated samples. Figure 3 shows
that SAA treatment altered the biomass structure significantly. The untreated
sample shows rigid, ordered fibrils, and connected structure (Fig. 3A). In the
treated samples, the fibers are somewhat separated and exposed. A large
amount of mass appears to have been removed from the initial connected
structure (Fig. 3B). Pinholes and gaps are also visible in the treated corn
stover, leading to a speculation that the surface area and the porosity have
also increased.
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Fig. 2. Selectivity plot of the SAA-treated corn stover on various temperature and
ammonia concentrations (Note: 1. Data in the figure are based on the oven-dry untreated
biomass; Pretreatment conditions: 24 h of reaction time, 1 : 10 [based on wt] of solid: liq
uid ratio, 15 or 30 wt% of ammonia concentration, 4Q-90°C of reaction temperature.
2. Selectivity =mLi nin/mxylan [where, mLi nin and mx Ian are the mass loss rate of lignin
and xylan in the sJiid, respectively]. The ~ata in the figure show the mean value [n = 2;
standard deviation < 0.35]).

Simultaneous Saccharification and Cofermentation

SSCF of SAA-treated corn stover and a-cellulose was performed using
recombinant E. coli ATCC 55124 (K011) and Spezyme CPO The SAA condi
tions for the corn stover were: 15 wt% ammonia, 60°C, 12 h of treatment
time, and 1 : 6 of solid-to-liquid ratio. Figures 4 and 5 present ethanol and
sugar concentrations in the SSCF performed over an extended period. With
initial feed of corn stover equivalent to 3 g of glucan/l00 mL, the maximum
ethanol concentration reached 19.2 giL. It was attained after 96 h. This rep
resents 77% of the maximum theoretical yield based on glucan and xylan.
The same ethanol yield from SSCF is interpreted as 113% on the basis of
glucan alone, a clear indication that both the xylan and glucan were con
verted to ethanol by the SSCF. The ethanol yield from the treated corn
stover is substantially higher than that of a-cellulose performed with same
glucan loading. The sugar profiles of Fig. 4 further indicate that glucan and
xylan are consumed concurrently by E. coli (K011), an important feature
from a process viewpoint. The separate yield of ethanol from glucan and
that from xylan were not identifiable in this work. The main purpose of the
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Fig. 3. Scanning electron micrographs of treated (A) and untreated corn stover (B)
(Note: Pretreatment conditions: 15 wt% of ammonia concentration, 60°C of reaction
temperature, 12 h of reaction time, and 1 : 6 [based on wt] of solid: liquid ratio).

SSCF is to convert both hexose and pentose in a single reactor. The SSCF
described in this work serves that purpose well.

Conclusion

SAA at moderate temperatures is a pretreatment method suitable for
corn stover. This process is simple and requires low process energy. In this
method, most of the xylan and all of glucan are retained after the treat
ment. SAA operated at 60°C reduces the reaction time from 10 d of room
temperature operation to 12 h. The optimum operating conditions for the
SAA at moderate temperature are 15 wt% ammonia, 60°C, 12 h, and 1 : 6
of solid: liquid ratio.

The treated corn stover exhibited enzymatic digestibilities of 85% and
78% for glucan and xylan, respectively, with enzyme loading of 15
FPU/ g-glucan. The SAA-treated corn stover was subjected to a SSCF test
using Spezyme CP (Genencor cellulase) and recombinant E. coli (strain
KOll). The ethanol yield in the SSCF was 77% of maximum theoretical
yield based on glucan and xylan of the treated sample. The same yield is
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the figure show the mean value and standard deviation [n = 4]).
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Fig. 5. Sugar concentration profiles in SSCF (Note: Microorganism: E. coli ATCC 55124;
substrate: 3% [w/v] glucan loading/loa mL reactor; SAA-treated corn stover [15 wt% of
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38°C, 150 rpm. The data in the figure show the mean value [n =4; standard deviation <0.7]).
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calculated to be 113% on the basis of glucan alone, a clear indication that the
SSCF converts both glucan and xylan into ethanol. The SSCF of SAA
treated corn stove proves to be an efficient one-step bioprocess scheme that
can convert both the glucan and xylan in biomass into ethanol.
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Abstract

~-D-Xylosidase from the ruminal anaerobic bacterium, Selenomonas
ruminantium (SXA), catalyzes hydrolysis of ~-l,4-xylooligosacharides and
has potential utility in saccharification processes. The enzyme, heterolo
gously produced in Escherichia coli and purified to homogeneity, has an
isoelectric point of approx 4.4, an intact N terminus, and a Stokes radius
that defines a homotetramer. SXA denatures between pH 4.0 and 4.3
at 25°C and between 50 and 60°C at pH 5.3. Following heat or acid
treatment, partially inactivated SXA exhibits lower kcat values, but similar
Km values as untreated SXA. D-Glucose and D-xylose protect SXA from
inactivation at high temperature and low pH.

Index Entries: Fuel ethanol; glycohydrolase; hemicellulose; protein stability;
saccharification; arabinofuranosidase; inhibitors; catalysis.

Introduction

P-D-Xylosidase (EC 3.2.1.37) catalyzes hydrolysis of P-1,4 glycosidic
bonds linking D-xylose residues that form xylooligosaccharides (1-7). In
conjunction with ~-xylanases, which cleave larger polymers of D-xylose
(xylans) to xylooligosaccharides, ~-xylosidase serves to depolymerize
xylan, a major component of plant cell walls and one of the most abundant
biopolymers in nature. Auxiliary enzymes catalyze hydrolysis of sugar
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tThe mention of firm names or trade products does not imply that they are endorsed or

recommended by the US Department of Agriculture over other firms or similar products
not mentioned.
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and acid side chains from the xylose residues. A goal of this laboratory and
others is to identify catalytically efficient and robust enzymes that promote
complete saccharification of xylans to monosaccharides for fermentation
to fuel ethanol and other bioproducts.

Previous studies have shown that strains of the ruminaI anaerobic bac
terium, Selenomonas ruminantium, can enhance utilization of xylooligosac
charides under fermentation conditions (8-10). A crude preparation of
p-xylosidase from S. ruminantium GAl92 (SXA), cloned and expressed in
Escherichia coli, was shown to catalyze hydrolysis of 4-nitrophenyl-p-D
xylopyranoside (4NPX) and 4-nitrophenyl-a-L-arabinofuranoside with
10-fold preference for the former substrate over the latter (11). Appositely,
the preparation of SXA can catalyze hydrolysis of oligosaccharides, pro
duced from partial hydrolysis of oatspelt xylan and wheat arabinoxylan, to
smaller oligosaccharides, D-xylose and L-arabinose (11).

The amino acid sequence of SXA places it within glycoside
hydrolase family 43. Recentl~ X-ray structures of glycoside hydrolase family
43 p-xylosidases have been deposited in the Protein Data Bank (http://www.
pdb.org/) for the enzyme from Clostridium acetobutylicum, Bacillus subtilis,
and B. halodurans. The X-ray structures describe homotetrameric proteins
with monomers consisting of two domains, one of which is similar to the
five-bladed p propeller domain found in a GH family 43 arabinanase from
Cellvibrio cellulosa (12), which is a homodimer of monomers of the single
domain. Protein sequence identity of SXA against the family 43 p-xylosidases
with reported X-ray structures is 53-720/0, making the X-ray structures useful
in generating three-dimensional models of SXA. In this work, we explore
practical properties of SXA with respect to saccharification of hemicellulose.
Destabilization of SXA by extremes of pH and temperature, counteracting
stabilization of SXA by monosaccharides, and the pH dependence of
monosaccharide binding (inhibition of SXA catalysis) are reported.

Materials and Methods

Materials and General Methods

The gene encoding p-xylosidase from s. ruminantium GAl92 was cloned
and expressed in E. coli as described (11). SXA, produced in E. coli, was puri
fied to homogeneity, as judged from SDS-PAGE analysis, by using reverse
phase and anionic exchange chromatography steps. Concentrations of
homogeneous SXA monomers (active sites) were determined by using
an extinction coefficient at 280 nm of 129,600/M/cm, calculated from amino
acid composition (13). N-terminal Edman sequencing was conducted by the
Wistar Proteomics Facility (Philadelphia, PA). Buffers and 4NPX were
obtained from Sigma-Aldrich (St. Louis, MO). All other reagents were
reagent grade and high purity. A Cary 50 Bio UV-Visible spectrophotometer
(Varian; Palo Alto, CA), equipped with a thermostatted holder for cuvettes,
was used for spectral and kinetic determinations. Delta extinction coefficients
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(product-substrate) at 400 nm were determined for each buffer condition by
subtracting the molar absorbance of 4NPX from that of 4-nitrophenol (4NP).
The concentration of 4NP was determined by using the published extinction
coefficient of 18.3/mM/cm at 400 nm for 4NP in NaOH (14). The concentra
tion of 4NPX was determined by incubating the substrate with excess
enzyme until an end point was reached, adding an aliquot (0.01-0.1 mL) to
0.1 M NaOH, recording the absorbance at 400 nm and using the extinction
coefficient of 18.3/mM/cm for 4NP. Data were fitted to linear and nonlinear
equations by using the computer program Grafit (Erithacus Software; Surrey,
UK). Manipulations of X-ray structure coordinates (overlays, distance mea
surements, and so on.) were through Swiss-POB Viewer 3.7 (http://www.
expasy.org/spdbv/) (15). The Stokes radius was calculated from X-ray coor
dinates of the homologous ~-xylosidase from C. acetobutylicum (PDB ID:
1YI7) by using the computer program HYDROPRO, Version 7.C (16).
HYOROPRO (Freeware available at http://leonardo.rev.vm.es/macromol/
programs/hydropro/hydropro.html) computes hydrodynamic properties of
rigid macromolecules from their atomic-level structure.

Molecular MassI Quaternary Structurel and Isoelectric Point SXA

SOS-PAGE analysis was conducted by using a Criterion gel system,
Criterion Tris-HCI 8-16% polyacrylamide gels, Bio-Safe stain, and protein
molecular weight standards (all from Bio-Rad Laboratories; Hercules, CA).
The Stokes radius of SXA was determined by using a gel filtration method:
the column (2.6 x 62 cm2) was packed with Toyapearl 55F resin (Tosoh
Bioscience; Montgomeryville, PA) and equilibrated with 100 mM sodium
phosphate, pH 7.0 at 24-26°C (room temperature) with a flow rate of 2.0
mL/min. Postcolumn eluate was monitored continuously for absorbance at
260,280, and 405 nm. Elution volumes (Ve) were recorded and transformed
to Kav values by using Eq. I, where Ve is the recorded elution volume, Vo is
the void volume of the column, and Vt is the total volume of the column
plus tubing to the absorbance monitor. The value for Vowas determined as
112 mL by using blue dextran 2000. The value of Vt was determined as 330
mL. Protein standards of known Stokes radius (Rs) and molecular weight
(MW) were obtained from GE Healthcare Life Sciences (Piscataway, NJ):
ferritin (Rs = 61.0 Aand MW = 440 kDa), catalase (Rs = 52.2 Aand MW =

232 kDa), and aldolase (Rs =48.1 A and MW =158 kDa). The Stokes radius
of SXA was determined from the linear regression of protein standards fit
ted to eq. 2 where K is the transformed value of V , Rs is the Stokes radius,av e
m is the slope and C is the constant of the standard line.

(LogKav )1/2 =m x Rs + C
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Isoelectric focusing (IEF) was conducted by using a Criterion elec
trophoresis system, Criterion pH 3.0-10.0 gels, IEF standards, and Coomasie
R-250/Crocein Scarlet IEF gel stain (all from Bio-Rad; Hercules, CA).

pH Stability of SXA at 25°C

Buffers of constant ionic strength (1 = 0.3 M), adjusted with NaCI,
were used as indicated: 100 mM succinate-NaOH (pH 3.5-6.0), 100 mM
sodium phosphate (pH 6.0-8.0),30 mM sodium pyrophosphate (pH 8.0-9.0),
and 100 mM glycine-NaOH (pH 9.0-10.0). For preincubation, an aliquot
(7 ilL) of SXA (168 IlM with respect to monomer concentration in 50 mM
Tris-HCI, pH 7.5) was added to 100 ilL of buffered solutions at varied pH
and 25°C. For ligand protection studies, varied concentrations of D-xylose
or D-glucose were included in or omitted from the 100-IlL preincubation
mixtures containing 100 mM succinate-NaOH, pH 4.0, adjusted with
NaCI to 1 = 0.3 M. At varied times after enzyme addition, 7 ilL of prein
cubation mixtures were added to I-mL reaction mixtures containing 100
mM sodium phosphate, pH 7.0, adjusted with NaCI to 1=0.3 M (buffer A),
and 1.95 mM 4NPX at 25°C. Initial rates were determined by monitoring
reactions continuously at 400 nM for 0.3 min. For determination of the
expression, "relative activity remaining", initial rates were divided by the
rate of enzyme preincubated in buffer A at DoC and assayed in I-mL reac
tion mixtures containing the concentration of monosaccharide (corre
sponding to the carryover from enzyme preincubated in monosaccharide),
the concentration of preincubation buffer (corresponding to the carryover
from preincubated enzyme), and 1.95 mM 4NPX in buffer A at 25°C.
Relative activity remaining data were fitted to Eq. 3, which describes a
first-order decay: A is the relative activity remaining at varied times of
preincubation, Ao is the relative activity remaining at time zero of the
preincubation, kobs is the first-order rate constant, and t is the time of prein
cubation. Apparent affinities for D-xylose and D-glucose were determined
by fitting kobs values from the monosaccharide protection studies to Eq. 4
where kobs is the observed first-order rate constant for the decay, ko is the
first-order rate constant in the absence of ligand (e.g., D-xylose), 1 is the lig
and concentration in the preincubation mixture, and Ki is the dissociation
constant of ligand from the enzyme-ligand complex.

-k x tA=A
o
x e obs (3)

(4)k - ko
obs - 1+ IjKi

To determine the effect on steady-state kinetic parameters caused by
low pH treatment, SXA was preincubated in 100 mM succinate-NaOH,
pH 4.0 (adjusted with NaCI to 1 = 0.3 M) at 25°C until approx 50% of
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its catalytic activity was degraded (assessed from reactions containing
1.95 mM 4NPX in buffer A at 25°C), the pH of the preincubation mixture
was raised to pH 4.9 (where SXA is stable) by adding an equal volume of
buffer A at O°C and mixing 7 ~L of the pH-adjusted mixture were added to
1-mL reactions containing varied concentrations of 4NPX (0.2-5.0 mM) in
buffer A at 25°C, and the reactions were monitored continuously at 400 nm
for 0.3 min to determine initial rates. Initial rates of catalysis were fitted to
Eq. 5 where v is the initial rate at a specified concentration of 4NPX, kcat is
the rate of catalysis when enzyme is saturated with substrate,S is the sub
strate concentration, and K is the Michaelis constant. The parameter, k t'

ill ca
is expressed in moles of substrate hydrolyzed per second per mole of
enzyme active sites (monomers), calculated using the delta extinction coef
ficient for 4NP-4NPX at 400 nm and the extinction coefficient for SXA at
280 nm.

kcat x 5
v=---

Km+S
(5)

Thermal Stability of SXA at pH 5.3

For preincubation, 7 ~L of SXA (168 ~M with respect to monomer
concentration in 50 mM Tris-HCI, pH 7.5) were added to 100 ~L of 100 mM
succinate-NaOH, pH 5.3 (adjusted with NaCI to 1=0.3 M) at varied tem
peratures. Ligand protection studies contained varied concentrations of
D-xylose or D-glucose in the pH 5.3 preincubation buffer at 55°C. At
varied times after enzyme addition, 15 ~L of the preincubation mixtures
were added to 15 ~L of buffer A at O°C to cool and bring the pH to 6.3,
7 ~L of the enzyme mixture at O°C were added to 1-mL reaction mixtures
containing 1.95 mM 4NPX in buffer A at 25°C, and initial rates were
determined by monitoring reactions continuously at 400 nM for 0.3 min.
The expression, "relative activity remaining" kobs' and Ki were deter
mined from the initial rate data as described in the Section pH Stability
of SXA at 25°C.

To determine the effect on steady-state kinetic parameters caused by
heat treatment, SXA was preincubated in 100 mM succinate-NaOH, pH 5.3
(1 =0.3 M) at 55°C until approx 50% of its catalytic activity was degraded
(assessed from reactions containing 1.95 mM 4NPX in buffer A at 25°C),
the temperature of the preincubation mixture was lowered by adding an
equal volume of buffer A at O°C, 7 ~L of the cooled enzyme mixture were
added to 1-mL reactions containing varied concentrations of 4NPX (0.2-5.0
mM) in buffer A at 25°C, and the reactions were monitored continuously
at 400 nm for 0.3 min to determine initial rates of catalysis. Steady-state
kinetic parameters were determined by fitting initial-rate data to Eq. 5 as
described in the Section pH Stability of SXA at 25°C.
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(6)

Inhibition of SXA-Catalyzed Hydrolysis of 4NPX by o-Glucose
and o-Xylose

The I-mL reaction mixtures at 25°C contained varied concentrations
of 4NPX and varied concentrations of o-glucose or o-xylose in buffers of
constant ionic strength (I = 0.3 M, adjusted with NaCI) as indicated in the
Section pH Stability of SXA at 25°C. Reactions were initiated by addition
of 7 JlL of SXA, preincubated in 10 mM sodium phosphate, pH 7.0 at O°C.
Reactions were monitored continuously for 0.3 min at 400 nm to determine
initial rates. Initial-rate data were fitted to Eq. 6, where v is the initial rate,
kcat is the rate of the reaction when saturated with substrate,S is the sub
strate concentration, Km is the Michaelis constant, I is the inhibitor con
centration (e.g., o-glucose), and Ki is the dissociation constant of inhibitor
from the enzyme-inhibitor complex.

k tXS
V = ca

Km (1 + I/Ki ) + 5

Results and Discussion

The gene encoding for SXA predicts a protein of 538 amino acids and
a molecular mass of 61,140 Da. Edman sequencing of the first ten residues
starting at the N terminus of SXA indicated the sequence, MNIQNPVLKG,
which agrees with the sequence predicted from the gene and indicates that
SXA is produced by E. coli with an intact N terminus. SDS-PAGE analysis
shows that the purified SXA is homogeneous with a molecular mass of
approx 60 kDa (Fig. 1A).

We chose the structure of p-xylosidase from C. acetobutylicum (PDB ID:
1YI7) for modeling of SXA because of its 72% protein sequence identity to
SXA; as well, within a 9 A sphere of the active site of 1YI7, all 21 residues
are identical in the sequence of SXA. The X-ray coordinates of p-xylosidase
from C. acetobutylicum contain 534 amino acid residues per subunit of the
homotetramer, four fewer residues per subunit than the sequence of SXA.
The longest axis of the homotetramer of ~-xylosidase from C. acetobutylicum
is calculated as 123 A by using the computer program HYDROPRO, and
the longest distance, perpendicular to this axis, is approx 90 Aas measured
from the coordinates of the tetramer. We determined the Stokes radius of
SXA by using a gel filtration method (Fig. IB). The determined value of
55.4 ± 0.5 A for the Stokes radius of SXA is similar to the value of 52 A,
calculated by using HYDROPRO and the X-ray structure coordinates of
homotetrameric p-xylosidase from C. acetobutylicum; consistent with SXA
occurring as a homotetramer in solution.

The isoelectric point of native SXA (estimated as approx 4.4) is
slightly lower than the lowest isoelectric point (4.5) of the protein stan
dards, but clearly well above the lowest pH (pH =3.0) of the gel (Fig. 2A).
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Fig. 3. Influence of temperature on SXA stability. SXA was preincubated at the
indicated temperatures and pH 5.3 for 60 min before analyzing for relative activity
remaining (catalytic activity relative to SXA preincubated at DoC and pH 7.0).
Standards deviations (±) of at least three determinations are indicated. The curve is
drawn as a visual aid.

SXA is inactivated by conditions of low pH and high temperature, with
a sharp drop in activity between pH 4.0 and 4.3 at 25°C (Fig. 2B) and a
broad drop between 50 and 60°C at pH 5.3 (Fig. 3). Loss of catalytic activity
at low pH and high temperature was associated with cloudiness in the
preincubation mixtures, suggesting that SXA denatures and precipitates.
To determine the effect of partially inactivated SXA on steady-state kinetic
parameters, the enzyme was preincubated at pH 4.0 and 25°C or at pH 5.3
and 55°C until approx 50% of its catalytic activity remained in each
sample. The preincubated samples of SXA were pH adjusted and cooled
before the determination of kinetic parameters by fitting initial-rate data
(obtained at pH 7.0 and 25°C) to Eq. 5 for comparison with an untreated
SXA control sample: partially pH-inactivated SXA (kcat = 6.36 ± 0.041 S-1

and Km = 0.366 ± 0.014 mM); partially temperature-inactivated SXA (kcat =
5.39 ± 0.062 S-1 and K

m
= 0.386 ± 0.084 mM); and untreated control

SXA (k t = 12.2 ± 0.05 S-1 and K = 0.380 ± 0.005 mM). Thus, inactivationca m
by low pH or high temperature is attributed to degradation of the kcat
parameter without changing Km , consistent with the view that, on limited
exposure to the extreme conditions, a portion of the protein denatures and
does not contribute to the catalyzed hydrolysis of 4NPX. Complementary
experiments have shown that inactivation of SXA by low pH or high tem
perature is not reversible by simply adjusting the pH or cooling.

At pH 5.3 and 55°C, SXA is inactivated in a first-order process with a
rate constant of 0.0252 ± 0.0020 min-1 (Fig. 4A). SXA was protected from
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Fig. 4. Protection of SXA from thermal inactivation at 55°C by D-xylose. (A) Decay
curves. Before analyzing for relative activity remaining, SXA was preincubated for
the indicated times at pH 5.3 and 55°C in the absence (0) or presence of D-xylose at
18.7 mM (.), 46.7 mM (0), 93.5 mM (_), and 280 mM (6). Progress curves were
generated by fitting the data for each D-xylose concentration to Eq. 3: 0 mM (kobs =
0.0252 ±0.0020 min-I), 18.7 mM (kobs =0.0132 ±0.0010 min-I), 46.7 mM (kobs =0.00649
±0.00087 min-I), 93.5 mM (kobs =0.00326 ±0.00056 min-I), and 280 mM (kobs =0.000917
± 0.00033 min-I). (B) Dependence of first-order decay rates on the concentration of
D-xylose. The kobs values determined from the decay rates of panel A (± standard
errors) are plotted vs the D-xylose concentration of each preincubation condition. The
curve was generated by fitting the kobs values to Eq. 4: Ki(D-xylose) = 17.6 ± 1.8 mM.
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thermal denaturation by including in the preincubation mixture varied
concentrations of D-xylose. Protection from temperature denaturation was
dependent on the concentration of D-xylose (Fig. 4A), and as the concen
tration of D-xylose approached saturation the decay rate approaches zero
(Fig. 4B), in accordance with Eq. 4, which estimates a dissociation constant
(Ki = 17.6 ± 1.8 mM) for D-xylose from the kobs values (Fig. 4B). This 55°C
value compares with a 25°C value (Ki = 7.62 ± 0.26 mM) for inhibition of
SXA-catalyzed hydrolysis of 4NPX at pH 5.3 and 25°C by D-xylose.
Similarly, SXA was protected from thermal denaturation (55°C at pH 5.3)
by including in the preincubation mixture varied concentrations of D
glucose; denaturation rates, determined by fitting the decay data for each
D-glucose concentration to Eq. 3, were 0 mM (kobs = 0.0256 ± 0.0015 min-1),

93.5 mM (k b =0.00949 ±0.00069 min-1), 187 mM (k b =0.00588 ±0.00077o s 0 s
min-1), 280 mM (kobs = 0.00445 ± 0.00081 min-1), and 374 mM (kobs =
0.00336 ± 0.00095 min-1). A dissociation constant (K. =56.1 ±0.8 mM) was

1

estimated for D-glucose from fitting the kobs values to Eq. 4. This 55°C
value compares with a 25°C value (Ki = 79.0 ± 2.3 mM) for inhibition of
SXA-catalyzed hydrolysis of 4NPX at pH 5.3 and 25°C by D-glucose.

At pH 4.0 and 25°C, SXA is inactivated in a first-order process with a
rate constant of 0.0784 ± 0.0023 min-1, and protection from denaturation at
low pH is dependent on the concentration of D-xylose (Fig. SA). Protection
from pH denaturation by D-xylose is saturable with a first-order decay rate
of zero at saturating D-xylose in accordance with Eq. 4, which estimates a
dissociation constant (Ki = 31.7 ± 2.8 mM) for D-xylose (Fig. 5B). This pH 4.0
value compares with a pH 4.3 value (Ki = 43.5 ± 1.1 mM) for inhibition of
SXA-catalyzed hydrolysis of 4NPX at pH 4.3 and 25°C by o-xylose.
Similarly, inactivation rates of SXA at pH 4.0 and 25°C are slowed by D
glucose; denaturation rates, determined by fitting the decay data for each
D-glucose concentration to Eq. 3, were 0 mM (kobs = 0.0518 ± 0.0037 min-1),

234 mM (kobs =0.0210 ± 0.0016 min-1), 467 mM (kobs =0.0124 ± 0.0007 min-1),

and 701 mM (kobs =0.00748 ± 0.00083 min-1). A dissociation constant (Ki =
147 ± 12 mM) was estimated for D-glucose from fitting the kobs values to
Eq. 4. This pH 4.0 value compares with a pH 4.3 value (Ki = 330 ± 8 mM)
for inhibition of SXA-catalyzed hydrolysis of 4NPX at pH 4.3 and 25°C by
D-glucose.

The influence of pH on inhibition of SXA-catalyzed hydrolysis of
4NPX by D-glucose and D-xylose was determined at 25°C by using buffers
of constant ionic strength (1 = 0.3 M). D-Glucose and D-xylose inhibited
the catalyzed reaction competitively with respect to substrate 4NPX at all pH
values examined in accordance with Eq. 6. Ki values for glucose decrease
with increasing pH as follows: pH 4.3 (330 ± 8 mM), pH 5.3 (79.0 ± 2.3 mM),
pH 7.0 (34.5 ± 0.7 mM), and pH 9.0 (18.7 ± 0.6 mM). Similarly, affinities of
SXA for D-xylose increase with increasing pH as seen in the progression of
Ki values: pH 4.3 (43.5 ± 1.1 mM), pH 5.3 (7.62 ± 0.26 mM), pH 7.0 (3.82 ±
0.06 mM), and pH 9.0 (3.21 ± 0.14 mM).

Applied Biochemistry and Biotechnology Vol. 136-140,2007



~-o-Xylosjdase From Selenomonas ruminantium 103

A

0> 0.8c·c
.Clj

E
~ 0.6
~.S:
:g

0.4ct1
Q)

>
~

0.2Q5
((

0 •
0 10 20 30 40 50 60

Preincubation time (min)

B

0.008

0.006

'Ic

I
0.004en

.c
.:::t:,0

0.002

•
0.000

0 100 200 300

[D-Xylose] (mM)

Fig. 5. Protection of SXA from low pH inactivation at pH 4.0 by D-xylose. (A) Decay
curves. Before analyzing for relative activity remaining, SXA was preincubated for the
indicated times at pH 4.0 and 25°C in the absence (e) or presence of D-xylose at 46.7 mM
(0), 93.5 mM (.), and 280 mM (D). Progress curves were generated by fitting the data
for each D-xylose concentration to Eq. 3: 0 mM (kobs =0.0784 ± 0.0023 min-I), 46.7 mM
(kobs =0.0335 ± 0.0008 min-I), 93.5 mM (kobs =0.0186 ± 0.0004 min-I), and 280 mM (kobs =

0.00614 ± 0.00036 min-I). (B) Dependence of first-order decay rates on the concentra
tion of D-xylose. The kobs values determined from the decay rates of panel A (± stan
dard errors) are plotted vs the D-xylose concentration of each preincubation condition.
The curve was generated by fitting the kobs values to Eq. 4: Ki(o-xylose) =31.7 ± 2.8 mM.

Temperature and pH profiles of SXA stability place certain constraints
on its application to processes for saccharification of the hemicellulose
component of herbaceous biomass, as do Ki values for D-glucose and
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o-xylose inhibition of SXA catalysis. Potentially, if saccharification pro
cesses require higher temperatures or lower pH than the native SXA with
stands, SXA could be modified to better accommodate such assaults on its
stability. Similarly, inhibition of catalysis by o-glucose and o-xylose, which
constitute two major constituents of herbaceous biomass, potentially could
be alleviated by protein engineering approaches. Three-dimensional mod
els of SXA could aid in the design of such modifications. Native SXA is an
efficient catalyst for the hydrolysis of xylooligosaccharides, details of which
will be reported soon. Owing to the nature of SXA, negative influences of
temperature and pH on protein stability and negative influences of inhibi
tion of catalysis by D-glucose and D-xylose are not additive. That is, under
conditions of low pH and/or high temperature, the presence of D-glucose
and D-xylose could serve to stabilize SXA to an extent similar to their inhi
bition of catalysis. It is likely that oligosaccharide substrates of SXA afford
similar protection from inactivation by low pH and high temperature.
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Abstract

The enzymatic alcoholysis of soybean oil with methanol and ethanol was
investigated using a commercial, immobilized lipase (Lipozyme RM 1M). The
effect of alcohol (methanol or ethanoD, enzyme concentration, molar ratio of
alcohol to soybean oil, solvent, and temperature on biodiesel production was
determined. The best conditions were obtained in a solvent-free system with
ethanol/oil molar ratio of 3.0, temperature of SO°C, and enzyme concentration
of 7.0% (w/w). Three-step batch ethanolysis was most effective for the pro
duction of biodiesel. Ethyl esters yield was about 60% after 4 h of reaction.

Index Entries: Enzyme; ethanol; immobilized lipase; methanol; solvent;
soybean oil.

Introduction

The use of an alternative fuel becomes necessary owing to the reduc
tion of oil reserves and, consequently, of the diesel oil supplies and to the
increasingly higher amount of gases produced in the combustion reaction
of its derivatives. The indirect use of vegetable oils or mixtures of them is
usually regarded as impracticable and insufficient for direct/indirect injec
tion in diesel engines because of their high viscosity, the presence of free
fatty acids, and the presence of gum from the oxidation and polymerization
of diesel oil during their storage and combustion (1). Recently, biodiesel,
defined as a mixture of monoalkyl esters derived from fatty acids, has
become a more interesting option because of its environmental benefits, as
it comes from a renewable source, is biodegradable, and nontoxic.

*Author to whom all correspondence and reprint requests should be addressed.
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Biodiesel fuel can be obtained through different reaction pathways.
The transesterification of an oil or fat in the presence of an acid or alkaline
catalyst is commercially used. The lipase-catalyzed enzymatic production
of biodiesel under milder conditions unfolds as a promising option. Under
optimum conditions, the cost of production can be reduced and the con
version yield improved (2). Moreover, that reaction uses fewer complex
steps for product isolation as well as avoids the elimination of the catalyst
and salt produced in the first process (3). This work investigated the effect
of reaction parameters such as: temperature, oil/alcohol molar ratio, alco
hol, enzyme concentration, solvent, as well as lipase reuse on the transes
terification reaction of soybean oil by short-chain alcohols, using an
immobilized lipase (Lipozyme RM 1M, Novozymes A/S, Denmark).

Materials and Methods

Materials

The commercial enzyme used, Lipozyme RM 1M, was provided by
Novozymes. Other reagents used were commercial soybean oil (Sadia), ana
lytical grade ethanol, methanol, and hexane (Merck, Darmstadt, Germany).
Methyl heptadecanoate (a chromatographic standard) was acquired from
Sigma (St. Louis, MO).

Measurement of Lipase Activity

The esterification activity of Lipozyme RM-1M was measured by the
consumption of oleic acid at 45°C in the esterification reaction with butanol
(oleic acid/butanol molar ratio of 1) with the enzyme concentration of 3%
(w/w). One esterification unit of Lipozyme was defined as 1 !lmol of oleic
acid consumed/min (U) under the experimental conditions described herein.
The enzyme used in this work has esterification activity of 3000 U/ g.

Reaction System

The transesterification reactions between soybean oil and alcohol
were conducted in closed 15-mL batch reactors, with constant mechanical
stirring, coupled to condensers in order to avoid alcohol loss by volatiliza
tion. The water circulating in the condenser was cooled by a thermostatic
bath. The reaction temperature was kept constant by circulating ethylene
glycol from a thermostatic bath (Haake DC 10-B3) into the reactor's jacket.
Reaction progress was monitored by taking duplicate samples, which
were diluted in hexane and analyzed by gas chromatography.

Chromatography Analysis

The samples were injected into a Varian gas chromatograph (CP-3380
model), equipped with a flame ionization detector and a CP WAX 52 CB
capillary column 30 m x 0.25 mm x 0.25 !lm, and split injection system
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with a 1 : 20 ratio. Injector and detector temperatures were kept at 250°C.
The heating rate was 20°C/min. The oven was initially maintained at
200°C for 4.5 min, then was heated up to 210°C, and was kept constant at
this temperature for 0.5 min. After that, it was heated to 220°C for 0.5 min.
The oven was heated again to 250°C at a 30°C/min rate and maintained
at this temperature for 1.5 min. Hydrogen was used as the carrier gas at a
1.8 mL/min flow rate; column pressure was set at 12 psi. A computer loaded
with the Star Workstation 6.2 software was connected to the GC by a Star
800 Module Interface to automatically integrate the peaks obtained.
Methyl heptadecanoate was the internal standard used.

Transesterification Reaction

The reaction medium consisted of a mixture of the commercial soybean
oil, alcohol, and enzyme. The biodiesel production was also evaluated in the
presence of a solvent. In this work, the transesterification reactions took
place in the presence of hexane (50% [vIv]). The alkyl esters (biodiesel) syn
thesis was evaluated as a function of temperature (40,50, and 60°C), enzyme
concentration (3,5,7,9, II, and 20% [w/w]), alcohol/soybean oil molar
ration (3, 6, and 10), type of alcohol used (methanol or ethanol), and in
respect to stepwise addition of alcohol (single addition or two or three con
secutive alcohol additions, at different times). One molar equivalent of
ethanol was 0.72 g for 12.70 g soybean oil.

Results and Discussion

Enzymatic Transesterification in the Presence of a Solvent

Effect of Reactants Molar Ratio

The effect of the ethanol/soybean oil molar ratio over the transesteri
fication reaction was evaluated initially using a 7% (w/w) commercial,
immobilized lipase (Lipozyme RM 1M) in the presence of hexane (50%
[vIv]). An increase in the concentration of any reactant results in a higher
yield of ester, because the ethanolysis is a reversible reaction. At least three
mols of ethanol are required in the ethanolysis reaction to accomplish a
complete conversion of the soybean oil into its ethyl esters. An alcohol/oil
molar ratio of six is commonly used in industrial processes to obtain higher
yields of esters (4-6). In such case, ethanol/soybean oil molar ratios of 6
and 10 were tested in reactions conducted at 40°C in a closed batch reactor.
The results obtained are shown in Table 1 and indicate that the excess of
alcohol reduced the ethyl esters production, even in the presence of a non
polar solvent, hexane. It is well known that, usually, proteins are unstable
in a reaction medium containing short-chain alcohols, such as ethanol and
methanol. An excess of alcohol can promote the inhibition and/or deacti
vation of the lipases (3,7-9) as observed in Table 1 where the reduced ethyl
esters yield is related to the increase in the alcohol molar ratio.
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Table 1
Effects of Enzyme Concentration, Alcohol/Soybean Oil Molar Ratio, Type

of Alcohol and Solvent Addition on Reaction Yield

Enzyme Alcohol/
concentration soybean oil Solvent addition
(% [w/w]) molar ratio Alcohol (% [vIv]) Ester yield (%)

7 6 Ethanol Hexane 50 25.0
7 10 Ethanol Hexane 50 12.0
20 10 Ethanol Hexane 50 24.7
7 6 Methanol Hexane 50 5.1
7 6 Ethanol No addition 3.5
7 10 Ethanol No addition 3.3
7 3 Ethanol No addition 16.9

The results were obtained after 8 h of reaction at 40°C.

Effect of Enzyme Concentration

The effect of the enzyme concentration in the ethyl esters production in
the reaction was investigated using an ethanol/soybean oil molar ratio of 10
in the presence of hexane (50% [vIv]), at 40°C, in a closed batch reactor.
According to the results shown in Table I, there was an increase in the yield
and in the rate of the reaction when 20% (w/w) Lipozyme was used. After
8 h of reaction, the yield obtained was approx 25%, whereas for an enzyme
concentration of 7% (w/w), the yield was only 12%. However, taking into
account the cost of process and the operational difficulty of working with
such a high enzyme concentration (20% [w/w]), the concentration chosen to
conduct the experiment was 7% (w/w).

Effect of Type of Alcohol

The transesterification of triglycerides with methanol is the preferred
enzyme-catalyzed reaction for biodiesel production. Nevertheless, the enzy
matic alcoholysis of triglycerides using other alcohols, including ethanol,
n-propanol, isopropyl alcohol, butanol, and pentanol has also been investi
gated (4). Usually, methanol is the alcohol of choice because of its lower cost
in various countries. However, the importance of ethyl alcohol for the
Brazilian energy market is well known. The effect of the kind of alcohol used
(methanol or ethanol) over the reaction, at 40°C, was investigated using an
alcohol/oil molar ratio of 6 and 7% (w/w) Lipozyme RM 1M. The reactions
were conducted in the presence of 50% (vIv) solution of hexane.

According to the results presented in Table1, the reaction yield when
ethanol was used was five times higher than that when methanol was
used. This can be explained by the greater enzyme deactivation by an alco
hol with fewer carbon atoms. Methanol is a highly hydrophilic solvent,
thus able to solubilize and remove the essential water layer that cover the
enzymes, which can result in loss of lipase's catalytic activity (10,11).
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Effect of Solvent Addition

The use of organic solvents is not indicated for biodiesel production
because of the high risk of explosion and the need for an additional step
for solvent removal (7). On the other hand, immobilized lipases show high
conversion rates in nonpolar organic solvents, therefore there are several
studies of triglyceride enzymatic alcoholysis in organic solvents (9). The
biocatalysis of synthetic reactions, such as the biodiesel production reac
tion, are usually considered possible in solvents immiscible in water and
with 10gP (logP is one of the parameters used to determine the hydropho
bicity of a solvent, and is defined as the partition coefficient of a solute in
a standard biphasic system formed by water and l-octanol) more than 4
(10/ 11). Hexane is one of the most commonly used solvents in synthetic
reactions using lipases (logP for hexane = 3.5).

The effect of the addition of 50% v/v hexane was evaluated on the
transesterification reaction of soybean oil with ethanol, at 40°C, with 7%
(w/w) Lipozyme RM 1M. According to the results presented in Table 1, the
use of hexane helped the biodiesel production. However, because of the cost
and operational difficulties of the process conducted in the presence of a sol
vent, the effects of certain reaction parameters on the solvent-free transes
terification reaction were also investigated.

Enzymatic Transesterification in a Solvent-Free Medium

Effect of the Reactants Molar Ratio

The effect of the ethanol/soybean oil molar ratio was evaluated in the
transesterification reaction conducted at 40°C with 7% (w/w) Lipozyme. The
results obtained (Table 1) show that the stoichiometric molar ratio of the reac
tants (ethanol/oil molar ratio = 3) allowed a higher yield of ethyl esters,
which confirms the prejudicial effect of a high concentration of ethanol on the
lipase activity. Similar results (3,12) were observed for the methanolysis of
vegetable oils using Novozym 435 (commercial, immobilized Candida antarc
tica lipase). According to K6se et al. (12), the alcohol can remove the essential
water layer which stabilizes the immobilized enzyme, and can form inhibit
ing binary alcohol-lipase complexes.

Effect of the Stepwise Addition of Ethanol

At least the stoichiometric amount of ethanol has to be used in order
to achieve total conversion of triglycerides into their ethyl esters. Even
under these conditions, the yield was low (16.9% in 8 h), as seen in Table 1.
The stepwise addition of ethanol (three consecutive steps) was studied in
order to avoid the lipase deactivation by a high initial alcohol concentra
tion. The reactions were conducted with 7% (w/w) Lipozyme at 40°C and
with the reactants stoichiometric ratio. The results are shown in Fig. 1.
When ethanol was added in a stepwise manner (i.e., 1/3 added at time 0,
1/3 after 4 h, and 1/3 after 6 h), the yield (60%) was much higher than that
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Fig. 1. Effect of stepwise ethanol addition on the transesterification of soybean oil
using an ethanol/soybean oil molar ratio of 3, 7% (w/w) Lipozyme RM 1M at 40°C.

observed when ethanol was added in a single step at the beginning of the
reaction.

Shimada et al. (7) also verified a higher conversion in the methanolysis
reaction of vegetable oil with immobilized C. antartica lipase, and three
consecutive methanol additions (0, 10, and 24 h).

The stepwise addition also allowed a higher ethyl esters yield, even
when an excess of alcohol was used (ethanol/soybean oil molar ratio == 6),
as seen in Fig. 2. In this case, ethanol was added in six steps (time: 0, 30,
60, 90, 120, and 150 min). According to the results presented in Figs. 1 and
2, the best molar ratio is the stoichiometric ratio, even when ethanol is
added in a stepwise manner.

Because the stepwise addition of ethanol, using the reactants stoi
chiometric ratio afforded the highest yield of ethyl esters, different ethanol
addition times were also investigated. The results show that the ethanol
addition at shorter times (0, 30, and 60 min) allowed the highest reaction
yield (58.2%) to be reached more rapidly-after about 3 h.

Effect of Enzyme Concentration

The effect of the enzyme concentration on the reaction yield was inves
tigated under the best reaction conditions established by the previously
reported results, (i.e., molar ratio of reactants equal to 3, no solvent, stepwise
ethanol addition after 0, 30, and 60 minutes of reaction). According to the
results presented in Fig. 3, the highest ethyl esters yield was obtained with
7% (w/w) Lipozyme. The ethanolysis reaction mixture requires constant stir
ring because of the low solubility of the vegetable oil in ethanol. Initially, the
reactants formed a two-phase system, which becomes a three-phase system
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Fig. 2. Effect of stepwise ethanol addition on the transesterificaction reaction of
soybean oil using an ethanol/soybean oil molar ratio of 6,7% (w/w) Lipozyme RM
1M at 40°C.
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Fig. 3. Effect of Lipozyme RM 1M concentration on the transesterification of soybean
oil using an ethanol/soybean oil molar ratio of 3, with stepwise ethanol addition (1/3 at
oh, 1/3 after 0.5 h, and 1/3 after 1 h) at 40°C.
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Fig. 4. Effect of temperature on the transesterification of soybean oil using an
ethanol/soybean oil molar ratio of 3, with stepwise ethanol addition (1/3 at 0 h, 1/3
after 0.5 h, and 1/3 after 1 h), and 7% (w/w) Lipozyme RM 1M.

once the immobilized enzyme is added. Higher Lipozyme concentrations
(9 and 11 % [w /w]) did not allow an appropriate system homogenization
with the stirring system used, which can explain the lower ethyl esters yield
shown in Fig. 3. After 8 h of reaction, the final yield was basically the
same for the reactions conducted with Lipozyme at 7, 9, or 11 % (w/w)
(these results are not shown in the figures).

Effect of Temperature

Temperature is another factor that can possibly interfere in the immo
bilized lipase-catalyzed alcoholysis of vegetable oils. The biodiesel produc
tion was investigated at temperatures of 40, 50, and 60°C for reactions using
a stoichiometric ratio of reactants and 7% (w/w) Lipozyme. The results
obtained show maximum yield at 50°C (Fig. 4). An increase in temperature
increases the equilibrium conversion, as verified in the reactions conducted
at 40 and 50°C. However, temperatures higher than 50°C deactivate the
enzyme as confirmed by the lower yield obtained at 60°C. According to
Illanes (10), the thermal stability of enzymes decreases as higher amounts of
water are present in the organic solvents, i.e., hydrophilic solvents, such as
ethanol, tend to deactivate enzymes by reducing their thermal stability. Kose
et al. (12) also observed a higher methyl ester yield at 50°C for the immobi
lized C. antartica lipase-catalyzed methanolysis reaction of cottonseed oil.
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Table 2
Lipozyme Reuse in the Transesterification of Soybean Oil With Ethanol Using a
Reactant Stoichiometric Molar Ratio, Stepwise Ethanol Addition (1/3 at 0 h, 1/3

after 0.5 h, and 1/3 after 1 h), at 50°C

Batch number

First
Second (before the enzyme was reused,

it was dried in oven at 50°C for 12 h)
Second (before the enzyme was reused,

it was stored in a desiccator at room
temperature for 12 h)

Ester yield after 4 h of reaction (%)

56.0

4.1

6.5

Effect of the Stepwise Addition of Enzyme

In order to avoid enzyme deactivation by the ethanol present in the reac
tion medium, the stepwise addition of Lipozyme (in two steps: aand 2 h) to
the reaction conducted at SO°C, using the reactants stoichiometric ratio (with
stepwise addition of ethanol) and 7% (w/w) Lipozyme was studied. The
results show that the final yield after 4 h of reaction was similar for both
cases tested. The initial rate of reaction was, evidently, much higher for the
reaction in which the whole enzyme was added at time ah. In this case, the
equilibrium seems to have been reached after about two hours of reaction.

Enzyme Reuse

One of the major advantages of using immobilized enzymes is the pos
sible reuse of the enzyme preparation, a means of reducing the total costs of
reaction. The ethanolysis reaction of soybean oil under the optimum condi
tions previously reported (T =SO°C, R =3 with stepwise ethanol addition, no
solvent, 7% [w/w] Lipozyme) was used to investigate the possibility of
reusing the enzyme. The enzyme was recovered from the reaction medium,
washed with hexane, and placed in a desiccator for 12 h or dried in an oven
at SO°C (for 12 h) to remove all the water accumulated on the immobiliza
tion support. After this treatment, the enzyme was reused. The results pre
sented in Table 2 indicate that:

• The enzyme drastically loses its activity after the reaction
described previously.

• Yields lower than 10% are obtained after the second reuse and after
the two types of treatment tested.

According to Lima et al. (13), the loss of lipase's catalytic activity, after
being successively reused in the transesterification reactions, is owing to
the deposit of water on the enzyme support. The authors have confirmed
this effect when the enzyme recovered its catalytic activity after being
dried back to its initial water content. However, the results shown in Table 2
indicate that the enzyme deactivation was not only caused by the water
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accumulated on the immobilization support during the reaction, because
in one of the experiments, the recovered enzyme was stored in an oven at
50°C for 12 h, reaching constant weight. Glycerol, one of the reaction prod
ucts, could also be adsorbed on the immobilization support, which would
promote a change on the enzyme microenvironment, and consequently a
decrease in its activity (14,15). According to Soumanou and Bornscheuer (9),
glycerol can also inhibit the reaction by limiting the product and substrate
diffusion because it is not soluble in oil.

Conclusions

It is possible to conduct a transesterification reaction of soybean oil
with ethanol using a commercial, immobilized lipase in a solvent-free reac
tion medium as demonstrated by the work presented herein. Under mild
reaction conditions (temperature of 50°C, atmospheric pressure), yields
higher than 50% were achieved after less than 4 h for a reaction using 7%
(w/w) of the biocatalyst with the stepwise addition of ethanol in three
steps and using the reactants stoichiometric ratio.
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Abstract

In this article, the mechanisms of thermoinactivation of glucose isomerase
(GI) from Streptomyces rubiginosus (in soluble and immobilized forms) were
investigated, particularly the contributions of thiol oxidation of the enzyme's
cysteine residue and a "Maillard-like" reaction between the enzyme and sug
ars in high fructose corn syrup (HFCS). Soluble GI (SGI) was successfully immo
bilized on silica gel (13.5 f.1m particle size), with an activity yield between 20 and
40%. The immobilized GI (IGI) has high enzyme retention on the support dur
ing the glucose isomerization process. In batch reactors, SGI (half-life = 145 h)
was more stable than IGI (half-life =27 h) at 60aC in HFCS, whereas at 80aC,
IGI (half-life = 12 h) was more stable than SGI (half-life = 5.2 h). IGI was sub
ject to thiol oxidation at 60aC, which contributed to the enzyme's deactivation.
IGI was subject to thiol oxidation at 80aC, but this did not contribute to the
deactivation of the enzyme. SGI did not undergo thiol oxidation at 60aC, but
at 80aC SGI underwent severe precipitation and thiol oxidation, which caused
the enzyme to deactivate. Experimental results show that immobilization sup
presses the destabilizing effect of thiol oxidation on GI. A "Maillard-like" reac
tion between SGI and the sugars also caused SGI thermoinactivation at 60, 70,
and 80aC, but had minimal effect on IGI. At 60 and Boac, IGI had higher ther
mostability in continuous reactors than in batch reactors, possibily because of
reduced contact with deleterious compounds in HFCS.

Index Entries: Deactivation; immobilized enzyme; kinetics; silica gel;
thermostability; glucose isomerase.

Introduction and Background

High fructose corn syrup (HFCS), produced enzymatically using
immobilized glucose isomerase (GI), dominates 70% of today's nutritive
sweetener market. Because of poor enzyme thermostability and byproduct
formation, the current commercial glucose isomerization reaction can only
be carried out at 60°C, producing ~ 50% fructose (55% fructose is more desir
able). Identifying the mechanisms that cause GI to deactivate can facilitate

*Author to whom all correspondence and reprint requests should be addressed.
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efforts to increase GI thermostability, allowing increased reaction tempera
tures that could substantially improve the economics of HFCS production.

Volkin and Klibanov (1) reported that HFCS and a competitive
inhibitor to the enzyme, xylitol, greatly stabilized the immobilized form of
GI (IGI) from Streptomyces olivochromogenes at high temperatures. The
authors also found that at 60°C, IGI deactivation was related to

1. Oxidation of the enzyme's cysteine residues.
2. Heat induced reactions with HFCS.
3. Impurities present in the reaction medium.

In a review published by Quax (2), the author cited that substituting
an arginine residue for a lysine residue at the subunit interface of
Actinoplanes missouriensis GI increased the enzyme's thermostability by
two- to threefold. Visuri et al. (3), in turn, reported that the crystalline form
of GI from S. rubiginosus was more stable in the presence of substrate,
whereas in buffer solution, the native enzyme (SGI) was more stable. The
loss of activity for SGI was directly proportional to protein precipitation.
The enzyme first underwent some precipitation. Once precipitation
ceased, the inactivation of the enzyme also stopped. They also claimed that
SGI deactivation in HFCS was related to Maillard (browning) reactions
that took place between the enzyme and the sugar, which resulted in the
formation of a sugar-protein complex. The crosslinked form of GI was not
susceptible to the Maillard reaction, possibly because the glutaraldehyde
crosslinker had reacted mainly with the GI lysine residues, which were the
very residues prone to the deleterious Maillard reaction.

Although previous investigations have identified possible mecha
nisms for GI inactivation, a thorough investigation of the mechanisms for
inactivation of GI from S. rubiginosus has not been previously conducted.
The objective of this study, therefore, is to further establish the contribu
tions of thiol oxidation of the cysteine residue and the Maillard-like reac
tion to the thermoinactivation of both SGI and IGI from S. rubiginosus, one
of the most prevalent commercial forms of GI.

A thorough understanding of the underlying mechanisms of thermoin
activation could facilitate efforts to increase the enzyme's thermostabilit)r,
ultimately improving economics by reducing the need to purchase new
enzymes and hence reduce the cost of HFCS production as a whole. One of
the most effective ways to achieve stabilization is by the use of immobilized
enzyme (4). Multipoint covalent attachment to solid matrices has been used
to stabilize several industrial enzymes (5). The formation of the rigid enzyme
support linkage provides substantial kinetic and thermodynamic stabiliza
tion of the 3D structure of the active catalytic site. The immobilized enzyme
molecules may also be stabilized against denaturing agents that induce
enzyme unfolding that can destroy the active site (6).

In this study, GI has been immobilized on silica gel. The contributions
of the Maillard-like reaction and thiol oxidation of the cysteine residue
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of both SGI and IGI to the thermoinactivation of the enzyme were then
determined.

Materials and Methods

Chemicals

SGI (E.C. 5.3.1.5. D-xylose ketol isomerase) from a genetically modified
strain of s. rubiginosus, was supplied by Genencor (Rochester, NY) as
Gensweet SGI. Maleic acid, cobalt chloride, magnesium sulfate, D-glucose,
D-fructose, sucrose, D-galactose, bovine serum albumin, calcium nitrate,
2-mercaptoethanol, hydrochloric acid, acetone, sodium phosphate dibasic,
sodium phosphate monobasic, and activated carbon, were purchased from
Fisher Scientific (Unionville, ON, Canada). D-xylose, D-Mannose, guanidine
hydrochloride, 5,5'-dithiobis, Tris (Trizma base), Coomassie Blue G250, 3
aminopropyl-triethoxysilane (APES), citric acid, and sodium citrate tribasic
dihydrate were supplied by Sigma (Oakville, ON, Canada). Phosphoric acid
(85%) and ethanol (95%) were supplied by VWR Scientific. EDTA was pur
chased from BioShop (Burlington, ON, Canada). Glutaraldehyde (50%
[wIv] in water) was purchased from ACROS (Morris Plains, NJ).

The silica gel, supplied by W. R. Grace & Co (Columbia, MD) was of
Type 654: 100 x 200 mesh (75-150 J.1m), 260-340 m2 /g surface area, and
average pore diameter of 183-287 A. GI activity assays were performed at
pH 6.85 in 0.2 maleic acid buffer that contained 0.02 M magnesium sulphate
and 0.001 M cobalt chloride. Both batch and continuous GI thermoinacti
vation studies were carried out at pH 8.0 in 0.05 M Tris-HCI buffer that con
tained 0.02 M magnesium sulphate.

Immobilization of Enzyme

The method of enzyme immobilization was adapted from that sug
gested by Weetall and Filbert (7) and Wiseman (8). For the silanization pro
cess, 10% APES in acetone was used. In the support activation step, the
APES-treated silica gel was incubated in glutaraldehyde, prepared by
purification with activated carbon, then diluted to 4% (wIv) using 0.5 M
citric acid buffer (pH 4.8). In the enzyme-coupling step, the modified silica
gel was incubated in dialyzed SCI (0.1 M phosphate buffer [pH 7.2]) for
about 24 h at room temperature. The moisture content of the resulting IGI
was in the range of 60-70%.

Standard GI Assay

The standard GI activity, defined as the change in fructose concentra
tion over 20 min of reaction at 60°C, was used to quantify the catalytic
activity of the enzyme, and to quantify the efficiency of immobilization. In
the assay, 4 mL of total of 1 M glucose substrate in buffer was incubated in a
7-mL glass vial immersed in the jacketed batch reactor at 60°C. For SCI
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assays, the enzyme was diluted by a factor of 191. For IGI assays, about 0.4 g
of wet IGI was used. One milliliter of the reaction medium was sampled at
time zero and 20 min, respectively, and the reaction was stopped by
adding 0.25 mL of 20% HCI to 1 mL of sample. The sample was analyzed for
fructose and glucose content using an HPX-87C carbohydrate column
(BioRad, Mississauga, ON, Canada) in a Perkin Elmer high-performance liq
uid chromatograph (HPLC) with a refractive index detector. The activity of
the immobilized enzyme was based on its dry weight, which was deter
mined gravimetrically.

GI Activity Assay far Batch Thermainactivatian Study

In this assay, 4 mL of 1M glucose in buffer was incubated in a 7-mL glass
vial immersed in the jacketed batch reactor at 60°C. When the reaction
medium reached 60°C, 0.5 mL of SGI (already diluted about 1 : 17) from the
thermoinactivation experiment was added. For the IGI assay, one milliliter of
IGI suspension from the thermoinactivation experiment was pipeted into
4 mL of reaction medium that had been preincubated at 60°C. One mL of the
reaction medium was sampled at time zero and 20 min, respectively, and the
reaction was stopped by adding 0.25 mL of 20% HCI to 1 mL of sample, which
was subsequently analyzed using HPLC. The activity of IGI was normalized
with respect to its dry weight, which was determined gravimetrically.

Pratein Assay

Total protein concentrations of the enzyme solutions were deter
mined by the Bradford method (9).

Thial Assay

Ellman's reagent was used to test for thiol content in IGI and SGI. The
Ellman's reagent stock contained 97.8% (vIv) 6 M guanidine HCI and 1 mM
EDTA, 1.1% mM Ellman's reagent, and 1.1% 1 M NaOH. For the IGI thiol
assay, a 1 mL suspension of IGI in reaction medium (or 1 mL of supernatant
of centrifuged reaction medium, which was used as the blank) was incubated
in 2.7 mL of Ellman's reagent stock. For the SGI thiol assa)', 100 ilL of SGI in
reaction medium was added to 0.9 mL of Ellman's reagent stock. The mixture
was incubated at room temperature for about 15 min and the absorbance at
412 nm was measured. p-Mercaptoethanol was used as the standard.

Thermainactivatian Study in Batch Reactars

GI thermostability experiments in batch reactors were carried out at
60, 70, and 80°C. The contributions of thiol oxidation and Maillard reaction
on the thermoinactivation of GI were studied. All thermoinactivation
experiments were carried out in stirred jacketed batch reactors. The con
tents were mixed using a magnetic stirrer. These experiments lasted from
about 20 h (for the 80°C runs) to about 60 h (for the 60°C runs).
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Fig. 1. Schematic of jacketed batch reactors for (A) GI thermoinactivation study

under air-saturated condition and (B) GI thermoinactivation study under reduced
oxygen conditions (nitrogen sparged).

Thiol Oxidation Effect

The thiol content of IGI and SGI was determined using the procedures
previously described under "Thiol assay. II For experiments that required
reduced dissolved oxygen content, the reaction medium was sparged with
nitrogen for at least 30 min before the experiment was started. Initially, the
reaction medium (without enzyme) was sparged by submersing the nitro
gen supply below the liquid surface. Once the reaction was initiated (by
adding enzyme), the nitrogen supply line was withdrawn and placed in
the headspace above the reaction medium to maintain oxygen-depleted con
ditions. Oxygen levels were measured using a Biological Oxygen Monitor
from Yellow Springs Instruments (YSI, Yellow Springs, OH) with a high sen
sitivity membrane (YSI model 5794). Prereaction sparging with nitrogen was
able to reduce the dissolved oxygen content by about 95% compared with
air saturation, and this was maintained during reaction by the supply of
nitrogen into the headspace. Even though nitrogen sparging could not com
pletely eliminate oxygen from the reaction medium, there was nonetheless a
significant reduction in oxygen content, so that the impact of oxidation could
be studied. A schematic of the experimental setup is shown in Fig. 1.
Evaporation of reaction medium at high temperatures was accounted for by
replenishing the medium with nitrogen-sparged deionized water, which was
heated to the same reaction temperature as the reaction medium. Samples
were collected periodically and tested for thiol content and GI activity.

Maillard-Like Reaction Effect

Different sugars, namely, glucose, sucrose, galactose, and xylose were
added to the reaction medium to examine the effect of the Maillard-like
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reaction on the thermoinactivation of IGI and SGI. Samples were taken
and tested for their GI activity.

Thermoinactivation Study in Continuous Reactors

Continuous glucose isomerization using IGI was carried out in a 1 x
30 cm2 jacketed PTFE liquid chromatography column (Sigma) with a bed
volume of 24 mL. The reaction medium contained 1 M of glucose in 0.05 M
Tris-HCI buffer (pH 8.0) containing 0.02 M MgS04• The reaction medium
was pumped through the reactor at a flow rate of approx 0.4 mL/min
using a peristaltic pump. Samples were taken periodically from the outlet
of the reactor and analyzed for fructose and glucose using HPLC. To deter
mine the cumulative fructose produced over the entire length of each exper
iment, the product was collected and tested for the "pooled" glucose and
fructose concentrations at the end of the experiment, using HPLC. These
experiments lasted between 5 and 15 d, depending on the enzyme load
ing and temperature. The activity of IGI was determined from the outlet
fructose concentration. Once the outlet fructose concentration begins to
drop below its equilibrium level, the amount of active enzyme in the reac
tor is directly proportional to the amount of fructose produced. Beyond
this point, the relative activity of the enzyme at time (t) can be determined
from a ratio of the instantaneous fructose concentration to the fructose
concentration at equilibrium. The first-order deactivation kinetics model
(Eq. 2) was used to model IGI deactivation under continuous isomeriza
tion conditions, following linear regression of the semilog enzyme activity
profiles.

The turnover number (TON) of the enzyme is defined as the ratio of
the amount of fructose produced by the enzyme from time zero to time (t),
to the amount of enzyme consumed or inactivated over the same interval.
To calculate the TON, the cumulative total mass of fructose produced and
determined experimentally, was divided by the total mass of the enzyme
consumed (i.e., deactivated) during the reaction.

Enzyme Deactivation Model

A first-order enzyme deactivation model was used to represent GI
deactivation kinetics. First-order deactivation model is consistent with the
disruption of a single bond or "sensitive structure," or the occurrence of a
single lethal event or a "single hit" (10). Gibbs et al. (11) applied the extended
Lumry-Eyring model to describe GI deactivation, where the native enzyme
(N) first unfolds reversibly to the unfolded species (V), which is catalyti
cally inactive, and then deactivates irreversibly through first-order kinetics
to a deactivated species (D). First-order enzyme deactivation kinetics has
also been successfully used to describe the deactivation of GI (12). Treating
the native and the unfolded forms, i.e., N and V, as one single catalytically
active species, (E), and assuming that the subsequent irreversible enzyme
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deactivation is a first-order event, the enzyme deactivation kinetics can be
described by:

d[E] = _ k [E]
dt d

Integrating Eq. 1 from t = 0 to t gives:

Statistical Analysis of Data

(1)

(2)

Replicates of the kinetics and thermoinactivation studies were produced
for most conditions. The HPLC assay was subject to a mean of ±2% and a
maximum deviation of ±10%. To account for experimental variability and for
statistically justifiable comparisons between experimental runs, 95% confi
dence intervals (CI) were computed for experiments for the thermoinactiva
tion and kinetics studies. The equation used (13) to compute the 95% CI was:

95%CI = t x s /(5 )0.5
a/2 e xx (3)

where ta/2, studentized test statistic; a, significance level (5%); se' standard
error; and 5 = Ix2- (lx)2/(number of data points).xx

Initial comparisons between experimental runs were based on 95% CI,
to establish if the results were statistically different. If a difference was con
firmed, the degree of difference was then determined using the extreme val
ues of the CIs, i.e., the "worst-case scenario" for each run, based on a 95%
confidence leveL For example, with A (10 ± 1) and B (5 ± 2), it is apparent
that A is statistically different from B, based on a 95% confidence level. In the
worst-case scenario, A is at least approx 1.3 times greater than B, calculated
using the CIs as follows: (10 - 1) / (5 + 2) =9/7 approx 1.3. This approach may
not quantify the actual magnitude of the difference between two means, but
it serves as a more stringent test of the degree of difference between trial
conditions. In comparisons where such an approach has been used, the mag
nitude of the difference will be stated, preceded by the clause "at least," for
example, "at least" 1.3 times greater than B, as written earlier.

Results and Discussion

GI Immobilization

GI from S. rubiginosus was successfully immobilized on silica gel
through covalent immobilization with support silanization. The activity
yield of the immobilization process was between 20 and 40%, and the IGI
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Table 1
Effect of Nitrogen Sparging and Temperature on Thiol Content of ICI

and SCI Under Various Conditions in HFCS

Rate of decrease, m, h-1 (no. of data points)

ICI

SCI

N z sparging
No Nz sparging
N z sparging
No Nz sparging

0.007 ± 0.003 (18)
0.014 ± 0.002 (20)
0.008 ± 0.008 (2)
0.005 ±0.007 (20)

0.037 ±0.010 (19)
0.057 ± 0.014 (19)
0.010 ± 0.009 (19)
0.054 ± 0.015 (19)

Values of m shown as mean ±950/0 CI, based on three replicates.

Table 2
First-Order Deactivation Constants and Their Corresponding Half-Lives

for ICI and SCI at Various Temperatures in HFCS

First-order kd/h-1 (half-life [h])

IGI

SCI

N z sparging
No Nz sparging
Nz sparging
No Nz sparging

0.008 ± 0.003 (89)
0.025 ± 0.005 (27)
0.002 ± 0.002 (286)
0.005 ±0.002 (145)

0.042 ± 0.024 (16)
0.060 ± 0.018 (12)
0.038 ± 0.012 (18)
0.133 ± 0.030 (5)

Values of kd shown as mean ± 95% CIs, based on three replicates.

was retained on the support during production of HFCS. The IGI pro
duced had an activity of 3.1 ± 0.5 unit GI/g (mean ± standard deviation).

Contribution of Thiol Oxidation to GI Thermoinactivation

The contribution of thiol oxidation of the cysteine residue to the ther
moinactivation of SCI and ICI at 60 and 80aC in HFCS, which initially con
tained only 1 M glucose, was investigated. The terms "nitrogen-sparged" or
"nitrogen-sparging" are used to denote conditions where the oxygen con
tent of the reaction medium was reduced by approx 95% compared with
air-saturated conditions.

Table 1 shows the rate of thiol oxidation (m, in h-1), for SCI and ICI
under various conditions. The first-order deactivation kinetics model (Eq. 2)
was used to describe the enzyme deactivation because of thiol oxidation,
and linear regression was performed on the enzyme activity profiles
obtained for IGI and SCI at different temperatures in HFCS, which initially
contained only 1 M glucose. The best-fit first-order deactivation constants,
kd , and their corresponding half-lives are listed in Table 2. Figures 2 and 3
show the stabilities of SCI and ICI under air-saturated and nitrogen-sparged
conditions at 60 and 80aC, respectively.
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Fig. 2. Deactivation constant (kd ), for IGI and SGI at 60°C in batch reactors. Data
shown as mean ± 95% CI. Enzymes were incubated in Tris-HCl buffer (pH 8.0) that
initially contained 1 M of glucose.

In general, the rate of thiol oxidation was higher when the enzyme
was incubated under air saturation. For SCI at 60°C, experimental data
showed a negligible rate of thiol oxidation, based on a 95% CI. There was
also no significant difference in the extent of oxidation of the thiol group
between the nitrogen-sparged and air-saturated batches, which suggests
that the cysteine residue in SCI is not susceptible to oxidation at 60°C. For
ICI at 80°C, there was no significant difference between the slopes repre
senting the rates of decrease of thiol content under air and nitrogen satu
ration. It can also be noted that at 80°C, under air saturation, there was no
difference between the rate of thiol oxidation for ICI and SCI. On the other
hand, with nitrogen sparging, the rate of thiol oxidation for ICI was at least
1.4 times higher than that of SCI at 80°C (0.027/0.019). It was also visually
observed that for SCI, protein precipitation became more and more severe
at higher temperatures. At 80°C, SCI precipitation occurred within the first
30 min of reaction. Reaction medium browning, measured spectrophoto
metrically at 330 nm, also became more noticeable for SCI as the tempera
ture increased from 60 to 80°C.

At 60°C without nitrogen sparging, SCI was more stable than ICI.
Using nitrogen sparging to reduce the dissolved oxygen content enhanced
ICI stability by at least 1.8 times (0.020/0.011). Conversely, at a 95% confi
dence level, no difference was observed between the nitrogen-sparged and
air saturation runs for SCI. The thiol concentration profile of ICI at 60°C
shows that thiol oxidation occurred in parallel with ICI deactivation. This
suggests that thiol oxidation contributed to the thermoinactivation of ICI.
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Fig. 3. Deactivation constant (kd ), for ICI and SCI at 80DC in batch reactors. Data
shown as mean ± 95% CIs. Enzymes were incubated in Tris-HCl buffer (pH 8.0) that
initially contained 1 M of glucose.

No conclusion can be drawn regarding the relation between thiol oxidation
and deactivation for SGI because there was little (if any) change in the thiol
content of SCI at 60°C, irrespective of the oxygen content in the system.

Nitrogen sparging of SGI at 80°C reduced the extent of thiol oxidation
in SGI, and at least doubled the stability of the enzyme compared with that
under oxygen saturation. However, for IGI there was no statistically signifi
cant difference in half-life between the nitrogen-sparged vs air-saturation
conditions. Nitrogen sparging did not reduce the rate of thiol oxidation of
the cysteine residue of IGI (Table 1). Therefore, there was not enough evi
dence to suggest that thiol oxidation was a cause of IGI deactivation, unlike
at 60°C. The key conclusion that can be drawn from these observations is
that thiol oxidation is a likely reason for the loss of activity of SGI at 80°C.

At 80°C, under air-saturation conditions, IGI was at least 1.3 times
(0.103/0.078) more stable than SGI, even though there was no statistically
significant difference in the rate of thiol oxidation for both enzyme forms.
When nitrogen sparging was used, there was no statistically significant
difference between the stability of IGI and SGI, in spite of the observation
that the rate of thiol oxidation for IGI was at least 1.4 times higher than that
of SGI. There was also no statistically significant difference between the
half-lives of ICI (under air saturation) and SCI (under nitrogen-sparged
conditions). These observations indicate that, compared with SGI, the sta
bility of IGI was less sensitive to thiol oxidation. This is also an indication
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Table 3
Relative Change in Thiol Oxidation Rate and Half-life for ICI and SCI

When Reaction Temperature was Increased From 60 to 80aC

125

Temperature increased from 60 to 80aC

IGI

SCI

N2 sparging
NoN2 sparging
N 2 sparging
No N 2 sparging

Relative increase in
thiol oxidation rate

2.7
2.7
1.0
3.3

Relative decrease
in half-life

1.6
1.4
6.5

15

that immobilization protected the enzyme against inactivation owing to
thiol oxidation.

The relative increases in the rate of thiol oxidation and the half-life of
IGI and SGI when the reaction temperature was increased from 60 to 80aC
are shown in Table 3. Based on Table 3, it can be concluded that nitrogen
sparging did not reduce the extent of thiol oxidation of IGI. Immobilization
of GI probably affected the structure of the enzyme so that the increase
in temperature resulted in equal increase in the thiol oxidation rate of the
enzyme, regardless of the oxygen content in the reaction medium. Nitrogen
sparging did not affect the rate of thiol oxidation in SGI when the temper
ature was increased from 60 to 80aC; however, the stability of the enzyme
still decreased by at least a factor of 6.5. On the other hand, under air satu
ration, the same increase in temperature resulted in at least a IS-fold
decrease in stability. This suggests that the change in stability was not
owing to thiol oxidation alone, even though thiol oxidation was important.
Clearly, other processes also contributed to the loss of SGI activity.

Volkin and Klibanov (1) reported that the four monomeric subunits of
S. olivochromogenes GI molecule each contain one cysteine residue imbed
ded in the interior of the hydrophobic core of the enzyme. At 60aC, it was
possible that SCI did not undergo significant conformational change, and
the cysteine residue remained protected in the hydrophobic core of the
enzyme molecule. Conversely, at 80aC, SCI experienced significant confor
mational changes, as implied by the severe enzyme precipitation that
occurred within the first 30 min of the reaction; these conformational
changes exposed the enzyme's cysteine residues to oxygen in the reaction
medium. Conversely, when the temperature increased from 60 to 80aC, IGI
did not undergo enzyme precipitation, suggesting that IGI did not undergo
severe conformational changes, unlike SGI. These observations suggest a
relationship between the enzyme's conformational change and the adverse
effects of thiol oxidation.

Immobilization made the enzyme more susceptible to thiol oxidation at
60aC, perhaps by a structural change in the enzyme during the immobilization
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process that caused the enzyme's cysteine residue to be more readily
accessible for oxidation. Such a structural change in the enzyme after
immobilization may have also suppressed the destabilizing effect of thiol
oxidation on the enzyme at 80aC.

Contribution of the Maillard-Like Reaction to GI Thermoinactivation

Independent reaction kinetics studies by Lim (14) on both soluble and
immobilized CI from S. rubiginosus have shown a reduction in total sugar
(glucose and fructose) in the reaction medium that paralleled the loss of the
enzyme activity. This is a strong indication of the occurrence of the Maillard
like reaction between the enzyme and the sugars. The effect of different sug
ars on the deactivation of CI was investigated at 60, 70, and 80°C by
incubating the enzyme in 1 mol/L of either sucrose, xylose, or galactose, fol
lowed by a subsequent activity assay. Sucrose, a nonreducing disaccharide is
the least reactive with proteins, whereas xylose has the greatest reactivity (3).

The first-order deactivation kinetics model (Eq. 2) was used to model
CI deactivation. Linear regression was performed on the semilog enzyme
activity profiles. The best-fit first-order deactivation constants and their
corresponding half-lives are listed in Table 4. These results are based on a
single trial with each sugar; each trial contained six data points. The use of
data from only a single run for each condition might not reflect the overall
variability that would otherwise be observed from experimental replicates
under the same condition. However, all the experiments in this study were
performed simultaneously, to reduce variability owing to enzyme activity
and other biological artifacts. Therefore, it is still reasonable to compare
the experimental data within the study.

Experimental trials with xylose showed greater variability1fluctuation,
for both IGI and SCI. The fluctuations were also manifested in relatively
larger standard deviations of GI stability in xylose (Table 4). This could be
because of the fact that xylose, a compound with greater affinity for GI than
glucose (the substrate in the activity assay) was bound to the enzyme's
active site during incubation. This also accounts for the observation that GI
preincubated in xylose had initial activities (i.e., at time zero of incubation)
that were 80-87% lower than those for CI preincubated in sucrose and
galactose. These relatively low activities ultimately introduced greater vari
ation in the data arising from experiments with xylose.

The stabilities of SCI and ICI depend both on the presence of the sug
ars and reaction temperature. At 60aC, SCI was at least 1.2 times
(0.019/0.016) more stable in galactose than in xylose, whereas at 70 and
80aC, there was no statistically significant difference between the stability of
SCI in either galactose or xylose. However, at both 60 and 80aC, the stability
of SCI incubated in sucrose was dramatically more than that observed
when the enzyme was incubated in galactose or xylose. At 80aC, SCI was
about three to five times more stable in sucrose than in galactose or xylose,
respectively. At 60aC, there was no statistically significant difference in
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Table 4
Effect of Exogenous Sugars on the Deactivation of GI

First-order kd , h-1

Sugar used Enzyme
(half-life, h)

for incubation form 60°C 70°C 80°C

1 M sucrose IGI 0.020 ± 0.002 No data 0.121 ± 0.061
(least reactive (35.0) available (5.7)
with proteins) SGI Very stable No data 0.025 ± 0.004

kd approx 0 available (28.0)
1 M galactose IGI 0.023 ± 0.012 0.051 ± 0.026 0.118 ± 0.054

(30.1) (13.5) (5.9)
SCI 0.014 ± 0.002 0.088 ± 0.003 0.172 ± 0.063

(49.5) (7.8) (4.0)
1 M xylose IGI 0.028 ± 0.021 0.138 ± 0.056 0.243 ± 0.040

(most reactive (24.4) (5.0) (2.8)
with proteins) SGI 0.073 ± 0.054 0.104 ± 0.059 0.308 ± 0.114

(9.5) (6.7) (2.2)

kd values are shown as mean ±95% CIs.

stability of IGI incubated in the three different sugars. However, at 70aC, IGI
was at least 1.1 times more stable in galactose than in xylose, whereas at
80aC, IGI was at least 1.1 times more stable in sucrose than in xylose, and
at least 1.2 times more stable in galactose than xylose. Browning of the
reaction medium was also visually observed and was more prevalent at
higher temperatures. Browning was most prominent in sucrose, and least
prominent in xylose.

Based on changes in enzyme half-life on incubation in different sugars
at any particular temperature, it is apparent that immobilization sup
pressed the effects of the Maillard-like reaction on the thermoinactivation
of GI, especially at lower temperatures «80aC). Such suppression could be
because of the glutaraldehyde crosslinker used to activate the silanized
support before the enzyme-coupling step. It is expected that glutaralde
hyde reacted mainly with the lysine residues on the GI, the very residues
most susceptible to the destructive Maillard reaction (3). The Maillard-like
reaction between the enzyme's lysine residue and the sugars was less
prominent in IGI, possibly because the lysine residues had been used to
link the enzyme to the support, and hence, was not available for reaction
with the sugars. Even though definitive detection of the Maillard reaction
between the enzyme and the sugars was not established in this study,
experimental observations of the stability of SGI and IGI under sugars of
different reactivities, and the definitive loss of total sugar in the reaction
medium that occurred concurrently with the loss of enzyme activity (14)
are consistent with a Maillard-like reaction between the enzyme and the
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Table 5
Comparison of TONs (Gram Fructose Produced/Gram Enzyme Consumed)

and Deactivation Rate Constants (Mean Value ± 95% CI)
for IGI Under Continuous Isomerization Conditions

IGI TON, per g wet mass
TON, per g dry mass
k

d
, h-1 (half-life [h])

72
2.4 x 102

0.0085 ± 0.0022 (82)

78
2.6 x 102

0.019 ± 0.005 (36)

sugars. Furthermore, the results from these trials are consistent with those
of Quax (2), who previously suggested that the Maillard reaction between
a lysine residue and HFCS was responsible for the thermoinactivation of
SGI from A. missouriensis.

GI Thermoinactivation in Continuous Reactors

Thermoinactivation studies of the IGls in continuous reactors pro
vided thermostability information under conditions that more closely
reflect actual industrial operation. Batch operation allows inhibitors to
accumulate, whereas continuous operation carries out these inhibitors
with the effluent, reducing their impact on the enzyme. Therefore, contin
uous reactors provided another platform to investigate the effect of the
Maillard reaction on the thermoinactivation of IGI.

A sample calculation of TON is given as follows: at 60°C, an average
of 12.8 g of fructose was produced after 265 h of continuous reaction cat
alyzed by 2.0 g of IGI, based on two experimental replicates. The fraction
of active IGI left at the 265th h was 0.11, calculated using the enzyme deac
tivation model with the best-fit kd value. Thus, the total mass of wet IGI
consumed was 1.8 g. Therefore, the TON was 7.2 g fructose/ g wet IGI con
sumed, and the TON per gram dry mass was 239. The best-fit first-order
deactivation constants and the TONs for all experimental conditions are
shown in Table 5.

During continuous isomerization at 60°C, IGI was at least 1.9 times
more stable than IGI under batch isomerization conditions, based on the
computed kd values. At 80°C, IGI during continuous isomerization was at
least 1.8 times more stable than it was during batch processing, a similar
improvement to that observed at 60°C.

The difference in the relative stability of IGI in batch and in continuous
reaction systems might be because of differences in the extent of the Maillard
like reaction in the two systems. During batch processing, equilibrium was
reached within 10-20 min, and the enzymes were then continuously exposed
to high concentrations of sugars for an extended period of time. During this
period, samples were removed and subjected to a kinetics assay for enzyme
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Table 6
Factors Contributing to Thermoinactivation of IGI and SGI

129

Factors causing deactivation
SCI ICI

Relative stability (in HFCS,
under air-saturation

conditions)

60°C Maillard-like
reaction

80°C Thiol oxidation
and Maillard
like reaction

Thiol oxidation and
Maillard-like reaction
(relatively mild)

Maillard-like reaction
(relatively mild)

SCI>ICI

ICI >SCI

activity. By comparison, in the continuous systems, certain regions of the bed
were exposed to lower concentrations of fructose, and the loss of activity was
directly determined from the change in outlet fructose concentrations over
time. Consequently, the exposure of the enzymes to sugars responsible for
the Maillard-like reaction was different, with higher levels of exposure in the
batch system. Furthermore, in the batch system, these sugars had a longer
residence time in the reactor and hence, more time for the Maillard-like reac
tion to proceed. The resulting accumulation of byproducts in the batch sys
tem may have enhanced the inactivation of the enzyme under batch
conditions. In the continuous reactors, the sugars were constantly removed
from the system, which therefore limited the amount of byproduct formation
as a result of the Maillard-like reaction. The overall effects of thiol oxidation
and the Maillard-like reaction on the stability of SGI and IGI are summarized
in Table 6.

Conclusions

s. rubiginosus GI was successfully immobilized onto silica gel using a
covalent-binding method following derivitization with APES. The immo
bilized enzyme had high enzyme retention on the support during glucose
isomerization reaction. For SGI, the Maillard-like reaction was the main
contributor to inactivation at 60°C, whereas at 80°C, both the Maillard-like
reaction and thiol oxidation were significant. For IGI, a mild effect of the
Maillard-like reaction was observed at 60°C and 80°C. Thiol oxidation was
significant at 60°C, but not at 80°C. Furthermore, SGI was more stable than
IGI at 60°C, but the converse was true at 80°C. Therefore, immobilization
shifted the thermoinactivation mechanism of GI. At 80°C, there was evi
dence that thiol oxidation of IGI still occurred, but its impact on IGI deac
tivation was reduced. Thermoinactivation of IGI at temperatures higher
than 60°C could be also caused by deamidation of the asparagine and/or
glutamine residues of the enzyme (1).

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



130

Nomenclature

[E] active enzyme concentration (M)
[Eo] initial enzyme concentration (M)
kd degradation rate constant in Eq. 2 (h-1)

IGI immobilized GI produced at the lab
SGI soluble GI supplied by Genencor
t time (h)
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Abstract

An approach is presented for obtaining relative filter paper activities for
enzyme preparations having activities below that required for application of
the traditional International Union of Pure and Applied Chemistry filter
paper assay. The approach involves the utilization of protein stabilizers to
retard the time-dependent enzyme inactivation that may occur under tradi
tional filter paper assay conditions. Enzyme stabilization allows extended
reaction times and the calculation of relative activities based on the time
required for saccharification of 3.6% of the traditional substrate, making
results proportional to those obtained in the traditional International Union
of Pure and Applied Chemistry assay. The assay is demonstrated using a
commercial cellulase preparation along with KCI and bovine serum albumin
as protein stabilizers.

Index Entries: Assay; cellulase; filter paper.

Introduction

Considerable research is aimed at obtaining novel cellulase enzyme
systems for application in the forest products, textile, food, and biomass
conversion industries. Microbial enzyme systems capable of catalyzing the
degradation of native celluloses include multiple cellulolytic enzymes,
either complexed or noncomplexed (1,2) that act in concert to solubi
lize/saccharify crystalline cellulose (3). Assays using cellulose substrates
that are somewhat recalcitrant to cellulase-catalyzed hydrolysis are useful
for assessing the potential of these enzyme systems because their rates of
saccharification are, presumably, dependent on the well-documented syn
ergism that is associated with many cellulase preparations (4). Substrates
such as filter paper, microcrystalline cellulose, bacterial cellulose, and cot
ton are particularly informative because they contain an appreciable
amount of crystalline cellulose. The International Union of Pure and

*Author to whom all correspondence and reprint requests should be addressed.
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Applied Chemistry (IUPAC) Commission on Biotechnology has endorsed
an assay based on the degradation of filter paper (5). The IUPAC filter
paper assay is widely accepted as the "standard" method for measuring
the activity of noncomplexed cellulolytic enzyme systems.

The IUPAC assay is based on the identification of the amount of
enzyme that will solubilize 2.0 mg of reducing sugar equivalents (RSE)
from 50.0 mg of filter paper in a 1-h reaction period. Because of the hetero
geneous (amorphous/crystalline) nature of filter paper, the assay is based
on the conversion of a specified amount of substrate, i.e., 3.6% (2.0 mg sol
uble glucose is equivalent to approx 3.6% of the glucose in 50.0 mg dry fil
ter paper) (6). The assay itself requires that a minimum of two enzyme
concentrations be tested: one mixture producing slightly more and another
mixture producing slightly less than 2.0 mg RSE in the assay. The amount
of enzyme preparation containing 0.37 filter paper units (FPU) (i.e., that
amount that generates 2.0 mg RSE in 1 h) is then calculated based on the
empirical observation that, at enzyme concentrations approaching 0.37
FPU per reaction mixture, the amount of RSE in a given reaction mixture
is proportional to the log of the enzyme concentration (Eq. 1).

il[P1] = K1[illog(E)] (1)

where [PI] is the product (mg RSE) generated in 1-h filter paper assay, [E]
is the enzyme concentration, and K1 is the constant of proportionality. The
value of the proportionality constant is dependent on the reaction condi
tions, including the source and history of the enzyme. Thus, if one plots
the data from a series of reaction mixtures (as total RSE generated vs log
enzyme concentration) it will yield a straight line from which the amount
of enzyme preparation corresponding to 0.37 FPU can be obtained. The
obvious requirement for this assay is that the enzyme preparation must be
sufficiently active to generate ~2.0 mg of RSE in 1 h. This requirement pre
sents a limitation in using the IUPAC assay for the routine analysis of cel
lulase preparations whose activity is inherently low. In particular, enzyme
samples resulting from native microbial environments, novel microbial
culture systems, and plant or microbial extracts will often be of relatively
low activity. To measure the filter paper activity (FPA) of these "low-activ
ity" samples require that the enzyme sample be concentrated, such that the
concentrated preparation will generate sufficient product. In general,
enzyme concentration is achieved by ultrafiltration and/or lyophilization
techniques, both operations running the risk of enzyme inactivation (7).

The objective of this note is to explain an approach that may be
used in conjunction with the 3.6% conversion rationale, as developed
for the standard filter paper-based assay, to obtain relative FPAs for
"low-activity" cellulase preparations. The approach is based on the use
of enzyme stabilizers; enzyme stabilization allows relative FPAs to be
determined based on the time taken to generate a specified amount of
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RSE (i.e., 2.0 mg as specified in the IUPAC assay). The presented
approach, in which time is varied, is in contrast to the traditional assay
in which enzyme concentration is varied, whereas time is fixed. Enzyme
stabilization allows activity values to be obtained through Eq. 2, which
has the same form as Eq. 1.

~[Pt] =K2 (~log t) (2)

where Pt is the product (RSE [mg]) generated at time (t), t is the time of
reaction, and K2 is the constant of proportionality.

Materials and Methods

Materials

All chemicals were reagent grade unless specified otherwise. General
reagents were obtained from commercial suppliers. Bovine serum albumin
(BSA), fraction V, was obtained from Sigma Chemical Co. (St. Louis, MO).
The substrate used for all assays was Whatman No. 1 filter paper
(Whatman LabSales, Inc., Hillsboro, OR). Fifty milligram substrate strips
were weighed to 1.0 mg accuracy. The cellulase preparation (Cellulysin)
was purchased from Calbiochem Corp. (San Diego, CA) and used without
modification. Enzyme stock solutions were prepared by dissolving
enzyme preparations in distilled-deionized water immediately before use.

Activity Assay

Traditional filter paper assays were done according to IUPAC specifi
cations (5). Modified assays for the measurement of "low-activity" enzyme
preparations were done according to IUPAC specifications with the fol
lowing exceptions:

1. Reaction mixtures were supplemented with stabilizers at the con
centrations given in Table 1.

2. Where indicated in the text, reaction times were extended beyond
the 1 h assay period until a time at which ?2.0 mg RSE could be
detected in the reaction mixture.

3. Stabilized reaction mixtures were made 0.02 M in sodium azide to
prevent microbial growth over the prolonged reaction period. Soluble
RSE were determined using the dinitrosalicylic acid assay (8).

Results and Discussion

Classical enzyme theory dictates that for a specified set of reaction
conditions the amount of product generated in any of a series of reaction
mixtures differing only with respect to enzyme concentration will be
entirely dependent on the product of the enzyme concentration of the
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Table 1
Solutes and Combinations of Solutes Tested for Ability to Alleviate
Time-Dependent Inactivation of Commercial Cellulase Preparations

Under Standard Filter Paper Assay Conditions

Component

Glycerol
Sorbitol
Mannitol
Inositol
Ascorbic acid
Potassium chloride
Potassium chloride
Magnesium sulfate
BSA
BSA
Combinations
Mineral oil and degassed buffer
BSA and calcium chloride
BSA and glycerol
BSA, glycerol, and ascorbic acid
BSA, mannitol, and ascorbic acid
BSA, glycerol, and potassium chloride
BSA and potassium chloride
BSA and potassium chloride
BSA and potassium chloride

Concentration

1.1 M
1.1M
1.1 M
1.lM
1.9mM
1.0M
3.0M
1.0M
1.0 mg/mL
3.0 mg/mL

200 ~m layer
1.0 mg/mL, 1.0 M
1.0 mg/mL, 1.1 M
1.0 mg/mL, 1.1 M, and 1.9 mM
1.0 mg/mL, 1.1 M, and 1.9 mM
1.0 mg/mL, 1.1 M, and 2.0 M
1.0 mg/mL, 2.0 M
1.0 mg/mL, 1.0 M
1.0 mg/mL, 0.4 M

reaction mixture and the time of the reaction (9). This general statement
may be expressed as in Eq. 3.

[E] x t = [[(Pt )] (3)

(4)

where [E] is the enzyme concentration, t is the time of reaction, and [P t ] is
the product concentration generated at time t. In terms of the IUPAC filter
paper assay, Eq. 3 indicates that the point on a progress curve corresponding
to 2.0 mg of RSE will be directly related to the product of enzyme concen
tration and time ([El x t). The equation also suggests that FPA can be deter
mined by using a single enzyme concentration and noting the time
required to obtain 2.0 mg of RSE. The activity of a cellulase preparation
would then be calculated as in Eq. 4.

FPA = l(h) (0.37)
t2

where FPA is the filter paper activity and t2 is the time in hours, required
for generation of 2.0 mg RSE. As Eq. 3 must be valid for Eq. 4 to be applied,
its validity must be determined. The validity of Eq. 3 is easily tested by
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Fig. 1. Progress curves of cellulase reaction plotted in terms of soluble RSE vs reac
tion time (h) multiplied by the amount of enzyme added to the reaction mixture
(expressed as the fold dilution of a stock solution). Reaction conditions were as
described for the IUPAC filter paper assay. The stock cellulase preparation for this
experiment contained 0.14 FPU/mL. Dilutions: 27-fold (0), ninefold (0), threefold (0),
and undiluted (6).

comparing progress curves (as [P
t
] vs [E] x t) for reaction mixtures con

taining different enzyme concentrations (9). The progress curves are
expected to overlay each other if Eq. 3 is obeyed. And Eq. 3 will be obeyed
if the activity of the enzyme is stable over the assay period, or if changes
in enzyme activity are a consequence of the percent of substrate converted
(such as is expected with a heterogeneous amorphous/crystalline sub
strate like cellulose) or classical product inhibition. If such theoretical
behavior is observed (Eq. 3 is valid), then Eq. 4 may be applied directly.
However, if the progress curves are not well behaved, as is the case for the
commercial enzyme preparation depicted in Fig. 1, then Eq. 4 is not
directly applicable. The nature of the time-courses in Fig. 1 indicate that
there is a time-dependent enzyme inactivation that occurs over the course
of the assay, and this change in activity is not a simple function of the
extent of substrate conversion. Thus, under standard IUPAC conditions (as
was used in the experiment generating the data in Fig. 1), one cannot inter
change reaction time and enzyme concentration.

Equation 4 may be correctly applied to the enzyme preparation of
Fig. 1 only if the time-dependent inactivation is effectively alleviated.
Previous studies suggest that the observed inactivation is owing to prote
olytic degradation (10) and/or thermal inactivation (11-13). Hence,
approaches to stabilize the enzyme preparation should likely focus on these
mechanisms of inactivation. A number of potential stabilizers, alone or in
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Fig. 2. Progress curves of cellulase reaction plotted in terms of soluble RSE vs reaction
time (h) multiplied by the amount of enzyme added to the reaction mixture (expressed
as the fold dilution of a stock solution). Reaction conditions were as described for the
IUPAC filter paper assay with the exception that reaction mixtures were supplemented
with enzyme stabilizers (reaction mixtures contained 1.0 mg BSA/mL and were 1.0 M in
KCD. The stock cellulase preparation for this experiment contained 0.35 FPU/mL.
Dilutions: 27-fold (0), ninefold (0), threefold (0), and undiluted (L,).

combination, were tested in this study (Table 1), including glycerol, sugar
alcohols, salts, BSA, ascorbic acid, and the exclusion of dissolved gases
(particularly oxygen; achieved by degassing the buffer and covering the
reaction mixture with mineral oil). In the present case, optimal stability was
obtained when reaction mixtures were made 1.0 M in KCl and 1.0 mg/mL
in BSA. The salt is expected to stabilize the protein through its preferential
hydration (14). The BSA may stabilize the system by its hydration proper
ties as well as its ability to act as a competitive substrate for proteolysis. The
addition of the stabilizers resulted in an enzyme preparation whose activ
ity was stable for up to 20 h, as evidenced by the overlaying progress curves
of Fig. 2 (compare with the analogous curves of Fig. 1). Thus, Eqs. 2-4
appear to be applicable, and a relative FPA can be calculated based on Eqs.
2 and 4 when the stabilizers are used.

An unfortunate consequence of the added stabilizers is that they tend
to decrease the measured FPA relative to equivalent enzyme preparations
acting in the absence of stabilizers. The "stabilized" enzyme system
described earlier, when tested in the standard IUPAC assay with sufficient
enzyme to generate 2.0 mg RSE in lh, had approx 60% of the activity
observed for the same enzyme preparation in the absence of stabilizers.
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Fig. 3. Semilog plot of filter paper-derived soluble RSE vs time for two "low-activ
ity" enzyme preparations. Reaction conditions were as described for the IUPAC filter
paper assay with the exception that enzyme stabilizers were added to reaction mix
tures (as described in Fig. 2). The enzyme preparations were prepared by diluting
approx 0.9 FPU/mL stock enzyme solution sevenfold (0,0) and 14-fold (0,6).

Hence, the activity measured under stabilizing conditions cannot be
directly interpreted in terms of absolute IUPAC FPU. However, this does
not limit the use of the presented approach for obtaining relative FPAs. If
absolute FPUs are to be calculated for enzyme preparations assayed in the
presence of stabilizers, then a correction factor, based on separate kinetic
experiments, must be determined. Such correction factors are not neces
sary for the determination of relative FPAs.

The application of stabilizers in the filter paper assay is illustrated in
Fig. 3 and Table 2. In this case, two low-activity enzyme solutions were
prepared by diluting (7-fold and 14-fold) an enzyme solution known to
contain 0.95 FPU/mL, based on the traditional IUPAC assay. Hence, the
diluted enzyme solutions contained approx 2.5- and 5-fold less activity
than the minimum required for the traditional assay (0.37 FPU/mL). The
test solutions were then assayed in the presence of stabilizers. Total RSE
was determined at selected time-points over extended assay periods until
at least 2.0 mg RSE could be detected. Times corresponding to the targeted
2.0 mg RSE end point were determined based on Eq. 2 (data presented in
Fig. 3), and subsequently, FPAs were calculated based on Eq. 4. The mea
sured activities were found to be directly proportional to the fold dilution
used to prepare the test samples (Table 2). Hence, the assay with the incor
porated stabilizers correctly measured the relative FPA of the enzyme
preparations; these values could not have been obtained using the tradi
tional IUPAC assay because of their relatively low activities.
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Table 2
Measured Vs Theoretical Activities for a Series of Diluted Enzyme Preparationsa

Enzyme Measured Theoretical Measured activity/
preparationsb activityC activityd theoretical activity

Standard solution 0.56 (0.010)
Sevenfold diluted 0.078 (0.009) 0.080 0.98
14-fold diluted 0.039 (0.001) 0.040 0.98

aActivity determined as a function of time required to produce 2.0 mg soluble RSE in
modified filter paper assay.

bThe standard solution was prepared from a commercial cellulase preparation and
assayed "as prepared," other enzyme preparations were prepared by the indicated dilution
of the standard solution. All reaction mixtures contained 1.0 mg BSA/mL and were 1.0 M
Kel, as described in Fig. 2.

CMean (standard error of mean).
dObtained by dividing the activity of the standard solution by the fold dilution.

It is informative to consider the assay approach described in this note
to previously suggested permutations of the filter paper assay. The assay,
as adopted by IUPAC, was discussed in some detail in 1976 (6). The
emphasis at that time was to fix the extent of conversion of the substrate
and the time of the reaction. The chosen extent of conversion was deemed
appropriate because 3.6% was considered well past the extent of conver
sion that would be expected for an incomplete cellulase. In choosing this
value, and the corresponding 1-h reaction time, it set a limit as to the min
imum activity to which this assay could be applied. This limitation has
been addressed in different ways over the years. The "low-activity" assay
of Chan et al. (15) is based on the conversion of approx 1.5% of the filter
paper substrate, the activity then being calculated in Forintek units. Assays
based on either Forintek or FPUs are expected to show similar trends with
respect to enzyme activity; but Forintek and FPUs are not expected to be
directly proportional owing to the two assays being based on different
extents of substrate conversion. Another permutation that under certain
circumstances may allow the analysis of lower activity samples is the
inclusion of supplemental ~-glucosidase in the reaction mixture (16). The
cited paper was actually addressing the need for a better measure of
the extent of saccharification (as have others, [17]); but inclusion of ~

glucosidase may serve to enhance the rate of filter paper saccharification
by those enzyme preparations inherently low in this enzyme and thus,
inadvertently make the assay more amenable to lower activity enzyme
preparations. However, it is clear that a ~-glucosidase-supplemented

activity will not be particularly relevant for some applications. A similar
argument may be made about the present work that a "stabilized" FPA
will not be particularly relevant for some applications. All of the suggested
assay permutations that directly or indirectly accommodate low-activity
samples have some limitations. We think the method presented here is a
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noteworthy addition to the field in that it addresses the mechanistic basis
underlying the limitation of the filter paper assay for low-activity samples
and it allows one to obtain relative FPA values that were previously
unattainable. The merit of any such values, as is the case with activity val
ues obtained with the standard IUPAC assay, is dependent on the particu
lar application of the enzyme system (18).
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Abstract

There is tremendous interest in using agro-industrial wastes, such as
cellulignin, as starting materials for the production of fuels and chemicals.
Cellulignin are the solids, which result from the acid hydrolysis of the sugar
cane bagasse. The objective of this work was to optimize the enzymatic
hydrolysis of the cellulose fraction of cellulignin, and to study its fermenta
tion to ethanol using Saccharomyces cerevisiae. Cellulose conversion was opti
mized using response surface methods with pH, enzyme loading, solid
percentage, and temperature as factor variables. The optimum conditions
that maximized the conversion of cellulose to glucose, calculated from the
initial dried weight of pretreated cellulignin, (43°C, 2%, and 24.4 FPUIg of
pretreated cellulignin) such as the glucose concentration (47°C, 10%, and 25.6
FPUI g of pretreated cellulignin) were found. The desirability function was
used to find conditions that optimize both, conversion to glucose and glu
cose concentration (47°C, 10%, and 25.9 FPUI g of pretreated cellulignin). The
resulting enzymatic hydrolyzate was fermented yielding a final ethanol
concentration of 30.0 giL, in only 10 h, and reaching a volumetric produc
tivity of 3.0 g/L-h, which is close to the values obtained in the conventional
ethanol fermentation of sugar cane juice (5.0-8.0 g/L'h) in Brazil.

Index Entries: Cellulignin; enzymatic hydrolysis; ethanol production; sugar
cane bagasse; cellulases; simultaneous saccharification; saccharomyces cerevisiae.

Introduction

Sugarcane bagasse represents the main lignocellulosic material to be
considered in many tropical countries, because it is readily available in the
distilleries without additional cost and has high carbohydrate and low

*Author to whom all correspondence and reprint requests should be addressed.
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lignin content (1). In Brazil, sugarcane (Saccharum sp.) is one of the most
important agro-industrial product. According to data of Sao Paulo State
Research Foundation (2), about 60-90% of the generated bagasse from
milled sugar cane in the country is used as fuel for steam and energy pro
duction and, between 10 and 40% is not used, representing about 5-12
million t annually. In 2003, 340 million t of sugarcane were produced and,
consequently, 91.8 millions t of bagasse were generated. Because of the
high carbohydrate content, sugar cane bagasse can be potentially used for
bioethanol production and/or others products, within the context of
biorefinery (3).

Lignocellulosic materials typically contain 55-75% of dry weight of
carbohydrates, which are polymers containing sugar units of five and six
carbon atoms. Sugarcane bagasse is made up of 38.1 wt% cellulose,
28.4 wt% hemicellulose, 18.4 wt% lignin, and 15.1 wt% proteins and ashes
(4). Cellulose is a biopolymer of P-l,4-linked glucose dimers (cellobiose).
This abundant biopolymer is made up of crystalline and amorphous
regions. The amorphous component is digested more easily by enzymes
than the crystalline component (5,6). Crystalline 'cellulose exists in the
form of microfibrils, which are paracrystalline assemblies of several dozen
of l,4-p-D-glucan chains that are tightly linked by numerous hydrogen
bonds, both side-to-side and top-to-bottom in a lattice like manner (6).

Hemicellulose are largely made up of aldopentoses (arabinose, xylose,
galactose, and manose) and present crosslinking glycans, which are a sort
of polysaccharides that can be linked to cellulose microfibrils by hydrogen
bonds (6/7). They may coat microfibrils but are also long enough to span
the distance between microfibrils and link them together to form a net
work. Lignin is a complex macromolecule of phenolic polymer, made up
of phenylpropanoid units (hydroxycinnamyl, p-coumaryl, coniferyl, and
sinapyl alcohols that constitute most of the lignin network) (8). Lignin is
the most abundant noncarbohydrate constituent of lignocellulosic mate
rial. Its presence represents a major problem for the biomass conversion
process because the physical structure of native lignocellulose is intrinsically
resistant to enzyme attack, especially cellulose, which is further protected by
the surrounding matrix of lignin, hemicellulose, and pectin (9/10).

The lignocellulosic biomass must be pretreated to make the cellulose
fraction more accessible to enzymatic attack. Diverse pretreatment processes
have been evaluated technically and economically aiming at improving
enzymatic hydrolysis, these include acid or alkali treatment, steam
explosion, and organic solvents (11/12). Pretreatments are also necessary in
order to use sugarcane bagasse in bioconversions, for producing several
compounds such as organic acids, xylitol, and mainly ethanol, which repre
sents a promising alternative fuel to reduce environmental problems (13).

In the bioconversion of solid cellulose to a readily fermentable stream
of glucose monomers, an enzymatic complex should be used. The enzy
matic complex that is able to hydrolyze cellulose to glucose molecules is
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called cellulases. This enzymatic complex is usually made up of three
types of enzymes that act synergistically. The first is called endoglucanases
(EC 3.2.1.4), which cut randomly at amorphous sites in the cellulose yield
ing smaller chains of cellulose called cello-dextrins (14). The second
enzyme group, called exoglucanases (glucohidrolase enzyme commission
[EC] 3.2.1.74 and celobiohidrolase EC 3.2.1.91), degrades cello-dextrins
and crystalline cellulose, thus liberating glucose and cellobiose as major
product (14,15). Finally, the cellobiose is hydrolyzed into glucose by p-glu
cosidases (EC 3.2.1.21). Currently, the costs of pretreatment and enzymes
for cellulose hydrolysis are still the main economic obstacle to the com
mercialization of biomass bioconversion technologies (14/15).

The aim of this work was to study the different factors that play an
important role in the enzymatic hydrolysis of cellulose; those variables
were pH, solid content, temperature, and enzymatic loading. In this con
text, it was required to establish the conditions to obtain optimal values for
the response variables (final concentration of glucose and conversion of
pretreated cellulignin to glucose). Finally, the evaluation of the resulting
hydrolyzate fermentability was also the subject of investigation. The fer
mentation experiments were carried out under the optimal conditions
found in the enzymatic hydrolysis stage.

Materials and Methods

Raw Material and Pretreatment of Cellulignin

The sugarcane bagasse, Saccharum sp., was provided by "Usina Costa
Pinto," Piracicaba in Sao Paulo, Brazil. The cellulignin was obtained by acid
hydrolysis of sugarcane bagasse, from which the hemicellulosic fraction
was removed (16). This resulting solid residue was pretreated for increas
ing the accessability of enzymes to cellulose, by removing partially the
lignin. The conditions for this pretreatment were as follows: the cellulignin
was mixed with a solution of NaOH 4% (w Iv), which was further sub
mitted to thermal treatment at 121°C for 30 min (17). The pretreated
cellulignin was then washed until pH 5.5 and finally, it was dried at 50°C
for 24 h, this solid was called celluligninG.

Enzyme Activities

Filter paper activity was determined as recommended by Chose
(1987) (18) and it is expressed as Filter Paper Units (FPU) per milliliter of
mixture. The activity of enzyme used, CC 220 of Genencor International Inc.
(Leiden, The Netherlands), was 104.27 FPUImL of mixture.

Enzymatic Hydrolysis

Pretreated cellulignin was hydrolyzed by using CC 220 (Genencor
International, Inc.). The enzymatic hydrolysis was carried out in 125-mL

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



144

Factor

1. Temperature (OC)
2. Enzyme loading

(FPU/ g CelluligninG)
3. pH
4. Solid (%)

Table 1
Full Factorial Design (34)

Low label (-1) Center label (0)

30 40

5.0 17.5
5.0 5.5
2 6

Vasquez et al.

High label (+1)

50

30.0
6.0

10

flasks on a shaker at 150 rpm. Temperature, pH (citrate buffer), solid per
cent, and enzyme loading were selected as the most important variables
for the optimization of the process.

Experimental Design for the Optimization of the Enzymatic Hydrolysis

Full factorial design of four factors at three levels was developed
(19). High, intermediate, and low levels of the factors were considered.
The experimental design matrix is shown in Table 1. The analysis of the
results of this design includes the computation of the linear (L), quadratic
(Q), and interaction effects, and the analyses of the variances ascribed to
them. The statistical significance of these effects was evaluated by using
t-tests and F-tests (19).

Final glucose concentration and conversion of celluligninG to glucose
were considered as response variables for the process analysis. A quadratic
model was obtained relating each response variable to the significant
effects. These models were used to define the conditions that separately
and simultaneously maximize the response variables. The method devel
oped by Derringer and Suich (20) was adopted in the case of multiple
response optimization. Their procedure makes use of the so-called desir
ability functions (19-21). The STATISTICA 6.0 (Statsoft, Inc., Tulsa, OK)
software was used here in order to implement all these statistical analysis.

Yeast Cultivation

A pure culture of Saccharomyces cerevisiae was isolated from commer
cial yeast Fleischmann in the Laboratory of Bioprocess Development at the
Federal University of Rio de Janeiro, Brazil, and it was used in the fer
mentation assays. Inoculum was obtained in 500-mL shaker flask with a
working volume of 250 mL, and a medium consisting of (giL): glucose,
30; urea, 1.25; KH2PO4' 1.1; yeast extract, 1.5; salts, and citric acid solution
40 mLIL (22). Glucose was sterilized separately from the others compo
nents to prevent damage to the nutritional qualities of the medium. The
sterilization condition, in both cases, was 111°C for 15 min. The pH and
temperature were maintained at 5.5 and 37°C, respectively, during 10 h.
After cell quantification, the volume required to achieve the initial cell con
centration in the bioreactor, was centrifuged at 5000 rpm for 15 min.
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Fermentation Assay

Experiments were carried out in a batch bioreactor (BIOFLO III, New
Brunswick Scientific, New Brunswick, NJ; 1.5 L) with 1.0 Lworking volume, at
37°C, 300 rpm, pH 5.0, and an initial cell concentration of 4.0 g (dry
weight) /L. The hydrolyzed products obtained after the enzymatic hydroly
sis were used as fermentation medium without any nutritional supplements.
Three fermentations were run, each one with the hydrolyzate obtained under
the conditions established by the separate and simultaneous maximization of
the response variables (conversion to glucose and glucose concentration).

Analytical Methods

The cells were measured for absorbance at 570 nm and a calibration
curve obtained by the dry weight method was used (23). Glucose, cellobiose,
and ethanol concentration were determined by high-performance liquid
chromatography-Waters by using a Shodex SCIOlI ion exchange column for
sugars (300 x 8 mm2; Shoko Co., Ltd., Tokyo) at 80°C as stationary phase and
degassed Milli-Q (Molsheim, France) water as the mobile phase at a flow
rate of 0.6 mL/min (24).

Results and Discussion
Several delignification processes were evaluated in a previous study

in order to improve or facilitate the accessibility of the enzymes to the
cellulose matrix (25). Of the evaluated pretreatments, the one coded as G,
as described previously, resulted in the best performance of the enzyme
preparation. This pretreatment improves 2.4 times the performance of the
enzymatic hydrolysis when compared with the analog process with non
pretreated cellulignin (Fig. 1).

The results of 87 experiments, obtained by utilizing a three-level full
factorial design with four factors (34) plus six replicates in the center value,
were analyzed by considering glucose concentration and conversion to
glucose as output (response) variables. The results of this analysis are
shown by using the Pareto charts as they present, very clearly, the most
significant effects (21). In these charts, the effects represented by rectan
gles, which lay to the right side of the 0.05 p-value vertical line, are statis
tically significant and must be considered in the mathematical model. This
p-value implies in a 95% level of significance, which is the usual level
assumed in statistical analysis (19,21).

In the Pareto chart for conversion to glucose (Fig. 2), the largest effect is
owing to the enzyme loading followed by temperature, and the quadratic fac
tors (Q) for these two factors, all of them affecting positively the glucose for
mation. In general, the interaction factors exert less significant effects over the
conversion to glucose. The negative influence of the solid percentage on the
conversion to glucose can be explained by the enzymatic inhibition caused by
the increase on the final hydrolysis product concentration (glucose) (14).
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Fig. 1. Effect of pretreatment on enzymatic hydrolysis of cellulignin (T, 50°C; solid
[%], 7; and enzyme concentration, 20 FPU/ g cellulignin).
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Fig. 2. Pareto chart of standardized effects; on conversion to glucose (g glucose/g
celluligninG).

When the Pareto chart is analyzed, concerning the glucose concentra
tion variable (Fig. 3), the degree of importance among the factors changes.
In this case, the factor that presented the largest effect was the solid
percentage (Solid [%]). Similarly to the other analyzed response variable
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Solid ([L]%) --t 4

Temperature (L) --t 1

Enzyme loading (L)--t 3

1L by 4L

Temperature (a)

Enzyme loading (a)
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pH (L) --t 2

2L by 4L
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39.731

40 45

Effect estimate (absolute standardized effects value)

Fig. 3. Pareto chart of standardized effects; on glucose concentration (g glucose/L).

(conversion to glucose), the factors temperature and enzyme loading pre
sented highly significant positive effects. However, unlike what was observed
in the analysis of conversion to glucose, in which the interaction factors did
not show much significance, the positive influence on glucose concentration
of the interaction between solid percentage and temperature was evidenced
here. For both output variables, it can be depicted from the Pareto chart that
the pH presented a linear effect with magnitude lower than the other factors
discussed previously. However, it is important to consider that pH variations,
outside the range evaluated experimentally, can generate changes in the
behavior of the enzyme, leading to a halt of the process.

The pH was eliminated from the model used for the optimization of
the enzymatic hydrolysis, because of the fact that it affects the response
variables less than the other factors in the range considered. Therefore,
a value of pH = 5.0 was selected for further experiments. The use of this
value is in accordance with the following facts: the majority of the work
presented in literature with cellulosic enzyme preparations uses pH =5.0
for cellulose hydrolysis; it is a pH value in which the contamination of the
fermentation by bacteria is uncommon (26); the yeast (5. cerevisiae) dis
plays a good performance in a slightly acid pH range; and finally pH =5.0
is within the stability range of commercial cellulases (1,7,11,14,17,27).

Analyses of the variances was also performed. The analysis of signi
ficance (using F-tests) provided exactly the same significant factors already
shown in the Pareto charts. Additionally, the percentage of variance
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Coefficients

Table 2
Models Coefficients

Variables

Conversion to glucose

0.30
0.11
0.12

-0.04
0.06
0.05
0.01
0.04
0.02

-0.02

Vasquez et al.

Glucose concentration

18.47
7.61
6.95

11.08
3.64
3.75
0.84
2.46
6.35
3.68

explained by the model was 88% for the conversion to glucose (mean
squares of pure error: 0,001) and 91.4% for glucose concentration (mean
squares of pure error: 4,2).

It should be stressed that for both response variables, the quadratic
model fits the experimental data very appropriately as confirmed by the
values of the correlation coefficient (0.91 for glucose concentration and
0.88 for conversion to glucose). The models generated in statistic analysis
are represented by a quadratic function (Eq. 1) and the coefficient values
are shown in the Table 2.

Y == Bo + B1 . (Temperature) + B2 . (Enzyme concentration)
+ ~3 • [Solid(%)] + ~4 • (Temperature)2
+ ~5 • (Enzyme concentration)2
+ ~6 • [Solid(%)]2 + ~7 • (Temperature x Enzyme concentration) (1)
+ ~8 • [Temperature x Solid(%)]
+ ~9 • [Solid(%) x Enzyme concentration]

Three optimizations were performed. First, the conditions for maxi
mizing conversion of celluligninG to glucose were determined. Second, the
conditions for maximizing glucose concentration in the enzymatic
hydrolysis were established. The third optimization allowed the definition
of values that maximize both variables simultaneously by means of Derringer
and Suich function or global desirability function (20/21).

Figure 4 shows the response surfaces generated in the simultaneous
optimization of both response variables, conversion of celluligninG to glucose
and glucose concentration. The best results are restricted to temperature
ranges between 40 and SO°C, enzyme loading between 18 and 30 FPU/ g
celluligninG, and solid percentage between 8 and 10%, being the last factor,
which presents the narrowest range of values that generated the zone of
high values of the desirability function.
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Fig. 4. Response surface for desirability function.

The optimal values for the response variables, glucose concentration,
and conversion to glucose, and the optimal values of the desirability function
are presented in Table 3. The conditions that lead to maximum values of
conversion from celluligninG to glucose and glucose concentration are similar
for temperature and enzyme load. However, for the solid percentage
variable the behavior differs, i.e., it is indicated the upper level 00%) for
maximum glucose concentration and the use of its lower level (2%) for con
version to glucose. This makes the solid percentage variable as a decisive
factor to reach significant values of both response variables. With the aim of
evaluating the fermentability of the hydrolyzate obtained from celiuligninG
arising from sugarcane bagasse, and in order to validate the optimal value
predicted by the statistical analysis, the enzymatic hydrolysis was experi
mentally carried out, and the hydrolyzate was further fermented.

The validation results for the enzymatic hydrolysis were better
than those predicted by the model (Table 3). This can be ascribed, prob
ably, to the fact that these validation experiments were performed by
using a bioreactor that allowed a better control of the process variables.
Conversions of celiuligninG to glucose of 67% and glucose concentrations
around 60.0 giL were reached experimentally. According to the results
obtained, high concentrations of glucose in the medium cannot be expected
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Fig. 5. Fermentation kinetics of hydrolyzates obtained by predicted conditions for
high-glucose concentration (A) for Desirability function (B), and for high conversion to
glucose (C),

because the conditions for high conversion to glucose are achieved in
low solid percentage. The fermentations were carried out by using the
hydrolyzate medium containing the hydrolysis residual solid, obtained
under the conditions predicted by the statistical model. The fermentation
kinetic profiles were obtained and presented in Fig. 5, evidencing the high
fermentability of the hydrolyzate medium. Their behaviors are similar to
those obtained using glucose synthetic medium (data not shown), evidenc
ing the high fermentability of the hydrolyzate medium.

The similarity of the kinetic profiles of the Fig. 5A, b is owing to the
analogous conditions used in the optimization process. For all cases the
final ethanol concentration exceeded the theoretical conversion to ethanol
considering the initial glucose concentration. This can be explained by the
reactivation of the cellulolytic complex enzymes, particularly ~-glucosidase,

after the consumption of the glucose by the yeast. Thus, diminishing the
inhibitory effect of this sugar on the enzymatic action, typical characteristic
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of the simultaneous saccharification and fermentation process. A reduction of
cellobiose concentration is detected after 10 h of fermentation, confirming
the enzymatic reactivation.

Conclusions

The quadratic model generated in the statistical analysis fits ade
quately the behavior of the response variables (glucose concentration and
conversion of celluligninG to glucose), in the enzymatic hydrolysis process
when the factors (temperature, enzyme loading, and solid percentage) are
varied within specified ranges. The conditions of hydrolysis that yielded
the highest glucose concentration, 58.40 giL, were: temperature 47°C,
enzyme loading 25.6 FPUI g celluligninG, and solid percentage 10%. As far
as the conversion of celluligninG to glucose, the highest value, 67%, was
obtained in the following conditions: temperature 43°C, enzyme loading
24.4 FPUI g celluligninG, and solid percentage 2%. The Desirability function
provided conditions in which both response variables were simultane
ously optimized. These conditions were: temperature 47°C, enzyme load
ing 25.9 FPUI g celluligninG, and solid percentage 10%. The pH variable, in
the range 5-6, does not present an important influence on the behavior of
the enzymatic hydrolysis for any response variables (glucose concentra
tion and conversion of celluligninG to glucose).

It is possible to conclude that the hydrolyzate produced in the enzy
matic hydrolysis of celluligninG is easily fermented by S. cerevisiae yeast for
the production of ethanol, resulting in a final ethanol concentration of 30.0
giL, in only 10 h of fermentation. This provides a volumetric productivity
value of 3.0 g/L.h, which is not so far from the values obtained in the con
ventional ethanol fermentation of sucrose in Brazil (5.0-8.0 giL' h). The
fermentation of the hydrolyzate of celluligninG, coming from the acid pre
treatment of sugar-cane bagasse, stands as an excellent alternative for the
production of fuel ethanol from lignocellulosic residues.
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Abstract

The multinucleate conidia were produced from the green mature conidia
of Trichoderma reesei Rut C-30 strain by colchicine treatment. The strain with
higher Filter paper degrading ability was selected among those conidia using
a double layer selection medium. The selected strain, J5-2 was able to collapse
the filter paper within 15 min but the original strain took 25 min to collapse
it completely. Moreover, the amount of reducing sugar in the L-type glass
tube of the strain, JS-2, was greater than that of the original strain. The Avicel,
CMC-Na, and Salicin hydrolyzing activity of the strain, J5-2, increased 2.1 times,
1.2 times, and 3.6 times higher than that of the original strain.

Index Entries: Cellulase; cellulose; conidia; nuclei; Trichoderma; filter paper.

Introduction

Trichoderma reesei is a cellulolytic fungus commonly used for the pro
duction of commercial cellulases (1). Colchicine has been shown to induce
polyploidy in plants by inhibiting mitosis (2,3). Colchicine has also been
shown to induce polyploidy in fungi and Basidiomycetes (4,5). When fun
gal conidia are incubated in a liquid medium containing colchicine, the
diameter of nuclei in conidia gradually increase and generate polyploid
nuclei. Multinucleation occurs when multiple smaller nuclei are generated
from a polyploid nucleus in a conidium after long-term colchicine treat
ment (6). Mycelia derived from such a multinucleated conidia contain a
larger number of nuclei compared with that of the original strain. The
nuclear diameter of the mycelia of multinucleated conidium does not
increase, although the DNA content of the mycelia increases. In this report,
we selected a strain with a higher filter paper degrading ability from the
multinucleated conidia of T. reesei.

*Author to whom all correspondence and reprint requests should be addressed.
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T. reesei Rut C-30 American Type Culture Collection (ATCC56765) was
used as a model strain (7). The strain was incubated on potato dextrose agar
(PDA) medium (BBL, Cockeysville, USA) at 28°C and preserved at 4°C. A
mycelial block (2 x 2 mm2) was placed on the center of a PDA plate and
incubated at 28°C to generate green mature conidia. The conidia were sus
pended in distilled water and filtered with a glass filter (3G-2 type, Iwaki
Glass, Funakoshi, Japan) to remove hyphae. The conidia were collected by
centrifugation at 5510g and desiccated to prepare dried mature green coni
dia. Conidia that were stained with Giemsa solution (Merck, Darmstadt,
Germany) after treatment with 5 N HCI (Wako, Osaka, Japan) for 30 min
at 50°C were found to be mononucleate (8). Similar results were obtained
when the conidia were stained with 4,6'-diamidino-2-phenylindole
(Sigma, St. Louis, MO) solution after HCI treatment.

As the basic medium, Mandels' medium (NH4)2S04 (Wako); 1.4 g,
KH2P04 (Wako); 2.0 g, urea (Wako); 0.3 g, CaCl2 (Wako); 0.3 g, MgS04 .
7H20 (Wako); 0.3 g, FeS04 · 7H20 (Wako); 0.005 g, MnS04·H20 (Wako);
0.0016 g, ZnS04 · H20 (Wako); 0.0014 g, CoCI2; (Wako) 0.0020 g, and dis
tilled water: 1000 mL was used (pH 6.0) (9). When dried green mature
conidia were added to 25 mL of Mandels' medium containing 0.025 g
colchicine, 0.25 g glucose, and 0.125 g peptone (Difco, Detroit, USA) in a
50 mL-Erlenmeyer flask and incubated statically for 3 wk at 28°C, multiple
smaller nuclei were produced.

These multinucleated conidia were incubated using a double layer
selection medium in order to select the strain that has higher degrading
ability of a filter paper. The bottom layer medium contained 100 mL of
Mandels' medium containing 1.0 g glucose, 0.5 g peptone, 0.3 mL poly
oxyethylene (10), octylphenylther (Triton X-lOO) (Wako), and 3.0 g agar
(Difco) in a deep glass plate (150 mm in diameter and 60 mm in depth)
(pH 6.0). The upper layer medium contained 100 mL of Mandels' medium
containing 1.0 g Avicel (Funakoshi, Tokyo, Japan), 0.5 g peptone, 0.1 mL
Triton X-lOO, and 3.0 g agar (pH 6.0). The multinucleated conidia were
added to the bottom layer and left for 30 min at 4°C to harden the agar.
After the agar hardened, the upper layer selection medium was overlaid
and left for 30 min at 4°C to allow the agar to harden. The conidia were
then incubated at 28°C. After 3 d of incubation, colonies began to appear
and the largest colony on the surface was selected as strain JS-2 after 6 d of
incubation. When the same experiments were carried out using conidia
untreated with colchicine, colonies began to appear on the surface after
four days of incubation. The colony of strain JS-2 was incubated on a PDA
medium and preserved at 4°C.

Cellulase production was carried out using the original strain and
strain JS-2. A mycelial mat (2 x 2 mm2) of each strain was added to 50 mL
of Mandels' medium containing 0.5 g Avicel and 0.25 g peptone in a
100-mL Erlenmeyer flask followed by incubation using a rotary shaker
(TAITEC BR-12FH, Koshigaya, Japan) for 6 d at 28°C. The agitation speed
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Table 1
Collapse Time of a Filter Paper and the Amount of Reducing Sugar

in an L-type Glass Tube After Enzymatic Reaction

157

Strain

C30
JS-2

Collapse time
(min)

25
15

Amount of reducing sugar
(mg/mL)

0.74
1.86

Filter paper (10 x 10 mm2) was added to the enzyme solution in an L-type
glass tube followed by incubation for 30 min at 50°C using a Monod shaker.
Collapse time of filter paper was measured using a digital stop-watch. After the
reaction, the amount of reducing sugar in an L-type glass tube was measured
using 3,5-dinitrosalicylic acid.

was 160 rpm at 0.59g. After incubation, the medium was filtered with a
glass filter (3G-2 type) to remove hyphae. The filtrate was used as the enzyme
solution. The pH of the enzyme solution was adjusted to 5.0 using 1 N HCl.
Five milliliters of the enzyme solution and a filter paper (10 x 10 mm2)

(Whatman, No.2, Maidstone, UK) were added to an L-type glass tube (120 x
68 mm) and incubated for 30 min at 50°C using a Monod shaker (TAITEC
MONOD SHAKER PERSONAL-II, Koshigaya, Japan) at an agitation speed
of 75 strokes/min. The time of collapse of the filter paper was then mea
sured using a digital stop-watch (CITIZEN, Tokyo, Japan). The term "col
lapse," was defined as the condition when the reaction mixture contained
only fibers without fragments of a filter paper. After collapse, the reaction
mixture was filtered with a filter paper (No.2, Whatman) and the amount of
reducing sugar in the filtrate was measured using 3,5-dinitrosalicylic acid
(Wako) (10). After examination, it appeared that strain JS-2 was able to col
lapse the filter paper within 15 min but the original strain, T. reesei Rut C-30,
took 25 min to collapse it completely as shown in Table 1. After measure
ment, the amount of reducing sugar in the L-type glass tube of strain JS-2
was more than that of the original strain.

Next, cellulose hydrolyzing activity of the enzyme solution was mea
sured. As the substrates of enzyme reaction, 1.0 g of Avicel, carboxymethyl
cellulose CMC-Na (D.S. 0.7-0.8) (Wako), or Salicin (Wako) was added to
100 mL of 0.1 M acetate buffer (pH 5.0). Two milliliters of the enzyme solu
tion was added to 4 mL of substrate in a glass tube (185 x 18.5 mm) and incu
bated by a reciprocal shaker (THOMASTAT T-22S, Tokyo, Japan) for 1 h at
50°C at an agitation speed of 125 strokes/min. The glass tubes containing the
Avicel substrate were tilted on the shaker and shaken by hand every 30 min
in order to avoid the precipitation of Avicel. The reaction mixture was fil
tered with filter paper (Whatman, No.2) and the amount of reducing sugar
measured using 3,5-dinitrosalicylic acid. Activity was defined as the amount
of enzyme producing reducing sugar equivalent to 1 J.lmol of glucose/min.
The cellulase production was carried out twice using two flasks per strain.

Applied Biochemistry and Biotechnology Vol. 136-1401 2007
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Filter Paper Degrading Ability of a Trichoderma Strain

Table 2
Cellulose Hydrolyzing Activity of the Strain, JS-2

and the Original Strain, T. reesei Rut C-30

Hydrolyzing activity (IV/mL)

159

Strain

C30
JS-2

Avicel

62
130

CMC-Na

141
172

Salicin

10
36

Enzyme production was carried out twice using two flasks per strain. Two
milliliters of the enzyme solution were added to 4 mL of the substrate in a glass
tube incubated by a reciprocal shaker for 1 h at 50°C. The amount of reducing
sugar in the reaction mixture was measured using 3,5-dinitrosalicylic acid. The
enzyme activity shows average values from two measurements.

Consequently, it was found that the Avicel, CMC-Na, and salicin hydro
lyzing activity of strain J5-2 increased by a factor of 2.1, 1.2, and 3.6 over the
original strain, respectively, as shown in Table 2.

The diameter and number of the conidia of strain J5-2 were compared
with those of T. reesei Rut C30 using Giemsa staining after HCl treatment.
The nuclear diameter of 100 conidia was measured using a digital caliper
(Mitsutoyo, Koshigaya, Japan) on enlarged photomicrographs. The diam
eter of the original nuclei in an oval conidium ranged from 0.50 to 0.89 f.lm,
whereas the diameter of the nuclei of strain J5-2 ranged from 0.50 to 1.09 f.lm
as shown in Fig. 1.

The nuclear number of the same 100 conidia was counted on the pho
tograph. From the results, the nuclear number of the conidia of strain J5-2
ranged from 1 to 4 and almost half of the conidia were multinucleate.
When the mycelia of strain J5-2 were stained with Giemsa solution, it
appeared that a larger number of nuclei existed in the mycelia compared
with that of the original strain. Therefore, we propose that the higher
degrading ability of a filter paper of strain J5-2 may be related to the mult
inucleated conidia. However, further investigation is necessary to clear the
mechanism, which enhances a filter paper degrading ability in strain J5-2.
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Abstract

This article aims at the evaluation of the catalytic performance of glucose
oxidase (GO) (EC.1.1.3.4) for the glucose/gluconic acid conversion in the
ultrafiltration cell type membrane reactor (MB-CSTR). The reactor was coupled
with a Millipore ultrafiltration-membrane (cutoff of 100 kDa) and operated
for 24 h under agitation of 100 rpm, pH 5.5, and 30°C. The experimental con
ditions varied were the glucose concentration (2.5, 5.0, 10.0,20.0, and 40.0 mM),
the feeding rate (0.5, 1.0,3.0, and 6.0/h), dissolved oxygen (8.0 and 16.0 mg/L),
GO concentration (2.5, 5.0, 10.0, and 20.0 Uco/mL), and the glucose
oxidase/catalase activity ratio (UCO/UCAT) (1 : 0, 1 : 10, 1 : 20, and 1 : 30). A con
version yield of 80% and specific reaction rate of 40 x 10-4 mmol/h . Uco were
attained when the process was carried out under the following conditions:
D = 3.0/h, dissolved oxygen = 16.0 mg/L, [G] =40 mM, and (UCO/UCAT) =
1 : 20. A simplified model for explairUng the inhibition of GO activity by hydrogen
peroxide, formed during the glucose/gluconic acid conversion, was presented.

Index Entries: Catalase; gluconic acid; glucose oxidase; membrane reactor;
glucose; continuous process.

Introduction

The oxidation of glucose into gluconic acid (GA) is one of great inter
est, not only owing to the high availability of glucose (attained from sucrose
and starch, the main and abundant natural sources) but also to the high mar
ket demand for GA-over 10,000 t/yr worldwide (l),-a product largely
used in the food (as acidulant and surface bleaching), chemical (as surface
cleansing agent), and pharmaceutical (gluconate salts) industries (2). GA is
obtained from the oxidation of glucose either through the chemical catalysis
(bismuth, palladium, platinum, or gold immobilized into active charcoal
used as catalyst) or by microbial conversion (3,4). Fermentation is the main
process for GA production in which strains of Aspergillus niger, Gluconobacter
suboxydans, or Acetobacter methanolicus are used (4). The preference for the

*Author to whom all correspondence and reprint requests should be addressed.
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biotechnological process is mainly owing to the good GA yield attained
(>80%), the small amount of byproducts formed, the utilization of commer
cial-grade glucose, and the generation of environmentally inoffensive
residues. Despite these advantages on the microbial process, intrinsic prob
lems to be addressed include subsequent cell separation, as well as the dis
charge and destination of huge volumes of liquid after GA separation.
However, the use of glucose oxidase (GO) as catalyst is another valuable
way to perform the G/GA conversion. The enzyme catalysis, which pre
sents all the advantages cited for the fermentation plus the mild operational
conditions, the low energy requirement, the high specificity for glucose, the
generation of nonpollutant residues, and the possibility of carrying out the
conversion in a continuous reactor.

Glucose oxidase (EC.1.1.3.4) is a well-characterized enzyme (molecular
mass: 150-190 kDa; has two glycoprotein chains linked by disulfide bonds,
with each chain having one ferrous ion and one FAD prosthetic group)
and largely used in analytical techniques and industrial processes (5-7).
Because of the presence of the Fe2+ /FAD system in the GO structure, the
enzyme is sensitive to the presence of any redox agent, mainly hydrogen
peroxide, which is one of the reaction products and a strong redox sub
stance. According to Tomotani et al. (B), H20 2 is a reversible noncompetitive
inhibitor of GO, whose inhibition constant is equal to 1.22 mM.

Throughout the article several continuous processes-using packed
bed, fluidized-bed, or membrane reactorfor the G/GA conversion cat
alyzed by GO are described (7,B). Over the last 10 yr the membrane reactor
has received high attention for the production of a variety of products (B)
mainly because of the possibility of using the catalyst in soluble or insolu
ble form. Such an option is not easily available for the other types of
continuous reactors.

A membrane reactor can be assembled through two distinct designs,
i.e., as continuous stirred tank reactor (CSTR) coupled with a semiperme
able membrane (MB-CSTR) or as a hollow-fiber reactor (a tank without stir
ring filled with a sheaf of straight-lined hollow-fibers tubes of
semipermeable membrane). The MB-CSTR is shaped by connecting in
series the CSTR and the 100 kDa UF-membrane module (MB-CSTRse) or by
adapting the UF-membrane to the bottom of the CSTR as in a stirring ultra
filtration cell (MB-CSTRuFC). The membrane/catalyst arrangement can or
cannot involve an interaction between them. If they are linked, the mem
brane acts as catalysis and separation surface simultaneously; otherwise, it
functions only as a separation surface. When the enzyme is in the soluble
form, the MB-CSTRSe requires recycling of the catalyst, whereas the MB
CSTRuFC does not. Moreover, the enzyme used may be immobilized in
nonmembranous materials (for instance, ion exchange resin beads) (9), in
case which the MB-CSTRuFC is preferred over MB-CSTRse because no recy
cling of the reaction medium is required. An additional advantage of the
MB-CSTRuFC over MB-CSTRSe is the elimination of the pumping step,
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surely leading to the reduction of the overall costs, mainly those related to
the energy consumption and maintenance of the pumping system.

According to the literature, the enzymatic oxidation of glucose is pref
erentially conducted in MB-CSTRse in which the GO is united to the mem
brane. Nonetheless, there is little information on MB-CSTRuFC using soluble
GO, in spite of presenting operational characteristics of homogeneous catal
ysis, high activity per unit of volume, and absence of conformational and
diffusional effects. If needed, the membrane reactor also allows operation
under aseptic conditions as well as with multienzymatic systems (8).

In previous work (8), it was reported that the MB-CSTRuFC was suit
able for the G/GA conversion provided that the H20 2 inhibition was min
imized. Moreover, a conversion yield of about 75% was achieved under
the following conditions: pH 5.5, 30°C, D (feeding rate) =0.15/ min, agita
tion of 100 rpm, 2.5 mM glucose, 1.0 mg/mL of GO, and dissolved oxygen
(DO) of 7.0 mg/L. However, the low substrate concentration and the short
residence time used in the process, though adequate for controlling the
hydrogen peroxide formation, are inadequate for a future scaling-up.

This work aims at the evaluation of the catalytic performance of GO
for the G/ GA conversion in the MB-CSTRuFc' The experimental conditions
that varied were the glucose concentration (2.5, 5.0, 10.0, 20.0, and 40 mM),
the feeding rate (0.5, 1.0, 3.0, and 6.0/h), DO (8.0 and 16.0 mg/L), and the
GO/catalase activity ratio (UCO/UCAT) (1 : 0, 1 : 10,1 : 20, and 1 : 30).

Materials and Methods

Chemicals

GO from A. niger and bovine catalase were purchased from Sigma (St.
Louis, MO). One gram of GO corresponds to 5100 units. One unit (Uco)
will oxidize 1 Jlmol of ~-D-glucose to GA and H20 2 per min at 35°C and pH
5.1. One milligram of catalase corresponds to 2350 units. One unit (UCAT)
will decompose 1 Jlmol of H20 2 per min at 25°C and pH 7.0, while the
H20 2 concentration falls from 10.3 to 9.2 mM. The 100-kDa UF-membrane
(PLHK07610, made of regenerated cellulose) was purchased from
Millipore (Bedford, MA). All other chemicals were of analytical grade.

Membrane Reactor

A 10-mL MB-CSTRuFC (Bioengineering AG, Wald, Germany) was used
in all tests. The reactor is a 316-L stainless steel cylinder, whose bottom has
an inlet and an outlet for the external water bath for temperature control.
The diameter of the UF-membrane used was 63 mm. The reactor can be steri
lized (autoclave up to 134°C for 30 min) and resists high temperatures
(up to 150°C) and corrosion by most substances (except strong acids, pH <
1.0; and alkalis, pH > 12.0). Moreover, it has a safety valve (set to nominal six
bar pressure limit) and can be coupled to a dosing pump, pressure probe,
sterile filter, and bubble trap.
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Membrane Reactor Tests

Ten milliliters of buffered GO solution (2.5,5.0, 10.0, or 20.0 Uco/mL in
O.OlM acetic acid/acetate buffer, pH 5.5) was poured inside the MB-CSTRuFc'
which had aUF-membrane (PLHK07610) with a molecular mass cutoff of
100 kDa. The reactor was fed continuously with 2.5, 5.0, 10.0, 20.0, or
40.0 mM glucose buffered solution (0.01 M acetic acid/acetate buffer, pH 5.5)
at a feeding rate of 0.5, 1.0,2.0,3.0, or 6.0/h. The reaction was carried out for
24 h at 30°C and an agitation of 100 rpm. Pure oxygen was bubbled into the
glucose solution, so that the DO concentration in the inlet solution remained
around 8.0 mg/L or 16.0 mg/L. Aliquots taken from the outlet solution were
measured for the concentration of glucose and H20 2. The yield (Y) and the
specific reaction rate (r) were calculated through the Eqs. 1 and 2, respec
tively. The conditions used in all tests realized were presented in Table 1.
Each test was carried out in duplicate. When a difference over 5% on Yand
r was observed, then the test was repeated two or more times.

y (%) = Goon<; x 100
Go

QxG
r (mmol/h xU) = cons

GO 1000 x U
GO

(1)

(2)

where [Glo is the inlet glucose concentration, [Gleans is the [Glo- [Glinlet' Q is
the volumetric rate (mL/h), and Uco is the GO units used. As the stoi
chiometry of G/GA conversion catalyzed by GO is 1 mol of glucose gener
ating 1 mol of GA and 1 mol of H20 2 (7), then the [Gleans is equal to the
concentration of hydrogen peroxide formed.

Analytical Techniques

Determination of Glucose

The concentration of glucose was measured by using an enzymatic
peroxidase/GO kit (Laborlab, Sao Paulo, S~ Brazil). The procedure was
accomplished by mixing 10 ~L of the sample with 1.0 mL of peroxidase/ GO
solution, and incubated at 37°C for 10 min. After that, the absorbance was
read in a spectrometer (Beckman DU 640; Beckman Coulter, Fullerton, CA)
at A = 500 nm. The standard curve was attained using glucose solutions
whose concentration range was between 0.04 and 0.20 mg/mL. The regres
sion curve established was

ABSSOOnm = 0.168 x [Gl + 0.152 (r = 0.9990) (3)

where [Gl is the glucose concentration (mg/mL).
The standard deviation and coefficient of variation related to this

method were 0.010 mg/mL and 4.5%, respectively.
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Table 1
Conditions Under Which all Continuous Experiments Were Conducted and
Respective Average Conversion (Y) and Specific Reaction Rate (r) Attaineda,b

Test [G] [GO] [CAT] DO R (mmol/
(n) (mM) (Uco/mL) (UCAT/mL) D (h-1) (mg/L) h·Uco) x 104 Y (%)

1 2.5 10 1.0 8.0 1.9 48
2 2.5 10 3.0 8.0 2.7 29
3 2.5 10 6.0 8.0 1.9 43
4 2.5 10 1.0 16.0 2.3 94
5 2.5 10 3.0 16.0 3.7 50
6 2.5 10 6.0 16.0 3.1 19
7 5.0 2.5 3.0 16.0 24 41
8 5.0 5 3.0 16.0 11 37
9 5.0 10 3.0 16.0 7.1 48
10 5.0 20 3.0 16.0 5.1 70
11 5.0 2.5 1.0 16.0 9.1 45
12 5.0 5 1.0 16.0 4.7 '48
13 5.0 5 2.0 16.0 9.5 48
14 5.0 10 0.5 16.0 3.4 83
15 5.0 10 1.0 16.0 1.9 39
16 5.0 20 1.0 16.0 2.9 88
17 5.0 10 100 3.0 16.0 13 88
18 5.0 10 200 3.0 16.0 13 88
19 5.0 10 300 3.0 16.0 13 88
20 10 10 200 3.0 16.0 25 85
21 20 10 200 3.0 16.0 40 80
22 40 10 200 3.0 16.0 41 35

aln all tests the pH, temperature, and agitation were maintained at 5.5, 30°C, and
100 rpm, respectively.

bThe yield (Y) and the specific reaction rate (r) values presented are an average of all the
time points.

Determination of Hydrogen Peroxide

H20 2 concentration was determined through the ultraviolet absorption
method (A =240 nm) as described by Bergmeyer (10). A standard curve was
established by measuring the absorbance of H20 2 solution, whose concen
tration ranged from 0.18 to 18 mM. A pharmaceutical grade H20 2 was used.
The regression curve established was

ABS240nm = 4.12 X 10-2 [H202] - 6.97 x 10-4 (r =0.9995) (4)

where [H20 2] is the H20 2 concentration (mM).The standard deviation and
coefficient of variation related to this method were 0.86 mM and 0.33%,
respectively.
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Fig. 1. Variation in conversion during continuous glucose oxidation catalyzed by
GO for test 1 (+) and test 4 (_).

Determination of DO

DO was measured using an oximeter (Digimed, model DM40, Sao
Paulo, Brazil). In all experiments the aqueous glucose solution was bubbled
with pure oxygen for attaining the desired concentration 8.0 or 16.0 mg/L.

Results and Discussion

Taking into account tests 1-6 in which only DO and D were varied, we
observed that tests 1 (D = 1.0/h and DO = 8.0 mg/L) and 4 (D = 1.0/h and
DO = 16.0 mg/L) presented the highest G/GA conversion yields, respec
tively, 48% and 94% (Table 1). The G/GA conversion yield of 94% achieved
in test 4 was far better than that found by Tomotani et al. (8) pointing the
importance of the amount of DO in the reaction medium for the GO catal
ysis. According to Bright (11) the G/GA conversion by GO is a two steps

Process (First: GO-FAD + G ~ GO-FAD d + glucone-8-lactone; Second:ox re
GO-FADred + 02 ~ H20 2+ GO-FADox) in which the first one is the limiting
step. Thereby, under unsaturated 02 concentration the glucose might
inhibit the GO.

Figure 1 shows that a steady state of 16 h occurred in tests 4 (average
Y near 100% from t = 0 h to t = 16 h) and 1 (average Y near 40% from t = 4 h
to t = 20 h). Moreover, the G/GA conversion yield diminished in tests 4
(Y varied from 100 to 80%) and 1 (Y varied from 40 to 25%), respectively, at
intervals of 16-24 hand 20-24 h of continuous processing. The perturbation
of the stationary phase after several residence times might be owing to the
accumulation in the reaction medium of GO molecules containing the iron
atom in the Fe+3 form instead of Fe+2 (the most adequate form for full GO
catalysis). In some extension, the redox state of the iron atom contributes to
the loss in enzyme stability. According to Tomotani et al. (8), a fraction of
GO-Fe+3 molecules could arise owing to the accumulation of hydrogen
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peroxide in the reaction medium, because the potential of reduction of the
pair H

2
0

2
/H20 (+1.77V) is higher than the pair Fe+3/Fe+2 (+0.771V).

The G/ GA conversion yield and the specific reaction rate varied
according to the feeding rate or the residence time (inversely correlated with
D) used. The highest Y (94%) and r (3.7 x 10-4 mmol/h .Uca) occurred at
D =1.0/h (test 4) and D =3.0/h (test 5), respectively (Table 1). Thereby, the
period under which all reacting species (GO, G, °2, and H20 2) are left in
contact inside the reactor might be adequately set, in order to balance the
two steps reaction for the G/GA conversion, as referred earlier.

Undoubtedly, the G/GA conversion yield attained here was signifi
cantly improved as compared with that described by Tomotani et al. (8).
However, when a scale-up of this process is envisaged, other aspects such
as GO and glucose concentration and decomposition of the hydrogen per
oxide accumulated in the reaction medium must be evaluated.

The concentration of glucose solution fed in tests 7-10 was set at 5 mM
and the GO concentration varied from 2.5 to 20 Uca/mL (Table 1). As the
GO concentration was increased, the specific reaction rate (r) decreased
from 24 x 10-4 mmol/h . Uca (test 7) to 5.1 X 10-4 mmol/h . Uca (test 10),
whereas the conversion yield increased from 41 % (test 7) to 70% (test 10).
By varying the feeding rate at fixed amounts of glucose and GO, as in the
tests 11-16 (Table I), we conclude that D is not an important parameter for
achieving high Yand r simultaneously. Probably, the presence of hydrogen
peroxide in the reaction medium has a role on the final values achieved for
Yand r because it interferes with the overall GO redox state, as mentioned
previously. Such influence is easily understood if the H20 2 strong redox
capability is considered. To circumvent the undesirable effect of hydrogen
peroxide on the G/GA conversion, the addition of catalase (EC.1.11.1.6) in
the reaction medium was evaluated (tests 17-19).

The use of catalase clearly affected the conversion yield and the spe
cific reaction rate as can be seen through the comparison of tests 9 and
17-19 (Table 1). The specific reaction rate (r) and the yield (Y) increased
simultaneously about 46% regarding the test carried out without catalase
(test 9). At glucose concentration of 5 mM the ratio GO/ catalase
(Uca/UcAT) (test 17: [1 : 10]; test 18: [1 : 20]; and test 19: [1 : 30]) did not
affect the reaction rate and the yield (Table 1). In presence of catalase the
hydrogen peroxide concentration in the medium diminishes markedly
(Fig. 2) leading to the more predictable situation in which Yand r increase
or decrease at the same time. Moreover, the steady-state condition is main
tained along the whole process (Fig. 2), differently from what occurred in
test 4, whose steady-state condition remained till t = 16 h of continuous
process (Fig. 1). This result corroborates, albeit indirectly, the kinetic model
for the action of GO in presence of H20 2 proposed by Bao et al. (12), which
assumes a competitive inhibition pattern by H20 2 with respect to the 02

for the GO reduced form (GO-FADred). Another possibility would be the
action of the hydrogen peroxide on the redox state of the iron atom instead
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Fig. 2. Variation in conversion during continuous glucose oxidation catalyzed by
GO for test 9 (0) and test 17 (+). Variation of the concentration of hydrogen peroxide
in the effluent during the process for test 9 (0) and test 17 (_).

of on the FAD redox state (8). Introducing these assumptions in the Bright's
model (10), it becomes a four steps process, i.e.,

First: GO-FADox + G ~ GO-FADred + glucone-b-lactone

Second: GO-FADred + 02 ~ H 20 2 + GO-FADox

Third: GO-FADred + H 20 2 ~ GO-FADred + H 20 2

1
Fourth: GO-Fe+2 + H 20 2 ---7 H 20 + 2" 02 + GO-Fe+3

Therefore, the addition of catalase promotes the HzOzdecomposition
as consequence, the third and fourth steps are eliminated-leaving the
GO-FADred available to be oxidized by the oxygen, and the GO turnover is
completed.

As the role of catalase in circumventing the inhibition caused by HzOzon
the GO activity was remarkable, and knowing that the H20 2 generation is sto
ichiometrically related to glucose oxidation, the study of G/GA conversion
using more concentrated glucose solutions was explored. Tests 20-22 were
carried out with glucose solutions of 10, 20, and 40 mM, and the results
presented in Fig. 3 and Table 1.

Test 21, carried out with 20 mM glucose solution, presented the high
est r (40 x 10-4 mmol/h . Dco) and Y (80%), whereas test 22, carried out
with 40 mM glucose solution, presented a high r (41 x 10-4 mmol/h· Ueo)
but low Y (35%) (Table 1). On one hand, the similar specific reaction rates
observed indicate that catalase at concentration of 200 UCAT/mL was enough
for maintaining the hydrogen peroxide concentration at noninhibitory level
(Fig. 3). On the other hand, the GO at concentration of 10 Ueo/mL was insuf
ficient to cope with 40 mM glucose solution, as shown by the sharp reduc
tion of the G/GA conversion yield (test 22). Therefore, for each glucose
concentration over 20 mM an adequate Ueo/UcAT ratio might be adjusted.
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Fig. 3. Variation of the concentration of hydrogen peroxide in the effluent during
the continuous process for tests (0) 18, (0) 20, (~) 21, and (_) 22.

In the present work, tests with still more concentrated glucose solutions
were not made because the high bubbling caused by the oxygen generated
from H20 2 decomposition augmented the 10 mL-MB-CSTRuFc internal
pressure nearing the up limit of six bar. Going over that pressure would be
quite dangerous. Certainly, this handicap might not occur or might be min
imized at least, if a large UF-membrane reactor was used. Moreover, such
"in situ" oxygen generation would allow the elimination of the previous sat
uration of the substrate solution, which should simplify the overall process.

Finally, comparing the results obtained here with those found by
Tomotani et aL (8) the boundary for the glucose concentration, which could
be used in the G/GA conversion, was enlarged eightfold, i.e., up to 20 mM.

Conclusions

The data presented led us to conclude that the reaction medium must be
saturated with oxygen (16.0 mg/L), in order to avoid the GO inhibition
by glucose (its natural substrate). However, the hydrogen peroxide-a
byproduct resulting from the G/GA conversion-can hinder the GO catal
ysis either through binding to the GO-FADred (an intermediate form of the
enzyme) or by oxidizing the Fe+2 to Fe+3 (another cofactor present in the
GO molecule). Such effects are circumvented by maintaining the hydrogen
peroxide concentration below 2 mM along the whole process, which is
achieved by adding catalase into the reactor. The ratio GO/ catalase must
be adjusted for each glucose concentration over 2.5 mM. Finally, the
advance of this research might be based on the best conditions for the
G/GA conversion established here, i.e., [G] =20 mM, [GO]/[CAT] = 1 : 20,
D = 3.0/h, 30°C, DO = 16.0 mg/L, and pH 5.5.
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Abstract

Distillers dried grain with solubles (DDGS) is the major coproduct pro
duced at a dry grind ethanol facility. Currently, it is sold primarily as a rumi
nant animal feed. DDGS is low cost and relatively high in protein and fiber
contents. In this study, DDGS was investigated as carbon source for extracel-

'lular hydrolytic enzyme production. Two filamentous fungi, noted for their
high cellulolytic and hemicellulolytic enzyme titers, were grown on DDGS:
Trichoderma reesei Rut C-30 and Aspergillus niger NRRL 2001. DDGS was either
used as delivered from the plant (untreated) or after being pretreated with
hot water. Both microorganisms secreted a broad range of enzymes when
grown on DDGS. Higher xylanase titers were obtained when cultured on
hot water DDGS compared with growth on untreated DDGS. Maximum
xylanase titers were produced in 4 d for A. niger and 8 d for T. reesei in shake
flask cultures. Larger amounts of enzymes were produced in bioreactors (5 L)
either equipped with Rushton (for T. reesei) or updraft marine impellers (A.
niger). Initial production titers were lower for bioreactor than for flask cul
tures, especially for T. reesei cultures. Improvement of enzyme titers were
obtained using fed-batch feeding schemes.

Index Entries: Aspergillus niger; biomass; DDGS; cellulases; hemicellulases;
Trichoderma reesei.

*Author to whom all correspondence and reprint requests should be addressed.
tMention of trade names or commercial products in this article is solely for the purpose

of providing specific information and does not imply recommendation or endorsement by
the US Department of Agriculture.

Applied Biochemistry and Biotechnology 171 Vol. 136-140, 2007



172

Introduction

Ximenes et al.

The United States corn ethanol market is rapidly growing; production is
4.26 billion gal/yr (National Renewable Fuel Association, 2005) and is man
dated to reach 7.5 billion gal/yr by 2012. The soluble and solid residuals from
the ethanol fermentation are combined and marketed as an animal feed
ingredient under the name of distillers dried grain with solubles (DDGS).
Approximately 17 pounds of DDGS is produced per bushel of corn.
Expanding ethanol production has raised concerns about finding a suffi
ciently sized market for DDGS. DDGS is currently priced at only $65/t and
the selling price has been declining for the last several years. Therefore, there
is a need to develop further markets for DDGS to preserve its future value.

One possible use for DDGS is for the production of industrial
enzymes. DDGS is rich in protein (31 %), fat (11 %), and fiber / carbohydrates
(44%) (1). DDGS's low-cost and relatively high protein and carbohydrate
contents make it a promising feedstock for industrial fermentations. In par
ticular, the complex carbohydrate profile of DDGS-it includes starch,
cellulose, and a complex xylan-should be particularly well suited for pro
duction of carbohydrolytic enzymes, such as hemicellulases and cellulases.
Cellulases and hemicellulases have multiple industrial uses including
biodegradation of lignocellulosic material in biomass conversion, animal
feed, foods, textiles, and biopulping in the paper and pulp industry (2,3).
The major obstacles for further industrial application of these enzymes are
their cost of production and low fermentation yields. In an attempt to over
come these problems, the production of such enzymes by microbial strains
in the presence of inexpensive substrates has been investigated (4).

The most commonly used microorganisms for production of acidic
hydrolytic enzymes are filamentous fungi. Trichoderma reesei is the most
widely studied cellulolytic microorganism and is commonly used for pro
duction of both cellulases and xylanases. The most important species of
the Aspergillus genus for the production and utilization of enzymes are A.
oryzae and members of the group of black aspergilli. Black aspergilli are
favored for production of industrial enzymes because they secrete high
levels of proteins, are easily cultured in submerged fermentations, and
several species are generally regarded as safe for food and feed applica
tions (5), including A. niger (6). In this article, DDGS was used as a sub
strate for producing hemicellulases by both T. reesei and A. niger. DDGS
has complex carbohydrate structures. To make the DDGS more digestible
to the fungi, the DDGS was pretreated with liquid hot water (LHW)
(160°C, 20 min) before being added to the culture. LHW is a promising pre
treatment that has been shown to be very effective in preparing corn stover
(7) and corn fiber (8) for subsequent cellulose digestion and ethanol fermen
tation. The method is currently the subject of an industrial scale-up effort at
a 100 million gal ethanol/yr corn wet mill facility (Aventine Renewable
Energy, Pekin, IL). However, treating with LHW does not saccharify the
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xylan sugars, thereby, readying them for fermentation. Instead, this method
relies on using hemicellulases for saccharification. So, as a first application for
the hemicellulases described in this article, they were applied to LHW-xylan
for production of sugars.

Materials and Methods

Materiaisl Microbial Strainsl and Medium

Microbial strains were obtained from the Agricultural Research
Service (ARS) Culture Collection (NCAUR, Peoria, IL). DDGS was gener
ously gifted by Big River Resources (West Burlington, IA). T. reesei Rut C
30 and A. niger NRRL 2001 were routinely propagated in potato dextrose
broth (PD) (0.4% potato and 2.0% dextrose) supplemented with 2% agar
for solid medium. All chemicals and medium ingredients were of research
quality and were purchased from either Fisher Scientific (Pittsburgh, PA)
or Sigma Chemicals (St. Louis, MO).

LHW Pretreatment of DOGS

For flask experiments, 2.0 g of DDGS (10% moisture) was combined
with 8 mL water in a stainless steel tube reactor and treated at 160°C for 20
min using a fluidized heating bath. The tube reactors and heating bath
arrangement have been previously described (7). The pretreated DDGS,
along with 20 mL of distilled wash water used to remove residual solids,
was transferred to a presterilized 250-mL baffled Erlenmeyer flask. For
destarched DDGS, following the heat treatment, the solids were recovered
on glass fiber filter (GFI A, Whatman, England) and washed with distilled
water to further remove solids. The solids were transferred to a tared 250
mL Erlenmeyer flask and distilled water was added until the solids and
liquid had a weight of 30.0 g. The material was next autoclaved for 15 min.
Pretreated DDGS for use in fed-batch experiments was prepared in multi
ple batches as follows: 45.0 g of DDGS was added to 105 mL of water and
treated in the same conditions as described previously. The resulting mate
rial was transferred to flasks after three washes with 50 mL water (final
volume == 300 mL).

T. reesei and A. niger Flask Cultures

Two inoculation loops of T. reesei or A. niger were transferred to shake
flasks (250 mL) containing 50 mL PD medium. Flasks were shaken at 250
rpm at 28°C for 48 h. For both microorganisms, a 5% (vIv) inoculum was
transferred to 50 mL of production medium in a 250-mL Erlenmeyer flask.
The production media for T. reesei and A. niger contained per liter 15.0 g
KH2P04, 20.0 g corn steep liquor (Sigma Chemicals), 0.5 g NH4S04, 0.5 g
Mg(S04)2·7H20, 1.0mL Tween 80/ and 30 mL solution of untreated or HW
treated DDGS containing a total of 2.0 g DDGS. The basal medium was
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adjusted to pH 4.8 and autoclaved separately from the HW treated DDGS.
Both microorganisms were grown at 28°C with agitation (250 rpm) for 8 d.
Flasks were sampled daily (2 mL). Alternatively, HW-treated DDGS was
washed to remove starch before being used for fermentation.

T. reesei and A. niger Bioreactor Cultures

Two inoculation loops of T. reesei or A. niger were transferred to
Erlenmeyer flasks (250 mL) containing 50 mL PD medium. Flasks were
shaken at 250 rpm at 28°C for 48 h. For both microorganisms, a 5% (vIv)
inoculum was transferred to 450 mL of PD medium in a 2800-mL flask and
grown under identical conditions as previously described. These cultures
were then used to inoculate the bioreactor at 5% (vIv).

Bioreactor runs were conducted in electronically controlled 5-L labo
ratory bioreactors (BIOSTAT B, B. Braun Biotech International, Melsungen,
Germany). The production medium was supplemented with HW-DDGS (at
the same concentration used for flask fermentations) and 1 mL of antifoam
(PPG2000 from Bayer, Pittsburgh, PA). The oxygen level was set at 20% of
saturation and controlled by varying stirring (300-900 rpm). The pH was
set at 4.8 and controlled by automatic additions of either 3 M H

3
PO4 or 4 M

NH40H. Samples (approx 10 mL) were taken daily, centrifuged, and the
recovered liquid stored at -20°C. At the end of the fermentation, the broth
was harvested, centrifuged to remove cell mass, and the recovered liquid
(containing the excreted enzymes) was stored at -20°C. Fed-batch fermen
tations were run in a similar manner to batch fermentations, except they
were manually fed at days 3, 6, and 9 by adding 300 mL of a 15% (wIv)
DDGS solution.

LHW-Treated DOGS Digestion Assays

A stock supply of LHW pretreated DIX;S was prepared as follows for the
digestion assa)T. Pipe reactors were each filled with 1.5 g DIX;S (90% wt dry) and
8.5 mL H20. Using a fluidized heating bath, the reactors were heated to 160°C
and kept at that temperature for 20 min. The pipes were quickly cooled by
quenching in water. The contents of eight reactors were transferred to a single
flask along with 10 mL of 1M sodium citrate buffer (pH 4.5, final concentration
of 50 mM) and 1 mL of thymol stock solution (50.0 giL in 70% [vIv] ethanol).
Enough water was added for a final volume of 200 mL and a stir bar added
to the flask. For individual enzyme assays, DDGS solution was mixed on a
stirring plate and 4-mL aliquots transferred to scintillation vials. Following
that, appropriate enzyme mixtures were added to the vials. The vials were
mixed using a mini tube roller (Belco Glass, Inc., Vineland, NJ) placed in a
constant temperature incubator (Innova 4230, News Brunswick, NJ) set to
50°C. The reactions were allowed to proceed for 72 h. Digestion reactions
were clarified by centrifugation and the supernatant analyzed for total solu
ble and monomeric carbohydrates as described in the following sections.
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Enzyme Assays

Enzyme activities in the presence of 1% oat-spelt xylan and car
boxymethylcellulose (CMC, low viscosity, Sigma Chemicals), and 2.5 mM
p-nitrophenyl (p-NP) conjugated substrates were determined at 50°C in the
presence of 50 mM sodium acetate buffer, pH 4.8 using published methods.
Filter paper activity was assayed as described by Mandels et al. (9). The
release of reducing sugars was determined in according to Miller (10). One
unit of cellulase (for CMC as substrate) and xylanase activities was defined
as the release of one Jlmol of either glucose or xylose per min. For p-NP con
jugated substrates, one unit of activity was defined as one Jlmol of p-NP
released per min.

Feruloyl esterase activity was assayed measuring the conversion of
methyl-ferulate (prepared as 100 mM in 50% DMSO [v/v] and added to a
final concentration of 2 mM) to ferulate. Ferulic acid and methyl ferulate
were measured by reverse phase SpectraSYSTEM liquid chromatography
system (Thermo Finnigan, San Jose, CA) using an Inertsil C18 xolumn (5 Jlm,
ODS3, PN 0396-250X046, Varian, Torrance, CA) combined with a UV2000
ultraviolet detector (310 nm; Thermo Finnigan). Samples were run at room
temperature and eluted at 0.8 mL/min with a linear gradient from 5 to 50%
acidified methanol (containing 0.25% acetic acid) run over 15 min. One
unit of feruloyl esterase activity was defined as the release of one Jlmol of
ferulic acid per min.

Analysis of Soluble Carbohydrates

Total soluble carbohydrates were analyzed by HPLC after being
hydrolyzed by treating with 2 N trifluoroacetic acid (TFA) for an hour at 100°C,
as previously described (2). Samples were analyzed for sugars and acids using
a SpectraSYSTEM liquid chromatography system with an organic acids col
umn (Aminex HPX-87H Column, 300 x 7.8 mm2, Bio-Rad Laboratories, Inc,
Hercules, CA) and a refractive index detector (RI-150, Thermo Finnigan).

Results and Discussion

Fermentation Results Using Untreated and LHW-Treated DOGS

T. reesei and A. niger were grown on either untreated or hot water
treated (20 min, 160°C) DOGS and the cultures sampled for production of
enzymes. The goal of this experiment was to determine if LHW-treated
or -untreated DOGS would be a more suitable carbon source for producing
enzymes. The plotted data demonstrate that hot water treated DOGS gave
higher final xylanase titers for both A. niger and T. reesei cultures (Fig. lA,B).
The xylanase enzyme profile for T. reesei also showed a long lag phase (5 d)
for xylanase production. One possible explanation for the delay in
xylanase production is that residual starch present in the DDGS is repress
ing its production. To test this hypothesis, hot water treated DDGS was
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Fig. 1. Xylanase production under flask culturing conditions of T. reesei Rut C-30 (A)
and A. niger NRRL 2001 (B) grown on either DDGS (.) or hot water pretreated DDGS (_).

washed to remove starch before being used for fermentation. Earlier
results have shown that LHW pretreatment solubilizes starch. Therefore,
by only adding the washed solids following LHW pretreatment, starch
was effectively removed from the medium. Disappointedly, removing the
starch failed to shorten the lag phase and only served to lower the final
xylanase titer (Fig. 2).

An alternative explanation for the long lag phase of xylanase produc
tion might be the adsorption of the xylanases to insoluble DOGS during the
early stage of T. reesei cultures. A major xylanase produced by T. reesei has
been found to bind strongly to insoluble xylan (unpublished). This state
ment is in agreement with the observation that the HW-DDGS resulted in
earlier production of xylanase activities than untreated DOGS did (Figs. 1
and 2). Other enzyme activities were also measured. The results are sum
marized in Table 1. As expected, based on the complex composition of the
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Fig. 2. Xylanase production under flask culturing conditions of T. reesei Rut C-30
grown on DDGS (+), hot water pretreated DDGS (_), or washed DDGS for starch
removal (").

DDGS substrate, a broad range of different enzyme activities were detected.
The final enzyme titers using hot water treated DDGS as the substrate were
similar or higher than those using DDGS for both microorganisms. A broad
range of different enzyme activities was also produced by T. reesei QM 9414
and T. reesei Rut C-30 grown on corn fiber fractions (11).

As this is the first time DDGS has been reported as a feedstock for pro
duction of xylanase, no direct comparison can be made of our results with
those from literature. However, there are previous studies that report xylanase
yields for fungi grown on other agricultural residues (summarized in Table 2).

The xylanase enzyme titers obtained for both microorganisms in shake flask
conditions were higher than Penicillium janthinellum (12) cultivated in corn
cob, and oat husk hydrolysates and Thermomyces lanuginosus CAD 44 (13) cul
tivated in wheat straw and rice straw (Table 2). Also, the results for T. reesei
and A. niger were comparable with T. reesei QM 9414 and Rut C-30 cultivated
in crude corn fiber. On the other hand, much higher enzyme titers were
obtained for these two Trichoderma strains when grown in corn fiber arabi
noxylan (Table 2) (11). Also, Jiang et al. (13) reported a xylanase activity of 3260
U/mL when cultivating T.lanuginosus CAV 44 in corncob xylan (Table 2).

Batch and Fed-Batch Bioreactor Cultures for Production of Enzymes

The fungi were next grown in bioreactors to produce larger volumes of
enzymes. The first attempt to grow A. niger in a bioreactor was unsuccessful
(data not shown) because the culture was too viscous to obtain good mixing.
It was found that replacing two Rushton impellers with the marine type
impellers achieved more homogenous mixing in the reactor. However, the
xylanase titer was still lower for A. niger (48.8 IV/ mL) in the bioreactor com
pared with flask cultures. In an attempt to increase enzyme titers, the fungi
were next grown under fed-batch conditions using the marine impellers.
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Table 2
The Effect of Various Carbon Sources on the Production of Xylan-degrading

Enzymes by Different Microorganisms in Submerged Cultivations

Substrate for
determination

Cultivation of enzyme Xylanase
Organism Substrate conditions activity (IV/mL) Reference

T. reesei LHW- Shake flask 1% oat spelt xylan 93.4 This work
Rut C-30 DDGS 28°C, 132h
A. niger LHW- Shake flask 1% oat spelt xylan 72.2 This work
NRRL2001 DDGS 28°C, 132h
P. janthinellum Corncob Shake flask 1% birchwood 55.3 12
CRC 87M-115 30°C, 132h xylan suspension
P. janthinellum Oat husk Shake flask 1% birchwood 58.8 12

30°C, 132h xylan suspension
T. lanuginosus Wheat Shake flask 1% birchwood 53 13

straw 50°C,96h xylan suspension
T. lanuginosus Rice straw Shake flask 1% birchwood 25 13

50°C,96h xylan suspension
T. lanuginosus Corncob Shake flask 1% birchwood 3260 13

xylan 50°C,96h xylan suspension
T. reesei Corn fiber Shake flask 1% oat spelt xylan 98.5 11
QM 9414 28°C, 192h
T. reesei Corn fiber Shake flask 1% oat spelt xylan 86.1 11
Rut C-30 28°C, 192h
T. reesei Corn fiber Shake flask 1% oat spelt xylan 221 11
QM 9414 xylan 28°C, 192h
T. reesei Corn fiber Shake flask 1% oat spelt xylan 621 11
Rut C-30 xylan 28°C, 192h
T. reesei LHW- 4L 1% oat spelt xylan 148 This work
Rut C-30 DDGS fermentation

(fed batch)
28°C, 264h

A. niger LHW- 4L 1% oat spelt xylan 64.3 This work
NRRL2001 DDGS fermentation

(fed batch),
28°C, 264h

P. pinophilum Avicel + 12 L 1% birchwood 114 14
NTG 111/6 barley fermentation, xylan suspension

straw 35°C, 240h
A. awamori Ball-milled 4L 2% oat spelt xylan 820 15
mutant oat straw fermentation
AANTG43 30°C,48h

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



180

200

::::J
150E

---::J

~
'S;

U 100
co
Q)
(f)

co
c
co

50>.x

0
0 2 4 6 8 10

Ximenes et al.

12

Fermentation (d)

Fig. 3. Xylanase production of T. reesei Rut C-30 (_) and A. niger NRRL 2001 (A) in
repeated fed-batch culture conditions. Three cycles of medium feeding were used
(after 3, 6, and 9 d of growth).

Table 3
Other Measured Enzyme Activities From Hot Water Treated DDGS
Fermentations Vnder Fed-Batch Conditions After 11 d of Culturing

p-NPA
Filter (2.5 mM) Ferulic
paper CMC p-NPG p-NP-gal p-NPX (a-arabi- acid
(50.0 (1% (2.5 mM) (2.5 mM) (2.5 mM) nofu- (100 mM)
mg) [w/v]) <B-glu- (a-galac- (B-xylosi- ranosi- (feruloyl

Organ- (FPAase (CMCase cosidase tosidase dase dase esterase
ism IV/mL) IV/mL) IV/mL) IV/mL) IV/mL) IV/mL) IV/mL)

T. reesei 1.90 59.8 4.52 5.59 5.98 8.51 NDa
A. niger 0.31 5.50 4.12 8.65 1.99 6.38 0.38

aNot determined (T. reesei does not produce feruloyl esterase).

Growing the fungi under fed-batch conditions achieved higher xylanase
titers: 3X improved for T. reesei (148 IV/mL) and about 1.5X for A. niger
(64 IV/mL) (Fig. 3).

In comparison with other microorganisms grown in bioreactors
(Table 3), the xylanase titers obtained for T. reesei and A. niger were higher
than those reported for P. pinophilum NTG 111/6 (14), but considerable
lower than those for a A. awamori mutant (AANTG 43) (15). Other enzyme
activity titers are given in Table 3. The data obtained demonstrate that
under fed-batch culturing conditions a broad range of different enzyme
activities were produced by both fungi. The final enzyme titers were either
similar or higher in comparison with the results obtained for flask culturing
cultures, except for cellulase production by A. niger.
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Enzymatic Digestion of Pretreated DOGS

As a first application, the enzymes were evaluated for production of
sugars from LHW-DDGS. It was hypothesized that the enzymes would be
particularly well suited for this application because the fungi were cultured
on LHW-DDGS. LHW is a favorable pretreatment method that has been
investigated for preparing biomass for conversion to ethanoL However,
although this pretreatment method is effective at increasing the digestibility
of cellulose, it does not completely saccharify the xylan fraction. As a result,
the method relies on hemicellulases for completing the conversion of xylan to
monosaccharides for ethanol fermentation. Converting xylan from DDGS is
particularly challenging because it is largely made up of corn pericarp xylan,
which is noted in the literature as being particularly recalcitrant to enzymes.

We examined the effects of adding enzymes produced by T. reesei
and/or A. niger, produced in separate fed-batch cultures that used pre
treated DDGS, for digesting pretreated DDGS. When added separately,
A. niger enzymes released more xylose (64%) than T. reesei (48%) (Fig. 4A,B),
which was expected as a result of superior auxiliary activities (xylanase,
feruloyl esterase) found in the A. niger preparation. On the other hand,
T. reesei enzymes released more glucose (84%) compared with A. niger
(77%) (Fig. 4A,B). This result was expected because T. reesei is known as a
good cellulase producer with superior activities compared with A. niger.
The maximum yields for glucose and xylose (99 and 71 %, respectively)
were obtained using the combined enzymes, albeit there was not improve
ment in the yield of arabinose (Fig. 4C). The lack of complete conversion
of xylan demonstrates the recalcitrant nature of the substrate and the need
to identify limiting factors during future research.

Conclusion

Untreated and LHW-DDGS were evaluated as substrate for producing
hydrolytic enzymes using A. niger and T. reesei. The cultures had xylanase
titers higher or comparable with those reported for fungi cultured on other
agricultural residues, except for when purified xylan was used as the carbon
source. Not surprisingly, these latter gave much higher xylanase titers, but
the isolated xylan fractions can also be expected to be a much more expen
sive fermentation substrate than LHW-DDGS. In addition to having high
xylanase titers, the LHW-DDGS grown cultures also contained cellulase
and multiple other activities. The mixture of A. niger and T. reesei enzymes
was found to be a highly effective hemicellulase preparation as evidenced
by its ability to convert 71 % of the xylan from LHW-DDGS to xylose.
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Abstract

In this work, the ability of biosurfactant production by Pseudomonas aerugi
nosa in batch cultivation using cashew apple juice (CAJ) and mineral media was
evaluated. P. aeruginosa was cultivated in CAJ, which was supplemented with
peptone (5.0 giL) and nutritive broth. All fermentation assays were performed
in Erlenmeyer flasks containing 300 mL, incubated at 30°C and 150 rpm. Cell
growth (biomass and cell density), pH, and superficial tension were monitored
vs time. Surface tension was reduced by 10.58 and 41 % when P. aeruginosa was
cultivated in nutrient broth and CAJ supplemented with peptone, respectively.
These results indicated that CAJ is an adequate medium for growth and bio
surfactant production. Best results of biosurfactant production were obtained
when CAJ was supplemented with peptone.

Index Entries: Biosurfactant; cashew apple juice; Pseudomonas aeruginosa;
raw materials; rhamnolipid; fermentation.

Introduction

Biosurfactants are surfactants produced extracellularly or as part of
the cell membrane by bacteria, yeasts, and fungi from various substrates
including sugars, oils, alkanes, and organic sludges per solids (1). Most
microbial surfactants are complex molecules, consisting of different struc
tures that include lipopeptides, glycolipids, polysaccharideprotein com
plex, fatty acids, and phospholipids (2). They are amphipathic molecules
with both hydrophobic and hydrophilic moieties (3) and are capable of

*Author to whom all correspondence and reprint requests should be addressed.
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reducing surface and interfacial tension (4). Moreover, biosurfactants create
micelles, enhancing the solubility of hydrocarbons (such as oil) in water or
water in hydrocarbons (4). Because of their surface-active properties and
being environmentally friendly, biosurfactants are of great industrial and
commercial interest. Potential industrial applications include enhanced oil
recovery, crude oil drilling lubricants, surfactant-aided bioremediation of
water-insoluble pollutants, and uses in the health care and food processing
industries (3,5). Furthermore, biosurfactants may be useful in agriculture,
especially in formulation of herbicides and pesticides. In this application, the
emulsifier is used to disperse the active compounds and very hydrophobic
molecules in the aqueous solution (6). Biosurfactant applications in the
environmental industries have received more attention recently owing to
their biodegradability, low toxicity, and effectiveness in enhancing biodegra
dation and solubility of hydrophobic compounds (1). These biological
compounds also have potential applications in agriculture, cosmetic, phar
maceuticals, detergents, food processing, laundry supplies, paint industries,
and others (7).

Bacteria of the genus Pseudomonas are known to produce a glycolipid
surfactant containing rhamnose and 3-hydroxy fatty acids. The properties
showed by rhamnolipids depend on their homologous composition and
distribution that are determined by the bacterial strain, culture conditions,
and medium composition (8). Rhamnolipids are isolated from culture broth
and can be produced using hydrophobic and hydrophilic substrates (9).
Although biosurfactants exhibit such important advantages, they have not
been yet used extensively in industry because of relatively high production
costs. One possible strategy for reducing costs is the utilization of alterna
tive substrates such as agroindustrial wastes (10). The main problem related
to use of alternative substrates as culture medium is to find a waste with
the right balance of nutrients that allows cell growth and product accumu
lation (11). Natural cashew apple juice (CAl) is an example of an inexpen
sive substrate in Brazil, as it is a byproduct of the cashew nut industry. In
the north coast of Brazil, especially in the state of Ceara, the cashew agroin
dustry has an outstanding role in the local economy. The cashew apple, a
pseudo fruit or peduncle, is the part of the tree that connects it to the
cashew nut, the real fruit and a well-known product around the world. The
cashew apple is a hard, pear-shaped, small, and nonclimacteric fruit, and is
found in three colors: yellow, orange, and red. The most commonly com
mercialized ones are the yellow and red fruits. The edible portion, repre
senting 90% of the fruit, is a pseudo fruit rich in vitamin C, flavor, and
aroma. Internal and external market consumption of cashew nut, in the
year of 2004, was about 232,000 t. However, only 12% of the total peduncle
is processed (12-14) and it does not play an important role to the economy
of the state. Furthermore, the majority of the cashew apple production
spoils in the soil. These facts together with its rich composition (see Table I),
turns CAJ into an interesting and inexpensive (R$1.00/Kg) culture medium.
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Table 1
CAJ Composition

187

Parameter

Vitamin C (mg/lOO.O g)
Brix
pH
Malic acid (g/lOO.O g)
Total tannins (mg/lOO.O g)
Condensed tannins (mg/lOO.O g)
Calcium (mg/lOO.O g)
Phosphorous (mg/lOO.O g)
Iron (mg/lOO.O g)
Carotene (mg/lOO.O g)
Carbohydrates (g/lOO.O g)
Reducing sugars (%)
Nonreducing sugars (%)
Starch (%)
Alanine (Jlmoi/IOO mL)
Serine (Jlmoi/IOO mL)
Phenylalanine (Jlmoi/IOO mL)
Leucine (Jlmoi/IOO mL)
Glutamic acid (Jlmoi/IOO mL)
Aspartic acid (Jlmoi/IOO mL)
Proline (Jlmoi/IOO mL)
Tirosine (Jlmoi/IOO mL)

CAJ

135.0-372.0
7.4

3.8-4.2
0.4
0.6
0.2

0.9-5.4
6.1-21.4
0.2-0.7

0.03-0.74
9.0-9.7

10.7
0.4

8.5-2.7
336.0
273.0
175.6
178.0
148.4

87.6
158.7
115.5

References

12/13
13
12/13
13
13
13
12
12
12
12
12
15
15
15
16
16
16
16
16
16
16
16

Therefore, the aim of this work was to investigate the potential use of this
alternative substrate (CAJ) as carbon source to rhamnolipid production by
P. aeruginosa ATCC 10145. Surface-active properties and preliminary char
acterization of the biosurfactants obtained were also presented.

Materials and Methods

Microorganism

P. aeruginosa ATCC 10145, kindly donated by Dr. Fatima Borges from
Empresa Brasileira de Pesquisa Agropecuaria (Embrapa)-Ceara, Brazil,
was maintained on nutrient agar (Biolife) slants at 4°C.

Substrate Preparation

CAJ was withdrawn by compressing the cashew apple (Anarcardium
occidentale L.). After compressing, the substrate was centrifuged at 3500 rpm
for 20 min (BIG ENG, BE--6000, Sao Paolo, Brazil), filtered using a 25 Jlm fil
ter paper, and diluted with water (1 % [vIv]). CAJ supplemented with pep
tone, here named CAJ~was prepared by adding 5.0 giL of peptone to diluted
CAJ. Afterwards, pH was adjusted to 7.0 and it was sterilized by
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filtering through a 0.45 Jlm Millipore membrane. Nutritive broth (NB) (5.0 gil
of peptone and 3.0 gil of yeast extract) was distributed in flasks and sterilized
in autoclave (Tecnal-AV-75, Sao Paolo, Brazil) at 1 atm, 121°C for 15 min.

Media and Growth Conditions

The bacterial strains were streaked in a nutrient agar slant and incu
bated for 24 h at 30°C. Three loops of culture were inoculated in 50 mL of
NB (Biolife) in a 250-mL Erlenmeyer flask and incubated in a rotary shaker
(Tecnal-TE240, BR) at 30°C and 150 rpm for 18-24 h. Afterwards, optical
density (600 nm) of bacterial suspension was adjusted to 0.1 and an aliquot
of 6 mL of inoculum (2%) was transferred to a 500-mL Erlenmeyer flask,
containing 300 mL of medium, and incubated at 30°C, 150 rpm in a rotary
shaker (Tecnal-TE240, BR). Samples were collected at time-defined inter
vals and submitted to analysis.

Biomass Content

Cell growth was determined by measuring the optical density of sam
ples, using a UV-visible spectrophotometer (20 Genesis, BR) at 540 nm. Cell
concentration was determined by dry weight by filtering through a 0.45 Jlm
previously weighted Millipore membrane (17).

Analytical Methods

Carbohydrates Concentration

Substrate concentration (glucose and fructose), present on CAJ, were
measured by high-performance liquid chromatography using a Waters high
performance liquid chromatography equipped with a refractive index detec
tor and a Shodex Sugar SCIOlI (Karagawa, Japan) column (8.0 x 300 mm2).

Ultrapure water (MiliQ, Millipore, Sao Paolo, Brazil) was used as mobile
phase under the following conditions: flow rate of 0.6 mL/min at BO°C.

Emulsification Activity

Emulsifying activity was determined according to Cooper and
Goldenberg (18) with slight modifications: 2 mL of cell free supernatant
was added to 2 mL of hydrocarbons (n-hexane, n-heptane, gasoline,
kerosene, or soy oil), containing 0.2 mL of pink dye and the mixture was
vortexed for 2 min. After 24 h, the height of emulsion layer was measured.
The emulsifying activity (E24) was calculated using Eq. 1 (19).

£2/%) = ;L x 100 (1)
s

where HEL is the height of the emulsion layer and Hs is the height of total
solution.
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Surface Tension Determination

Surface tension was determined with a tensiometer (Torsion Balance
of White Electrical Instrument, UK) at 30°C, according to the De Nauy ring
method. The surface tension measurements were performed using cell free
supernatants obtained after centrifugation.

Rhamnolipid Extraction

Rhamnolipids mixtures were extracted from culture media after cell
removal by filtering through a 0.45 }lm Millipore membrane. The pH of super
natant was adjusted to 2.0 with HzSO4 (6 N) and an equal volume of
CHCl

3
/CH30H (2 : 1) was added. The mixture was vigorously shaken for

5 min and allowed to set until phase separation. The organic phase was
removed and the operation was repeated again. The rhamnolipid product
was concentrated from the pooled organic phase using a rotary evaporator.
For further purification the viscous yellowish product obtained was dissolved
in methanol and concentrated again by evaporation of the solvent at 45°C (8).

Carbohydrate and Protein Analysis of Extracted Biosurfactant

The carbohydrate content of extracted biosurfactant was determined
by Dubois method (20). Protein concentration was assayed by the Bradford
method (21).

Statistical Analysis

All surface tensions and emulsification activities determinations were
performed at least three times. Means and standard errors were calculated
using the Microsoft Office Excel 2003 (Version 7).

Results and Discussion

Two complex media (CAJ and CAJP) and a defined media (NB) were
used to grow P. aeruginosa. The effect of these media on cell growth and rham
nolipid production was investigated and results are pictured on Figs. 1-3. It
can be observed that the variation in biomass concentration (optical density),
in all media studied, is a typical curve of microbial growth. The same behavior
was observed by several authors with different microorganisms (22-24).

Table 2 presents results of growth and production of biosurfactant by
P. aeruginosa in the different studied media. Maximum biomass concentra
tions were reached when NB and CAJP were used, 1.08 and 1.00 giL,
respectively. All media tested have favored extracellular production of
active surface agent by P. aeruginosa. The maximum reduction in the sur
face tension (41 %) was obtained for CAJP after 24 h of culture (Table 2).

A comparison between cell growth, surface tension, and substrate
uptake allows observing that the biosurfactant production coincides with
the consumption of substrate and the formation of a stationary phase.
Several biosurfactants were recognized as secondary metabolites, whereas
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others were considered growth associated (4). In this study, the observed
behavior is typical of a secondary metabolite.

Other studies evidenced that P. aeruginosa was able to reduce the surface
tension of soapstock media from 57.5 to 32.9 dyne/em (9). Brazilian native
oils: buriti (Mauritia flexuosa), cupua<;u (Theobroma grandiflora), passion fruit
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Table 2
Effect of Different Media on Growth and Production of Biosurfactants

by P. aeruginosa: CAJ 1 : 10, CAJ 1 : 10 Supplemented With Peptone (CAJP), and NB

Surface
tension

Culture Biomass Final of media
media (g/L) pH (dyne/em)

CAJ 0.98 2.25 66.00 ± 0
CAJP 1.00 5.72 50.00 ± 0.81
NB 1.08 8.60 52.75 ± 0.5

Surface tension
after cultivation

(dyne/em)

44.37 ±0.48a

29.50 ±0.50b

47.17 ±0.29c

Reduction of
surface tension (%)

32.77
41.00
10.58

aAfter 72 h of cultive.
bAfter 24 h of cultive.
cAfter 12 h of cultive.

(Passiflora alata), andiroba (Carapa guianensis), brazilian nut (Bertholletia
excelsa), and babassu (Orbignya sp.) had also been evaluated as carbon
sources to produce rhamnolipids for P. aeruginosa LB1 (8). The highest
rhamnolipids concentrations were obtained from brazilian nut and pas
sion fruit, and surface tension varied from 29.8 and 31.5 dyne/em, respec
tively (8). In this article, when CAJP was used, the surface tension of the
culture broth fell from 50 to 29.5 dyne/em, and remained constant up to 70 h.
Some authors (23,25) report the same behavior and explain that even in the
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presence of a small concentration of biosurfactant, the critical micellar con
centration may be achieved from which no variation on the surface tension
can be observed.

In Figs. 2 and 3, it can be observed that the microorganism consumed
only glucose, as fructose concentration remained constant during the fer
mentation. The pH of the medium increased when using NB and reached
values over 8.0, whereas CAJ and CAJP showed acidic conditions. Based on
the obtained results, CAJP is a suitable substrate for growth and production
of biosurfactant, because it has reduced the surface tension of the media to
values below 30 dyne/cm (24,26). Moreover, the exploitation of cashew
apple will not only reduce the costs associated with biosurfactant produc
tion but will also utilize a surplus raw material that usually spoils in soil
and contributes to ambient pollution.

The highest biosurfactant production occurred after 48 h of cultiva
tion using CAJP (3.86 g by biosurfactant for 1000 mL de medium) and the
poorest, when NB was used. An emulsion is formed when one liquid phase
is dispersed as microscopic droplets in another liquid continuous phase (4).
As shown in Fig. 4, all the hydrocarbons and soil oil tested served as sub
strate for emulsification by the biosurfactant. Soy oil (71.79% emulsified)
was the best substrate, whereas kerosene (16.50% emulsified) was the poor
est. Most microbial surfactants are substrate specific, solubilizing or emul
sifying different hydrocarbons at different rate (27).
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No protein was detected in the extracted biosurfactant; however, it
did contain carbohydrate (data not shown). The biosurfactant produced
by the P. aeruginosa may be classified as a rhamnolipid. Rhamnolipids, tre
lalolipids, and sophorolipids are among the best known glycolipids pro
duced by P. aeruginosa (28).

Conclusion

In this article, three media were studied for the production of biosur
factant by P. aeruginosa ATCC 10145. Results indicate that the microorgan
ism was able to grow and produce rhamnolipids when cultivated in all the
media studied. However, best results of surface tension reduction were
obtained when CAJP was used. Furthermore, P. aeruginosa grown on CAJP
reduced the surface tension of the media to values below 30 dyne/em,
showing that CAJ, supplemented with peptone, is a suitable substrate for
production of biosurfactant. The emulsifying activity of the produced bio
surfactant was determined and it was able to emulsify hexane, heptane,
gasoline, kerosene, and soy oil. Soy oil (71.79%) was the best substrate,
whereas kerosene (16.50%) was the poorest. This initial study indicates that
traditional carbon sources for biosurfactant production may be replaced by
CAJ. Moreover, the use of CAJ as a culture medium would provide an
alternative of waste management for the productive chain of cashew nut,
an important industrial segment on the Northeast of Brazil.
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Abstract

To develop functional enzymes in cellulose hydrolysis at or above 70°C
the cellobiohydrolase (CBHI/CeI7A) of Thermoascus aurantiacus was cloned
and expressed in Trichoderma reesei Rut-C30 under the strong cbhl promoter.
Cellulase production of the parental strain and the novel strain (RF6026) was
examined in submerged fermentation experiments using various carbon
sources, which were lactose, Solka Floc 200 cellulose powder, and steam pre
treated corn stover. An industrially feasible production medium was used
containing only distiller's spent grain, KH2P04, and (NH4)2S04. Enzyme
production was followed by measurements of protein concentration, total
cellulase enzyme activity (filter paper activity), ~-glucosidase activity, CBHI
activity, and endogenase I (EGI) activity. The Thermoascus CBHI/Cel7A activity
was taken as an indication of the heterologous gene expression under the
cbhl promoter.

Index Entries: Cellulose; fermentor; lactose; shake flask; Solka Floc 200;
steam pretreated corn stover.

Introduction

Currently, the world's fuel ethanol production is dominated by the
United States, Canada, and Brazil. Their contribution to the global pro
duction is estimated to be around 90%, whereas the European fuel
ethanol production accounts for 7% (1). About 14 billion L of ethanol are
produced in Brazil annually from sugar cane. Because of the controlled
sugar prices in the United States, sugar cane is too expensive raw material
for fuel ethanol production. Therefore, corn and other starch-crops are
being used in commercial ethanol production in this country. In Europe,
significant amount of ethanol is being produced from sugar beet and

*Author to whom all correspondence and reprint requests should be addressed.
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wheat-starch (1). Utilization of lignocellulosic biomass for the production
of fuel ethanol could be an interesting option allover the world as lig
nocellulosic byproducts are generated in huge amounts for example by
forestry (wood chip, saw dust, and logging waste), agriculture (various
straws), and pulp and paper industry (2-5). In 2005, 280 million t of corn
was harvested in the United States and 50 million t in the EU of which 9
million t in Hungary (6). In whole corn plant, corn-stover weighs about
1.5-times as much as corn kernels, thus about 420 million t of corn-stover
in the United States and 75 million t in the EU are generated annually.
Although, fuel ethanol derived from lignocellulosic biomass can be pro
duced cost competitively with corn-starch based ethanol, the competitive
ness with gasoline still remains an issue, which calls for further
improvement of such a technology.

Essentially, lignocellulose-to-ethanol processes include three main
technological steps. First the polysaccharide content of the feedstock is
hydrolyzed to fermentable sugars, which are then converted to ethanol by
yeast. In the third step ethanol is refined from the fermentation broth. There
are basically three technological concepts available for the hydrolysis of lig
nocellulosics. These are the one-step concentrated acid hydrolysis, the two
step dilute acid hydrolysis, and the enzymatic hydrolysis, of which the latest
seems to have advantages over the former two concepts. The fermentability
of hydrolysates obtained in the enzymatic process is significantly better
owing to milder processing conditions, resulting in better ethanol yields. On
the other hand, for efficient cellulose hydrolysis, high enzyme loading is
required making the process economically less favorable because of the high
market price of cellulase. Furthermore, the technological margin for eco
nomic ethanol distillation has been reported to be 5% ethanol in the fer
mentation broth, which requires high-density cellulose hydrolysis.

One approach to make the enzymatic process more attractive is to use
thermostable cellulases active at high temperatures, thus making the cellu
lose hydrolysis go faster. Furthermore, the processibility of high-density cel
lulose slurry could be possible at elevated temperatures. To reach this goal,
genetic engineering of different strains has already been carried out (7,8).
Thermoascus aurantiacus was found to produce thermostable endoglucanase
and ~-glucosidasein both submerged and solid state cultivation (9).

For economical, large-scale bioethanol production from lignocellu
losic material, integrated production plants having the enzyme production
on site may be the option. It would be advantageous if the same material
could be used for the enzyme production. In the present study, the het
erologous production of T. aurantiacus cellobiohydrolase (CBHI/CeI7A) in
Trichoderma reesei RF6026 and the general cellulase enzyme production of
the Rut-C30 were investigated and compared on different carbon sources,
i.e., on water-soluble (lactose) and water-insoluble carbon sources (cellulose
and steam pretreated corn-stover).
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Carbon Sources for Cellulase Production

Solka Floc 200 (SF200) cellulose powder (International Fiber, New
York, NY), lactose-L-hydrate (SPECTRUM-3D, Hungary) and steam pre
treated Italian corn-stover (SPCSI, obtained from ENEA, Italy) were used
as carbon sources for cellulase production. Different batches of corn-stover
were steam pretreated at 190°C and 210°C for 5 min in continuous reactor,
and analyzed for carbohydrate content using the Hagglund method (10).
The composition of SPCSI batches obtained after pretreatment at different
temperatures were different. The batch pretreated at 190°C contained
36.7% glucan, 15.8% xylan, and 1.0% arabinan on dry matter (DM) basis.
The DM content after the treatment was 38.7%. The other batch pretreated
at 210°C, contained 32.5% DM glucan, and 2.9% DM xylan. The DM con-'
tent after the treatment was 59.5%.

Microorganisms

Two different T. reesei strains were used in cellulase production experi
ments, T. reesei RF6026 carrying the T. aurantiacus cbh1/cel7A under the
strong T. reesei cbh1/cel7A promoter and the parental strain Rut-C30. In the
RF6026 strain the native T. reesei cbh1/cel7A gene has been deleted. Freeze
dried conidia of T. reesei Rut-C30 (ATCC56765) were obtained from the
American Type Culture Collection. Culture of T. reesei RF6026 was prepared
and kindly supplied from ROAL Oy, Finland.

Inoculum Preparation

The stock culture of the fungus T. reesei Rut-C30 was maintained
on agar slants containing 50.0 giL of malt extract, 5.0 giL of glucose,
1.0 giL proteose peptone, and 20.0 giL of bacto agar. T. reesei RF6026 was
maintained on Potato-dextrose agar slants containing 15.0 giL starch,
20.0 giL glucose, and 18.0 giL bacto agar. After 14 d of incubation at
30°C, the greenish conidia were suspended in 5 mL of sterile water and
1.5 mL of this suspension was transferred to 750-mL Erlenmeyer flask
containing 150 mL of sterile and pH adjusted (5.6-5.8) modified Mandels'
medium (11) in which the concentration of nutrients was added as
follows: 0.4 giL urea, 1.87 giL of (NH4)2S04' 2.67 giL of KH2P04, 0.53 giL
of CaCI2·2H20, 0.81 giL of MgS04·7H20, 0.33 giL of yeast extract,
1.0 giL of proteose peptone, and 10.0 giL of lactose. Furthermore, the
medium was supplemented with the following trace elements: 6.6 mglL
of FeS04·7H20, 2.1 mg/L of MnS04·H20, 1.9 mg/L of ZnS04·7H20, and
26.7 mglL of CoCI2. The shake flasks were incubated at 30°C for 3 d on
an orbital shaker (350 rpm).
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Enzyme Production in Shake-Flasks

An aliquot of 15 mL 3 d old mycelium suspension obtained from inocu
lum cultures was used to initiate growth in a 750-mL Erlenmeyer flask con
taining 150 mL of the Technical Research Centre of Finland (VTT) medium (8)
in which the concentration of nutrients were 10.0 giL carbon source (lactose,
SF200, and SPCSI), 5.0 giL distiller's spent grain, 0.83 giL KH2P04, and
0.83 giL (NH4)2S04. After inoculation, the flasks were incubated for 7 d at
28°C and 200 rpm. Samples were withdrawn daily at the same time and
when necessary, the pH in the flasks was adjusted to 5.6 using sterile 10 wt%
solutions of NaOH or H2S04. Aseptically taken samples were centrifuged at
9000 rpm for 5 min. The collected supernatants were assayed for enzyme
activities such as filter paper, p-glucosidase, CBH I, and enduglucanase I,
respectively.

Enzyme Production in Laboratory-Scale Fermentor

Cellulase production was also performed in a 31-L (20 L working
volume) double-walled stainless steel laboratory fermentor (Biostat CDCU-3,
B Braun Biotech, Germany). The production medium was made up of
60.0 giL carbon source (lactose, SF200, and SPCSI), 30.0 giL distiller's
spent grain, 5.0 giL KH2P04, and 5.0 giL (NH4)2S04 (8). The medium com
ponents required for 20 L production medium were dissolved in 18 L tap
water and sterilized at 121°C for 20 min. After sterilization, 2 L of inoculum
culture was aseptically added to initiate growth and enzyme production.
During 92 h of fermentation, the temperature was maintained at 28°C and
the pH was automatically kept at 5.5 by addition of 10 wt% solutions of
either phosphoric acid or ammonium hydroxide. The dissolved oxygen
level in the fermentor was controlled to 30% of saturation by cascade con
trolling first the airflow rate (between 1 and 12 L/min) and agitation speed
(300-650 rpm). To avoid foam formation, silicon oil-based Sigma Aldrich
Antifoam A (Munich, Germany) in 300/0 ionic emulsion was added manu
ally. Samples were withdrawn three times a day and centrifuged at 9000 rpm
for 5 min. The collected supernatants were assayed for enzyme activities
(filter paper activity [FPA], p-glucosidase, CBHI, and EGI).

Analysis

Reducing sugar (RS) concentration, enzyme activities, and soluble
protein content were assayed in sample collected during fermentation. All
samples were analyzed in triplicates and the main value was calculated.
Relative standard deviation of all measurements was less than 5%. The RS
content was measured using 3,5-dinitrosalicylic-acid reagent (12). For fer
mentation runs carried out using lactose carbon source, the calibration of
3,5-dinitrosalicylic-acid reagent was made using lactose standard, whereas
glucose calibration was used for the other two carbon sources. The overall
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cellulase activity was measured by FPA (13). In FPA measurements the
background RS content was taken into account by subtracting the
absorbance of the blank from the absorbance of the activity assay.
~-Glucosidase activity was determined against 4-nithrophenyl-~-(D)

glucopyranoside substrate (14). CBHI and EGI activities were assayed
using 4-methylumbelliferyl-~-D-lactosidesubstrate (15) in the presence of
100 mM glucose to inhibit ~-glucosidase. As the reaction is not strictly for
CBHI (EGI can also hydrolyze the substrate), for EGI activity measure
ment 5 mM cellobiose is added to inhibit CBHI/Ce17A in the mixture.
CBHI activity can be calculated by substracting EGI from the total enzyme
activity. Enzyme activities were expressed in international units (IU)
except for FPA, wherein filter paper unit (FPU) was used. Enzyme activity
measurements from samples collected during the fermentation were car
ried out at 50GC, if otherwise not indicated. Incubation times and pHs were
as following: 60 min and 4.5 for FPA, 10 min and 4.5 for ~-glucosidase, and
10 min pH 5.0 for CBHI and EGI activities. Protein content of the samples
was also assayed (16).

Results and Discussion

Cellulase Production ofT. reesei Rut-C30 in Shake-Flask

In shake flask experiments, cellulase production of T. reesei Rut-C30 was
examined using the VTT medium in which the carbon source concentration
was set to 10.0 giL. The reason for reducing carbon source concentration from
the original 60.0 giL was owing to the fact that SPCSI at this DM content
could not be mixed efficiently in shake-flask cultures. The enzyme production
profile obtained on SPCSI carbon source, a potential substrate for ethanol
making, was compared with the enzyme profiles obtained on lactose, an
industrial standard carbon source, and on purified cellulose powder (SF200),
which is regarded as the most effective cellulase inducing carbon source.

The overall cellulase activities were in the range of 1.3-1.9 FPU/mL
after 7 d of cultivation. There was no significant difference between the
level of cellulase activities on media containing either lactose or SF200, and
about 1.3 FPUImL cellulase titers were reached in both cases. However,
when SPCSI carbon source was added to the production medium the over
all cellulase activity was 1.9 FPUImL, which was 45% higher than those
obtained for the other two carbon sources. On lactose-containing medium
about 1.2 IUImL ~-glucosidasetiter was reached in the fermentation; how
ever, the level of this enzyme was considerably lower, around 0.9 IUImL
on solid carbon sources, i.e., SF200 and SPCSI. Levels of CBHI and EGI in
the fermentation broth did not show significant variation with different
carbon sources. For all three carbon sources the CBHI and EGI activities
were around 0.7 and 0.2 IU ImL, respectively (Table 1).
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Table 1
Summary of T. reesei Rut-C30 Cellulase Production

Using Different Carbon Sources

Carbon source

Enzyme activity Lactose SF200 SPCSI
FPA (FPU/mL) 1.35 1.25 1.9
p-Glucosidase (IU/mL) 1.24 0.86 0.86
CBHI (IU/ mL) 0.66 0.72 0.75
EGI (IU/mL) 0.22 0.28 0.22

Enzyme activities obtained in shake flask experiments
after 7 d of cultivation.

Benko et al.

It has been proven in shake-flask experiments, that SPCSI, a potential
substrate for fuel ethanol production, can be efficiently used for cellulase
production as well. In spite of the lower carbohydrate content of SPCSI,
the overall cellulase activity was increased by 40% compared with lactose.
On the other hand the enzyme mixture produced on SPCSI was less bal
anced in term of the FPA to B-glucosidase ratio. Whereas on lactose carbon
source, this proportion was almost Ill, which is close to the optimal ratio
for cellulose hydrolysis, the enzyme cocktail produced on SPCSI was defi
cient in B-glucosidase enzyme. It is noteworthy to mention that, although
significantly higher FPA was measured in case of SPCSI carbon source,
individual cellulase (CBHI and EGI) activity assays did not reflect this
observation. Unfortunately, with the present set of data and methodology
used in this research plausible explanation cannot be provided.

Cellulase Production ofT. reesei Rut-C30 in Fermentor

Scaled-up cellulase production of T. reesei Rut-C30 using the VTT
medium supplemented with the previously mentioned carbon sources at
60.0 giL was performed in a 31 L total volume lab-scale fermentor.
Furthermore, with the cultivation of T. reesei RF6026 on the same carbon
sources the heterologous expression of T. aurantiacus cbhl/ce17A was also
investigated. Enzyme activities and RS concentration in samples with
drawn during the course of cultivation are summarized in Fig. 1.

Cultivation of T. reesei Rut-C30 on medium containing 60.0 giL lac
tose resulted in an overall cellulase activity of 3.4 FPUImL. Significant
cellulase production was observed after 20 h of fermentation (Fig. lA).
The activity of B-glucosidase, CBHI, and EGI were quite low at this time,
and detectable amounts were only observed in the fermentation broth
after 30 h. At end of the fermentation the ~-glucosidase,CBHI, and EGI
activities were 1.0, 1.5, and 0.4 IU ImL, respectively. About 35% higher, 4.6
FPUImL FPA was reached at the end of T. reesei Rut-C30 cultivation when
the cellulase production was induced by SF200 cellulose powder (Fig. IB).
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Fig. 1. Enzyme production of T. reesei strains in lab-scale fermentor using different
carbon sources. (A) Lactose Rut-C30, (B) SF 200 Rut-C30, (C) SPCSI Rut-C30, (D) Lactose
RF6026, (E) SF 200 RF6026, and (F) SPCSI RF6026; (e) RS, (e) FPA, (0) (P-glucosidase, (T)
CBHI, (\7) EGI, and (0) protein content.

However, the level of ~-glucosidase enzyme stayed as low as 1.1 IVI mL.
As expected, the expression of CBHI enzyme was clearly higher on SF200
than on lactose carbon source, resulting in a CBHI activity of 2.3 IVI mL at
the end of the experiment. On the other hand, the expression of the other
cellulase component, EGI, was not influenced by the carbon source at all,
and the same level of activity was reached on the strong cellulase inducer
as with lactose (Fig. 1 panel A,B). When speSI carbon source was used to
produce cellulases in the concentration of 60.0 giL, there was no enzyme
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production observed at all. The RS content in the medium (data not shown)
increased continuously indicating that cellulase added with the inoculum
started to hydrolyze the cellulose fraction of the carbon source, but glucose
liberated was not taken up by the fungus. Same phenomenon has been
observed elsewhere (17), where the lack of microbial growth and enzyme
production was explained by the presence and inhibitory effects of com
pounds, such as furfural and acetic acid, generated during steam pretreat
ment of lignocellulosics. The experiment with this carbon source was
therefore repeated; however, with reduced amount of SPCSI at 30.0 gil. As
shown in Fig. 1C, even at this lowered SPCSI concentration, a long lag phase
could be seen during which the RS concentration was first increasing and
then slowly declining as microbial activity picked up. Cellulase production
started rather late, at the fortieth hour of the cultivation, compared with
the enzyme production carried out with the other two carbon sources.
Final enzyme titers were also significantly lower in this case, 1.9 FPU/mL,
0.5 IU/mL, 1.0 IU/mL, and 0.3 IU/mL for FPA, ~-glucosidase, CBHI, and
EGI activities, respectively. Though it has to be kept in mind that these
results were obtained at considerably lower carbon source concentration.

CBHI/CeI7A Production ofT. reesei RF6026 in Fermentor

Heterologous production of T. aurantiacus CBHI in T. reesei RF6026
strain was examined by measuring the CBHI activity during the growth
of the fungus on lactose, SF200, and SPCSI. Lactose and SF200 were
applied in 60.0 gil concentrations, whereas the concentration of SPCSI in
the production medium was 30.0 giL. Besides FPA, CBHI, EGI, and
~-glucosidase activities were also measured. However, when judging the
FPA results it should be kept in mind that the CBHI enzyme of T. aurantiacus
does not have a cellulose binding domain. The enzyme activity and RS
curves were very similar to what has been seen during the cultivation of
the parental strain on the same carbon sources, except the level of CBHI
activities, which were always lower to the same degree as activity
measurement was carried out at suboptimal condition of the thermoactive
T. auranticus CBHI enzyme, for example, 50°C. The enzyme production
on lignocellulosics, for example, SF200 and SPCSI, did not seem to be
influenced by the facts that:

1. The produced T. auranticus CBHI lacks the cellulose binding
domain, which would facilitate better hydrolysis of the carbon
source thereby supporting growth of the fungus in greater extent.

2. The cultivation of the mesophilic T. reesei was performed at 28°C, a def
initely suboptimal temperature for the thermo-active CBHI enzyme.

In order to obtain an accurate number on the amount of thermo
active CBHI activity measurement of samples taken at the end of every
fermentation have been done at 70°C as well as shown in Fig. 2, where
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Fig. 2. CBHI activities of T. reesei Rut-C30 measured at 50°C (.), Rut-C30 measured
at 70°C (.) and RF6026 measured at 70°C produced on different carbon sources.

CBHI specific activities of both endogeneous and cloned CBHI activities
measured at optimal temperatures are compared for different carbon
sources (CBHI activity of Rut-C30 on elevated temperature is also
included for comparison). As expected the protein production pattern
under T. reesei cbhl promoter was similar for both strains on cellulosic
carbon sources. However, the parental strain loses its CBHI activity at
70°C, whereas CBHI of RF6026 strain still performs well, providing the
possibility to work at elevated temperatures.

Conclusions

The main objective of the present study was primarily to examine the
heterologous protein production in a model strain, T. reesei RF6026, under
the T. reesei cbhl promoter. It has been established by CBHI activity mea
surements at optimal temperatures for both CBHI enzymes that the imple
mentation of the thermo-active enzyme was successful and the target
protein was produced. The second objective of this work was to examine
the feasibility of utilizing the same material, for example, steam pretreated
corn-stover for cellulase enzyme production that could be used as a sub
strate for fuel ethanol production. It was concluded that the application of
SPCSI for enzyme production is limited probably because of the presence
of microbial growth inhibiting compound that are liberated during pretreat
ment of corn-stover.
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Introduction to Session 1B
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Department of Crop and Soil Sciences, Michigan State University,
MI48824, E-mail: stickle 7@msu.edu

Topics presented in the "Plant Biotechnology and Genomics" session
focused on technologies that highlight the important role of plant biotech
nology and genomics in the development of future energy crops. Several
excellent presentations demonstrated the latest advances in energy crop
development through the use of plant cell wall regulation and by engi
neering new energy crops such as brown midrib sweet sorghum.
Approaches included the control of cellulose production by increased
expression of cellulase synthase genes and the selection of high-yield vari
eties of shrub willows. The potential of producing hydrolytic enzymes
using transgenic plants as a cost-effective means for the large-scale pro
duction of these enzymes was also explored in the session, as was the role
of posttranslational modifications on the activities of heterologous
expressed cellulases in hosts such as Pichia pastoris.

*Author to whom all correspondence and reprint requests should be addressed.
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Heterologous Acidothermus cellulolyticus
1,4-~-Endoglucanase El Produced
Within the Corn Biomass Converts

Corn Stover Into Glucose
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Engineering and Material Science; and 30epartment of Physiology;
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Abstract

Commercial conversion of lignocellulosic biomass to fermentable sugars
requires inexpensive bulk production of biologically active cellulase enzymes,
which might be achieved through direct production of these enzymes within
the biomass crops. Transgenic corn plants containing the catalytic domain of
Acidothermus cellulolyticus E1 endo-1,4-P glucanase and the bar bialaphos
resistance coding sequences were generated after Biolistic® (BioRad Hercules,
CA) bombardment of immature embryo-derived cells. El sequences were
regulated under the control of the cauliflower mosaic virus 355 promoter and
tobacco mosaic virus translational enhancer, and E1 protein was targeted to
the apoplast using the signal peptide of tobacco pathogenesis-related protein
to achieve accumulation of this enzyme. The integration, expression, and seg
regation of El and bar transgenes were demonstrated, respectively, through
Southern and Western blotting, and progeny analyses. Accumulation of up to
1.13% of transgenic plant total soluble proteins was detected as biologically
active E1 by enzymatic activity assay. The corn-produced heterologous E1
could successfully convert ammonia fiber explosion-pretreated corn stover
polysaccharides ~nto glucose as a fermentable sugar for ethanol production,
confirming that the E1 enzyme is produced in its active form.

Index Entries: Ammonia fiber explosion; biomass conversion; cellulose;
ethanol; transgenic maize; endoglucanase.

Introduction

According to a recent report from the Natural Resources Defense
Council and the Institute for the Analysis of Global Security, the dependence
of the United States on foreign petroleum both undermines its economic
strength and threatens its national security (1). Ethanol, obtained either

*Author to whom all correspondence and reprint requests should be addressed.
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from grain or from cellulosic materials, has the ability to decrease the need
for petroleum fuel (1). Accordingly, the ethanol fuel industry has been
growing significantly in many countries throughout the world, and the
United States ethanol production capacity reached nearly 13.4 billion L in
2004, up nearly by 1.15 billion L since 2003 (2).

In the United States, ethanol is mostly produced from starch of corn ker
nels with a net energy balance (2). However, it is believed that with proper
management, roughly 1.18 billion mt of crop and forest residues and energy
crops can become available in the United States (3) and over 1.5 billion mt/yr
worldwide (4), which mostly could be used for conversion into alcohol fuels.
Some estimate the global availability at 9-45 billion mt of crop biomass annu
ally (5). In the United States, this translates into approx 411 billion L of
petroleum in 1 yr (4).

In addition to being cheap and widely available, lignocellulosic
biomass has the added benefit of being renewable and thus sustainable
(4,5). A current goal for enhancing US economic security is to meet 10% of
chemical feedstock demand by 2020 with plant-derived materials, or a
fivefold increase over current usage levels (6). Crops that have a high
amount of lignocellulosic biomass, such as corn, rice, sugarcane, and fast
growing perennial grasses have been recommended for conversion into
alcohol fuels (7,8).

Although production of fermentable sugars for alcohol fuels from
plant biomass is an exciting and attractive idea, and substantial efforts
have been put forth toward improving ethanol yield through this technology
and reducing its production costs (9,10), major roadblocks still stand in the
way of widespread commercial implementation of this technology. These
include prohibitive costs of pretreatment processing of the lignocellulosic
matter and production of microbial cellulase enzymes used in the conver
sion of cellulosic matter into fermentable sugars (11).

Enzymatic hydrolysis of cellulosic matter requires at least three
groups of enzymes: l,4-p-endoglucanase (E1; E.C. 3.2.1.4), cellobiohydrolase
(E.C. 3.2.1.91), and p-o-glucosidase (E.C. 3.2.1.21) (12,13). Currently these
enzymes are expensively produced in microbial fermentation tanks (7,14).
Decades of research have been devoted to reducing microbial production
costs of cellulases, resulting in significant decreases since 1980 (7,15).
Despite all efforts, enzyme production expenses are still high (7). The latest
model designed by the National Renewable Energy Laboratory (Golden,
CO) and Genencor (Palo Alto, CA) is producing cellulases at around
$0.03-0.05/L of ethanol (http://www.genencor.com/wt/gcorI ethanol).

An alternative strategy might be to use biomass crops as biofactories
to produce these enzymes on a large scale, and store them in safe cell com
partments until used. Plants are already being used successfully for molec
ular farming (16) of enzymes (17,18) and other proteins (19), carbohydrates
(20,21), and lipids (22). Plant-based production of enzymes has several
critical advantages compared with microbial fermentation or bioreactors.
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For example, plants can directly use the energy of the sun. Furthermore,
proteins produced in plants mostly display correct folding, glycosylation
activity, reduced degradation, and increased stability (16). In addition, the
infrastructure and know-how are mostly in place for plant genetic trans
formation, growing, harvesting, transporting, and processing the corn
plant matter (16).

To this end, the thermostable E1 transgene from Acidothermus cellu
lolyticus (23,24) has successfully been expressed in several plants including
Arabidopsis (12), potato (25), and tobacco (13,26). However, none are consi
dered a significant biomass crop for producing adequate amounts of
enzymes needed for lower costs of commercial ethanol production. Corn,
on the other hand, is an ideal crop for enzyme production, because it pro
duces a large amount of biomass, is an annual crop, and is already grown
extensively in the United States.

In this study, we present the successful production and accumulation
of El in biomass of transgenic corn plants at a relatively high level. This is
the first report on the conversion of biomass to fermentable sugars through
the use of A. cellulolyticus El enzyme constitutively produced within the
most acknowledged biomass crop, corn.

Materials and Methods

Transformation Vectors

A combination of pMZ766-ElcAT (12) and pBY520 (27), or pMZ766
ElcAT and pDM302 (28) was used in transformation research. Vector
pMZ766-ElcAT encodes the catalytic domain of El from A. cellulolyticus,
targeted to the apoplast with the signal peptide from tobacco pathogene
sis-related protein la (Prla), under regulation of the cauliflower mosaic
virus (CaMV) 355 promoter, the tobacco mosaic virus translational
enhancer (0), and the polyadenylation signal from nopaline synthase gene
(3' nos) (Fig. lA). Vector pDM302 contains the bar coding sequences under
the control of the rice actin 1 (Actl) promoter and nos terminator (Fig. lB).
Vector pBY520 contains the barley HVAl coding sequences regulated by
the Actl promoter and potato proteinase inhibitor II terminator, as well as
the bar coding sequences regulated by the CaMV 35S promoter and nos
terminator (Fig. lC).

Corn Transformation! Acclimation! and Transfer to Greenhouses

Highly proliferating, immature embryo-derived type II embryogenic
callus (29) was used in transformation experiments. Two to four hours
before bombardment, callus was transferred in 2 cm circles in the center
of a Petri dish containing an osmotic (30) or conditioning medium.
Conditioned callus was bombarded with ethanol washed tungsten parti
cles combined with a total of 10 Jlg of 1 : 1 mixture of pMZ766-ElcAT and
either pDM302 or pBY520, according to the manufacturer's protocol
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Fig. 1. (A) Transformation vector pMZ766EI-cAT. CaMV 355, cauliflower mosaic
virus 355 promoter; 0, tobacco mosaic virus 0 translational enhancer; Prla SP, the
sequence encoding the Prla signal peptide; El-cat, catalytic domain of l,4-~-glu

canase E1 (E1-cat' EC 3.2.1.4) from the eubacterium A. cellulolyticus; nos, polyadenyla
tion signal of nopaline synthase. (B) Transformation vector pDM302. Actl-5', rice actin 1
promoter; bar, bialaphos (herbicide)-resistance gene; nos. (C) Transformation vector
pBY520. Actl-5', rice actin 1 promoter; HVA1, a barley late embryogenesis abundant
protein gene; PinII-3', potato proteinase inhibitor II terminator; 355, CaMV 355 pro
moter; bar; and nos.

(PDS 1000/He Biolistic® gun, BioRad, Hercules, CA) at a pressure of
7579 kPa. The pDM302 or pBY520 containing the bar selectable marker
gene was used to provide the herbicide resistance.

The bombarded callus was kept on the same conditioning medium
for 24 h, transferred to callus proliferation medium (31/32) for 5 d, and then
placed on selection medium containing 2.0 mg/L bialaphos wherein they
were maintained for 6-8 wk with 2-wk subcultures into fresh medium. All
cultures were maintained in the dark up to this point. The detected
bialaphos-resistant surviving callus clones were placed in regeneration
medium (33) and exposed to light (60 Jimol quanta/m2/s from cool-white
40 W Econ-o-watt fluorescent lamps; Philips Westinghouse, Somerset, NJ)
for 4-6 wk. Plantlets were transferred further to rooting medium containing
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2.0 mg/L bialaphos selectable herbicide (33), and maintained for 2-4 wk
under the aforementioned light conditions.

Rooted plantlets of eight to ten centimeters in height were transferred
to pots containing soil, and pots were covered with plastic bags and kept
under light to mimic the tissue culture conditions. Small holes were made
daily in each bag, for 10-14 d acclimating the plants to greenhouse condi
tions before plants were transplanted into 7.6 L pots and transferred to a
long day (16 hid light) greenhouse.

DNA Analyses

Genomic DNA was extracted from leaf tissue with C-TAB as
described (34). For polymerase chain reaction (PCR), the oligonucleotide
primers 5'-GCG GGC GGC GGC TAT TG-3' and 5'-GCC GAC AGG ATC
GAAAAT CG-3' were designed, synthesized, and used to amplify a 1.0 kb
fragment spanning the catalytic domain of the E1 gene. The PCR products
were analyzed by electrophoresis in 0.8% agarose gels containing ethidium
bromide, and visualized under ultraviolet light.

For Southern blot analyses,S f.lg of genomic DNA and 10.0 pg plas
mid DNA (pMZ766-E1cAT) were digested with HindIII or SacI and frac
tionated on a 1% agarose gel. HindIII was chosen because it appeared to be
a unique site in the construct, and SacI because it cuts out the coding
sequence of the catalytic domain (Fig. 1). The DNA was depurinated,
denatured, and neutralized, and the gel was blotted onto a Hybond-N+
nylon membrane (Amersham-Pharmacia Biotech, Buckinghamshire, UK)
according to the manufacturer's instructions. The PCR DIG Probe Synthesis
Kit (Roche Applied Science, Penzberg, Germany, Cat no. 11 636090910) was
used according to the kit's instructions to generate a probe labeled with
digoxigenin-dUT~representing the E1-cAT coding region. Probe hybridiza
tion and immunological detection were carried out using the DIG High
Prime DNA Labeling and Detection Starter Kit II (Roche Applied Science,
Cat no. 1 585 614) with the instructions therein. Blots were exposed to X-ray
film and developed in a Kodak RP X-OMAT Processor (Kodak).

Total Soluble Proteins Extraction

Total soluble proteins (TSP) were extracted from leaf tissues as described
(13). Briefl~ 100.0 mg fresh leaf tissue was ground in the sodium acetate
grinding buffer and precipitated with saturated ammonium sulfate. Extracts
were quantified using the Bradford method (35) using a standard curve gener
ated from bovine serum albumin. For the large-scale TSP extraction (to check the
activity on biomass), an automatic solvent extractor (Dionex, Sunnyvale, CA)
was used~ To a total of 9.0 g pulverized transgenic corn residue, 60 mL grind
ing buffer was added and used by the machine to extract TS:r The extracted
TSP were precipitated by adding an equal volume of saturated ammo
nium sulfate and allowing to stand overnight at 4°C. The precipitated TSP
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were collected by centrifugation and concentrated by resuspending in 5 mL
grinding buffer. This TSP concentrate was measured for activity (described
under ''MUCase Activity Assay") and used without any further dilution.

MUCase Activity Assay

E1 activity was assessed as described (13). Briefly, a series of soluble
protein dilutions ranging from 10-1 to 10-3 were developed, representing
concentrations of 0.1-10.0 ng/JlL. In a 96-well plate, 10 JlL samples (repre
senting 1-100.0 ng TSP) were mixed with 100 J1,L reaction buffer containing
4-methylumbelliferone p-o-cellobioside (MUC). The fluorophore 4-methyl
umbelliferone, as the product of E1 hydrolization of the substrate p-o-cello
bioside, was measured as follows. Plates were covered with adhesive lids
and incubated at 65°C for 30 min. The reaction was stopped with the addi
tion of the stop buffer, and the fluorescence was read at 465 nm using
SPECTRAmax M2 device (Molecular Devices Inc., Sunnyvale, CA) at an
excitation wavelength of 360 nm. After subtracting background fluores
cence contributed by the control, activity of each sample was calculated
using a standard curve representing 4-160 pmol methylumbelliferone and
compared with the activity of pure E1 reported in Ziegelhoffer et al. (13).

Western Analysis

For Western blotting, the Invitrogen NuPAGE® Bis-Tris Discontinuous
Buffer System with a 10% NuPAGE Novex Bis-Tris Pre-Cast Gel was used
(Invitrogen, Carlsbad, CA). One microgram TSP was run on the gel and
blotted onto a nitrocellulose membrane (Amersham Hybond™ ECLTM;
Amersham-Pharmacia Biotech) according to the manufacturer's instruc
tions. The membrane was blocked with Ix PBS, 5% nonfat dry milk, 0.1 %
Tween-20 and incubated with primary antibody (mouse anti-El, 1 J1,g/mL)
and secondary enzyme conjugate antimouse IgG : HRPO (BD Transduction
Laboratories™, BD Biosciences, San Jose, CA; 1 : 2000). The Pierce
SuperSignal® West Pico Chemiluminescent Substrate was used for detec
tion following the manufacturer's protocol (Pierce Biotechnology,
Rockford, IL). The blot was exposed to X-ray film for 1 min and developed
in a Kodak RP X-OMAT Processor.

Progeny Analyses

Fertile To plants expressing the highest percentages of El were self
pollinated or cross-pollinated. In some cases, transgenic ears were pollinated
with wild-type pollen because of lack of sufficient transgenic pollen. Plants
were allowed to mature and seeds were harvested after dry-down when the
abscission layer had formed 35--45 d after pollination. T1 seeds were germi
nated in vitro on 2.0 mg/L bialaphos selection medium (33) to determine seg
regation ratios of the offspring. Then, PCR analysis using the aforementioned
primers was used to examine the presence of the £1 gene in the progeny.
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Table 1
Maize Transgenic Lines, Enzymatic Activity, and Percentage E1 Produced

in Transgenic Plant TSP

Plant 1 2 3 4 5 6 7 8 -c
El (%) 1.16 0.35 0.27 0.26 0.18 0.05 0.03 0.02 0
Activity

(nmal/
Jlg/min) 0.464 0.1408 0.109 0.104 0.072 0.02 0.012 0.008 0

Pretreatment of Biomass

Milled corn stover (about 1 cm in length) was pretreated using the
ammonia fiber explosion (AFEX) technology (36). In more detail, the crop
biomass was transferred to a high-pressure reactor (PARR Instrument Col, IL)
with 60% moisture (kg water/kg dry biomass) and liquid ammonia ratio
1.0 (kg of ammonia/kg of dry biomass) was added. The temperature was
slowly raised and the pressure in the vessel increased. The temperature
was maintained at 90°C for 5 min before explosively releasing the pres
sure. The instantaneous drop of pressure in the vessel caused the ammo
nia to vaporize, causing an explosive decompression and considerable
fiber disruption. The pretreated material was kept under a hood to remove
residual ammonia and was stored in a freezer until further use.

Conversion Analyses

E1 biomass conversion ability was assessed by measuring the reaction
of TSP extracted from line 2 ( Fig. 3, Table 1) E1-expressing corn leaves, with
soluble cellulose (carboxymethyl cellulose [CMC]), crystalline cellulose
(Avicel®, FMC Biopolymer, Philadelphia, PA), and material containing both
amorphous and crystalline cellulose, i.e., AFEX-pretreated corn stover (36).

The enzyme hydrolysis was performed in a sealed scintillation vial. A
reaction medium, made up of 7.5 mL of 0.1 M, pH 4.8 sodium citrate
buffer, was added to each vial. In addition, 60 ilL (600.0 Ilg) tetracycline
and 45 ilL (450.0 Ilg) cycloheximide were added to prevent the growth of
microorganisms during the hydrolysis reaction. The corn stover substrate
was hydrolyzed at a glucan loading of 1% (w : v) biomass. The TSP from
the plant producing the E1 was concentrated to 1.8%. Two hundred and
fifty milliliter of TSP containing 1.8% of E1 protein was used in the enzy
matic hydrolysis experiment containing 1% substrate in a 15 mL reaction
volume. The reaction was supplemented with 64 pNPGU/ g glucan (Novo
188 from Sigma) to convert the cellobiose to glucose. Distilled water was
then added to bring the total volume in each vial to 15 mL. All reactions
were performed in duplicate to test reproducibility. The hydrolysis reac
tion was carried out at 50°C with a shaker speed of 90 rpm. About 1 mL of
sample was collected at 72 h of hydrolysis, filtered using a 0.2 mm syringe
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filter and kept frozen. The amount of glucose produced in the enzyme
blank and substrate blank were subtracted from the respective hydrolyzed
glucose levels. Hydrolyzate was quantified using Waters high-perfor
mance liquid chromatography by running the sample in Aminex HPX-87P
(Biorad) column, against sugar standards.

Results and Discussion

E1 Expression in Transgenic Corn

Recently, the United States Government urged the agricultural and
petrochemical industries to find and implement alternatives to fossil fuels
to reduce dependence on the foreign oil. One of the specific recommenda
tions has been the development of polysaccharide degrading enzymes
within the crop plants (37,38). To date, A. cellulolyticus the catalytic domain
of El has been successfully produced in Arabidopsis (12) and tobacco
(13,26) and the full-length El peptide in potato (25). Also, the
Thermomonospora fusca E2 was produced in alfalfa (39). The apoplast is an
ideal compartment for expressing foreign proteins because it is spacious
compared with other cellular compartments, thus it has the ability to accu
mulate large quantities of foreign proteins (12), and for expressing El-cAT
in particular because its pH matches that of A. celloulolyticus, i.e., pH
5.5-5.6. The catalytic domain of El has been shown to have more activity
than the full-length peptide (13). In the present study, corn Hi-II callus was
genetically transformed with the catalytic domain of the El gene, and over
100 herbicide-resistant transgenic plantlets were produced. Of these, 73
regenerated plants survived to the greenhouse stage. Integration of the El
coding sequence confirmed through PCR showed that 31 of these (data not
shown) plants carried the El transgene. Southern blotting further verified
the integration of the El transgene in these plants (Fig. 2).

Among 31 PCR positive transgenic plants, 16 showed biological
activity as compared with control untransformed plants, as shown in per
cent in biologically active E1 in plant leaf extract TSP (Table 1). Percentages
of E1 in TSP ranged from 0.01 to 1.16%. The assay was able to detect
enzyme activity levels as low as 0.01 %E1, which was accurately confirmed
in the sample through Western blotting.

Nine plants were chosen for further study owing to having the high
est levels of enzymatic activity. Western blotting confirmed the translation
of El, also showing differences in the production levels (Fig. 3).

pDM302 containing the bar selectable marker was used in plant num
bers I, 2, 3, and 6. pBY520 was used in plants number 4, 5, 7, 8, and 9 (Fig. 3).
In general, the signal strength observed in the Western blot corresponded
with the percentage E1 observed in activity assays (Fig. 2).

To obtain second-generation (T1) transgenic seeds, the plants were
self- or cross-pollinated in the greenhouse. The most successful crosses
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2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18.....----.

Fig. 2. Southern blot of transgenic maize plants. Genomic DNA from maize plants
probed with the E1-CAT" Lane 1, 10.0 pg of HindIII digested pMZ766-E1cAT; lane 2, 10.0
pg of Sad digested pMZ766-E1cAT; lanes 3 and 4, untransformed maize control; lanes
5-18, seven pMZ766-ElcAT transformants; (5, 7, 9, 11, 13, 15, and 17) DNA digested
with HindIII; (6, 8, 10, 12, 14, 16, and 18) DNA digested with Sad.
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Fig. 3. Western blot of transgenic maize plants expressing E1. Western blot of 1.0 flg
TSP from transgenic maize plants expressing E1. Lanes: +, positive tobacco control
(39); -C: negative maize control (untransformed); 1-9: transgenic maize plants.
Invitrogen Magic MarkTM Western Standard used for size markings. Percentages of E1
as determined by enzyme activity assay are displayed above bands for reference, and
also in Table 1.

included plant 2 crossed with plant 8; plant 3 crossed with nontransgenic
control; plant 7 crossed with plant 8; and plant 8 crossed with plant 9.

When T} seeds were germinated on bialaphos selective medium, a 3: 1
ratio was observed suggesting that the gene was transmitted as a single
copy in a normal Mendelian fashion (data not shown). PCR analysis con
firmed the transmission of the £1 gene to the progeny (data not shown).

Conversion Analyses

The hydrolytic conversion of corn stover using the plant-produced El
was confirmed by adding transgenic corn stover TSP to three types of sub
strates: CMC, Avicel, and AFEX-pretreated corn stover. The conversion of
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Fig. 4. Conversion of cellulose-to-glucose (giL) using EI produced from transgenic
maize. The substrates used in the experiment were Avicel, CMC, and APEX treated
corn stover. The enzymatic hydrolysis was done for a period of 72 h, at 50°C with
90 rpm shaking. T, transgenic TSP; NT, nontransgenic TSP.

cellulose to glucose ranged from 0.18 to 0.47 giL when transgenic plant
TSP concentrate was used on various substrates (Avicel, CMC, and corn
stover; Fig. 4). As expected, we saw higher sugar release up to 0.47 giL
(after 72 h) when the transgenic plant TSP was reacted with CMC com
pared with 0.37 giL released (after 72 h) with Avicel (Fig. 4).

An intermediate amount of glucose was released, up to 0.18 giL
(after 72 h), when the El of TSP reacted with pretreated corn stover.
Overall, the conversion results (Fig. 4) clearly show that there is a signifi
cant amount of El enzymatic activity in the TSP extracted from corn
stover, because we could obtain a higher sugar yield as we increased the
amount of TSP (results not shown).

It has been well documented that different cellulases work together
synergistically to decrystallize and hydrolyze cellulose. For example,
exoglucanases act on cellulose chain ends of crystalline cellulose, endo-l,4
p-glucanase El acts on the interior portions of the cellulose chain of amor
phous cellulose, and P-glucosidase converts cellobiose released by
cellulases to glucose (40). All of the aforementioned enzymes, when derived
from thermophilic microorganisms, have interesting characteristics such
as stability at high temperature and extreme pH (41). In recent years, use
of thermostable enzymes in industry has been increasing wherein high
temperatures are favored to reduce microbial contamination. The heterol
ogous El produced in this study is from the thermophilic A. cellulolyticus.
One advantage of using the El gene from a thermophyllic microbe is that
the plant in vivo temperature is low, and therefore the El enzyme accu
mulated in the plant apoplast would not harm the plant cell wall integrity.
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Although A. cellulolyticus E1 enzyme is thermostable, the reaction in this
study was performed at SO°C, because ~-glucosidase, which has higher
cellobiase activity at this temperature, was included in the reaction.

Based on a previous study, AFEX pretreatment destroys as much as
two-thirds of the activity of plant-produced heterologous E1 (36). As most
of the pretreatment methods including AFEX follow stringent conditions,
we extracted the transgenic TSP concentrate containing the biologically
active E1 enzyme, and then added to the corn stover after pretreatment,
followed by enzymatic hydrolysis. Production of polysaccharide degrad
ing enzymes within the crop biomass may reduce the costs of production
of these enzymes for biomass conversion into fermentable sugars. The
enzymes could be extracted at the site of hydrolysis and fermentation to
gain substantial reduction in the costs. The production of transgenic plant
TSP is quick and very easy, and the E1 remains biologically active under
freezer conditions for several months.

Although in this study we added the transgenic plant TSP to the
AFEX-pretreated corn stover for conversion of cellulosic matter into glu
cose, it could be added to any other pretreated (acid and/or heat) ligno
cellulosic matter of any other crops (rice straw, switchgrass, wheat straw,
and so on.). However, at the commercial level, it might be best to extract
and lyophilize the enzymes for low-cost storage and easy transportation.
The E1 and/or other polysaccharide degrading enzymes could be simul
taneously produced and targeted to different cellular compartments of the
same plants for a maximum enzyme production level (38). This strategy
was recently tested by single targeting ofaxylanase heterologous enzyme
to Arabidopsis chloroplasts and peroxysome as compared with its dual tar
geting to chloroplast and peroxysome (42).
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Abstract

Ensilage can be used to store lignocellulosic biomass before industrial
bioprocessing. This study investigated the impacts of seven commercial
enzyme mixtures derived from Aspergillus niger, Trichoderma reesei, and
T. longibrachiatum. Treatments included three size grades of corn stover, two
enzyme levels (1.67 and 5 IV/ g dry matter based on hemicellulase), and var
ious ratios of cellulase to hemicellulase (C : H). The highest C : H ratio tested,
2.38, derived from T. reesei, resulted in the most effective fermentation, with
lactic acid as the dominant product. Enzymatic activity during storage may
complement industrial pretreatment; creating synergies that could reduce
total bioconversion costs.

Index Entries: Biomass; cellulase; hemicellulase; silage; wet storage;
pretreatment.

Introduction

In recent years, corn stover, the above-ground residue of maize plants
grown for grain, has attracted intensive interest as lignocellulosic feed
stock for bioethanol production because of its considerable availability
and biorenewability (1). Around 69 million dry Mg/yr can be sustainably
harvested in the United States (2). More than 85% of the available corn
stover is concentrated in midwestern states (3), which would reduce
industrial-scale harvesting and transportation costs as biomass-based
industries develop and mature. The rich content of polysaccharides in corn
stover can be hydrolyzed to five- and six-carbon sugars for fermentation
and chemical modification to produce value-added products (4-6). Corn
stover can also serve as fiber feedstock for particle board manufacturing

*Author to whom all correspondence and reprint requests should be addressed.
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(7,8). Considerable efforts have been carried out to develop bioconversion
processes and utilization strategies for corn stover (9-11).

Bioconversion of corn stover from its raw form as a plant in the field
to final commercial products requires four vital processing phases: har
vesting, storage, pretreatment, and bioconversion. Additional steps provide
links between these phases, such as transportation of the stover, neutral
ization of pretreatment chemicals, and removal of toxic byproducts before
sugar fermentation. Although technical issues involved in the processes of
pretreatment and bioconversion have been extensively investigated, the
storage phase has received little attention to date. Because corn stover in
the United States can only be harvested once a year, storage is needed to
preserve large quantities of stover to provide a continuous supply to
future biorefineries. Minimum criteria for storage include: minimizing dry
matter (DM) loss, and reducing risk of fire. In addition, it would be prefer
able if beneficial pretreatment for downstream bioconversion could occur
during the preservation period.

Ensilage, a traditional crop preservation method for ruminant feed,
has been examined as a preservation method for corn stover and wheat
straw (12-14). The high moisture content of silage (up to 60% wet basis)
eliminates the risk of accidental fire. A robust lactic acid fermentation ini
tially results in rapidly declining pH, and this low pH then inhibits most
microbial activity and DM loss as long as anaerobic conditions are main
tained. Ensiled storage can provide stable storage with minimal DM dete
rioration for as long as 1 yr (15). Acid hydrolysis of the cell wall by lactic
and other produced acids can occur during the entire storage period,
which may be beneficial for downstream cell wall degradation. However,
the low sugar content of corn stover makes it difficult to obtain a robust
lactic acid fermentation, resulting in more moderate pH that permits unde
sirable microbial growth, such as clostridia, whose secondary fermenta
tions reduce stability and degrade the biomass. Amending the corn stover
ensilage process with cell wall degrading enzymes has been shown to gen
erate lower pH values, increase fiber hydrolysis to sugars, and conserve
water-soluble carbohydrates (WSC), thus providing partial pretreatment
for downstream bioconversion into sugar platform chemicals and fuels
(16). Enzyme treatment has also been shown to improve downstream man
ufacturing of stover-based biocomposite materials. Particle board made
from ensiled stover had enhanced physical strength and dimensional
stability (12).

Enzymes prepared from different aerobic fungi have been observed to
have various impacts on improving silage quality, although mechanistic
investigations in an ensilage context are lacking. When Trichoderma reesei
and Aspergillus niger were compared as amendments for ryegrass-clover
silage, the most active degradation of cellulose and lower pH were found
with T. reesei (17). However, the activity of individual enzyme components
was not discussed or quantified in their study. Different microorganisms

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



The Impact of Enzyme Characteristics on CSFO and Acid Production 223

produce different types and proportions of individual enzymes, and their
overall activity is a function of the characteristics and composition of these
enzyme components. T. reesei excretes a complete set of cellulases with
appreciable levels of endoglucanase and cellobiohydrolase (18). However,
the level of ~-glucosidase is not sufficient to thoroughly hydrolyze cel
lobiose, thus limiting the complete saccharification of cellulose to glucose
(19). A. niger is another widely studied and commercially-used enzyme
producer. The ~-glucosidase productivity was found to be 4.8 times higher
that of T. reesei (20). But the activities of endoglucanase and cellobiohydro
lase are weaker compared with T. reesei, even with genetically improved
mutants (21,22). A recent study of enzyme effects on maize silage used
enzymes derived from Flavobacterium xylanivorum, T. reesei, and Thermoascus
acrantiacus, which are psychrophilic, mesophilic, or thermophilic organisms,
respectively (23). Colombatto et al.'s study found that the enzymes derived
from T. reesei and T. acrantiacus reduced pH values and cellulose content
significantly more than those of F. xylanivorum. These differences may also
be caused by the various ratios and activities of individual enzyme compo
nents, including xylanase, endoglucanase, exoglucanase, and ~-glucosidase,

acting in synergistic mixtures.
Similarly, there have been few detailed investigations of the effect of

combinations of cellulase and hemicellulase enzymes on silage. The
crosslinked spatial orientation of cellulose and hemicellulose in the cell
wall is such that complete enzymatic hydrolysis of biomass requires syn
ergistic interactions of cellulases and hemicellulases (24). As most com
mercial enzyme additives are already mixtures of cellulase and
hemicellulase, the effect of these additives on silage chemical composition
is actually an integrated effect of these synergistic interactions. As one
example of such synergy, hydrolysis of hemicellulose has been reported to
increase the effective surface area of cellulose fibrils and, therefore,
enhance cellulose hydrolysis (25). But we are not aware of any previous
studies that have attempted to optimize the ratios of these enzymes to
maximize the synergistic effects.

Effective and economical application of commercial enzymes for corn
stover preservation requires a full characterization of the enzyme addi
tives, including the microbial organisms they are derived from and the
ratios of individual enzymes in each mixture. The present study

1. Investigated and characterized cell wall degrading enzymes from
three microbial sources: T. reesei, A. niger, and T. longibrachiatum.

2. Examined the effect of various ratios of cellulase to hemicellulase
from these sources on the biochemical transformations of corn
stover during ensilage.

Because stover particle size might influence the contact efficiency and
hydrolysis efficacy of the enzymes (26,27), particle size was considered as
an additional treatment variable in this study.
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Corn Stover and Silage Preparation

Corn stover was harvested by chopping, windrowing, and baling in
the fall of 2002. Stover was then milled by using an Art's-Way hammer mill
(Art's-Way, Armstrong, IA) 0, I, and 2 times to obtain three size grades of
samples. The original coarse corn stover, once milled (0.5-1.0 cm) and
twice milled (0.1-0.5 cm) stover sizes are called course, medium, and fine,
respectively. The samples contained 16-20% moisture (wet basis [w.b.])
and were adjusted to 60% (w.b.) by adding water. A moisture level of 60%
(w.b.) was previously determined to be the optimum moisture to minimize
clostridia and secondary fermentations in a previous study (28).

Six replicates of each treatment (a complete factorial of three size frac
tion x seven enzyme treatment x enzyme rate) were prepared, with three
replicates of each treatment destructively sampled on day 0 and the other
three destructively sampled on day 21. For each replicate, 500 g of treated
sample was packed tightly into a 20 x 35 cm2 polyethylene bag (200 g dry
mass mixed with 300 g water), which was immediately placed under 25 in.
mercury vacuum and heat sealed. Samples were incubated at 37 ± 1°C for
21 d. At the end of this preservation period samples were taken for DM
and pH measurement. The remainder of each sample was stored frozen for
later analysis of lactic acid, volatile fatty acids, WSC, and fiber fractions.

Industrial Enzyme Additives

Seven enzymes derived from three different filamentous fungi were
added to the three size grades of corn stover at two different levels. These
seven enzymes were chosen from an initial pool of 15 commercial enzymes
to represent a diversity of microbial sources and a wide ratio of cellulase
to hemicellulase. A description of the seven enzyme characteristics is sum
marized in Table 1.

Endo-1,4-p-glucanase, cellobiohydrolase, and cellobiase were mea
sured according to the methods described by Wood and Bhat (29) by using
carboxymethylcellulose, avicel, and cellobiose as substrate, respectively.
Hemicellulase measurement used 1% birchwood 4-0-methyl glucoro
noxylan (Roth 7500) as substrates (30). The enzymes were applied in liquid
solution with water to adjust moisture content and were mixed evenly
with the stover. The amount of enzymes applied was based on two con
stant hemicellulase activities: 1.67 IV/ g dry mass and 5.0 IV/ g dry mass.
The data in each column is the measured activity for each enzyme, with
the ratio of the enzyme to hemicellulase in parenthesis. Every enzyme has
the same units as presented for hemicellulase. The last column is the code
representing each enzyme, with a letter for microbial source and number
for the ratio of endo-l,4-p-glucanase to hemicellulase (C : H). Endo-1,4-P
glucanase was chosen to quantify cellulase based on the facts that:
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Table 1
Characteristics of Industrial Enzymes Used to Ensile Corn Stover

ID:
Endo-1, source

Microbial Hemi- 4-P- Cellobio- and
source Units cellulase glucanase hydrolase Cellobioase C:Ha

A. niger IU/g 24,805 1904 42.9 87.4 ANO.08
(0.08)b (0.002) (0.003)

IU/g 1075 384 34.6 84.3 ANO.36
(0.36) (0.03) (0.080)

T. reesei IU/mL 5712 109 5.31 3.1 TRO.02
(0.02) (0.001) (0.0005)

IU/g 1219 2607 247.1 36.6 TR2.14
(2.14) (0.20) (0.03)

IU/mL 116 278 45.8 5.4 TR2.38
(2.38) (0.39) (0.047)

T. longibra- IU/g 18,624 5144 50.9 79.5 TLO.28
chiatum (0.28) (0.003) (0.004)

IU/mL 390 543 18.2 7 TL1.39
(1.39) (0.05) (0.018)

aThe ratio of combined cellulase activity to hemicellulase activity.
bThe ratio of individual cellulase activity to hemicellulase activity.

1. The order of the ratios of filter paper unit to hemicellulase of these seven
enzymes is the same as that of the ratio of Endo-l,4-glucanase : H.

2. Endo-l,4-~-glucanase initiates the degradation of cellulose by ran
domly and rapidly shortening the cellulose chain.

Chemical Analysis of Silages

DM was determined by drying 100 g of fresh samples at 60°C in a
forced air oven for 48 h, whereas pH was determined using a pH electrode
on samples at a 10 : 1 (H20: sample) mass dilution. Lactic acid and volatile
fatty acids were determined using gas-liquid chromatography with SP
1000/1200-H3P04 columns (Supelco, Inc., Bellefonte, PA) and a flame-ion
ization detector. The operating temperatures for the oven, injector, and
flame detector were 120, 170, and I80aC, respectively. Neutral detergent
fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL)
were determined by the method of Vogel et al. (31). Hemicellulose content
was calculated as the difference between NDF and ADF, and cellulose as
the difference between ADF and ADL. WSCs were determined by the mod
ified phenol-sulfuric acid method described by Guiragossian et al. (32).

Statistical Analysis

Data were analyzed using generalized linear model procedure of
Statistical Analysis System edition 9.1 (33). Differences between treatments
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Table 2
Initial pH, Fiber Fraction, and WSC of Each Stover Size Fraction

Coarse Medium Fine

pH 7.32 ±0.067a 7.77 ±0.078 7.49 ±0.017
WSCb (% d.b.) 1.32 ±0.05 1.84 ±0.09 1.88 ±0.17
NDFc (% d.b.) 80.72 ±0.08 75.61 ±0.32 72.72 ±0.75
ADFd (% d.b.) 48.32 ±0.48 43.07 ±0.45 43.12 ± 1.16
ADLe (% d.b.) 5.08 ±0.13 5.03 ±0.21 7.56 ±0.70
Ash (% d.b.) 1.01 ±0.10 1.62 ±0.10 4.10 ±0.94
Cellulose (0/0 d.b.) 43.24 ±0.57 38.04 ±0.23 35.56 ±1.85
Hemicellulose (% d.b.) 32.40 ±0.41 32.54 ±0.19 29.59 ±0.49

aAverage ± standard error.
bWSC, water-soluble carbohydrates.
cNDF, neutral detergent fiber.
dADF, acid detergent fiber.
eADL, acid detergent lignin.

were determined by Tukey's test. Significance of all analyses was declared
at a 5% probability level.

Results

Characterization of Initial Feedstocks

The initial.characteristics of each stover size are shown in Table 2. There
were some variations in fiber composition among the three sizes, with con
centrations of cellulose decreasing and WSC increasing in the ground frac
tions relative to the coarse, unground size. These losses may result from
natural degradation by plant enzymes or microorganisms acting on surfaces
exposed by grinding, which could have occurred during dry storage before
the stover was used for experiments. This hypothesis is supported by a
lower hemicellulose concentration and increases in ADL and ash concentra
tions in the fine fraction, suggesting that considerable loss of biodegradable
constituents may have occurred in these ground fractions.

pH Value of Stover Silage

The pH value of stover silage dropped from 7.32-7.77 to 3.79-4.76
after a 21-d ensilage process. Increasing C : H ratio resulted in lower final
pH values within all three microbial sources of enzymes on medium-sized
stover (Fig. 1). However, the enzyme treatments with a low C : H ratio,
especially at low enzyme concentrations, did not reduce pH significantly
compared with the control sample (p = 0.814 for TRO.02; p = 0.114 for
ANO.08) (pH value around 4.73-4.8). The T. reesei (TR) treatment with the
highest C : H ratio of 2.38 had the lowest pH value, 3.79, which should
effectively guarantee low levels of microbial activity and high preservation
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Fig. 1. The pH change of ensiled corn stover vs the C : H ratio of enzyme additives
for the medium size stover. (AN represents enzymes from the A. niger microbial source;
TR represents enzymes from T. reesei; and TL represents enzymes from T. longibrachia
tum. Each enzyme product with a specific C : H ratio is represented by data points, with
the white color for low-enzyme concentrations and black for the high concentration).

quality. For ensiled storage of biomass, low pH is desired not only for
preservation purposes, but also to create an acidic condition to enhance
hydrolysis. These acids partially break down the glycosidic linkages of
microfibrils of cell walls, especially hemicellulose, during long-term stor
age. Dewar et al. (34) investigated hemicellulose degradation at various
pH levels for 90 d and suggested that considerable hydrolysis of hemicel
luloses can be obtained at pH 4.0. This can be presumed to be a beneficial
pretreatment for downstream degradation.

Differences among microbial sources are reflected in the observation
that higher C : H ratios did not guarantee a lower pH value. For example,
at 1.67 IU/g DM, TLO.28 did not resulted in a significantly lower pH value
than that of ANO.08 (p =0.407). The enzyme complexes produced by differ
ent microbial sources generated different responses in terms of pH.
Increasing the level of the TR enzymes did not significantly reduce pH (p =
0.713), suggesting that this enzyme system's hemicellulase component was
already sufficient at the lower 1.67 IU/ g DM rate. Increasing C : H ratio did
increase the response for the TR enzymes, demonstrating the importance of
synergistic effects. For T. longibrachiatum (TL) enzymes, the increase of
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Fig. 2. Concentration of water soluble carbohydrate and organic acids with different
enzyme treatments at the level of 1.67 IV/ g OM for the fine size stover (AN, TR, and
TL represent the microbial sources of various enzyme products, standing for A. niger,
T. reesei, and T. longibrachiatum respectively. The numbers following AN, TR, and TL are
the ratios of endo-l,4-~-glucanaseto hemicellulase [C : H] of the enzyme products).

enzyme levels had a more significant effect in reduced pH value at the C :
H ratio of 0.28 than at a C : H ratio of 1.39, suggesting that hemicellulase
sufficiency for this enzyme complex occurred between these two rates, and
that cellulase was sufficient for both C : H ratios at the higher 1.67 IV/ g DM
hemicellulase rate. Only two relatively low C : H ratios were tested for the
A. niger (AN) enzymes. For this enzyme source there was not a significant
effect of hemicellulase level, suggesting that enzyme concentration was suf
ficient at the lower rate. Although not significant, there was a slight trend
with increasing C : H, which might have been significant if enzyme mix
tures had been available over a larger C : H range.

Chemical Composition of Corn Stover Silage

The nature of the mixed fermentation process and the quality of ensiled
stover are reflected in the final chemical composition. Combinations of high
concentrations of lactic acid and low concentrations of butyric acid in silage
indicate a more active lactic acid fermentation and more dormant secondary
fermentations (12,35). The chemical composition of stover samples treated
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Fig. 3. Concentration of water soluble carbohydrate and organic acids with different
enzyme treatments at the level of 1.67 ill/ g OM for the medium size stover (AN, TR, and
TL represent the microbial sources of various enzyme products, standing for A. niger,
T. reesei, and T. longibrachiatum, respectively. The numbers following AN, TR, and TL are
the ratios of endo-1,4-~-glucanase to hemicellulase [C: Hl of the enzyme products).

and stored for 21 d are presented in Figs. 2-4. Each figure is for one stover
size, and includes results for all seven enzyme types at 1.67 IV / g OM hemi
cellulase as well as the control. For each microbial source, increases of C : H
ratio generally resulted in higher concentrations of lactic acid and lower con
centrations of butyric acid. This trend was most significant for all three sizes
of stover treated with enzymes from the TR microbial source (p < 0.001 for
lactic acid and p = 0.013 for butyric acid). The fraction of lactic acid in the
total acid products was highest for the TR 2.38 treatment in the medium size,
where it was 80%. This represented the most efficient treatment for silage
preservation, as fermented WSCs were primarily metabolized into lactic
acid to lower the pH. For the enzymes derived from AN and TL microbial
sources, increasing the C : H ratio only increased the lactic acid concentra
tion, without consistently decreasing the amount of acetic acid and butyric
acid. The fraction of lactic acid was not improved by the increased C : H ratio
because of similar or greater increases in total acid products.
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Fig. 4. Concentration of water soluble carbohydrate and organic acids with different
enzyme treatments at the level of 1.67 IV/ g OM for the coarse size stover (AN, TR, and
TL represent the microbial sources of various enzyme products, standing for A. niger,
T. reesei, and T. longibrachiatum, respectively. The numbers following AN, TR, and TL are
the ratios of endo-l,4-~-glucanase to hemicellulase [C : H] of the enzyme products).

Ideally, for silage preservation purposes, the enzyme treatments would
exclusively encourage lactic acid fermentation with little or no contribution
to secondary fermentation. If the enzyme treatment is not sufficient to
encourage lactic acid production and reduce the pH low enough to inhibit
clostridia, enzymatically hydrolyzed sugars will be mostly converted to an
undesirable acid mixture (36). For example, Mandebvu et al. (37) found that
the treatment of bermudagrass silage with enzymes increased the butyric
acid concentration without improving lactic acid or WSC production. In con
trast, Jakhmola et al. (38) reported that the addition of cellulase had no sig
nificant effect on the forage quality of perennial ryegrass, nor on a mixture of
perennial ryegrass and white clover mixed with shredded barley straw.
Inadequate enzyme levels may also encourage yeast growth and ethanol pro
duction (36). Enzyme treatments will not be beneficial for preservation if
degraded sugars are not sufficient to initiate a dominate lactic acid fermenta
tion. If hydrolyzed sugars are instead allowed to assimilate by undesirable
microorganisms, these treatments could lead to substantial OM loss.
Environmental and chemical conditions in the first hours and days of a silage
process are crucial for establishing and maintaining a lactic-acid-dominated
system and an appropriate microbial ecosystem.
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For all three stover sizes, some enzyme treatments with a low ratio of
C : H (ANO.08, ANO.36, TRO.02, and TLO.28) did not produce much lactic
acid. It is interesting that for the medium size stover, the lactic acid pro
duced by ANO.08, TRO.02, and TLO.28 treatments was even lower than that
of the control samples, although some of these differences were not statisti
cally significant (p =0.074 for ANO.08; p =0.007 for TRO.02; and p =0.21 for
TLO.28). Only TR2.14, TR2.38, and TL1.39, which had higher C : H ratios,
enhanced lactic acid concentration significantly (p < 0.001 for TR2.14;
p < 0.001 for TR2.38; and p= 0.033 for TL1.39). Cellulases playa much more
important role in silage preservation than hemicellulase, because most of
the hydrolyzed sugars come from the cellulose fraction (15). Ren et al. (12)
observed that cellulose degradation is more sensitive to enzyme addition
than hemicellulose. This difference was attributed to the heterogeneous
structure of the hemicellulose and hemicellulase specificity. Thus, for the
purpose of encouraging lactic acid fermentation, a certain amount of cellu
lase is required in the enzyme mixture. A higher ratio of C : H can result in
an elevated lactic acid content in the final silage composition.

It is difficult to examine the effects of microbial enzyme sources on
stover silage using the present enzyme selection. These enzymes were pro
duced and separated by different processes, and therefore cannot be
assumed to have the same composition for individual enzyme compo
nents even when produced by the same microbial source. However, the
results seem to provide useful insights. When choosing enzymes available
in the market for enzyme screening work, it was noticed that enzymes
from AN always had a lower ratio of C : H compared with those of TR. Our
results indicated that cellulases produced by AN always have lower activ
ity of endo-1,4-p-glucanase per gram enzyme than those of TR when the
comparison is based on the same hemicellulase activity, which is consis
tent with the work of Kang et al. (21) and Kim et al. (22).

An expected effect of enzyme addition is increased hydrolysis of the
cell wall, releasing sugars that increase WSC content (39,40). However, in
this study AN and TL enzymes did not enhance WSC content significantly
in fine and coarse size material when compared with control samples
(p = 0.66 for AN in fine size; p =0.93 for AN in coarse size; p =0.227 for TL
in fine size; p = 0.402 for TL in coarse size). Only in the medium size,
ANO.36, TLO.28, and TL1.39 treatments resulted in significant increase of
WSC compared with control samples (p < 0.001). TR enzymes did signifi
cantly increase WSC content in each of the three sizes with the increase of
C : H ratio (p = 0.006 for fine size; p = 0.002 for medium size; and p = 0.03
for coarse size). The different effects of enzyme addition on WSC content
depend on the fate of degraded WSC during the ensilage process (15). The
WSC content is the difference between the amount of initial WSC and
hydrolyzed WSC, and the amount of the WSC metabolized by microor
ganisms (17,41). The amount of both hydrolyzed WSC and metabolized
WSC is influenced by the activity of microbial communities, especially
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lactic acid bacteria, throughout the ensilage process. This microbial con
sumption of hydrolyzed glucose can reduce or eliminate the glucose inhi
bition effects on cellobioase, resulting in an accelerated and more complete
hydrolysis of the cell wall (42).

The net result of these inputs and outputs to the WSC pool is deter
mined by the initial biomass characteristics including its WSC content, the
amounts of cellulose and hemicellulose hydrolyzed to WSC by native and
introduced enzymes, the population dynamics of vegetative microorgan
isms, and the metabolic pathways used by the microorganisms. For
enzymes with a low ratio of C : H, such as ANO.08, TRO.02, and TRO.28, the
relatively constant WSC can be attributed to a low level of cellulase activity
that is not sufficient to generate large amounts of WSCs. Low levels of WSCs
early in the ensilage process limited lactic acid production and the resulting
pH decline, allowing secondary fermentations by clostridia to dominate in
these treatments. For TR2.14 and TR2.38, a significant amount of lactic acid
was fermented from the available WSCs in silage, and although this lactic
acid consumed WSCs, low pH and reduced secondary fermentation
resulted in a final WSC that was still significantly higher than the control
samples (p < 0.001). Previous long-term trials have demonstrated that cell
wall hydrolysis continues throughout the ensilage process (12). The conver
sion of some of the initial sugars to lactic acid encourages more sugar pro
duction, resulting in higher final WSC concentrations in these treatments.

Fiber Degradation of Corn Stover Silage

Degradation of cellulose and hemicellulose at the two levels of
enzyme addition are presented in Figs. 5 and 6. Degradation is reported as
the difference between initial and final concentrations divided by the ini
tial concentration (all on a dry matter basis [d.b.]), and thus assumes neg
ligible DM loss. The average DM loss in previous experiments was 2.7%
d.b. with the highest DM loss of 6.1 % d.b. Note that these DM losses are
considerably less than the fiber degradation indicated in Figs. 5 and 6, as
much of the fiber is converted to organic acids and WSC (Figs. 2-4) that are
largely conserved at the drying temperature of 60°C. Fine and coarse size
material gave similar results of cellulose degradation with medium size,
whereas resulting in no significant increase of hemicellulose degradation.
In the control sample, only hemicellulose degradation was observed. This
is consistent with ensilage results for orchardgrass and lucerne (43), Italian
ryegrass (44), and perennial ryegrass (45).

All these studies reported an overwhelming preferential degradation
of hemicellulose, relative to cellulose. The degradation of hemicellulose
during the ensilage process is catalyzed by indigenous plant hemicellu
lases, bacterial enzymes produced during ensilage, and resulted from acid
hydrolysis by produced acids (46). Although plant enzymes have been
credited as contributors to sugar production (47-49), experimental results
have been inconsistent. Bousset et al. (50) did not observe hemicellulase
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Fig. 5. Degradation of cellulose and hemicellulose with different enzyme treatments
at the level of 1.67 IV/ g OM for the medium size stover (AN, TR, and TL represent the
microbial sources of various enzyme products, standing for A. niger, T. reesei, and
T. longibrachiatum, respectively. The numbers following AN, TR, and TL are the ratios
of endo-1,4-~-glucanase to hemicellulase [C : H] of the enzyme products).

activity in sterilized silage, and argued that if such activity did exist, the
activity should be low because of compartmentalization, plasmolysis, and
the short life of these enzymes. Dewar et a1. (34) found that plant enzymes
lost most of their activities after 3 d of ensiling. Direct acid hydrolysis has
been suggested by Dewar et a1. (34) and Morrison (45) to be mainly
responsible for the degradation of hemicellulose. High levels of hemicel
lulose degradation have been reported to occur at a pH level of 4 (34).
Cellulose degradation at this pH is much lower, as cellulose has more
resistant microfibrils with extensive crystalline regions, and relatively
moderate acid hydrolysis cannot break down the ~ 1--4 glycosidic links
buried in this three-dimensional structure.

It is not surprising that enzyme additions increased cellulose degra
dation significantly. For treatments with enzymes from the same microbial
source, cellulose degradation increased with the increase of C : H ratio,
except for TR2.38. This anomalous result may be an artifact of higher DM
loss in the TR 2.38 treatment. Increased cell wall degradation would have
reduced the DM basis for the measured concentrations, resulting in a
higher percentage of cellulose in the silage, and a corresponding smaller
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Fig. 6. Degradation of cellulose and hemicellulose with different enzyme treatments
at the level of 5 IV/ g DM for the medium size stover (AN, TR, and TL represent the
microbial sources of various enzyme products, standing for A. niger, T. reesei, and
T. longibrachiatum, respectively. The numbers following AN, TR, and TL are the ratios
of endo-l,4-~-glucanase to hemicellulase [C : H] of the enzyme products).

apparent cellulose loss. Comparing across microbial sources, the cellulose
degradation in the TL0.28 treatment was higher than that with ANO.36 at
the 5 IV/ g DM hemicellulase level, even though the latter had a higher
C : H ratio. A similar but smaller difference between these treatments was
observed at the 1.67 IV/ g DM level. This was also the case when compar
ing TRO.02 and ANO.08 treatments, with the lower C : H ratio from the
T. reesei source resulting in higher cellulose degradation. However, we
need to be cautious before definitively concluding that enzymes from
T. longibrachiatum and T. reesei are more effective at cellulose degradation
than those of A. niger at the same C : H ratio. Cellulose degradation is a
complicated synergistic process that includes contributions by at least six
individual enzyme components (42). Complete elucidation of the effects'of
the microbial source of enzymes on cell wall degradation requires enzyme
characterization on the molecular level.

Significant increases in the degradation of hemicellulose were
observed only for the treatments with TR2.14 and TR2.38 in medium size.
Other enzyme treatments did not significantly enhance hemicellulose
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degradation. Similar results have been reported by Ren et al. (12) and Van
Vurren et al. (51). The increased hemicellulose degradation observed with
TR2.14 and TR2.38 in medium size is probably because the higher lactic
acid concentration and lower pH value «4.0), enhance acid hydrolysis as
previously discussed. The higher degradation of cellulose observed with
these treatments may also have contributed, by partially removing the
structural hindrance around hemicellulose and increasing access of hemi
cellulase to the substrate (25).

Increasing the hemicellulase enzyme level did not change fiber degra
dation significantly. The chemical composition of stover silage for enzyme
treatments at the higher hemicellulase level were also similar to previously
reported data at the lower (1.67 IV/ g) level (12). To decrease the cost of
enzyme additives in full-scale industrial applications, the lower level of
enzyme amendment is preferable.

Discussion

Mixtures of different ratios of cellulase and hemicellulase enzymes
from different microbial sources had varying effects on fiber hydrolysis
during ensiled storage of corn stover biomass feedstock. To facilitate com
parisons among treatments, mixtures were normalized on the basis of
hemicellulase activity. For each enzyme mixture and C : H ratio, two hemi
cellulase levels were tested, 1.67 and 5 IV/ g, and results indicated the
lower level of hemicellulase was sufficient to achieve the most beneficial
effects. At each of these hemicellulase levels, the ratio of cellulase to hemi
cellulase was important for improving the quality of stover silage.
Increasing ratios of C : H reduced pH, increased lactic acid concentration,
and decreased butyric acid concentration.

Successful development of ensilage as a biomass storage strategy will
require minimizing DM loss. This loss often results from secondary fer
mentations, which can be suppressed by high concentrations of lactic acid
and the resulting reduced pH. In order to increase the concentration of lac
tic acid and suppress these secondary fermentations, a critical C : H ratio
is required. Mixtures at or more than this critical C : H ratio will have suf
ficient cellulase to hydrolyze glucose for fermentation into lactic acid.
Although this study examined seven different ratios, they were derived
from three fungal sources and were not evenly distributed over the entire
range. To determine the critical C : H ratio for a particular fungal organ
ism's enzyme suite, additonal C : H ratios derived from that single source
should be investigated.

One of the potential benefits of an ensiled storage process would be
in situ pretreatment and hydrolysis of polymers during storage to produce
WSC for downstream bioconversion. This benefit was observed in many
of our ensilage treatments. The WSC content of stover silage depended on
the ratio of C : H in the applied enzymes as well as the size of stover
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material. For each of the stover sizes tested, enzymes from T. reesei
increased WSC content at increasing rates with increasing C : H ratios.
Results for other stover sizes and microbial sources were less consistent,
but similar trends were observed. The effect of the microbial source of
enzyme mixtures cannot be completely elucidated based on our current
results. But enzyme mixtures derived from T. reesei and T. longibrachiatum
appear to hydrolyze more cellulose than those derived from A. niger, even
when the ratio of C : H in the former mixtures is less than that of the lat
ter. These differences suggest that optimized enzyme mixtures can provide
significant pretreatment benefits during ensiled biomass storage.

Hemicellulose is more easily hydrolyzed than cellulose by the acid
conditions that prevail during the normal ensilage process. Therefore, it
was not surprising that the addition of enzymes improved cellulose degra
dation more significantly than that of hemicellulose. However, this
improved cellulose degradation also contributed to lower pH and presum
ably increased access of hemicellulase to substrate, resulting in consider
ably improved hydrolysis of hemicellulose for the high C : H treatments.
Development of microbial strains that can convert both five- and six-carbon
sugars to ethanol and other value-added chemicals makes increased hemi
cellulose hydrolysis important for maximizing product yields.

Because the hemicellulase enzyme concentration did not have a sig
nificant influence on pH, chemical composition, or fiber degradation of the
final stover silage, minimizing the enzyme treatment level should maxi
mize economic returns. For the high C : H ratios of 2.14 and 2.38 in mix
tures derived from T. reesei, the low 1.67 IU/ g hemicellulase level appears
more than sufficient to achieve positive results. Further research to opti
mize these levels and the increase in synergies among enzyme mixture
components appears likely to result in attractive ensilage strategies for
industrial storage of large volumes of biomass feedstocks.
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Abstract

Cynara cardunculus L. (cardoon) is a Mediterranean perennial herb offer
ing good potential as substrate for sustainable production of bioethanol.
In this work the first approach to the study of dilute-acid pretreatment
of cardoon biomass for biological conversion was made. The influence of
temperature (160-200°C), acid concentration (0-0.2% [w/w]), and solid
concentration (5-10% [w/v]) in the formation of free sugars and sugar
decomposition products in the prehydrolyzate was studied using a response
surface methodology. Results show a negative interaction effect between
acid concentration and temperature in xylose recovery yield in prehy
drolyzate, whereas dry matter concentration does not exert a significant
effect. Xylose recovery yield reaches a maximum of about 80% of the content
in dry untreated raw material at 180°C and 0.1 or 0.2% acid addition. At
these conditions the ratio of monomers found in prehydrolyzate in relation
to total sugar yield for xylose is close to 100%. Furfural concentration, the
major furan determined in the prehydrolyzate, increases as pretreatment
severity rises. Maximum furfural yield of 4.2 g/100 g dry untreated raw
material was found at 200°C and 0.2% acid concentration. The yield of fur
fural at the conditions in which maximum xylose recovery is attained is sub
stantially lower, less than 2 g/100 g dry untreated raw materiaL This fact
supports the idea of using moderate temperatures in dilute-acid processes,
which at the same time provides reasonably high sugar recovery yield and
avoids high inhibitory products formation.

Index Entries: Acid prehydrolyzate; furfural; pretreatment optimization;
surface-response methodology; xylose recovery; herbaceous crop.

Introduction

Cardoon (Cynara cardunculus L.) is a dicotyledonous herb originally
from the Mediterranean area that can be considered as a potentialligno
cellulosic feedstock for biofuels production in Spain owing to its good
adaptability to the environmental conditions of the country-hot and dry

*Author to whom all correspondence and reprint requests should be addressed.
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climates-and high biomass productivities (1). This crop is traditionally
cultivated in Spain for food purposes in a shorter artificial cultivation cycle
to produce edible blanched leaf petioles using intensive crop management
practices. However, it can be cultivated for biomass production in accor
dance with its natural autumn-spring cycle and whole aboveground
biomass can be harvested annually for several years.

Cardoon biomass presents a wide range of applications as raw mate
rial for the production of fuels and high-value products. The whole plant
has been tested as solid biofuel for power and heat generation (2), seeds for
oil production, (3) and stalks as substrate for paper pulping (4). Another
alternative use for the aerial part of the plant (stalks and branches) would
be as substrate for sustainable production of transportation fuels and chem
icals that are now primarily made from petroleum. Some preliminary stud
ies performed by Martinez et al. (5) on cardoon biomass showed good
prospects as substrate for biological conversion into ethanol or other prod
ucts, but more information is needed to establish its real potential.

Regarding biological processing of cellulosic biomass, it is well-known
that each type of feedstock, whether wood or agricultural residue, requires
a particular pretreatment to minimize the degradation of the substrate and
maximize the overall sugar yield. When enzymatic hydrolysis is involved
in the process, a pretreatment step is vital to effectively prepare cellulose
for enzymes action and provide high sugar yields. So, pretreatment has
been frequently highlighted as one of the most costly process steps having
a major influence on both previous (e.g., size reduction) and subsequent
operations (e.g., enzymatic hydrolysis and fermentation) (6).

There are numerous pretreatment methods or combinations of pre
treatment methods available to fractionate lignocellulosic biomass. Among
the chemical pretreatment processes used for cellulosic feedstock (dilute
acid, alkaline, organic solvent, ammonia, sulfur dioxide, or carbon diox
ide), considerable research effort has been carried out on acid catalyzed
hydrolysis to depolymerize the hemicellulose fraction contained in
biomass (7,8). Xylose, glucose, and other sugars are released in the liquid
stream while providing a cellulose-enriched solid more susceptible to fur
ther enzymatic hydrolysis. Dilute acid at moderate temperatures has been
demonstrated to effectively remove and recover most of the hemicelluloses
as dissolved sugars in lignocellulosic substrates. Dilute-acid pretreatment
has the advantage of not only solubilizing hemicellulose, but also convert
ing solubilized hemicellulose to fermentable sugars (9). However, with sus
tained hydrolysis the sugars may be degraded to decomposition products
such as furfural and hydroxymethylfurfural (HMF) that lower the sugar
yield and affect the subsequent fermentation step. So, to produce fer
mentable prehydrolyzates and to prevent high losses in yields, it is neces
sary to choose process conditions that keep at a low level the amount of
degradation products produced.
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This work represents a first approach to the assessment of dilute-acid
pretreatment for biological conversion of C. cardunculus biomass into ethanol.
In this article, the influence of pretreatment parameters (temperature, acid
concentration, and solid concentration) in the formation of free sugars and
sugar decomposition products in the prehydrolyzate was investigated by
using a statistical experimental design. This statistical model involves
fitting an empirical model to the experimental data and identifying the
optimal temperature, acid concentration, and solid concentration in the
pretreatment stage by using response surface technique.

Materials and Methods

Raw Material

Cardoon biomass (stalks and branches) (6% moisture content) was
obtained from Agroenergy Group of the High School of Agricultural
Engineering of Madrid (Spain). Biomass was milled to a particle size
smaller than 5 mm using a laboratory hammer mill (Retsch GmbH & Co.
KG, Germany), homogenized and stored until used. As the presence of
high amounts of alkaline ash in herbaceous feedstock has been reported
that can partially neutralize the sulfuric acid and lower the acidity of the
reaction mixture in acid pretreatments, the buffering capacity of cardoon
biomass in the aqueous phase was determined. The pH of 1% (w/w) sul
furic acid solution was measured before and after mixing with the biomass
in the same ratio of substrate, acid, and water as in pretreatment runs.
Neutralizing capacity was calculated based on the change of pH of acid
solution according to Esteghalian et al. (10).

Pretreatment

Cardoon biomass samples were pretreated in a 2-L stainless steel
Hastelloy-C stirred reactor (Model EZE-Seal, Autoclave Engineers, Erie,
PA). Process parameters tested were temperature (160-200°C), solid con
centration in the reactor (5-10% [w/v]), and acid concentration in the reac
tion mixture (0-0.2% [w/w]). Biomass samples were loaded into the reactor
at the different solid/liquid ratios and heated at selected temperatures by
an external heating jacket. The heating rate was between 2 and 4°C/min.
When desired temperature was reached, the corresponding amount of sul
furic acid was added to provide final acid content in the reactor, taking into
account the buffering capacity of biomass previously determined. After 10
min pretreatment time, the reactor was removed from the heating jacket,
and cooled to about 40°C in less than 10 min. The wet material was vac
uum-filtered and separated into a water insoluble fraction (WIS) and a fil
trate or prehydrolyzate fraction, which contains sugars, furfural, HMF, and
other degradation products. Both fractions were analyzed to determine
their chemical composition as described under IIAnalytical Procedures".
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Solid recovery yield was then calculated as dry weight of WIS remaining
after pretreatment referred to 100 g of dry untreated raw material.

Analytical Procedures

Raw Material and Pretreated Substrates Composition

The chemical composition of raw material and WIS fraction from pre
treatment was determined using the standard laboratory analytical proce
dures for biomass analysis described by the National Renewable Energy
Laboratory (Colorado) (11).

Prehydrolyzate Composition

The sugar content of prehydrolyzate after pretreatment was deter
mined "as is" and later by performing a mild acid hydrolysis (3%[vIv]
H2S04, 120°C, 30 min), measuring glucose, xylose, arabinose, galactose,
and mannose concentration by high-performance liquid chromatogra
phy (HPLC) in a Waters 2695 liquid chromatograph (Waters, Milford,
MA) with refractive index detector. A CARBOSep CHO-682 LEAD col
umn (Transgenomic, Omaha, NE) operating at 80°C with Milli-Q water
(Millipore, Billerica, MA) as mobile-phase (0.5 mL/min) was used.

Furfural and HMF, vanillin, syringaldehyde, catechol, cumaric acid,
and ferulic acid analyses were performed by HPLC (Hewlett Packard, Palo
Alto, CA), using an Aminex ion exclusion HPX-87H cation exchange col
umn (Bio-Rad, Hercules, CA) at 65°C. Mobile phase was 89% H2S04 5 mM
and 11 % acetonitrile at a flow rate of 0.7 mL/min. Column eluent was
detected with a 1040A photodiode-array detector (Agilent, Waldbronn,
Germany). Acetic, formic, and levulinic acid were quantified by HPLC
with a 2414 Waters refractive index detector. A Bio-Rad Aminex HPX-87H
(Bio-Rad, Hercules, CA) column maintained at 65°C with a flow rate of
0.6 mL/min was used. Mobile phase was H2S04 (5 mM).

Statistical Experiment Design

A response surface methodology was used to study the effects of tem
perature, acid concentration, and solid concentration in the formation of free
sugars and degradation products in the prehydrolyzate. A Box-Behnken
design with four center points was created and evaluated with commercial
software Statgraphics 5.0 (Manugistics Inc., Rockville, MD). This design
allows estimation of the main effects and two factor interactions using
analysis of variance. The response surface is calculated using a quadratic
polynomic model. The parameters were tested at two levels: temperature
(160 and 200°C), acid concentration (0 and 0.2% [w/w]), and solid concen
tration (5 and 10% [wIv]). Reaction time was fixed at 10 min. The experi
mental error was estimated in the center point (180°C, 0.1 % acid and 7.5%
solid content), which was carried out four times. The conditions for each
experiment, which were performed in fully randomized order, are shown
in Table 1.
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Table 1
Conditions for Dilute-Acid Pretreatment of Cardoon Biomass According

to Experimental Design

Temperature Solid/liquid Acid concentration
Experiment Code (OC) ratio (w /v [%]) (w/w [%])

1 (-1 -1 0) 160 5 0.1
2 (1 -1 0) 200 5 0.1
3 (-1 1 0) 160 10 0.1
4 (1 1 0) 200 10 0.1
5 (-10-1) 160 7.5 0
6 (1 0 -1) 200 7.5 0
7 (-1 0 1) 160 7.5 0.2
8 (1 0 1) 200 7.5 0.2
9 (0 -1 -1) 180 5 0
10 (0 1 -1) 180 10 0
11 (0 -1 1) 180 5 0.2
12 (0 1 1) 180 10 0.2
13 (0 0 0) 180 7.5 0.1
14 (0 0 0) 180 7.5 0.1
15 (0 0 0) 180 7.5 0.1
16 (0 0 0) 180 7.5 0.1

Results and Discussion

Raw Material Composition

The chemical analysis of raw material showed the following compo
sition (dry weight [%]): cellulose, 33.8; hemicellulose, 18.5 (xylans 14.7, ara
binans 1.2, galactans 2.0, and mannans, 0.6); acid insoluble lignin, 14.0;
acid soluble lignin, 2.4; acetyl groups, 3.8; ash, 6.6; and extractives, 14.3
(total 93.4%). The high ash content of 6.6% suggested a buffering capacity of
cardoon biomass in the aqueous phase of dilute-acid pretreatment. The neu
tralizing ability of cardoon biomass in aqueous phase was determined as
36.0 mg H2SO4/g dry substrate and it was used to correct the amount of sul
furic acid added in pretreatment experiments. This value is consistent with
the high values found in other herbaceous species such as those reported
by Esteghalian et al. (9) for switch grass and corn stover biomass: 43.7 and
25.8 mg H2SO4/g dry substrate, respectively. Lower buffering capacities less
than 10 mg H2S04 /g dry substrate have been reported for hardwoods (12),
in agreement with the lower ash content of this type of biomass.

Sugar Yield in Prehydrolyzate

The monosaccharide yields in prehydrolyzate from dilute-acid pre
treatment experiments of cardoon biomass are shown in Table 2. Values
correspond to sugar yield (gram/100 g dry untreated raw material) after
mild acid posthydrolysis of prehydrolyzate, so include both oligomers and
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monomers. Soluble sugar monomers ratio, calculated from sugar measure
ment before such hydrolysis, is shown for glucose and xylose, which are
the major sugars present in prehydrolyzate.

Results show that, although significant amounts of xylose can be
recovered in prehydrolyzate following dilute-acid pretreatment, xylose
recovery is highly dependent on pretreatment conditions. Xylose is the
major sugar found in prehydrolyzate, accounting for up to 65-70% of total
sugars. Arabinose, glucose, galactose, and mannose are present at lower
concentration in most experiments, especially at low temperature and acid
concentration. Xylose recovery yield in relation to the content in dry
untreated raw material (16.6 g/100g) reached a maximum of about 80% at
180°C and 0.1 or 0.2% acid addition, regardless of solid concentration
tested. Higher and lower temperatures led to decreased recovery yields
values, depending on acid concentration. Glucose was found in significant
amounts at the highest temperature of 200°C in experiments performed
with acid, reaching recovery yields from 10% to 20% of initial content
(37.2 gl100 g dry untreated raw material). This fact suggests slight cellulose
hydrolysis at increased severities.

On the other hand, the ratio of monomers found in prehydrolyzate in
relation to total sugar yield for xylose is quite high in all experiments per
formed with acid (83-100%). The lower pH found in these experiments
(Table 2) facilitates the complete depolymerization of oligomeric hemicel
luloses. Glucose oligomers were highly hydrolyzed in the presence of
diluted acid (95-100% in monomeric form), although considerable
amounts of monomers (30-75%) were also found even in nonacid experi
ments at 180°C. Although for mass balance purposes it is assumed that all
glucose is derived from cellulose depolymerization, this easily hydrolyzed
glucose could come from depolymerization of xyloglucans, which have
been described to make up dicotyledons hemicelluloses (13).

The significance of the effect of temperature, acid concentration, and
solid concentration on xylose recovery was determined by analysis of vari
ance and the results can be visualized in standardized Pareto chart shown
in Fig. 1A. A negative interaction effect between acid concentration and
temperature occurs, which causes different responses at increasing acid
concentration depending on temperature tested. Dry matter concentration
does not exert a significant effect in xylose recovery, within the limits of the
experimental design. Figure 1B shows response surface for xylose recov
ery in prehydrolyzate at a fixed solid concentration of 7.5% (wIv), calcu
lated using a quadratic polynomic equation. From this graph it can be
deduced that conditions resulting in maximum xylose recovery are 180°C
and acid concentration close to 0.2%. It also illustrates the aforementioned
interaction between acid concentration and temperature, so that the posi
tive effects of increasing acid at lower temperature of 160°C (from 4.7% at
0.1 % acid to 11.1% at 0.2% acid) cannot be observed at 200°C, wherein
yields even decrease (from 10.4% at 0.1 % acid to 6.3% at 0.2% acid).
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Fig. 1. Standardized Pareto chart (A) and estimated response surface (B) for xylose
recovery yield. Solid concentration is fixed at central value (7.5%, [w Iv]).

The effectiveness of dilute-acid hydrolysis in xylan depolymerization
has been reported in other lignocellulosic herbaceous substrates. Although
it is difficult to compare results among different raw materials, xylose
yields obtained in this study are similar to those reported in dilute-acid
hydrolysis of rice straw (2-15 g/100 g raw material) (14) or sugarcane
bagasse (9-14 g/lOO g raw material) (15) in experiments performed in
batch hydrolysis reactors. Esteghalian et al. (9) reported 80% xylose recov
ery at temperatures between 170-190°C and 1% (w/w) acid concentration
when pretreating corn stover in a Parr reactor similar to that used in this
study. Our data of high monomer ratio found in prehydrolyzates obtained
in acidic conditions support the idea that satisfactory hydrolysis of cardoon
hemicelluloses to monosaccharides can be achieved in a single step reaction
within the limits of the selected experimental design, although it is essential
to consider degradation products formation.
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Degradation Products in Prehydrolyzate

Furfural and HMF are well-known byproducts formed in acid
hydrolysis of lignocellulosic materials originating from pentoses and hex
oses degradation in acidic conditions. These compounds can be further
degraded to formic and levulinic acid or they can polymerize (15). Moreover,
during pretreatment acetic acid is released from hydrolysis of acetyl
groups present in hemicelluloses, as a consequence of deacetylation of
acetylated pentosans. The amount of these compounds found in prehy
drolyzates varies greatly depending on the nature of lignocellulosic sub
strate and the process conditions. Figure 2 shows the yield of sugar
degradation compounds and aliphatic acids in prehydrolyzates from
dilute-acid hydrolysis of cardoon biomass at different process conditions.
Furfural is the most important furan found in prehydrolyzate (Fig. 2A),
which is consistent with the major presence of xylan in hemicelluloses of
cardoon biomass (approx 90%). Results show that the yields of both furan
compounds increase as the severity of pretreatment rises, attaining maxi
mum values of 4.2 and 0.7 g/IOO g dry untreated raw material for furfural
and HMF, respectively, at 200aC and 0.2% acid concentration. The yield of
furfural at conditions where maximum xylose recovery is attained (180aC
and acid concentration close to 0.2%) is substantially lower, less than
2 g/IOO g dry untreated raw material.

From statistical analysis of the effect of process parameters on furfural
yield, it can be deduced that there is a significant positive interaction between
temperature and acid concentration (Fig. 3A). The effect of increasing acid
concentration results in considerably higher furfural yield at 200aC; con
versely furfural is hardly detectable at I60aC. This fact supports the idea of
using moderate temperatures in dilute-acid processes, which, at the same
time as providing reasonably high sugar recovery yield, also avoids exces
sive inhibitory products formation. A complete prevention of sugar degra
dation products can be achieved by lowering pretreatment temperature
below Isoac, but longer reaction times are needed and enzymatic sacchar
ification of pretreated substrate suffers from poor results. Saha et al. (8)
reported good hemicelluloses solubilization yields without further degra
dation in dilute-acid pretreatment of rice hulls at I %(vIv) H2S04 and 121ac
for 1 h, although the enzymatic saccharification yield of the pretreated
slurry remained at 60% based on total carbohydrate content.

The formation of aliphatic acids (acetic, formic, and levulinic) in pre
hydrolyzate after dilute-acid pretreatment of cardoon biomass is shown in
Fig. 2B. The yield of acetic acid fluctuates from low values less than I g to
a maximum close to 5 g/IOO g dry untreated raw material, depending on
the severity of pretreatment. As shown in the analysis of raw material, an
elevated proportion of acetyl groups are present in hemicelluloses of car
doon biomass and consequently, acetic acid is the prevailing acid present in
prehydrolyzate. The maximum amount of acetic acid corresponded to 90%
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ulinic acid (_) (B) in prehydrolyzates from dilute-acid pretreatment of cardoon at
different conditions. Results are reported as gram/IOO g dry untreated raw material.

of the acetyl groups determined in raw material, which indicates almost
complete hydrolysis under the conditions tested. Regarding the effect of
process conditions in acetic acid recovery, Fig. 3B illustrates the response
surface graph showing a positive effect of the temperature and acid con
centration on the formation of acetic acid. The effect of temperature is
stronger as even in nonacid conditions increasing acetic acid is formed as
temperature rises from 160 to 200°C.

Formic acid, yielding up to 2.5 g/IOO g dry untreated raw material, is
detected in all experiments, whereas levulinic acid is almost negligible
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(Fig. 2B). As HMF is broken down to equimolar amounts of levulinic and
formic acids and HMF yield is rather low (Fig. 2A), most of the formic acid
formed probably comes from furfural degradation. The content of some
aromatic monomers coming from lignin degradation was also determined.
Results of catechol, vanillin, and syringaldehyde in the different experi
ments are shown in Table 3. The most severe conditions of temperature
and acid led to increased yields of catechol, the major phenolic monomer
measured in all conditions tested. A higher ratio of syringil derivative
(syringaldehyde) was found in relation to guayacil (vanillin). At low sever
ity conditions of 160-180°C without acid, these compounds were not found.
Aromatic acids were not detected in any prehydrolyzate.

The maximum yield of soluble lignin-derived compounds, 196 mg/IOO g
dry untreated raw material, was obtained at 200°C, 5% solid concentration
and 0.1 % acid concentration. Total concentration in acid prehydrolyzates
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Table 3
Yield of Phenolic Compounds (mg/l00 g Dry Untreated Raw Material)
in Prehydrolyzate From Dilute-Acid Pretreatment of Cardoon Biomass

Acid concentration
(% w/w) 0 0.1 0.2

Temperature (OC) 160 180 200 160 180 200 160 180 200

Solid concentration
(% w/v) 7.5 5 10 7.5 5 10 7.5 5 10 7.5 5 10 7.5

Catechol 2.6 8 10 39 12 20 61 96 80 39.9 86 83 85.3
Vanillin nd 4 nd 13 8 6 15 20 10 4 nd 20 26.6
Syringaldehyde nd nd nd 13.3 17.2 14 36 80 70 nd nd 60 60.6

nd, detected.

ranged from low values about 40 mg/L at 160aC to 196 mg/L at 200aC.
Concentrations found in prehydrolyzates produced at 180aC (about 80 mg/L)
are lower than those reported by Fenske et al. (16) on the aromatic composi
tion of dilute-acid prehydrolyzates prepared from switch grass, corn stover,
and poplar biomass at 180aC, 10 min residence time and 1%w /w acid con
centration (112.4, 140.8, and 247.3 mg/L). Our results support the idea of the
lower toxicity of prehydrolyzates from herbaceous feedstocks in compari
son with wood-derived ones, which implies a clear advantage from the
point of view of its fermentation.

Mass Balance on Xylan

To complete the assessment of the effectiveness of dilute-acid
pretreatment to fractionate cardoon biomass, an overall mass balance for
xylose, the major hemicellulose-derived sugar present in cardoon biomass,
was carried out (Fig. 4). For this purpose, xylose measured in different
fractions from pretreatment (WIS and prehydrolyzate) and furfural con
tent were considered. Xylose recovery yields in WIS and prehydrolyzate
(gram xylose/gram xylose in dry untreated raw material) were calculated
based on data presented in Table 2. For purposes of mass balance, all fur
fural found in prehydrolyzate (Fig. 2) was considered to come from xylose
degradation. Xylose recovery yield as furfural (gram furfural x 1.56/g
xylose in dry untreated raw material) was calculated and summed up to
WIS and prehydrolyzate xylose recovery values, as illustrated in Fig. 4.

Results show that at 180aC and 0.1 or 0.2% acid addition, regardless
of the solid concentration, a 100% mass closure is attained. At these condi
tions, the percent of solubilized xylose amounts to 82%. At lower temper
atures of 160 and 180aC in experiments without acid addition and at 160aC
with 0.1 % acid, the mass closure reaches values close to 90%, although a
high proportion of xylan remains in the WIS fraction. Contrarily, the highest
temperature of 200aC leads to overall recovery decreasing from 78% to 60%
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recovery as furfural (D), in prehydrolyzates from dilute-acid pretreatment of cardoon
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untreated raw material.

with increased furfural formation and xylose losses, even in experiments
without acid. Summing up, from results obtained in this work it can be
concluded that mild temperature of 180°C with the addition of 0.1 %
(w/w) would be the condition chosen to effectively remove and recover
most of the hemicelluloses as dissolved sugars in cardoon biomass.
Nevertheless, the presence of inhibitory compounds makes necessary fur
ther studies on the fermentability of prehydrolyzate to determine the pos
sibilities of using this fraction, or the whole slurry, for fermentation.
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Abstract

Water-soluble hemicellulose was extracted from corn fiber with
microwave-assisted heat treatment. The effects of treatment temperature
and initial pH of the aqueous extraction media were investigated regard
ing hemicellulose recovery and molecular mass of the isolated polysaccha
rides. In treatments carried out at neutral pH (simple water extraction),
it has been demonstrated that hemicellulose recovery could be increased
by applying higher treatment temperatures. However, the molecular weight
of isolated hemicellulose gets significantly lower. For example, 10% of the
raw materials' xylan was extracted at 160°C and about 30% recovery was
reached at 210°C. However, the molecular mass of the isolated polysaccharide
at 210°C (5.82 x 104) was about half of that measured at 160°C (1.37 x 105).

Reducing the pH with sulfuric acid resulted in shorter polymer chains
(1.7 x 104) and lower hemicellulose yields (2.2%). Application of sodium
hydroxide in the treatment showed that, compared with acid, considerably
higher yields (11 %) with longer polysaccharide chains (1.3 x 105 ) could be
obtained.

Index Entries: Alkaline extraction; carbohydrate analysis; microwave
assisted fractionation; size exclusion chromatography; weight-average
molecular weight; maize.

Introduction

Xylose-rich, water-soluble hemicelluloses have potential applications
in numerous industries. They are used as ingredients in functional foods
produced in Japan (1), and it is suggested that agriculture might be another
target area of utilization as "growth factor-like" properties have been
shown (2). Furthermore, using these renewable materials in the polymer
industry for the production of biodegradable plastics provides a new

*Author to whom all correspondence and reprint requests should be addressed.
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possibility to develop environmentally sound technologies and prod
ucts (3). Xylan-based dietary fibers (4) can lower blood cholesterol level
(5), reduce stomach ulcer lesions (6), stimulate the growth of intestinal
Bifidobacteria (7), and xylans might act as human immunodeficiency virus
inhibitor as well (8). Hemicelluloses have acceptable odor, low-caloric val
ues, and are noncarcinogenic; thus, as filler substances they could be part
of novel, fortified, and specialty foods as well, which are tools of antiobe
sity diets and enteral nutrition. Finally, these polymers could be con
stituents of synbiotics consisting of both a prebiotic and a live microbial
food ingredient called probiotics (9).

There are two main factors determining the practical use of hemicel
lulose-originated polysaccharide isolates. On one hand, the chemical
(sugar) composition, which primarily is a plant specific feature, needs to
be considered. Corn fiber hemicellulose mainly consists of xylose (48%)
and arabinose (35%), and also small amounts of galactose (7%) and glu
curonic acid (10%) (10). The structure of corn fiber hemicellulose has been
studied extensively. It is a branched arabinoglucuronoxylan in which
4-0-methylglucuronic acid groups, arabinose, and trisaccharide groups
made up of arabinose, xylose, and galactose are linked directly to the main
xylan backbone (11).

On the other hand, the way of lignocellulosics fractionation influ
ences the polymer structure, thus the possible field of application. There
are four generally accepted main fractionation categories: physical, chem
ical, biological, and physico-chemical methods (12). Heat treatments such
as steam explosion, microwave irradiation (13,14), and hot water extrac
tion (15,16) are regarded as physico-chemical treatments. Chemical treat
ment is carried out with the aid of bases (17-19), acids, or organic solvents.
Lignin removal can be carried out with biological methods such as the use
of lignin degrading microbes.

Lately, biofuels have gained great interest because of environmental
considerations as well as global increase in cost of fossil fuels. In the pro
duction of ethanol from corn the first step is wet-milling, which yields dif
ferent byproducts, including corn fiber. Generally, this corn fiber is utilized
as animal feed. An anticipated increase in ethanol production is expected
to saturate the animal feed market. Therefore, it is of great importance to
look for alternative applications of corn fiber and to examine the possibil
ities to upgrade it to value-added products. One possibility would be to
separate the different components in the fiber, thereby obtaining refined
products for further processing.

In this study, corn fiber hemicellulose was fractionated using
microwave irradiation according to the flow sheet shown in Fig. 1. This
treatment involves both physical and chemical methods and has previously
been applied for the extraction of galactoglucomannan hemicellulose from
spruce (20,21). The effect of treatment temperature and pH were investi
gated at fixed residence time. Hemicellulose recovery, the molecular weight
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Fig. 1. Schematic flowchart of hemicellulose isolation and characterization from
corn fiber.

of solubilized hemicellulose, the sugar composition, and the acetyl group
content of isolates obtained under different treatment conditions were
determined.

Materials and Methods

Preparation and Analysis of Starch Free Corn Fiber

Corn fiber, which is a byproduct of corn wet-milling starch manufac
turing, was kindly provided by Hungrana Co. (Hungary). The average
particle size of corn fiber was less than 8 mm and it was not ground before
use. Starch was removed in a two-step enzymatic hydrolysis process using
thermostable a-amylase (Thermamyl Supra, Novozymes, Denmark) in a
31-L B.Braun DCU-3 laboratory bioreactor (B. Braun Biotech AG,
Germany), at 8.7% dry matter content in 0.05 M sodium acetate buffer
solution (pH 4.8) with continuous stirring at 250 rpm. In the first step
19.4 mL of Thermamyl Supra was added. The mixture was heated up to
120°C and after 20 min the slurry was cooled down to 90°C at this temper
ature another 19.4 mL of Thermamyl Supra was added and hydrolysis was
allowed to continue for another hour. On completion of starch hydrolysis,
the slurry was filtered through a 150-mm mesh nylon filter. The liquid
fraction was discharged and the filter cake was washed with hot distilled
water. The starch free corn fiber (SFCF) was air-dried and stored at room
temperature. The dry matter content of air-dried SFCF was 90.9%.

The chemical composition of SFCF was determined with the Hagglund
procedure (22) followed by high-performance liquid chromatography
(HPLC) analysis of the sugars. SFCF contained, given as weight percentages
of dried material, 22.1 % cellulose, 36.5% hemicellulose, 19.2% lignin, and
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22.3% other compounds such as extractives, protein, and ash. On the basis of
dry SFCF the hemicellulose fraction contained (expressed in polysaccharide
form): 13.7% arabinose, 5.6% galactose, and 17.2% xylose.

Microwave-Assisted Heat Treatment of SFCF

Before heat treatment, 10.0 g air-dried SFCF was soaked with 199.0 g
impregnation medium: either distilled water or aqueous solutions of
sulfuric acid (0.025% and 0.5%) or sodium hydroxide (0.025% and 0.5%) for
6 h. The whole slurry was transferred into a 350-mL well-sealed Teflon
treatment vessel, which was then placed into a microwave oven (Milestone
MLS-1200 Mega Microwave Workstation, Sorisole, Italy). The microwave
oven was programmed to heat up the reaction mixture in a 2-min cycle
to the desired treatment temperature. On reaching the set point, the tem
perature was controlled at a constant value for another 5 min. The temper
ature inside the vessel was regulated through a thermocouple immersed
into the slurry. Temperatures of 100, 130, 160, 180, 200, and 210°C, respec
tively were screened. On completion of the heat treatment cycle, the
reaction vessel was removed from the oven and cooled down to room
temperature with cold water stream. Fibrous residue of the treated SFCF
was separated by vacuum filtration of the water-soluble hemicellulose
fraction, which was then analyzed for both monomeric sugar and hemicel
lulose content.

Extraction of Hemicellulose-B

Hemicellulose-B isolation from SFCF was performed according to the
procedure described earlier (23). In the first step hemicellulose was
extracted from the material by treatment with 2% sodium hydroxide solu
tion at 120°C for 60 min. The dry matter content of the mixture was 10%.
After heat treatment, the suspension was rapidly cooled to room tempera
ture and the solid fraction was separated by filtration on a 150-pm mesh
nylon filter. The filtrate was collected and the pH of the liquid was
adjusted to 4.5 with 35% hydrochloric acid. Double volume of 95% ethanol
was added to the filtrate. After 1 d at room temperature the precipitated
hemicellulose-B was collected by filtration, rinsed with ethanol, and dried
at 105°C. Sugar composition, acetyl group content, and average molecular
weight of the isolate were determined as described under "Analysis" for
samples obtained in microwave heat treatment.

Analysis

Determination of Hemicellulose Content

Supernatants obtained after heat treatment were directly analyzed for
monomeric sugars using high-performance liquid chromatography (HPLC)
pulsed amperometric detection (PAD) (described under "Carbohydrate
Analysis"). For the determination of hemicellulose polymers a milliliter of

Applied Biochemistry and Biotechnology Vol. 136-140/ 2007



Heat Extraction of Corn Fiber Hemicellulose 257

each liquid obtained in the heat treatment was hydrolyzed with an equiv
alent amount of 0.4 M sulfuric acid solution in an autoclave at 121°C for 60
min. Samples were subjected to HPLC analysis and the differences
between sugar concentrations measured after and before acid hydrolysis
were used to calculate the amount of polysaccharides (correction factor of
1.13 for water on hydrolysis was applied).

Fractionation of Polysaccharides by Size Exclusion Chromatography

Weight-averaged molecular weight (Mw ) of hemicellulose extracted
from SFCF was determined by size exclusion chromatography (SEC). A
500-]1L aliquot was loaded on a two-column configuration containing a
Superdex 75 and a Superdex 200 column (GE Healthcare, formerly
Amersham Biosciences, Uppsala, Sweden) connected in series to an fast
protein liquid chromatography (FPLC) system (GE Healthcare). Elution of
samples with ultrapure water at a flow rate of 0.5 mL/min was followed by
refractive index (RI) detection (RID, Erma-inc, Tokyo, Japan) and ultravio
let detection at 280 nm (GE Healthcare), enabling the detection of both
polysaccharides and ultraviolet absorbing compound such as solubilized
lignin degradation products. The molecular weight distribution of polysac
charides was determined using dextran (Fluka Chemie AG, Buchs,
Switzerland) calibration standards with Mw of 1270, 5220, 11,600, 23,800,
and 48,600, respectively. The total dead volume of the two-column config
uration (47 mL) was assessed with acetone and the void volume, using Blue
Dextran (Fluka Chemie AG) was determined to be 16 mL. During elution,
fractions of 2 mL were collected. Fractions showing RI signal in the chro
matograms were subjected to further polysaccharide analysis as described
in the hemicellulose Analysis section.

Carbohydrate Analysis

Samples for sugar analysis, obtained during heat treatment or
SEC elution, were first filtered through a 0.2-Jlm syringe filter (Acrodisc,
PALL Gelman Laboratory, MI). Sugars were analyzed using high
performance anion-exchange with PAD (Dionex, Sunnyvale CA). The high
performance anion-exchange with pulsed amperometric detection
instrument consisted of an ED40 electrochemical detector, a GP40 gradient
pump, an AS50 autosampler, and a Carbopac PA-10 guard and analytical
column (all from Dionex). Glucose, xylose, arabinose, galactose, and man
nose were separated on the analytical column using ultrapure water as
mobile phase, at a flow rate of 1.0 mL/min. In order to enable detection of
the sugars using PAD, 600 mM NaOH was added by a postcolumn pump.

Determination of Acetyl Groups

The analysis of acetyl groups was based on the release of acetyl groups
by alkaline treatment (24). Fractions collected during SEC were first freeze
dried and then dissolved in 1 mL NaOH (1 %) solution to remove acetyl
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groups from the polysaccharide by 12-h incubation at room temperature.
The concentration of liberated acetyl groups was determined by HPLC as
acetic acid. Bound acetyl content was calculated by subtracting the free
acetate amount in the sample from the amount quantified after treatment
with 1% NaOH.

Acetic acid was determined using a GE Healthcare HPLC system
equipped with an RI detector. An Aminex HPX-87H organic acid column
(BIO-RAD, Hercules, CA) thermostated at 65°C was used to separate
acetic acid from other compounds. The mobile phase was 5 mM H2S04 at
a flow rate of 0.6 mL/min. The system was equipped with a Cation-H
Refill Cartridge (BIO-RAD) to protect the analytical column.

Calculations

Yield of Xylan in Heat-Treated Samples

Polymer form of extracted hemicellulose was expressed on the basis
of polymeric xylose, i.e., xylan. The xylan recovery, i.e., yield of hemicellu
lose extracted from SFCF, was calculated according to Eq. 1.

x-x
y = H F X 100

xylan f X X
T

(1)

where, XH is the xylose content, calculated in grams, determined after
acid hydrolysis of the filtrate obtained in microwave treatment, Xp is
the xylose content in the filtrate calculated in grams based on direct
sugar analysis of the filtrate obtained in treatment, f is the conversion
factor of polymer to monomer hydrolysis (for xylose-based polymers
f = 1.136 gig), and XT is the amount of xylan in grams in SFCF used in
the experiments.

Weight-Average Molecular Weight

A generally accepted formula for the calculation of weight-average
molecular weight of polymers (25), based on data obtained from SEC
chromatograms is shown in Eq. 2.

~~ (c. ·M.'M = £.J z =l 1 J
W IN c.

i =1 1

(2)

where Mi is the molecular weight at elution volume Vi and ci is the
concentration at elution volume v.. The concentration c., was calculated

1 1

from the acid hydrolysis of fractions collected during SEC, whereas Mi
was calculated from the SEC dextran calibration according to Eq. 3 (16).

logM. = 0.0968 x v. + 6.7103
1 1
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Fig. 2. Effect of temperature on the molecular weight and yield of hemicellulose
extracted by microwave assisted heat treatment using pure water.

Results and Discussion

Effect of Temperature

The effect of temperature on the isolation of hemicelluloses from
SFCF was examined applying water as the extraction agent without any
addition of acidic or alkaline catalysts. Treatment temperature was varied
between 100°C and 210°C, which was the highest working temperature of
the microwave oven. Water-soluble hemicellulose fractions obtained at
different temperature set points were analyzed for molecular weight with
SEC. Polymeric hemicellulose recovery was calculated on the basis of
xylan recovered (Fig. 2). Treatments carried out at 100°C and 130°C did not
produce measurable amounts of solubilized hemicellulose. About 10%
hemicellulose extraction, with a polymer Mw of 1.4 x 105, was reached at
160°C. Increasing treatment temperature significantly influenced the
hemicellulose recovery. A maximum of 22.8% hemicellulose yield was
obtained at the highest (210°C) temperature value. However, severe degra
dation of the isolated hemicellulose was observed at higher treatment tem
peratures, resulting in the lowest M

w
of about 6 x 104 at 210°C. The

white-offwhite color of hemicellulose isolates obtained at 160°C and 180°C
turned to brown at elevated treatment temperatures.

Optimization of the microwave-assisted heat treatment has to be a
compromise between hemicellulose recovery and the molecular weight
of the isolated fraction. As shown in Fig. 2, applying higher temperatures
than 180°C will significantly lower the molecular weight of isolated
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Fig. 3. SEC RI chromatograms of hemicellulose samples extracted by microwave
assisted heat treatment at 180°C and 210°C using pure water.

hemicellulose. Furthermore, whereas the hemicellulose yield was doubled
by a temperature increase from 160°C to 180°C, with no apparent degra
dation of polymer chains, only 20% higher yield was obtained by another
20°C temperature increase. The pH of the suspension after heat treatment
was measured. Compared with the initial pH of 6.2, significantly lower pH
values were observed. Increasing treatment temperature resulted in lower
pH, for example, at 160°C pH of 5.6, at 180°C pH of 4.3, and at 210°C pH
of 3.7 was measured.

The presence of acetyl groups on many types of hemicelluloses pre
sent a specific problem. During heat-treatment at certain conditions the
acetyl groups can be released yielding acetic acid, thereby causing a
decrease in pH. The lower pH, in turn, may cause acid hydrolysis of the
glycosidic bonds in the polysaccharide backbone and/or substitutions.
In the current case, the pH of the mixture measured after treatment indi
cated that liberation of acetic acid occurred to a greater extent at high treat
ment temperatures. These data suggest that acid hydrolysis became the
dominant mechanism of hemicellulose recovery over physical extraction
of hemicellulose.

Two SEC chromatograms of polysaccharides isolated at 180°C and
210°C are shown in Fig. 3. It can be seen that at 180°C, two dominant
fractions were found in the extracts. The peak area of the first peak
resulting from the elution of high-molecular weight polymers is signifi
cantly greater than the area of the second peak, indicating that the extract
contained higher amounts of high-molecular weight polysaccharides. On
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Table 1
Molecular Weight and Yield of Microwave Isolated Hemicellulose (at I80aC,

Impregnated With Water, Acid, or Alkali) and Alkaline Extracted, Ethanol
Precipitated Hemicellulose-B

Concentration of
impregnation Molecular

Treatment Type media (%) weight (Mw ) Yield (%)

Water 127,000 20
H2SO4 0.025 13,800 3.9
H2SO4 0.5 17,600 2.2
NaOH 0.025 172,000 4.6
NaOH 0.5 136,000 11
Alkaline extracted

ethanol precipitated
hemicellulose-B 192,000 56

the other hand, the extract obtained at 210°C showed more diversity and
at least four fractions could be identified. Lower molecular weight
polysaccharides were more prominent in this extract.

Effect of pH

Heat treatment of SFCF applying acid or alkaline catalyst was per
formed at 180aC. Before heat treatment the material was impregnated as
written in Materials and Methods section. Both hemicellulose recovery
and molecular weight of the isolated hemicellulose were determined
(Table 1). The addition of acid did not improve hemicellulose recovery, and
considerably lower hemicellulose yields were obtained relative to impreg
nation with pure water. Not surprisingly, the molecular weight of the
recovered hemicellulose fraction was also lower in the presence of the acid
catalyst. Furthermore, increasing the acid concentration did not affect
hemicellulose molecular weight or recovery. Sodium hydroxide seemed to
be a more suitable impregnation agent than sulfuric acid. The molecular
weight of the hemicellulose isolates was greater than in case of water
extraction; however, hemicellulose yields were far less than those achieved
with pure water (Table 1).

Comparison of Microwave and Alkaline-Extracted Hemicellulose

Hemicellulose polymers fractionated by microwave-assisted heat
treatment of SFCF were compared with alkaline-extracted and ethanol
precipitated hemicellulose-B. Heat treatment was carried out at 180°C with
5 min of holding time using pure water, whereas hemicellulose-B was iso
lated as described in the Materials and Methods section of this paper.
Molecular weight, acetyl group content, and recoveries based on the
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Fig. 4. Sugar composition of hemicellulose isolated in microwave assisted heat treat
ment at 180°C with pure water and alkaline extracted and precipitated hemicellulose-B.
(The amounts of different sugars are expressed in the percent of the total sugar content of
the sample in moles.)

original raw material xylan content were examined. The molecular weight
of hemicellulose-B was higher than that achieved on microwave heat treat
ment (Table 1). This could be explained with the lower applied tempera
ture of the alkaline treatment; second, liberated acetic acid was neutralized
by the sodium hydroxide.

The analysis of fractions during SEC revealed some differences in the
composition of polysaccharides obtained in the two preparations. The two
dominating sugar residues were xylose and arabinose in both cases (Fig. 4)
indicating that, as expected, arabinoxylan is the major polysaccharide. The
molecular ratios of xylose: arabinose were also similar: 1.5 for the alkaline
extract, and 1.3 for the microwave extract. These values are close to the
reported ratio of approx 1.4 for corn hemicellulose (12). The galactose
content in the alkaline preparation is also very close to that previously
reported for corn fiber hemicellulose (approx galactose: xylose ratio of 0.1).
However, the microwave extracted preparation contained a significantly
higher amount of galactose (galactose: xylose ratio 0.4). Furthermore, the
microwave preparations contained glucose (Fig. 4), possibly indicating
minor contamination of starch.

The SEC chromatograms of the two hemicellulose isolates are
shown in Fig. 5. Two distinctly separated peaks were observed for both
hemicellulose isolates. The analysis of fractions collected during the elution
of the first peak, representing high-molecular weight polysaccharides,
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Fig. 5. SEC RI chromatograms of hemicellulose extracted by microwave assisted
heat treatment at I80aC with pure water and hemicellulose-B.

showed that these polysaccharides were mainly made up of xylose and
arabinose, their ratio was 2.2 for the microwave extracted preparation
and 2.0 for alkaline treatment. On the other hand, fractions collected
later, i.e., the smaller molecular weight polysaccharides, were rich in ara
binose. The xylose content of these fractions was about half of the arabi
nose measured.

Alkaline-extracted hemicellulose-B did not contain a measurable
amount of acetyl groups. However, the acetyl group content of hemicellu
lose isolated on heat treatment at I80aC using around 3 wt% water for the
extraction. It is noteworthy to mention that acetyl groups were only
detected in those fractions eluted during SEC, which corresponded to the
peak containing higher molecular weight polymers. Further experiments
will be performed to analyze the assumed position of acetylation.

Conclusion

The aim of this study was to investigate the possibility of hemicellu
lose-based polysaccharide isolation from SFCF in microwave-assisted heat
treatment and to compare the isolated polysaccharide with hemicellulose-B,
a polymer obtained with the well-known alkaline extraction-ethanol precip
itation method. The results of aqueous hemicellulose extraction performed
at different temperatures showed that hemicellulose recovery could be
improved by increasing the temperature of the treatment, but at the same
time the molecular weight of the isolated polymers, along with the pH of
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the reaction mixture decrease, supporting the assumed mechanism of
degradation of polymer chains caused by autohydrolysis.

Application of acid catalyst (sulfuric acid) did not increase hemicel
lulose recovery and very low molecular weights were obtained. Sodium
hydroxide proved to be a more sufficient catalyst. Although, hemicellulose
yields were less than those obtained with water, higher molecular weight
polysaccharides were isolated. In terms of comparison with alkaline
extraction, it could be concluded that microwave treatment provided
lower molecular weight and lower polymer recovery, but on the other
hand it performed well without application of any chemicals. Thus, it
could be a novel environmentally sound way of hemicellulose isolation.
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Abstract

The development of bioconversion technologies for production of fuels,
chemicals, and power from renewable resources is currently a high priority
for developed nations such as the United States, Canada, and the European
Union as a way to improve national energy security and reduce greenhouse
gas emissions. The widespread implementation of such technologies will
require a sustainable supply of biomass from forestry and agriculture.
Forests are a major source of feedstocks for biofuels production in Canada.
Woody biomass includes residues from logging and forest thinning, and
from wood processing and pulp production.

More recently, damaged wood caused by beetle infestations has become
available on a large scale in Western Canada. This study evaluates beetle
killed British Columbian hybrid spruce (HS) (Picea glauca x P. engelmannii) as
a feedstock for the production of bioethanol. In the past 30 yr, attack by the
beetle Dendroctonus rufipennis and associated fungi has resulted in estimated
losses of more than three billion board feet in British Columbia alone. Here
we describe the chemical and some physical characteristics of both healthy
(HHS) and beetle-killed (BKHS) British Columbian HS and evaluate the
technical feasibility of using these feedstocks as a source of biomass for
bioethanol production. Untreated HHS and BKHS did not differ signifi
cantly in chemical composition except for the moisture content, which was
significantly lower in BKHS (approx 10%) compared with HHS (approx 18%).
However, the yields of carbohydrates in hydrolyzable and fermentable
forms were higher at mild pretreatment conditions (H-Factor <1000) for
BKHS compared with HHS. At medium (H-Factor 1000-2000) and severe
(H-Factor >2000) pretreatment conditions HHS and BKHS behaved similarly.

*Author to whom all correspondence and reprint requests should be addressed.
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Organosolv pretreated HHS and BKHS demonstrated good ethanol theoret
ical yields, approx 70 and 80%, respectively.

Index Entries: Cellulase; enzyme; ethanol; hydrolysis; lignocellulose;
fermentation.

Introduction

The expansion of the use of biomass as an energy source is seen by
developed nations and many developing countries as a way to reduce the
need for fossil oil and gas to secure national energy supply. Furthermore,
this principle is considered a feasible approach to support sustainable
development of rural economies based on agriculture and forestry. It is
also recognized that in order to provide a continuous supply of renewable
sources of biomass for bioenergy production, bioethanol in particular,
biomass feedstocks from both forest and agricultural sources will be
required (1). Forest residues, mainly softwood, are particularly abundant
in Northern countries such as Canada. This includes residues from logging
and forest thinning, and from wood processing and pulp production.

More recently, damaged wood resulting from insects' attacks, such as
beetles, and associated fungi have become available as potential substrates
for biomass conversion. These outbreaks of infestation are interpreted as a
consequence of global warming trends, which make forests more vulnera
ble to pest infestations. Moreover, proliferation of global trading is likely
to introduce further insect pests; for example, the establishment of brown
spruce longhorn beetle Tetropium fuscum (Fabricius) in Nova Scotia,
Canada. Therefore, it is expected that these types of woody residues will
continue to be available for several decades. A representative example of
an extensively affected softwood species is the British Columbian hybrid
spruce (HS) (Picea glauca x P. engelmannii).

Spruce is an important component of boreal forests and occupies more
than 75% of Canada's forested land (2). Microbial pathogens and outbreak
species of insects are the major biotic disturbance agents of spruce forests
(3/4). In Canada, the annual volume loss because of growth reduction and
mortality caused by insects .and pathogens averaged 102.8 million cubic
metres between 1982 and 1987, which is equivalent to 70% of the
volume harvested nationwide (5). Bark beetles (Coleoptera: Curculionidae:
Scolytinae) and their associated fungi currently cause the greatest amount of
mortality in Canada and the rest of the world's coniferous forests. Total for
est losses as a result of bark beetle-fungal interactions are difficult to esti
mate but are considered to be greater than those caused by all other insects,
pathogens, and fire combined, amounting to millions of dollars every year
in British Columbia (6). Dendroctonus rUfipennis (Kirby) and Ips typographus
(Linnaeus) are examples of highly aggressive spruce-colonizing bark bee
tles that have destroyed millions of hectares of spruce forests in North
America and Eurasia, respectively (7-10). The capacity of aggressive bark
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beetles to overcome the resistance of healthy trees is usually mediated by
associated fungi.

Most fungi associated with bark beetles are blue stainers: the fila
mentous ascomycetes generally referred as Ophiostomatoid fungi (11).
These fungi are responsible for significant economic losses to wood and
forest industries worldwide. Some of them, for example, Ophiostoma ulmi
(Buisman), are among the most virulent pathogens and many others are
the causal agent of wood discoloration (11-13). The main goal of this study
was to perform a preliminary evaluation of the feasibility of utilizing bee
tle-killed British Columbian HS for bioethanol production.

Materials and Methods

Sampling and Sample Preparation

Representative samples of approx 125-yr old HHS and BKHS, respec
tively, were collected from a single stand located in the University of British
Columbia (UBC) / Alex Fraser Research Forest (Williams Lake, BC, Canada)
at the biogeoclimatic subzone ICHmk3. After harvesting, logs were
debarked, split, chipped, and milled to a chip size of approx ::::;10 x 10 x 3 mm3•

Substrate Pretreatment

Healthy HS and BKHS chips were organosolv-pretreated in aqueous
ethanol (50%, w /w), with sulfuric acid as catalyst (1.2%, w /w oven-dried
wood) at 7 : 1 liquor: wood ratio in a custom-built, four-vessel, rotating
digester (Aurora Products, Ltd., Savona, BC, Canada). Two hundred-gram
(oven-dry weight) batches of HHS and BKHS chips were cooked in each 2-L
vessel under 12 different conditions, chosen (Table 1) depending on cook
ing extents described by H-factors (14) varying from approx 440 to 5800,
corresponding to approx 168°C for about 34 min to approx 195°C for about
50 min, respectively.

The experimental design was performed with the help of SAS v. 9.00
software package (SAS Institute, Inc., Cary, NC). The range of conditions
was defined based on our previous experience in organosolv pretreatment
of softwoods (15,16). After cooking, vessels were cooled to room temper
ature in a water bath. Solids and liquor were then separated using a
nylon mesh. Solids (pulp and rejects) were homogenized and separated
from rejects (recalcitrant, poor-pretreated substrate fraction) by using a
standard vibrating screen (Voith, Inc., Appleton, WI) fed with tap water.
The resultant fibers, so-called "accepts" or "pulps," were subjected to
enzymatic hydrolysis and subsequent fermentation. Carbohydrates dis
solved in the spent liquor (liquid fraction) or present in form of rejects
were considered as losses for the purpose of this study.

The liquid fractions after ethanol organosolv (OS) pretreatment were
diluted with four volumes of tap water to precipitate the dissolved lignin.
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Table 1
Ethanol Organosolv Pretreatment Conditions of HHS and BKHS Wood Samples

Set variables Observed variables

Pulp T t H- T t H- P
sample (OC) (min) Factof'1 (OC) (min) Factor (psi)

HHS1 168 34 516 168 ±2 34 510 190
HHS2 192 46 4293 192 ± 2 46 3985 310
HHS3 172 40 836 172 ± 2 40 911 210
HHS4 188 40 2945 188 ±2 40 3456 300
HHS5 180 36 1447 180 ±2 36 1238 235
HHS6 180 44 1724 180 ±2 44 1505 240
HHS7 180 40 1585 180 ± 2 40 1880 270
HHS8 180 40 1585 180 ±2 40 1687 255
HHS9 180 40 1585 180 ±2 40 1390 260
HHS10 195 50 5978 195 ± 2 50 5816 340
HHS11 175 45 1185 175 ±2 45 1139 230
HHS12 185 36 2125 185 ± 2 36 2090 260
BKHS1 168 34 516 168 ± 2 34 437 180
BKHS2 192 46 4293 192 ±2 46 3960 330
BKHS3 172 40 836 172 ± 2 40 738 210
BKHS4 188 40 2945 188 ± 2 40 2645 310
BKHS5 180 36 1447 180 ±2 36 1265 250
BKHS6 180 44 1724 180 ±2 44 1510 230
BKHS7 180 40 1585 180 ± 2 40 1406 240
BKHS8 180 40 1585 180 ± 2 40 1515 250
BKHS9 180 40 1585 180 ±2 40 1390 230
BKHS10 195 50 5978 195 ±2 50 5190 325
BKHSll 175 45 1185 175 ± 2 45 1043 220
BKHS12 185 36 2125 185 ± 2 36 1909 275

aH-Factor values calculated based on Vroom's single variable model (14) using the on-
line tool at www.knowpulp.com.

The lignin precipitate, so-called "ethanol organosolv lignin," was collected
on a Whatman No.1 filter and air-dried for 3 d at room temperature.

Characterization of Untreated and Pretreated Substrates

The carbohydrate composition and lignin content of untreated and
as HHS and BKHS were determined using a modified Klason lignin
method derived from the Technical Association of the Pulp and Paper
Industry (TAPPI) standard method T222 om-88 (17). Acetone extractives
were analyzed by Soxhlet extraction according to the standard TAPPI pro
cedure T 280 pm-99 (17). Ash content was determined according to the
standard TAPPI method T211 om-02 (17). In addition, high-resolution fiber
quality (FQ) analysis (determination of fiber length, width, and percent
content of short fibers or so-called "fines") of as HHS and BKHS was per
formed as previously described (18).
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Batch Separate Enzymatic Hydrolysis and Fermentation

Twenty four as HHS and BKHS samples (HHSl-12, BKHSl-12)
(Table 2) were hydrolyzed using a Trichoderma reesei cellulase prepara
tion Celluclast 1.5 L (60.4 filter paper units [FPU]/mL; Novozymes, NC)
supplemented with a ~-glucosidase preparation (1 : 2 FPU : cellobiase
units [CBU] ratio) Novozym 188 (269 CBU/mL; Novozymes, NC) at 2%
(w/w) washed substrate consistency, 40 FPU/ g glucan, 72 h, pH 5.0,
50°C, 150 rpm. Reactions were run in foam-plugged 125-mL Erlenmeyer
flasks in total reaction volume 60 mL. Samples were taken at 3, 6, 12, 24,
48, and 72 h and analyzed by high-pressure liquid chromatography for
glucose content as it is described elsewhere (15). The sugar hydrolyzates
resulting from the enzymatic hydrolysis were used for the subsequent
fermentation.

Fermentation of enzymatic hydrolyzates was performed with the
Saccharomyces cerevisiae strain Y-1528 (Agricultural Research Service, US
Department of Agriculture, Peoria, IL). Fermentations were performed in
foam-plugged 125-mL Erlenmeyer flasks containing approx 45 g of sugar
hydrolyzates adjusted with 10% NaOH (wIv) to a starting pH of 5.50 in an
orbital shaker for 48 h at 36°C and 150 rpm. The hydrolyzates were inocu
lated to achieve an initial yeast cell concentration of 6.0 g per DCWL-1 (dry
cells weight per liter). Samples were taken at 0, 0.25, 2, 4, 6, 8, 12, 18, 24, 30,
36, and 48 h for ethanol analysis.

Results and Discussion

Characteristics of Untreated and Treated HHS and BKHS

Untreated HHS and BKHS showed no significant differences in car
bohydrate composition content (Table 2). However, BKHS moisture con
tent was significantly lower (approx 10%) compared with HHS (approx
18%) leading to formation of a larger amount of small chips during chip
ping in the case of BKHS. Pretreated HHS and BKHS samples showed
higher glucan content, relative to untreated samples (approx 53-84% and
approx 62-90%, respectively) and lower xylan content (approx 0.2-4.5%
and approx 0.1-3.4%, respectively). Almost all arabinan and galactan
was solubilized or degraded. Mannan in pretreated samples was also
significantly lower compared with untreated HHS and BKHS (0.1-4.8%).
Lignin content in HHS and BKHS was 22-34% and 23-30%, respectively.
Ash content in pulped samples was lower or similar to the untreated
wood (0-0.3%).

Detailed results of as BKHS and HHS chemical composition are con
tained in Table 2. FQ analysis showed that as BKHS fibers had significantly
lower FQ than as HHS (lower average fiber length and width, and a larger
amount of fines). This indicates that BKHS would be a poor source of high
quality fiber for papermaking (Fig. 1).
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Fig. 1. Fiber quality analysis of as HHS and as BKHS fibers. (A) fiber length and
width (B) % fines content.

The mass balance of as HHSl-12 and BKHSl-12 expressed as yields
of each component (g) per 100 g (oven-dried weight) untreated HHS and
BKHS chips is shown in Table 3. The yields of pretreated carbohydrates
(carbohydrates in pulps and liquid fractions) for as HHS was signifi
cantly lower than those for as BKHS when wood samples were prepared
under mild pretreatment conditions (H-Factor <1000) (Table 3). HHS1
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(H-Factor -510) and HHS3 (H-Factor -911) yielded approx 6 and 36% car
bohydrates, respectively, whereas BKHSI (H-Factor -437) and BKHS3 (H
Factor -738) yielded approx 32 and 53% carbohydrates, respectively.
Furthermore, as it is shown in Table 3 HHS pretreated under mild pre
treatment conditions yielded higher rejects content (approx 69 and 17%
for HHS1 and HHS3, respectively) compared with BKHS (approx 47 and
8% for BKHS 1 and BKHS3, respectively). These results indicate that BKHS
was easier to pretreat than HHS under mild pretreatment conditions.
However, under mild or severe pretreatment conditions (H-Factor approx
1000-5000) HHS and BKHS, in general, behaved similarly (Table 3).
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Fig. 2. Enzymatic hydrolysis of as HHS (A,B) and as BKHS (C,D).

Enzymatic Hydrolysis and Fermentation

as HHS and BKHS showed similar enzymatic hydrolyzability. HHS2,
HHS4, HHS5, HHS7, HHS10 and BKHS2, BKHS6-7, BKHS9-10 pulp sam
ples reached more than 90% conversion in 12-24 h; HHS3, HHS6, HHS8-9,
HHSll-12 and BKHS3-5, BKHS8, BKHSll-12 yielded more than 90% con
version in 48-72 h. HHSI and BKHS1 showed significantly lower glucan
to-glucose conversion compared with the other OS-pretreated samples (45
and 48%, respectively). Results of as HHS and as BKHS enzymatic
hydrolysis are shown in Fig. 2A-D. Fermentation of as HHS and BKHS
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hydrolyzates yielded 53-80% theoretical ethanol yield of carbohydrates in
pulps in 4-24 h (Fig. 3A-D, Table 4). The best fermentation was observed for
hydrolyzates HHS8 (70%, 12 h) and BKHS12 (80%,24 h). The lowest ethanol
yield was shown for HHS1 (53%, 4 h), HHS3 (54%, 12 h), and BKHS5 (53%,
12 h), apparently because of poor substrate hydrolyzability. Relatively low or
moderate fermentability was observed for the other substrates (56-64%).

Significant catabolic oxidation of ethanol for all substrates was
observed after reaching maximal ethanol yields. After 48 h fermentation,
~40% reduction in maximum ethanol yield was observed (Fig. 3A-D). This
effect can be attributed to the so-called "diauxic shift." characteristic in
ethanologenic yeasts fermenting at low sugar concentrations (19).
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Fig. 3. Ethanol fermentation of as HHS (A,B) and as BKHS (C,D) hydrolyzates.

Conclusion

Beetle-killed HS and HHS pretreated by ethanol organosolv were
shown to be good substrates for bioethanol production achieving approx
80 and 70% theoretical ethanol yield, respectively, during relatively brief
incubation (Fig. 3, Table 4). Untreated HHS and BKHS did not differ sig
nificantly in chemical composition except for the moisture content, which
was significantly lower in BKHS (approx 10%) compared with HHS
(approx 18%). However, the FQ of as BKHS pulps was significantly lower
than as HHS pulps (Fig. 1) indicating a poor suitability of BKHS as pulps
for high-quality papermaking. Furthermore, the yields of carbohydrates
obtained in hydrolyzable and fermentable forms was higher at mild
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Table 4
Maximal Observed BKHS and HHS Ethanol Yields

279

Pulp sample

HHS1
HHS2
HHS3
HHS4
HHS5
HHS6
HHS7
HHS8
HHS9
HHS10
HHS11
HHS12
BKHSI
BKHS2
BKHS3
BKHS4
BKHS5
BKHS6
BKHS7
BKHS8
BKHS9
BKHS10
BKHSll
BKHS12

Time (h)

4
18
12
12
12
18
18
12
18
8
18
18
4
12
8
12
18
18
18
12
24
24
24
24

Ethanol yield (%)

52.5
59.6
54.1
57.2
59.3
57.3
60.5
70.3
59.4
60.3
60.4
62.9
58.2
59.0
58.2
57.3
52.8
56.4
60.7
57.8
60.1
62.0
63.8
80.1

Percent of ethanol theoretical yield of carbohydrates in
pretreated solids.

pretreatment conditions (H-Factor <1000) for BKHS compared with HHS.
At medium (H-Factor 1000-2000) and severe (H-Factor >2000) pretreat
ment conditions HHS and BKHS behaved similarly (Table 3).
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Abstract

This article investigates a strain of the yeast Aureobasidium pullulans for
cellulase and hemicellulase production in solid state fermentation. Among
the substrates analyzed, the wheat bran culture presented the highest enzy
matic production (1.05 U/mL endoglucanase, 1.3 U/mL ~-glucosidase,and
5.0 U/mL xylanase). Avicelase activity was not detected. The optimum pH
and temperature for xylanase, endoglucanase and ~-glucosidasewere 5.0
and 50, 4.5 and 60, 4.0 and 75°C, respectively. These enzymes remained sta
ble between a wide range of pH. The ~-glucosidase was the most ther
mostable enzyme, remaining 100% active when incubated at 75°C for 1 h.

Index Entries: Cellulases; endoglucanase; hemicellulases; solid state fer
mentation; ~-glucosidase.

Introduction

The hydrolytic action of cellulases and hemicellulases is of fundamen
tal importance to obtain fermentable sugars from lignocellulosic biomass.
These can be used as fermentation substrates to produce liquid fuels, food
products, or other chemicals of interest (1,2). The enzymatic hydrolysis of cel
lulose into glucose involves the synergistic action of at least three different
enzymes: endoglucanase or endo-~-1,4-glucanase(EC 3.2.1.4), exoglucanase
or exocellobiohydrolase (EC 3.2.1.91), and ~-l,4-glucosidaseor cellobiase
(EC 3.2.1.21). Endoglucanase hydrolyze the polymers internally, resulting in
a reduction of the degree of polymerization, whereas the exoglucanases act
by removing units of cellobiose from either the reducing or the nonreducing

*Author to whom all correspondence and reprint requests should be addressed.
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ends of the molecule. ~-glucosidase hydrolyzes cellobiose and other
cellodextrins into glucose. ~-glucosidase is responsible for the control of the
entire speed of the reaction exerting a crucial effect on the enzymatic
degradation of the cellulose, preventing the accumulation of cellobiose (3,4).
The ~-glucosidase can also be used by the food industry to increase the
bioavailability of the isoflavones in the human intestine, and by the bever
age industry to stabilize the coloration of juices and wines (5).

Because of xylan heterogeneity, the enzymatic hydrolysis of xylan
requires different enzymatic activities. Two enzymes, ~-1,4-endoxylanase

(EC 3.2.1.8) and ~-xylosidase (EC 3.2.1.37), are responsible for hydrolysis
of the main chain, the former attacking the internal main-chain xylosidic
linkages and the latter releasing xylosyl residues by means of endwise
attack of xylooligosaccharides (6). However, for complete hydrolysis of
hemicellulose, side chain cleaving enzyme activities are also necessary,
such as, a-L-arabinofuranosidases (EC 3.2.1.55), endomannanases (EC
3.2.1.78), ~-mannosidases (EC 3.2.1.25), and a-galactosidases (EC 3.2.1.22)
(7). Solid state fermentation (SSF) is a well-known process for enzyme pro
duction and is defined as fermentation involving solids in absence (or near
absence) of free water; however, the substrate must possess enough mois
ture to support growth and metabolism of microorganisms (8). There is a
current tendency to apply the SSF process in the development of biopro
cesses to attain products with higher added values, such as antibiotics,
alkaloids, organic acids, biopesticides, biofuel, aromatic compounds, and
enzymes (8,9).

Previous works described the production cellulases and hemicellu
lases using SSF and agricultural residues (2,10-12). Brazil is an agroindus
trial country known for its production of soy, corn, sugar cane, cassava,
coffee, and so on, and for its high consumption of wheat, which generate
large amounts of residues that have considerable potential for SSF appli
cations (13). On a previous study of screening of cellulolytic microorgan
isms, a strain of A. pullulans with high ~-glucosidaseactivity was isolated.
The objective of this work was the study of the production and the char
acterization of cellulolytic and hemicellulolytic enzymes secreted by A.
pullulans using agroindustrial residues on SSF.

Material and Methods

Microorganism

The yeast A. pullulans ER-16 was isolated from orange juice residues
in Catanduva, Sao Paulo State, Brazil. The stock culture was preserved in
potato dextrose agar at 4°C.

Enzyme Production

The microorganism was cultivated using four different types of sub
strates: wheat bran, soy bran, soy peel, and corn cob. In order to evaluate
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enzymatic production, samples were removed every 24 h throughout the
period of 144 h.

Inoculation

The yeast was cultivated in 125-mL Erlenmeyer flasks containing 20 mL
of potato dextrose agar medium for 48 h at a temperature of 28°C. A sus
pension was obtained by softly scraping the culture medium surface using
25 mL of mineral solution. Inoculation in the substrate was carried out by
transferring 5 mL of the suspension into Erlenmeyer flasks containing the
previously prepared production medium.

Fermentation

SSF was carried out in 500-mL Erlenmeyer flasks containing 5 g of
moistened substrates (grounded to 2-3 mm size) with 10 mL of mineral
solution aiming an initial humidity content of 75%. The mineral solution
was made up of 0.1 % (NH4)2S04' 0.1 % MgS04-7H20, and 0.1 % NH4N03
(wIv). After the inoculation of the microorganism, the fermentation was
incubated at 28°C. Enzyme extraction was achieved by adding 50 mL of
distilled water to each flask followed by 2 h on a rotary shaker at 80 rpm.
Crude extracts were centrifuged (10,000gI20 min), and then the super
natant was used for enzyme activities assays.

Enzyme Assays

Xylanase, endoglucanase, and avicelase enzymes activities were mea
sured by determining the release of reducing sugars by the 3,5-dinitrosalicylic
acid method (14). The 100 mM sodium acetate buffer pH 5.0 was used con
taining 0.5% of xylan (Birchwood-Sigma), 0.5% of carboxymethylcellulose
(C5768 Sigma), and 0.5% of avicel (Co Sigma) as substrates for xylanase,
endoglucanase, and avicelase enzymes, respectively. ~-glucosidase activity
was determined using 50 pL of the extract, 250 pL of 100 mM sodium
acetate buffer pH 5.0, and 250 pL of 4 mM 4-nitrophenyl ~-D-glucopyranoside
(PNPG, Sigma). After 10 min, the reaction was stopped by the addition of
2 mL of 2 M sodium carbonate. The activities were measured at 410 nm and
expressed in international units, defined as the amount of enzyme required
to produce 1 pmole of nitrophenol (~-glucosidase), xylose (xylanase), and
glucose (CMCase and avicelase) per minute, under assay conditions.

Enzyme Properties

The crude enzyme obtained in SSF using wheat bran as substrate was
used for enzyme characterization. The activities were determined accord
ing to the standard conditions described above, except for the optimum
temperature, which was determined in the range of 50-90°C and optimum
pH between 3.0-8.0 in 100 mM McIlvaine buffer. For pH stability, enzymes
were stored for 1 d at room temperature (about 25°C) diluted in 100 mM
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McIlvaine buffer (pH 3.0-8.0), 100 mM Tris/HCI (8.0-9.0), and 100 mM
glycine-NaOH (9.0-11.0). For temperature stability, enzymes were incu
bated at different temperatures (30-80aC) for 1 h. Both stabilities were
determined by measuring the residual activities under standard condi
tions at optimum pH and temperature.

Results and Discussion

Enzyme Production

A. pullulans produced p-glucosidase in all substrates tested, but the
production in wheat bran was found to be highest 1.3 U/mL after 120 h
(Fig. lA). The p-glucosidase production obtained in the present work is
more than average results found in the literature. Iembo et al. (10) related
a maximum production of 0.5 U/mL by Aureobasidium sp. in 168 h of cul
ture in which wheat bran was used as substrate in SSF. Saha et al. (15) used
wheat bran and corn bran as carbon source for A. pullulans cultivation in
submerged fermentation (SMF), and obtained a maximum P-glucosidase
production of 0.27 U/mL after 96 h. Wen et al. (16) related a P-glucosidase
production of 0.0978 U/mL in Trichoderma reesei cultivation in SMF by
using bovine manure as carbon source.

Wheat bran is a complex substrate rich in proteins (14%), carbohy
drates (27%), minerals (5%), fat (6%), and B-vitamin (17), this probably
favored the growth and the production of enzymes for the microorganism.
Previous works (3,10-12/18) report the production of cellulases and
hemicelulases, using derived wheat (bran and straw) as substrate. The
highest endoglucanase and xylanase production was obtained after 96 h of
fermentation in wheat bran-l.0S and 5.0 U/mL, respectively. No
endoglucanase production was detected in soy bran and corn-cob cultiva
tion. In addition, no xylanase activity was detected (Figs. IB,C) in soy bran
cultivation. Avicelase activity was not detected from any of the substrates.
Avicelase is the activity responsible for crystalline cellulose degradations
and it is frequently found in low concentrations or absent on the cellu
lolytic system of many microorganisms (19). This work confirms that the
A. pullulans is among these. Previous studies (1/11/12), with other species
of fungi, relate endoglucanase and P-glucosidase productions with
absence or low avicelase activity.

The xylanase and endoglucanase production for A. pullulans was not
significant when compared with the production of fungi. Panagiotou et al.
(12) reported 15.2 U/ mL of endoglucanase and 92 U/ mL of xylanase, in
SSF, from the filamentous fungus Fusarium oxysporum using corn bran as
substrate. Jecu (3) related an endoglucanase production of 14.8 U/mL in
AspergillUS niger cultivation in a mixture of wheat straw and wheat bran in
the ratio of 9 : 1, in SSF. Wen et al. (16) reported an endoglucanase pro
duction of 12.22 U/mL from T. reesei. Jorgensen et al. (7) obtained approx
38 U/ mL of xylanase from Penicillium brasilianum, in SMF. Enzymes
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Fig. 1. Time-course of enzymatic production by A. pullulans in different cellulosic
substrates. (A) ~-glucosidase production, (B) endoglucanase production, (C) xylanase
production, (D) pH variation during the fermentative process. (_) wheat bran, (e) soy
bran, (.A.) soy peel, (T) corn cob.

production from yeasts is less than the production by filamentous fungi
when cultivated on solid substrates. This may be explained because the
growth conditions in SSF are very similar with their natural habitat, which
favors the spreading of mycelium and consequently, results in a larger
production of enzymes and better growth (8,9). Diverse factors can influ
ence enzyme production, such as pH, temperature, type of fermentation,
carbon source used, and water availability (SSF). When cultivating
Thermoactinomyces thalophilus by SSF, Kohli et al. (20) found an initial
xylanase activities of 6.4 U/ mL. After the attainment of the ideal condi
tions for the microorganism cultivation, the authors related a xylanase pro
duction of 42 U/mL in SMF.

A tendency for the pH to increase during the SSF was observed with
all substrates tested, and was higher between 24 and 72 h of fermentation.
No major alterations were observed after this initial increase, tending to
stabilization (Fig. ID). The pH variation fermentation was caused by the
microorganism's metabolic activity, and may increase or decrease according
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to what is secreted or consumed in the culture medium. The pH increase
may be caused by organic acid consumption, such as citric, acetic, and
lactic, or the release of ammonium salts resultant from the hydrolysis of
protein and urea (9,21). As proteolytic activity was observed in fermented
extracts (data not shown), medium alkalinization was possibly caused by
hydrolysis of protein as well as by the microbial metabolic action on the
salts added for medium enrichment, such as ammonium sulfate and
ammonium nitrate.

Enzyme Properties

The optimum pH and temperature of ~-glucosidase produced by A.
pullulans in this study was determined to be 4.0-4.5 and 75°C, respectively.
This enzyme remained stable within a broad range of pH 4.5-10.0 and its
original activity was constant after 1 h at 75°C (Fig. 2). When compared
with other microbial ~-glucosidases found in literature (4,22-24), this
enzyme presented a very high level of thermal stability. Previous works
(10,15,25) described the production of ~-glucosidase from Aureobasidium
Spa and A. pullulans as having noticeable stable levels of both pH and tem
perature. Other research conducted with stable enzymes disclosed very lit
tle difference between stable and unstable enzymes regarding amino acid's
sequence. Slight alterations in the molecule, such as an increase in
hydrophobicity, ionic interaction, and disulfide bridge may lead to major
changes in the stability of a molecule (26). Thermostable enzymes are
commonly produced by thermophilic microorganisms (27). A. pullulans
has an optimum growth at around 28°C typical of mesophilic microorgan
isms. Future studies of ~-glucosidase produced by A. pullulans may con
tribute to the understanding of evolutionary interactions between
thermophilia and mesophilia, besides presenting characteristics that allow
its use in biotechnological processes.

The optimum pH and temperature obtained for endoglucanase were
4.0-4.5 and 60°C, respectively. Xylanase had a maximum activity at pH 5.0
and with temperature at 50°C and remained stable within a wide pH
range. Xylanase remained stable after 24 h between pH 3.0-8.0 and main
tained 53% of its original activity in pH 11.0. Endoglucanase remained sta
ble within pH 3.5-7.5, maintaining only 54% of its catalytic activity when
incubated at pH 8.0. Both enzymes had a considerable reduction in their
activity after 1 h of incubation at temperatures more than 50°C (Fig. 2).
Thermal inactivation is commonly observed in xylanases and endoglu
canases produced by mesophilic microorganisms (18,28-30).

The application of microbial xylanases for biobleaching of pulp by the
paper industry is intrinsically related to the absence of cellulases in the fer
mented medium (18). The hydrolytic action of such enzymes on cellulose
fibers may decrease the quality of pulp resulting in inferior paper (30).
Hence, the presence of cellulolytic enzymes in the enzymatic extract
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produced by A. pullulans in SSF along with the low level of activity of
xylanase in alkaline pH, impairs its use by the paper industry. On the other
hand, the synergistic action of such enzymes benefits the attainment of fer
mentable sugars from agroindustrial residues that can be used to develop
alternative fuels. This fact prompts us to continue with studies of these
enzymes in order to contribute to the development of new sources of energy.
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Abstract

The effect of varying initial particle sizes on enzymatic hydrolysis rates and
rheological properties of sawdust slurries is investigated. Slurries with four par
ticle size ranges (33 Jlm < x ~ 75 Jlm, 150 Jlm < x ~ 180 Jlm, 295 Jlm < x ~ 425 Jlm,
and 590 Jlm < x ~ 850 Jlm) were subjected to enzymatic hydrolysis using an
enzyme dosage of 15 filter paper units per gram of cellulose at 50°C and 250
rpm in shaker flasks. At lower initial particle sizes, higher enzymatic reac
tion rates and conversions of cellulose to glucose were observed. After 72 h
50 and 55% more glucose was produced from the smallest size particles than
the largest size ones, for initial solids concentration of 10 and 13% (w/w),
respectively. The effect of initial particle size on viscosity over a range of
shear was also investigated. For equivalent initial solids concentration,
smaller particle sizes result in lower viscosities such that at a concentration
of 10% (w/w), the viscosity decreased from 3000 cP for 150 Jlm < x ~ 180 Jlm
particle size slurries to 61.4 cP for 33 Jlm < x ~ 75 Jlm particle size slurries.
Results indicate particle size reduction may provide a means for reducing
the long residence time required for the enzymatic hydrolysis step in the
conversion of biomass to ethanol. Furthermore, the corresponding reduction
in viscosity may allow for higher solids loading and reduced reactor sizes
during large-scale processing.

Index Entries: Biomass; enzymatic hydrolysis; non-Newtonian; particle
suspension; red oak wood; sawdust slurry; viscosity.

Introduction

The production of fuel ethanol from renewable lignocellulosic mate
rials continues to receive a great deal of interest as a viable alternative fuel
source. Among lignocellulosic materials, the utilization of agricultural
residues has the benefit of disposal of problematic solid wastes, which
usually does not have any economic alternative (1). The low-cost mill
residues from the sawmilling industry can be used as an alternate ligno
cellulosic substrate as well. Sawdust is used as the substrate because the

*Author to whom all correspondence and reprint requests should be addressed.
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material is already mechanically reduced in size as a result of a manufac
turing process, and the particles can be easily classified into distinct size
ranges. This material offers lower feedstock costs than that of grain and
even if further milling is required, may still offset some of the higher pro
cessing costs that wood faces (2). A large amount of wood wastes is pro
duced from the lumber industries in the United States. Currently, nearly
63 million mt of this material is generated in the manufacture, use, and dis
posal of solid wood products each year, which can yield up to 6350 million
gallons of ethanol (3).

A significant amount of literature is available regarding the enzy
matic hydrolysis of lignocellulosic woods based on the effect of different
kinds of pretreatment methods on the enzymatic hydrolysis reaction (4-7)
and the kinetics of the hydrolysis reactions (8-12). Very few authors have
reported the dependence of the course of hydrolysis reaction on the structural
features of the cellulosic substrates (13-18). Experiments by Peters et al. (15)
revealed that the initial particle size over the range between 38 J.lm and 105
J.lm had no impact on the rate and the extent of reducing sugar production
or on enzyme binding of the microcrystalline cellulose Avicel PH 102 (FMC
Corporation, Chalfont, PA). No data appears in the literature regarding the
impact of the initial particle size on the viscosity of the lignocellulosic
biomass slurries.

This article explores the impact of the initial particle size of red oak
sawdust on the rate and extent of enzymatic cellulose conversion to glucose
and on the viscosity of the biomass slurry. Experiments were also conducted
to study the change of viscosity of the slurry during the course of enzymatic
hydrolysis reaction with time. The experiments aim to determine if control
ling the initial substrate particle size can maximize the cellulose-to-glucose
conversion and reduce the residence time for the enzymatic hydrolysis reac
tion to achieve maximum glucose yield. Characterization of viscosity aids in
reactor design, especially at large scale. And it is necessary for predicting
power consumption, which is a significant portion of the operating cost for
the process.

Materials and Methods

Cellulose Substrate and Enzyme

The cellulose substrate used in these experiments is red-oak sawdust
obtained from Garrard Wood Products of Lancaster, Kentucky. The carbo
hydrate components of the sawdust contain 39.7% cellulose and 18.8% hemi
cellulose. The sawdust was sieved in a set of US standard sieves for 30 min
to obtain the following initial particle size (x) ranges: 33 J.lm < x :::; 75 J.lm,
75 J.lm < x :::; 104 J.lrn, 104 J.lrn < x ~ 150 Jlrn, 150 Jlrn < x :::; 180 Jlm, 295 Jlrn < x S
425 Jlm, and 590 J.lm < x ~ 850 Jlrn. The following sieves were used: 20, 30,
40, 80, 100, 140, and 200 mesh. The sawdust was hydrolyzed without any
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pretreatment by the Multifect GC Cellulase enzyme, from Genencor
International, Inc. (Rochester, NY) (Lot No. 301-04328-224).

Hydrolysis Procedure

The initial particle size ranges used for the hydrolysis studies were: 33
J.!m < x ~ 75 J.!m, 150 J.!m < x ~ 180 J.!m, 295 J.!m < x ~ 425 J.!m, and 590 J.!m <
x ~ 850 J.!m. The enzyme loading was 15 filter paper units per gram of cel
lulose. 1 M citrate buffer was prepared by adjusting the pH to 4.8 with
NaOH, and was used as 5% of the total mass to yield an effective molality
of 0.05 mol/kg. All the materials were sterilized in an autoclave at 121°C
before use. Enzymatic hydrolysis was performed at 50°C in an Innova 4230
incubator shaker (New Brunswick Scientific Co., Inc., Edison, NJ) at 250
rpm for 72 h. All experiments were performed in 250-mL shake flasks with
a working mass of 100 g, and for both 10 and 13% (wt/wt) initial solids con
centrations. Samples were collected every 2 h for the first 12 h and every
24 h afterwards for glucose concentration determination. All enzymatic
hydrolysis experiments were performed in duplicate and average results
were given.

The enzymatic hydrolysis samples were centrifuged at 4000 rpm in a
Beckman CPR centrifuge (Beckman Instrument, Inc., Palo Alto, CA) for 15 min,
and the glucose concentration was measured by a YSI-Biochemistry ana
lyzer (Yellow Spring Instruments, OH), which was calibrated daily.

Viscosity Measurements

The viscosity of wood particle slurries was measured with a Physica
MCR 300 modular compact rheometer from Anton Parr (Ashland, VA) con
taining a six-bladed vane in a 40-mL cup. The vane dimensions are 1.6 em
long by 0.9 em wide by 1 mm thick. Sample size used in the cup is 30 mL,
which is enough volume to cover the impeller blades. The viscosity of the
slurries with the following initial particle size ranges was measured: 33 IJ,m <
x ~ 75 J.!m, 75 J.!m < x ~ 104 J.!m, 104 J.!m < x ~ 150 J.lm, and 150 J.lm < x ~

180 J.!m. Two kinds of viscosity measurements were performed, discrete
and continuous. In discrete measurements, the viscosity of the slurries was
measured for all four size ranges at an applied shear rate of 10.8/s and at
different time intervals of the enzymatic hydrolysis (0/ 24/ 48, and 72 h).
Measurements were made after 10 min of stirring in the viscometer cup,
which is the amount of time needed to overcome time dependent changes
in viscosity. In continuous measurements, the viscosity of the slurries was
measured for the first 12 h of the enzymatic hydrolysis. For these 12 h vis
cosity tests, the enzymatic hydrolysis reaction was performed directly in
the viscometer cup so that the viscosity could be continuously measured.
Viscosity data was collected at 10 min intervals. The cup of the viscometer
was covered with parafilm to avoid evaporation. The buffer and enzyme
concentrations were the same as those in the enzymatic hydrolysis test.
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Fig. 1. The effect of initial particle size on glucose production with 10% initial solids
concentration (glucose ±0.15 giL).

Results and Discussions

The extent of glucose release from cellulose during the course of an
enzymatic hydrolysis reaction for four particle size ranges (33 J1,ill < x S 75 J1,m,
150 f.!m < x S 180 f.!m, 295 f.!m < x S 425 f.!m, and 590 f.!m < x ~ 850 f.!m) was
determined at an enzyme concentration of 15 filter paper units and the
results are presented in Figs. 1 and 2. Two phases of the rate are observed
during the course of the enzymatic hydrolysis reaction for all particle size
ranges. Approximately 70% of the total glucose (obtained in 72 h) is pro
duced within the first 8 h of the hydrolysis reaction. In this first phase the
rate is very rapid and the reaction proceeds in a logarithmic fashion and in
the second phase the rate declines into zero order kinetics (19).

This observation of two phase kinetics occurs possibly because the
easily hydrolysable amorphous form of the cellulose is rapidly converted
to glucose (phase 1), followed by the conversion of more recalcitrant crys
talline form (phase 2) during the hydrolysis reaction by the enzyme (8).
There are a number of other factors that could explain the further slow
down in reaction kinetics. One of these is likely because of the nonlinearly
varying surface area (Langmuir-type isotherm relationship) for enzyme
adsorption with the extent of conversion (20,21). The surface area available
on the substrate for the enzyme adsorption is large at the initial stages of
the reaction, and it decreases as more cellulose is converted to glucose. The
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Fig. 2. The effect of initial particle size on glucose production with 13% initial solids
concentration (glucose ±0.15 giL).

drop in the reaction rate of the hydrolysis after the first 8 h may also be
because of product inhibition (11/19) or the enzyme deactivation by
various factors such as thermal deactivation, mechanical deactivation,
irreversible binding to lignin, and so on (22). Eriksson et al. (23) proposed
that this "inactivation" was caused either by the enzyme binding to cellu
lose at unproductive sites or failure to release from the substrate after
catalytically processing a cellulose chain.

It is observed that for smaller particle sizes the rate of release of glu
cose is higher. An amount of 50 and 55% more glucose is produced for the
size range 33 Jlm < x ~ 75 Jlm than for the size range 590 Jlm < x ~ 850 Jlm
for an equivalent initial solids concentration, of 10 and 13%, respectively,
in 72 h. Smaller particles have larger surface area per unit volume and,
therefore, more cellulose may be accessible for the enzyme to reach and at
a faster rate. Another possibility is that smaller particles may have been
exposed to more mechanical grinding at the surface, resulting in a reduction
of crystallinity and an increase in amorphous nature at the surface (24,25).
Peters et al. (15) found no significant difference in the extent of sugar pro
duced and the rate of cellulose conversion for the cellulosic substrate
Avicel PH 102, as particle size range varies between 38 and 75 ~m. Because
Avicel is a crystalline structured cellulose and the authors found no sig
nificant difference in the rate between different particle sizes, this may
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Fig. 3. Viscosity and glucose vs time (13% initial solids concentration, 33 Jim < x ~

75 Jim, 10.8/s).

indicate that the latter of the two possible explanations is the more likely
reasoning for the increased rate.

Supporting the fact that 70% of the overall cellulose conversion in 72 h
is obtained in the first 8 h of the hydrolysis reaction, a significant drop in
slurry viscosity is observed within the first 8 h of the hydrolysis reaction.
Figure 3 shows as an example the 13% initial solids concentration slurry
with the size range 33 Jlm < x ~ 75 Jlm at a shear rate of 10.8/s. The trend is
similar for 10% initial solids (not shown). The drop in viscosity is because
of a combination of the decrease in solids concentration and the fragmen
tation of the cellulose particles (15). As the hydrolysis reaction proceeds, the
particles break down into smaller particles and eventually the undissolved
cellulose particles are converted into dissolved glucose.

Slurry viscosity is generally shear thinning but becomes less associ
ated with shear above a certain applied shear rate. In the cases studied here,
this shear rate is near 85/s and is independent of the particle size for slur
ries before the initiation of the hydrolysis reaction (Fig. 4). The same effect
also appears to be independent of the time of the hydrolysis reaction (Fig. 5),
with a steadying of the viscosity above a shear near 40/s. The viscosity
actually appears to increase slightly with increase in shear above this point,
but the apparent effect is likely because of better stirring in the viscometer
cup at the higher rotation rate of the impeller. The shear thinning nature of
the material is explained by Ebeling et al. (26) who reported that the cellu
lose microcrystal orientation is dependent on the shear rate. At a shear rate
more than a certain value, the microcrystals align horizontally along the
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Fig. 5. Viscosity vs shear rate at different times during enzymatic hydrolysis (size
range: 33 lJ,m < x ~ 75 lJ,m, 13% initial solids concentration).

shear direction. At a certain degree of alignment, the resistance to the flow
becomes approximately constant, and hence, viscosity stops changing. As a
side note, the orientation phenomenon is completely reversible (23).

It is well known that as the viscosity of the slurry increases, the power
to agitate also increases significantly (p = ~cN2D3) (27). So, to reduce the
power consumption while retaining a high solids loading, it is necessary
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to run the reactors at low rpm. For instance, the high solids bioreactor was
operated at 7 rpm with 32% of initial insoluble solids by Hodge et al. (28).
Therefore, all rheological measurements of the sawdust slurries are mea
sured at a low steady-state shear rate of 10.8/s, which is in the approxi
mate shear rate range of a slow mixing vessel.

In order to better track the viscosity change during the initial stage of the
enzymatic hydrolysis reaction, viscosity was measured at 10 min intervals
during the first 12 h of the reaction for the size range 150 flm < x ~ 180 flm.
The applied shear rate was 10.8/s and the initial solids concentration was
13%. The viscosity data are shown in Fig. 6. From this figure it can be seen
that the biggest drop in viscosity occurs in the first 3.5 h of the hydrolysis
reaction, indicating the fastest reaction kinetics are actually occurring in
this first 3.5-h period.

The effect of the initial particle size of the substrate on the slurry vis
cosity is studied for the size ranges 33 flm < x 5 75 flm, 75 flm < x 5 104 flm,
104 Jlm < x 5 150 Jlm, and 150 Jlm < x 5 180 flm for equivalent initial solids
concentrations. Results for the case of 10% initial solids are presented in Fig. 7
at a shear rate of 10.8/s. As the particle size range decreases from 150 Jlm <
x 5 180 flm to 33 Jlm < x 5 75 Jlm, a significant drop in viscosity occurs from
3000 to 61.4 c~ The reason for this significant difference in viscosity with
varying particle size is related to the nature of the particle-particle interac
tions. Amorphous fibers on the surface of particles will affect slurry viscosity
as they interact with neighboring particles. Larger fibers will become more
entangled than smaller ones, leading to increased resistance to flow and
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hence increased viscosity. Although just speculation, it is reasonable to guess
that smaller particles have smaller surface fibers, which would explain the
observed lower viscosity for smaller size particle slurries.

The changes of viscosity of the slurries were tracked for initial particle
size ranges 33/lm < x:::; 75/lm, 75/lm < x:::; 104/lm, 104/lm < x:::; 150 /lm,
and 150 /lm < x :::; 180 /lm during the course of the hydrolysis reaction and
results are presented for the 10% initial solids concentration case. The data
at 24-h intervals are presented in Fig. 7 at a shear rate of 10.8/s. For the
three larger size ranges (75/lm < x:::; 104/lm, 104/lm < x:::; 150 /lm, and 150
/lm < x :::; 180 /lm) 96% of the initial viscosity is reduced with in the first 24
h of the hydrolysis reaction, whereas only 76% of the initial viscosity is
reduced for smaller size particles (33 /lm < x :::; 75 /lm). Peters et a1. (15)
reported that the rate of cellulose fragmentation, which results in smaller
fragments, is higher for larger size particles. Our results show that the
smaller size particles result in lower viscosity. So it is expected that the
higher the rate of cellulose fragmentation, the faster the drop in viscosity
of the slurry. This explains the bigger viscosity drop in the first 24 h for
larger size particles. Hence, the smaller substrate particle size results in
lower viscosities of the biomass slurries and therefore lower power con
sumption and operating costs for the reactor operation at large scale. Also,
the lower viscosity may allow for higher solids loading in the reactor.
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These results show that the initial particle size of the biomass substrate
has a significant impact on the rates of glucose released and on the viscos
ity of the biomass slurries. In enzyme hydrolysis, 50-55% more glucose
was produced for the size range 33 11m < x ~ 75 11m than that for the size
range 590 11m < x ~ 850 11m in 72 h of the reaction. Therefore, the minimum
particle size range that can be obtained should be used for the maximum
cellulose conversion. Further investigation is required to determine the
minimum particle size range of substrate at which the reaction rate is no
longer affected by the particle size. The viscosity of the sawdust slurry
becomes approximately constant above an applied shear rate of 40/s. A cor
relation was observed between the glucose released and the viscosity
reduction during the hydrolysis of cellulose, i.e., 70% of the overall glucose
released in 72 h was obtained with in the first 8 h of the hydrolysis reaction
and resulted in 70% drop in the viscosity of its initial value. Therefore,
reducing particle size can be a way to lower the viscosity of the biomass
slurries, to reduce operating costs, or allow for increased solids loading.
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Abstract

Liquid hot water pretreatment has been proposed as a possible means
of improving rates of enzymatic hydrolysis of biomass while maintaining
low levels of inhibitory compounds. Supplementation of liquid hot water
pretreatment with dissolved carbon dioxide, yielding carbonic acid, has
been shown to improve hydrolysis of some biomass substrates compared
with the use of water alone. Previous studies on the application of carbonic
acid to biomass pretreatment have noted a higher pH of hydrolyzates
treated with carbonic acid as compared with the samples prepared with
water alone. This study has applied recently developed analytical methods
to quantify the concentration of organic acids in liquid hot water pretreated
hydrolyzates, prepared with and without the addition of carbonic acid. It
was observed that the addition of carbon dioxide to liquid hot water pre
treatment significantly changed the accumulated concentrations of most
measured compounds. However, the measured differences in product con
centrations resulting from addition of carbonic acid did not account for the
measured differences in hydrolyzate pH.

Index Entries: Analysis; aspen wood; carbonic acid; com stover; pretreatment;
organic acids.

Introduction

Conversion of lignocellulosic material to ethanol requires hydrolysis
of carbohydrate polymers to their constituent sugars. Enzymatic hydrol
ysis is a common approach to hydrolysis and offers the benefits of mild
reaction conditions and selective hydrolysis. To achieve useful rates of
enzymatic hydrolysis, the lignocellulose must first be pretreated to reduce
the recalcitrance of the substance to hydrolysis. Pretreatment accom
plishes many alterations of the biomass. Depending on the technology

*Author to whom all correspondence and reprint requests should be addressed.
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chosen, these effects typically include, to varying degrees: hydrolysis of
the hemicellulose, solubilization of lignin and carbohydrate monomers
and oligomers, and increased accessibility of the cellulose to cellulase
enzymes (1). Several pretreatment methods have been explored. Among
the more commonly reported technologies are water-based methods such
as steam explosion or liquid hot water, and dilute-acid pretreatments, in
which mineral acids such as sulfur dioxide or sulfuric acid are used at low
concentrations (on the order of 1%) and at temperatures usually below
200°C (2).

Water-based and dilute acid pretreatments have undergone research
and development for many years. Much of this research has been devoted
to fuel production from biomass. Dilute-acid pretreatment offers good per
formance in terms of recovering hemicellulosic sugars, but the drawback
is its use of sulfuric acid. Sulfuric acid is highly corrosive and its neutral
ization results in copious production of solid wastes, which can be costly
to dispose of. The calcium sulfate resulting from neutralization has prob
lematic solubility characteristics in that it becomes less soluble at higher
temperatures, such as those encountered in a reboiler (3).

One process that offers some benefits of acid catalysis without the
drawbacks of sulfuric acid is the use of carbonic acid. The pH of carbonic
acid is determined by the partial pressure of carbon dioxide in contact with
water, and thus it can be neutralized by releasing the reactor pressure.
Carbonic acid is relatively mild and hence does not offer the same hydrolytic
capability of sulfuric acid. However, van Walsum (3) has demonstrated that
at temperatures on the order of 200°C, carbonic acid does exhibit a catalytic
effect on hydrolysis of xylan. Van Walsum observed enhanced release of
xylose and low degree of polymerization xylan oligomers compared with
pretreatment using hot water alone. On corn stover, Shi and van Walsum (4)
found enhanced hydrolysis resulting from addition of carbon dioxide.

A curious phenomenon reported in several previous studies (4-6) is
that the pH of the final hydrolyzate, when measured at ambient tempera
ture and pressure, is higher when carbonic acid is used in the pretreat
ment, and lower when water alone is used. It has been hypothesized that
the two pretreatment methods resulted in differential production and
release of organic acids, resulting in the difference in final pH (6.0). This
study seeks to test this hypothesis by quantifying the organic acids and
other degradation products produced by liquid hot water and carbonic
acid-catalyzed pretreatment. These concentration data can then be used to
test whether or not the observed pH differences in these hydrolyzates can
be explained by the quantity of acid species present. Feedstocks in this
study are corn stover and aspen wood. Metrics of pretreatment effects
include final pH and chemical concentrations.
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Materials and Methods

Feedstock

Corn stover was kindly supplied by the National Renewable Energy
Laboratory in Golden, CO. Aspen wood chips were kindly supplied by the
United States Department of Agriculture (USDA) Forest Products
Laboratory in Madison, WI. Before pretreatment, the aspen wood was
ground in a domestic brand coffee grinder and sifted to a particle size of
between 0.5 and 1 mm. Corn stover was used as delivered. Dry weight of the
feedstock was determined by oven drying. Carbon dioxide was standard
laboratory grade, and H20 was laboratory deionized quality.

Pretreatment

Two 1 g samples of biomass were weighed out and placed in separate
lS0-mL, 316 stainless steel reactors, along with SO mL of deionized water each.
One reactor was pressurized with SOO psi of CO2 at room temperature; the
other was left with air in the headspace at atmospheric pressure. CO2 was
added through a stainless steel tubing connection equipped with a valve and
pressure gage (5). Two sand baths equipped with digital temperature con
trollers were used for temperature control, one heated to the desired reaction
temperature, and the second to a temperature 40°C more than the desired
reaction temperature. The higher-temperature sand bath was used for pre
heating the reaction vessels for 3 min to quickly attain the desired reaction
temperature. After preheating, the reactors were transferred to the reaction
temperature sand bath for the desired reaction duration. The reaction was
quenched in an ice bath immediately after the reaction was complete.
Previous research by McWilliams and van Walsum (6) had determined that a
temperature range of lSD-220°C was optimal for xylan solubilization. After
pretreatment, suspended particles were removed by filtration using Whatman
glass-microfiber membrane filters (90 mm diameter; 0.45-f.lm pore size; VWR
Scientific, Suwanee, GA), and samples were stored at 4°C until processed for
high-performance liquid chromatography (HPLC) analysis. Pretreatment con
ditions investigated in this study are summarized in Table 1. Further descrip
tion of the pretreatment methods have been published previously (5,6).

Analysis

Quantitative HPLC-ultraviolet (UV) analysis was performed on each
sample in triplicate. The HPLC method used has been reported in detail pre
viously (7) and is summarized below. For this work, several additional ana
lytes were monitored that were not assessed in our previous work. All
analyses were performed using a Dionex® DX-600 BioLCTM system (Dionex
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Table 1
Experimental Conditions Applied in This Study

Experimental conditions

Corn stover
180
16

Without
CO2
3.05

Aspen wood
180
16

800 psi
CO2
3.68

Approx
3.4 pH

Without
CO2
4.81

800 psi
CO2
6.90

Approx
3.4 pH

Resultant (pH)
Predicted reaction pH

in H2C03 reactor

Substrate
Cooking temperature (OC)
Cooking time (min)
CO2 presence

Resultant pH values were measured on room temperature, degassed hydrolyzate.
pH prediction in the carbonic acid pretreatment reactor is after van Walsum (3,4).

Corp., Sunnyvale, CA), equipped with a Model AS50 autosampler, Model
DG2410 degassing module, and Model UVD170U ultraviolet detector. After
extraction with MTBE, analytes were separated using a 25 cm x 4.6 mm,
5 mm, YMCTM Carotenoid S-3 column (Waters Corporation, Milford, MA)
with an RP 18 Opti-Guard® column (Alltech Associates, Deerfield, IL) used
to protect the analytical column. Nonlinear gradient separations were carried
out using aqueous 0.05% (vIv) phosphoric acid (pH 2.2-2.3) and water-ace
tonitrile (10 : 90) as the A and Bsolvents, respectively. Additional parameters
used in HPLC analyses were as follows: injection volume, 25 llL; column
temperature, 30°C; flow rate, 1 mL/min.

Identification of degradation products in hydrolyzate samples was
accomplished by comparing UV absorbance and retention time data with
reference standards. Absorbance was monitored at four different wave
lengths in each analysis of reference and hydrolyzate samples. Quantitation
of target analytes was accomplished using a multipoint internal standard
calibration curve, with p-tert-butylphenoxyacetic acid as the internal stan
dard. Acceptability criteria for identification of individual components in
validation studies using high-purity reference samples required that the
retention time for a given analyte be within ± 2% of the average retention
time for each respective standard used to construct the calibration curve for
that analyte. Since the publication of this analytical method (7), and the con
ducting of this experimental study, it has been determined that there is a yet
unidentified compound coeluting with the peak identified as lactic acid.

pH Calculations

Estimation of the predicted pH of the hydrolyzate was done through
iterative calculation of the hydrogen ion concentration at equilibrium condi
tions, incorporating measured quantities of acid species and their respective
pKa values. Compounds for which pKa values were not obtainable were
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excluded from the calculation. Prediction of the pH within the carbonic acid
pretreatment reactor was determined as per van Walsum and Shi (3,4).

Results

As noted in Table 1, all reactions were carried out under identical con
ditions of time and temperature, with only the presence of carbonic acid
being varied. Table 1 also presents the measured pH of the hydrolyzates,
which shows that the addition of carbonic acid caused the final (room tem
perature, degassed) hydrolyzate pH to be higher than when reacted with
water alone, as has been observed previously (4-6).

Corn Stover Pretreatment

Pretreated samples were analyzed in triplicate and the data shown
represent average measurements. Analytical results showed excellent
reproducibility, with the average analyte showing a standard deviation of
less than 4% of the mean on the corn stover samples. Table 2 presents the
mean value data for the samples. It can be seen that most compounds
exhibit different concentration levels between the two pretreatment meth
ods. For most measured compounds, the difference in concentrations
between hot water and carbonic acid pretreated samples was far more
than the standard deviation of the individual analyses. Applying a t-test to
the data, all but five compounds (itconic, 3,4 dihydroxybenzoic acid, phe
nol, syringaldehyde, and 4-hydroxybenzaldehyde) showed more than
95% confidence in the difference between mean measurements. Of these
five, only 4-hydroxybenzaldehyde showed less than 50% confidence in
difference between the means. Thus for corn stover, the addition of car
bonic acid appears to significantly change the accumulation of most degra
dation products. The nine most abundant products present in the two
hydrolyzates are highlighted in Fig. 1. It can be seen that carbonic acid
results in the increase of some compounds and the decrease in others.
These relative differences are plotted in Fig. 2.

Aspen Wood Pretreatment

Parallel results for aspen wood are presented in Figs. 3 and 4 and Table
2. In general, it was found that the aspen wood samples demonstrated
weaker analytic reproducibility, with the average standard deviation for the
samples rising to about 7% of the mean. A t-test on the data shows that
fewer compounds have a high level of confidence (95%) in the difference of
their means. For aspen wood 13 of the 36 quantified compounds failed to
show this level of confidence in the difference of means, compared with 5
of 33 for corn stover. Also for aspen wood, three compounds (fumaric, lev
ulinic, and homovanillic acid) showed less than 50% certainty that the
means were different, compared with only one compound for corn stover.
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Table 2
Average Analyte Concentrations for Corn Stover and Aspen Wood Pretreated

With and Without Dissolved Carbon Dioxide

Aspen wood Corn stover

With Without With Without
Compounds pKa CO2 CO2 CO2 CO2

Formic acid 3.77 0.7642 0.8634 0.9863 0.8603
Malonic acid 2.83 0.0116 0.0105 0.0142 0.0244
Lactic acida 3.86 1.3722 2.4773 1.5815 1.4145
Acetic acid 4.76 1.2853 1.3881 0.7581 1.4044
Maleic acid 1.93 0.0035 0.0034 0.0119 0.0073
Succinic acid 4.19 0.0265 0.0554 0.3093 0.5653
Fumaric acid 3.03 0.0034 0.0033 0.0193 0.0111
Propanoic acid 0.0000 0.0000 1.5315 1.2791
t-Aconitic acid 2.8 0.0000 0.0065 0.0128 0.0049
Levulenic acid 0.3879 0.3802 0.0467 0.1979
Glutaric acid 4.34 0.2474 0.3094 0.0981 0.3987
Itaconic acid 0.0008 0.0015 0.0056 0.0069
Gallic acid 4.41 0.0015 0.0023 0.0005 0.0002
5-Hydroxymethylfurfural 0.0296 0.0516 0.0599 0.0321
2-Furoic acid 0.0104 0.0119 0.0168 0.0084
Furfural 0.1650 0.3304 0.7044 0.4197
3,4 Dihydroxybenzoic acid 0.0009 0.0015 0.0019 0.0020
3,5 Dihydroxybenzoic acid 0.0001 0.0001 0 0
3,4 Dihydroxybenzaldehyde 0.0015 0.0023 0.0087 0.0038
Phenol 9.99 0.0090 0.0152 0.0081 0.0059
4-Hydroxybenzoic acid 0.0694 0.0837 0.0039 0.0024
2,5 Dihydroxybenzoic acid 0.0015 0.0022 0.0042 0.0011
4-Hydroxybenzaldehyde 0.0242 0.0263 0.0288 0.0324
Vanillic acid 0.0038 0.0051 0.0057 0.0041
Homovanillic acid 0.0007 0.0007 0.0003 0.0007
Caffeic acid 0.0029 0.0034 0.0035 0.0179
Syringic acid 0.0065 0.0086 0.0087 0
4-Hydroxy-acetophenone 0.0022 0.0032 0.0065 0.0020
Vanillin 0.0241 0.0335 0.0393 0.0368
4 HO-Coumaric acid 0.0094 0.0155 0.1921 0.2274
Syringaldehyde 0.0329 0.0407 0.0173 0.0176
Benzoic acid 4.2 0.0618 0.0665 0.0280 0.0323
4-Hydroxy 3-methoxy, 0.0033 0.0058 0.0342 0.0381

ferulic acid
Sinapic acid 0.0182 0.0148 0.0026 0.0049
Salicyclic acid 2.97 0.0031 0.0034 0 0
4-Hydroxycoumarin 0.0094 0.0141 0.0037 0.0039
2-Toluic acid 0.0138 0.0213 0.0078 0
4-Toluic acid 4.36 0.0113 0.0140 0.0074 0
Calculated pH 4.69 4.61 4.61 4.63

aSince the time these analyses were completed, it has been determined that the lactic acid
peak detected with the reported method was coeluting with a yet unidentified compound.
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Fig. 1. Concentration of selected acid products in corn stover hydrolysate prepared
in liquid hot water with and without dissolved carbon dioxide. (Note: lactic acid has
been determined to coelute with a yet unidentified compound.)

Comparing Figs. 2-4, it can be seen how the variation of the more abundant
corn stover products appears to either increase or decrease in response to
carbonic acid, whereas on aspen wood, the primary effect of the carbonic
acid is to decrease product concentrations.

Calculation of pH From Organic Acid Concentrations

The theoretical pH of the hydrolyzates was calculated based on the con
centration and pKa of the various quantified organic acids. pKa values were
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Fig. 2. Net difference in concentration of major acid products in corn stover
hydrolysate resulting from addition of carbon dioxide. (Note: lactic acid has been deter
mined to coelute with a yet unidentified compound.)

not available for some of the compounds present at lower concentration and
these were excluded from the calculation. The bottom row of Table 2 lists the
outcome of this calculation. It can be seen that the four hydrolyzates repre
sent roughly similar pH ranges for their diverse mixtures of acids, coming in
at approx pH 4.64. For aspen wood, the calculated pH values show a slightly
higher level for the carbonic acid treated samples, but this difference is far
smaller, and manifest at much higher pH, than the values measured experi
mentally (Table 1). For corn stover, the acid calculations show virtually the
same pH in both hydrolyzates. In this case, the calculated pH values fall in
the middle of the range measured experimentally.

Discussion

Corn stover samples were found to demonstrate more response to the
presence of carbonic acid than aspen wood. This difference is owing in part
to the greater scatter in the analytical results for aspen wood, reducing the
confidence levels in the assessment of difference between means. In addi
tion, this result may also reflect reduced influence of carbonic acid on the
production of degradation products from aspen wood, in comparison with
corn stover. This conclusion is in keeping with previously reported results
where it was found that the influence of carbon dioxide on the release of
xylose was more pronounced on corn stover than on aspen wood (4).

From Figs. 2 and 4, it appears that the effect of carbon dioxide on
aspen wood pretreatment is to reduce the concentration of degradation
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Fig. 3. Concentration of selected acid products in aspen wood hydrolysate prepared
in liquid hot water with and without dissolved carbon dioxide. (Note: lactic acid has
been determined to coelute with a yet unidentified compound.)

products, whereas on corn stover it appears to have differing effects for
different compounds. The aspen results suggest a lessened degree of
hydrolysis action on aspen wood with the addition of carbon dioxide to
the reactor, suggesting that with aspen wood, the carbonic acid may pos
sibly be working as a buffer rather than an acid. The predicted pH of the
carbonic acid system under reaction conditions is approx 3.4, which is
higher than the room temperature pKa of some of the stronger acids pre
sent. However, it is not known how the pKa values of the various organic
acids present change in response to temperature, making it difficult to fur
ther assess this possibility.

The pH values calculated from the concentrations of the organic acids
present in the hydrolyzates (Table 2) are in the range to be expected from
a mixture containing many diluted organic acids. However, the calculated
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values were not in accord with the measured pH values. For aspen wood,
the measured pH values were substantially lower than the calculated val
ues. This indicates that there may remain acid species in the sample that
were not quantified in this study. Also, the measured increase in pH result
ing from the addition of carbon dioxide, which was observed in this study
and has also been consistently reported in previous studies, was not
adequately accounted for by the compounds measured in this study. This
too suggests an incomplete analysis of the compounds present.

Conclusions

A newly developed analytical procedure was applied to determine the
concentrations of organic acids and other degradation products present in
pretreatment hydrolyzates of aspen wood and corn stover. It was observed
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that the addition of carbon dioxide to liquid hot water pretreatment
significantly changed the accumulated concentrations of most measured
compounds. However, these different concentration values failed to
explain the consistently observed higher pH levels associated with carbonic
acid pretreatment.
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Abstract

A process was developed to fractionate corn fiber into glucose- and
pentose-rich fractions. Corn fiber was ammonia fiber explosion treated at
90°C, using 1 g anhydrous ammonia per gram of dry biomass, 60% moisture,
and 3D-min residence time. Twenty four hour hydrolysis of ammonia fiber
explosion-treated corn fiber with cellulase converted 83% of available glucan
to-glucose. In this hydrolysis the hemicellulose was partially broken down
with 81 % of the xylan and 68% of the arabinan being contained in the
hydrolysate after filtration to remove lignin and other insoluble material.
Addition of ethanol was used to precipitate and recover the solubilized
hemicellulose from the hydrolysate, followed by hydrolysis with 2% (vIv)
sulfuric acid to convert the recovered xylan and arabinan to monomeric
sugars. Using this method, 57% of xylose and 54% of arabinose available in
corn fiber were recovered in a pentose-rich stream. The carbohydrate com
position of the pentose-enriched stream was 5% glucose, 57% xylose, 27%
arabinose, and 11 % galactose. The carbohydrate composition of the glucose
enriched stream was 87% glucose, 5% xylose, 6% arabinose, and 1% galac
tose, and contained 83% of glucose available from the corn fiber.

Index Entries: Ammonia fiber explosion; arabinose; lignocellulose; sugar
separation; xylose; glucose.

Introduction

According to the Renewable Fuels Association (2006), US ethanol
capacity was 4.3 x 109 US gal in 2005, an increase of 1.4 x 109 US gall over
the production level in 2002. The demand for and production of ethanol is
expected to dramatically increase over the next decade to reduce US
dependency on foreign oil. The majority of current ethanol processes use
glucose derived from corn-starch as the primary feedstock; however, this
will not be able to supply all the ethanol needs. An abundant natural and

*Author to whom all correspondence and reprint requests should be addressed.
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renewable resource such as lignocellulosic biomass must be utilized to
supply our long-term needs for ethanol as a renewable bio-based fuel. In
addition to ethanol, forty chemicals and chemical feedstocks have been
identified as potential products from renewable plant biomass (1-4).

Lignocellulosic biomass consists of three major components: cellu
lose, hemicellulose, and lignin. The complex structure of lignocellulosic
biomass, the crystalline structure of cellulose, and the physical protection
provided by hemicellulose and lignin, prevent efficient hydrolysis and
subsequent release of fermentable sugars by hydrolytic enzymes.
Therefore, pretreatment is required to alter the structure of cellulosic
biomass to make cellulose more accessible to the enzymes that convert the
carbohydrate polymers into fermentable sugars.

A number of pretreatment technologies have been proposed and
investigated (5). Among these, the ammonia fiber explosion (AFEX) is one
of the most effective pretreatments. AFEX disrupts cell wall physical bar
riers as well as cellulose crystallinity and association with lignin and hemi
cellulose so that the hydrolytic enzymes can access the biomass
macrostructure (6,7). The AFEX process is one of the most environmentally
friendly pretreatment processes with several distinguishing features.
These features are:

1. Energy requirements are low and reaction temperatures are mild.
2. Ammonia is an abundant and widely available chemical, which

can be contained and recycled with residual ammonia serving as a
nitrogen source for subsequent fermentation or animal feeding
operations.

3. Minimal waste is generated as less than 2% of the ammonia used in
the treatment is retained by biomass, therefore, no neutralizing
waste or wash streams are created in the process (6,8,9).

4. Dry matter recovery following the AFEX treatment is essentially
100% and is stable for long periods and can be fed at high-solids
loadings in fermentation processes (10).

5. Cellulose and hemicellulose are well preserved in the AFEX process,
with little or no degradation (11).

6. There is no formation of furfural or furfural derivatives, which are
known to have inhibitory effects on the metabolism of the yeast
Saccharomyces cerevisiae in production of ethanol (12,13).

It has been shown that AFEX treatment of biomass, such as corn
stover, corn fiber, and switchgrass followed by enzymatic hydrolysis
yields a stream of fermentable sugars containing both C5 sugars (arabi
nose and xylose) and C6 sugars (glucose), which can be used for pro
duction of industrial products such as ethanol and succinic acid
(6,8,14,15). However, the individual sugars could be used to produce
more highly valued products if the C5 and C6 sugars could be separated
from each other and from the lignin. For example, xylose could be
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reduced to xylitol, a sweetener that prevents dental caries; arabinose to
pharmaceutical intermediates; and glucose could be routed into existing
starch-based processes, such as high-fructose corn syrup. An overall
process that incorporates the separation of the C5 and C6 streams,
would realize increased economic return plus operational and market
flexibility.

Corn fiber was selected as the lignocellulosic biomass for this study.
The current availability of corn fiber in concentrated amounts at wet mills
allows us to model its possibilities as a biomass source without speculat
ing on the gathering and storage costs associated with most other biomass
sources. In addition, a limiting factor in the cost effectiveness of current
ethanol production processes is the value obtained from the byproducts.
The profitability of ethanol production is expected to be enhanced by
applying a biorefinery concept and by modifying existing plants to pro
duce value added products (16). A biorefinery, in principle, will process
most, if not all, of the incoming feedstocks and byproducts into valuable
products while at the same time producing ethanol. Corn fiber is a high
cellulose/hemicellulose lignocellulosic biomass with a low market value
currently produced in large quantities at corn wet mills and is included in
distiller's grains at dry mill ethanol plants. The fractionation of corn fiber
into a higher value component would improve the cost effectiveness of
current ethanol production processes (8).

Previous studies (11,15) have shown the applicability of AFEX to corn
fiber. AFEX-treated corn fiber showed significant improvement of glucose
production during enzyme hydrolysis relative to untreated material and
the generated sugars were readily fermented to ethanol. Unlike cellulose,
only a small fraction of the xylan in the AFEX-treated corn fiber (4-6%)
was converted to xylose and more than 81 % of that was solubilized in the
hydrolysate as oligomers during enzyme hydrolysis. Corn fiber xylan is
one of the most substituted and complex xylans and is thus highly recalci
trant to enzyme hydrolysis. Available commercial cellulases and xylanases
are not able to convert corn fiber xylan into xylose efficiently. In order to
have an economically attractive process, all the available polymeric sugars
must be utilized. The main objective of this study was to develop a process
for maximum hydrolyzation of all the available sugars in corn fiber and to
separate C5 and C6 sugars from each other.

Materials and Methods

Material: Corn fiber with 5% moisture content was provided by Bunge
Milling (Danville, IL). The composition is listed in Table 1.

Cellulase: Spezyme CP (Genencor, Rochester, NY) lot No. 301-01320-216.
~-glucosidase, Novozyme 188 (Sigma, St. Louis, MO) batch No. OCN00206.
Glucoamylase: Glucostar L-400 (Dyadic International Inc., Jupiter, FL)

lot No. P01311.
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Table 1
Corn Fiber Composition (based on dry weight)

Starch Cellulose Xylan Arabinan Galactan Mannan Lignin
(%) (%) (%) (%) (%) (%) (%)

10.61 19.71 28.5 13.7 3.8 0.39 12.41

Xylanase: Xl-274, X2-275, X3-276, and X4-277 (Dyadic International
Inc.), NS50014 and NS50030 (Novozyme, Franklinton, NC).

Feed enzyme: Rovabio Excel LC (Adisseo, Alpharetta, GA) lot No. B
04154-01.

Anhydrous ammonia: Linde Gas LLC (Lansing, MI). All other chemi
cals were purchased from Sigma.

Analytical Methods

Composition (glucan, xylan, galactan, arabinan, lignin, and ash) of the
biomass was determined by following the National Renewable Energy
Laboratory (NREL) procedure LAP-002: determination of carbohydrates
in biomass by high-performance liquid chromatography (HPLC) (NREL
LAP-002). NREL procedures are available at http://www.ott.doe.gov/
biofuels/analytical_methods.html. The starch analyses were performed
by Servi-tech Laboratories (Hastings, NE). Total sugars in the liquid frac
tions were determined by following the NREL LAP-014: dilute acid
hydrolysis procedure for determination of total sugar in the liquid frac
tion of process samples.

AFEX Treatment

Corn fiber (500 g) was treated by the AFEX process in a one-gallon
pressure reactor (PARR Instrument Co, Moline, IL). The AFEX process
parameters were varied, biomass moisture content (20, 40, 60, and 70%),
reaction time (10, IS, and 30 min), temperature (80, 90, 100, and 110°C),
and ammonia loading (0.7 : 1 and 1 : I, g ammonia: g dry biomass) to
determine conditions that gave the highest glucose yield. Biomass with
the desired moisture content level was added to the reactor. To ensure
uniform distribution of heat and ammonia, the reactor was equipped
with an agitator that mixed the biomass at 100 rpm during the process.
The reactor was heated by an electrical heating mantel to approx 10°C
lower than the target temperature before addition of the liquid ammo
nia. While the reactor was heating, the desired amount of ammonia was
pumped to the reactor. The reaction timer was started when the reactor
was within 5°C of the set-point. Temperature and pressure of the pro
cess was recorded every 3 min. When the desired reaction time (30 min)
was complete, ammonia was quickly evacuated through a manual ball
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valve. The treated biomass was removed from the reactor and left in a
fume hood for 1 d to evaporate the residual ammonia. The treated
biomass was stored at 4°C until used. All AFEX runs were performed in
duplicate and the data for the conditions selected are presented as the
average of the duplicates.

Small-Scale Enzyme Hydrolysis

The efficiency of AFEX treatment was evaluated through small-scale
enzyme hydrolysis. The hydrolysis was performed in shake flask follow
ing NREL's LAP-009: enzymatic saccharification of lignocellulosic
biomass procedure with the following modifications. Hydrolyses were
performed with 5% solid loading and a mixture of 15 filter paper units of
Spezyme CP and 42 cellobiose units of NOVO 188 per gram of cellulose
and 0.0032 g of Glucostar L-400 I g starch. The hydrolyses were carried out
at 50°C and pH 4.8 for 72 h. Samples were taken at 0, 24, 48, and 72 h for
sugar analysis.

Large-Scale Enzyme Hydrolysis

The 10 L enzyme hydrolyses were carried out in a New Brunswick
Scientific Microferm 14-L fermentor (New Brunswick Scientific, Edison, NJ)
equipped with a mechanical stirrer. There were three impellers on the agi
tation drive shaft, from top to the bottom, two six-blade Rushton impellers
3 in. apart and one lightnin A310 impeller at the bottom. The hydrolyses
were mixed at 250 rpm. The hydrolysis used a 10% solids loading of AFEX
treated corn fiber. Fifteen filter paper units of Spezyme CPI g cellulose, 150 U
of ~-glucosidaselg of cellulose and 0.12 g of Glucostar (glucoamylase) / g of
starch were added to the hydrolysis. To minimize potential contamination,
all equipment and materials except the biomass were sterilized. Hydrolysis
was performed at 50°C and 4.8 pH (active pH control) for 24 h with mixing.
Samples were taken for sugar analysis at several time-points. At 24 h, the
hydrolysate was removed from the fermentor and centrifuged for 20 min at
5°C at 7500 rpm (9500g) to separate the liquid and the solid residuals.
Samples were taken from both supernatant and pellet portions for sugar
and composition analysis.

Ethanol Precipitation

The supernatant from the enzyme hydrolysis was slowly added to
3X (v : v) cold ethanol (200 proof) to precipitate the solubilized poly
meric sugars (mainly hemicellulose). The generated pellet was dried at
45°C in a vacuum oven and was analyzed for carbohydrate composi
tion. The pellet was dissolved in water at 15% solid loading and then
concentrated H2S04 was added to a final concentration of 2% (v Iv). The
hydrolysis was carried out at 80°C for 24 h. The hydrolysate was ana
lyzed for sugar content by HPLC. In this procedure, all liquid samples
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were analyzed for both monomeric (HPLC) and polymeric (NREL-LAP
014) sugars content. All hydrolyses were performed in duplicate and the
data were reported as average. The final hydrolysate was maintained at
4°C until used.

Evaluation ofAcid Hydrolysis

Enzyme hydrolysate from corn fiber was prepared as described for
the large-scale enzyme hydrolysis above. To a SOO-mL flask 100 mL of the
enzyme hydrolysate, without filtration, was transferred. Concentrated sul
furic acid was added to achieve the desired acid concentration (2, 1, and
0.5%). With stirring, the reaction was maintained at the appropriate tem
perature (80 and 100°C). The hydrolysate was periodically sampled and
the saccharide concentrations determined following the NREL LAP-014
procedure.

Results and Discussion

Corn fiber treated under different AFEX conditions was enzyme
hydrolyzed (small-scale) to identify the most effective set of AFEX condi
tions for treatment of corn fiber. The 72 h hydrolysis results showed that
corn fiber treated at 90°C, with 60% moisture content for 30 min, with 1 g
ammonia per gram of dry biomass gave the highest glucose yield (91 ± 2%
based on the available glucose).

The process developed to fractionate AFEX-treated corn fiber to glu
cose and pentose-rich fractions is shown in Fig. 1. AFEX-treated corn fiber
is first hydrolyzed with a cellulase enzyme, converting cellulose to glucose
and solubilizing the xylan and arabinan-containing hemicellulose; pre
sumably by partially hydrolyzing it to arabinoxylan oligomers. The insol
uble lignins are removed by filtration. The solubilized hemicellulose is
precipitated, by addition of ethanol, and collected yielding a glucose
enriched aqueous solution and a filter cake containing the arabinoxylan
oligomers. Acid hydrolysis of this filter cake corn fiber gum (CFG) gener
ates the monomeric arabinose and xylose.

Effect of Enzyme Hydrolysis Time on Hemicellulose Recovery

A series of experiments in small-scale (2S0-mL shake flask) were per
formed to determine the effect of enzyme hydrolysis time on the recovery
of CS oligomers by ethanol precipitation. Enzyme hydrolysis times of 16,
24, and 48 h were tested with the CFG being precipitated immediately fol
lowing the hydrolysis. The best yield was obtained from the 24 h hydroly
sis where 74% of the xylose and 76% of the arabinose contained in the
original AFEX-treated corn fiber was recovered in the CFG. However, sta
tistical analysis showed that the yields from the 16-h and 48-h hydrolyses
were not significantly different. The 24-h enzyme hydrolysis was selected
for our larger scale (14 L) experiments.
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Fig. 2. Efficiency of ethanol precipitation of solubilized polysaccharides in enzyme
hydrolysate of AFEX-treated corn fiber. Ethanol precipitation was performed immedi
ately after finishing the enzyme hydrolysis (day 0) or after the hydrolysate had been
stored at 4°C for 16 d (day 16). (Efficiency of ethanol precipitation was calculated by
dividing the amount of sugar recovered in pellet by the total polysaccharides available
in the hydrolysate.)

We also investigated the effect that extended storage time of the
enzyme hydrolysate had on the efficiency of CFG precipitation. The ethanol
precipitation of the arabinoxylan pellet was performed immediately after
completing the enzyme hydrolysis (day 0) and after the hydrolysate had
been stored at 4°C for 16 d (day 16). After drying, the weight and sugar
composition of each pellet was determined. Results of these experiments
are presented in Fig. 2. There was a reduction in yield of all the sugars after
16 d and the overall recovery dropped from an average of 83% to an aver
age of 70% (decrease from 4.0 g sugar/10.0 g biomass on day 0, to 3.2 g
sugar/10.0 g on day 16). As no attempt was made to denature the enzyme
at the end of the hydrolysis, the loss of sugar yield in the precipitation is
presumably because of continued enzyme hydrolysis when the hydrolysate
is being stored, even though it was maintained at 4°C. This conclusion is
also consistent with the mechanism by which the precipitation works;
polysaccharides are precipitated, whereas monosaccharides and presum
ably low molecular weight oligomers are maintained in solution. Extended
hydrolysis time should give a higher percent of monosaccharides in the
hydrolysate. Based on these observations, it was decided to perform the
ethanol precipitation stage within 24 h following completion of the enzyme
hydrolysis.
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Fig. 3. Total sugar (glucose, xylose, arabinose, galactose, and mannose) concentration
produced from CFG with different acid hydrolysis conditions.

Optimization ofAcid Hydrolysis

To identify the acid hydrolysis conditions that gave the maximum
conversion of the enzyme solubilized polysaccharides from corn fiber to
monomeric sugars; sulfuric acid concentrations of 0.5, 1, and 2% (v Iv)
were evaluated at 80 and 100°C. These experiments were performed by
adding concentrated sulfuric acid to the unfiltered enzyme hydrolysate.
The results from these experiments are summarized in Fig. 3. Data showed
that among the tested conditions the maximum sugar conversion was
obtained with 2% (v Iv) acid, at 100°C for 6 h or 80°C for 20 h.

We also investigated the use of 0.5 and 1% sulfuric acid over a longer
period of time to explore the possibility of using lower acid concentration.
A temperature of 80°C using 1% acid gave 71 % yield after 285 h, and 0.5%
acid gave 55% yield after 285 h. Even though the hydrolysis rate was
higher at 100°C compared with 80°C, because of equipment limitations
(difficult to maintain the 14-L fermentors at 100°C for 6 h) hydrolysis with
2% sulfuric acid at 80°C for 20 h was chosen for acid hydrolysis of CFG.

Enzyme Hydrolysis Followed by Ethanol Precipitation
of Solubilized Hemicellulose

Three 10 L hydrolyses of AFEX-treated corn fiber showed that in 24 h
83% of available glucan was converted to glucose. The hemicellulose fraction
was partially broken down, with 81 % of the xylan and 68% of the arabinan
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Table 2
Carbohydrate Composition of G.enerated CFG (based on dry weight)

Glucose (%)

3.40

Xylose (%)

43.83

Galactose (%) Arabinose (%) Mannose (%)

7.53 20.60 0

being contained in the hydrolysate after filtration to remove lignin and other
insoluble material. An additional 5% of the xylan and 4% of the arabinan
were recovered in a water-wash of the filter cake but this material was not
added back to the hydrolysate. The xylan and arabinan contained in the
hydrolysate was precipitated and collected as CFG by addition of the
hydrolysate to three volumes of ethanol. The efficiency of the ethanol precip
itation for xylan and for arabinan was 85 and 92.3%, respectively (calculated
by dividing the amount of sugar recovered in pellet by the total polysaccha
rides available in the hydrolysate). This indicates that some of the polysac
charides, probably low-molecular weight oligomers, are not precipitated by
the addition of the ethanol. The collected CFG was washed with de-ionized
water and dried before acid hydrolysis. The carbohydrate composition of the
obtained CFG is presented in Table 2.

Acid hydrolysis (2% H2S04 at Boac for 20 h) of CFG gave the
C5-enriched sugar stream. The acid hydrolysis proceeded with 83% yield
for the xylose and 86% yield for the arabinose from available oligomers
in CFG. The final carbohydrate composition of the C5-enriched sugar stream
was 5% glucose, 57.1 % xylose, 26.9% arabinose, and 11 % galactose, or 84%
C5 sugars, and 16% C6 sugars.

Yield for Overall Process (Enzyme Hydrolysisl Ethanol Precipitationl

and Acid Hydrolysis of eFe)
For the overall process, we were able to recover 83.2% of available

glucose in the C6-rich stream; the C5-rich stream contained 57.1 % of the
available xylose, 54.1 % of the available arabinose, and 58% of the available
galactose. The sugar compositions of the product streams are summarized
in Table 3 and the overall sugar recovery is provided in Table 4. Analyses
of the waste streams from the process were consistent with losses observed
in each step, giving a good overall mass balance. The mass balance was
111 % for glucose, 94% for xylose, 105% for arabinose, and 90% for galac
tose (mass balance higher than 100 may be because of analytical error).

Enzyme Hydrolysis of eFe
Enzyme hydrolysis was investigated as an alternative to acid hydrol

ysis of CFG to produce monomeric sugars. Several different xylanases
(Xl-274, X2-275, X3-276, X4-277, and Rovabio Excel LC) were tested at the
pH and temperature recommended by the manufacturer. Hydrolyses
were performed for 72 h at enzyme loadings of I, 10, 20, and 40% (w/w).

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Table 4
Overall Sugar Recovery for Separation of C5 and C6

from AFEX-Treated Corn Fibera

Glucose
Xylose
Arabinose
Galactose
Total

Recovered (g)

37.44
29.53
16.34
5.28

88.58

Recovered (%)

111.17
93.99

105.81
89.67

101.77

aExpressed as monomeric sugars.

None of the enzymes showed significant activity toward hemicellulose of
CFG, presumable because of the complex and highly substituted nature of
the xylan contained in corn fiber. Hydrolysis with 40% loading of Rovabio
Excel LC resulted in the highest xylose yield (30.2%). Maximum observed
xylose yield for the rest of these enzymes was 2.1-4.5%.

Conclusions

In this study, we demonstrated that 24 h enzyme hydrolysis of AFEX
treated corn fiber hydrolyzed 83% of the cellulose to glucose and solubilized
81 and 68% of the xylan and the arabinan, respectively. It was also demon
strated that 87% of the solubilized hemicellulose (85% of xylan and 92% of
arabinan) could be precipitated and collected as CFG by addition of ethanol
to the aqueous solution. The collected CFG was hydrolyzed to monomeric
sugars with dilute acid, giving a sugar solution made up of 84% C5 sugars
and 16% C6 sugars. Attempts were made to identify a xylanase that could
hydrolyze the CFG to avoid the acid hydrolysis; however, the best enzyme
tested, yielded only 30% xylose at high enzyme loading (40% [w/w]).

The use of AFEX followed by cellulose hydrolysis, ethanol precipita
tion of CFG, and acid hydrolysis of the precipitated CFG, provides a
complete procedure for partially separating the C5 and C6 sugars con
tained in corn fiber into C5-enriched and C6-enriched sugar streams.
Because of the incomplete separation and material losses in the process
the recovery of xylose and arabinose in the C5-enriched sugar stream was
57% and 54%, respectively, and recovery of glucose in the C6-enriched
stream was 83%. Future work will focus on developing improved meth
ods to fully utilize all available sugars and enhance the purity and yields
of glucose and pentose fractions.
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Abstract

Industrial production of bioethanol from fibers that are unusable for pulp
production in pulp mills offers an approach to product diversification and
more efficient exploitation of the raw material. In an attempt to utilize
fibers flowing to the biological waste treatment, selected fiber sludges from
three different pulp mills were collected, chemically analyzed, enzymatically
hydrolyzed, and fermented for bioethanol production. Another aim was to
produce solid residues with higher heat values than those of the original fiber
sludges to gain a better fuel for combustion. The glucan content ranged
between 32 and 66% of the dry matter. The lignin content varied considerably
(1-25%)/ as did the content of wood extractives (0.2-5.8%). Hydrolysates
obtained using enzymatic hydrolysis were found to be readily fermentable
using Saccharomyces cerevisiae. Hydrolysis resulted in improved heat values
compared with corresponding untreated fiber sludges. Oligomeric xylan
fragments in the solid residue obtained after enzymatic hydrolysis were iden
tified using matrix-assisted laser desorption ionization-time of flight and
their potential as a new product of a pulp mill-based biorefinery is discussed.

Index Entries: Bioethanol; biorefinery; fiber sludge; lignocellulose;
Saccharomyces cerevisiae; xylan.

Introduction

When wood is converted to pulp in kraft mills, the fiber products
need to be pure. If the pulp is contaminated with impurities, some of the
production instead becomes a fiber waste. Previously, some of the fiber
sludge material formed was landfilled. In Sweden, it has been prohibited
to landfill organic waste since 2005 and therefore the sediment from the
wastewater treatment (Fig. 1) is nowadays burnt. However, waste fiber
sludge efficiently binds considerable amounts of water and the heat values
(HV) are generally low or even negative.

*Author to whom all correspondence and reprint requests should be addressed.
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Fig. 1. Schematic flow sheet of a pulp and paper mill wastewater treatment system.
Fibers from different positions in the mills enter a sedimentation basin with a stream
of wastewater. The fiber sludge is collected for combustion. One mill had an addition
of bark (sample 1) and one mill added biological sludge (sample 3).

A better way to utilize waste fiber sludges would be to incorporate
them in a biorefinery (1-4). Providing that the carbohydrate content of the
material is high, it could be converted into bioethanol as a part of a pulp
mill-based biorefinery. When bioethanol is made from lignocellulose
using enzymatic hydrolysis, a pretreatment step is needed to make the
material more accessible to the cellulases. Owing to the processes in the
mill, the fiber sludges could be amenable to enzymatic hydrolysis. The
chemical composition of the fiber sludge material determines its suscep
tibility to enzymatic hydrolysis and affects the HV of the solid material
left after hydrolysis. To avoid competition for the fiber sludge between
ethanol production and heat production, it would be desirable that sug
ars could be liberated from the fiber sludge for ethanol production with
out any reduction in HV, leaving the remainder for production of heat.

Samples from three selected Swedish kraft pulp mills were collected
and tested to compare the properties of different waste fiber sludges and
evaluate their potential as resources in pulp mill-based biorefineries. The
aim of this study was to elucidate the potential of the waste fiber fractions
for the generation of products with an additional value for the mill.
Examples of such products are bioethanol, hemicellulose fractions includ
ing xylan, and a solid waste, which contains lignin residues and wood
extractives, with improved HV.

Methods

Fiber Sludge Samples

Fiber sludge samples were collected from three Swedish kraft pulp
mills (samples 1-3). The waste fiber sludges were mixtures of fibers
diverted from the production through the rejects from the screen room after
the pulping process, the outlets from the bleaching plant, the pulp-drying

Applied Biochemistry and Biotechnology Vol. 736-740,2007



Bioethanol Production From Waste Fiber Sludges 329

machine, or the floor drainages. The fiber sludges were collected after the
primary sedimentation basins. The samples contained varying amounts of
bark residues and wood splinters. The origin of the waste fiber sludges
varies from mill to mill because of the specific process solutions of the
mills. The samples were selected by the mill operators and would nor
mally have been combusted. All fiber sludge samples were washed with
water to stop potential microbial growth. The samples were thereafter air
dried and homogenized by milling (Wiley laboratory mill, 40 mesh;
Thomas Scientific, Swedesbaro, NJ) before the ensuing hydrolysis (5).

Analysis of Fiber Sludges

The fiber sludge samples were analyzed for carbohydrates, lignin,
extractives, and ash. Carbohydrates and lignin were determined through
acid hydrolysis according to TAPPI Method T249 cm-85 (Technical
Association of the Pulp and Paper Industry [TAPPI] Norcross, GA). The
monosaccharides in the acid hydrolysate were determined using an high
performance anion exchange chromatography (HPAEC) system with an
electrochemical detector (Dionex, Sunnyvale, CA) equipped with a
CarboPac PA-1 column (Dionex), according to a previously described pro
cedure (6). To determine the amount of extractives, the samples were first
extracted with acetone in a Soxtec apparatus (Foss Tecator AB, H6ganas,
Sweden). Thereafter, the extracts were evaporated to total dryness and
quantified gravimetrically (SCAN-CM 49:03 [Scandinavian Pulp, Paper
and Board Testing Committee, Stockholm, Sweden]). The ash content was
determined according to International Organization for Standardization
(ISO) 2144:1997 (Geneva, Switzerland).

Hydrolysis of Fiber Sludges

The fiber sludge samples were hydrolyzed using the enzyme prepara
tions Celluclast 1.5 (1500 NCD [Novo cellulase units]/g, Novozymes,
Bagsvaerd, Denmark) and Novozym 188 (250 cellobiase units/g,
Novozymes). The substrate concentration in the reaction mixtures was 15%
(w/w) and the concentration of each of the enzyme preparations was 2%
(w/w). In addition, 1% (w/w) Tween 20 was added as detergent (7). The
initial pH of the hydrolysis reaction mixture was 6.0. The hydrolysis was
performed in sealed plastic bags in a water bath at 45°C during 48 h. After
the hydrolysis, the remaining solid residue was separated from the liquid
fraction (the hydrolysate) by centrifugation and filtration (GF/ A, Whatman,
Maidstone, UK). All hydrolysis experiments were done as duplicates.

Analysis of Fractions Obtained After Hydrolysis

The monosaccharide contents of the hydrolysates were determined
using HPAEC as described under "Analysis of Fiber Sludges." The
amounts of solid residue were determined gravimetrically.
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Water Seizing Ability

A small sheet with a grammage of 800 g/m2 was made. The dewa
tering was done during 60 s and thereafter the sample was weighed and
dried at 100°C for 24 h. After the drying, the weight was determined again.
The dry content after the dewatering was calculated and is hereafter
referred to as the water seizing ability.

Fermentation Experiments

The fermentations were carried out using Saccharomyces cereVlSlae
(Jastbolaget AB, Rotebro, Sweden). Agar plates with yeast extract peptone
dextrose (YEPD) medium (2% yeast extract, 1% peptone, 2% D-glucose,
and 2% agar) were used to maintain the strain. Cultures for preparing inoc
ula were grown in 2000-mL cotton-plugged Erlenmeyer flasks containing
1200 mL YEPD medium. The flasks were incubated with agitation at 30°C
for approx 12 h. Cells were harvested in the exponential phase by cen
trifugation at 1500g and 4°C for 5 min. Thereafter, the cells were washed
with a sodium chloride solution (9.0 giL) and centrifuged as before.

To determine the dry weight of the inoculum, a 0.45 J.!m HA filter
(Millipore Billerica, MA) was dried in a microwave oven (Husqvarna
Micronett, Sweden) set at a power scale of 3 for 15 min, and thereafter
placed in a desiccator. After 2 h, the filter was taken from the desiccator
and weighed on an analytical scale. The yeast suspension (1.35 mL) was
then filtered through the dried filter under the influence of vacuum. The
filter was washed with 5 mL of water, dried as previously described,
and weighed.

Before fermentation all hydrolysates were adjusted to pH 5.5 using a
5 M solution of NaOH. The hydrolysate sample (42.75 mL) (or, alterna
tively, 42.75 mL of a synthetic sugar solution in water for reference fer
mentations) was mixed with 0.9 mL of a nutrient solution (consisting of
50.0 giL yeast extract, 25.0 giL (NH4)2HP04' 1.25 giL MgS04·7 H20, and
79.4 giL NaH2P04·H20) and 1.35 mL of the inoculum. The biomass
concentration of the inoculum was adjusted to give an initial biomass con
centration of 2.0 giL (dry weight) in the fermentation vessel. The fermen
tation vessels (55-mL glass flasks) were equipped with magnetic stirrer
bars and sealed with rubber stoppers with cannulas for outlet of CO2, The
vessels were then placed at 30°C in an incubator with magnetic stirring.

Analysis of Fermentations

The glucose levels during the fermentation were monitored using a
glucometer (Glucometer Elite XL, Bayer, Leverkusen, Germany). Samples
(0.2 mL) taken from the vessels were diluted with water (1.8 mL) and
centrifuged for 5 min in a microcentrifuge (Minispin Plus, Eppendorf,
Hamburg, Germany) at a speed of 14,500 rpm (14,000g). The supernatant was
collected and stored at -20°C until analysis.
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The ethanol concentration was determined using an HP 5890 Series II
gas chromatograph with a flame ionization detector (Hewlett Packard,
Palo Alto, CA) and a BP-20 column with a film thickness of 1.0 Jim (SGE,
Austin, TX). The temperature was kept at 30°C for 5 min and then raised
to 180°C with a heating rate of 15°C/min. All the hydrolysate samples and
the reference were fermented as duplicates.

MALOI-TOF Analysis

Matrix-assisted laser desorption ionization-time of flight (MALDI
TOF) mass spectrometry was used to analyze the residue of sample 2. An
HP G2025 A MALDI-TOF system (Hewlett Packard) was operated in pos
itive mode with 0.1-1.3 mJ energy from the laser beam (8). The matrix used
for the sample was 2,5-dihydroxybenzoic acid, which was obtained from
Fluka (Buchs, Switzerland).

HV Analysis

The HVs of the fiber sludge samples were determined using a bomb
calorimeter (Type ClIO, Janke & Kunkel K.G, Staufen, Germany). A portion
(0.400 g) of each sample was combusted in the calorimeter and the change
in temperature was noted every 30 s until the maximum temperature was
reached. The bomb calorimeter was calibrated using benzoic acid as the
standard. The dry weights of the samples were determined using a mois
ture analyzer (Sartorius MA 50, Sartorius, Goettingen, Germany) set at a
temperature of 105°C. The HV was calculated according to the formula
HV = [(i1T·C) - E1 - E2 - E3 - E4]/mD, in which i1T is the change in temper
ature in degrees Celsius, C is the heat capacity of the calorimeter (given in
J/K), E1 is the correction HV for the cotton thread used as ignition fuse in
the calorimeter (given in J), E2 is the correction HV for the chromium-nickel
thread used for ignition of the cotton fuse (given in J), E3 is the correction
HV for the formation of nitric acid (assumed to be 40 J), E4 is the correction
HV for the formation of sulfuric acid (given in J and based on the assumed
correction value 9.5 J/mg sulfur), and mD is the dry weight of the sample
(given in gram) (9). The samples were analyzed twice and the HVs are pre
sented in Table 3 as mean values with standard deviations indicated.

Results

The chemical composition of the fiber sludge samples varied consid
erably (Table 1). The combined glucan and mannan content varied between
34 and 67%. The xylan content varied between 8.3 and 16.9%. Lignin may
have a negative effect on enzymatic hydrolysis, but it is a benefit when the
HV is considered. The content of lignin in the samples varied between 1.3
and 25% (Table 1). The fraction of extractives varied between 0.2 and 5.8%.
The large variation in the contents of extractives may be explained by
differences in the process before the waste sedimentation. Sample I, which

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



~ ~ [ O
J o' ~ rD :3 v:;
.
~ "'" tl.l ::J Q

.

O
J o' m ~ ::J a ~ "'" w w I\.
.)

T
ab

le
1

C
h

em
ic

al
A

na
ly

si
s

o
f

F
ib

er
S

lu
d

g
e

S
am

p
le

s
(%

w
ei

g
h

t)

K
la

so
n

A
ci

d-
so

lu
bl

e
M

il
l

A
ra

b
in

an
G

al
ac

ta
n

G
lu

ca
n

X
yl

an
M

an
n

an
li

g
n

in
li

g
n

in
A

sh
co

n
te

n
t

E
xt

ra
ct

iv
es

T
ot

al

1
0.

6
1.

2
32

.3
12

.2
2.

2
22

.9
1.

1
3.

5
5.

8
81

.8
2

0.
1

0.
1

65
.7

16
.9

1.
3

1.
2

0.
1

1.
0

0.
2

86
.6

3
0.

6
0.

9
42

.7
9.

8
3.

3
22

.8
1.

2
2.

0
1.

9
85

.1
3

(W
as

he
d)

0.
7

1.
1

42
.7

8.
3

4.
4

23
.9

1.
1

1.
8

2.
0

85
.9

T
ab

le
2

A
na

ly
si

s
of

S
u

g
ar

s
in

th
e

H
y

d
ro

ly
sa

te
s

H
y

d
ro

ly
sa

te
S

u
g

ar
co

n
ce

n
tr

at
io

n
(g

iL
)

Y
ie

ld
(%

)

G
al

ac
to

se
G

lu
co

se
X

yl
os

e

~ W 0
\ I ~ ,a ~ a a '"

H
I

H
2

H
3

A
ra

b
in

o
se

0.
0

0.
0

0.
2

0.
2

0.
3

0.
3

8.
2

10
2.

6
20

.6

3.
1

24
.3 4.
9

M
an

n
o

se

0.
8

1.
0

1.
6

14
.0

90
.4

27
.7



Bioethanol Production From Waste Fiber Sludges 333

50403010

120~-------------------------,

100

20

_ 80
.....J-....
-9
~ 60
o
U
::J

a 40

20
Time (h)

Fig. 2. Glucose consumption during fermentation of hydrolysate sample 1 (.),
hydrolysate sample 2 (x), hydrolysate sample 3 ("), and the reference fermentation (+).
The graph shows the mean values of duplicate fermentations. The standard deviation
was ::;;4.4%.

contained large amounts of extractives, originated from a kraft mill, which
had its waste fiber sludge system integrated with a mill producing mechan
ical pulp fibers rich in extractives and lignin. The other measured compo
nents did not vary much and the amounts were very low (Table 1). Washing
of sample 3 only resulted in minor changes (Table 1).

Hydrolysates were generated from the fiber sludge samples using enzy
matic hydrolysis. The concentrations of monosaccharides in the hydrolysates
are presented in Table 2. Hydrolysate 2 contained a high glucose concentra
tion, more than 100.0 giL. The yields of monosaccharides in the hydrolysates
varied between 14 and 90%. The low conversion of carbohydrates in samples
1 and 3 can be correlated to the high lignin content. Sample I, which showed
the lowest yield, had the highest content of extractives. The yield of hexose
sugars was generally low except for sample 2. This can probably be related
to the high initial content of cellulose and the accessibility of the cellulose to
hydrolysis by degrading enzymes. The fibers from mechanical pulping that
were present in sample 1 are almost similar to those of native wood and may
have had poorer accessibility for cellulose-degrading enzymes (10). The ratio
between glucose and xylose was almost one for samples 1 and 3, but for
sample 2 the yield of glucose was higher than that of xylose. All three
hydrolysate samples were readily fermented by s. cerevisiae. The glucose
consumption rates of the hydrolysates were equal to or faster than that of
the reference fermentation. All glucose in hydrolysate sample 2 was con
sumed within 11 h, whereas it took 45 h for the corresponding reference
fermentation to consume all glucose (Fig. 2).

The offwhite solid residue obtained after enzymatic hydrolysis of
sample 2 was analyzed with MALDI-TOF. The mass spectrum showed
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Fig. 3. Mass spectrum from the MALDI-TOF analysis. Peak 1 represents 4-0-methyl
glucuronic acid with two xylose units, peak 2 corresponds to a xylan fragment
with five repeating pentose units, and peak 3 represents six pentose units with a
4-0-methyl-glucuronic acid residue (the tentative molecular structures are indicated).

peaks with a mass-to-charge ratio between 500 and 1800 (Fig. 3). The com
pounds representing the three major peaks were identified. Peaks 1 and 3
represent negatively charged 4-0-methyl-glucuronic acid residues,
whereas peak 2 represents an uncharged xylan fragment consisting of five
linked monomers. Peak 1 had a TOF of 11.6150 J.!s corresponding to a MW
of 537.7, which was interpreted as 4-0-methylglucuronic acid-(xylose)2
and a Na+ ion. Peak 3 had a MW of 1038.9, which was interpreted as six
pentose units with a 4-0-methyl-glucuronic acid residue and a K+ ion.
Peak 2, which matched MW 700.4, was interpreted as a xylan fragment
with five repeating units and a Na+ ion. The tentative molecular structures
are indicated in Fig. 3 and the interpretations have been published previ
ously (8,11). Generally, native as well as pulped xylan fragments are much
larger, but because the enzyme cocktail probably contains xylanases the
reduced polymer size is not unexpected.

The HVs increased after enzymatic hydrolysis (Table 3). Although the
hydrolysis of samples 2 and 3 resulted in improved HVs, they did not
reach the level of sample 1. Another important parameter, which is linked
to the HV, is the water seizing ability. The water seizing ability is presented
in Table 4. The hydrolyzed samples had much higher dry content, which
should result in better combustion efficiency.
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Table 3
HVs of Fiber Sludge Samples Before and After Enzymatic Hydrolysis

335

Sample

1
2
3

HV before hydrolysis
(kJ / g dry weight)

20.8 ± 0.11
17.8 ±0.30
18.3 ±0.09

HV after hydrolysis
(kJ/ g dry weight)

22.2 ± 0.19
18.0 ± 0.36
19.6 ± 0.12

Table 4
Dry Content of Fiber Sludge Samples Before and After

Enzymatic Hydrolysis

Dry content before
Sample hydrolysis (% [w/w])

1 26.2
2 31.9
3 30.0

Dry content after
hydrolysis (% [w/w])

38.7
43.4
41.8

Discussion

Lignocellulosic fibers, mainly made up of cellulose and hemicellu
loses, are produced from wood at large kraft pulp mills. The annual pulp
production in a modern kraft mill is often around 700,000 t or even higher.
More than 1% of the production may end up as waste fibers of low value
for the mill. Deposition of the waste is nowadays often connected with
deposition fees or may even be prohibited. The alternative is to burn the
waste fibers. However, combustion and recovery of heat is often not effec
tive because of the inherent capacity of the carbohydrates to retain water.
Current operational problems with the handling of waste fiber sludges in
kraft mills can be turned into benefits in the form of new products in pulp
mill-based biorefineries. The dry content and the value of the material as a
solid fuel may be increased by removal of water-retaining polysaccharides
by hydrolysis. Bioethanol could be produced (12-14) and a xylan fraction
could be isolated before the residual material is used for combustion.

Waste fiber samples intended for combustion were selected in three
Swedish kraft mills and used to investigate production of bioethanol,
xylan, and residual material with improved HV. The chemical composition
and the HVs of the samples differed considerably. Sample 2 contained
only contaminated kraft pulp fibers and was easily degraded to fer
mentable sugars in high yield. High concentrations of fermentable sugars
in the hydrolysates will lower the cost for separation of ethanol by distil
lation after the fermentation. Sample 1 also contained fibers from produc
tion of mechanical pulps. Sample 3 was a mixture that contained
considerable amounts of bark and wood pieces. The lower convertibility
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of samples 1 and 3 compared with that of sample 2 was probably because
of their high lignin content. The kraft process is the most efficient way to
remove lignin and wood extractives and to defibrate lignocellulosic mate
rials. Pulp produced through refining, such as thermomechanical pulp and
chemithermomechanical pulp, still contains lignin and wood extractives,
especially on the fiber surfaces. The presence of such substances on the
fibers strongly reduces the activities of polysaccharide-degrading
enzymes. However, the negative effect of lipophilic compounds on the
fiber surfaces may be reduced by addition of surfactants (7), as in this
study. The rapid fermentation rates observed for the hydrolysates suggest
that significant amounts of inhibitory compounds were not present. The
improved performance of the hydrolysate of sample 2 compared with that
of the reference fermentation suggests that this hydrolysate may have con
tained additional nutrients that affected the yeast in a favorable way.

The HVs of the samples increased after hydrolysis. This can tentatively
be explained by the increased content of lignin and extractives, because
these substances are not lost during hydrolysis. Sample 2 had the lowest HV
and this might be because of its low initial lignin content. The dry content is
an important factor when it comes to combustion of fiber sludges. A high
dry content will give a higher effective HV. All hydrolyzed samples showed
significantly higher dry content compared with untreated material.

The offwhite solid residue after hydrolysis of sample 2 was analyzed
using MALDI-TOF. The mass spectrum showed oligomeric xylan fragments,
most of which contained 4-0-methyl-glucuronic acid groups. The molecular
mass was low, less than 1000 Da, compared with the molecular mass of xylan
found in kraft pulp fibers, which exceeds 12,000 Da (15). The relatively low
molecular mass was expected because the mixture of enzymes used for the
hydrolysis would include xylanases. The native glucuronic acid side groups
might have hindered a complete enzymatic hydrolysis to monosaccharides.
Insoluble charged xylan fragments have a potential as a high-value byprod
uct. If isolation of a polymeric xylan is the goal, then a mixture of enzymes
without xylanase activity should be chosen. As an alternative to isolation of
xylan as a byproduct, xylose may be utilized for bioethanol production by
pentose-fermenting microorganisms. The results show a potential in the iso
lation of a solid xylan fraction from a waste fiber stream. Thus, we suggest
isolation of charged xylan fragments as a new product.

The xylan residue may be upgraded and used within the kraft mill. The
4-0-methyl-glucuronic acid groups in xylan oligomers can be converted to
the corresponding unsaturated hexenuronic acid derivatives using alkali.
Treatment of a 4-0-methyl-glucuronic acid substituted for xylan fragment in
0.5 M sodium hydroxide at ISaaC for less than 2 h yielded one equivalent of
methanol and the corresponding amount of hexenuronic acid (16,17). Such
hexenuronic acid substituents in kraft pulp are known as strong metal-ion
chelating structures (18). The hexenuronic acid groups are present in
unbleached kraft pulp and bind catalytic metal ions like manganese and have
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to be removed before a fully bleached pulp can be made (19). The charged
xylan fragments have a potential to be used as biodegradable alternatives to
complexing agents like ethylenediaminetetraacetic acid and diethylenetri
amine pentaacetic acid (DTPA), which are of environmental concern.
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Abstract

The potential of dilute-acid prehydrolysis as a pretreatment method for
sugarcane bagasse, rice hulls, peanut shells, and cassava stalks was investi
gated. The prehydrolysis was performed at 122°C during 20, 40, or 60 min
using 2% H2S04 at a solid-to-liquid ratio of 1 : 10. Sugar formation increased
with increasing reaction time. Xylose, glucose, arabinose, and galactose were
detected in all of the prehydrolysates, whereas mannose was found only in
the prehydrolysates of peanut shells and cassava stalks. The hemicelluloses
of bagasse were hydrolyzed to a high-extent yielding concentrations of xylose
and arabinose of 19.1 and 2.2 giL, respectively, and a xylan conversion of
more than 80%. High-glucose concentrations (26-33.5 giL) were found in the
prehydrolysates of rice hulls, probably because of hydrolysis of starch of
grain remains in the hulls. Peanut shells and cassava stalks rendered low
amounts of sugars on prehydrolysis, indicating that the conditions were not
severe enough to hydrolyze the hemicelluloses in these materials quantita
tively. All prehydrolysates were readily fermentable by Saccharomyces cere
visiae. The dilute-acid prehydrolysis resulted in a 2.7- to 3.7-fold increase of the
enzymatic convertibility of bagasse, but was not efficient for improving the
enzymatic hydrolysis of peanut shells, cassava stalks, or rice hulls.

Index Entries: Bagasse; ethanol; acid hydrolysis; pretreatment; enzymatic
hydrolysis; agricultural residues.

Introduction

Concerns about exhaustion of the world's reserves of fossil fuels and
about the greenhouse effect have resulted in an increasing worldwide inter
est in using fuels from renewable resources, for instance ethanol. However,
a reduction of the ethanol production cost is desirable to improve the

*Author to whom all correspondence and reprint requests should be addressed.
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competitiveness. As the sugar- and starch-containing feedstocks tradition
ally used for ethanol production represent the largest share of the total pro
duction cost (1), the use of cheaper and more abundant raw materials is
desirable for increasing the production.

Lignocellulosic materials are the world's most widely available low-cost
renewable resources to be considered for ethanol production. A huge diver
sity of lignocellulosic wastes is available around the world. Sugarcane
bagasse, rice hulls, peanut shells, and cassava stalks are agricultural and
agro-industrial residues that could be considered for bioconversion in trop
ical countries (2). These lignocellulosic residues are available on a renew
able basis as they are generated by the harvest and processing of sugar cane
(Saccharum officinarum), rice (Oryza sativa), peanut (Arachis hypogaea), and
cassava (Manihot dulcis), which are regularly cultivated crops.

Potential applications for these materials include production of acti
vated charcoal (3), energy generation (4), and pulp production (5). However,
except bagasse, which is used for energy generation to run sugar mills,
pulp and paper production, and cattle feed manufacturing (6), the other
materials are of low-economic value and cause environmental problems.
Therefore, they can be considered for bioethanol production.

Although lignocellulosic residues provide cheap raw material, cost
intensive hydrolysis processes are required to obtain fermentable sugars.
The hydrolysis can be catalyzed by acids, either concentrated or diluted,
or by enzymes. Hydrolysis of cellulose with diluted acid is performed at
high-temperature; whereas hydrolysis with either concentrated acids or
enzymes is performed at low-temperature (7,8). Dilute acid can also be
used for prehydrolysis of hemicelluloses, which is a process performed at
relatively low temperatures (9,10). After acid-catalyzed hydrolysis of hemi
celluloses, a solid residue consisting of cellulose and lignin is obtained and
the cellulose can then be hydrolyzed either by using acid under harsher
conditions or by using cellulases. Dilute-acid prehydrolysis can be used
as a pretreatment method for increasing the reactivity of cellulose toward
cellulases (11).

A drawback of acid hydrolysis is the formation of byproducts, which can
negatively affect the fermentability of the hydrolysates (12,13). The fermenta
tion inhibitors include acetic acid, released by deacetylation of hemicelluloses,
formic, and levulinic acids, which are sugar degradation products; phenolic
compounds that are mainly formed by the partial degradation of lignin, and
the furan aldehydes furfural and 5-hydroxymethylfurfural (HMF), which are
formed by the degradation of pentoses and hexoses, respectively (14). In
order to have an efficient fermentation process, it is desirable to reduce the
formation of inhibitors during hydrolysis as much as possible.

Considering sugarcane bagasse, rice hulls, peanut shells, and cassava
stalks, only dilute-acid prehydrolysis of sugarcane bagasse has been
extensively studied previously (9,10,15,16). However, much of the previous
work concerning dilute-acid hydrolysis of bagasse has been focused on
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obtaining high-yields of xylose rather than on the enzymatic convertibility
of the pretreated bagasse. In this investigation, the dilute-acid prehydroly
sis of these four different agricultural and agro-industrial materials was
investigated with respect to the formation of sugars, the fermentability of
the prehydrolysates, and the enzymatic convertibility of the pretreated
solid materials.

Materials and Methods

Raw Material

Sugarcane bagasse from the 2004 harvest was generously donated by
"Horacio Rodriguez" sugar mill (Matanzas, Cuba). Cassava stalks, peanut
shells, and rice hulls were acquired from local producers (Matanzas Provincial
Delegation of the Cuban Ministry of Agriculture, Matanzas, Cuba). The rice
hulls were obtained from a low-efficiency artisan rice mill. The materials were
air-dried to a dry matter (DM) content of 90-92%, milled to pass a 2-mm
screen and stored in plastic bags in a dark chamber at room temperature.

Dilute-Acid Prehydrolysis

Thirty-five grams of dried raw material were mixed with a diluted
H2S04 (Merck, Darmstadt, Germany) solution giving a final concentration
of 2 g of acid per 100 g of slurry. The liquid-to-solid ratio was 10 glg.
Treatments were performed at 122°C during 20, 40, or 60 min. Stainless
steel cylinders with a total volume of 500 mL were used as reaction vessels.
The cylinders were mounted in a rotor and immersed in a polyethylene
glycol heating bath, which allowed a relatively rapid heating of the slur
ries to the work temperatures. A control panel (Jaako Poyry AB, Karlstad,
Sweden) was used for a careful control of the temperature of the bath. The
pretreatment was performed in duplicates. When the reaction time had
elapsed, the reactors were cooled to room temperature in water-baths and
the pretreated slurries were separated by vacuum filtration (Edwards RV8
pump, BOC Ltd., Crawley Sussex, England) into a liquid fraction, here
after referred to as prehydrolysate, and a solid residue, hereafter referred
to as filter cake. The filter cake was washed with two volumes of deionized
water. The prehydrolysates were stored in a cold chamber at 4°C until fur
ther use. The filter cakes were dried under mild conditions, weighed, and
stored in plastic bags in a cold chamber. Samples of the prehydrolysates
and the filter cakes were taken for analysis.

Analysis of the Solid Fraction

The DM content was determined using a moisture analyzer (MA40,
Sartorius AG, Gottingen, Germany). Extractives were determined
gravimetrically after a Soxhlet extraction with 96% (vIv) ethanol during
24 h. For determination of the chemical composition of raw and pretreated
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materials, duplicate samples were hydrolyzed first with 72% H2S04during
1 h at 30aC and then for another hour with 4% H2S04at 121ac. The mix
ture was separated by vacuum filtration through previously weighed fil
ter crucibles and the lignin content was determined gravimetrically
(Mettler AE260 Delta Range, Mettler Toledo, Switzerland). The sugar content
in the obtained filtrate was analyzed by anion-exchange chromatography
using a DX 500 system (Dionex, Sunnyvale, CA) equipped with a
CarboPac PA-l column. The column was eluted with Milli-Q water
(Millipore, Billerica, MA) at a flow rate of 1 mL/min. Before the analysis
of each sample, the column was activated by a mixture of 200 mM NaOH
and 70 mM NaOAc. A postcolumn addition of 300 mM NaOH was applied
before the pulse amperometric detection (Dionex ED 40).

Analysis of the Liquid Fraction

Sugars were determined as described under "Analysis of the Solid
Fraction." Carboxylic acids were quantified using a Dionex ICS-2000 chro
matography system equipped with a conductivity detector. Separation was
performed on an IonPac AS 15 (250 x 4 mm) column with an IonPac AG15
(50 x 4 mm) precolumn (Dionex, Sunnyvale, CA), using isocratic elution
with 35 mM NaOH supplied at a rate of 1.2 mL/min.

The furan aldehydes HMF and furfural were determined by high
performance liquid chromatography using a Shimadzu VP series system
(Shimadzu, Kyoto, Japan) with ultraviolet (UV) detection at 282 nm.
Separation was performed using an XTerra MS CI8 column (5 }lm, 2.1 x
150 mm) (Waters, Milford, MA) eluted at a flow rate of 0.4 mL/min with a
gradient of Milli-Q water and acetonitrile containing 0.016% (vIv) trifluo
roacetic acid. The gradient scheme consisted of four steps with a combined
time of 26 min:

1. Ten percent acetonitrile was applied for 8 min.
2. The concentration of acetonitrile was increased linearly to 100% during

8 min.
3. Hundred percent acetonitrile was applied for 6 min.
4. The concentration of acetonitrile was decreased linearly to 10% during

4 min.

The total content of phenolic compounds was determined colorimet
rically (Unicam UV-visible spectrophotometer, Cambridge, UK) using the
Folin-Ciocalteu method (17). Vanillin was used as the calibration standard.

Fermentability of the Prehydrolysates

The pH of the prehydrolysates was adjusted from around 1 to 5.5
with 8 M NaOH using a pH meter (WPA Linton, Cambridge, UK). The pre
hydrolysates were supplemented with 0.5 gil of (NH4)2HP04' 0.025 gil
of MgS04·7H20, 1.38 gil of NaH2P04·H20, and 1 gil of yeast extract.
All prehydrolysates, except the ones from rice hulls, were supplemented with
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20 giL of glucose. The chemicals were supplied by Sigma-Aldrich Chemie
GmbH (Steinheim, Germany). A reference solution containing 20 giL of glu
cose and supplemented with the same nutrients was also prepared.

The fermentations were carried out in 50-mL flasks, sealed with rub
ber stoppers and equipped with cannulas for CO2 removal. The flasks
were inoculated with baker's yeast (Jastbolaget AB, Rotebro, Sweden) to
an initial biomass concentration of 1 giL (dry weight), and incubated at
30°C in a water-bath with magnetic stirring (IKA-Werke, Staufen,
Germany) for 24 h. Samples were withdrawn after 2, 3, 4, 6, 8, 10, and 12 h.
Fermentations were performed in duplicates and the mean values were
given as results.

Glucose was monitored during the fermentations using a glucometer
(Glucometer Elite XL, Bayer AG, Leverkusen, Germany). The final glucose
concentration was determined by ion chromatography as described under
"Analysis of the Solid Fraction." Ethanol was analyzed with an ethanol kit
(Ethanol UV-test, R-Biopharm AG, Darmstadt, Germany). The ethanol
yield (gl g), the volumetric productivity of ethanol (g/[L·h]), and the glu
cose consumption rate (g/[L·h]) were used as criteria of fermentability. For
calculation of the yield, the ethanol concentration after 12 h was divided
by the initial concentration of glucose. The productivity was based on the
ethanol concentration achieved after 3 h of fermentation. The inhibition of
the ethanol yield was calculated according to the expression:

Yield inhibition (%) = [(Y f - Y h)/Y fl x 100re pre re

where Yref is the ethanol yield in the reference fermentation and Y reh is the
ethanol yield in the fermentation of the prehydrolysate. The ihhibition
of the volumetric productivity was calculated in an analogous way.

Enzymatic Convertibility

For evaluating the enzymatic convertibility of cellulose, approx 110 mg
of the washed pretreated solid fraction was placed in a Falcon tube, and
0.04 M acetate buffer (pH 4.8) was added giving a total volume of 5 mL
and a DM content of 2%. A commercial preparation of Trichoderma reesei cel
lulases (Celluclast 1.5L) and a p-glycosidase preparation (Novozym 188),
both produced by Novozymes A/S (BagsvGerd, Denmark), were added at
a loading of 25 filter paper units/g DM and 0.46 cellobiose units/mL,
respectively. The reaction mixture was incubated in a rotating incubator
(New Brunswick Scientific, Edison, NJ) at 50°C and 150 rpm for 24 h. By
the end of the hydrolysis, the liquid was separated from the solids by cen
trifugation, the glucose concentration was determined by ion chro
matography, and the results were used for calculating the enzymatic
convertibility of cellulose. In a parallel experiment, the enzymatic convert
ibility of the untreated raw materials was also assayed. The experiments
were performed in triplicates.

Applied Biochemistry and Biotechnology Vol. 136-140, 2007



344 Martin et al.

Table 1
Main Components of the Raw Materials in Percentage

Ethanol Klason
Material Gluean Xylan Arabinan extractives lignin Ash

Bagasse 36.1 20.8 2.8 6.1 17.8 2.0
Riee hulls 49.1 8.3 1.3 6.4 12.9 15.2
Peanut shells 22.1 10.7 1.4 8.5 35.2 7.2
Cassava stalks 31.0 12.3 0.9 7.6 24.8 8.0

Results and Discussion

Composition of the Materials

The composition of the raw materials used in this investigation is
shown in Table 1. Sugarcane bagasse and rice hulls had the highest carbo
hydrate content. The high contents of glucan, which were attributed to
remaining starch and ash in the rice hulls, are noteworthy. In the other
materials, the most notable was the high-lignin content of peanut shells,
which is in agreement with previous results (18).

Effect of the Prehydrolysis on the Formation of Sugars

The prehydrolysis conditions studied were selected because they have
been successfully used for materials such as sugarcane bagasse (10) and
sorghum straw (19). As a result of the partial hydrolysis of polysaccharides,
sugars were formed during the dilute-acid prehydrolysis. Xylose, derived
from hemicelluloses, and glucose, mainly derived from cellulose and
starch, were the major sugars found in the prehydrolysates of all the mate
rials (Table 2). The standard deviation of the sugar analyses was 5.7%.
Arabinose was the third most abundant sugar, whereas the galactose con
tent was less relevant and mannose was detected only in the prehy
drolysates of peanut shells and cassava stalks. The different sugar content
of the prehydrolysates indicates that the hemicelluloses of the investigated
materials have different composition. However, it is obvious that the dif
ferent sugar yield is also a consequence of the different susceptibility to
dilute-acid prehydrolysis displayed by the different materials.

For all the materials, the glucose and xylose content generally
increased with increasing length of the prehydrolysis. Thus, no extensive
degradation of monosaccharides was observed, although the furan alde
hydes are products of acid-catalyzed degradation. Most of the arabinose
and galactose were formed after the shortest prehydrolysis time (Table 2).
The high-degree of arabinose release under mild pretreatment conditions
has previously been observed for sugarcane bagasse (Martin C. unpub
lished, [16]). The ease of arabinose hydrolysis is supposedly owing to its
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Table 2
Sugar Composition of the Prehydrolysates Obtained After Dilute Sulfuric Acid

Prehydrolysis of Sugarcane Bagasse, Rice Hulls, Peanut Shells,
and Cassava Stalks During 20, 40, and 60 min

Material
Prehydrolysis Glucose Xylose Arabinose Galactose Mannose

time (min) (giL) (giL) (giL) (giL) (giL)

Bagasse
Bagasse
Bagasse
Rice hulls
Rice hulls
Rice hulls
Peanut shells
Peanut shells
Peanut shells
Cassava stalks
Cassava stalks
Cassava stalks

20
40
60
20
40
60
20
40
60
20
40
60

2.1
3.7
4.0
26
29

33.5
1.3
1.4
1.5
3.5
5.1
5.2

17.2
18.9
19.1
4.8
5.6
6.9
1.7
4.1
5.3
2.1
4.9
6.3

2.0
2.1
2.2
1.0
1.2
1.4
1.5
1.5
1.5
0.8
0.8
0.8

0.7
0.8
0.8
0.5
0.5
0.6
0.7
0.9
1.0
1.2
1.5
1.6

ND
ND
ND
ND
ND
ND
0.1
0.1
0.2
0.2
0.5
0.7

NO, not detected.

location in the branches of arabinoxylan, where the cleavage of the glyco
sidic bonds is easier than in the backbone of the macromolecule (20,21).

Sugarcane Bagasse

Sugarcane bagasse was the most susceptible material to the prehydrol
ysis conditions used in this work. The hemicellulose fraction of bagasse was
hydrolyzed to a high-extent as indicated by the high-concentrations of
xylose, arabinose (Table 2), and acetic acid (Table 3) in the prehydrolysates.
The conversion of the xylan of the raw bagasse was 73-81 % (Fig. 1). The con
centrations of hemicellulose degradation products such as xylose, arabinose,
and acetic acid increased with less than 30% when the reaction time
increased from 40 to 60 min. The relatively low-glucose concentration (Table
2) indicates that cellulose was only marginally hydrolyzed. Even under the
harshest conditions, the conversion was no more than 10% (Fig. 2).
Evidently, only the noncrystalline part of the cellulose was hydrolyzed, as
72% sulfuric acid was needed to obtain complete hydrolysis. These results on
dilute sulfuric acid hydrolysis of Cuban bagasse are comparable with previ
ous reports using bagasse from Australia (15), Brazil (9), and Mexico (10).

Rice Hulls

Although the hydrolysis of the hemicellulose fraction of rice hulls was
substantial, the high-degree of glucan hydrolysis was more remarkable.
The glucose concentration in the prehydrolysates ranged from 26 to 33.5 giL
(Table 2). The glucose yield ranged between 46.9 and 61.4% (Fig. 2). Because
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Table 3
Content of Fermentation Inhibitors in the Prehydrolysates

Material
Prehydrolysis

time (min)

Acetic
acid

(giL)

Formic
acid

(giL)
Furfural

(giL)

Phenolic
HMF compounds
(giL) (giL)

Bagasse
Bagasse
Bagasse
Rice hulls
Rice hulls
Rice hulls
Peanut shells
Peanut shells
Peanut shells
Cassava stalks
Cassava stalks
Cassava stalks

20
40
60
20
40
60
20
40
60
20
40
60

2.5
2.8
2.7
0.9
1.0
1.1
1.1
1.7
1.9
1.5
1.9
2.0

0.16
0.18
0.20
0.09
0.12
0.15
0.11
0.19
0.24
0.10
0.14
0.16

0.10
0.29
0.36
0.05
0.11
0.17
0.02
0.05
0.10
0.01
0.04
0.10

0.03
0.06
0.07
0.10
0.17
0.21
0.10
0.15
0.17
0.01
0.02
0.03

0.28
0.22
0.24
0.23
0.23
0.23
0.11
0.12
0.12
0.04
0.07
0.11
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Fig. 1. Xylan converted to xylose during dilute acid prehydrolysis of sugarcane
bagasse, rice hulls, peanut shells, and cassava stalks. Prehydrolysis time: 20 min (gray
bars), 40 min (white bars), and 60 min (black bars).
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Fig. 2. Glucan converted to glucose during dilute acid prehydrolysis of sugarcane
bagasse, rice hulls, peanut shells, and cassava stalks. Prehydrolysis time: 20 min (gray
bars), 40 min (white bars), and 60 min (black bars).
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the conditions used for prehydrolysis should be too weak for cellulose
hydrolysis, the glucose should likely be derived from starch in grain remains
in the hulls and probably from glucans in the hemicellulose fraction.

Peanut Shells and Cassava Stalks

Peanut shells and cassava stalks rendered low amounts of sugars on
prehydrolysis (Table 2) indicating that complete hydrolysis of hemicellu
loses would require more severe conditions. Even though xylan conver
sion increased noticeably with increasing prehydrolysis time, the highest
conversion was only 43.6 and 45.1 % for peanut shells and cassava stalks,
respectively. This is considerably lower than what was achieved for sugar
cane bagasse and rice hulls (Fig. 1). The low degree of xylan hydrolysis
observed for peanut shells and cassava stalks might be linked to their
high-lignin content (Table 1). Although the conditions used for pretreat
ments were too weak for complete hydrolysis of xylan, they were strong
enough for complete hydrolysis of arabinan, even with the shortest prehy
drolysis time.

In the prehydrolysates of cassava stalks, including those obtained
under mild conditions, glucose was rather abundant. Taking into account
that the conditions were far too weak for cellulose hydrolysis, it appears
reasonable to assume that glucose is an important component of cassava
stalk hemicelluloses. The considerable amounts of galactose and mannose
found in the prehydrolysates indicate that those sugars also are important
constituents of cassava stalk hemicelluloses. These findings suggest that
hemicelluloses of cassava stalks differ considerably from hemicelluloses of
other agricultural residues, such as wheat straw (22), rice straw (23), and
sugarcane bagasse (21), and are closer to wood hemicelluloses, which con
tain mannose and galactose heteropolymers (20).

Formation of Fermentation Inhibitors

The data from the pretreatment experiments indicate how the differ
ent conditions used influence the formation of inhibitory compounds for
each of the different raw materials. As expected, the concentration of most
of the inhibitors, except the phenolic compounds, increased with increas
ing severity of the treatment. However, even under the harshest conditions
the inhibitor content of the prehydrolysates was relatively low (Table 3).
This is a consequence of the mild prehydrolysis conditions used, which
did not lead to any major degradation of the released sugars.

Acetic acid, generated by hydrolysis of hemicelluloses, was the most
abundant inhibiting compound found in the prehydrolysates. The high
est concentrations were found in bagasse prehydrolysates, wherein hemi
celluloses were hydrolyzed to a higher degree. However, in all the
prehydrolysates, the concentrations of acetic acid were below the inhibiting
limit (24). The low concentration of formic acid and the absence of levulinic

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



348 Martin et al.

acid in the prehydrolysates indicate that the degradation of furan aldehy
des was modest. Higher formation of formic and levulinic acids could be
expected if the hydrolysis conditions would be more severe.

The concentrations of furan aldehydes were relatively low, but increased
with increasing pretreatment time (Table 3). In the bagasse and cassava
stalk prehydrolysates, the concentrations of furfural were higher than the
concentrations of HMF, whereas the situation was different in the rice hull
and peanut shell prehydrolysates (Table 3). Higher concentrations of fur
fural could possibly be related to the relatively high-xylan content of
bagasse and cassava stalks (Table 1).

The formation of phenolic compounds was most apparent in prehy
drolysates of bagasse and rice hulls. Some phenols may originate from
low-molecular weight compounds, such as lignans that are soluble in
water. Partial degradation of lignin is generally the main source of phe
nols, but some phenols, such as phenolic acids from gramineous plants,
are derived from the hemicellulose fraction (25/26). As the conditions used
in this work were too mild to cause extensive lignin degradation, and the
highest formation of phenols was observed in the prehydrolysates of residues
of sugarcane and rice, two plants belonging to the Gramineae family, it
might be expected that a considerable part of the phenols found in the pre
hydrolysates of bagasse and rice hulls result from hydrolysis of lignin-like
substituents in hemicelluloses.

Fermentability of the Prehydrolysates

The fermentability of the prehydrolysates was assessed using baker's
yeast. The pattern of glucose consumption during fermentation of the pre
hydrolysates is shown in Fig. 3. Although glucose consumption in the
prehydrolysates was slower than in the reference fermentation, all the
prehydrolysates fermented relatively rapidly without any detoxification.
However, there were some differences between the different raw materi
als. The highest glucose consumption rates were achieved in prehy
drolysates of rice hulls and cassava stalks, where glucose was depleted
within 6 h (Fig. 3B,D). The glucose consumption in the 20-min prehy
drolysate of cassava stalks was very close to that observed in the reference
fermentation. No inhibition of the volumetric ethanol productivity was
observed in that prehydrolysate or in the prehydrolysates of rice hulls
(Fig. 4). The good fermentability of prehydrolysates of rice hulls, combined
with their high-glucose concentration, make them especially attractive for
ethanolic fermentation.

In the fermentation of the prehydrolysates of bagasse and peanut
shells the consumption of glucose was slower (Fig. 3A,C), and the inhibi
tion of the ethanol productivity was more noticeable (Fig. 4). The slower
fermentation rates may be linked to the higher concentrations of inhibitory
compounds. However, because the concentrations of all the inhibitors
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Fig. 3. Glucose consumption during fermentation of the prehydrolysates of sugar
cane bagasse (A), rice hulls (B), peanut shells (0, and cassava stalks (0) obtained by
dilute sulfuric acid prehydrolysis at 122°C during 20 (+), 40 (.), and 60 min (.).
Reference fermentation (e).

100

~ 80
rf.
-; 60
o
:E 40
:.c
c

20

o

,-- r--_

-

I '-

Bagasse Rice hulls Peanut shells Cassava
stalks

Fig. 4. Inhibition of the volumetric productivity of ethanol. Gray bars, 20-min
prehydrolysis; white bars, 40-min prehydrolysis; black bars, 60-min prehydrolysis.

were rather low, the inhibitory effect did not last long and all fermenta
tions were completed within 12 h (Fig. 3).

For most materials, the fermentation rate decreased with increasing
prehydrolysis time (Fig. 3). This was obviously because of increasing
inhibitor content. However, for bagasse, the prehydrolysate obtained with
the shortest prehydrolysis time appeared to be most inhibitory (Figs. 3A
and 4). One reason could be the higher content of phenolic compounds in
that prehydrolysate (Table 3). Another explanation might be related to acetic
acid. Assuming that acetic acid exerts a stimulatory effect on the ethanolic
fermentations at the concentrations observed in this study, a faster fer
mentation of the prehydrolysates obtained after 40 and 60 min treatment
may be expected.
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Table 4
Enzymatic Convertibility (EC) of Sugarcane Bagasse, Rice Hulls, Peanut Shells,

and Cassava Stalks Pretreated by Using Dilute Sulfuric Acid

Prehydrolysis Enzymatic
Material time (min) convertibilitya (%) ECpM/ECuM

Bagasse 20 45.6 2.7
Bagasse 40 59.8 3.4
Bagasse 60 66.0 3.7
Rice hulls 20 14.2 <1
Rice hulls 40 13.5 <1
Rice hulls 60 22.2 <1
Peanut shells 20 15.3 1.20
Peanut shells 40 15.4 1.20
Peanut shells 60 17.3 1.33
Cassava stalks 20 12.6 <1
Cassava stalks 40 12.9 <1
Cassava stalks 60 14.8 <1

ECpM/ECUM' relative convertibility; PM, pretreated material; UM, unpretreated material.
aThe enzymatic convertibility is related to the glucan contained in the filter cakes.

Enzymatic Convertibility of the Pretreated Materials

In order to investigate dilute acid prehydrolysis as a pretreatment
method for enzymatic hydrolysis of cellulose, the filter cakes obtained
after separation of the prehydrolysates were subjected to hydrolysis using
cellulolytic enzymes. The best enzymatic convertibilities were achieved for
bagasse, whereas the other materials were converted to a lesser extent
(Table 4). A t-test at 95% confidence level indicated that the differences
between the enzymatic convertibility of different materials were statistically
significant. The highest degree of conversion was achieved for bagasse pre
treated during 60 min, for which 66% of the cellulose of the filter cake was
hydrolyzed to glucose. However, taking into account the losses occur
ring during the pretreatment, the conversion equals only 40% of the cel
lulose of the raw bagasse. That is relatively low considering the
conversion achieved in enzymatic hydrolysis of bagasse pretreated by
steam-explosion or wet-oxidation (27,28). Therefore, the optimization of
dilute sulfuric acid pretreatment conditions of sugarcane bagasse
deserves more attention.

The enzymatic convertibility of the untreated raw materials was also
assayed. The relative convertibility indicates how many times higher the
enzymatic convertibility of the pretreated materials was compared with
that of the unpretreated materials. As can be seen in Table 4, dilute sulfuric
acid prehydrolysis improved the enzymatic convertibility of bagasse
2.7-3.7 times. For the rest of the materials, the relative convertibility was
low, indicating that the prehydrolysis was not efficient for improving the
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enzymatic convertibility. An additional experiment, using a higher enzyme
load, did not lead to significant improvements of the enzymatic convert
ibility of any of the materials investigated (data not shown). More severe
conditions have to be considered in future experiments.

The enzymatic convertibility of pretreated rice hulls and cassava stalks
was unexpectedly lower than that of the unpretreated materials. This indi
cates that either the pretreatment used for those materials was inadequate
or that easily hydrolysable glucans were present. Rice hulls and cassava
stalks contain noncellulose glucans that were not further characterized.
Perhaps those glucans can be hydrolyzed by the enzyme preparation used
without pretreatment. More severe conditions of dilute sulfuric acid pre
hydrolysis of rice hulls and cassava stalks appear to be needed for improving
the subsequent enzymatic hydrolysis of cellulose.

Conclusions

Under the conditions tested, prehydrolysis using dilute sulfuric acid
was efficient for obtaining sugars from sugarcane bagasse and rice hulls
hemicelluloses, and for improving the enzymatic convertibility of bagasse
cellulose, but it was not efficient for the other materials. This work demon
strates the potential in using dilute sulfuric acid for pretreatment before
enzymatic hydrolysis of bagasse, but further optimization of the condi
tions is desirable. For rice hulls, peanut shells, and cassava stalks, more
severe conditions need to be studied. It is also of interest to investigate rice
hulls free of grain remains. An investigation of that issue is underway.
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Abstract

In this study, different enzyme preparations available from Novozymes
were assessed for their efficiency to hydrolyze lignocellulosic materials. The
enzyme mixture was evaluated on a pretreated cellulose-rich material, and
steam-exploded barley straw pretreated under different temperatures (190,
200, and 210°C, respectively) in order to produce fermentable sugars. Results
show that xylanase supplementation improves initial cellulose hydrolysis
effectiveness of water-insoluble solid fraction from all steam-exploded bar
ley straw samples, regardless of the xylan content of substrate. The mixture
constituted by cellulase: ~-glucosidase: endoxylanase of the new kit for lig
nocellulose conversion at a ratio 10 : 1 : 5% ([vIw]' enzyme [E]I substrate [5])
provides the highest increment of cellulose conversion in barley straw pre
treated at 210°C, for 10 min.

Index Entries: Agricultural residues; cellulose conversion; lignocellulose;
pretreatment; xylanase supplementation; steam explosion.

Introduction

Liquid biofuels obtained from biomass feedstock, as ethanol, is regarded
as an attractive alternative to fuel oil to reduce dependence on foreign oil
and diminish CO2 emissions, main cause of greenhouse effect. The pro
duction of ethanol as fuel (i.e., fuel ethanol) from cereal starch in Spain
reached about 240,000 t in 2005 (1). Recent legislation (2) requires the use
of at least 500,000 t/yr of cereal-based ethanol by 2010. Alternative
biomass resources as lignocellulosic materials could also be used to sup
ply a large-scale biomass-to-energy industry. This feedstock is interesting
because of its abundance and low cost, as a great part of the lignocellu
losic materials is generated as remainder in the productive process of
agricultural sector. However, the ethanol production and its derivatives

*Author to whom all correspondence and reprint requests should be addressed.
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from lignocellulose require advanced conversion technology to make
them competitive against fuel oil. Although today there is little commer
cial production of ethanol from lignocellulosic biomass, R&D is being
performed in Canada, the United States, and Europe (3). Among
biomass-to-ethanol processes, those based on enzymatic hydrolysis
seems to be promising. However, there are physical-chemical, structural,
and compositional factors that hinder the enzymatic digestibility of cel
lulose present in lignocellulose biomass. Barley straw, an important
residue from grain industry in Spain, may be a promising substrate for
microbial fermentation to ethanol. It contains about 35-40% cellulose,
20-30% hemicellulose, and 8-15% lignin. Currently, the use of cereal
straw to produce fuel ethanol faces significant technical and economic
challenges. Its success depends largely on the development of an envi
ronmentally friendly pretreatment procedure, highly effective enzyme
systems for conversion of pretreated barley to fermentable sugars, and
an efficient conversion of fermentable sugars to ethanol.

Pretreatment is required to alter the structure of cellulosic biomass mak
ing cellulose more accessible to enzymes that convert the carbohydrate poly
mers into fermentable sugars. The goal is to break the xylan-lignin matrix and
disrupt the crystalline structure of cellulose (4). Steam explosion (5E) has been
proposed as an efficient pretreatment of lignocellulosic materials owing to its
low use of chemicals, low energy consumption, and efficient biomass disrup
tion characteristics for hardwoods and agricultural residues (5). Moreover, it
has been developed at commercial scale (6). This pretreatment, based on the
combined effect of steam and pressure release, disrupts the lignin barrier and
enhances accessibility of cellulose fibers to enzymatic attack.

In addition to the physical barriers that constitute both hemicellulose
and lignin, there are difficulties in the enzymatic hydrolysis step. Cellulases
have a low specific activity (7). Furthermore, the hydrolysis rate falls off
sharply as the hydrolysis proceeds; thus, it is necessary to use great
amounts of enzymes in this process. This adds to the higher production cost
of the enzymes, making the enzymatic hydrolysis step a critical point in the
global cost of ethanol production (8). There are numerous factors that con
tribute to the reduction in the capacity of cellulose conversion by enzymes:
those related to the structure of the substrate, and those related to the
mechanisms and interactions of the cellulose enzymes (9). Substrate struc
ture, responsible for the accessibility and susceptibility to the enzymatic
attack, is determined by the type and conditions of pretreatment. On the
other hand, the nature of the enzymatic complex used and the proportion
of each component, and therefore its susceptibility to enzyme product
based inhibition, are going to establish the way of interaction between
cellulases and cellulose fiber. The enzymatic conversion of cellulose is a
complex process involving the coordinated action of exo/endocellulases
and cellobiases, in order to render glucose. On the other hand, enzymatic
hydrolysis of the hemicellulose is essential to facilitate complete cellulose
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degradation. As xylan is the major hemicellulose in barley straw, xylanase
addition would render xylooligomers and xylose. Hence, a complete degra
dation of xylan-to-xylose would make the production of bioethanol from
lignocelulosic materials more profitable, aiming at the possibility to
ferment both glucose and xylose to ethanol.

The activities detected in most of the commercial enzymatic prepara
tions are not often sufficient to obtain a complete conversion of the cellu
lose. The supplementation with greater ~-glucosidase doses is essential to
reduce cellobiose inhibition in the enzymatic hydrolysis step (10). The use
of accessory enzymes as hemicellulases and ligninases could be interesting
for the conversion of lignocellulosic materials into monomeric sugars that
can be transformed to ethanol by suitable microorganisms (11). In this con
text, the study of new enzyme mixtures in the enzymatic hydrolysis step
is relevant to improve the potentially fermentable sugar yields.

In the present study, different enzyme preparations available from
Novozymes A/S (Bagsveard, Denmark) were assessed for their efficiency
to hydrolyze lignocellulosic materials. First, these enzyme samples were
analyzed for the amount of cellulase, cellobiase, and xylanase activities.
Subsequently, the enzyme mixture was evaluated on a pretreated cellu
lose-rich material, and steam-exploded barley straw pretreated under dif
ferent temperatures (190, 200, and 210°C, respectively) in order to produce
fermentable sugars.

Materials and Methods

Feedstock Material

Barley straw (Hordeum vulgare, 6-8% moisture), supplied by Ecocar
burantes de Castilla y Leon (Spain) was used as raw material. Biomass was
coarsely crushed (to a particle size of about 10 mm) using a laboratory
hammer mill (Retsch GmbH & Co. KG, Germany), homogenized and
stored at room temperature until use. Raw material showed the following
composition (dry weight [%]): 37.1 ± 1.3, glucans; 21.3 ± 0.5, xylans; 3.8 ± 0.4,
arabinans; 1.2 ± 0.2, galactans; 16.9 acid-insoluble lignin, 2.3 ± 0.8 acid
soluble lignin; 1.8 + 0.01 acetyl groups; 15.4 extractives; and 8.2 ash. The
composition of the raw material was determined using the standard labo
ratory analytical procedures for biomass analysis provided by the National
Renewable Energy Laboratory (Colorado) (12).

Sf Pretreatment

Barley straw was pretreated in a small SE batch plant based on
Mansonite technology, as described in a previous work (13). The reactor
was filled with 150.0 g (dry weight) of feedstocks per batch, and then
heated to the desired temperature (190, 200, and 210°C, respectively)
directly with saturated steam for 10 min. After explosion, the material was
recovered in a cyclone. The slurry was cooled to about 40°C and then filtered
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for water-insoluble solid (WIS) and liquid-fractions recovery. WIS fraction
was thoroughly washed with water and dried at 45°C. The chemical com
position of WIS was determined by National Renewable Energy Laboratory
standard methods (12) and used in enzymatic hydrolysis tests.

Enzyme Preparations

Celluclast 1.5 FC, Novozym 188, Shearzyme, NS50013, NS50010, and
NS50030 enzyme preparations were kindly provided by Novozymes. The
three last preparations were contained in Novozymes Biomass Kit for
conversion of lignocellulosic materials.

Measurement of Enzymes Activities

Enzyme preparations were subjected to standardized tests to deter
mine protein content and main enzymes activities relevant in the conversion
of lignocellulose: cellulase, cellobiose, and xylanase activities. Cellulase and
~-glucosidaseactivities were measured according to methods described by
Chose (14). Cellulase activity was defined in terms of filter paper
units/milliliter and ~-glucosidase as cellobiase unit/milliliter. Xylanase
activity was quantified as described by Bailey et al. (15) using birchwood
xylan (Sigma Aldrich Corp., St. Louis, MO) as substrate. One unit of
xylanase activity is the amount of enzyme required to release 1 ~mol of
reducing sugars (xylose equivalents) per minute (U/mL).

Filter paper activity assay is the most usual measurement of the
hydrolytic potential of a cellulase preparation because it allows the deter
mination of the overall cellulase activity. Cellobiase (actually ~-glucosidase)

activity is responsible for the formation of glucose from cellobiose and its
important role in cellulose degradation by relieving cellobiose inhibition is
well known. Finally, xylanase (endo-l,4-~-D-xylanase activity) activity cat
alyzes the random hydrolysis of 1,4-~-D-xylosidic linkages in xylans. The
protein content was determined by Bicinohoninic acid [BCA]TM assay
(BCA-Compat-Able Protein Assay kit, ref. 23229, Pierce, Rockford, IL)
using bovine serum albumin as protein standard.

Enzymatic Hydrolysis Experiments

Different ternary mixtures of enzyme preparations were studied on
washed WIS samples after pretreatment: Cellulases (Celluclast 1.SL FC
and NS50013): ~-glucosidases (Novozym 188 and NS50010) and xylanases
(Shearzyme and NSS0030). Enzymatic hydrolysis experiments were per
formed in 250-mL Erlenmeyer flasks at 50°C and 150 rpm and at 5% (wIv)
substrate loading in 0.05 M citrate buffer (pH 4.8). Enzyme loading of the
different enzyme preparations is expressed as volume of enzyme prepara
tion (E)/100.0 g substrate (washed-WIS) (S). Cellulases and xylanases were
dosed at 5 and 10% (v/w) E/S, whereas ~-glucosidasewas dosed always
at 1% (v/w) E/S (Table 1).
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Table 1
Enzyme Loading in Different Experiments Tested

357

Enzyme
mixture

A
B
C
D
E
F
G
H

Cellulase : ~-glucosidase : xylanase

Celluclast : Novozym : Shearzyme

NS50013 : NS50010 : NS50030

Enzyme
loading

%(v/w) E/S

10: 1 : 0
10: 1 : 5
10 : 1 : 10
5:1:5

10: 1 : 0
10: 1 : 5
10 : 1 : 10
5:1:5

Samples were withdrawn from the hydrolysis media at I, 3, 6, 12, 24,
and 120 h. The samples were centrifuged at 12,OOOg for 10 min, and sugar
concentration (glucose, cellobiose, and xylose) was determined by high
performance liquid chromatography (16). All experiments were performed
in duplicate. To compare the time-course of enzymatic hydrolysis of barley
straw pretreated at different conditions two indices were calculated: spe
cific conversion (SC) and mean specific rate (MSR). The SC is the percent
of total cellulose hydrolyzed to glucose in 12 himg, normalized for protein
content in 1 mL (%/mg). The MSR is the average of the cellulose hydroly
sis rates for 0-1, 1-3, 3-6, and 6-12 hlmg, normalized for protein content
in 1 mL (g glucose/L/h/mg). MSR and SC indices were calculated as
described by Berlin et al. (17).

The enzymatic hydrolysis yield was calculated as the concentration of
the hydrolyzed cellulose (HC) divided by the cellulose content in the pre
treated material and expressed as percentage. He shows glucose and cel
lobiose content in the media, after applying weight adjustment for analyzed
sugars. HC was calculated as follows:

HC = [Glu] . 0.9 + [Cell] . 0.95

where, [Glu] and [Cell] are the concentrations (giL) of glucose and cel
lobiose in the media, respectively. Taking into account that substrate
concentration in the enzymatic hydrolysis test was 5% (wIv).

Results and Discussion

Sf Pretreatment

The composition of WIS fraction of pretreated barley straw (dry
weight [%]) is shown in Table 2. After SE pretreatment solid recovery
(expressed as WIS remaining after pretreatment divided by 100.0 g of raw
material) was about 56%. Reduction in WIS was the result of solubilization
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Table 2
Composition of WIS Obtained After SE Pretreatment of Barley Straw

(Dry Weight [%])

Pretreatment Glucans Xylans Acid-insoluble lignin Ash
conditions (%) (%) (%) (%)

190°C, 10 min 58.8±1.1 11.8 ± 1.0 23.7 ± 1.0 7.8 ± 0.4
200°C, 10 min 64.5 ± 1.4 6.3 ± 0.9 24.8 ± 1.2 8.4±1.1
210°C, 10 min 62.3 ± 1.4 3.8 ± 0.9 25.4 ± 1.5 9.4 ± 0.7

Main value + sd.

and/or degradation of hemicellulose and extractives. After SEt the biomass
composition changed because of the thermal degradation mainly of the
hemicellulose component. Cellulose content in WIS increased in relation to
untreated material (37.1 %) ranging from 58.8 to 64.50/0/ depending on
the pretreatment conditions. The greatest cellulose content (64.5%) was
obtained at 200°C. High temperature pretreatment (210°C) produced
lower cellulose content in the pretreated material owing to slight cellulose
solubilization. Acid-insoluble lignin was considerably concentrated in
comparison with raw material (16.9%)/ reaching values up to 25.4% at the
most severe conditions. At increased pretreatment severity, a decrease in
the hemicellulose content was also observed. The chemical composition
confirmed that the matter loss primarily occurs at the expense of hemicel
lulose/ the component being more thermally degradable. Glucan and
lignin contents in all pretreated substrates were quite similar, and their
composition mainly differs on xylan content, which varied from 11.8 to
3.8% depending on pretreatment conditions.

Enzyme Activity Assays

Table 3 presents enzyme activities for the different enzyme prepara
tions used in this work. NS50013, a cellulase complex, and Celluclast 1.5 L
FG showed the highest values of filter paper activity (cellulase). In addition,
both enzymes presented xylanase activity, being higher in NS50013. This
fact is important in enzymatic hydrolysis of lignocellulosic materials
because xylans are coating the cellulose fibrils, and therefore, hindering the
accessibility of cellulose for cellulases. Xylanase was the highest enzyme
activity in Shearzyme, although it also shows some cellulase activity.
NS50030 preparation shows the highest xylanase activity (3760.0 IV/ mL). In
fact, this preparation is a purified endoxylanase and regarding information
supplied by Novozymes A/S, it shows high specificity toward the soluble
pentosan fraction in wheat.

Enzymatic Hydrolysis of Steam-Exploded Barley Straw

The influence of using different enzyme mixtures has been studied on
enzymatic hydrolysis of WIS from pretreated barley straw samples, which
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Table 3
Enzyme Activities in Enzymes Preparations

359

Protein
Enzyme activities (U/mL)

Enzyme concentration
preparations (mg/mL) FPA ~-Glucosidase Xylanase

Celluclast 1.5 L FG 151.0 65.0 12.0 660.0
NS50013 138.0 63.0 8.0 1117.0
Novozym 188 83.0 n.d. 664.0 69.0
NS50010 141.0 n.d. 992.0 124.0
Shearzyme 71.0 27.0 5.0 2293.0
NS50030 21.0 n.d. 1.0 3760.0

n.d. not detected; FPA, filter paper unit.

mainly differ on their xylan content. Six enzyme mixtures tested in this
study (B-D and F-H) consist of cellulases (Celluclast 1.5 L FC or NS50013),
P-glucosidases (Novozym 188 or NS50010), and xylanases (Shearzyme or
NS50030) preparations. Besides, two binary systems (A and E) consisting
only of cellulase and ~-glucosidase preparations were studied. ~-glucosi

dase was added in all mixtures studied, because as is well known in litera
ture, P-glucosidase can reduce the inhibiting effect of cellobiose. A reference
enzyme mixture (Celluclast 1.5 L FG and Novozym 188) was selected as
control. Table 4 shows enzymatic activities for the different enzyme mixtures
studied, expressed as unit per milliliter in the hydrolysis test media.

Hydrolysis of steam-exploded barley straw at 5% (wIv) substrate load
ing by tested enzymes mixtures is shown in Figs. 1-3. Enzymatic hydrolysis
followed the same pattern in all experiments. For all pretreated samples, the
xylanase addition improved the glucose production in enzymatic hydroly
sis. The highest glucose production during the first hour of hydrolysis was
found in barley straw pretreated at 210°C. It is worth mentioning that
increases in glucose production obtained with the different mixtures com
pared with control, were always higher in this substrate (up to 7.0 giL at
12 h of hydrolysis at 210°C with mixtures F and G), in spite of its low xylan
content (3.7%). Although the xylan content of the pretreated samples is low,
xylanases may significantly increase the accessibility of cellulose to cellu
lases by removing hemicellulose, including material redeposited on the
fibers during pretreatment (17). Increases were less evident as substrate was
pretreated at lower temperatures (up to 5.0 giL at 12 h of hydrolysis at
190°C with mixtures F and G). Similar glucose production was obtained for
control and enzyme mixtures D and H (which contained half-cellulase load
ing with respect to the control and 5% [v/wl of xylanases).

Supplementation with xylanase activity (up to a certain level of
16.0 U/mL) improved glucose production in enzymatic hydrolysis by using
enzymes mixtures with similar to both filter paper and p-glucosidase

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Fig. 1. Hydrolysis of WIS fraction of steam-exploded barley straw (l90°C 10 min)
by different enzymes mixtures. Mixtures A (-*-), B (-.-), C (-A-), and D(~)
cellulose: p-glucosidase : xylanase = Celluclast FG 1.5L : Novozym 188 : Shearzyme.
Mixtures E (-+-), F (-0-), G (-6-), H (-0-) cellulase: p-glucosidase :
xylanase = NS50013 : NS500l0: NS500.
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Fig. 2. Hydrolysis of WIS fraction of steam-exploded barley straw (200°C 10 min)
by different enzymes mixtures. Mixtures A (-*-), B (-.-), C (-A-), and D (-e-)
cellulase: p-glucosidase : xylanase =Celluclast FG 1.5L : Novozym 188 : Shearzyme.
Mixtures E (-+-), F (-0-), G (-6-), H (-0-) cellulase : p-glucosidase :
xylanase =NS50013: NS50010 : NS50030.

activities (A and E-G). This fact suggests that filter paper, although com
monly used as index of cellulose performance, does not provide a reliable
indication of the ability of a preparation to hydrolyze complex lignocellu
losic substrates. This fact has been recently indicated by other authors (18,19).
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Fig. 3. Hydrolysis of WIS fraction of steam-exploded barley straw (210°C 10 min)
by different enzymes mixtures. Mixtures A (-*-), B(-.-), C (-A-), and D ( )
cellulase : ~-glucosidase : xylanase =Celluclast FG 1.5L : Novozym 188 : Shearzyme.
Mixtures E (-+-), F (-0-), G (-.6-), and H (-0-) cellulase : ~-glucosidase :
xylanase = NS50013 : NS50010: NS50030.

The multiple parameters that influence hydrolysis of heterogeneous
lignocellulosic substrates (e.g., crystallinity, lignin/hemicellulose content
and distribution, and available surface area) result in complex reaction
kinetics. In order to compare the performance of different cellulase mix
tures on enzymatic hydrolysis of pretreated barley straw substrate, two
indices, MSR and SC, were determined as proposed by Berlin et al. (17)
(Table 5). MSR index provides an estimate of the average reaction rate
over the first 12 h of hydrolysis and SC index describes the percentage of
the total cellulose in the sample hydrolyzed at 12 h incubation period.
Differences in the performance of the various enzyme mixtures tested
have been found. MSR indices were similar for all pretreated substrate
samples in each enzyme mixture. As aforementioned, higher values for
SC index were obtained in the enzymatic hydrolysis of the substrate pre
treated at 210°C.

Mixtures D and H provided the highest values of MSR and SC
because of their lower protein loadings. Considering enzyme mixtures
with similar protein contents (A, E, and F), better results were achieved
with mixture F, which includes preparations from the Novozymes
Biomass Kit for conversion of lignocellulosic materials. Data obtained
using F mixture shows a significant improvement when compared with
the control (mixture A), which includes Celluclast and Novozym 188 that
are generally used in research studies of enzymatic hydrolysis of lignocel
lulosic materials.

Applied Biochemistry and Biotechnology Vol. 136-140,2007



Xylanase Contribution to the Cellulose Enzymatic Hydrolysis 363

Table 5
MSR and SCs for Hydrolysis of WIS Steam-Exploded Barley Straw

by Different Mixtures Enzymes

190°C 10 min 200°C 10 min 210°C 10 min
Enzyme
mixture MSR SC MSR SC MSR SC

A 1.8 40.8 1.8 51.2 1.7 52.0
B 1.7 42.8 1.7 52.8 1.9 54.0
C 1.6 37.2 1.5 46.4 1.7 63.6
D 2.4 60.4 2.3 65.6 2.4 69.2
E 2.0 49.2 2.1 58.8 2.2 64.0
F 2.5 59.6 2.3 65.2 2.4 67.6
G 2.3 53.2 2.2 63.6 2.4 70.4
H 3.1 80.0 3.1 91.2 3.2 92.8

Table 6
Enzymatic Hydrolysis Yield (%) at 24 hand 120 h of WIS Steam-Exploded

Barley Straw by Various Enzyme Mixtures

190°C 10 min 200°C 10 min 210°C 10 min
Enzyme
mixture 24h 120 h 24h 120 h 24h 120 h

A 47.2 54.4 60.6 74.1 58.2 85.7
B 54.8 64.5 69.8 84.4 75.6 97.0
C 56.5 66.9 70.9 84.4 73.9 98.8
D 50.1 60.4 59.8 78.0 62.6 97.7
E 47.5 55.2 57.5 77.2 68.7 94.1
F 61.2 71.5 70.0 85.0 84.7 100
G 60.2 71.3 70.3 82.7 84.5 98.1
H 52.0 68.3 53.5 81.8 66.5 98.2

Prolonged Enzymatic Hydrolysis

Table 6 shows results for cellulose conversion obtained after 24 and
120 h hydrolysis time. Enzymatic hydrolysis yield (expressed as percent
age) was calculated as the concentration of the HC divided by the cellulose
content in the pretreated substrate. Increased conversions of cellulose to
glucose in comparison with the control were obtained in experiments sup
plemented with xylanases. Comparing mixtures A and D similar cellulose
hydrolysis yields at 24 and 120 h were found. This finding is important
because in mixture D reduced amounts of cellulase and increased amounts
of xylanase are used. Likewise, if mixtures E and H are compared, similar
cellulose hydrolysis yields could be attained using reduced cellulase load
ing and increased xylanase loading. Higher enzymatic hydrolysis yields
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were obtained with enzyme mixture F. After 24 h hydrolysis time, the cel
lulose hydrolysis yield of steam barley straw pretreated at 210°C increased
by 45% when using this mixture in comparison with the control (mixture A).
In these conditions the increase of xylan hydrolysis yield was by 50%.
Complete enzymatic hydrolysis of barley straw pretreated at 210°C was
obtained for all enzyme mixtures tested (excluded the control). Regarding
results obtained in this work, the ternary mixture of N550013 : N550010 :
N550030 at 10 : 1 : 5% ([v/w] E/5) seems to be the most suitable for the cel
lulose hydrolysis of pretreated barley straw.

Concluding Remarks

The increase of the accesibility of cellulose to cellulases by the addition
of purified endoxylanases has been demonstrated in this work. Although
cellulase preparations normally cited in literature include some xylanase
activity, xylanase supplementation could maximize enzymatic hydrolysis
yield. This fact should be considered when using tailor-made enzyme com
plex to increase fermentable sugar yield in the hydrolysis step. In this work,
xylanase supplementation improved cellulose hydrolysis effectiveness of
pretreated barley straw samples, regardless of the xylan content of sub
strate. The interaction among different enzymatic activities presented in
cellulase complex should be further studied.
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Abstract

Hybrid poplar (Populus nigra x P. maximowiczii) chips were pretreated
using an organosolv ethanol process. The effect of pretreatment conditions
(temperature, time, catalyst, and ethanol concentration) on the substrate
characteristics, including fiber size, crystallinity, and degree of polymeriza
tion of cellulose, was investigated using an experimental matrix designed
with response surface methodology. The conditions ranged 155-205°C,
26-94 min, 0.83-1.67% catalyst (H2S04) on oven-dry wood chip (w/w), and
25-75% ethanol concentration (vIv). The results indicated that the substrate
characteristics are controllable and predictable. Desirable substrates can be
prepared by fine-tuning the processing parameters. The regression models
developed, allowed the quantitative prediction of the substrate characteris
tics from the pretreatment conditions used.

Index Entries: Crystallinity; degree of polymerization; fiber size; hybrid
poplar; organosolv ethanol pretreatment; substrate characteristics.

Introduction

Biorefinery of renewable resources for energy, chemicals, and materi
als has drawn considerable attention as the concerns for environmental
impact and shortage of fossil petroleum are increasing. Fuel ethanol from
lignocellulosics is one area receiving particular attention as the feedstocks
are generally abundant, inexpensive, and renewable. A typical bioconver
sion process of lignocellulosics to ethanol consists of pretreatment, saccha
rification, fermentation, and ethanol distillation steps, whereas in the
simultaneous saccharification and fermentation process, saccharification
and fermentation are integrated into a single step. A primary techno-economic

*Author to whom all correspondence and reprint requests should be addressed.
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challenge in all lignocellulosics-to-ethanol bioconversion processes is the
development of cost-effective pretreatment methods to make cellulose
more accessible to enzymes (1,2). The most adventitious strategy for an
effective pretreatment is to develop a biorefinery platform where not only
cellulose is recovered for bioethanol, but also lignin, hemicellulose, and
extractive components of the lignocellulosic biomass are converted to
valuable coproducts, which offsets the costs of feedstock pretreatment and
enzymes for cellulose hydrolysis.

Among the various pretreatment methods, such as steam-explosion
(3), dilute acid pretreatment (4,5), organosolv (6,7), and others (1), organo
solv ethanol process was initially developed to make clean biofuel for tur
bine generators. Subsequent modification by the Canadian pulp and paper
industry resulted in the Alcell® pulping process for hardwood (8-10). Our
initial results (7) indicated that the substrates pretreated by organosolv
ethanol process from mixed softwoods possessed superior enzymatic
digestibility over those pretreated by alternative processes, even at high
residual lignin content. Furthermore, the process produces a particularly
high-quality lignin fraction with potential in several industrial applica
tions (11) and chemicals derived from hemicellulose (12). Another advan
tage of the organosolv ethanol process is that the solvent (ethanol) used in
the pretreatment is one of the final products of the bioconversion.
Although the organosolv ethanol process has been largely investigated
from the perspective of pulp and paper production from hardwood
(13-16), it is not well-studied as a pretreatmentlbiorefining tool for the
bioconversion of lignocellulosic biomass. In particular, the effect of process
parameters on the fractionation of major wood components, on the process
mass balance, and on the chemical and physical characteristics of the sub
strate generated has not been investigated.

In previous work (17), we investigated the pretreatment of hybrid
poplar using organosolv ethanol process. The process was optimized from
the perspective of recovery of cellulose, lignin, and hemicellulose. The
enzymatic digestibility of the resulting substrate was also assessed. The
organosolv ethanol lignin generated from the poplar was evaluated as an
antioxidant (18). In addition, the behaviors of the major wood components
(lignin, hemicellulose, and cellulose) during the pretreatment, and chemi
cal composition of resulting substrates and its dependence on process
parameters were investigated as well (17). The delignification was greatly
dependent on ethanol concentration. Relatively lower ethanol concentra
tion promoted acid-catalyzed cleavage of lignin, whereas higher ethanol
concentration enhanced dissolution of depolymerized lignin fragments
from the wood matrix. A maximum delignification was achieved at an
ethanol concentration of about 70%( (vIv). More hemicellulose was
reserved in the substrate and less cellulose was depolymerized at high
ethanol concentration, resulting in higher sugar recovery yield. However,
retained hemicellulose and less hydrolyzed cellulose might have a negative
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impact on enzymatic hydrolysability of the substrate. High-temperature
and more catalyst promoted not only delignification but also degradation
of cellulose and hemicellulose. Extra high-temperature could result in
lignin condensation and further degradation of monosaccharides into fur
fural, hydroxymethylfurfural, and levulinic acid.

In the present research, physical characteristics influencing enzymatic
hydrolysis of the organosolv substrates from hybrid poplar were investi
gated, including fiber size, crystallinity, and degree of polymerization (DP)
of cellulose. The influence of the primary processing variables (tempera
ture, time, catalyst, and ethanol concentration) on the substrate character
istics was discussed. Mathematical equations were regressed to predict
quantitatively the effect of the processing variables on the substrate char
acteristics with the aid of response surface methodology and statistical
analysis system (SAS) software (SAS Institute Inc., Cary, NC).

Materials and Methods

Organosolv Ethanol Pretreatment

Hybrid poplar (Populus nigra x P. maximowiczii) wood chips, screened
to pass one-fourth of an inch (6.4 mm) round screen were generously pro
vided by the National Renewable Energy Laboratory (NREL) (Golden,
CO). The chemical composition of the poplar was reported previously (17).
Anhydrous ethanol used in pretreatment was purchased from Commercial
Alcohol Inc. (Brampton, Ontario, Canada). As described schematically
before (17), the poplar chips were pretreated on a customer-designed four
vessel (2 L) digester manufactured by Aurora Products Ltd. (Savona, BC,
Canada). Chips of 20.0 g (dry base) were pretreated, each batch in one ves
sel. After the pretreatment, substrate was separated from the processing
liquor containing dissolved lignin and hemicellulose by filtration using
nylon cloth. The substrate was first washed three times (300 mL x 3) with
warm (60°C) aqueous ethanol of the same concentration as the processing
liquor and then washed with warm water thoroughly. After being disinte
grated in a standard British disintegrator (Robert Mitchell Co. Ltd.,
Montreal, Quebec, CA) for 5 min, the washed substrate was screened on a
lab flat screen with 0.008 in. (0.203 mm) slits (Voith, Inc., Appleton, WI) to
remove undefiberized wood chips (rejects). The screened substrate was
stored at 4°C for characterization.

Characterization of Organosolv Ethanol Substrates

Viscosity measurement of the organosolv ethanol substrates from the
poplar was conducted according to Technical Association of Pulp and
Paper Industry Standard Method T230 om-99. The viscosity of a 0.5% cellu
lose solution in 0.5 M cupriethylenediamine was measured on a capillary
viscometer (Cannon Instrument Co., State College, PA). The substrate
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was carefully delignified before viscosity measurement, using sodium
chlorite according to Useful Method G.I0U of Pulp and Paper Technical
Association of Canada.

Fiber length of the substrates was measured using a Fiber Quality
Analyzer (LDA02, OpTest Equipment Inc., Canada). A dilute suspension
of fibers with a fiber frequency of 25-40 EPS (events per second) was trans
ported through a sheath low cell where the fibers are oriented and posi
tioned. The images of fibers were detected by a built-in CCD camera, and
the length of the fibers were measured by circular polarized light. The
experiment was conducted according to the procedure described by
Robertson et al. (19). All samples were run in triplicate.

Crystallinity of the substrates was measured using a Bruker D8
Discover X-ray diffractometer (Madison, WI). X-ray radiation (A = 1.542 A)
was generated by a Kristalloflex 780 generator with a Cu anode, powered
at 40 kV and 20 mAo An air-dried fiber pad (approx 40 mm diameter and
approx 1 mm thickness) was used for crystallinity measurement. The
intensity was plotted against the scattering angle 28 within a range of
5-400

• Two hundred scans were typically recorded for each sample.
Crystallinity of the substrates was calculated according to the method
described by Vonk (20) and Krassig (21).

Experimental Design and Data Analysis

To investigate the influence of four process variables (temperature,
reaction time at the temperature, acid catalyst dose, and ethanol concen
tration) on the characteristics of poplar substrates, an experimental matrix
was designed using response surface methodology and a small Hartley
composite design (22). The matrix included 21 sets of conditions, includ
ing eight factorial points, eight star points, and five center points, as sum
marized in Table 1. The range of conditions examined was as follows:
temperature, 155-205°C; time, 26-94 min; H2S04, 0.83-1.67% of wood
chips (wIw); and ethanol, 25-75% (vIv). The ratio of liquor to wood was
constant (7 : 1, vIw) in all experiments. The condition set of the center
point was temperature, 180°C; time, 60 min; H2S04, 1.25% of wood chips
(wIw); and ethanol, 50% (vIv). Data analysis (regression equations) was
conducted and surface plots (figures) were prepared using SAS V9.0 for
Windows (SAS Institute Inc.).

Results and Discussion

oP of Cellulose

The DP of cellulose is one of the substrate features that are known to
influence the extent and rate of enzymatic hydrolysis. Some investigations
concluded that DP is less important to enzymatic hydrolysis (23,24), whereas
other work indicated that substrates with low DP were hydrolyzed more
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Table 1
Experimental Matrix of a Small Hartley Composite Design and Results

Process conditiona Viscosity Crystallinity Fiber length
No. T (OC) t (min) 5 (%) c (%) (mPaS) (%) (mm)

1 165 40 1.00 65 10.9 59 0.480
2 195 40 1.00 65 21.3 78 0.648
3 165 80 1.00 35 20.4 63 0.702
4 195 80 1.00 35 4.5 63 0.551
5 165 40 1.50 35 12.9 65 0.613
6 195 40 1.50 35 2.6 76 0.392
7 165 80 1.50 65 13.6 80 0.565
8 195 80 1.50 65 2.1 88 0.290
9 155 60 1.25 50 14.0 69 0.521
10 205 60 1.25 50 2.8 81 0.409
11 180 26 1.25 50 22.3 66 0.717
12 180 94 1.25 50 9.9 70 0.560
13 180 60 0.83 50 24.8 68 0.662
14 180 60 1.67 50 3.3 76 0.425
15 180 60 1.25 25 6.7 73 0.525
16 180 60 1.25 75 19.9 70 0.620
17 180 60 1.25 50 14.2 67 0.640
18 180 60 1.25 50 13.1 66 0.624
19 180 60 1.25 50 13.5 68 0.674
20 180 60 1.25 50 12.2 66 0.577
21 180 60 1.25 50 12.5 65 0.633

aT, temperature (OC); t, reaction time at the temperature (min); 5, sulfuric acid dose
(percent of dry wood chips [wIw)); C, concentration of aqueous ethanol (vIv [%)).

quickly and extensively than those with high DP (25,26). It was believed
that longer cellulose chains (high-DP) formed stronger networks by more
extensive inter- and intramolecular hydrogen bonding, therefore limiting the
accessibility of cellulose to the enzymes and thus diminishing the substrates
susceptibility to hydrolysis (25). In addition, the reduction of DP increased
the number of cellulose chain ends available to the action of exoglucanase
in the cellulase complex, thus generating high-reaction rate and glucose
yield (26-28).

The viscosity of the cellulose solution is an indirect measurement of
cellulose DP. In the present research, the viscosity of the substrate solution
in cupriethylenediamine was used as an indication of cellulose degrada
tion (decrease in molecular weight). The data listed in Table 1 clearly indi
cate that the viscosity of the substrates greatly depended on process
conditions, varying from 2.1 to 24.9 mPaS. The high-viscosity values are
within the range of typical wood pulps for paper (15-25 mPaS) but much
lower than the viscosity of cotton linters (>40 mPaS) (29), whereas the low
values are too low to meet the strength requirement of pulp for paper. It is
apparent that long reaction times reduced the viscosity because of the
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Fig. 1. Effect of process parameters on viscosity of the substrates prepared using
organosolv ethanol process from hybrid poplar. The fixed variables were set at center
point conditions. A, 180°C, 1.25% H 2S04; B, 60 min, 50%, ethanol.

acid-catalyzed depolymerization of cellulose when exposed to the acidic
processing liquor at high-temperatures and, in particular, at low ethanol
concentrations (Fig. 1A). Low ethanol concentration, which generates
higher hydrogen ion concentration (lower pH value) at the same dose of
H2S04 (30), promoted acid-catalyzed hydrolysis of cellulose. As expected,
the substrate prepared at high ethanol concentrations had high-viscosity
(Fig. 1A), implying that less depolymerization occurred. On the other
hand, the substrates prepared at high-temperatures and sulfuric acid con
centrations had low-viscosity (Fig. 1B), as the severe conditions enhanced
the acidic hydrolysis of glucoside bonds in cellulose.

Crystallinity

The crystallinity of the cellulose is another substrate factor influencing
enzymatic hydrolysis. However, contradictory conclusions have been
drawn about the effect of crystallinity on enzymatic hydrolysis of cellulose
(24). Several studies found a positive correlation between crystallinity and
hydrolysis and claimed that the amorphous part of cellulose was
hydrolyzed first, leaving the more recalcitrant crystalline part unhydrolyzed
(23,31,32). These studies used relatively pure cellulosic substrates; the effect
of other substrate features, such as residual hemicellulose and lignin con
tents, was minor or not considered. Other studies reported no correlation
between crystallinity and the rate/extent of enzymatic hydrolysis of sub
strates. This was particularly true when real lignocellulosic substrates were
used because other factors such as residual lignin and hemicellulose played
more important roles in inhibiting hydrolysis (25,33,34). In other words, the
effect of crystallinity was overlapped in case of real substrate.

The effect of process parameters on the crystallinity of organosolv
ethanol substrates is shown in Fig. 2 and Table 1. The crystallinity varied
from 59% to 88% (Table 1), depending on processing parameters. Long
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Fig. 2. Effect of process parameters on crystallinity of the substrates prepared using
organosolv ethanol process from hybrid poplar. The fixed variables were set at center
point conditions. A, I80aC, 1.25% H2S04; B, 60 min, 50%, ethanoL

reaction time and relatively low ethanol concentration were expected to
generate a substrate with high-crystallinity as these conditions favored the
removal of amorphous lignin and hemicellulose. The results indicated that
the substrates prepared at high ethanol concentration had lower crys
tallinity as more hemicellulose was retained in the substrates (right back
corner of Fig. 2A). However, it is unclear why low-crystallinity was
observed at extended time and low ethanol concentrations (left front cor
ner of Fig. 2A). Figure 2B shows that the substrates generated at high-tem
perature and sulfuric acid concentration possessed higher crystallinity
because of enhanced removal of amorphous lignin and hemicellulose. In
addition, selective hydrolysis of amorphous part of cellulose might be
another contributor to the high-crystallinity at high-temperature and
catalyst dosage.

Fiber Size

It is believed that particle size is an important substrate factor influ
encing hydrolysis rate. In general, small particle size means large surface
area available to enzymes, thus promoting hydrolysis. This is particularly
true in case of "real" lignocellulosic substrates (24). The effect of process vari
ables on average length of substrate fibers is shown in Fig. 3 and Table 1.
The length of shortest fibers (0.290 mm, no. 8) was only half of that of
longer fibers (e.g., no. 17-21), as listed in Table 1. The fiber length of the
poplar substrates was linearly related to ethanol concentration and reaction
time, as shown in Fig. 3A. Long reaction times produced shorter fibers,
whereas high-concentrations of ethanol generated longer fibers. High
temperatures and higher concentrations of sulfuric acid resulted in shorter
fibers, as shown in Fig. 3B. The reduction of fiber length was primarily
caused by "chemical cutting" occurring during the organosolv ethanol
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Fig. 3. Effect of process parameters on average fiber length of the substrates pre
pared using organosolv ethanol process from hybrid poplar. The fixed variables were
set at center point conditions. A, IS0aC, 1.25% H2S04; B, 60 min, 50% ethanol.

Fig. 4. Chemical cutting of fibers occurring during organosolv ethanol pretreatment
observed under light microscope.

pretreatment, but the mechanism of the chemical cutting is not clear. The
chemical cutting of the fibers was clearly observed under microscope.

Figure 4A shows the short pieces cut off from the fibers. Many cuttings
are clearly visible along the fibers, as indicated by the arrows. The images
of intact fibers are shown in Fig. 4B for comparison. It was observed that
severe pretreatment conditions, for example, long reaction time, low
ethanol concentration (high-acidity), high-temperature, and higher concen
trations of acid catalyst, promoted the chemical cutting. Similarly, fiber cut
ting was observed in organosolv acetic acid pulping of wheat straw (35).
The chemical cutting is not desirable if the fibers are used for pulp and
paper because the cutting weakens the strength of the fibers and papers.
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However, from bioconversion point of view, the short fibers might be good
substrates to enzymes because of the great surface area.

Regression Equations

The effect of pretreatment conditions on the physical characteristics
of the poplar substrates was qualitatively discussed earlier. To quantita
tively predict the effect of each process variable on the substrate fea
tures, the relationship between substrate features and process variables
was fitted to a second-order polynomial equation using SAS software, as
shown in Eq. 1.

k k k-l k

Y = ao + L aiXi +L aiiX l + L L aijXiXj
i=l i=l i=l j=l

(1)

where Y is the estimated value of the substrate features, k is the total
number of independent variables (four in this case), XiS are the indepen
dent variables (temperature, time, catalyst dose, and ethanol concentration),
the Xi' Xi2, and XiXj are terms describing linear, quadratic, and two
variable interaction effects, respectively, ao is a constant and ai' aii, and ai' are
linear, quadratic, and interaction coefficients, respectively. The predi2tive
models (Eqs. 2-4) developed for the substrate features are listed in Table 2.
These equations can predict the substrate characteristics within the investi
gated range of process parameters. To validate the regression equations, the
calculated values of the substrate characteristics using the equations at
center point conditions were compared with the experimental data from
five replicate pretreatment experiments. As listed in Table 2, the calculated
values are in good agreement with the experimental data, implying the
reliability of the equations.

Conclusion

The results of the present research indicated that the physical charac
teristics (DP of cellulose, crystallinity, and fiber length) of the organosolv
ethanol substrates prepared from hybrid poplar are greatly dependent on
the process variables (temperature, reaction time, ethanol concentration,
and sulfuric acid dose). In other words, the substrates features are con
trollable and adjustable by fine-tuning the process variables to generate
a desirable substrate for enzymatic hydrolysis. The regression equations
developed provide a practical tool to quantitatively predict the sub
strate characteristics from the pretreatment variables. It is noteworthy
that the optimization of the organosolv ethanol pretreatment must con
sider not only the hydrolysability of resulting substrate but also the
recovery of cellulose, hemicellulose, and lignin. Severe processing con
ditions might generate a readily digestible substrate, but excessive
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Table 2
Regression Equations for Prediction of Substrate Characteristics

Substrate Equation Observed Calculated
feature Equationa no. R2 value value

Viscosity Viscosity (mPaS) = (2) 0.9787 13.1 13.0
(mPaS) -299.534 + 3.726T +

2.102t + 71.055 -
3.788C - 0.00911T2-
0.0115Tt - 0.543T5 +
0.0139TC - 0.589t5 +
0.0103tC + 0.7365C

Crystallinity Crystallinity (%) = (3) 0.9764 66.4 66.2
(%) 512.821 - 3.614T-

0.242t - 116.7115 -
2.912C + 0.0111T2-
0.00917Tt + 0.00889TC +
1.126t5 + 0.0113tC +
23.41452 + 0.00574C2

Fiber length Fiber length (mm) = (4) 0.9215 0.63 0.58
(mm) -12.249 + 0.108T +

0.0425t + 4.6725 -
0.0246C - 0.000245T2 -
0.000155Tt - 0.0171T5 +
0.000147TC - 0.0125t5 -
0.44652

aT, temperature (OC); t, reaction time (min) at the temperature; 5, sulfuric acid dose
(percent of dried wood chips [w/w]); C, ethanol concentration (v/v [%]).

depolymerization and decomposition of carbohydrate leading to low
sugar recovery are undesirable.
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Abstract

Olive tree pruning generates an abundant, renewable lignocellulose residue,
which is usually burnt on fields to prevent propagation of vegetal diseases,
causing economic costs and environmental concerns. As a first step in an alter
native use to produce fuel ethanol, this work is aimed to study the pretreatment
of olive tree pruning residues by liquid hot water. Pretreatment was carried out
at seven temperature levels in the range 170-230°C for 10 or 60 min. Sugar
recoveries in both solid and liquid fractions resulting from pretreatment as well
as enzymatic hydrolysis yield of the solid were used to evaluate pretreatment
performance. Results show that the enzyme accessibility of cellulose in the pre
treated solid fraction increased with pretreatment time and temperature,
although sugar degradation in the liquid fraction was concomitantly higher.

Index Entries: Biomass; enzymatic hydrolysis; ethanol; liquid hot water
pretreatment; olive tree residues; glucose.

Introduction

Pretreatment is an essential operation in lignocellulosic conversion pro
cess because of cellulose resistance to enzymatic hydrolysis (1). Physical pre
treatments are usually applied to all biomass feedstock to reduce particle size,
thus increasing surface area. Then biomass is pretreated by either water or
chemicals at different concentration, temperature, or pressure conditions.
Diluted acid pretreatment, especially with H2S04, has been extensively
applied to lignocellulose raw materials (2). It offers good performance in
terms of hemicellulose-derived sugar recoveries but equipment must be
acid-resistant, thus increasing costs, and the hydrolyzates must be usually
neutralized before using them as a fermentation broth, resulting in a copi
ous solid waste. Water pretreatment, also known as hydrothermal pre
treatment, offers several potential advantages compared with diluted
acid pretreatment as there is no requirement for purchased acid, for special

*Author to whom all correspondence and reprint requests should be addressed.
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equipment materials or for preliminary feedstock size reduction (3), and
hydrolyzate neutralization residues are produced in much lower quanti
ties. Steam explosion and liquid hot water (LHW) are common hydrother
mal pretreatments applied to lignocellulose materials. Although both
pretreatment methods do improve cellulose susceptibility to enzymatic
hydrolysis, LHW pretreatment results in higher hemicellulose sugar
recovery and lower fermentation inhibiting hydrolyzates than steam
explosion pretreatment (4/5). Typical conditions for LHW pretreatment
include temperatures around 200°C for a few minutes.

Olive trees are cultivated especially in Mediterranean countries but in
the last few years the culture surface is growing worldwide in countries as
different as Argentine, Australia, or the United States, reaching more than
8 million ha (6). In olive tree cultivation, old branches must be cut down to
regenerate and prepare trees for the next crop. This action, called pruning,
is done every 2 yr after olive harvesting and generates a variable amount
of lignocellulose residues that has been estimated at 3000.0 kg/ha, as an
annual average (7). A typical olive tree pruning lot includes 70% thin
branches (by weight, with approx one-third of leaves) and 30% of wood
(thick branches, diameter >5 cm approx). Nevertheless, variable amounts
and compositions of pruning are possible, depending on culture condi
tions, production, and local uses. Disposal of pruning residues is necessary
to keep fields clean and to prevent propagation of vegetable diseases; usu
ally they are eliminated by either burning or grinding and scattering on
fields, causing economic cost and environmental concerns. Olive tree
wood is sometimes separated and put to domestic use as firewood but
there are no applications on an industrial scale for these residues. As an
alternative, olive tree pruning residues may be used as raw material for
ethanol production. Pretreatment by steam explosion of olive tree wood
has been reported (8) but there is no literature on LHW pretreatment of
olive tree pruning residues, to our best knowledge. In this work, LHW pre
treatment was applied to olive tree pruning residues at temperatures rang
ing from 170 to 230°C for 10 or 60 min. The objective of the work is to
evaluate the pretreatment performance in terms of sugar yield in the liq
uid fraction and glucose yield after enzymatic hydrolysis in the solid frac
tion issued from pretreatment.

Materials and Methods

Raw Material

Olive tree pruning, discarding thick branches (>5 cm diameter), was
collected locally after fruit-harvesting, air-dried at room temperature to
equilibrium moisture content of about 10%/ milled using a laboratory
hammer mill (Retsch GmBH, Haan, Germany) to a particle size smaller
than 10 mm, homogenised in a single lot, and stored until used.
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Pretreatment

LHW pretreatment was performed in a laboratory-scale stirred auto
clave (model EZE-Seal, Autoclave Engineers, Erie, PA). The reactor has a
total volume of 2 L, with an electric heater and magnetic agitation. The
temperature/speed controller is a combination of furnace power control
and motor speed control with tachometer. Cooling water was circulated
through a serpentine coil to cool the reactor content at the end of each run.

Olive tree pruning was pretreated at seven temperature levels in the
range of 170-230°C for 10 min and for 60 min at five temperature levels
ranging from 170 to 210°C. The amount of dry feedstock loaded was 200.0 g
and water was added at 1/5 (wIv) solid/liquid ratio. Both water and raw
material were initially at room temperature. Agitation was set at 350 rpm.
The average heating rate was 3°C/min. Overpressure in the reactor of
3 MPa was kept to prevent formation of an aqueous vapor phase.
Pretreatment time (10 or 60 min) was initiated when the selected pre
treatment temperature was reached. After treatment, the reactor was
removed from the heating jacket and cooling water was charged through
the serpentine coil; furthermore, the reactor vessel was introduced in an
ice bath. The content of the reactor cooled down to 80°C in approx 5 min.
The reactor was kept sealed, and the slurry agitated until the reactor was
cooled to about 40°C. Then the wet material was filtered for solid and liq
uid recovery. The water-insoluble fraction was washed out with water
and analyzed for hemicellulosic sugars, glucose, and acid-insoluble lignin
(AIL) content and used as substrate in enzymatic hydrolysis tests. Liquid
fraction issued from pretreatment was analyzed for sugars, acetic acid,
and sugar-degradation products.

Enzymatic Hydrolysis Tests

The washed water-insoluble residue of pretreated olive tree pruning
was enzymatically hydrolyzed by a cellulolytic complex (Celluclast 1.5 L)
kindly provided by Novozymes A/S (Denmark). Cellulase enzyme loading
was 15 filter paper units/g substrate. Fungal ~-glucosidase (Novozym 188,
Novozymes A/S) was used to supplement the ~-glucosidase activity with
an enzyme loading of 15 international unit/g substrate. Enzymatic hydrol
ysis was performed in 0.05 M sodium citrate buffer (pH 4.8) at 50°C on a
rotary shaker (Certomat-R, B-Braun, Germany) at 150 rpm for 72 h and at
5% (wIv) pretreated material concentration. Samples were taken every 24-h
for glucose concentration determination. All enzymatic hydrolysis experi
ments were performed in duplicate and average results were given.

Analytical Methods

Composition of raw material was determined according to the
National Renewable Energy Laboratory (Golden, CO) analytical methods
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for biomass (9). Before other determinations, raw material was extracted
consecutively with water and with ethanol (two-step extraction proce
dure). After the first step, the sugar composition of the water-extract was
determined by high-performance liquid chromatography (HPLC) in a
Waters (Milford, MA) 2695 liquid chromatograph with refractive index
detector. An AMINEX HPX-87P carbohydrate analysis column (Bio-Rad,
Hercules, CA) operating at 85°C with ultrapure water as a mobile-phase
(0.6 mL/min) was used. Free and oligomeric sugar composition were
determined before and after a posthydrolysis process consisting in a treat
ment with sulfuric acid (3% [vIv]) at 121°C and 30 min. The cellulose and
hemicellulose content of the extracted solid residue was determined
based on monomer content measured after a two-step acid hydrolysis
procedure to fractionate the fiber. A first step with 72% (w/w) H2S04 at
30°C for 60 min was used. In the second step, the reaction mixture was
diluted to 4% (w/w) H2S04 and autoclaved at 121°C for 1 h. This hydrol
ysis liquid was then analyzed for sugar content by HPLC with the Waters
liquid chromatograph. The remaining acid-insoluble residue is consid
ered as AIL.

Following LHW-pretreatment, the composition of solid fraction was
determined as described for raw material except that no extraction is used.
The sugar content (glucose, xylose, arabinose, mannose, and galactose) of
the liquid fraction after pretreatment (prehydrolyzate) was determined by
HPLC using the same liquid chromatograph. Furfural and hydrox
ymethylfurfural content was analyzed by HPLC in a 1100 HP (Hewlett
Packard, Palo Alto, CA). Liquid chromatograph, equipped with a 1040A
Ultraviolet-diode-array detector (Agilent Technologies, Waldbronn,
Germany); the separation was performed with a Bio-Rad HPX-87H col
umn, operating at 65°C with 89% H2S04 (5 mM) and 11 % acetonitrile as an
eluent at a flow rate of 0.7 mL/min. Acetic, formic, and levulinic acids
analysis was carried out with the HPLC system with a refractive index
detector mentioned above with a Bio-Rad HPX-87H column at 65°C tem
perature. The mobile phase was 5 mM H2S04, at a flow rate of 0.6 mL/min.
Glucose concentration from enzymatic hydrolysis samples was measured
by an enzymatic determination glucose assay kit (Sigma GAHK-20; Sigma
Aldrich Corp., St. Louis, MO). All analytical determinations were per
formed in duplicate and average results were shown. Relative standard
deviations in all cases were less than 5%.

Results and Discussion

Raw Material Composition

Table 1 summarizes the composition of olive tree pruning residues.
Regarding extractives content, water extraction dissolved 27.5% of the raw
material. The second extraction step (with ethanol) dissolved 3.9% of the
material. Glucose as monomer in the water extract accounted for 3.2% and
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Table 1
Raw Material Composition

383

Composition Dry matter (%)

Extractives
Glucose
Cellulose as glucose
Hemicellulosic sugars
Xylose
Mannose
Galactose
Arabinose
Acid-insoluble lignin
Acid-soluble lignin
Acetyl groups
Ash

31.4 ± 1.6
7.9 ± 0.7

25.0 ± 1.2
15.8 ± 1.2
11.1 ± 0.6
0.8 ± 0.2
1.5 ± 0.2
2.4 ±0.2

16.6 ± 0.5
2.2 ± 0.2
2.5 ± 0.1
3.4 ± 0.1

Mean values and standard deviations of five determinations.

the subsequent posthydrolysis process led to a total glucose content in
extractives of 7.9%.

Cellulose (as glucose) and AIL content (25 and 16.6%, respectively)
are smaller than that reported for other agricultural residues (10).
Considering acid-soluble lignin content, which refers to the small fraction
of lignin that is solubilized during the hydrolysis process used to deter
mine AIL, the total lignin value increases up to 18.8%. Hemicellulosic sug
ars account for 15.8% of raw material with xylose as the main sugar (70%).
Acetyl groups, bound through an ester linkage to branched hemicellulose
chains, represented about 2.5% of the initial raw material.

LHW Pretreatment

Table 2 shows the total gravimetric recovery (solids remaining after
pretreatment divided by original oven-dried weight) and the composition
of water-insoluble fiber resulting from LHW pretreatment at the different
temperatures and times assayed. No influence of pretreatment tempera
ture or time was detected on total material recovery. Around 45% of origi
nal material was solubilized as a consequence of pretreatment, except at
the softest conditions assayed (170°C, 10 min) wherein the total gravimet
ric recovery was a little greater. As expected, the content in hemicellulosic
sugar of pretreated material decreased as LHW temperature or time
increased, vanishing from 220°C in 10 min runs or 200°C in 60 min exper
iments. Concomitantly, with hemicellulose content decrease, the content in
cellulose of pretreated material increased, reaching a maximum of 45.6% at
200°C, and 10 min; beyond this point, a slight solubilization of cellulose
was detected increasing in general with time and temperature.

Concerning AIL content, the maximum value of pretreated material
should be around 30% (according to initial lignin content and material
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Table 2
Composition (Dry Matter [%]) of Water-Insoluble Fiber Resulting

From LHW Pretreatment at Different Conditions

Total
Temperature Time gravimetric Other
(OC) (min) recovery Glucose Xylose sugarsa AIL

170 10 62.4 37.4 12.5 1.9 35.1
60 55.6 42.2 4.6 0.8 45.4

180 10 56.8 40.5 7.2 1.5 42.7
60 55.2 41.2 3.5 0.5 48.7

190 10 54.7 43.0 4.7 1.0 43.9
60 57.4 41.9 0.9 0.3 49.7

200 10 54.9 45.6 2.8 0.3 46.1
60 57.7 41.2 nd nd 52.3

210 10 56.0 40.7 1.0 nd 49.4
60 57.1 39.2 nd nd 54.2

220 10 56.4 40.4 nd nd 52.4
230 10 56.6 36.3 nd nd 55.9

nd: not detected.
aCalactose, mannose, and arabinose.

recovery); in contrast, Table 2 shows increasing values of AIL as time or
temperature of pretreatment increased. Although this fact is in agreement
with hemicellulose solubilization, AIL content values are much greater than
they should taking into account just hemicellulose solubilization. A similar
result is reported by Ballesteros et al. (11) who obtained lignin recovery val
ues that exceeded initial concentration in 20-32% when pretreating olive
oil extraction residues, a material with a high extractive content. These
results could be explained by the formation of "lignin-like" structures
obtained as a result of condensation reactions between lignin and carbohy
drate degradation products; interferences in the lignin analysis method
from compounds present in the extractive fraction have also been reported
in an attempt to explain these unusually high lignin contents (12). In order
to clarify this fact, an LHW pretreatment experiment was performed using
an olive tree pruning residue lot, which had been previously extracted with
ethanol for 24 h. Extraction resulted in the solubilization of about 22% of
material (out of 31 % present in raw material). When this extractive-free
material was submitted to LHW pretreatment at 210°C and 10 min, AIL
recovery was significantly lower than that of the unextracted ~aterial

(22.5% AIL content referred to raw material) (27.6% AIL content referred to
raw material), supporting the idea of high extractives content interfering
the lignin analysis method. Nonetheless, AIL is still greater than the initial
content, probably because of the presence of remaining extractives.

In the water-soluble fraction issued from pretreatment (filtrates), sug
ars were presented in a considerable proportion as oligomers, so that a
posthydrolysis step was performed to determine the total amount of sugars.
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The composition of filtrates after LHW pretreatment and posthydrolysis
is shown in Table 3. It is worth noting that glucose is the most abundant
sugar in the liquid fraction at any conditions; in fact, the highest glucose
content (10.1 g/lOO.O g raw material, equivalent to a concentration of
20.2 giL) is found in the filtrate obtained from pretreated material at the
softest conditions (170°C, 10 min). Considering that glucose was present at
high proportion in the extract fraction of raw material (Table I), it is likely
that the most part of this component was transferred to liquid fraction
after pretreatment. This result is in agreement with that reported by
Ballesteros et al. (11) using olive oil extraction residues. Glucose content of
filtrates decreased as a consequence of sugar degradation as either tem
perature or pretreatment time increased. In contrast, xylose content in the
filtrates rose progressively with pretreatment temperature until 190°C
(IO-min experiments), reaching a maximum value of 13.3 g xyloselL or 6.6 g
xylose/lOO.O g raw material, and then a decrease was detected; a similar
trend was found for the rest of hemicellulosic-derived sugars. Only at the
lowest pretreatment temperature (170°C) the content in xylose increased
when pretreatment time was changed from 10 to 60 min.

The sugar degradation process observed when the severity of pretreat
ment was increased is in agreement with the increasing proportion of non
sugar compounds found in the filtrates (Table 3). Acetic acid, furfural,
hydroxymethylfurfural (HMF), formic, and levulinic acid are known to act as
inhibitors for yeast growth under selected conditions (13,14). For example,
the filtrate content in furfural and HMF increased as pretreatment tempera
ture increased, except at 230°C. For a given pretreatment temperature,
increasing the process time from 10 to 60 min resulted in an increase of fur
fural and HMF contents, except at the highest pretreatment (210°C) with 60
min, which showed a decrease, probably owing to further transformation of
furfural and HMF into other degradation products, as stated by other
authors (11). Regarding other products, organic acids (acetic and formic acid)
were observed at all pretreatment conditions; levulinic acid was only
detected at 60-min experiments for any pretreatment temperature (except at
170°C). As a whole, the content of filtrates in compounds other than sugars
was similar to that reported in the LHW-pretreatment of other lignocellulosic
residues as poplar (15), although the proportion of HMF found in olive tree
pruning hydrolyzates is somewhat higher, in agreement with a higher glu
cose composition in filtrates. Moreover, heat-up times (lasting from 40 to 60
min, depending on final process temperature) may also be responsible for the
formation of degrading products, especially from extractive soluble glucose.

Table 3 shows also the pH value of hydrolyzates, ranging from 3.3 to
3.8. In general, a slight decrease of pH as a function of pretreatment tem
perature was detected. Figure 1 illustrates the sugar recovery yield (either
referred to glucose or hemicellulosic sugars) in both the water-insoluble
fibers and in the filtrates for all experiments performed. This yield is
expressed as sugars in the water-insoluble fiber or in the filtrate (referred to
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Fig. 1. Sugar recovery at different LHW temperatures, expressed as a percentage of
the initial content in the raw material. Glucose recovery in solid (Ell) and liquid (~) frac
tions and hemicellulose-derived sugars recovery in solid (la) and liquid (_) fractions,
(A) pretreatment time 10 min and (B) pretreatment time 60 min.

original raw material) divided by potential sugars in the raw material.
Potential glucose in the raw material (32.9 g/100.0 g, see Table 1) has been
evaluated taking into account both glucose from cellulose (accounting for
76% of the total glucose) and glucose in the extractive fraction (24%).
Glucose recovery yields ranging from 63 to 76% were obtained for pre
treated material. However, if just the glucose from cellulose were consid
ered as potential glucose, recovery yields above 90% would be obtained
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(regardless of process time) except for the experiment performed at the
highest pretreatment temperature (230°C) whereby 82% cellulose recovery
yield in solid fraction was determined. This is attributable to cellulose solu
bilization at these conditions. Regarding the filtrates, glucose recovery yields
as high as 30.6% (at the softest conditions) were obtained, owing to glucose
from extractives fraction. The higher the pretreatment temperature or time
the lower glucose recovery yield. Beyond a pretreatment temperature of
200°C, maintained for 60 min, there is scarcely any glucose left in the filtrates.

Concerning hemicellulose recovery yield in solids, it came down pro
gressively as the pretreatment temperature increased; in the same way,
keeping pretreatment temperature for 60 min resulted in a deep decrease of
hemicellulose recovery yield, vanishing at a pretreatment temperature of
200°C or above. In the filtrates, a similar drop of hemicellulose recovery
yield with pretreatment temperature or time is evidenced for long-time
experiments, in agreement with results reported by Laser et a1. (4). In the
case of 10-min trials, the hemicellulose recovery yield in the liquid fractions
rose as a function of pretreatment temperature until 190°C and then it came
down; this indicates that sugars released from lignocellulose structure are
getting degraded, and hence, poor recoveries in the filtrates are obtained. A
different process configuration that better preserves dissolved hemicellu
losic sugars, for example, by removing them through continuous percola
tion, may improve recoveries (16). Although total mass balance (sum of the
solubilized and residual solid fractions) moved away from 100% with
increasing both pretreatment temperature and time, the susceptibility of the
recovered cellulose to enzymatic hydrolysis is also a key aspect in optimiz
ing the overall process and ensuring maximum substrate utilization.

Enzymatic Hydrolysis

To evaluate pretreatment performance the water-insoluble residues
were submitted to enzymatic hydrolysis using a cellulose complex
(Celluclast 1.5L) supplemented with ~-glucosidase (Novozyme 188) and
5% solids concentration. Enzymatic hydrolysis was monitored by sam
pling every 24 h for a 72-h period. Samples were analyzed for glucose
concentration. Results are shown in Table 4. For comparison purposes,
enzymatic hydrolysis was also conducted on untreated raw material, with
and without enzyme addition. Even when no enzyme was added, 1.6 g
glucose/L are solubilized at the hydrolysis conditions (SO°C, 72 h), which
corresponds to 9.6% of the total potential glucose or 3.2 g/100.0 g raw
material, in accordance to the amount detected as free glucose in the first
extraction step (see Raw Material Composition Section). This amount of
glucose will not be available in water-insoluble residues because it is readily
solubilized to liquid fractions during pretreatment. When untreated raw
material was submitted to enzymatic hydrolysis at the same conditions,
the concentration of glucose released after 72 h was greater than that
obtained from pretreated material at 170°C for 10 min, because of the
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Table 4
Glucose Concentrations (giL) Obtained by Enzymatic Hydrolysis of Olive Tree

Pruning Residues at Varying Pretreatment Conditions

Pretreatment conditions Enzymatic hydrolysis time (h)

Temperature (OC) Time (min) 24 48 72

170 10 2.4 2.6 2.7
60 4.3 5.5 6.6

180 10 3 3.2 3.4
60 7 9.5 10.6

190 10 4.1 4.3 4.9
60 8.4 11.6 12.7

200 10 6.6 8.2 9.3
60 11.1 13.5 15.4

210 10 9.8 12.8 14.3
60 10.1 13.7 15.1

220 10 11.7 14.1 15
230 10 11.6 13.5 14
Untreated, no enzyme 1.1 1.4 1.6
Untreated + enzyme 2.5 2.6 2.8

aforementioned free glucose present in untreated material. For this reason,
comparisons based on enzymatic hydrolysis yields will be done taking
into account the difference between glucose concentration obtained from
untreated material with and without added enzyme.

Figure 2 shows the enzymatic hydrolysis yields determined from the
glucose concentration values at each sampling time (Table 4) and the glu
cose potential content in the pretreated material (Table 2). As an average,
75% of the enzymatic hydrolysis yield (referred to the yield value at 72 h)
was attained within the first 24 h of enzymatic attack. The cellulose
digestibility increased as a function of pretreatment temperature and time.
This seems to be related to the solubilization of hemicellulosic sugars from
the solid (Fig. 1) (17). In fact, the highest enzymatic hydrolysis yields
(around 75%) were obtained using solids in which the hemicellulose frac
tion was completely solubilized, e.g., more than 220°C and 10 min (Fig. lA)
and more than 200°C for 60-min runs (Fig. IB).

Comparing with untreated material, pretreatment temperatures
below 190°C and short times (10 min, Fig. 2A) led to just a slight improve
ment on enzymatic cellulose accessibility. The pretreatment effect was evi
denced from 200°C pretreatment temperature. Enzymatic hydrolysis
yields greater than 70% (at 72 h hydrolysis time) were obtained from solids
pretreated at 210°C or higher. For a given pretreatment temperature and
pretreatment time lasting for 60 min, the enzymatic hydrolysis yields were
always higher than those corresponding to short experiments, especially at
low pretreatment temperatures. For example, a threefold higher yield was
obtained at 180°C for 60 min comparing with 180°C for 10 min.
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Fig. 2. Enzymatic hydrolysis yield expressed as glucose obtained in the enzymatic
hydrolysis divided by the potential glucose in pretreated material (%). (A) pretreat
ment time 10 min and (B) pretreatment time 60 min.

Although enzymatic hydrolysis yields improved by la-fold compar
ing the best results with untreated material, there is still some 20% of cel
lulose in pretreated materials that is not hydrolyzed after 72 h hydrolysis
time. This fraction of unaltered cellulose did not significantly vary even in
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7-d hydrolysis experiments. In an attempt to understand whether or not it
is possible to attack this cellulose fraction (and to get further improvement
on enzymatic yields), a new experimental series was performed by milling
previously pretreated solids from 10-min runs until particle sizes
decreased to below 1 mm. A slight improvement ranging from 6 to 11 % in
enzymatic hydrolysis yields was obtained for solids pretreated at low tem
peratures (170-200°C), whereas no increase on yields was detected when
hydrolyzing milled solids pretreated above 210°C. Thus, it seems that
there is a recalcitrant cellulose fraction that is not possible to hydrolyze
under the assayed operational conditions, probably because of cellulose
structural rearrangements that can occur during high-temperature pre
treatments (18). Further research on alternative pretreatments or enzy
matic hydrolysis configurations should be necessary to improve both
glucose yields and raw material utilization.

Overall Process Yield

In order to optimize the overall process, attention must be paid to
several partial objectives, e.g., sugars recovery in the filtrate (readily solu
bilized glucose and hemicellulose-derived sugars), cellulose recovery in
the solid residue, and enzymatic hydrolysis performance. Table 5 summa
rizes the main results achieved when pretreating olive tree pruning
residues by LHW. Results are expressed as yields referred to 100.0 g of
raw material. Data in liquid-column show yields in sugars (sum of glu
cose, xylose, mannose, arabinose, and galactose) recovered in filtrates; the
highest values are obtained at soft pretreatment conditions (temperatures
in the range 170-190°C for 10 min and 170°C for 60 min). It is worth not
ing that these yields are equivalent to sugars concentrations of around
40.0 giL in solutions available for fermentation with relatively low con
centration of inhibitors (Table 3). Glucose in solid-column in Table 5
includes glucose remaining in solids after pretreatment; significant cellu
lose losses occurs only at the highest temperature. The subsequent enzy
matic hydrolysis performed on pretreated solids led to glucose yields
shown in the next column in Table 5. These values take into account both
saccharification performance and glucose recovery in pretreated solids
(referred to raw material). In contrast to results of liquid-column, the high
est glucose yields are obtained at harsh pretreatment conditions.
Moreover, enzymatic hydrolysis yields increased as a function of pretreat
ment temperature and time (Fig. 2), whereas glucose yields in Table 5,
which take into account also glucose losses in solids, show a decrease at
the experiments performed at the highest pretreatment temperature
(230°C, 10 min and 210°C, 60 min). Because of this, no higher values of pre
treatment temperatures were assayed. This glucose, released by enzymatic
action, is readily fermentable to ethanol, so based on this parameter, best
results are obtained in the range of pretreatment temperature of 210-220°C
for 10 min or 200-210°C for 60 min.
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Table 5
Sugar Yields (Raw Material [g sugar/100.0 g]) From LHW-Pretreatment

of Olive Tree Pruning Residues at Varying Pretreatment Conditions

Glucose
from Overall Overall

Temperature Time Glucose enzyme glucose sugar
(OC) (min) Liquida (in solid)b hydrolysisC yieldd yielde

170 10 18.3 23.3 3.4 13.4 21.7
60 20.7 23.5 7.3 16.5 28

180 10 19 23 3.8 12.7 22.8
60 11.6 22.7 11.7 17.9 23.3

190 10 18.3 23.5 5.4 13.6 23.8
60 4.1 24.1 14.6 17.2 18.7

200 10 12.2 25 10.2 16.1 22.4
60 0.6 23.7 17.8 18.3 18.4

210 10 4.2 22.8 16.0 18.8 20.2
60 0.1 22.4 17.2 17.3 17.3

220 10 0.9 22.8 16.9 17.8 17.9
230 10 0.2 20.6 15.8 16.1 16.1

aTotal sugar yield (sum of glucose, xylose, arabinose, mannose, and galactose) in the
liquid fraction.

bGlucose recovery in solid fractions referred to raw material. Cellulose (as glucose)
content in raw material is 25.0 g/IOO.O g.

cGlucose from 72-h enzymatic hydrolysis at 5% (wIv) pretreated material concentration.
dSum of glucose from enzymatic hydrolysis and glucose in liquid fraction (total glucose

content in raw material is 32.9 g/IOO.O g).
eSum of glucose from enzymatic hydrolysis and total sugars in liquid fraction (total

sugar content in raw material is 48.6 g/IDD.D g).

Values in overall glucose yield-column represent the sum of glucose
obtained by enzymatic hydrolysis and glucose contained in liquid frac
tions. Finally, the overall sugar yield-column takes into account all sugars
available, e.g., those coming from liquid fractions and glucose from enzy
matic hydrolysis. Although relatively good results in terms of overall sugar
yields are obtained at soft conditions (170°C for 60 min), the bioconversion
of hemicellulose-derived sugars is more difficult as pentose-fermenting
microorganisms are required (19,20). Moreover, the pretreated solids would
be used in a very limited extension.

To make use of most of the sugars in this raw material under the
assayed conditions, some other process configurations might be consid
ered. For example, a two-step process could be an interesting option. In the
first one, conducted at low pretreatment temperature, hemicellulosic sug
ars, and the fraction of glucose easily solubilized would be recovered in
the filtrate. The second step, at more severe conditions, would improve cel
lulose digestibility by enzymatic hydrolysis. Another alternative approach
is the use of dilute acids in the pretreatment. Further research on these
points is needed.
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Conclusion

393

A characteristic feature of olive tree pruning residues is the presence
of a readily soluble glucose proportion that accounts for up to 7.9% of raw
material. When pretreating these residues by LHW this glucose will enter
the liquid fraction together with hemicellulose sugars. Up to 57.6% of total
sugars (most of them solubilized in the liquid fraction) in raw material may
be available at 170°C pretreatment temperature for 60 min. Nevertheless,
the resulting solid fraction offers poor digestibility to enzymatic hydrolysis.
In contrast, 57.1 % of total glucose, easier to convert into ethanol than a
sugar mixture, is made available by pretreatment at 210°C for 10 min. The
huge amount of olive tree pruning residues yearly generated, the need of
disposal, their low cost, and the lack of economic alternatives make these
residues deserve a deeper study for ethanol conversion.
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Abstract

Plant materials from the vegetative growth stage of reed canarygrass and
the seed stage of reed canarygrass are pretreated by ammonia fiber expansion
(AFEX) and enzymatically hydrolyzed using 15 filter paper units (FPU) cellu
lase/g glucan to evaluate glucose and xylose yields. Percent conversions of
glucose and xylose, effects of temperature and ammonia loading, and hydro
lysis profiles are analyzed to determine the most effective AFEX treatment
condition for each of the selected materials. The controls used in this study
were untreated samples of each biomass material. All pretreatment conditions
tested enhanced enzyme digestibility and improved sugar conversions for
reed canarygrass compared with their untreated counterparts. Based on 168
h hydrolysis results using 15 FPU Spezyme CP cellulase/g glucan the most
effective AFEX treatment conditions were determined as: vegetative growth
stage of reed canarygrass-l00°C, 60% moisture content, 1.2: 1 kg ammonia/kg
of dry matter (86% glucose and 78% xylose) and seed stage of reed canary
grass-lOOoe, 60% moisture content, 0.8 : 1 kg ammonia/kg of dry matter
(89% glucose and 81 % xylose). Supplementation by commercial Multifect 720
xylanase along with cellulase further increased both glucose and xylose
yields by 10-12% at the most effective AFEX conditions.

Index Entries: Ammonia fiber expansion; biomass; enzymatic hydrolysis;
pretreatment; reed canary grass; cellulosic ethanol.

Introduction

The United States fuel ethanol industry is currently producing over
4 billion gallyr of ethanol from starch and sugar sources, primarily corn
grain (1-3). However, starches and sugars are only a small fraction of
total biomass materials. Biomass is the only potentially renewable
source of organic chemicals, organic materials, and liquid transportation
fuels (4). Biomass is also relatively inexpensive and compares favorably

*Author to whom all correspondence and reprint requests should be addressed.
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with petroleum on a cost per pound basis, and frequently, on a cost per
unit of energy (4). However, the cellulosic portion of biomass represents
an immense potential source of sugars, which await development of the
technology necessary for its economical utilization. Cellulose and hemi
cellulose form the bulk of most biomass, and effective ethanol produc
tion from these components can expand the types and availability of
feedstock (5). Cellulosic biomass as an alternate feedstock could provide
very large quantities of ethanol with considerable environmental bene
fits. Bioethanol is an alternative fuel currently used as a gasoline addi
tive to reduce carbon monoxide and other toxic air emissions, ground
level ozone formation, and to boost octane.

Unfortunately, there is an as-yet unresolved technical problem
impeding large-scale bioethanol production. Lignocellulosic biomass is
resistant to enzymatic hydrolysis as a result of many physical and chem
ical factors. The strong bonding between cellulose, hemicellulose, and
lignin within the crystalline regions of lignocellulose makes it rather dif
ficult to degrade the sugar polymers in the cell wall. Enzymatic hydroly
sis of this material is possible but requires pretreatment of the cellulosic
material before the enzymes can access the sugar polymers (6).
Pretreatment is an essential process for enhancing the reactivity toward
enzymatic hydrolysis. Pretreatment alters the structure of cellulosic
biomass to make cellulose more accessible to the enzymes that convert
the carbohydrates into fermentable sugars (7). The ammonia fiber expan
sion (AFEX) process might offer both an effective and economically attrac
tive means of increasing yields of fermentable sugars from lignocellulosic
biomass (8). AFEX has been shown to decrease cellulose crystallinity and
particle size, whereas increasing the surface area exposed to enzymatic
attack (9,10).

This article focuses on the effectiveness of AFEX-pretreated reed
canarygrass (RCG) at different plant growth stages. RCG is also a potential
biofuel raw material, and is a cool season grass alternative to switch grass
(SWG). RCG's rhizomatous growth habit also makes it appealing, particu
larly on soils wherein SWG, a bunchgrass, does not form thick stands and
wherein erosion is a problem (1). The vegetative stage (the period when
leaves begin to grow) is the earliest stage of grass maturity. It is followed
by the jointing, boot, heading, blooming, and finally, the seed develop
ment stages.

The objectives of this study were to evaluate suitable APEX treatment
conditions for different growth stages of RCG, estimate glucose and xylose
yields obtainable, and to explore the effects of maturity in plants. The most
effective APEX treatment condition that provides the highest percentage con
versions for both glucose and xylose were observed for the selected materi
als at a fixed enzyme loading. An additional objective was to determine the
effects of supplementing the cellulase mixture, which is deficient in xylanase
(containing approx 1% xylanase), with additional commercial xylanase.
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Biomass

Materials utilized were the vegetative growth stage of RCG (VRCG)
and the seed stage of RCG (SRCG). RCG was dried and ground through a
I-mm screen in a Wiley mill at the Dairy Forage Research Center
(Madison, WI). The cell wall carbohydrates (cellulose, xylan, arabinan,
galactan, and mannan), soluble carbohydrate (glucose, fructose, sucrose,
raffinose, and stachyose), and storage carbohydrate (fructans in RCG)
composition for the biomass are summarized in Table 1 for RCG. Ash
content and lignin content of these samples were reported elsewhere (11).

AFEX Pretreatment

AFEX, a physio-chemical pretreatment, is a process in which concen
trated ammonia is used to treat biomass at a desired residence time for a
given temperature, moisture content, and ammonia loading. The pressure
is released rapidly causing the biomass to expand. The pretreated biomass
is kept in a fume hood overnight to remove ammonia. After the ammonia
has evaporated, the biomass is ready for hydrolysis. More details about the
AFEX reactors are available elsewhere (10,12). For this work, AFEX pre
treatment conditions varied were temperature (80-120°C) and ammonia
loading (0.8, 1.0, and 1.2 kg/l kg dry biomass) at fixed 60% moisture
content (dry weight basis). The moisture condition was fixed at 60% based
on our experience in pretreating other grass materials like corn stover and
rice straw using AFEX (13,14). Usually, it takes 30-40 min to pretreat 25.0 g
of biomass from start to the end. It has to be noted that AFEX is a dry-to
dry process and the glucan content remains the same even after pretreat
ment unless the sample is washed before hydrolysis. Separate glucan
analyses were done using National Renewable Energy Laboratory (NREL,
Golden, CO) protocol (11) when the samples were washed.

Enzymatic Hydrolysis

AFEX-treated and untreated materials were washed with water
(1.0 g/10 mL water) according to the NREL protocol. Enzymatic hydrolysis
was then done using NREL standard procedure (LAP 009) at 15 FPU
cellulase/g glucan. Each experiment was done in duplicate (13,14).
Hydrolysis was performed simultaneously for each AFEX-treated and
untreated sample using Spezyme CP cellulase enzyme (59 FPU/ mL and 142
mg/mL; Genencor International, Inc., Rochester, NY) and Novozyme 188
P-glucosidase (64 para-nitro-phenyl glucoside unit [pNPGU]; cellobiase;
Sigma, St. Louis, MO). The Spezyme CP cellulase mixture also contains a
small amount (about 1% by mass) of hemicellulase activity. The hydrolysis
was done using 1% glucan loadings (0.15 g glucan and 15 mL total sample
volume) in capped vials, which were placed in an incubator at SO°C, 90 rpm
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for 168 h as described in the procedure. Samples of 1 mL were taken
periodically at 24, 72, and 168 h interval, respectively. Each collected sample
was centrifuged and filtered through a 0.2 pm syringe filter containing a
nylon membrane into a high-performance liquid chromatography (HPLC)
vial and frozen at -20°C, until further analysis.

In some experiments, Multifect 720 xylanase (42.0 mg/mL; Genencor
International, Rochester, NY) was added to the cellulase and p-glucosidase
mixtures to determine the effect of xylanase on glucose and xylose yields.
Each xylanase was loaded at 10-50% (by weight) of the cellulase loading.
The samples were hydrolyzed for 168 h and analyzed for glucose and
xylose conversions using HPLC. Control experiments were done without
adding enzymes to determine the amount of free sugars in both growth
stages of RCG. These free sugars were subtracted from the results for
enzymatically hydrolyzed samples. Thus, the enhanced sugar yields
reported here result from hydrolysis of structural carbohydrates.

Analytical Methods

The HPLC system consisted of Waters (Milford, MA) Pump and Waters
410 refractive index detector, and an Aminex HPX-87P carbohydrate analy
sis column (Bio-Rad, Hercules, CA) equipped with a deashing guard car
tridge (Bio-Rad). Degassed HPLC grade water was used as the mobile phase
at 0.6 mL/min at a column temperature of 85°C. The injection volume was
20 ilL with a run time of 20 min. Mixed sugar standards were used for
quantification of cellobiose and other monosaccharides (glucose, xylose,
galactose, arabinose, and mannose) in the samples. More details about the
glucose and xylose conversions are given in NREL protocol (LAP009).

Results and Discussion

Vegetative ReG

Figure 1A shows glucose and xylose yields for VRCG (untreated and
treated) after 168 h of hydrolysis. Percent conversions ranged from 48 to 86%
for glucan and 33 to 78% for xylan based on cell wall composition.
Temperature affects the amount of ammonia vaporized during the explosive
flash (for AFEX) (7). It appears that at the lowest temperature (80°C) tested,
more ammonia must be used (>1.2 kg ammonia : 1 kg dry matter [DM]) to
achieve higher glucose conversion, whereas at a higher temperature (100°C),
less ammonia (1 kg ammonia : 1 kg DM) achieved higher glucose conver
sion. More ammonia vapors flash at higher reactor temperatures, causing
greater disruption of the fibrous structure (7). Temperature also likely influ
ences the nature of ammonia's reaction with lignin and the extent of alkaline
hydrolysis of hemicellulose. Elevating the temperature beyond 100°C
reduced conversion yields for both glucose and xylose. Experimental work
to better understand possible deleterious effects of pretreatment done at
high temperature is underway. The most effective AFEX condition for
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Fig. 1. Glucan and xylan conversions for untreated and AFEX-treated VRCG.
(A) AFEX pretreatment screening was done with 60% moisture in the biomass and by
varying the temperature and ammonia-to-biomass loadings. Hydrolysis experiments
were done using 15 FPU cellulase( g of glucan and sugar concentration measured
at 168 h using HPLC. The sugar conversions are an average of two independent
analyses and are consistent with an error range of ±2%. (B) Time-course experiments
were done to measure glucose and xylose yield for the best AFEX-treated conditions
(lOO°C, 1.2 : 1 ammonia-to-biomass, 60% moisture).

VRCG was found to be 100°C, 60% moisture, 1.2 kg : 1 kg (ammonia: DM),
which yielded 86% of theoretical glucose based on cell wall glucan and 78%
xylose conversion based on measured cell wall xylan (Table 1).

Although temperature and ammonia loading were increased beyond
our usual AFEX pretreatment conditions for SWG (12) to explore the pos
sibility of achieving higher yields for both glucose and xylose, VRCG did
not behave well under such conditions. Nonetheless, AFEX-treated VRCG
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increased glucan conversion by 66 percentage points (pp) and 78 pp for
xylan over conversions observed for untreated VRCG.

Figure lB shows the hydrolysis profile for AFEX-treated and
untreated VRCG at an enzyme level of 15 FPU cellulase/g glucan. Results
from both the most effective and least effective AFEX treatment conditions
for VRCG and untreated VRCG are plotted herein. It is interesting to note
that the xylose content of untreated VRCG is completely resistant to enzy
matic hydrolysis, whereas about 20% glucose conversion occurs at 168 h
hydrolysis. With AFEX pretreatment, more structural carbohydrates are
apparently exposed allowing the enzymes to better digest VRCG, increas
ing both glucose and xylose conversions. For example, after only 24 h of
hydrolysis, the most effective AFEX condition observed for VRCG (lOO°C,
60%,1.2 kg ammonia: 1 kg DM) generated approx 60 pp more glucose and
50 pp more xylose than did untreated VRCG. By 72 h of hydrolysis, the
treated VRCG produced 68 pp more glucose and 75 pp more xylose than
did untreated material. The data show that by the end of hydrolysis (for
the most effective AFEX condition), glucose and xylose yields increased by
68 and 78 pp, respectively, with AFEX pretreatment. The hydrolysis profile
also summarizes the time needed to completely digest the samples. Figure
lB shows that at the most, effective AFEX condition for VRCG reached a
peak for glucose and xylose conversion after 72 h hydrolysis.

Seed Stage ReG

Hydrolysis of SRCG (including untreated SRCG) was observed by
measuring glucose and xylose conversions under various pretreatment
parameters. Figure 2A displays the 168 h conversions for SRCG. The pre
treatment effectiveness improved at each temperature with increasing
ammonia loading up to 100°C. However, after 100°C, the conversion levels
begin to decrease with increasing ammonia loading. Ammonia can react
with lignocellulosics by ammonolysis of the ester crosslinks of some
uronic acids with the xylan units (15), and by cleaving the bond linkages
between hemicellulose and lignin (16). It is possible that extra liquid
ammonia plasticizes the cellulose and thereby reduces the disruptive effect
of sudden pressure release (17). In Fig. 2A, SRCG treated at different con
ditions (90°C, 60%, and 1.2), (100°C, 60%, and 0.8), and (100°C, 60%, and 1)
provides 89% conversion for glucose and 81 % for xylose, respectively.

Figure 2B illustrates the hydrolysis profile for the most and least
effective AFEX conditions for SRCG and untreated SRCG at 15 FPU cellu
lase/g glucan enzyme loadings. It is apparent from Fig. 2B that the struc
ture of SRCG is disrupted by AFEX allowing nearly 4.4 times more glucose
and a 50 pp increase in xylose yield with the most effective AFEX condi
tion compared with untreated SRCG at the end of 24 h. At 72 h of hydrol
ysis, glucose and xylose conversions were consistent with 24 h results for
the most effective AFEX condition for SRCG. However, the glucan conver
sion for the untreated sample increased by 9 pp. By the end of 168 h of
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Fig. 2. Glucan and xylan conversions for untreated and AFEX-treated SRCG.
(A) AFEX pretreatment screening was done with 60% moisture in the biomass and by
varying the temperature and ammonia-to-biomass loadings. Hydrolysis experiments
were done using 15 FPU cellulase/g of glucan and sugar concentration measured
at ses. (B) Time-course experiments were done to measure glucose and xylose yield for
the best AFEX-treated conditions (lOO°C, 1 : 1 ammonia-to-biomass, 60% moisture).

hydrolysis, conversion of AFEX-treated SRCG increased 18 pp and 14 pp
for both glucan and xylan, respectively, compared with the 72 h results.
Just 2 pp improvement in glucan conversion was noticed in the untreated
sample. Glucose and xylose yields show 65 pp and 81 pp, respectively,
enhancement for AFEX-treated SRCG (lOO°C, 60%, and 0.8) over the
untreated sample. Again, as observed for VRCG, the xylan portion of the
untreated SRCG is completely resistant to enzymatic hydrolysis. The max
imum xylose conversion for the most effective APEX condition is obtained
at 168 h, producing only 80% of theoretical conversion.
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Fig. 3. Effect of xylanase supplementation along with cellulase 05FPU/ g of glu
can), Glucan, and xylan conversions for untreated and AFEX-treated VRCG and
SRCG. Hydrolysis experiments were done using 15 FPU cellulase/g of glucan with
xylanase (protein concentration 42.0 mg/mL) supplementation 00, 25, or 50%) of the
total milligrams of cellulase protein (protein concentration 142 mg/mL). The sugar
concentration was measured at 168 h using HPLC.

Cellulase and Xylanase Combination

Samples treated at the most effective AFEX condition found for each
of the materials were enzymatically hydrolyzed for 168 h with a combina
tion of Spezyme CP cellulase and Multifect 720 xylanase at 15 FPU cellu
lase/g glucan. The AFEX-treated samples were tested at various xylanase
loadings (10,25, and 50%, by weight, respectively) of the cellulase loading.
Figure 3 shows the increase in glucose and xylose conversions attained for
the most effective AFEX conditions for VRCC and SRCC for this specific
enzyme combination. Multifect 720 xylanase was shown to enhance both
glucose and xylose conversions for all the three samples.

Unlike the glucose conversion shown in Fig. 3, the xylose conversions
steadily increased with increasing xylanase loading. At a 10% xylanase
loading, both maturity stages for RCC produced about 4 pp higher glucan
and xylan conversions. At 25% xylanase loading, the glucan conversion for
RCC nearly doubled, whereas the xylan conversion gradually increased by
1 and 2 pp for VRCC and SRCC, respectively. As observed at 50% xylanase
loading, VRCC continued to progress, whereas SRCC showed no change
with the increase of xylanase compared with 25% xylanase loadings. We
conclude that the commercial xylanse is not particularly suited to
hydrolyze the hemicellulose in RCC, but that even small increases in xylan
conversion promote significant increases in glucan conversion.

Applied Biochemistry and Biotechnology Vol. 136-740,2007



404 Bradshaw et al.

Discussion

RCG show enhanced glucan and xylan conversions following AFEX
pretreatment. The maturity of the materials apparently influenced the con
version of sugars. In a previous study, it was shown that the maturity level
for RCG and SWG affected the lignin concentrations, which could explain
the rapid digestion observed for vegetative stage compared with seed
stage (11). Our results further confirm their hypothesis. Dien et a1. (11) pro
vided the lignin content as 109 (g/kg DM) for VRCG and 148 (g/kg DM)
for SRCG. Consequently, the lignin content is lower for VRCG (which is an
earlier stage of ReG) compared with those of SRCG, and might be a major
reason why higher percent conversions were achieved with VRCG than
with SRCG. Lignin concentrations also increased for the more mature sam
ples (11,18,19). Therefore, more mature stages of RCG gave higher lignin
content as well as higher concentrations in structural and nonstructural
carbohydrates (11). Because the lignin content is higher for more mature
materials, hydrolyzing the sugars from these materials would probably
require more enzyme or more extreme pretreatment conditions to achieve
higher conversions. A material in its earlier stage growth with lower lignin
content would be expected to show higher conversions with less hydroly
sis time (or digestion), as observed here (11,20).

The protein content in the vegetative stage is greater compared with
the seed stage. Protein could bind degradation products produced dur
ing AFEX, and hence, reduce possible enzyme inhibition. Our results also
show that xylanase formulations need to be improved in order to get
maximal conversion of the hemicellulose to xylose for RCG and likely
for other grass materials. However, even small increases in xylan con
version appear to greatly increase glucan conversion. Both the glucan
and xylan conversions reported in the paper are understated owing to
uncertainties associated with glucan estimation after washing. That is,
the actual conversions are somewhat higher than we claim here. More
experiments are under way to understand the degradation products
formed during pretreatment. Removal of these degradation products
may enhance enzyme activity and reduce possible inhibition of microbes
in downstream processing.
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Abstract

Efficient hydrolysis of cellulose-to-glucose is critically important in pro
ducing fuels and chemicals from renewable feedstocks. Cellulose hydrolysis
in aqueous media suffers from slow reaction rates because cellulose is a
water-insoluble crystalline biopolymer. The high-crystallinity of cellulose fib
rils renders the internal surface of cellulose inaccessible to the hydrolyzing
enzymes (cellulases) as well as water. Pretreatment methods, which increase
the surface area accessible to water and cellulases are vital to improving the
hydrolysis kinetics and conversion of cellulose to glucose. In a novel tech
nique, the microcrystalline cellulose was first subjected to an ionic liquid (IL)
treatment and then recovered as essentially amorphous or as a mixture of
amorphous and partially crystalline cellulose by rapidly quenching the solu
tion with an antisolvent. Because of their extremely low-volatility, ILs are
expected to have minimal environmental impact. Two different ILs, I-n-butyl
3-methylimidazolium chloride (BMIMCl) and l-allyl-3-methylimidazolium
chloride (AMIMCl) were investigated. Hydrolysis kinetics of the IL-treated
cellulose is significantly enhanced. With appropriate selection of IL treatment
conditions and enzymes, the initial hydrolysis rates for IL-treated cellulose
were up to 90 times greater than those of untreated cellulose. We infer that this
drastic improvement in the "overall hydrolysis rates" with IL-treated cellu
lose is mainly because of a significant enhancement in the kinetics of the "pri
mary hydrolysis step" (conversion of solid cellulose to soluble oligomers),
which is the rate-limiting step for untreated cellulose. Thus, with IL-treated
cellulose, primary hydrolysis rates increase and become comparable with the
rates of inherently faster "secondary hydrolysis" (conversion of soluble
oligomers to glucose).

Index Entries: Cellulose; enzymatic hydrolysis; ionic-liquid; pretreatment
crystallinity index; initial rates; reducing sugars.

*Author to whom all correspondence and reprint requests should be addressed.

Applied Biochemistry and Biotechnology 407 Vol. 136-1401 2007



408

Introduction

Oadi et al.

Cellulose is the most abundant renewable resource in the world. It is
a major fraction of plant biomass, which is the feedstock for "future biore
fineries" with the potential to replace the conventional petrochemical
refineries in an economy based on renewable resources (1-3). In its natural
state, cellulose is highly crystalline in structure with individual cellulose
polymer chains held together by strong hydrogen bonding and van der
Waals forces. The individual cellulose chains are linear condensation poly
mer molecules made up of anhydroglucose units joined together by P-l,4
glycosidic bonds (4), with degrees of polymerization (DP) ranging, typi
cally, from 1000 to 15,000 units. The high-crystallinity of cellulose, imparts
structural integrity and mechanical strength to the material, and also
renders it recalcitrant toward hydrolysis aimed at producing glucose-the
feedstock for producing fuels and chemicals-from this polysaccharide.
In general, neither the water molecules nor the catalysts for hydrolysis
(cellulase enzymes) are able to easily penetrate the crystalline matrix (1).

When the DP exceeds six or seven monomer units, even the individ
ual cellulose chains remain insoluble in water (4). Hence the enzymatic
hydrolysis of cellulose is inherently a heterogeneous catalytic process in
which the component enzymes of the cellulase system adsorb on cellulose
surfaces in order to affect hydrolysis. Pretreatments have been investi
gated as a means of modifying the cellulose structure in such a way that
enzyme hydrolysis can occur at high-yields and improved rates, thus mak
ing the overall process economically viable (3,5-7).

The goal of our pretreatment approach is to open the structure of cel
lulose to make it accessible to the component enzymes of cellulases. In this
regard, it is helpful to distinguish between "solvent-swollen cellulose" and
"regenerated-cellulose" (RC) (8-10). In solvent-swollen cellulose the degree
of crystallinity of cellulose is progressively reduced but not eliminated as
the extent of swelling increases, whereas with RC the aim is to render cel
lulose essentially amorphous. The hydrolysis rates of cellulose are expected
to depend on the extent of swelling with the maximal improvement expected
with amorphous RC. The reproducible physical properties of RC (viz., DP,
essential lack of crystallinity, and so on) make it an ideal substrate in fun
damental studies aimed at a quantitative understanding of the mode of
action and rates of individual components of a cellulase system. The RC
would also make an excellent substrate for a "consolidated bioprocess"
where cellulase production, cellulose hydrolysis, and fermentation are car
ried in a single step, which has the potential to convert lignocellulosic
biomass to fuels at a much lower cost (11).

Ionic liquids (ILs) show promise as efficient novel solvents for pre
treatment of cellulose. Their ability to dissolve large amounts of cellulose at
considerably mild conditions and the feasibility of recovering nearly 100%
of the used IL to its initial purity makes them attractive (12). Recently,

Applied Biochemistry and Biotechnology Vol. 736-7401 2007



Mitigation of Cellulose Recalcitrance to Enzymatic Hydrolysis 409

cellulose solubilities of up to 39, 25, and 10% (w/w) have been reported for
the ILs 3-methyl-N-butylpyridinium chloride (12), I-n-butyl-3-methylimi
dazolium chloride (BMIMCI) (13), and l-allyl-3-methylimidazolium chlo
ride (AMIMCI) (14), respectively. ILs are salts that are liquids at or near
room temperature and are stable up to temperatures of about 300°C. With
their low-volatility, fluidity at ambient temperatures, and unique solvent
properties, ILs are a class of prospective solvents that are potentially "green"
because of their minimal air emissions.

In our approach, ILs were used to dissolve cellulose followed by
rapid precipitation with an antisolvent such as water or alcohol. The struc
ture of the RC was examined using X-ray powder diffraction (XRD) and
found to lack the crystallinity of untreated cellulose. The hydrolysis
kinetics of the RC was studied using a commercial cellulase system, with
and without additional ~-glucosidase to gain insights into the mechanism
of hydrolysis of RC vs untreated cellulose.

An important aspect of our approach is that the IL is able to instantly
reject (precipitate) all the dissolved cellulose in presence of antisolvents such
as water, methanol, and ethanol through a preferential solute-displacement
mechanism. Once the cellulose is precipitated, the antisolvent used for
displacement can easily be stripped off the nonvolatile IL through flash
distillation and the IL recovered for subsequent reuse. Two different ILs,
BMIMCI (melting point 70°C) and AMIMCI (melting point 35°C) (15),
displaying appreciable solubility for cellulose were investigated.

Materials and Methods

Microcrystalline cellulose, Avicel PH-101 (FMC Corp.) was obtained
from Sigma Aldrich (Philadelphia, PA). Citric acid monohydrate, sodium
citrate, 3,5-dinitrosalicylic acid (DNS), sodium hydroxide, sodium potas
sium tartarate (Rochelle salt), phenol, sodium metabisulfite, methanol, and
ethanol were obtained from Fisher Scientific (Hanover Park, IL). BMIMCI
was purchased from Lancaster Synthesis (Alfa Aesar, Pelham, NH) and
used without further purification. AMIMCI was prepared according to
published procedures (16).

Celluclast 1.5L, a Trichoderma reesei cellulase (Novozyme Corp.,
Bagsvaerd, Denmark), was used in all enzyme hydrolysis experiments.
Cellulase activity was determined by the standard filter paper assay and
expressed as filter paper units (FPU) per gram of glucan (17). Novozyme
188, a ~-glucosidase, was added with Celluclast 1.5L for some hydrolysis
experiments. Cellobiase activity was determined by a cellobiose hydrolysis
assay (17) and expressed as cellobiose units (CBU) per gram of glucan.

Cellulose Pretreatment and Regeneration

Avicel and BMIMCI (or AMIMCI) mixtures containing 5, 10, 15, and
30% (w/w) cellulose were incubated in a 5-mL autoclave vial. The vial and
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the contents were heated in a block heater to either 130°C for 10 min or to
120°C for 30 min. The samples were gently stirred by placing the block heater
on an orbital shaker. Deionized water was used as an antisolvent for precip
itating cellulose from the ILs, BMIMCI, and AMIMCl. About 2 mL of antisol
vent was added to the cellulose/IL mixture. Immediately a precipitate was
formed. The sample was briefly centrifuged and supernatant was removed.
The precipitated sample was washed twice with additional2-mL aliquots of
deionized water followed by the cellulose hydrolysis buffer solution. The
resultant cellulose is referred to as RC. It should be noted that, with samples
containing initial cellulose weight percent more than its solubility limit in the
IL, only partial dissolution of cellulose occurs during incubation. Subsequent
antisolvent treatment provides a cellulose mix of RC and partially crystalline
cellulose (PCC). In what follows, cellulose samples recovered following anti
solvent treatment are referred to as IL-treated cellulose irrespective of
whether the resulting cellulose is RC or a mixture of RC and PCC.

XRO Measurements

Smooth films were cast at room temperature on microscopic slides
from untreated and IL-treated cellulose samples. XRD data for these films
were generated at 25°C with an XPERT' PRO powder diffractometer with
Xcelerator' detector (PANalytical, Almelo, The Netherlands) using Nickel
filtered CuKa radiation. Samples were scanned over the angular range
6-45°, 28, with a step size of 0.05°, and step time of 10 s.

Enzymatic Hydrolysis

Batch enzymatic hydrolysis of IL-treated and untreated cellulose was
carried out at 50°C with 50 mM citric acid buffer (pH 4.8) in a reciprocating
shaker bath. Two different sets of hydrolysis experiments were conducted.
In the first set, the effect of augmenting cellulase with additional ~

glucosidase (Novozyme 188) on the rates of hydrolysis of untreated cellu
lose and RC was investigated. A batch volume of 3 mL with a cellulose
concentration of 16.7 mg/mL was used with both untreated cellulose and
RC (recovered from 5% [w/wl cellulose-IL mixture). The enzyme loadings
were varied from 8 to 32 FPU/ g glucan of Celluclast 1.5L and 0 to 83 CBU/ g
glucan Novozyme 188. The second set of experiments was aimed at investi
gating the effect of crystallinity of cellulose on hydrolysis. In these experi
ments, batch volumes were adjusted for IL-treated cellulose samples to
achieve the same cellulose concentration of 16.7 mg/mL used with
untreated cellulose. The resulting volumes were 3, 6, 9, and 18 mL, respec
tively, for cellulose samples recovered from IL-cellulose mixtures of 5, 10,
IS, and 30% (w/w) cellulose. A constant enzyme loading of 16 FPU/ g glu
can of Celluclast 1.5L and 83 CBU/ g glucan Novozyme 188 was used.

The enzyme reaction was monitored by withdrawing 20 JlL of sam
ples from the supernatant periodically. Withdrawn samples were diluted
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10 times. Untreated and IL-treated cellulose were hydrolyzed using the
same cellulase and ~-glucosidase (Novozyme 188) stock solutions. The
untreated-cellulose controls were run concurrently with all the IL-treated
cellulose hydrolysis experiments to eliminate potential differences in tem
perature history or enzyme loading. The released reducing sugars were
measured by the DNS method using D-glucose as a standard (18). Released
glucose was determined separately by high-performance liquid chro
matography (HPLC) using a HPX-87 P column (Bio-Rad Laboratories Inc.,
Hercules, CA) at 80°C equipped with a refractive index detector. The
mobile phase was deionized water with a flow rate of 0.6 mL/min.

Results and Discussion

Dissolution and Regeneration of Celluloset and its Crystallinity

During the incubation of Avicel in ILs at 120°C and 130°C, complete
dissolution was observed for 5% (w/w) Avicel solutions in BMIMCI and
AMIMCI. Ten percent solutions were completely dissolved in BMIMCI
and almost completely dissolved in AMIMCI. For 15 and 30% (w/w)
Avicel in ILs, only partial dissolution occurred. The maximum solubility
of Avicel observed visually at 120°C was 9% in AMIMCI and 13% in
BMIMCI. The dissolution mechanism of cellulose in BMIMCI and
AMIMCI can be attributed to the nature of the bulky imidazolium cation
and the relatively strong electronegativity and small size of the chloride
ion. BMIMCI and AMIMCI have high hydrogen bond basicity and the
anion plays a key role in the dissolution of cellulose. The chloride ion
attacks the free hydroxyl groups and deprotonates cellulose. The imida
zolium cation with its electron rich aromatic It system interacts with cel
lulose hydroxyl oxygen atoms through nonbonding or It electrons, and in
addition prevents cross linking of the cellulose molecules (16,19).
Following dissolution in BMIMCI or AMIMCI, Avicel was precipitated
from the IL by adding water as antisolvent, which forces the IL to reject
dissolved cellulose through a preferential solute-displacement mecha
nism. During this displacement, the IL is extracted into the antisolvent
through hydrogen bonding, dipolar, and columbic interactions between
the IL and antisolvent (20).

Samples of cellulose recovered following antisolvent treatment of
IL-cellulose mixtures and untreated cellulose were examined by XRD to
gain insight into the structural changes resulting from IL-treatment (Figs. 1
and 2). Crystallinity index (CrI) was determined from XRD (21) data and
calculated using the formula: CrI = [(1020 - lam)/1020] x 100, where 1020 is the
intensity above baseline at the 020 peak maximum near 28 22.5° and lam is
the minimum in peak intensity near 28 of 18°(21). CrI was reduced for all
samples incubated in the ILs (Table 2). For cellulose concentrations less
than the solubility limit in the IL (5 and 10% [w/w]), the cellulose recovered
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Fig. 1. XRD patterns for IL-treated and untreated-Avicel. Untreated Avicel (A),
exhibited a significantly greater degree of crystallinity than that of regenerated sam
ples (B-E). Avicel samples were incubated in AMIMCI at 120°C for 30 min and pre
cipitated with deionized water. Samples B-E corresponds to 30, IS, 10, and 5% (w/w)
Avicel incubated in AMIMCI. The crystallinity of B is significantly higher than that of
C-E (Crr is listed in Table 2).

following antisolvent addition is essentially amorphous. Accordingly, the
reduction in the measured Cd was greatest for 5 and 10% (w/w) samples
and remains essentially the same for both cases. However, with samples
containing initial cellulose weight percent more than its solubility limit in
the IL (15 and 30% [w/wD, only partial dissolution of cellulose occurs dur
ing incubation. Subsequent antisolvent treatment provides a cellulose mix
of RC and PCe. The proportion of PCC is expected to rise as the initial
weight percent of cellulose incubated in IL is increased. This gradual
increase in PCC will lead to a corresponding increase in Cd as was
observed from the Cd obtained from XRD measurement (Table 2).

Effect of IL-Treatment on Rate of Hydrolysis of Cellulose

As noted, cellulose was incubated in BMIMCl or AMIMCl and recov
ered by quenching with antisolvent water. The IL-treated and untreated

Applied Biochemistry and Biotechnology Vol. 736-740,2007
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Fig. 2. XRD patterns for IL-treated and untreated-Avicel. Untreated Avicel (A),
exhibited a significantly greater degree of crystallinity than that of regenerated sam
ples (B-E). Avicel samples were incubated in BMIMCl at 120°C for 30 min and precip
itated with deionized water. Samples B-E correspond to 30,15,10, and 5% (w/w) Avicel
incubated in BMIMCl. The crystallinity of B is significantly higher than that of C-E
(CrI is listed in Table 2).

cellulose samples were then enzymatically hydrolyzed using the Celluclast
1.5L cellulase system with and without additional B-glucosidase
(Novozyme 188). Total soluble reducing sugars and glucose concentra
tions were monitored during the course of hydrolysis. The initial rate of
formation of total soluble reducing sugars (a measure of hydrolysis) was
higher for IL-treated cellulose compared with untreated cellulose for all
incubation conditions and enzyme loadings examined (Tables 1 and 2).
The concentrations of total soluble sugars and glucose are shown as func
tions of time in Figs. 3 and 4, respectively.

Role ofAdditional ~-Glucosidaseon Cellulose Hydrolysis

The initial rate of soluble reducing sugar formation of untreated cel
lulose and cellulose regenerated from a 5% cellulose/BMIMCl mixture is
shown in Table 1 for various enzyme loadings, with and without

Applied Biochemistry and Biotechnology Vol, 136-740,2007
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Table 1
Effect of p-Glucosidase on Hydrolysis. Initial Rate of Formation of Total

Reducing Sugars, Measured by DNS Assay During the Enzymatic Hydrolysis of
Approx 17 mg/mL of Regenerated or Untreated Avicel Samples With Cellulase

Loadings Varying From 8 to 32 FPU/ g Glucan and 0 to 83 CBU/ g Glucan

Enzyme activity per
gram of glucan

Initial rate
(mg/mL/min)

Rate
enhancemenfl1

Cellulase
(FPU)

p-Glucosidase
(CBU)

Untreated
cellulose

Regenerated
cellulose RC

8 0 0.0004 0.0047 12
8 83 0.0004 0.0320 71
------------------------------------------------------------------------------------------------------------------------------------------------

16 0 0.0043 0.0427 10
16 83 0.0044 0.3915 89
------------------------------------------------------------------------------------------------------------------------------------------------

32 0 0.0110 0.3953 36
32 83 0.0140 0.5030 36

Rates are calculated from analysis of supernatant sampled during the first 20 min of
hydrolysis. RC was formed by incubating samples of 5% cellulose in ILs (BMIMCl) at 130°C
for 10 min followed by precipitation with water.

aRate enhancement is defined as the ratio of initial rate of reducing sugars released for
RC divided by that of untreated cellulose.

Table 2
Effect of CrI of IL-Treated Avicel on Hydrolysis. Initial Rate of Formation of

Total Soluble Reducing Sugars, Measured by DNS Assay During the Enzymatic
Hydrolysis of Approx 17 mg/mL Avicel (With a Cellulase Activity of 16 FPU/ g

Glucan and p-Glucosidase Activity of 83 CBU/ g Glucan)

Concentration of
Avicel in IL

Initial rate
(mg/mL/min)

Rate
enhancemenfl1

Crystallinity
index

Untreated 0.0046 76.4
5% in AMIMCI 0.3274 71 12.9
10% in AMIMCI 0.3397 74 11.7
------------------------------------------------------------------------------------------------------------------------------------------------

15% in AMIMCI 0.2304 50 15
30% in AMIMCI 0.1263 27 47.0
5% in BMIMCI 0.3412 74 11.5
10% in BMIMCI 0.3763 82 11.6
------------------------------------------------------------------------------------------------------------------------------------------------

15% in BMIMCI 0.289 63 14.2
30% in BMIMCI 0.2140 46 43.4

Rates are calculated from analysis of supernatant sampled during the first 20 min of
hydrolysis. RC or a mixture of RC and PCC was formed by incubating cellulose in ILs
(AMIMCI/BMIMCl) at 120°C for 30 min followed by contact with water. A mixture of RC
and pce formed at Avicel concentrations in IL more than 10% (w/w).

aRate enhancement is defined as the ratio of initial rate of reducing sugars released for
RC divided by that of untreated cellulose.
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Fig. 3. Avicel samples of 5% (0), 10% (0), 150/0 (6), and 30% (7) were incubated for
30 min in AMIMCI at 120°C, and precipitated with deionized water. Hydrolysis rates
of IL incubated samples are compared with that of untreated Avicel (~). Conversion
of cellulose to sugars for batch samples of approx 17 mg/mL Avicel hydrolyzed with
T. reesei cellulase activity of 16 FPU/ g glucan and 83 CBU/ g glucan at 50°C is shown
as a function of time for (A) total soluble sugars (measured using a DNS assay) and (B)
as percent cellulose conversion to glucose (measured by HPLC).

~-glucosidase addition. In the discussion that follows, the rate of forma
tion of soluble reducing sugars will be referred to as the hydrolysis rate. This
hydrolysis rate somewhat underestimates the true hydrolysis rate because
hydrolysis of insoluble cellulose into smaller but insoluble fragments is
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Fig. 4. Avicel samples of 5% (0), 10% (0), 15% (6), and 30% (V) were incubated for
30 min in BMIMCI at 120°C, and precipitated with deionized water. Hydrolysis rates
of IL incubated samples are compared with that of untreated Avicel (~). Conversion
of cellulose to sugars for batch samples of 17 mg/mL Avicel hydrolyzed with T. reesei
cellulase activity of 16 FPU/ g glucan and 83 CBU/ g glucan at 50°C is shown as a func
tion of time for (A) total soluble sugars (measured using a DNS assay) and (B) as
percent cellulose conversion to glucose (measured by HPLC).

not taken into account in the DNS assay of soluble reducing sugars. The rate
enhancement, defined as the ratio of initial hydrolysis rate of IL-treated
cellulose to that of untreated cellulose, appears highest for an enzyme
loading of 16 FPU/ g glucan with addition of P-glucosidase at 83 CBU/ g
glucan. At these enzyme loadings the hydrolysis rate of RC is nearly two
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orders of magnitude more than that of untreated cellulose. For modest cel
lulase activities (8 and 16 FPU/ g glucan), the hydrolysis rates of RC
increased significantly with addition of ~-glucosidase (by six- to ninefold).
This increase was not seen in untreated cellulose samples at similar cellu
lase activities (Table 1).

Effect of CrJ of Cellulose on Hydrolysis

A constant enzyme loading of 16 FPU/ g glucan with addition of
~-glucosidase at 83 CBU/ g glucan was used in all experiments conducted
with various IL-treated cellulose samples (incubation of 5, 10, IS, and 30%
cellulose in the ILs). The initial rates of hydrolysis for untreated and
IL-treated cellulose are shown in Table 2. Initial rates of enzymatic hydrol
ysis of IL-treated cellulose were at least fifty times that of untreated cellu
lose. Initial rates of enzymatic hydrolysis of completely dissolved and RC
samples (5 and 10%) were higher than the IL-treated cellulose samples that
were partially dissolved (15 and 30%) as seen in Table 2. Samples contain
ing initial cellulose concentrations less than 10% are within the solubility
limit in IL, and more than 10% are above the solubility limit in IL. Addition
of antisolvent to IL-cellulose mixtures produced RC when the cellulose
concentration is within the solubility limit and produced a mixture of RC
and PCC above the solubility limit. Mixture of RC and PCC samples have
residual crystallinity (Table 2), which accounted for lower initial rates com
pared with RC samples.

For both RC (5 and 10%) and a mixture of RC and PCC (15 and 30%)
samples, conversion to glucose after 7 h of hydrolysis was about 80-85%,
whereas it is only 20% for untreated cellulose (Figs. 3 and 4). Higher con
versions were expected for RC samples as the crystallinity of cellulose is
almost eliminated in RC samples. Higher conversions obtained for mix
tures of RC and PCC (15 and 30%) are somewhat surprising. In spite of
the residual crystalliniy of these cases, the conversions were higher and
comparable with that of RC samples (5 and 10%) (Figs. 3 and 4). This
implies that the crystallinity of 15 and 30% cellulose samples treated in
IL was reduced sufficiently to provide enough accessible sites for cellu
lase enzyme adsorption and activity. This is a promising observation as
it suggests that it is not necessary to "totally eliminate" the crystallinity
of cellulose to achieve significant enhancement in hydrolysis rates, and
even with appreciable residual crystallinity most of the recalcitrance to
hydrolysis can be mitigated. This also offers the possibility to process
larger amounts of cellulose rapidly (i.e., up to 30 wt% of cellulose can be
incubated in the IL-treatment step). All IL-treated cellulose samples
reached almost 95% conversions to glucose within 24 h, whereas
untreated cellulose only reached 50% conversion in that time period
(Figs. 3 and 4).

The hydrolysis rates of IL-treated cellulose samples within the solu
bility limit (5 and 10%) were comparable for cellulose incubated in either

Applied Biochemistry and Biotechnology Vol. 136-140,2007
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Fig. 5. Mechanism of enzymatic hydrolysis of cellulose by T. reesei cellulase (3). Endo
refers to endoglucanase. Exo, exoglucanase (cellobiohydrolase); BG, P-glucosidase.

AMIMCI or BMIMCI. With IL-treated cellulose samples above the solubility
limit (15 and 30%), the hydrolysis rates appear to differ according to the
dissolving capabilities of the IL. The hydrolysis rates of IL-treated cellulose
prepared from 15% to 30% Avicel incubation in BMIMCI were higher than
those prepared with AMIMCI (Table 2).

Mechanism of Enzymatic Hydrolysis of RC

The hydrolysis of insoluble cellulose can be divided into primary and
secondary steps (3). Primary hydrolysis (of the solid phase) involves the
release of glucose and soluble intermediates such as cellobiose, cellotriose,
and soluble cellodextrins from insoluble substrates. Secondary hydrolysis
(in the liquid phase) involves the hydrolysis of soluble intermediates to
lower molecular weight intermediates and glucose (Fig. 5). Exoglucanases
and endoglucanases can hydrolyze solid cellulose substrates by adsorbing
on cellulose surface (primary hydrolysis). Exoglucanases act on chain ends
and predominantly release cellobiose (a glucose dimer). Endoglucanases
hydrolyze cellulose by random chain scission and reduce DP of cellulose
more effectively than the exoglucanases. Both exo and endoglucanases
are inhibited by cellobiose. ~-glucosidase converts cellobiose and soluble
oligomers to glucose and only acts on substrates in the liquid phase
(secondary hydrolysis). Primary hydrolysis of native crystalline cellulose is
much slower than secondary hydrolysis, because of the macro and micro
structure and extensive network of inter- and intrahydrogen bonding of
cellulose fibrils and crystalline microfibrils, which greatly limits the per
meability of enzymes and water to hydrolysis sites (8/22).

For Re, because of the amorphous nature of the cellulose, many ~

glucosidic sites are available for endoglucanases, which hydrolyze cellu
lose rapidly to form short glucose oligomers (8). Within 3-4 h of
enzymatic hydrolysis, the RC solutions appeared transparent, whereas
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untreated cellulose had a distinct solid phase. This indicates that RC was
rapidly hydrolyzed to soluble oligomers of DP <6 (or slightly soluble
oligomers of DP <13) (4,8,23). This rapid formation of soluble cellulose
oligomers may result in comparable primary and secondary hydrolysis
rates for RC.

The hydrolysis rates of RC are increased by about one order of mag
nitude over those for untreated cellulose for samples hydrolyzed with 8,
16, and 32 FPU/ g glucan with no additional ~-glucosidaseadded (Table 1).
With the addition of 83 CBU/ g glucan, the enzymatic hydrolysis rates
increased by almost another order of magnitude for RC samples hydrolyzed
with 8 and 16 FPU and to a lesser extent for samples hydrolyzed with 32
FPU/ g glucan. The increase in hydrolysis rate with ~-glucosidaseaddition
observed for RC can be attributed in part to the relatively fast primary
hydrolysis of amorphous cellulose and accumulation of cellobiose which
inhibits exo and endoglucanase activity. ~-glucosidase addition alleviates
this accumulation and also increases the rate of secondary hydrolysis. In
contrast, the hydrolysis rates of untreated cellulose were unaffected by ~

glucosidase addition at 8 and 16 FPU/ g glucan (rates increased modestly
at 32 FPU/ g glucan similar to the increase seen for RC). For untreated cel
lulose with modest cellulase loadings, primary hydrolysis appears to be
rate limiting in contrast to relatively fast primary hydrolysis for RC.
Hence, ~-glucosidase addition does not seem to enhance the soluble sugar
formation for untreated crystalline cellulose as the endo- and exoglu
canase activity is not inhibited during the initial stages of enzymatic
hydrolysis, owing to low initial concentrations of cellobiose/soluble
oligomers (Table 1).

Conclusions

In a novel technique, the microcrystalline cellulose was incubated
with an IL and then recovered as essentially amorphous or as a mixture of
amorphous and PCC, by rapidly quenching the IL-cellulose mixture with
an antisolvent. When the incubation samples contained initial cellulose
weight percent more than its solubility limit in the IL, subsequent antisol
vent treatment provides a cellulose mix of amorphous RC and PCC. The
crystallinity index (CrI) obtained from XRD measurement of the IL-treated
samples displayed a corresponding increase in CrI when the initial weight
percent of cellulose was more than the solubility limit in the IL.

The IL-treated cellulose samples were hydrolyzed to sugars using
Celluclast 1.SL and Novozyme 188. IL-treated cellulose exhibited improved
hydrolysis kinetics with optically transparent solutions formed after first
few hours of reaction, indicating relatively fast hydrolysis kinetics. With
optimal IL-treatment conditions and enzyme loadings, initial rates of
hydrolysis of IL-treated cellulose were two orders of magnitude higher than
those observed with untreated cellulose. Among IL-treated cellulose
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preparations, the initial rates observed with samples containing only RC
were higher than the initial rates for the samples that were mixtures of RC
and PCC. In spite of the observed differences in the initial rates and CrI, all
IL-treated cellulose preparations showed significantly higher glucose con
versions compared with untreated cellulose: about 80-85% conversions to
glucose were observed for IL-treated cellulose samples in 7 h of hydroly
sis where as it was only 20% for untreated cellulose. Thus, it seems that it
is not really necessary to completely eliminate the crystallinity of cellulose
in order to achieve significant enhancement in hydrolysis rates; even with
some residual crystallinity most of the recalcitrance to hydrolysis can be
mitigated. This offers the possibility to hydrolyze large amounts of cellu
lose rapidly using the proposed IL-pretreatment technique.

In the proposed technique, dissolution of cellulose in the IL and its
subsequent precipitation with antisolvent, allows separation of the ILl
antisolvent solution from cellulose by a simple filtration or centrifugation
step. The IL and antisolvent can then be recovered, easily separated, and
recycled. Because of the nonvolatility of the IL, antisolvent can be easily
stripped from the ILlantisolvent solution for recovery and recycle of both
the IL and antisolvent. The synthesis of ILs generally consists of a few steps
with relatively high-yields (16,24). The price of ILs is expected to dramati
cally decrease as commercial uses of ILs are developed and manufacturing
scale increases. These considerations point to the promise of the proposed
technique in dealing with the recalcitrance of cellulose to hydrolysis.
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Abstract

Saline crops and autoclaved municipal organic solid wastes were evalu
ated for their potential to be used as feedstock for fermentable sugar pro
duction through dilute acid pretreatment and enzymatic hydrolysis. The
saline crops included two woods, athel (Tamarix aphylla L) and eucalyptus
(Eucalyptus camaldulensis), and two grasses, Jose tall wheatgrass (Agropyron
elongatum), and creeping wild rye (Leymus triticoides). Each of the biomass
materials was first treated with dilute sulfuric acid under selected conditions
(acid concentration == 1.4% (w/w), temperature == 165°C, and time == 8 min)
and then treated with the enzymes (cellulases and ~-glucosidase). The
chemical composition (cellulose, hemicellulose, and lignin contents) of each
biomass material and the yield of total and different types of sugars after
the acid and enzyme treatment were determined. The results showed that
among the saline crops evaluated, the two grasses (creeping wild rye and
Jose tall wheatgrass) had the highest glucose yield (87% of total cellulose
hydrolyzed) and fastest reaction rate during the enzyme treatment. The
autoclaved municipal organic solid wastes showed reasonable glucose yield
(64%). Of the two wood species evaluated, Athel has higher glucose yield
(60% conversion of cellulose) than eucalyptus (38% conversion of cellulose).

Index Entries: Dilute acid pretreatment; enzymatic hydrolysis; ethanol
potential; municipal solid waste; saline crops; fermentable sugar.
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Production of fermentable sugars from biomass materials is an impor
tant step for biobased, chemical, and biofuel production. For lignocellulosic
materials, sugars are primarily derived from hemicellulose and cellulose
components. Naturally, sugar derived from cellulose-glucose-is more
easily fermentable, especially for the production of ethanol, than the sugars
derived from hemicellulose, which are more complex and mainly include
five-carbon sugars, such as xylose. To convert cellulose to glucose, the
hydrolysis is a necessary step. Hydrolysis is normally carried out using con
centrated acid or enzymes. Compared with concentrated acid hydrolysis,
enzymatic hydrolysis is more specific and milder, and it does not cause
sugar degradation; however, it requires proper pretreatment of the biomass
material to improve cellulose accessibility to enzymes by removing hemi
cellulose, lignin and/or reducing crystallinity of cellulose (1).

Pretreatment technologies, such as dilute acid, steam-explosion, com
minution, ammonia fiber explosion, alkaline, and super critical CO2-S02
have been extensively investigated (2-9). Herein, dilute sulfuric acid pre
treatment has been widely studied because it is considered to be relatively
inexpensive and effective for treatment of different biomass species. In
addition, dilute sulfuric acid pretreatment can also effectively hydrolyze
hemicelluloses into sugars, including monomeric sugars (xylose, arabi
nose, galactose, glucose, and mannose) and oligomers. With the recent
advent of new microorganisms that are capable of fermenting pentoses as
well as hexoses to ethanol, dilute acid pretreatment becomes a more viable
step in the hydrolysis of lignocellulosic materials (10).

Much previous reported research about the pretreatment of biomass
materials with dilute sulfuric acid is mainly related to softwood, hardwood,
grass, and agricultural residues. Acid concentration, reaction temperature,
and time are the major parameters that influence the treatment effectiveness.
For most types of biomass materials, dilute acid pretreatment can release
more than 80% of the sugars associated with the hemicellulose fraction
and allow for enzymatic conversion of 80% of the cellulose to glucose
(Table 1). The amount and type of sugars that can be produced and the
conditions required to achieve the optimum production during acid pre
treatment and enzymatic treatment are largely dependent on the chemical
composition and structure of biomass materials.

This study was focused on the evaluation of saline biomass crops and
thermally pretreated municipal organic waste as the feedstock for fer
mentable sugar production. The saline crops include the two wood
species (athel and eucalyptus) and the two grass species (creeping wild rye
[CWR], and Jose tall wheatgrass [JTW]). They were planted as experimen
tal crops on the farms located in the San Joaquin valley of California to
help mitigate the salt problem in soil and drainage water. The problem
caused by using fertilizers and irrigation water exists across agricultural
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lands in the San Joaquin valley. One of the approaches for solving the
salinity problem is to use an integrated on-farm drainage management
system, which uses the plantation of different crops and plants sequen
tially with increasing the salt tolerance levels to utilize drainage water.
This has been practiced at Red Rock Ranch (RRR), a farm located near Five
Points, California in a 640-acre demonstration project where several salt
tolerant crops, including Athel, eucalyptus, JTW, and CWR, have been
planted. The saline biomass production through the integrated on-farm
drainage management systems not only helps with transpiration of water
and concentration of salt but also serves to capture solar energy through
photosynthesis for further use. The produced crops could be used as raw
materials for producing bioenergy and biochemicals, such as biogas and
sugars, which can be further converted to ethanol and/or other chemicals.

This study was designed to investigate the utilization of the saline
crops as feedstock for production of valuable products, such as fermen
table sugar, which is important for developing a sustainable agricultural
system for their continued production. This study was not focused on
addressing the effect of salt contents in saline crops on fermentable sugar
production step, although the salt content may influence the fermentation
process. The autoclaved municipal organic waste (AMSW) was obtained
from the City of San Francisco, CA, and was pretreated with an autoclave
process first to partially break down the fibers and reduce the particle size,
before it was tested with the hydrolysis experiments. It contained approx
30% food and 25% paper. Currently the municipal solid wastes (MSW) are
largely disposed off in landfills. This study also evaluated the feasibility of
separating the organic fraction (food and paper) from the MSW and con
verting it into sugars as valuable products. Although many lignocellulosic
biomass materials have been investigated as potential feedstock for sugar
and/or ethanol production, little research has been done on the hydrolysis
of saline crops and AMSW with high food content. The objectives of this
study were to compare different saline crops and AMSW for their potential
to be used as feedstock for fermentable sugar production through dilute acid
and enzymatic hydrolysis, and determine the amount and types of sugars
that can be produced from these biomass materials.

Materials and Methods

Biomass Preparations

The biomass materials tested in this study include four saline crops and
one AMSW. The following is detailed information about the saline crops:

1. Athel pine, T. aphylla L, softwood.
2. Eucalyptus, E. camaldulensis, hardwood.
3. CWR, L. triticoides.
4. JTW, A. elongatum.
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Athel and eucalyptus from 8-yr old trees were harvested in May 2004
and then cut into approx 40 em long logs using a chainsaw. The diameter of
logs used in this study ranged from 3 to 25.4 em. The logs were further
debarked with chisel and then reduced into 5-10 em long chips with a Dosko
brush chipper (Model 1400-12; Dosko Co., Sacramento, CA). The chips were air
dried to approx 8% moisture content and sealed in plastic bags for storage in
the Biomass Laboratory at the University of California, Davis for future use.
The JTW and CWR were harvested from the same location as the woods,
which was RRR at five points in California. They were cut, field-dried, and
baled with an average straw length of 50 em in September 2004 and in May
2005, respectively. Bales were stored indoors at ambient temperature.

The saline crops were milled into particles using a laboratory ham
mer mill (Model C2690YB, Franklin Co. Inc., Buffton, IN) equipped with
a 0.32-cm rejection screen. After milling, the fiber particles were classified
into three groups based on the particle size, more than 0.38, 0.38-0.23, and
less than 0.23 mm, using a sieve shaker (RO TAP, The W. S. Tyler Company,
Cleveland, OH) with corresponding sieves (Newark Wire Cloth Co.,
Clifton, NJ). The 0.23-0.38 mm particles were used for this sugar produc
tion study. They were stored in sealed 2-gal zip-locked plastic bags at 4°C.

AMSW was prepared from MSW obtained from a waste management
company in San Francisco, CA. The MSW was first thermally treated with
a process called CR3, which autoclaved the MSW with steam for 2-3 h, at
temperature of 127°C and pressure of 172 kPa. AMSW was then screened
to separate organic fraction from inorganic fraction. The separated organic
fraction was used in this study for the hydrolysis treatment.

Dilute Sulfuric Acid Pretreatment

Biomass was pretreated with dilute sulfuric acid solutions (1.4%, w /w)
in a l-L reactor (Carpenter 20 Cb-3, Parr Co., Moline, IL), equipped with
impeller mixers and a pressurized injection device. In this study, a 10% (w/w)
solid slurry sample (65 g solids) was chosen to allow for proper mixing.
Samples were reacted at 165°C for 8 min, based on results of preliminary
tests conducted at different temperatures, durations, and acid concentra
tions. The duration was clocked from when the mixture of biomass, water,
and sulfuric acid in the reactor reached the desired reaction temperature.
The warming step before 165°C took approx 30 min.

After dilute sulfuric acid pretreatment was completed, the reaction
was terminated by immersing the reactor in ice-water until the reactor
pressure became 101 kPa. The reactor was opened slowly and the residues
were recovered by washing the reactor with deionized water. The mixture
of solid residues and washing water was stored in sealed bottles at 4°C.
The pretreated biomass was thoroughly washed with hot deionized water
(85°C) and filtered under vacuum to remove water-soluble compounds
from solids. During the washing and filtration process, the pH of the filtrate
was measured with a pH meter (AR20; Fisher Scientific Inc., Hampton, NH)
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and washing was stopped when the pH reached 4.5 or the reducing sugar
(RS) concentration reached 0.06 gil.

A portion of the washed pretreated solid was stored at -20°C for sub
sequent enzymatic hydrolysis. The remaining solid was dried at 45°C in an
oven for subsequent chemical composition analysis. The total volume of
wash water was measured and recorded. Then a 20-mL sample was taken
from the wash water, neutralized with CaC03, and filtered with glass fil
ter paper of 0.20-J.!m pore size. The filtered water was stored at 4°C for
analysis of total RS and individual sugars.

Enzymatic Hydrolysis

Enzymatic hydrolysis was carried out in 125-mL screw-capped
Erlenmeyer flasks. The enzymes used in the study were cellulase
(Novozymes, Celluclast 1.5L, available from Sigma-Aldrich Corp. [St. Louis,
Mal, Cat. No. C2730) supplemented with extra p-glucosidase (Novo
zyme188, available from Sigma, Cat. No. C6105). Both enzymes were pro
vided by Novozymes Inc. (Davis, CA). The activities of the two enzyme
stocks were determined to be 90 filter paper units (FPU) / mL and 250
cellobiose units (CBU)/mL, respectively. The cellulase and p-glucosidase
contained 47.1 and 49.7 mg protein/mL, respectively, as measured by Bio-rad
protein assay (Bio-rad Laboratory Hercules, CA). The enzymatic hydrolysis
was performed at pH 4.8 with cellulase loading of 15 FPU/ g-cellulose
(7.9 mg protein/g-cellulose) and p-glucosidase loading of 52.5 CBU/ g-cellulose
(10.4 mg protein/g-cellulose) in prewarmed (50°C) 50-mL reaction slurry that
contained solids equivalent to 2% cellulose, 0.05 M sodium citrate buffer
(pH 4.8), and 0.3% (wIv) sodium azide. Sodium azide was used to inhibit
microbial growth during the enzymatic hydrolysis (1). Before loading of
enzymes, the pH of slurry was adjusted with 6 N HCI or 6 N NaOH to 4.8
as needed. Duplicate 125-mL Erlenmeyer reaction flasks were incubated in
a shaking incubator at 50°C with an agitation speed at 140 rpm.

During the enzymatic hydrolysis, 1-mL samples were periodically
removed from each flask (0, 2, 8, 18, 24, 72, 120, and 168 h). Each sample was
centrifuged for 10 min at 13,500g, and 500-J.!L supernatant was then removed
and placed into a 1.5-mL Eppendorf tube, which contained the stop buffer
(512 mM Na2C03 and 288 mM NaHC03; pH 10.0) (9). The buffered samples
were stored at 4°C for subsequent glucose measurement.

The glucose yield was calculated as:

. Glucose (mg/mL)
Glucose YIeld (%) = Cellulose added (mg/mL) x 1.11 (1)

where the factor 1.11 is used to adjust the weight gained in hydrolyzing
cellulose to glucose.
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Analytical Methods

The moisture content of biomass was measured according to the
American Society of Testing and Materials standard method D4444-92 (19).
Total RS was measured with the dinitrosalicylic acid method using glucose
as the standard (20). The activities of cellulase and ~-glucosidase were
measured as FPU and CBU, respectively (21). Glucose content was mea
sured with anthrone colorimetric assay (22,23). Xylose, arabinose, galac
tose, and mannose were measured by analyzing the alditol acetate
derivatives synthesized with gas chromatograph as described by Blakeney
et al. (24) following hydrolysis with 2 N trifluoroacetic acid (TFA) for 1 h
at 121°C (25). Ash, acid insoluble lignin (Klason lignin), and acid soluble
lignin were determined by standard National Renewable Energy
Laboratory's laboratory procedures (26-28).

Solubilized monosaccharides in dilute sulfuric acid hydrolysates,
including glucose, xylose, arabinose, galactose, and mannose, were deter
mined using gas chromatography (24,25). The glucose concentrations in
the samples obtained from the enzymatic hydrolysis were measured
using glucose assay kit purchased from Bioassay Systems (Quantichrom™
Glucose Assay Kit, DIGL-200, CA). All measurements were conducted in
duplicate trials and average results were reported.

Results and Discussion

Chemical Composition of Biomass Materials

The chemical compositions of biomass are shown in Table 2. Glucose
was the major component followed by lignin (acid insoluble and soluble
lignin) and xylose, and various minor components. Herein, galactose, arabi
nose, and mannose were minor components. The galactose, arabinose,
xylose, and mannose are the major components of hemicellulose matrix (10). In
addition, the woody samples (athel and eucalyptus) also contained mannose
as part of their xylose. Our results are consistent with the results of Grohmann
et al. (29), Torget et al. (14), and Brigham et al. (30) who reported that the com
position of hemicellulose varied with biomass species and woody xylose con
tained mannose. Therefore, it can be stated that the hemicellulose of all the
biomass used in this study mainly included arabinose, galactose, xylose,
and/or mannose with xylose as the dominant carbohydrate. Even though
hemicellulose contained some glucose, it was difficult to distinguish the glu
cose source, because some glucose might come from cellulose during the
chemical composition measurement. In addition, AMSW had considerably
lower hemicellulose content (5.4%), compared with the saline crops.

Dilute Acid Pretreatment

Weight loss was used to evaluate the effect of dilute acid pretreatment
on composition removal for different biomass materials, because the

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



430 Zheng et al.

Table 2
Chemical Composition of Untreated Biomass (dry basis [wt%])

Athel Eucalyptus CWR JTW AMSW

Glucose 49.34 44.45 34.03 31.09 43.95
Xylose 11.82 10.53 16.48 16.90 2.43
Arabinose 0.68 0.82 3.28 2.83 0.48
Galactose 0.46 2.24 0.78 0.66 0.43
Mannose 0.27 0.28 NDa ND 1.98
Acid-insoluble ligninb 25.97 32.73 20.85 17.70 22.20
Acid-soluble ligninb 4.45 2.45 3.51 2.70 1.66
Ash 5.43 2.14 7.37 8.61 9.89
Other 1.58 4.36 13.70 19.51 16.98

aND, not detected.
bLignin contents were measured using unextracted biomass.

Table 3
Removal of Components From Biomass Solids by Dilute Acid Pretreatment (%)a

Athel Eucalyptus CWR JTW AMSW

Glucose 19 16 12 9 12
Xylose 99 98 97 99 99
Arabinose 100 100 100 100 100
Galactose 100 100 100 100 100
Mannose 100 100 100
Acid-insoluble ligninb 22.01 29.61 13.30 27.09 18.19
Acid-soluble ligninb 85.08 82.07 88.69 90.31 98.63

aThe removal of components (%) = (components in raw solid-components in pretreated
solid)/components in raw solid x 100%.

bLignin contents were measured using unextracted biomass.

removal mechanism involves the hydrolysis of the various cell wall com
ponents (14). Dry weight losses varied from 59% (JTW) to 35% (AMSW)
(Fig. 1). As shown in Table 3, the sugars released from the acid pretreat
ment included arabinose, galactose, glucose, xylose, and mannose, but no
mannose was found from grasses and AMSW. Most of the acid soluble
lignin was removed from the solids (82.07-98.63%), but only a relatively
small fraction of the acid insoluble lignin was removed (13.30-29.61 %).
The hydrolysis of cellulose was low (16-19% for athel and eucalyptus and
9-12% for CWR, JTW, and AMSW). Dilute acid pretreatment was equally
effective at removing hemicellulose from the woods, grasses, and AMSW.

The sum of the individual sugars and amounts of solubilized RS were
also measured (Fig. 2) because the RS contents in the prehydrolyzates can
effectively indicate the solubilization of hemicellulose and cellulose dur
ing the pretreatment process (1). JTW released the highest amount of RS
and individual sugars from hemicellulose. Because of its low content of
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hemicellulose (5.32%), AMSW had the lowest amount of solubilized RS
and individual sugars. In Fig. 2, it can be seen that the amount of RS was
higher than the sum of individual sugars. The difference might be because
of the presence of other RSs (such as cellobiose) and nonsugar reducing
components that were measured as RSs.

The xylose mass balance was done based on the dilute acid pre
treatment system. The xylose contents were measured in original solids,
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pretreated solids, and prehydrolyzate. It was found that xylose mass bal
ance could not be closed. For example, 33% of the xylose in Athel and 20%
in CWR were not recovered as monomeric xylose. These findings were
similar to reported results, which indicated that some sugars, such as
xylose and glucose, were solubilized in the prehydrolyzate as oligomeric
sugar, furfural, hydroxymethylfurfural, and/or other byproducts during
the acid pretreatment (1,7,31).

Enzymatic Hydrolysis for Glucose Yield

The glucose yields from different pretreated biomass materials during
the enzymatic hydrolysis are shown in Fig. 3. The two grasses, CWR and
JTW, had the highest yields (87% cellulose saccharified) after the 168 h
treatment. The two woods, athel and eucalyptus, had the lowest glucose
yield (60 and 38% cellulose converted, respectively). The glucose yield for
AMSW was 63% cellulose converted, which was higher than the glucose
yield from the woods. The CWR and JTW also had the fastest rate of sugar
release, two to three times faster than Athel and AMSW and five times
faster than eucalyptus. In particular, the conversion of cellulose to glucose
for JTW was nearly 80% completed after only 24 h of enzymatic hydrolysis.
Eucalyptus had the lowest rate of released glucose and even after 168 h the
glucose continued to increase in concentration.

The reason for the difference in cellulose hydrolysis rates and final glu
cose yields among the different biomass materials might be that cellulose
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Table 4
Total Sugar Yield From Different Biomass by Dilute Acid Pretreatment

and Enzymatic Hydrolysis (gram per gram of Original Dry Matter)

Total
Biomass Glucose Xylose Arabinose Galactose Mannose sugara

Athel 0.24 0.08 0.005 0.003 0.002 0.33
Eucalyptus 0.19 0.07 0.007 0.01 0.003 0.28
CWR 0.31 0.13 0.03 0.007 0.48
JTW 0.34 0.12 0.02 0.005 0.49
AMSW 0.36 0.03 0.008 0.006 0.02 0.42

The sugar is specified as monomeric sugar. For example, total glucose yield = (total
monomeric glucose released by dilute acid pretreatment in liquid + total glucose yield
from enzymatic hydrolysis) / (total raw dry matter loaded initially in dilute acid pretreat
ment step). Other sugar yield = (total sugars released by dilute acid pretreatment) / (total
raw dry matter loaded initially in dilute acid pretreatment step).

aTotal sugar is the summation of all the individual sugars released by dilute acid pre
treatment and enzymatic hydrolysis.

fibers in pretreated grasses (CWR and JTW) were inherently more digestible
than those of pretreated woods (athel and eucalyptus) and AMSW (14).
Another possibility could be that lignin condensation during dilute acid pre
treatment contributed to the development of higher porosity for grasses
than for woods and AMSW, making the cellulose in grasses more accessible
by the enzymes (14). More research is needed to identify the mechanism.

Total Monomeric Sugars Yield From Dilute Acid Pretreatment
and Enzymatic Hydrolysis

Because of the improvement of genetic engineering, microorganisms
now can ferment pentose and hexose sugars to ethanol at the same time
(32-37). Therefore, it has become important to measure the total sugar
yield from hydrolysis of biomass. In fact, based on either the total or just
glucose yield, the grasses and AMSW had higher yields than the woods
(Table 4). AMSW had the highest glucose yield (0.36 glg original dry matter)
and eucalyptus had the lowest yield (0.19 gig original dry matter). For
total sugar yields, CWR and JTW had the highest values (0.48 and 0.49 glg
original dry matter, respectively). Eucalyptus had the lowest total sugar
yield (0.28 glg original dry matter). The total sugar yield of AMSW was
notable because it was 0.42 glg original dry matter, which indicated that
AMSW could be a good biomass feedstock for ethanol production.

Conclusions

Athel and eucalyptus had higher cellulose and lignin contents than
CWR, JTW, and AMSW. Dilute acid pretreatment was highly effective in
hydrolyzing the hemicelluloses in all of the tested biomass materials
(over 97%). After dilute acid pretreatment, removal of lignin from the
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solids was 13-30%. Overall, the lignins in the grasses were more resistant
to dilute acid pretreatment than the woody lignins. Pretreated CWR and
JTW had the highest glucose yields (86% of total cellulose converted) and
fastest rates of hydrolysis, but the pretreated eucalyptus had the lowest
glucose yield (38%) and lowest hydrolysis rate of the samples evaluated in
this study. Considering the fact that AMSW is originated from waste
streams, its glucose yield of 63% makes it an attractive resource for use as
a feedstock for sugar production. CWR and JTW had the highest yield of
total monomeric sugars (0.48 and 0.49 g/g original dry matter). AMSW
showed promising yield (0.42 g/g original dry matter) of total monomeric
sugars. The future research will focus on enzymatic hydrolysis of JTW,
CWR, and AMSW with lower enzyme and higher solid loadings.
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Abstract

A techno-economic analysis of two different bioprocesses was conducted,
one for the conversion of propylene to propylene oxide (PO) and other for con
version of styrene to styrene epoxide (SO). The first process was a lipase
mediated chemo-enzymatic reaction, whereas the second one was a one-step
enzymatic process using chloroperoxidase. The PO produced through the
chemo-enzymatic process is a racemic product, whereas the latter process
(based on chloroperoxidase) produces an enantio-pure product. The former
process thus falls under the category of high-volume commodity chemical
(PO); whereas the latter is a low-volume, high-value product (SO).

A simulation of the process was conducted using the bioprocess engi
neering software SuperPro Designer v6.0 (Intelligen, Inc., Scotch Plains, NJ)
to determine the economic feasibility of the process. The purpose of the exer
cise was to compare biocatalytic processes with existing chemical processes
for production of alkene expoxides. The results show that further improve
ments are needed in improving biocatalyst stability to make these biopro
cesses competitive with chemical processes.

Index Entries: Bioprocess; chloroperoxidase; economics; enzymatic; epox
ides; lipase.

Introduction

Biocatalytic production of chemicals and intermediates has been
studied at the laboratory level for several years; however, few industrial
scale processes have been commercialized. Commercial production of
commodity organic chemicals using enzymatic catalysts has been almost
nonexistent. However, with the increased use of biocatalytic processes in
low-volume high-value chemicals such as pharmaceutical intermediates,
newer technologies improving the activity and stability of enzyme biocat
alysts (1,2) for industrial applications have emerged. Some of these include
improved immobilization techniques (3), stabilization through lyophiliza
tion with lyoprotectants (4), salts (5), or addition of surfactants (6,7), chem
ical modification with amphiphilic or hydrophobic polymers (8,9).

*Author to whom all correspondence and reprint requests should be addressed.
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Epoxidation of alkenes is of significant industrial interest because of
production of a range of products from the epoxides including glycols,
polymers such as polyols, plasticizers, and stabilizers for polyurethane
manufacturing, pharmaceuticals, agrochemicals, and so on. Biocatalytic
epoxidation of alkenes is possible through microbial or enzymatic pro
cesses. A microbial process is preferred when cofactor regeneration is nec
essary, as in monooxygenase-based processes (10). Alternately, an
enzymatic process using fatty acids as peroxidation cosubstrates (11-13)
may be used. Epoxidation of terminal alkenes with carbon atoms ranging
from 8 to 16 carbon atoms as well as some cycloalkenes has been demon
strated (11). A second enzymatic route is through the use of haloperoxi
dases such as chloroperoxidase (CPO) from Caldariomyces fumago. This
conversion results in epoxides with enantiomeric excess as high as 95%,
although yields are generally moderate (14).

Propylene oxide (PO) is one of the largest volume epoxides produced
worldwide using chemical routes. A bioprocess route has potential to
increase the energy efficiency of producing this commodity chemical. Two
biological routes have previously been proposed for production of PO.
These include a four-step Cetus process based on corn liquor fermentation
and a second route based on methane monooxygenase (MMO) (15). A
technical and economic analysis and comparison of various bioreactor
types for the latter process was also reported (16). A third route being pro
posed here is based on a two-step chemo-enzymatic process using lipase
as catalyst. A process model based on the two-step reaction was developed
for industrial production of PO and an order of magnitude economic anal
ysis was conducted.

Similarly, the epoxidation of styrene through chloroperoxidase was
used as a model for developing the process model, followed by the eco
nomic feasibility analysis of the process. It should be noted that the
chloroperoxidase-based process produces styrene oxide (SO) at high enan
tiomeric excess, whereas the (PO) is a racemic product. In the latter,
whereas the first step is enzymatic, the second step, which produces PO is
a chemical step. To develop a process for high-volume commodity chemi
cals such as PO, enantiopurity is not considered necessary.

Results and Discussion

Propylene Oxide Process Description

The production of PO is based on a two-step chemo-enzymatic reac
tion using lipase, a fatty acid, and hydrogen peroxide. The two reaction
steps are given below:

H20 2 + Fatty acid (using lipase as catalyst) ~ Peroxy acid + H20 (1)

Propylene + Peroxy acid ~ PO + Fatty acid (recycled) (2)

Applied Biochemistry and Biotechnology Vol. 136-1401 2007
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Propylene oxide bioprocess schematic (simplified)

Lipase-based fatty acid-assisted peroxidation

Propylene oxide
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o
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Reaction 2: Alkene epoxidation with peroxy acid
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residual peroxide

Octanoic acid with
10--------+-------'---+byproduct accumulation

bleed

Heat exchangerl
cooling unit

Propylene recycle

60%HP2 III
Octanoic acid •\b-

Propylene

Fig. 1. Schematic for conversion of propylene to propylene oxide using a lipase
based chemo-enzymatic peroxidation process.

A chemical route based on peroxy acid as an oxidant has been reported
previously. In such a process, acetic acid is suggested as the fatty acid for use.
However, use of a low-molecular weight fatty acid interferes with subsequent
product separation. Thus, use of higher molecular weight fatty acids is prefer
able. The enzymatic route allows use of higher fatty acids of up to 20 carbon
atoms with very good conversion to peroxy acid (13). Although the reactivity
of these higher fatty acids with propylene has not been demonstrated, they
have been shown to be effective in epoxidizing terminal alkenes with 8-16
carbon atoms (11). A few assumptions have been made in developing the pro
cess model, with the reactivity of specifically, peroxyoctanoic acid with
propylene, being one of them. Other assumptions are described later.

The first step in the PO process is conversion of a fatty acid, such as
octanoic acid to octane peroxy acid using lipase and H20 2. The peroxy acid
is then used as a chemical oxidant to oxidize propylene-to-propylene
oxide in the second step. Such a process is applicable to epoxidation of
unsaturated plant oils as well (17,18). A schematic of the process for pro
duction of PO is shown in Fig. 1. In this preliminary design developed for
the process, octanoic acid and 60% hydrogen peroxide are first mixed in a
blending tank. The solubility data on hydrogen peroxide solubility in
octanoic acid is not available, so an approximation based on the solubility
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data of water in octanoic acid (3.88% at 14.4°C) (19) was used. A maximum
solubility of 3% was assumed for 60% hydrogen peroxide in octanoic acid at
25°C. The octanoic acid solution containing the dissolved peroxide is then
passed through a packed column containing the appropriate biocatalyst. In
this stud)', the biocatalyst used was an immobilized lipase (Novozym-435;
Novozymes, Franklinton, NC), for which kinetic data is available for the reac
tion of epoxidation of unsaturated fatty acids. The kinetic rate constants for
alkene epoxidation is not available, although the conversion data is available.
However, because rate data is required for determining process conversion,
an approximation was used.

Deactivation of the lipase biocatalyst is included as a third reaction
(disappearance of the biocatalyst). The rate of deactivation is used from a
study by Hilker (17), which gives kinetic constants at various tempera
tures. The reactor 1 was designed to operate at 40°C and the rate of deac
tivation of the biocatalyst used was 0.036/min in the organic phase
saturated with 60% H20 2. The propylene gas is flown cocurrent (upward)
and recycled to achieve higher conversion. The operating temperature in
the reactor is 40°C, allowing the product PO to leave the reactor as a gas
along with the unconverted reactant, propylene. This gas mixture is sent
to a condenser to remove product PO from propylene. The liquid mixture
from the reactor (containing water and residual hydrogen peroxide, dis
solved propylene, PO, and octanoic acid) is passed through a gravity sep
arator to remove any aqueous phase carried over with the organic phase.
Any aqueous phase collecting in the separator is flash distilled to remove
dissolved PO. The organic phase is passed through a distillation tower
to remove water (any byproducts formed, such as propylene glycol may
also be removed in this manner, although byproduct formation is assumed
to be zero in this simulation). The bottoms stream from the distillation
tower contains octanoic acid and octane peroxy acid. This stream is recy
cled to the reactor 1. A recycle loop is also provided for propylene from the
condenser outlet as well as the distillation unit.

To enable process design and economic analysis of the process, a sim
ulation of the process was conducted (using SuperPro Designer). A process
flow diagram is given in Fig. 2. It should be noted that two reactors in
series are used for the two serial steps, wherein the first one is simulation
of a packed bed reactor and the second one is a plug flow reactor. Several
assumptions were made in designing the process and in its simulation.
The major assumptions are listed below:

1. Kinetic data from lauric/stearic acid peroxidation (17) is applicable
for first step.

2. Kinetic data from oleic acid/alkene epoxidation (17) is applicable
for second step.

3. Aqueous solubility (water + H20 2) in octanoic acid of 3% was
assumed.

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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10.33
0.76

13.09
75.81

100

%
91.32

0.78
2.09
0.12

o
0.17
5.52

o
o
o
o
o

100

$
752,183,000

6,441,000
17,187,000

966,000
o

1,424,000
45,508,000

o
o
o
o
o

823,708,000

60%HP2
Octanoic acid
Propene
Biocatalyst
Total

Bulk raw material

Executive summary (2005 prices)
Total capital investment 169,071,000 $
Capital investment charged to this project 169,071,000 4
Operating cost 823,708,000 $/yr
Production rate 199,160,052.85 kg of MP/yr
Unit production cost 4.14 $/kg of MP
Total revenues 290,741,000 $/yr
Annual operating cost (2005 prices) - Process summary
Cost item
Raw materials
Labor-dependent
Facility-dependent
Laboratory/OC/OA
Consumables
Waste treatment/disposal
Utilities
Transportation
Miscellaneous
Advertising/selling
Running royalties
Failed product disposal
Total
Raw materials cost - Process summary

nit cost "':'---.-:=-:-=-r-::=-:-:=c---cAC::-n='nuO;:;a~co""s"t~------,
($/kg) ($) %
0.396 77,715,000
1,320 5,750,000
0.677 98,478,000

900 570240,000
752,183,000

Fig. 3. Results from preliminary economic analysis of an enzymatic propylene oxide
production process.

4. Separation of bulk aqueous phase from octanoic acid phase can be
achieved by gravity separation.

5. No royalty cost was assumed in economic analysis.
6. Waste disposal cost was assumed to be negligible.
7. Cost of propylene, hydrogen peroxide, lipase enzyme, and propylene

oxide was assumed to be $0.67, 0.66, 900, and 1.58/kg, respectively.
This is based on pricing obtained from commercial vendors and
Chemical Market Reporter magazine (July 5-12 2004).

8. No byproducts were assumed to be formed in this analysis.
9. No degradation of the peroxy acid occurs in the distillation tower.

10. The biocatalyst deactivation rate (essentially owing to peroxide)
obtained for octanoic acid-propylene-Novozym 435 system was
presumed to be similar to that reported by Hilker et al. (17) for
toluene-oleic acid-Novozym 435 system.

The assumptions are presumed suitable for an order-of-magnitude
analysis and it should be made clear that many of these assumptions may
have to be revised if a more detailed process simulation is to be under
taken. The results of the analysis are shown in Fig. 3. The results indicate
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Sensitivity analysis (PO)
5

4 •
\
~
~ ....

T

o
o 5 10 15 20

Biocatalyst stability improvement
25

Fig. 4. Sensitivity analysis for production of propylene oxide with respect to
enzyme stability. An order of magnitude improvement in enzyme stability (reduction
in deactivation constant) is needed for the process to produce PO at a cost comparable
with current chemical commercial process (PO-Styrene process). The baseline enzyme
stability used in the study was for Novozym 435, which is a polyvinyl acetate-immo
bilized form of the lipase enzyme.

that the process is uneconomical considering the price of biocatalyst used
($900/Kg, Novozym 435). The cost of production of PO was determined to
be about $4.14/kg, which is 2.6-fold higher than the current selling price
of PO ($1.58/kg). The cost of raw materials (including enzyme) is 91 % of
the cost of production. Furthermore, the enzyme costs amount to about
75% of the total raw material cost. Thus, improvements are needed either
in the biocatalyst activity, stability, or its purchase cost.

A sensitivity analysis was conducted based on the cost and the sta
bility of the enzyme. The cost of the product PO was found to be controlled
largely by lipase enzyme and its stability. This cost can potentially be
reduced as the demand for the enzyme rises. For the biocatalyst, Novozym
435, used in this analysis, the cost has to drop to $45/kg for the process to
produce PO economically, based on this order of magnitude analysis. The
sensitivity analysis was done with respect to biocatalyst stability using the
price of $900 to find out how stability improvement would affect produc
tion cost. The result is given in Fig. 4. The plot shows that a 10- to 20-fold
improvement in stability is necessary to bring the production cost near the
current product-selling price. It should be noted that the price listed
($900/kg) is for the biocatalyst itself and not the cost for producing a
kilogram of product. Second, the price was obtained from enzyme manu
facturers that sell the enzymes in bulk. Thus, the prices are realistic prices
at this time for the current demand. The prices will certainly decrease as
demand increases and technology advances.

A comparison with previously suggested biochemical as well as
chemical routes was conducted. Based on the production costs reported
previously (15), the three chemical routes, chlorohydrin, t-butyl alcohol,
and the styrene byproduct routes resulted in PO production cost of $1.548,
1.219, and 0.87/kg of PO, respectively, calculated for 2005 using chemical
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plant cost index. The Cetus process gave a production cost of $1.89, whereas
the Exxon MMO process gave a cost of $1.14/kg of PO. Although these pro
duction costs are relatively low compared with the cost of production using
the lipase-based chemo-enzymatic process ($4.14/kg of PO), it should be
stressed that in the bioprocess calculations for the Cetus and MMO process,
the cost of biocatalyst was not appropriately accounted for. For example, the
Cetus process uses three enzymes, glucose isomerase, chloroperoxidase, and
epoxide hydrolase as well as a palladium catalyst, and the total catalyst cost
(for all four) was assumed to be only 15% of propylene cost. In the MMO
process, the cost of the microbial MMO catalyst was about 20% of the propy
lene cost. A more detailed analysis (16) for the MMO process reported a cost
of $26.6/kg of PO using a conventional reactor and a cost of $ll/kg with an
improved reactor (granular-activated carbon-fluidized bed reactor).

SO Production Process

A similar order of magnitude process analysis was also conducted for
the production of SO. The design of this process was based on experimen
tal system developed elsewhere (20,21). A batch process was designed for
production of 200 t/yr of SO. The flow sheet is given in Fig. 5. It consists
of a two-phase bioreactor consisting of 1% styrene as the organic phase
and 99% aqueous phase containing the enzyme, chloroperoxidase. The
organic substrate is emulsified in the aqueous buffer using the surfactant
aerosol-OT. Such a system was reported to increase the total turnover
number (TTN) by one order of magnitude (21). A process based on the
2-phase system without the surfactant was also evaluated. The process
was conducted in batch with a 16 h batch and fed-batch addition of the
enzyme, hydrogen peroxide, and the substrate styrene (based on the rate
of conversion). The design was based on production of 600 kg of SO per
batch, separated through vacuum distillation. The following assumptions
were made in the analysis. The first four assumptions are based on exper
imental work reported elsewhere (21).

1. Assume stoichiometric conversion to obtain 1.3 g/L/h productivity
of SO.

2. Assume TTN of 13,000, equivalent to 27.0 mg/L/h of enzyme use.
3. Total volume of aqueous phase approx 28,500 L; 267.0 kg of styrene

(added at 1% [w/w]).
4. Provide hydrogen peroxide in stoichiometric amounts, at rate

7.2 mmoles/L/h.
5. Use oil-water separator for phase separation and assume 99% SO

recovery from the aqueous-organic mixture.
6. Use batch distillation at 0.01 bar and 75°C (22) to achieve 90.3% SO

with 9.7% styrene in product, and recover balance styrene approx
224.0 kg for recycle (Note: This is shown as revenue stream here,
along with SO product, but will be recycled).

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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442,000

213,857,000
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31,721,000 $

221,672,000 $/yr
192,203.78 kg of MP/yr

1,153.32 $/kg of MP
4,872,000 $/yr

$
213,857,000

4,952,000
2,116,000

743,000
o
o

3,000
o
o
o
o
o

221,672,000

Annual amount
(kg)

117,785
9,494,579

57,749
264,762

4,261
88,330

10,027,465

Executive summary (2005 prices)
Total capital investment
Capital investment charged to this project
Operating cost
Production rate
Unit production cost
Total revenues

Annual operating cost (2005 prices) - Process summary

Cost item
Raw materials
Labor-dependent
Facility-dependent
Laboratory/QC/QA
Consumables
Waste treatmenVdisposal
Utilities
Transportation
Miscellaneous
Advertising/selling
Running royalties
Failed product disposal
Total
Raw materials cost - Process summary

Unit cost
($/kg)
0.100
0.001
0.660
1.210

50,000
5

Sodium phosphate
Water
Hydroperoxide
Styrene
Biocatalyst
Dioctyl sulfosu
Total

Bulk raw material

Fig. 6. Results from preliminary economic analysis of an enzymatic StyOx production
process.

7. A yield of 100% is assumed and no byproducts are assumed to be
produced.

8. Biocatalyst (CPO) price was initially assumed to be about $5/mg.

The enzyme price was obtained from vendors who supply the puri
fied enzyme, but have only laboratory-scale operations for production of
CPO (price between $5 and $16/mg). In a recent review (23), the price of
CPO obtained from Chirazym was $5/mg. Although this is not an appro
priate price for evaluating a commercial application, a better estimate for
this fungal enzyme is not available. Although research on development of
improved methods to produce CPO are under way (23,24-26), a signifi
cantly cheaper way to produce this enzyme has not been reported.
Assuming a IOO-fold decrease in the price of the enzyme compared with
current methods of production gives a price of CPO =$0.05/mg. Thus, an
approximate estimate of $50,OOO/kg was used in the analysis.

The results of the economic analysis are shown in Fig. 6. The results
show that the biocatalyst cost (using a price of $50,OOO/kg) contributes to
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Sensitivity analysis (R-styrene oxide)
10,000 -,::-------------------,

Biocatalyst stability obtained so far
Further impovement needed

g 1000+-"~-----------------i

"8a. Selling price a function
Ol of biocatalyst price
~ 100 -I--------=~:::=:====~..:.....:.=~~~-~
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Biocatalyst stability improvement

10 +------.-----,----..,.-------r----i
o

TIN 13.000 = 1X stability

Fig. 7. Sensitivity analysis for production of styrene epoxide with respect to enzyme
stability. The stabilization procedure developed at University of California, Berkeley
accounts for a ninefold decrease in cost compared with existing data.

more than 95% of the production cost. Thus, the biocatalyst cost is the major
contributor to the product price. Industrial enzymes are now available at
much reduced prices, as genetically engineered strains have been developed
to produce the enzymes. Enzymes such as amyloglucosidase and cellulases
are available in the range of few hundred dollars per kilogram from Genencor
(Palo Alto, CA), Novozymes, and other bulk enzyme manufacturers.
However, it should be noted that the source of CPO is the fungus, C. fumago,
and not all fungal enzYmes can be expressed at high levels. Enzymes such as
hemicellulases and cellulases from fungal sources have been produced in
Aspergillus niger and Trichoderma reesei at low production costs, so a method
for producing CPO may be possible. Recently, expression of CPO was
reported in A. niger, although the level of production was relatively low (25).

Alternate means to improve the process economics is through activ
ity and stability improvement (9,25,27,28). A sensitivity analysis (Fig. 7)
was conducted to determine what other parameters would be important
besides the biocatalyst price. Both activity and stability were altered in the
process model and it was found that the impact of the biocatalyst stability
was much higher. This was because the biocatalyst loses activity rapidly in
the presence of the peroxide. Therefore, even if its initial activity is high,
the conversion remains low, unless the activity is maintained for a suffi
cient time. In Fig. 7, the production cost based on a process without the use
of a surfactant (29) was calculated. This was determined to be more than
$9000/kg of So.

Based on the improvements reported recently in this system, (increase
in TTN from 1500 [29] to 13,000 with use of a surfactant-based process), the
cost of StyOx drops to about $lOOO/kg. A further lO-fold improvement in
biocatalyst stability is needed to enable reduction of production cost to the
$100 range. The selling price of enantiopure SO is estimated to be about
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$25/kg. Thus, additional reductions in the cost of the enzyme are necessary
to make the process economically feasible. An alternate bioprocess to make
SO has been reported using a microbial catalyst (10); however, no economic
feasibility studies have been reported for the process.

Conclusions

The preliminary process design for production of PO and SO based on
enzymatic processes were conducted. The results indicate that the cost of
the enzyme contributes significantly to the production cost and can be as
high as 90-95% of the total cost, using current enzyme price. In case of the
PO process, which uses an immobilized lipase enzyme available commer
cially, the cost is still dominated by the biocatalyst cost. This was found to
be a result of the instability of the enzyme in presence of hydrogen perox
ide, which is a cosubstrate. Thus, improvements are needed in stabilizing
the lipase enzyme against hydrogen peroxide deactivation in peroxidation
reactions. The feasibility of production of enantiopure SO was similarly
found to be controlled by cost of the enzyme, chloroperoxidase. In this case,
although the product is of higher value, the economic feasibility was not
better because of the higher expected cost of producing the fungal enzyme.
Thus, the primary need for demonstrating process feasibility is being able
to produce the enzyme CPO at a reduced cost. Furthermore, the stability of
the enzyme was important for this enzyme as well and at least an order of
magnitude improvement in peroxide stability is needed in each of these
enzymes to improve economical feasibility of the process.
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Abstract

In this article, the separation and the purification of the acrylic acid pro
duced from renewable sugars were studied using the liquid-liquid extraction
process. Nonrandom two-liquids and universal quasi-chemical models and
the prediction method universal quasi-chemical functional activity coefficients
were used for generating liquid-liquid equilibrium diagrams for systems
made up of acrylic acid, water, and solvents (diisopropyl ether, isopropyl
acetate, 2-ethyl hexanol, and methyl isobutyl ketone) and the results were
compared with available liquid-liquid equilibrium experimental data. Aspen
Plus (Aspen Technology, Inc., version 2004.1) software was used for equilib
rium and process calculations. High concentration of acrylic acid was obtained
in this article using diisopropyl ether as solvent.

Index Entries: Acrylic acid recovery; liquid-liquid extraction; separation;
simulation; thermodynamic characterization; renewable sugars.

Introduction

Renewable sugars, as can be derived from sugar cane, are interesting
as alternative carbon sources for the production of chemicals, especially
considering the power of modern biotechnological methods. One of the
possible routes for obtaining acrylic acid (2-propenoic acid) is through
dehydration of lactic acid, which can be obtained through anaerobic fer
mentation of sugars from biomass. The liquid-liquid extraction process is
one option for the separation of acrylic acid from the mixture formed after
the dehydration reaction, because it is suitable for dilute systems and is
carried out in such a way that avoids thermal degradation of the materials
being separated.

*Author to whom all correspondence and reprint requests should be addressed.
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Acrylic acid is a commodity chemical that is produced by partial
oxidation of propene. This acid could be produced from sugars on bulk
industrial scale, as an alternative to its current production from petro
chemical feedstocks (1). The major use of acrylic acid and its salts and
esters, is in polymeric flocculants, dispersants, coatings, paints, adhesives,
and binders for leather, paper, and textiles.

Some authors have been studying possible biotechnology routes to
obtain acrylic acid from renewable sugars (1,2). This article will not
focus on the conversion of sugars to lactic acid or the dehydration step
required to produce acrylic acid; instead, we will focus on the separa
tion of acrylic acid from water, according to data reported by Straathof
(1). For this, it is necessary to devise a separation process to obtain
acrylic acid with high purity and yield. We thus defined the experiment
to consider a dilute stream made up of 3 mol% of acrylic acid and
97 mol% of water, near to the azeotropic point at one atm. The liquid
liquid extraction process being considered in this article was tested
under these conditions using several solvents to obtain pure acrylic acid
through this process.

Liquid-liquid extraction is an efficient, economical, and environmen
tally friendly method for separation of organic acids. Extractive recovery
of carboxylic acids from dilute aqueous solutions has received attention in
recent years because it can be conducted at low temperatures, avoiding
material thermal composition. Liquid-liquid extraction is a diffusional
separation process, wherein a feed flow is brought into contact with a
selected solvent. This solvent will remove a particular chemical compound
(the solute) from the feed flow. Two streams leave the column; the solute
stream is named extract, and the other stream is named raffinate.

In the open literature, several solvents can be found to extract acrylic
acid from aqueous solution through liquid-liquid equilibria (LLE) data.
These solvents include diisopropyl ether, 2-ethylhexanol, isopropyl
acetate, methyl isobutyl ketone (3), caproic acid, enanthic acid, caprylic
acid, pelargonic acid, methyl caproate, methyl enanthate, methyl capry
late, methyl pelargonate (4), and trialkylphosphine oxide (5).

One of the objectives of this article is the characterization of the
acrylic acid +water system in order to show the azeotropic point present
in this system and, then, include the solvents in the characterization,
because of the difficulty associated with separating this mixture through
conventional distillation. The solvents must have proper characteristics
in terms of solubility with the acid and in terms of facilities of separa
tion from the acid for recycling. The methodology followed here will
provide better understanding of the system behavior and will enable
evaluation of a liquid-liquid extraction process to obtain pure acrylic
acid from dilute aqueous solution. Finally, a liquid-liquid extractor was
simulated and optimized to show the robustness of the separation.

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



Acrylic Acid Produced From Renewable Sugars 453

A B

00

o

o _0.o-~-- -

00_---0 --
a

-NRTL
o Chuvarov et aI., 1976
o Frolov et aI., 1967

----- UNIFAC
-UNIQUAC

o Chuvarov et aI., 1976
o Frolov et aI., 1967

0.80.60.40.2

0.2

0.8
(j;

~
c
.Q 0.6
13
jg
Q)

~ 0.4

o
0-

~

0.80.60.40.2

(j;
0.8

as
~
c
0 0.6
U
jg
Q)

"0 0.4E
0
0-

~
0.2

Liquid mole fraction water Liquid mole fraction water

Fig. 1. VLE diagram for the system acrylic acid + water (A) NRTL and (B) UNI
QUAC and UNIFAC at 1 atm.

Characterization of the Systems Acrylic Acid + Water and Acrylic
Acid + Water + Solvents

A methodology for characterizing the two systems under consideration,
acrylic acid + water and acrylic acid + water + solvents, was developed.
The thermodynamic models used were universal quasi-chemical (UNIQUAC)
and nonrandom two-liquids (NRTL) and the group contribution method
UNIQUAC functional activity coefficients (UNIFAC) was used for equili
brium prediction. To evaluate the azeotropic points with the thermody
namic models used for the binary systems involved, the available
parameters of vapor-liquid equilibria (VLE) were used. The calculations
were made using Aspen Plus simulator; it was possible to find in the Aspen
Plus Data Bank both VLE-ideal gas (VLE-IG) and VLE-Hayden-O'Connell
data for calculations of activity and fugacity coefficients, respectively.
When VLE data were not available for a given system, parameters pre
dicted using UNIFAC activity coefficient method were used. They are
called UNIFAC-IG, meaning UNIFAC for predicting activity coefficient
and IG model for calculating the vapor phase.

In Fig. 1, the data obtained through simulations were compared with
experimental data reported in the literature (6,7). These authors have
reported these experimental data in Deutsche Gesellschaft fur Chemisches
Apparatewesen (DECHEMA), but their data were not ideal for this exper
iment because both thermodynamic consistency tests are negative. In Fig. 1,
the liquid-vapor equilibrium diagram is shown for the acrylic acid +
water system. The presence of an azeotrope can be observed at the composi
tion of 2 mol% acrylic acid and 98 mol% water. This behavior indicates that,
through a conventional distillation, it is not possible to obtain pure acrylic
acid. UNIFAC was also used to predict VLE, as shown in the figure. The
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close relationship between UNIFAC and UNIQUAC results indicate that
the group contribution method is a powerful method to predict the equi
librium data. Considering this, and as it is a dilute stream, the liquid-liq
uid extraction process can be used.

According to a search made in the open literature as described, it was
found that various solvents are available to extract acrylic acid from dilute
aqueous solution. In this article, the following solvents, among the ones
listed earlier, will be considered: diisopropyl ether, isopropyl acetate,
2-ethylhexanol, and methyl isobutyl ketone.

LLE Data, Distribution Coefficient, and Heterogeneous Region

LLE data are essential for the design and development of extraction
processes (8,9). First, a literature search was carried out to find LLE exper
imental data to guide the simulation and/or to validate it. In order to
model the LLE, a number of models are available, including NRTL (10)
and UNIQUAC (11), as well as a prediction method based on group con
tributions called UNIFAC (and their modifications) (12-14). In this article,
the NRTL and UNIQUAC models were used to generate LLE diagrams,
and the results were compared with available LLE experimental data.
Aspen Plus software was used for these calculations. Group contribution
methods as the UNIFAC method for liquid-liquid systems (UNIFAC-LL)
can be applied to predict the LLE model parameters if no experimental
data are available. The plant size is directly related to the selected solvent
used in the liquid-liquid extraction unit, because their characteristics, such
as distribution coefficient and selectivity, determine the composition of the
raffinate and the extract streams, which will also determine the down
stream processing requirements (8).

To evaluate the distribution coefficients and the heterogeneous region,
a study was carried out with the unique experimental data reported (3).
The outcomes of this study can be seen in Figs. 2 and 3. The distribution
coefficient for liquid-liquid extractions involving an aqueous solution is
simply equal to the concentration of the solute in the solvent phase
divided by its equilibrium concentration in the aqueous phase. This is one
of the main parameters used to establish the minimum solvent/feed ratio
that must be manipulated in an extraction process. It is necessary that the
acrylic acid remains in the organic phase (as indicated in Fig. 2). The het
erogeneous region is very wide, avoiding problems in the extremes,
wherein partial miscibility could occur, making the posterior recovery of
the solvent difficult. The larger that region is, the better the separation
through liquid-liquid extraction process will be. In Fig. 3, this region is
represented by the binodal curves.

Figure 2 reports that all the solvents studied present higher acrylic
acid distribution coefficient between the organic and the aqueous phases,
distinguished among them the diisopropyl ether and 2-ethyl hexanol.
From the data reported by Linek (3) shown in Fig. 3, the solvents present
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low water solubility (water mass fraction equal to 0.009 for diisopropyl
ether, 0.020 for 2-ethyl hexanol, 0.022 for isopropyl ether, and 0.024 for
methyl isobutyl ketone) in the organic phase (heterogeneous region), which
can introduce complications when the extract stream is to be treated, or
even when the raffinate stream has to be pure water. With this behavior,
the azeotropes formed among water + solvents do not affect the separa
tion, because pure water tends to be obtained as rafinatte and only a small
amount of water goes to the extract phase.

Among the solvents studied, diisopropyl ether and the 2-ethyl
hexanol perform better in terms of distribution coefficients and the range
of the heterogeneous region. Thus, these solvents can be chosen for carry
ing out the extraction process simulations. These solvents were examined
using two thermodynamic models for activity coefficients (NRTL and
UNIQUAC) as well as the prediction through group contribution method
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(UNIFAC-LL), in order to evaluate the representative model of the distri
bution coefficient and heterogeneous region (Figs. 4-7).

According to the figures, it can be observed that the UNIQUAC model
better represents the experimental equilibrium data. The NRTL and
UNIFAC-LL models do not approximate the behavior reported in the
experimental data. This is likely because of the different inputs that these
models use. In the UNIQUAQ model, all LLE binary interaction parame
ters are reported. In the NRTL model just one pair is reported, whereas the
other LLE binary interaction parameters are predicted using UNIFAC-LL
method. Using the prediction method (UNIFAC-LL), the simulation does
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not represent well the experimental data because it is predictive, and so,
more general. It is, indeed, good, when no information on the necessary
data are available and evaluations must be made. Based on these results,
the most appropriate model to be used is UNIQUAC.

Simulation of the Liquid-Liquid Extractor-Results and Discussion

Density was used to determine the entrance position of the feed (acrylic
acid and water) and of the solvent. In this case, the feed stream enters at the
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top and the solvent stream enters at the bottom of the extractor. As stated
before, the solute-rich stream is labeled "extract" and the other stream is
labeled "raffinate." An Aspen Plus simulator was used for the liquid-liquid
extraction process calculations. As stated earlier, the UNIQUAC activity
coefficient model was used as it was established as the best in the previous
part of the study. The simulation was made in order to analyze the ability of
the solvents to extract acrylic acid from a dilute stream.

For all solvents, eight theoretical stages were used; conditions in the
extraction column were set at 1 atm and 25°C. The temperature of the feed
is 25°C and the mass flow rate is 100 kg/h. The temperature of the solvent
is 25°C and its mass flow rate varied from 50 to 100 kg/h. The composition
of the feed is 3 mol% of acrylic acid and 97 mol% of water (a composition
below the azeotrope). Acrylic acid concentration (w/w) in the raffinate as
well as water flow rate (kg/h) and solvent flow rate (kg/h) in the extract
stream were determined as a function of the solvent flow rate (kg/h).
These results are presented in Fig. 8.

According to Fig. 8A, it can be observed that practically no acrylic
acid goes to the raffinate stream when the solvent flow rate is equal to
90 kg/h, for all solvents studied. When Fig. 8B (open symbols) is ana
lyzed, it can be verified that when diisopropyl ether was used, a smaller
amount of water goes to the extract stream, which is not desired because
water + solvents form azeotropes. This introduces complications when the
solvent is to be recovered. In Fig. 8B (closed symbols), the behavior of the
solvent flow rate (kg/h) in the raffinate stream is displayed as a function
of the variation in the solvent flow rate (kg/h). In this figure, it can be ver
ified that, in terms of the amount in the raffinate stream, the best perfor
mance is associated with 2-ethyl hexanol. The extraction column was
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Fig. 9. Whole plant for recovering acrylic acid from aqueous stream, including
extraction column, distillation column, and solvent recycle.

simulated, with eight theoretical stages for diisopropyl ether, because it is
the solvent that present the largest heterogeneous region. The solvent flow
rate was set at 90 kg/h (the ratio of solvent to feed, 0.9), based on what was
observed in Fig. 8A. With these conditions, it is possible to carry out the
complete simulation of the extraction and purification of the acrylic acid.

Complete Extraction Process-Results and Discussion

The compositions of each stream of the liquid-liquid extraction pro
cess (extract or raffinate) determine the next separation units to be used.
If high solvent concentrations are found in the raffinate stream, another
unit operation (downstream processing) is necessary to remove this com
ponent. On the other hand, the presence of water in the extract stream
causes further problems for acrylic acid recovery and solvent recycle. These
problems have been minimized by the choice of solvent. Calculations for
the whole plant, including recycling and distillation column, were made
using the NRTL model for representing the activity coefficient with
binary interaction parameters from Aspen Databank. For the vapor phase,
IG and Hayden-O'Connell models were used. The impact of solvent selec
tion is evident when the complete extraction process is examined. Two
separation units are used to recover acrylic acid coming from aqueous
stream: extraction- and distillation column (Fig. 9).

The distillation column was used to recover the solvent from the extract
stream, to recycle it, and to recover the solute. The simulation conditions
were defined for a distillation column with 25 theoretical stages, and extract
flow rate was set at 99.232 kg/h (made up of 11.009 kg/h of acrylic acid,
2.551 kg/h of water, and 85.672 kg/h of diisopropyl ether). This column
was set to operate at 25°C and 1 atm. The feed stage of this column is 17th
and the reflux ratio (mole basis) is equal to three. Table 1 shows the stream
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Table 1
Stream Compositions for the System Acrylic Acid + Water + Diisopropyl Ether

Component Feed Solvent Ext Raf Top/rec Bottom

Component mass
fraction in
each stream
Water 0.890 0.026 0.989 0.029 11 ppb
Acrylic acid 0.110 0.111 5 ppm Trace 1
Diisopropyl ether 1 0.863 0.011 0.971 117 ppm

Component mole
fraction in
each stream
Water 0.970 0.125 0.998 0.144 42ppb
Acrylic acid 0.030 0.135 1 ppm Trace 1
Diisopropyl ether 1 0.740 0.002 0.856 82 ppm

compositions of the process. It is verified that for the solvent studied, it was
possible to produce a raffinate stream of nearly pure water. At the bottom
of the distillation column pure acrylic acid can be obtained. The solvent is
recovered for recycle at the top of the distillation column.

Conclusions

The recovery of acrylic acid from water using liquid-liquid extraction
process has been presented. A thermodynamic evaluation of the systems
involved indicates that UNIQUAC model better represents the LLE exper
imental data reported in the literature. The complete extraction process
was considered (including the extraction column, the distillation column,
and recycle). Four solvents for separating acrylic acid from water were
examined. Among them, diisopropyl ether was found to be the most suitable
in terms of smaller amount of water recovered in the extract stream and in
terms of avoiding the problem of azeotrope formation with water and
solvent, harming the solvent recovery and recycle.
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Abstract

In the present work, the production of rhamnolipid from residual soybean
oil (RSO) from food frying facilities was studied using a strain of Pseudomonas
aeruginosa of contaminated lagoon, isolated from a hydrocarbon contami
nated soil. The optimization of RSO, ammonium nitrate, and brewery resid
ual yeast concentrations was accomplished by a central composite
experimental design and surface response analysis. The experiments were
performed in 500-mL Erlenmeyer flasks containing 50 mL of mineral medium,
at 170 rpm and 30 ± 1°C, for a 48-h fermentation period. Rhamnolipid pro
duction has been monitored by measurements of surface tension, rhamnose
concentration, and emulsifying activity. The best-planned results, located on
the central point, have corresponded to 22 giL of RSO, 5.625 giL of NH4N03,

and 11.5 giL of brewery yeast. At the maximum point the values for rham
nose and emulsifying index were 2.2 giL and 100%, respectively.

Index Entries: Biosurfactant; experimental design; Pseudomonas aeruginosa;
rhamnolipids; surface tension; soybean oil.

Introduction

The surfactants constitute a very important class of chemical com
pounds widely used in a variety of industrial sectors because they act like
dispersants and/or solubilizing agents of organic compounds. Most of
the surfactants commercially used are synthesized from petroleum
derivatives (1). However, recently, the interest for microbial surfactants
has significantly increased, especially because of its biodegradability (2).
Microbial compounds that have surfactant properties, Le., reduce the sur
face tension (ST) and/or have high emulsifying capacity, are predomi
nantly biosurfactants and consist of bacteria and fungi metabolic

*Author to whom all correspondence and reprint requests should be addressed.
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byproducts (3). Microbial-produced surfactants offer several advantages
over the equivalent chemical ones: low toxicity, temperature, pH, and ionic
force tolerance, besides their possibility of being produced from renewable
substrates (4). The biosurfactants can be applied in agriculture for the pes
ticides and herbicides formulation, in the food industry as additives, and
also in the pharmaceutics, textile, cosmetic, and petrochemical industries.
In the latter, it is widely used for secondary oil recovery, oil residue
removal, and mobilization and for bioremediation (5).

When considering the biosurfactant potential, one must remember
that these macromolecules are produced by a variety of microorganisms
and that they have different chemical structures and surface properties. The
kind and the quantity of the biosurfactant produced depend first on the
type of microorganism that is producing it and on the carbon and nitrogen
sources, trace elements, aeration, and other factors that can influence the
microbial production of these compounds (6). The glycolipids are the best
known microbial surfactants and, among them, the rhamnolipids are the
most studied ones. These compounds contain 1 or 2 molecules of rhamnose
bonded to 1 or 2 molecules of p-hydroxydecanoic acid (1). Several species
of Pseudomonas are able to produce large amounts of these compounds (7).
Some Pseudomonas sp. produce rhamnolipids that, when added to an
oil/water system, are able to reduce the interfacial tension from 21 to 0.47
mN/m (7,8). Because of the importance of substitution of chemical surfac
tants to lower- or nontoxic products, this work had as its main objectives
the determination of the best experimental conditions for the rhamnolipid
production by an isolated strain of P. aeruginosa in relation to the following
variables: burnt oil concentration, ammonium nitrate (AN), and residual
brewery yeast (RBY) using a central composite experimental design (CCD).

Materials and Methods

Microorganisms

The culture was isolated from the soil of a lagoon contaminated with
diesel oil and gasoline located at the Rio das Pedras farm, Uberlandia, Minas
Gerais, Brazil. The bacterial strain was identified as P. aeruginosa called strain
PACL. The culture was maintained in bacto nutrient broth (BD, cod. 234000)
supplied by BD (Becton Dickinson and Company) at 4°C.

Culture Isolation

The media proposed by Vecchioli et al. (9), added with 0.5% (vIv) of
residual soybean oil (RSO) as the single carbon source, was used for the bac
terial cultures isolation, using the pour plate technique. Among the isolated
microorganisms, the one that showed the best reduction of the culture
medium ST after fermentation was selected and identified. The isolated
microorganism was identified at Laborat6rio de Enterobacterias at Funda~ao
Oswaldo Cruz through classical biochemistry methods.
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Growth Medium and Conditions

The bacterial cultures were growth in the medium proposed by
Santos et al. (10), containing (giL): NH4N03 1.7, Na2HP04 7.0, KH2P04
3.0, MgS04·7H20 0.2, yeast extract 5.0, and glucose 10.0. The medium was
autoclaved at 121°C for 15 min after adjusting the pH for 7.0. The produc
tion medium consisted of the same salts used in the growth medium with
added burnt soybean oil (giL): between 1.4 and 42.6, RBY (giL): between
0.56 and 22.5, and AN (giL): between 0.56 and 22.5.

Rotary Shaker Experiments

The experiments were performed in 500-mL Erlenmeyers flasks con
taining 50 mL of the medium. Typically, three loopfuls from the stock cul
ture were cultivated in 100 mL of the medium proposed by Santos et al.
(10) at 30 ± 1°C and 170 rpm for 24 h. After inoculating with 5 mL of the
inoculum, the flasks were maintained in the rotary shaker at 170 rpm agi
tation rate for 48 h at 30 ± 1°C.

Central Composite Experimental Design

A central composite experimental design was used in order to opti
mize the process in relation to the following operational variables: RSO
concentration, AN, and RBY. The levels of the studied variables were
expressed in the codified form (nondimensional) using the following cod
ifying equation:

The statistical calculations were done through the Statistic 5.0 Software
(Statsof Inc.).Table 1 shows the concentrations used in each of the 16 exper
iments of the central composite experimental design (CCD).

Analytical Methods

Rhamnose Concentration

The rhamnose concentration was determined according to the metho
dology described by Rahman (11). The ST determination was performed using
a Tensiometer (Fisher Scientific, model 21). The analyses were done at 25°C
with the tensiometer previously calibrated. The emulsifying activity was deter
mined for aviation kerosene as described by Cooper and Goldenberg (12).

Results and Discussion

Table 2 shows the results obtained in the central composite design
from the studied variables: RSO concentration (Xl)' AN concentration (X2),

and RBY (X3) using the isolated P. aeruginosa PATC strain.
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Table 1
Concentrations Used for Each Variable in the 16 Experiments of the CCD

Experiment Burnt oil (giL) AN (giL) RBY (giL)

1 6.0 1.25 3.0
2 6.0 1.25 20.0
3 6.0 10.0 3.0
4 6.0 10.0 20.0
5 38.0 1.25 3.0
6 38.0 1.25 20.0
7 38.0 10.0 3.0
8 38.0 10.0 20.0
9 1.4 5.625 11.5
10 42.6 5.625 11.5
11 22.0 0.0 11.5
12 22.0 11.25 11.5
13 22.0 5.625 0.56
14 22.0 5.625 22.5
15 22.0 5.625 11.5
16 22.0 5.625 11.5

Table 2
Results of Rhamnose Production, EI (E24), and ST Obtained in the Experiments

Experiment Rhamnose (giL) ST (mN/m) E24 (%)

1 0.59 30.5 88
2 0.50 31 84
3 0.40 32 64
4 0.43 31.5 74
5 0.35 32.5 84
6 0.32 32.5 79
7 0.31 31.875 77
8 0.27 32.125 68
9 0.96 27.75 86
10 1.63 26.375 95
11 0.78 28.625 90
12 1.34 27 87
13 1.15 27.125 94
14 1.31 26.625 96
15 2.20 25.75 100
16 2.30 25.625 100

The results shown in Table 2 indicate that the maximum rhamnose
syntheses were obtained in the fifteenth and sixteenth experiments in
which the studied variables' concentrations were at the central point. This
indicates that the variable maximum point in the optimization was near
the central conditions of the design. The increase in the rhamnose
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synthesis (RS) in the experiments promoted an increase in the emulsify
ing index (EI), demonstrating that both are probably directly related
because the higher the biosurfactant concentration in the medium, the
higher its capacity of being emulsified. Besides, the increase in the rham
nolipids concentration resulted in a decrease in the medium ST in all
experiments performed.

In experiments one to eight, the alterations in the concentrations of
RSO, AN, and RBY did not promote significant change in the medium ST.
On the other hand, the lowest values of the ST were obtained with con
centrations of RSO, AN, and RBY around 22, 5.625, and 11.5 giL, respec
tively, which demonstrates that these concentrations are within the
optimization region of the process. Besides that, all experiments were able
to produce compounds that formed stable emulsions for 24 h. This analy
sis is a practical measurement of a biosurfactant utility because it gives the
compound ability to emulsify nonmiscible liquids with stable emulsions
formation. The determination of the significant parameters was performed
through a hypothesis test (student's t-test) with 10% level of significance.
The parameters that show a level of significance higher than this value
were dismissed.

The empirically adjusted equations that represent the RS (R), ST (Ts)'
and the EI (IE)' are respectively, described in Eqs. 1-3.

Ts = 24.3769 + 2.209 X1X1 + 2.662 X2X2 + 2.096 X3X3 (2)

IE = 102.86-4.937X2 - 8.745X1X1 -9.952 X2X2 -6.029 X3X3 (3)

In Eqs. 1 and 2, the isolated variables did not significantly influence
the process, only the quadratic interactions did. But in Eq. 3, besides the
quadratic variables, the AN also caused an increase in the EI response
because when its concentration is lowered in the system, it promotes an
increase in the response. The signs of these variable coefficients indicate a
maximum point in the rhamnose production and in the EI, and a mini
mum point for the ST.

An algorithm done in the Maple V release 4 (Waterloo Maple, Inc.,
Canada) program was used to calculate the stationary point (Po) for the ST
and EI. These values are shown in Table 3. The A's values that refer to the
RS and to the EI indicate that these responses have a maximum point
because they have equal and negative signs. However, the As that refer to
the ST indicate that this response has a minimum point as they present
equal and positive signs.

The RS, ST, and EI, was 2.218 giL, 25.372 mN1m, and 100%,
respectively, in the optimization point from the codified variable values
Xl' X2, and x3' as shown in Table 4. As expected, these values are very

Applied Biochemistry and Biotechnology Vol. 136-140/ 2007



468 de Lima et al.

Table 3
Stationary Point for the RS (R), ST, and EI (E24)

Po R ST E24

Al -0.619 2.095 -10.812
A2 -0.587 2.141 -8.385
A3 -0.548 2.733 -5.530

Table 4
Codified Values of the Variables Xl' X2, and x3

in the Optimization Point

Coordinates R

0.015
0.023
0.007

ST

0.Q15
0.Q15
0.008

E24

0.003
-0.249
-0.071

2.8

2A
2.0

JJ ~.6
(Jl

<0 ~.2

~ 0.8
oA
~~ "

<:;:)~
-1. <:;:)\;J ', .. - ... --

'tt j)~ '.'

,\;J ....\9
/

.1.09
1.203
1.316
1.429

01.542
01.654
CJ 1.767
.1.88
.1.993
.2.105
• above

Fig. 1. Response surface for the RS in relation to the RSO and AN.

close to the ones obtained in experiments 15 and 16, as the variables of
the maximization (rhamnose and EI) and minimization (ST) points are
close to the central point.

Response surfaces were generated to facilitate the visualization of the
effects of the independent variables: RSO, AN, and RBY on the RS, ST, and
EI (Figs. 1-3). The maximum rhamnose production was obtained for val
ues of RSO concentration and AN concentration in the central point region
(Fig. 1). Figure 2 shows that the ST decreased for values of RSO a bit under
the central point and for the values of residual brewery near the central
point. The maximum El was obtained for values of RBY a bit under the
central point.
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_24.768
25.16
25.551
25.943

026.334
026.726

27.117
_27.509
_27.9
_28.292
_above

Fig. 2. Response surface for the ST in relation to the RSO and the RBY.

_ 83.897
85.853
87.809
89.765

091.722
093.678

95.634
_ 97.59
_ 99.546
_ 101.503
_ above

Fig. 3. Response surface for the emulsifying index (ED in relation to the AN and
the RBY.

Conclusions

The experimental design methodology was a very useful tool to deter
mine the independent variables' behavior in rhamnose production, avoid
ing excessive analyses and showing general information about the influence
of the independent parameters in the process. The results obtained in this
work show that the isolated P aeruginosa PACL presents good capacity of
RSO degradation and great potential for biosurfactant production. Also, all
experiments were able to produce compounds that formed stable emulsions
for 24 h. The optimization of the analyzed responses showed that the best
results found for the rhamnose concentration was 22.0 giL of RSO, 5.7 giL

Applied Biochemistry and Biotechnology Vol. 136-740,2007



470 de Lima et al.

of AN, and 11.0 giL of residual brewery. All points were localized near the
design central point.
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Abstract

A Bacillus subtilis strain isolated from contaminated soil from a refinery
has been screened for biosurfactant production in crystal sugar (sucrose)
with different nitrogen sources (NaN03, (NH4)2S04' urea, and residual
brewery yeast). The highest reduction in surface tension was achieved
with a 48-h fermentation of crystal sugar and ammonium nitrate.
Optimization of carbon/nitrogen ratio (3,9, and 15) and agitation rate (50,
150, and 250 rpm) for biosurfactant production was carried out using com
plete factorial design and response surface analysis. The condition of C/N
3 and 250 rpm allowed the maximum increase in surface activity of bio
surfactant. A suitable model has been developed, having presented great
accordance experimental data. Preliminary characterization of the bio
product suggested it to be a lipopeptide with some isomers differing from
those of a commercial surfactin.

Index Entries: Biosurfactant/production; crystal sugar; lipopeptide; surface
active substances; surfactin; Bacillus subtilis.

Introduction

Historically, the principal driving force behind the production of sur
factants has been the oil industry, which makes use of these compounds,
mainly in the secondary recovery of petroleum (1). However, these com
pounds find applications in an extremely wide variety of industrial fields
involving clean-up of oil-storage tanks, transportation of heavy crude oil,

*Author to whom all correspondence and reprint requests should be addressed.
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industrial effluent treatment, ecological accident control, heavy metal
removal, and bitumen recovery from tar sand, among others (2).

The most commonly used surfactants come from petrochemical
sources; though interest in surfactants of microbiological origin has
increased considerably in recent years owing mainly to their biodegrad
ability and low toxicity, which offer the advantage of little to no environ
mental impact and also allow in situ production (3). However, the
principal focus resides in the high selectivity of these compounds. Being
complex organic molecules with specific functional groups gives them
greater application efficiency and the capacity to perform even at extreme
temperature, pH, and salinity levels (4). In this context, there is a greater
possibility for using surface-active microbial compounds, particularly in
the areas of agriculture and medicine as well as in the pharmaceutical and
textile industries (5). A wide variety of microorganisms including bacteria,
yeast, and molds are able to produce biosurfactants with great structural
diversity (6,7). However, the quantity and the chemical structure of a bio
surfactant do not depend only on the microorganism that is producing it.
The culture conditions, such as the carbon and nitrogen sources, trace ele
ments, temperature, oxygen, and pH can also promote changes in the
chemical structure of the molecule, and consequently, alter its physico
chemical characteristics.

The lipopeptides from Bacillus subtilis are particularly interesting
because of their strong surface activity (8). Many researchers demon
strated the effectiveness of these biomolecules in r~ducing the surface ten
sion to around 27 mN/m, even at concentrations as low as 0.05 gil
(9-11). Moreover, these compounds present therapeutic properties, which
enable them to be used in a variety of applications (9,11). Some microor
ganisms only produce surface-active agents when cultivated in hydrocar
bons. Nevertheless, biosurfactants can be produced from simple
water-soluble substrates such as carbohydrates. This is of significant rele
vance as fermentation with carbohydrates is simpler than fermentation
with hydrocarbons. The choice of the carbon source should be determined
not only by its cost, availability, or nutritional characteristics of the
microorganism, but also by the kind of application of the biosurfactant
that is going to be produced.

Despite the advantages, biosurfactants are still economically uncom
petitive because of their high production costs. The promising future of
these compounds depends especially on the search for microorganisms
able to produce them and on raw materials, which enable high-yields and
productivity of biosurfactants with specific ends. The aim of this study was
to assess the ability of a B. subtilis strain, isolated from a petroleum con
taminated soil sample, to produce biosurfactants using low-cost raw mate
rials in order to establish an economically feasible fermentative process.
The surface-active compounds produced during fermentation were also
preliminary characterized.
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Materials and Methods

Microorganism

The strain B. subtilis YRE207 used in this study was isolated from a
refinery's petroleum contaminated soil samples. The identification of the
strain was done at the Cole<;ao de Culturas do Genero Bacillus e Generos
Correlatos-CCGB, of Departamento de Bacteriologia of Instituto
Oswaldo Cruz (Rio de Janeiro, Brazil), following the classic procedures
based on bacteria cytomorphology, biochemistry, and physiology. The
culture was maintained on BDIDIFCO nutrient agar (cod. 213000,
Becton Dickinson and Company) slants at 4°C and transferred monthly.

Inoculum

The stock culture was reactivated through two successive transfers on
BDIDIFCO nutrient agar slants, of 24 h each at 30°C. Then, a loopful of
cells culture was inoculated on 100 mL of nutrient broth (cod. 234000),
combined with 5.0 giL glucose (Merck & Co., Brazil), and incubated at 30°C
for 16 h on a rotary shaker at 150 rpm.

Biosurfactant Production

Each experiment was performed in triplicate on SOO-mL Erlenmeyer
flasks containing 100 mL of a mineral medium consisting of 0.1 giL of KCI,
0.5 giL of KH2P04, 1.0 giL of K2HP04, 0.01 giL of CaCl2, and 0.5 giL of
MgS04(7H20 (12,13), using 10.0 giL of crystal sugar (sucrose) as the sin
gle carbon source and 4.0 giL of NH4N03, except when specified. The ini
tial pH of the medium was adjusted to 7.0 using 1 M NaOH. All reagents
were analytical grade (Merck). Inoculation volumes corresponding to
about 0.1 giL of exponential-phase cells were used and the flasks were
incubated under the same conditions of the inoculum but this time for 48 h.
Periodically, the culture purity was verified through microscopic observa
tions using the Gram stain method.

Initially, five nitrogen sources were tested: 3.0 giL of urea (Merck),
14.0 mLIL residual brewery yeast (Brewery Co., RJ, Brazil), 6.6 giL of
ammonium sulfate (Merck), 8.5 giL of sodium nitrate (Merck), and 4.0 giL
of ammonium nitrate (Merck). The concentrations of the different nitrogen
sources were calculated in order to obtain an initial nitrogen concentration
of 1.4 giL, a value normally used in culture media for surfactin production
(12,13). For the study of carbonlnitrogen ratio, the sucrose concentration
was maintained constant at 10.0 giL and the concentrations of ammonium
nitrate varied: 4.0, 1.3, and 0.8 giL, corresponding to C/N of 3, 9, and 15,
respectively. In all experiments, the biosurfactant production was indi
rectly evaluated through the surface tension determinations in samples of
cell-free fermented media.
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Experimental Design

A complete factorial experimental design of two variables and three lev
els was used, which resulted in nine experiments. In this stud)', the car
bon/nitrogen ratio (Xl) and agitation rate (X2) were evaluated as the
variables, according to the design matrix shown in Table 2. The variables
levels were established through data obtained in the literature (12-14) and
the percentage of the surface tension reduction adopted as the response vari
able for this parameter indicates the surface-active agent production.

The data were statistically analyzed using the StatSoft's Statistica 5.0
program (Statsof Inc.) through multiple regression analysis using the
quadratic minimums method, taking as factors the isolated terms, the
interaction, and the quadratics of the studied variables. The equation
below gives the generic representation of the model:

y = ~o +~)iXi +I.I.~ijXiXj +I.~iiX;
i i j i

where Y is the predicted response, ~o is the interception coefficient, ~i'

A.., and A.. are, respectivelv, the measures of the effects of variables X., X.X.,PI) Pn Jill.... 1
and X.2. The variable X.X. represents the first-order interactions between x.
and X~ (i < j). The Statis

1

ti2a software was used for regression and graphicai
analyJis of the data obtained. The results of the experiments were analyzed
in order to determine the equations, the correlation coefficient R2, the
residue curve, the significant variables, the effect and the intensity of the
stationary point, Le., to set up if there was a maximum or minimum point.

Analytical Methods

Biomass

The quantifications of viable cells and spores were performed using the
pour plate method. For that, samples of the fermented media were serially
diluted (10-1 to 10-10) on physiological solution (9.0 gil NaCI) and plated on
BD/DIFCO nutrient agar (cod. 213000). After 48 h of incubation at 30°C, bac
teria colonies were counted using a Darkfield Quebec® colony counter
(Reichter Inc.), with the results being expressed in colony forming units/mL.
For spore counts, samples were heated at 80°C for 12 min before plating in
order to inactivate vegetative cells. After the thermal treatment, the samples
were diluted and plated as described for quantification of viable cells.

The cell concentration for inoculation of production medium was
determined by dry weight according to the methodology described by
Reis et al. (13).

Surface Tension

Surface tensions were used as an indirect measure of surfactant pro
duction (13). All measurements were made on cell-free supernatants
obtained by centrifugation (13,OOOg for 20 min at 4°C). A KSV SIGMA 70
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Surface Tensiometer (KSV Instruments Ltd., Finland) was used, and mea
surements were performed at 25°C.

Emulsification Index

The emulsifier activity was determined according to Cooper and
Goldenberg (10). Four milliliters of cell-free culture samples were added to
six different products (gasoline, diesel oil, aviation kerosene, corn oil,
soybean oil, and crude oil). After vortexing at high speed for 2 min, the
mixture was allowed to settle for 24 h after which the volume occupied by
the emulsion was measured. The emulsification index (E24) is the height
of the emulsion layer, divided by the total height of the liquid column.

Biosu rfactant Characterization

The fermented broth, previously centrifuged at 13,OOOg for 20 min at
4°C to remove the cells, was ultrafiltrated in Amicon Systems (Millipore
Corporation, Brazil) through 10 kDa membranes, at pressures from 7 x 104

to 2 X 105 Pa. Then, the filtrate was analyzed by reverse phase high-perfor
mance liquid chromatography (LC10A, Shimadzu, Japan) equipped with
an octadecylsilane (C-18) column (250 x 4.9 mm). The mobile phase con
sisted of 20% trifluoroacetic acid (3.8 mM) and 80% acetonitrile. Sample
volume was 20.0 JlL and the elution rate was 1.0 mL/min. The absorbance
of the effluent was monitored at 205 nm. Surfactin from Sigma-Aldrich Co.
was served as standard (15).

Substrate

Sucrose levels were determined by an enzymatic colorimetric glucose
oxidase assay commercially available (Merckotest, Glucose System GOD-PA~

Merck, Germany). The basic principle is the reaction between glucose and
water in the presence of oxygen and catalyzed by glucose-oxidase, which
leads to gluconate and oxygenated water (H20 2). Subsequently, a reaction
between H20 2, aminophenazone, and phenol occurs, producing a detectable
color change. As the method is specific to glucose, the samples of the fer
mented broth, previously centrifuged, were hydrolyzed with a solution of
2 M HCI in a 1 : 1 proportion and heated at 65-67°C for 10 min. After neu
tralizing the samples with 1 M NaOH, and adequate dilution, a volume of
0.01 mL was mixed with 2.0 mL of the reagent and incubated for 30 min
at room temperature (20-25°C). The absorbance of the sample was read
at a wavelength of 510 nm on a DR 2500 Spectrophotometer (Hach
Company, Colorado).

pH

The pH was measured using a Digimed DM-20 digital potentiometer,
precision ±0.01 (Digimed Analytical, Brazil) and calibrated with pH 4.02
and 6.99 buffer solutions (Merck & Co.) at 25°C.
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Table 1
Variation of Surface Tension and pH of B. subtilis YRE207 Fermented Media

for Different Nitrogen Sourcesa

Surface tension (mN/ m)b
Surface tension Final

Nitrogen source Initial Final reduction (%) pH

Ammonium nitrate 66.7 31.5 52.8 ± 2.1c 7.0
Urea 62.4 37.3 40.1 ± 1.3 6.0
Brewery residual yeast 46.5 40.3 12.9 ± 0.4 6.5
Ammonium sulfate 64.8 40.2 37.0 ± 4.2 6.0
Sodium nitrate 61.8 54.4 11.2 ± 1 7.0

aInitial conditions: 10.0 giL crystal sugar, 1.4 giL nitrogen, 0.1 giL cell concentration,
30°C, pH 7.0, 150 rpm, and 48 h.

bMean value from triplicate measurements.
CMean value ±standard deviation.

Results

Influence of the Nitrogen Source

Table 1 shows the surface tension reduction values and the pH of fer
mented broth for different nitrogen sources, organic and inorganic ones. A
remarkable variation of the surface tension reduction percentage regard
ing the nitrogen source used was observed, although the final pH has not
changed considerably. Among the nitrogen sources tested, ammonium
nitrate, ammonium sulfate, and urea were the most favored ones for the
biosurfactant production. Nevertheless, ammonium nitrate was the best
nitrogen source for surface-active compound synthesis, because the lowest
surface tension value and its higher percent reduction were achieved
under this nutritional condition. In the final stage of growth, the cells cul
tivated in the presence of sodium nitrate showed a distinct morphology
when compared with that grown in the other tested conditions. Clusters
formation could be seen on the fermented medium, which could have
favored the cell separation from the medium at the end of the process.

Effect of the Carbon/Nitrogen Ratio and the Agitation Rate
on the Biosurfactant Production

The surface tension values determined for the different agitation rates
and C/N ratios, using sucrose and ammonium nitrate, and after 48 h, are
shown in Figs. 1-3. For C/N 3, the increase in the agitation from 50 to 150 rpm
promoted only a slight increase in the total viable cell concentration; how
ever, a remarkable decrease of cellular population at 250 rpm was
observed (Fig. 1). Sporulation presented distinct variation, and the highest
number of spores were observed under the higher agitation rate condition.
Perhaps the increase in the agitation rate caused a greater mass transfer,
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Fig. 1. Results for B. subtilis YRE207 fermented medium using C/N ratio of 3 at
different agitation rates.

which led to faster sugar consumption; sporulation and cell death were a
consequence of nutritional depletion.

The reduction of the surface tension was analogous to the percentage
of sporulation, suggesting that the synthesis of the surface-active com
pound was stimulated at the end of the exponential phase of growth with
the spore formation. Agitation promotes nutrient and oxygen transfers in
the culture media, which in turn favors microbial activity. So, usually, a
faster growth of aerobic microorganisms is achieved with high-agitation
rates. The oxygen availability favors the biosynthesis reactions, as they are
energy-dependent, resulting in a higher quantity of produced biomass,
and consequently, in a higher probability of spores formation. However, it
is difficult to reach the maximum growth in agitated flasks because in this
condition, the oxygen supply is limited. Additionally, in the exponential
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Fig. 2. Results for B. subtilis YRE207 fermented medium using C/N ratio of 9 at
different agitation rates.

phase of growth, the intense propagation of cells causes depletion of
oxygen faster than its dissolution on the medium.

A 78% substrate uptake was obtained in the experiment conducted
with an agitation rate of 50 rpm. Higher uptakes, of about 99%, were evi
denced for the experiments under 150 and 250 rpm. A decrease of the pH
was detected when the process was conducted under 250 rpm. A similar
behavior was verified for the experiments with C/N ratio of 9 (Fig. 2).
Under this condition, a remarkable increase in spore formation directly
related to the agitation rate increase was observed. On the other hand,
except for the substrate uptake, the bacterial strain showed a different per
formance when it was cultivated in the media with C/N of 15. In this con
dition, the increase in the agitation rate promoted an augmentation of the
dry weight. However, a reduction in the percentage of sporulation and
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Fig. 3. Results for B. subtilis YRE207 fermented medium using C/N ratio of 15 at
different agitation rates.

surface tension reduction occurred. At the end of the process, samples of
the fermented broth were evaluated to its emulsifying activity. All the sam
ples were able to emulsify completely light Arab oiL Nevertheless, no sta
ble emulsions were detected for aviation kerosene, gasoline, diesel oil, and
corn and soybean oils. Therefore, the biosurfactant produced may be
applied in enhanced oil recovery, bioremediation of oil, and oil tank clean
up, but not, as it appears, for use in the food industry.

Statistical Analysis

The optimization of the carbon/nitrogen ratio (Xl) and agitation rate
(X2) variables was performed considering the percentage of surface ten
sion reduction. From the results obtained, the multiple regressions were
done taking as the factors the isolated terms, the interactions, and the
quadratics of the variables studied. Table 2 shows the surface tension val
ues for the media before and after fermentation for each experiment.

After the multiple regressions using the Statistica 5.0 program, the
parameters with a significance level superior to 10% of the Student's t-test
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Table 2
Surface Tension Values in Different Experimental Conditions

Surface tension

Xl X2 (agitation
(mN/m)a

Surface tension

Experiment (C/N) rate [rpm]) Initial Final reduction (%)

1 3 (-) 50 (-) 66 40.7 38.3 ± 0.4b

2 3 (-) 150 (0) 66 39.9 39.5 ± 1.3
3 3 (-) 250 (+) 66 35.7 45.9 ± 0.6
4 9 (0) 50 (-) 57.7 40.8 29.3 ± 1.2
5 9 (0) 150 (0) 57.7 37.6 34.8 ± 0.7
6 9 (0) 250 (+) 57.7 36.8 36.2 ± 1.1
7 15 (+) 50 (-) 60.7 38.4 36.7 ± 0.1
8 15 (+) 150 (0) 60.7 39.4 35.1 ± 0.9
9 15 (+) 250 (+) 60.7 41 32.5 ± 0.3

aMean value from triplicate measurements.
bMean value ± standard deviation.

were eliminated. So, the isolated terms and the agitation quadratic
(X2, X22) were dismissed. The C/N ratio isolated was the only significant
variable on the percentage of surface tension reduction. The correlation
coefficient (R2) of 0.803 indicates an adequate adjustment of the experi
mental data on the percentage of surface tension reduction response,
showing that 80.3% of the data variability was explained by the empiric
equation that was proposed. The residue distribution around zero and the
representation of expected values vs the observed values are shown in
Figs. 4 and 5. The residues distribution was at random around zero, pre
senting no tendency about distribution (Fig. 4). Figure 5 shows that the
experimental responses for the percentage of surface tension reduction
were near the values given by the empiric equation. Eliminating the
insignificant parameters we obtain the following equation:

Surface tension reduction (%) = 33.4333 - 3.2333 Xl +4.5666 Xi - 2.95 XlX2

This equation represents the adjusted model for the prediction of the
surface tension reduction with Xl and X2 in the codified form. The vari
ables were determined through the following codifying equations: car
bon/nitrogen ratio (Xl) = [C/N - 9]/[(15 - 3)/2] and agitation rate (X2) =
[AG (rpm) -150 (rpm)]/[(250 ( 50)/2] (rpm).

From the complete equation (surface tension reduction (%) =33.4222
3.2333X1 + 1.7166X2 + 4.5666X12 + O.0166X2

2 - 2.951Xl X2), an algorithm of
the Maple V release 4 (Canada) program was used to calculate the stationary
point. The calculation of this point gave the following values: Xl = 0.590186
and X2 = 0.731199. The coordinates of the stationary point are between
the experimental regions. The Avalues that refer to the percentage of the
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surface tension reduction indicated that this response has a saddle point
because A1 (-0.419649) and A2 (5.002989) have different signs. Using the
same algorithm of the Maple V release 4 program, the codified variable
values (X's) were calculated that correspond to the maximization of the
response, yielding the following values Xl = -1 and X2 = 0.98. Using the
codification equations, the real values may be determined for the vari
ables' concentration in the maximization point of surface tension reduc
tion: Xl = 3 for the C/N ratio and X2 = 248 rpm for the agitation. The
determination of the stationary point through canonical analyses using
the complete model, in this case, shows that the model really represents
the behavior of the surface tension reduction as a function of the stud
ied variables.

Figure 6 illustrates the effect of the studied variables on the surface
tension reduction. It is evident that for the lowest values of the C/N ratio,
higher rates of agitation cause higher percentage of surface tension reduc
tion. On the other hand, the condition of maximum point of the percent
age of surface tension reduction occurs for lower values of the C/N ratio
and for higher values of agitation rate. This behavior was also observed in
the analyses of the experimental results.

Characterization of the Biosurfactant Produced

Preliminary experiments to determine the presence of surfactin in the
fermented broth were performed through chromatographic analyses.
Figure 7 shows the chromatograms for the commercial surfactin (Sigma)
and for the biosurfactant produced under C/N of 3 and 250 rpm conditions.
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Surfactin from Sigma presented nine retention peaks. Comparatively, the
biosurfactant produced in this study showed similarity with the standard
(Sigma) in four retention peaks (number of the peak/retention time:
4/18.593; 5/20.316; 7/25.207; and 8/25.753). Wei and Chu (15) observed a
chromatographic profile for the surfactin obtained from B. subtilis ATCC
21332 similar to the standard (Sigma) also showing nine peaks of which
eight were at the same retention time.

Discussion

Among the nitrogen sources studied, besides the addition of the
residual brewery yeast, the addition of sodium nitrate or the ammonium
sulfate was not able to significantly reduce the surface tension of the fer
mented medium (Table 1). According to Davis, Linch, and Varley (12), the
type and the concentration of the nitrogen source are important for the
optimization of secondary metabolite production, which most of the bio
surfactants are. However, the number of publications in the literature
about the qualitative and/or quantitative influence of the nitrogen source
on the biosurfactant production by B. subtilis is still low. Moreover, as
stated previously, the production of surfactin by B. subtilis in sucrose
medium is growth-associated (13).

The production medium containing urea or ammonium nitrate as the
nitrogen source was the best in stimulating the biosurfactant production by
B. subtilis YRE 207, resulting in percentages of surface tension reduction of
40 and 53%, respectively (Table 1). According to Ramnani et al. (16), Bacillus
spp. are able to reduce the surface tension around 30-60%. Therefore, both
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nitrogen sources studied were adequate, making the ammonium nitrate the
most favorable to the biosurfactant synthesis for the bacterial strain used.

Makkar and Cameotra (17) obtained the maximum lipopeptide pro
duction by a B. subtilis strain after 72 h of cultivation at 45°C with urea
and nitrate ion on 3 giL concentrations. Similarly, the cultivation of
Pseudomonas aeruginosa strain in different nitrogen sources (NaN03,

NH4N03, (NH4)2S04' NH4Cl), with concentrations varying from 2.0 to
5.0 giL, presented satisfactory surface tension reduction of the medium in
the presence of 2.0-3.0 giL of NaN03 (18).

Davis, Lynch, and Varley (12) concluded that when ammonium ions are
used as a nitrogen source, B. subtilis ATCC 21332 growth is favored.
Meanwhile, the nitrate ion is consumed during B. subtilis secondary
metabolism, i.e., when the biosurfactant is actually being produced. That is
why the evaluation of the nutrients sources is so important. In this work, the
effect both of the carboninitrogen ratio and the agitation rate were evaluated
through an experimental design (Table 2). Variations in the C/N ratio (Xl)
and in the agitation rate (X2) resulted in alterations of the surface tension
reduction (Table 2) varying from 29.3 to 45.9%. Comparing these results, it is
possible to establish that in the lower C/N ratio (3 and 9), the increase in the
agitation rate promoted an increase in the percentage of surface tension
reduction. However, for C/N 15 condition, an increase in the agitation rate
caused a small reduction in this percentage. The best results were obtained
for the medium containing crystal sugar (10.0 giL) and NH4N03 (4.0 and
1.3 giL) under 250 rpm agitation rate, corresponding to C/N of 3 and 9.
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The literature usually adopts a carbon/nitrogen ratio around three
and agitation of 150 rpm. Davis, Lynch, and Varley (12) obtained the
highest quantity of surfactin (439.0 mg/L) cultivating B. subtilis ATCC
21332 in a medium-containing glucose (10.0 gil) and ammonium nitrate
(4.0 giL), which corresponds to a C/N ratio of 11. In the experiments per
formed under 150 and 250 rpm agitation rate, for the different combina
tions of C/N, an almost total sucrose uptake from the 48 h fermented
media was evidenced. Nitschke and Pastore (11) showed similar results
when using cassava waste water. The pH values obtained at the end of
the fermentation were between neutral and acid, 5.5 being the lowest
value obtained (Figs. 2 and 3). Wei and Chu (15) also observed the exis
tence of an acidogenic metabolic pathway for a high concentration of
iron. According to Claus and Berkeley (19), the ideal pH for B. subtilis
growth is between 5.5 and 8.5. Makkar and Cameotra (17) observed
remarkable decreases in the growth and mainly in the quantity of biosur
factant produced by a strain of B. subtilis when the medium pH was
adjusted to 4.5. Additionally, the stability of the surfactin molecule was
studied in different pH values (11). The reduction of the pH to values
lower than 5.0 favored the microbial surfactant precipitation, which
resulted in an elevation of the medium surface tension. So, it may be con
cluded that there was no influence of the pH on the metabolic activity of
the bacterial strain studied.

Analyzing the results obtained, it can be affirmed that there was no
correlation between growth and surface tension variation (Figs. 1-3).
However, under the conditions in which a higher sporulation was verified
(C/N 3-250 rpm; C/N 9-250 rpm, and C/N 15-50 rpm), a decrease in
the surface tension was also noted. Branda et al. (20) suggest that the sur
factin production is related to the sporulation process in B. subtilis. The
chromatograms of the recovered and partially purified surfactin (C/N 3
and 250 rpm) and of a sample of commercial surfactin (Sigma) showed
peaks at different retention times, which prove the existence of different
isomers. On the other hand, four peaks were similar to the preponderant
peaks of the standard surfactin. Therefore, there is a possibility that the
biosurfactant produced in this work has different physicochemical prop
erties that could make it suitable for other types of applications.
Obviously, further investigations will be needed.
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Abstract

With the synthesis of chemical products through biotechnological pro
cesses, it is possible to discover and to explore innumerable routes that can
be used to obtain products of high added value. Each route may have par
ticular advantages in obtaining a desired product, compared with others,
especially in terms of yield, productivity, easiness to separate the product,
economy, and environmental impact. The purpose of this work is the devel
opment of a deterministic model for the biochemical synthesis of acrylic acid
in order to explore an alternative process. The model is built-up with the
tubular reactor equations together with the kinetic representation based on
the structured model. The proposed process makes possible to obtain acrylic
acid continuously from the sugar cane fermentation.

Index Entries: Acrylic acid; biotechnological processes; bidimensional
model; dynamic reduced model; modeling; Saccharomyces cerevisiae; tubular
bioreactor.

Introduction

Biological sciences are likely to make the same impact in the formation
of new industries in the present and the next centuries, as the physical and
chemical sciences have had on industrial development throughout the last
century. In fact, the knowledge from biological sciences, when combined
with recent and future advances in process engineering, can become the
foundation for producing a wide variety of industrial products from renew
able plant resources (1).

The present capabilities of genetic engineering for the transfer of specific
catalytic functions between organisms can only provide increased opportu
nities for the future manufacture of chemical commodities from biomass (2).
Biotechnological processes, generally, occur under mild conditions.

*Author to whom all correspondence and reprint requests should be addressed.
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Fig. 1. Pathways of several chemical using sugar cane as a feedstock, prices are
in USD per ton of compound (see ref. 4).

Biocatalysts, substrates, intermediates, and byproducts, as well as the prod
uct itself, are biodegradable. In most cases, water is used as the solvent (3).

With the synthesis of chemical products through biotechnological pro
cesses, it is possible to discover and to explore innumerable routes that can
be used to obtain products of high added value. Such routes have to be
investigated to evaluate their potential in terms of yield, productivity, easi
ness to recover the product, economy, and environmental impact. A possible
feedstock is the sugar cane glucose which is readily available in several
countries. Figure 1 depicts possible routes to obtain chemicals from sugar
cane, including the use of bagasse (4).

Among these products, acrylic acid is an interesting one. In fact, from
the industrial point of view, the acrylic acid production by fermentative pro
cess is presented as an innovative process of great importance, because of the
possibility of low cost for its production and because of a renewable raw
material. This is an important point to be considered, because acrylic acid is
used worldwide and its production by fermentation is through environmen
tally friendly process. In fact, this biochemical route has very low environ
mental impact, when compared with the conventional petrochemical
process. Acrylic acid, known as 2-propenoic acid, is one of the most impor
tant industrial chemicals, with an annual production of approx 4.2 mt (5).

Currently, 100% of acrylic acid is produced from fossil fuel. Production
from renewable resources is propagated through lactic acid fermentation
and subsequent chemical conversion to acrylic acid (6). Bearing this in mind,
the purpose of this work is the development of a deterministic model for a
biochemical synthesis of acrylic acid, aiming to propose a new methodology
for its production. The proposed process makes possible to obtain acrylic
acid continuously from the sugar cane fermentation. The reactor is tubular,
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continuously operated, and the challenge is to define operating strategy and
conditions to achieve the product with the desired specifications.

A deterministic model built-up coupling the reactor and the kinetic
equations is developed to study the process. The kinetic model is based on
the concepts of structured representation, and adapted from a structured
growth model developed by Lei et al. (7), and a structured model for
ethanol production developed by Stremel (10), so that the main phenom
ena taking place in the system is considered. The mathematical models
describing the dynamic behavior of the reactor lead to a nonlinear dis
tributed parameter problem requiring excessive computational time. This
may be a restriction for control and optimization of online applications. In
order to overcome this problem, through the use of reduction techniques,
a simplified model is derived. The results show how the model may be
used to find out suitable operating conditions and to analyze the effect of
kinetic parameters to obtain acrylic acid.

Structured models describing culture kinetics are powerful tools in the
control of bioreactors, as they are able to provide a mathematical description
of the cellular fermentation mechanism of the process. This is important to
help in the optimization and control decisions. The simplest representation
of microbial kinetics is the unstructured model, which describes biomass
growth, substrate consumption, and extracellular metabolic product forma
tion in a macro balance approach. The unstructured model includes the
most fundamental microbial processes: the rate of cell mass production is
proportional to biomass concentration; saturation limit growth rate on each
substrate is taken into account; and the use of substrate for cell maintenance
and the property of the cells to synthesize products even when they do not
grow. However, this type of model does not recognize any internal structure
of the cell, nor diversity between cell forms, which may be an important fea
ture of certain cell cultures (8).

The application of unstructured models is quite satisfactory in many
situations, but there are a large number of applications where such models
tend to fail. This is the case when the composition of the system changes
drastically, as in any batch process or when the molasses sugar contents
change because of the sugar production. In fact, changes in composition
affect the initial step of growth as well as in situation where one specific
component (protein and RNA in single-cell protein [SCP] production) must
be modeled to better use the substrate to a particular pathway. In these
cases, a structured model is necessary.

An alternative to simplify the modeling of the bioreactor, even taking
into account the cell internal structure is to reduce the dimension of the sys
tem of partial differential equations. This can be done taking a mean along
a certain position of the reactor, eliminating the dependent variables on
radial position, and by formulating an approximation of the variables along
that dimension. This dimensionality reduction may be made by application
of reduction techniques.
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of acrylate from sugars (see ref. 5).

Methods

Metabolic Route

Figure 2 shows the different routes for converting sugars into acrylate.
The most direct route is through lactate.

Pyruvate + NADH + H+ Lactate) Lactate +NAD+
dehydrogenase

Several studies have focused on blocking the enzyme that converts
acrylyl-CoA to propanoyl-CoA during the aforementioned lactate fermenta
tion by Clostridium propionicum, for example, by using 3-butynoic acid as an
inhibitor, to obtain conversion of lactate into acrylate. However, acrylate
concentrations never exceed 1% of the initial substrate concentration (9).

There are several problems with production of acrylate through this
pathway. First, one-third of the lactate does not lead to acrylate, because it is
converted into acetate and CO2, Without this conversion to acetate, no adeno
sine triphosphate (ATP) for growth and maintenance is generated. The only
driving force for the pathway from lactate toward acrylate seems to be the
fact that acrylyl-CoA can be used as an electron acceptor for the reducing
equivalents produced on formation of acetate and CO2 (5). A method for
direct conversion of complex substrate for propionic acid production, with
the cultivation of Lactobacillus and Propionibacterium shermanii and conversion
of propionate for acrylate with C. propionicum was investigated (2). This route
of conversion of propionate to acrylic acid claims to obtain yield more than
18.5%. However, so far it is not clear how to obtain high yields of acrylate
from sugars (5). For an economically competitive fermentation process, the
molar yield of acrylate on sugar should preferably be almost quantitative.
Taking glucose as the sugar, the desired stoichiometry is (5):

Glucose ~ 2 Acrylate + 2 Water
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Proposed Process

As there is no definitive knowledge on the potential of biotechnologi
cal routes for acrylic acid production, and also, because of the few number
of structured kinetic models until now developed, in this work, a struc
tured kinetic model for production of acrylic acid by fermentation of sugar
cane glucose is developed. The model is based on a structured growth
model developed by Lei et al. (7), and on a bioethanol production model
developed by Stremel (10). Figure 3 shows the glycolytic route used for the
development of the model for acrylic acid and bioethanol production, as they
share the same initial route.
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The process occurs with the degradation of glucose, which undergoes
successive phosphorylations, consuming ATP in the Embden-Meyerhoff
Parnass route, until the pyruvate production. This process is called glycol
ysis. The pathway of glycolysis can be seen as consisting of two separate
phases. In the first phase, two equivalents of ATP are used to convert glucose
to fructose-l,6-bisphosphate. In the second phase fructose-l,6-bisphosphate
is degraded to pyruvate, with the production of four equivalents of ATP and
two equivalents of NADH. Because of action of metabolization through the
tricarboxylic acid (TCA) cycle it is converted to lactate the enzyme lactate
dehydrogenase. The lactate undergoes dehydration, generating acrylate.

Bioreactor Mathematical Model

A mathematical model for the dynamic simulation of a tubular biore
actor that uses Saccharomyces cerevisiae immobilized in pellets with 4% of cit
ric pectin for production of bioethanol was developed by Stremel (10), and
posteriorly adapted to investigate the acrylate production. As both process
share some pathways and the reactor and kinetic structured models are gen
eral, the deterministic representation is valid to explore all the possible
routes, as the kinetic parameters are available. For the case of bioethanol
production, in order to prevent the CO2 accumulation caused for the fer
mentation process, a type tower fixed-bed bioreactor with gas separator was
used. It is important to take this into account as CO2 accumulation may hap
pen in different rates depending on how the process is operated. A scheme
of the system is shown in Fig. 4.

The differential balances in the axial direction of the bioreactor take into
account the convective terms, assume constant axial dispersion, and the
mass interphase transfer and reaction are evaluated in terms of the effec
tiveness factor. Bearing this in mind the model can be written as:

Substrate in the phase fluid:

aS f = Dax (a
2
Sf )_li(aS f )_1-E V

at L2 az2 L az E 11 sup
(1)

(2)

Kinetics for Chemicals Synthesis

A simplification of the glycolytic and respiratory routes (TCA) that was
considered in the model, to represent bioethanol synthesis is shown below
by stoichiometric expressions.
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For the biotechnological production of acrylic acid, three substrates
involved in the process are verified. In the first step the glucose is converted
into pyruvate, and this into lactate, which is metabolized to produce acrylate.
The generic reaction proceeds from the following form:

R R
G~P~La~Acryl (4)

Balance of mass for glucose in the fluid phase:

d(VG) = G. F. _ GF _ ilLXL V
dt 1 1 Y

XL/G

Reaction rate of glucose conversion in pyruvate:

R = IlLXL
P Y

XL/G

Balance of mass for lactate:

Reaction rate of pyruvate conversion in lactate:

R = IlLXL
a Y

XL/L

Balance of mass for acrylate:

d(VAayl) _ A 1F A IF JlcXc V- cry .. - cry +--dt 1 1 Y
XC/A

(5)

(6)

(7)

(8)

(9)

Reduction Techniques

The solution for diffusion and reaction multidimensional problems
present difficulties associated with a large analytic involvement and also
request considerable computational effort. Thus, for practical applications
in engineering, online optimization and control is useful to obtain models
with lower dimensionality compared with original system of partial differ
ential equations. This may be achieved through the reduction of the num
ber of model independent variables. Therefore, one or more independent
variables can be integrated, leading to approximate formulations that
retain detailed local information in the remaining variable as well as
mean information in the eliminated directions by the integration. The
techniques investigated generate models that describe the axial profiles as
a function of the time for the convenient explicit elimination of the depen
dence in the radial variable, in case of the fixed-bed catalytic reactor. The
techniques utilized are:
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Classic Reduction Technique

This technique is based on the mean value theorem, i.e., each radial mean
value is defined for each variable (12-14)

(10)

where r =particle radius and [ ] =radial mean value.

Reduction Technique Based on the Hermite Integrations Formulas

Hermite procedure allows the model order reduction by approaching an
integral on the values of the integrating and their derivatives on the limits of
the integration, as follow:

Xi a ~

Ha,~ = f y(x)dx=ICvy(vl(Xi-l)+I DvY(V) (Xi)
v=o v=o

(11)

The technique makes use of Ho,o' H1,1 definitions and simultaneously
of the spherical coordinates transformation, facilitating the generation of
the radial medium variables (13,15,16).

1 1
Ho,o = f y(x)dx="2[Y(O)+Y(O)] (12)

o

111
HI,I = fy(x)dx="2[y(O)+Y(1)]+12[y l (O)+y l (1)] (13)

o

General Reduction Technique

This technique is a generic mathematical representation, obtained when
the Eq. 10 is used with a quadratic equation for the inside particle concentra
tion in function of the mean radial concentration

(14)

Results

Figure 5 shows the microorganism (5. cerevisiae), ethanol (C2H60),
acetaldehyde (C2H40), pyruvate (C3H30 3), and substrate (C6H120 6) concen
tration at the reactor exit when the steady state is reached. The experimental
operation was conducted at pH 4.0 and 30°C using 161.4 giL initial glucose
concentration. The acetaldehyde and pyruvate concentration, intermediary
components, appear in low concentration because they are formed and con
sumed rapidly in the course of respiratory and glycolytic process. At the
end of 140 h, 73.0 giL of ethanol was formed along with 43.0 giL of cell
mass. As can be seen the glucose is used not only to achieve the desired
product but also for the maintenance and growth of the microorganism.
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A possible competitive route to obtain the acrylic acid by fermenta
tion through s. cerevisiae, is shown in Fig. 6. Acrylate (C3H40 2), lactate
(C3Hs0 3), pyruvate (C3H30 3), and substrate (C6H120 6) are obtained and
their concentrations at the reactor exit when the steady state is established
depict the potential to produce acrylic acid. The dynamic behavior follows
a system of first order with asymptotic shape for all the species. In fact, an
inverse response was not observed because the temperature is constant
along the reactor length. This is expected to occur when tubular reactors
are used, and it could be a drawback to use this type of design because of
difficulties in process control. The steady state operation is achieved in
about 140 h.

The Fig. 7 shows the concentration profiles of acrylate and microor
ganisms concentration at the reactor exit. The product and cell yields
obtained from the glucose fermentation were 0.46 g acrylate per gram of glu
cose and 0.10 g dry cell per gram of glucose, respectively. Changes in the
kinetic values alter significantly the specific values of desired product con
centration, but what is interesting to realize is that the acrylate production is
associated with the microbial growth, i.e., the acrylate production is directly
related with energetic metabolic route. This is important information for
reactor design and operation because a suitable residence time should be
chosen to allow the reactor to operate near the steady state. However, because
of the fact that the production is associated with the microbial growth, it is not
possible to determine the necessary amount of glucose for the synthesis of
the product. This means that it is necessary to find out operating conditions
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in such a way that it is possible to achieve desired amount of the product
(acrylic acid) with the required amount of substrate for the maintenance and
growth of the microorganism.

The kinetic values for a given microorganism, in this case S. cerevisae,
is dependent on the system operating conditions including substrate
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composition. This information may be used to define operating strategies
that may drive the system to obtain a desired product. The acrylic acid
production by fermentation occurs from glucose degradation and might
be expressive depending on the operational conditions, although its con
version as shown in the literature is significantly smaller when compared
with the conventional production, i.e., petrochemical via, where the con
version is of approx 90%.

Conclusions

In this work, a structured deterministic model for the process of pro
duction of acrylic acid is proposed. It allowed the understanding of the mod
eling problem of biochemical processes taking into account the metabolic
routes. In this case it is possible to consider the competition among the sev
eral product to be formed so that it is possible to foresee operational strate
gies, which take into account for instance the feed of different substrate
compositions as they impact the route that the microorganism will follow.
Also it is important to have dynamic information about the time to reach
operating conditions around the steady state, so that suitable design can meet
required production levels. This is important, as the conversion for biochem
ical processes is usually low compared with the petrochemical via. For the
specific case of acrylic acid production, it is observed that the acid production
is strictly related to the microbial growth and this should be considered in the
reactor design. Through the application of the reduction techniques it was
possible to reduce significantly the number of differential equations to be
solved, thus reducing the complexity of the modeling as well as the computer
time and burden, whereas still keeping important process information.

Nomenclature

11
Jl
£

A
Acryl
C
Cm

Dax
E
F1, ... , F6
G
L
La
P
R

Effectiveness factor
growth specific velocity (h-1)

Porosity of the bed
Acetaldehyde
Acrylate
Concentration (giL)
Mean radial concentration (giL)
Axial dispersion of coefficient (m2 /h)
Ethanol
Adjustment of constant
Glucose
Length of the bioreactor (m)
Lactate
Pyruvate
Inside radius (m)
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R
R RI,... , 6
Ra, Rp
S
Sh
t
u
Vsup
X
y
Z

Particle of the radius (m)
Metabolic reaction rate (g/Lh)
Reaction rate (g/h)
Substrate
Sherwood number
Time (h)
Fluid interstitial velocity (m/h)
Superficial reaction rate (g/Lh)
Total mass concentration (g/L)
Yield coefficient (g/g [%])
Axial length of the bioreactor (m)
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Abstract

The influence of independent variables (temperature and time) on the
cooking of sugar cane straw with ethanol/water mixtures was studied to
determine operating conditions that obtain pulp with high cellulose contents
and a low lignin content. An experimental 22 design was applied for tem
peratures of 185 and 215°C, and time of 1 and 2.5 h with the ethanol/water
mixture concentration and constant straw-to-solvent ratio. The system was
scaled-up at 200°C cooking temperature for 2 h with 50% ethanol-water con
centration, and 1 : 10 (wIv) straw-to-solvent ratio to obtain a pulp with 3.14 cP
viscosity, 58.09 kappa-number, and the chemical composition of the pulps
were 3.2% pentosan and 31.5% lignin. Xylanase from Bacillus pumilus was
then applied at a loading of 5-150 IV/ g dry pulp in the sugar cane straw
ethanol/water pulp at 50°C for 2 and 20 h. To ethanol/water pulps, the best
enzyme dosage was found to be 20 IV/ g dry pulp at 20 h, and a high enzyme
dosage of 150 IV/ g dry pulp did not decrease the kappa-number of the pulp.

Index Entries: Bacillus pumilus; biobleaching; ethanol/water pulp; organo
solv pulping; sugarcane straw; xylanase.

Introduction

Brazil is the greatest sugar cane producer in the world followed by India
and Australia (1). The sugar cane is cultivated in the southeast and northeast
portions of the country, and for 2006-2007, the estimated production is more
than 410 million t. Sugar cane straw is the material that is removed before the
cane is crushed, and 55% of the sugar cane juice is used to produce alcohol and
45% is used for sugar. One ton sugar cane cultivate produces 140 kg sugar
cane straw. Sugar cane straw is inclusive of the dried leaves, fresh leaves, and
the tip of plant. Thus, Brazil produces about 40 million tly of sugar cane straw
(2). Most of this residue is burned, thereby losing energy and causing signifi
cant pollution. From 2005 onward, environmental concerns and legislation
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will forbid the burning of sugar cane fields before harvesting in Sao Paulo
State, making a great amount of sugar cane straw available for other uses. This
material has not been used as a source of chemicals, but only as solid fuel (3).

Agricultural fibers constitute an alternative to wood as raw material for
making pulp because of their high growth rate and adaptability to various
soil types. Spain produces more than 16 million t of major agricultural
residues each year. With a yield of 40-50%, this mass would provide more
than four times the amount of paper currently obtained from wood fibers in
this country (4). The annual production of pulp can hardly have current
demand, which is growing dramatically in developing countries and, at lesser
extent, in developed countries. This is owing to an increasing shortage of
wood raw materials and the gradual deforestation of some areas on the
planet. For this reason, the use of alternative nonwood materials such as
wheat straw (5,6), hemp (7), flax (8) were used for pulping and paper making.

Traditionally, the cooking process generates large amounts of concen
trated waste-water, especially from sulfite and sulfate processes. One solu
tion for this problem is the use of organic solvents. Although their favorable
effects on the pulping process are established, the use of this type of solvent
for this purpose is recent and is only on the pilot or small industrial scale (9).
Prominent among the pulping processes that use organic solvents are those
based on alcohols, particularly the Alcell (ethanol/water) (Alcell
Technologies Inc., Montreal Canada), MD Organocell (ethanol soda),
(Organocell Thyssen GmbH, Planegg, Germany) and alkali sulfite
anthraquinone methanol (10-13). Pulping process that uses organic solvents
presents several advantages such as: (a) the required equipment is simple
(14)/ (b) byproducts are suitable for further chemical utilization, (c) this
technology can be applied for a variety of raw materials, including hard
woods (15), softwoods (16), nonwood materials (5-6), (d) pulps are suscep
tible to total chlorine free (TCF) bleaching, and (e) (TCF-bleached pulps
present high levels of brightness and intrinsic viscosity (17).

Modifications of the production process at the pulping and bleaching
stages have been developed. This includes extending the cooking time and
introduction of oxygen delignification as a prebleaching step for additional
lignin removal. Biological alternatives to minimize the residual hemicellu
lose and lignin contents in dissolving pulp are also under investigation.
Research has been focused on the use of xylanases (18) and white-rot fungi
(19) in biobleaching of sulfite pulps as means of improving the selectivity
and extent of hemicellulose and lignin removal from dissolving pulp.
Xylanase prebleaching technology is now in use at several mills, mainly in
Scandinavia and Canada; the main motivating factors for this technology
are the economic and environmental advantages that xylanase offers to the
bleach plant (20). From western countries many reports about using
xylanases from different sources for evaluating their interaction with vari
ous kinds of pulps are available (21/22). However, it is necessary to assess
and study the processes under specific conditions for different countries

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



Ethanol/\!Vater Pulps From Sugar Cane Straw 503

with various kinds of pulps, which are locally available. In Maharashtra,
(India) where sugar cane is an abundantly grown crop, bagasse is one of the
major cheap raw materials available for making paper (23). Extremophilic
enzymes, which are active under alkaline conditions and high tempera
tures, have high potential for industrial application, such as the bleaching
process, without any need for cooling or change in pH (24). The large vari
ety of potential applications of these enzymes is the main reason for inves
tigating fungal and bacterial xylanase production. The most important
application of xylanases is in the prebleaching of kraft pulp (25). A treat
ment with xylanases can improve the chemical extraction of lignin from
pulp (26,27). This leads to significant savings of chemicals required for
bleaching and to a reduction of toxic chlorine compounds released into the
environment. The use of low-cost substrates for the production of industrial
enzymes would be expected to greatly reduce production costs (28).

Only a few microorganisms have been identified to have the capabil
ity of producing extremophilic xylanases. One of such strains is Bacillus
pumilus Spa NCIM 59 (29). The most significant feature of the enzyme from
this strain is its cellulase-free nature, which is one of the necessary prereq
uisites for use in the paper and pulp industry. The objectives of this work
are to investigate the conditions for sugar cane straw ethanol/water pulp
ing to obtain dissolved pulps and to evaluate the potential of xylanase
obtained from B. pumilus on sugar cane straw ethanol/water pulps bleach
ing. Studies of pulping of sugar cane straw and xylanase biobleaching
were done for the first time in this article.

Materials and Methods

Ethanal/Water Pulping in 200-mL Vessel

Whole sugar cane plant was mechanically cut and fresh sugar cane
leaves and the tip of plants were kindly provided by "Usina
Esterl/(Cosm6polis, SP-Brazil). Sugar cane straw was washed with water,
sun-dried to 10% moisture, and scissors chopped to a length of 3-5 cm.
Pulping was performed in a 200-mL electrically heated horizontal agita
tion laboratory stainless steel batch cylindrical reactor (digestor was fabri
cated in Sao Paulo University, Brazil). In order to determine optimum
ethanol/water pulping conditions of sugar cane straw, a 22 factorial design
was used at 150-215°C for 1-4 h. Ethanol concentration of 50% (by vol
ume) and 10 : 1 (v/w) liquor / straw ratio were maintained constant,
according to Gon<;alves and Ruzene (30). The pulp was filtered and
washed with 2500 mL ethanol/water 1 : 1 (vIv).

Ethanal/Water Pulping Scale-Up in 40-L Vessel

The sugar cane leaves, sun-dried to 10% moisture was cut into pieces
of approx 3 em. Scale-up ethanol/water pulping were carried out in a 40-L
stainless steel batch cylindrical reactor. An insulated electrical coil arranged
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around the reactor provided heating and a manometer was used to read
pressure. The reactor rotates around its own axis for agitation. Ethanol/water
pulping was performed using ethanol/water mixture 1 : 1 (vIv) at 10 (v/w)
liquid/solid ratio. Reaction time was fixed at 2 h and 200°C. After the res
idence time, the reactor was turned off and cooled for approx 18 h. The
pulp was filtered in cotton bag and washed with tap water until wash
water was colorless. The moisture content of the washed pulp was 54%
(w/w) and it was stored in scaled plastic bags at 4°C until use.

Xylanase Assay

A crude enzyme with high xylanase activity and cellulase-free, pro
duced by bacteria B. pumilus was kindly supplied by Duarte (31). Xylanase
activity was determined by incubating 0.1 mL suitable diluted enzyme
with 0.9 mL of 1% (wIv) xylan (birchwood xylan, Roth, Karlsrule, Germany)
in a pH 8.5 glycine-NaOH buffer for 5 min at 50°C as described by Bailey
et al. (32). One unit of xylanase activity was defined as the amount of
enzyme that catalyses the release of 1 ~mol xylose/min of reaction.

Xylanase Pretreatment of Pulp

Before pulping, sugar cane straw pulp was treated with the crude
enzyme B. pumilus. Optimization of enzyme loading for biobleaching was
carried out by treating pulp with varying xylanase charges, ranging from 5 to
50 IV/ g of dry pulp for 2 hand 150 IV/ g for 20 h pH 8.5 in glycine-NaOH
buffer. Samples of ethanol/water pUlp with 3% pulp consistency were incu
bated in transparent plastic bags in a water bath at 50°C with intermittent
kneading. Control samples were treated under the same conditions without
enzyme. After incubation, the pulp slurry was filtered through a Buchner
funnel, and the pUlp was washed thoroughly with distilled water. The wet
enzyme pretreated straw pulp (3 g dry weight) was placed in Erlenmeyer
flask and treated with 1% (w/w) NaOH at 60°C for 1 h. The pulp was fil
tered and washed with distilled water. A set of samples was treated with
NaOH, under the same condition described as used as a control medium.

Estimation of Kappa-Number

A sample of the pulp (0.3-0.35 g dry pulp) was exposed to 0.1 N KMnO4

at 25°C for 10 min. The reaction was stopped by adding excess KI solution,
and the KMnO4 consumed was determined by back-titrating the liberated
iodine with standard sodium thiosulfate. The K-number so obtained, was
the volume in milliliter of 0.1 N KMnO4 consumed per gram of pulp and
used to measure residual lignin in the pulp (33).

Determination of Viscosity

Viscosity was determined by dissolving sugar cane straw pulp in
cupriethylenediamine and measuring the viscosity of 0.5% solution with
an Ostwald Fensk viscometer (34).
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Determination of Pulp Chemical Compounds

The chemical composition of the sugar cane straw and the pulps
treated with xylanase were determined by acid hydrolysis, a method devel
oped at the Laboratory of Biomass Conversion (Sao Paulo University, Sao
Paulo). Approximately 2.0 g of milled sugar cane straw (Manesco and
Ranieri knife mill to pass through a 0.5-mm screen) or 1.0 g of pulp was
hydrolyzed with 72% sulfuric acid at 45°C for 7 min. The acid was diluted
to a final concentration of 5% (addition of 140 mL of water) and the mix
ture heated at 125°C/1 atm for 30 min. The residual material was cooled
and filtered through fast-filtration paper filter. The solid was dried to con
stant weight at 105°C and determined gravimetrically as insoluble lignin.
The soluble lignin concentration in the filtrate was determined by mea
surement of the absorbance at 205 nm and using the value of 1101/g/cm as
the absorptivity of soluble lignin (35). The concentrations of monomeric
sugars in the soluble fraction were analyzed using an Aminex HPX-87H
column (300 x 7.8 mm2) (Bio-Rad, Hercules, CA) at 45°C with a Shimadzu
chromatograph and refraction-index detector (RI-RID-10A, Shimadzu,
Tokyo, Japan). The monosaccharides present in hydrolyzates were converted
to percent polysaccharides: D-glucose to glucan, D-xylose to xylan, and
D-mannose to mannan. The monosaccharide peak areas were converted
using standard equations ascertained with the appropriate internal stan
dards (curves standards of D-glucose, D-xylose, D-mannose, L-arabinose, and
acetic acid). The monosaccharide weights were converted to polysac
charide percentage by considering hydrolyzate sample dilution, water
of hydrolysis factors, and the original sample dry weight. The factors
used to convert sugar monomers to anhydromonomers were 0.90 for
glucose and 0.88 for xylose and arabinose. The acetyl content was cal
culated as the acetic acid content multiplied by 0.7. These factors were
calculated based on water addition to polysaccharides during acid
hydrolysis (36).

Fourier Transform Infrared and Principal Component Analysis
of Bleached and Unbleached Pulps

Fourier transform infrared (FTIR) spectra were obtained directly from
the bleached and unbleached refined pulps utilizing attenuated reflexion
technique, under the conditions described by Faix (37). Spectra were
recorded (32 scans) in an Avatar-320-FT-IR Nicolet spectrometer (Nicolet
Instrument Corporation, Madison, WI). After polygonal baseline correc
tion (37), the spectra were normalized by the absorption at 900 em-I, which
corresponds to the anomeric carbon atom of O-C-O group in polysaccha
rides and suffers no interference from other groups (38). Spectra were con
verted to text files using OMNIC software (Nicolet), and normalized
absorbances in the range of 650-4000 cm-I were submitted to principal com
ponent analysis (PCA) calculations using the BIOTEC and FAEN programs
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compiled in FORTRAN, which were written in our laboratory based on the
work of Scarminio and Bruns (39). Graphic presentations were easily made
with Microsoft EXCEL 5.0.

Results and Discussion

Optimization of Sugar Cane Straw Ethanol/Water Pulping

In order to determine the optimum conditions for sugar cane straw
ethanol/water pulping to obtain bleached pulps with appropriate dissolv
ing pulp compositions, the temperature and the time of pulping were
studied with a 22 factorial design over a temperature range of ISO-190°C
and a time-span of 1-4 h for an ethanol/water mixture of 50% (by volume),
and a sugar cane straw-to-solvent ratio of 1 : 10 (m/v). At 150°C, no pulp
was formed more than 1-4 h. Similarly, no pulp was obtained at 170°C and
2.5 h. However, at 190°C, the pulps obtained between 1 and 4 h were very
dark. Based on these results, we decided to perform another experimental
design 22 over a temperature range of 185-215°C and a time period of
1.5-2.5 h with replicate at the middle point (maximum temperature plus
minimum temperature divided by two). Once again, the ethanol/water
concentration and biomass-to-solvent ratio were held constant. The sec
ond experimental design was carried out in three replicate determinations
of the independent variables of the pulping carried out in the 200-mL ves
sel, as shown in Table 1.

The pulping yield was highest (55.6%) at the highest temperature
evaluated. However, pentosan was still degraded (2.3%), and the lignin
amount increased to 33%. Pentosan degradation was correlated with the
lower viscosity (4.4 cP) for the pulp. At 185°C and 2.5 h, the yield dropped to
47.6%, and the kappa-number, and the glucan and lignin contents were lower
than obtained at 200°C, whereas the pentosan content and viscosity were
highest. For paper pulp, 185°C and 2.5 h of pulping were optimum condi
tions for sugar cane straw ethanol/water pulping. Because ethanol/water
dissolving pulps must have a maximum of 10% pentosan (40), we decided
the better time and temperature of pulping were 2 h and 200°C, respectively.

The system was scaled-up to a 40-L reactor with sugar cane straw
ethanol/water pulping performed for 2 h at 200°C based on the results in
Table 1. Now the ethanol/water pulping yield was 50%, and the chemical
composition of the pUlp obtained was 61.7% glucan, 3.2% pentosan, 31.5%
lignin, and 4.1 % ash. The viscosity and kappa-number were 3.14 cP and
58.09, respectively. Degradation of the pentosan resulted in a lower viscos
ity of 3.14 cP compared with the 200-mL vessel at 200°C for 2.5 h. Moriya et
al. (41) used pulping conditions of an ethanol/water mixture of 1 : 1 (vIv),
a bagasse-to-solvent ratio of 1 : 10 (m/v), temperature 185°C, and a 2.5 h
cooking time to obtain a pulp viscosity of 8.64 cP and a kappa-number of
50 for sugar cane bagasse. Using these same conditions for pulping of sugar
cane straw resulted in a pulp viscosity of 10.6 cP and a kappa-number 54.5.
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Table 1
Conditions Used in the Ethanol Pulping of Sugar Cane Straw and Experimental

Results for the Yield, Properties Kappa-Number, Viscosity, and the Chemical
Composition of the Pulps Obtained

XT Xt
YI (%) KN VI (cP) GL (%) PE (%) LI (%)

+1 +1 55.6 61.4 4.4 60.3 2.3 33.0
-1 -1 53.7 64.4 5.4 59.6 2.5 33.3
-1 +1 47.6 54.5 10.6 58.6 11.9 26.1
-1 -1 45.2 59.1 12.2 57.5 14.2 25.6

0 0 51.7 61.0 6.9 62.2 6.0 26.8
0 0 52.8 64.2 7.5 63.6 6.5 25.7

XT, temperature (+1 = 215°C, 0 = 200°C, -1 = 185°C); Xt' time (+1 = 2.5 h, 0 = 2 h,
-1 = 1.5 h); YI, yield; NK, kappa-number; VI, viscosity; GL, Glucan; PE, pentosan; LI, total
lignin.

Thus, sugar cane straw pulp gave a higher viscosity than that for sugar
cane bagasse pulp, but the kappa-number of sugar cane straw pulp was
higher than that for sugar cane bagasse pulp.

Effect of Xylanase Concentration on Bleach Boosting
and Paper Properties

The chemical composition of unbleached (control) pulp and different
xylanase concentration-treated pUlps are shown in Table 2. Xylanase treat
ment had an influence on content of cellulose and a slight influence on
lignin content, which indicated that the treatment alone could not remove
lignin and depolymerize cellulose of sugar cane straw pulp effectively.
With 10 IV/ g of xylanase, the pentosans content decreased, indicating that
hemicellulose was degraded by xylanase as expected.

The ethanol/water pulps treated with xylanase were next bleached
with NaOH in a single stage. The results of the chemical composition of
the pulps treated with xylanase followed by alkaline extraction are shown
in Table 3. A long treatment time of 20 h and high enzyme charge were not
effective in biobleaching of sugar cane straw pulp. According to Christov
and Prior (17), accessibility problems arise for dissolving pulp because
chemical bleaching apparently removed more accessible portions of xylan
from the cell walls, leaving the remaining part in locations that were less
accessible to xylanase. Senior et al. (42) reported that prolonged incubation
times were not as effective as a series of subsequent short treatments of
pulp using xylanase in which about 50% of xylan could be removed.

Sugar cane straw pulps treated with 5 and 10 IV/ g of enzyme resulted
in a 3.3 cP viscosity, a marginal increase compared with unbleached pulp,
and increasing the enzyme charge decreased viscosity. PUlps treated
with xylanase followed by alkaline extraction gave higher viscosity than
that treated only with enzyme, but only 20 IV/ g gave a viscosity increase
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Table 2
Chemical Composition of Unbleached and Xylanase Bleached Pulps

With Different Enzyme Dosages

Enzyme 0 5 10 20 50 150
dose
(U/g)

Glucan 61.7±2.1 66.5 ± 0.7 68.9 ± 1.2 64.2 ± 2.6 64.7 ± 1.5 61.8 ± 3
(%)

Pentosan 3.2 ± 0.3 3.2 ± 0.1 2.4 ± 0.1 3.1 ± 0.2 3.4 ± 0.2 2.8 ± 0.2
(%)

Lignin 31.5 ± 2.4 29.0 ± 1.8 28.9 ± 2.4 28.5 ± 1.9 26.9 ± 0.8 27.9 ± 0.1
(%)

Ash (%) 4.1 ± 0.3 3.5 ± 0.5 3.4 ± 0.3 3.3 ± 0.1 3.2 ± 0.1 3.4 ± 0.3

Table 3
Chemical Composition of Unbleached, Xylanase Bleached Pulps
With Different Enzyme Dosages Followed by Alkaline Extraction

Enzyme 0 5 10 20 50 150
dose
(U/g)

Glucan 70.1 ± 0.6 74.5 ± 2.2 75.4 ± 1.5 73.2 ± 2.2 75.6 ± 0.6 71 ± 2.7
(%)

Pentosan 2 ± 0.1 2.3 ± 0.1 2.1 ± 0.1 2 ± 0.1 2.2 ± 0.1 1.8 ± 0.1
(%)

Lignin 13.1 ± 2.3 12.3 ± 2.5 11.4±0.1 11.7 ± 1.3 13.5 ± 2.8 12.9 ± 0.3
(%)

Ash (%) 2.7± 0.1 3 ±0.6 2.8 ± 0.2 2.8 ± 0.1 3 ± 0.1 2.8 ± 0.3

(Fig. lA). Enzyme charges of 10 and 20 IV/ g of xylanase decreased the
kappa-number of sugar cane straw pulps, and pulp treated with 20 IV/ g
presented the lowest kappa-number (57). The kappa-number of the pulps
treated with different enzyme dosages followed by alkaline extraction
were virtually the same (Fig. IB).

Bisson et al. (43) evaluated xylanase from Thermomyces lanuginosus
SSBP on bagasse soda pulp, varying the charge over a range of 5-150 IV
and found that increasing the xylanase treatment from 50 to 150 IV/ g
only changed the kappa-number reductions by 0.5 and 0.6 points, respec
tively. The kappa-number of the control and xylanase pretreated pulps
after DED bleaching were the same. Although kappa-reduction has been
attributed to lignin removal, hexeneuronic acid has been shown to
account for a significant fraction of the oxidizable components in Kraft
pulps (44). Jeffries and Davis (45) showed that there is an excellent corre
lation between xylanase activity and hexeneuronic acid; however, kappa
reduction did not correlate directly with either of these factors. These
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Fig. 1. Pulps treated with different enzyme dosages and followed by alkali extrac
tion. (A) Viscosity and (B) kappa-number.

findings indicate that xylanase pretreatment can result in the release of
other compounds, which influence the kappa-number determination (44).

Jiang et al. (46) studied the biobleaching boosting effect of recombi
nant xylanase Bfrom the hyperthermophilic Thermotoga maritima on wheat
straw soda-anthraquinone pulp and found that an increase in enzyme
dosage from 50 to 150 VII g dry pulp did not decrease the kappa-number
in the pulps, but did increase brightness by 4.7%. International Organization
for Standardization (ISO) whereas decreased tensile index by 2% and
broke length by 2.5%. Ideally, it would be desirable for xylanase treatment
to decrease the kappa-number and increase viscosity, resulting in an
increase in the viscosity per kappa-number ratio for pulps treated with
xylanase. The variation in viscosity with kappa-number (i.e., the selectiv
ity of the process) is shown in Fig. 2. Pulps treated with low enzyme
dosage (5 IV/g) presented same seletivity compared with that, control
pulp and pulps treated with 20 IV/ g presented the higher seletivity (Fig.
2A). The alkali extraction of xylanse-treated pulps provided a similar
selectivity in the pulps treated with different enzyme dosage (Fig. 2B). In
comparison, Roncero et al. (4) treated wheat straw soda pulps by a TCF
bleaching sequence using ozone and xylanase, giving a similar selectivity
to the unbleached pulp but low selectivity in the peroxide stage.

FT-IR and peA of the Pulps

FT-IR spectra of unbleached, xylanase biobleached, and xylanase fol
lowed by alkali extraction pulps were recorded and corrected for the 1860
and 780 cm-1 fingerprint regions and normalized to the 902 cm-1 C-o-e
region. PCA is a statistical program and in PCA bidimensional plot, one
FT-IR spectra of the pulp represent one point. In the bidimensional plot,
the points that are near represent similar pulps. Spectra of the pulps
treated with different enzyme charge, unbleached pulp, and xylanase
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followed by alkali extraction-treated pulps were very similar, so FT-IR
spectra were better analyzed by PCA, as shown in Fig. 3. Pulps treated
with different enzyme charge, three groups of pulps could be identified:
unbleached pulps (control pulps) are differentiated (highlighted by non
continuous ellipse), the pulps treated with 20 VIIg enzyme dosage were
highlighted by trace ellipse and in the other group were the pulps treated
with different enzyme dosages (Fig. 3A). Thus, it was possible to confirm
that the pulp treated with 20 IVI g is different from the other pulps and pre
sented reduction in kappa-number. Chemical analysis and the physical
properties of pulps treated with different enzyme loading did not provide
many differences between the pulps, but in the PCA analysis it was possible
to differentiate the pulps treated with xylanase followed by alkali extraction.
In Fig. 3B, PC3 x PCI plot, four groups of pulps were differentiated: control
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Fig. 4. Loading values of PCI of FTIR spectra of sugarcane straw ethanol/water
pulps (A) xylanase-treated pulps with different enzyme dosages and (B) xylanase
followed by alkali-extraction pulps.

pulps were highlighted by continuous ellipse, the pulps treated with 5 and
20 IV/ g enzyme dosage were highlighted by trace ellipse, in the middle of
PCA plot were pulps treated with 10 and 50 IV/ g, and up the plot were
pulps treated with higher enzyme dosage (150 IV/ g). The first three PCs
explain more than 93% of the total variance of the system, PC2 and PC3
being the principal factors for the differentiation between pulp spectra.
This is better analyzed by the loading values of each PC (Fig. 4). From Fig. 4,
for the sugar cane straw ethanol/water pulps, the influence of infrared
bands on PC scores can be evaluated showing that PC1 was influenced by
C-O (1000 cm-I ) bonds present in the esters.

Conclusions

The temperatures and times required for pulping of sugar cane straw
by ethanol/water mixtures were more severe than that needed for the sugar
cane bagasse. Furthermore, the pulp obtained had low pentosan (3.2%) and
high lignin (31.5%) contents. Thus, the viscosity of the pulp was low (3.14 cP)
and the kappa-number was high (58.09). Xylanase enzyme appeared to be
effective for loadings less than 20 IV/ g. However, it did not produce a direct
delignification effect on pulp. A high enzyme dosage (150 IV/ g dry pulp)
and long time (20 h) of xylanase treatment of the pulp did not decrease the
kappa-number of the pulp. There were insignificant differences in the phys
ical properties of the enzyme-treated pulp compared with the reference
pulp. Different enzyme dosages resulted in different chemical compositions
for the pulps that can be identified through PCA.
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Abstract

Nisin is a natural additive for conservation of food, pharmaceutical, and
dental products and can be used as a therapeutic agent. Nisin inhibits the
outgrowth of spores, the growth of a variety of Gram-positive and Gram
negative bacteria. This study was performed to optimize large-scale nisin
production in skimmed milk and subproducts aiming at low-costs process
and stimulating its utilization. Lactococcus lactis American Type Culture
Collection (ATCC) 11454 was developed in a rotary shaker (30°C/36 h/100
rpm) in diluted skimmed milk and nisin activity, growth parameters, and
media components were also studied. Nisin activity in growth media was
expressed in arbitrary units (AU/mL) and converted to standard nisin con
centration (Nisaplin®, 25 mg of pure nisin is 1.0 x 106 AU/ mL). Nisin activ
ity in skimmed milk 2.27 gtotal solids was up to threefold higher than transfers
in skimmed milk 4.54 gtotal solids and was up to 85-fold higher than transfers
in skimmed milk 1.14 gtotal solids. L. lactis was assayed in a New Brunswick
fermentor with 1.5 L of diluted skimmed milk (2.27 gtotal solids) and airflow of
1.5 mL/min (30°C/36/200 rpm), without pH control. In this condition nisin
activity was observed after 4 h (45.07 AU/mL) and in the end of 36 h process
(3312.07 AU/mL). This work shows the utilization of a low-cost growth
medium (diluted skimmed milk) to nisin production with wide applications.
Furthermore, milk subproducts (milk whey) can be exploited in nisin pro
duction, because in Brazil 50% of milk whey is disposed with no treatment
in rivers and because of high organic matter concentrations it is considered
an important pollutant. In this particular case an optimized production of an
antimicrobial would be lined up with industrial disposal recycling.

Index Entries: Artificial compounds; EDTA; fermentation processes;
Gram-negative; Gram-positive; Lactococcus lactis; nisin.
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Nisin, a naturally occurring antimicrobial polypeptide, discovered in
1928 (1,2), is a monomeric pentacyclic subtype A antibiotic peptide (3.35
kOa with 34 amino acid residues), synthesized by Lactococcus lactis subsp.
lactis (3,4) during exponential phase of bacteria growth (5,6). Nisin is used
as a natural preservative in food and dairy industries, approved by Food
and Drug Administration and GRAS (7), meeting the requirements of safe
food with fewer chemical additives.

Applications of nisin include dental-care products (8), pharmaceutical
products such as stomach ulcers and colon infection treatment and potential
birth control (9-11). Nisin solubility and stability improves substantially with
a decrease in pH values. Nisin is stable at pH 2.0, insoluble at pH 8.5, and can
be autoclaved at 121°C without denaturation (12). The complete inactivation
of nisin activity is observed after 30 min at 63°C and pH 11.0 (13).

Nisin is not generally active against Gram-negative bacteria, yeasts,
and fungi. The outer membrane of Gram-negative bacteria prevents nisin
from reaching the site of action. Outer membrane permeability can be
altered by treatment with chelators, such as disodium ethylenediamine
tetraacetate (EOTA) or high hydrostatic pressure, resulting in increased sen
sitivity toward nisin (14-20). The mechanism of growth inhibition by EOTA
is not fully understood, but generally attributed to its chelating activity.
EOTA binds primarily divalent cations (21) that are present in the super
natant obtained from the growth media, which salts decrease the amount of
EOTA added. Therefore, we can imply that the washing of the cells should
be enough to extract the majority of salts from the culture media, in order
not to compete with EDTA main activity of destabilizing the membrane of
some Gram-negative strains by chelating Ca and Mg salts, which are nec
essary for lipopolysaccharide to bind to cell wall (21-23).

In a system combining different antimicrobials, treatment with
nisin/EDTA or nisin/potassium sorbate at 10°C showed a meaningful inhi
bition in Escherichia coli 0157-a5 compared with samples treated with nisin,
EDTA, or potassium sorbate alone (17,25). The inhibitory activity of nisin
on Gram-negative organisms can be improved by combining nisin with
EOTA in culture media (26). Vessoni Penna et al. (27) using L. lactis ATCC
11454 observed that nisin production was the highest in a growth medium
containing 25% skimmed milk added to either 25% M17 or MRS, it was
showed that nisin production depend on the nutrients concentration and
the transfers renewed the media each at 36 h. The influence of milk com
pounds on nisin activity was observed in previous work (28) and skimmed
milk (9.09% dry matter) increased nisin activity and release into the media
for all five transfers. Although the formulations of skimmed milk diluted
with MRS broth were found to stimulate optimal nisin production.

Lactic acid bacteria are fastidious microorganisms and require a medium
containing nutrients, which enhance the growth and production of nisin (29).

Applied Biochemistry and Biotechnology Vol. 136-1401 2007
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In this study, diluted skimmed milk in different concentrations was used to
improve nisin production and also examined the utilization of skimmed milk
compounds (artificial reproduction) to determine which nutrient is essential to
nisin production. With nisin activity related to growth conditions of L. lactis,
the effects of culturing parameters such as media components were evaluated
in this study to optimize the expression of nisin and release into media.

Material and Methods

The nisin-producing strain of L.lactis ATCC 11454 and the nisin-sensitive
indicator strain of L. sake ATCC 15521 (Gram-positive) were used in this
study. The cultures of L. lactis and L. sake were maintained at -80°C in MRS
broth (Man Rugosa Shepeer-Bacto Lactobacilli MRS broth, DIFCO) with
40% (vIv) of glycerol (26-28).

Growth Medium and Inoculum

The influence of milk components on nisin activity was studied in
previous work (27,28). In this present work different medium were elabo
rated with diluted skimmed milk to improve the growth conditions for
L.lactis. Before inoculating experimental media, 100 pL of the stock culture
of L. lactis was grown (preinoculum) in MRS broth (DIFCO) into 50 mL of
broth in 250-mL Erlenmeyer flasks and incubated on a rotary shaker (100 rpm)
at 30°C for 36 h. From the growth culture, 5-mL aliquots of bacterial sus
pension were transferred to 50 mL of the experimental medium in 250-mL
flasks, which were incubated for another period of 36 h (100 rpm/30°C).
The transfer and incubation of a new volume of each medium was repeated
five times (first, second, third, fourth, and fifth transfers).

In the first group of assays, utilized skimmed milk (9.09 gtotal solids'
standard concentration) was developed with following experimental
medium: (a) skimmed milk at 50% of standard concentration (4.54 gtotal solids);
(b) skimmed milk at 25% of standard concentration (2.27 gtotal solids);
(c) skimmed milk at 12.5% of standard concentration (1.14 gtotal solids). All
medium was diluted in sterile distillated water (Table 1).

In Second group of assays, utilized skimmed milk compounds (artifi
cial reproduction) was developed with following experimental medium:
(a) casein (0.75 g) and lactose (1.25 g); (b) casein (0.75 g), lactose (1.25 g)
plus calcium (0.06 g); (c) casein (0.75 g), lactose (1.25 g) plus sodium citrate
(0.01 g); and (d) casein (0.75 g), lactose (1.25 g), calcium chloride (0.06 g)
plus sodium citrate (0.01 g) (Table 2).

Fermentation Process

Preinoculum was prepared with 100 pL of the stock culture of L. lactis
and was grown into 150 mL of MRS broth (36 hl100 rpm/30°C). The entire
150 mL of this culture was poured into 1.5 L of the diluted skimmed milk

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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(2.27 gtotal solids' pH 6.8) in a 2-L bench-scale fermentor (NBS-MF lOS, New
Brunswick Scientific, New Brunswick, NJ). The initial cell concentration in
the fermentor was 0.58 ± 0.10 giL. The total incubation time was 36 h at
30°C to observe variations of nisin activity associated with growth condi
tions. Foaming was controlled as needed by adding 0.5 mL of
dimethylpolysiloxane (Sigma-Aldrich, Saint Louis, MO). Agitation and
aeration were 200 rpm and 1.5 vvm, respectively. The airflow was mea
sured by an online rotameter and set using a needle valve. The pH of the
medium during cultivation was measured by an electrode (Ingold,
Woburn, MA). Before the addition of inoculum to the fermentor, the pro
peller speed, aeration rate, and the temperature (30°C) were adjusted.

Analytical Procedures

Assays in rotator shaker in each transfer cell suspensions were asep
tically withdrawn from the flasks and tested for pH, cellular density,
colony number, and nisin concentrations. For this study, each fermentor
culture was performed in triplicate. Samples were aseptically withdrawn
from fermentor with interval of 4 h (10 sample points) and were collected
and tested for biomass, nisin activity, and nutrients consumed. For this
study, each sample was performed in triplicate.

Biomass, Total Sugars, and Total Proteins

The cellular biomass concentration, expressed in mg of dried cellular
weight per liter of broth (mg · DCWIL), was determined from the optical
density at 660 nm (OD660) by the calibration curve [biomass (mg· DeWIL) ==
2.1042 x OD660 + 0.124, R2 == 0.998], as described in the previous work (26-28).
The lactose concentration, expressed in gram of lactose per liter of broth
(giL) was determined from the samples in the optical density at 540 nm
(ODS40) through colorimetric Somogyi-Nelson methodology (30). The
standard curve [lactose giL == (0.537 x ODS40 nm) (0.0127], was developed
for different concentrations (0.25-0.01 giL) with standard lactose solution
(Merk, Darmstadt, Germany).

The protein concentration, expressed in gram of casein per liter of
broth (giL) was determined from the samples in the optical density at 660
nm (00660) through colorimetric Folin-phenol methodology described by
Lowry (31). The standard curve [casein giL == (0.9023 x 00660 nm) -0.0329]
was developed for different concentrations (0.25-0.01 giL) with the stan
dard casein solution (Sigma, St. Louis, MO).

Nisin Activity

For nisin activity detection, the cell suspension was centrifuged at
12,000 rpm for 10 min at 25°C and the supernatant collected was filtered
through a 0.22-Jl-m membrane filter (Millipore®). The titers of nisin expressed
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and released in culture media were quantified and expressed in arbitrary
units (AU/mL of medium) by the agar diffusion assay (6,22) utilizing L. sake
as a sensitive indicator microorganism. L. sake was grown in MRS broth
and incubated (100 rpm/30°C/24 h). A 1.5-mL aliquot of the suspension
(OD660 = 0.7) was transferred and mixed with 250 mL of soft agar (MRS broth
with 0.8% w/v of bacteriological grade agar). Each 20 mL of inoculated
medium was transferred to Petri plates (100-mm diameter). After the agar
solidified, 3-mm wells were cut out with a sterile metal pipe with 5 mm total
diameter. The relation between (AU/mL) and international units (IU/mL)
was determined by using Nisaplin® (a commercial purified nisin preparation
containing 2.5 mg of nisin per gram of Nisaplin, corresponding to 106 IU/ g
Nisaplin; Aplin & Barret Ltd, Beaminster, UK, distributed by Sigma
Chemical). Standard solution of nisin were prepared by dissolving 1 g of
Nisaplin into 10 mL of 0.02 N HCI with 0.75% (wIv) NaCI (pH =1.6-1.8).

The solution was autoclaved at 121°C for 15 min, and stored at 4°C.
Further dilutions of the standard nisin solution were made as necessary by
diluting in 0.02 N HCI and water. With the standard curve (AU/mL =
10°·2408 H-O.8745), the concentrations of standard nisin (10°-105 AU/mL)
were related by the diameter of the inhibition halo (H, mm), and the activ
ity of nisin from cells grown in the experimental media was determined
and expressed in arbitrary units per mL (10°-105 AU/mL). Based on the
calibration curves between AU per mL and IU per mL, 1.09 ± 0.17 AU cor
responded to 1.0 IU (40 IU =1 Jlg of pure nisin A).

Using the standard solutions for calibration of nisin activity in all the
assays, 106AU of nisin corresponded to 0.025 JlgniSin/mL. The activity of
nisin expressed in AU/mL was converted to nisin in milligrams per
milliliters (mg/mL), through the relation: Nisin (mg/L) = (z x 0.025),
where z = AU/mL. The concentration of nisin was also expressed in mil
ligrams per liters (mg/L); and in the production of nisin (mg/L/h), the
formation of nisin in milligrams per liters related to incubation time (h).
The specific production of nisin (mg/mg) is the ratio between nisin con
centration (mg/L) and the dry weight cell (mg· DCW/L). Productivity
was expressed in milligrams nisin per milligram of DCW per hour as the
ratio of the hourly milligrams of nisin (mg/L/h) and biomass (DCW).

Results and Discussion

L. lactis was transferred consecutively five times in the same growth
medium and incubated under the same conditions (100 rpm/30°C/36 h) as
proceeded in our previous works (26-28). Tables 1 and 2 show the results for
nisin activity (AU/mL) and concentration (mg/L) in the analyzed samples.

Dilution of Milk

Vessoni Penna et al. (27) observed that milk at standard concentration
(9.09% dry matter) increased nisin activity and released it into the media
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Table 3
Compounds of Skimmed Milk in Different Dilutions

]ozala et al.

Nutrients
Carbohydrates
Proteins
Iron
Calcium
Cholesterol
Total fat
Saturated fats
Sodium
VitA
Vit B
Total solids (g)

50mL
5.0
3.0
0.0001
0.2
0.0025
0.33
0.05
0.5
0.006
0.00038
9.09

25mL
2.5
1.5
0.00005
0.1
0.00125
0.165
0.025
0.25
0.003
0.00019
4.54

12.5 mL
1.25
0.75
0.0
0.05
0.0
0.08
0.01
0.13
0.0
0.0
2.27

6.25 mL
0.63
0.38
0.0
0.03
0.0
0.04
0.01
0.06
0.0
0.0
1.14

for all five transfers, from 408.02 to 884.74 mg/L, similar to that attained at
the first transfer for both 25% MRS plus 25% milk and 25% M17 plus 25%
milk. The highest nisin concentration (3563.20 mg/L) before the fifth trans
fer was observed for MRS 25% plus skimmed milk 25%. A dilution of both
media (MRS plus milk and M17 plus milk) provided levels of nisin activ
ity (63.68 mg/L for 17.36% M17 plus 17.36% milk and 161.19 mg/L for
17.36% MRS plus 17.36% milk) five times lower than detected relatively to
25% concentration for the media assayed.

Jozala et al. (28) indicated that the preculture growth in MRS allowed
nisin release by L. lactis; when compared with M17, nisin concentration
was 1.7 times higher. Although nisin activity improved when milk was
diluted with MRS and M17 broth to 25% of the original compounds. The
nutrients and corresponding concentrations for three different media used
in this work (Table 3), were shown to be correlated to the nisin activity data
presented in Table 4. Nisin activity increased up to 97-fold from th,e first to
the fifth transfer (90.14-8739.77 AU/mL) in milk diluted with water (4.54
gtotal solids at pH 6.8). Biomass (cells growth) increased up to threefold from
the first to the fourth transfer (0.47-1.43 gil) and in the fifth transfer
decreased 1.5-fold (0.97g/L) (Fig. 1, Table 1).

Biomass (gDCW/L) and nisin activity (AU/mL) in diluted skimmed
milk (2.27 gtotal solids at pH 6.8) increased gradually through the transfers
(Table 1). The levels of L.lactis biomass (0.49-1.78 gDCW/L) and nisin activ
ity (1255.16-20077.05 AU/mL) ranged from first to fifth transfer for each
period of 36 h. However, in diluted skimmed milk with half total solids
(1.14 gtotal solids' pH 6.8), nisin activity reduced 11-fold from the first (273.21
AU/mL) to the fourth (25.89 AU/mL) transfers (Fig. I, Table 1).

Comparing these results, the nisin activity through the transfers in
the media with 2.27 gtotal solids was up to threefold and 85-fold higher
than in those with 4.54 gtotal solids and 1.14 gtotal solids' respectively (Fig. 1).
From culture media 2.27 gtotal solids the maximum biomass (1.78 gDCW/L)
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Fig. 1. Relation between nisin activity (log AU/mL) and biomass <gOCW/L)
through the transfers in rotatory shaker assays into media with diluted skimmed milk
at 4.54 gtotal solids' 2.27 gtotal solids' 1.14 gtotal solids' AU/mL (log AU) and inhibition halo
(H [mm]) was calculated through the equation: log [AU/mL = 10(0·2408 x H - 0.8745)].

corresponded to the maximum nisin activity 20077.39 AU/ mL = 501.93 mg/L,
in the fifth transfer. However, in the same transfer from media with
4.54 gtotal solids' the maximum biomass did not correspond to the maxi
mum nisin activity 8799.77 AU/mL= 218.93 mg/L (Fig. I, Table 1).

Milk Components to Formulate Artificial Media

Four different groups of assays were developed utilizing artificial
compounds based on proportions of skimmed milk with 2.27 gtotal solids' to
evaluate which nutrient influenced more nisin activity (Table 5). In the
assay made up of casein (0.75 g) and lactose (1.25 g), nisin activity was
reduced 14-fold from the first to the second transfer (414.10-29.70 AU/mL)
and increased up to twofold from the second to the fourth transfer
(29.70-68.31AU/mL).

In the systems: (a) casein (0.75 g), lactose (1.25 g) plus calcium chlo
ride (0.06 g); (b) casein (0.75 g), lactose (1.25 g) plus sodium citrate (0.01 g);
and (c) casein (0.75 g), lactose (1.25 g), calcium chloride (0.06 g) plus
sodium citrate (0.01 g), nisin activity was observed on the first and second
transfers (Fig. 2, Table 2), the respective values were: (a) 475.66 and 45.07
AU/mL, (b) 68.31 and 45.07 AU/mL, and (c) 156.93 and 59.47 AU/mL.

The pH values on the assays with artificial compounds were high
(ratio pH 6.5) and inhibited nisin activity. Release of intracellular nisin
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Table 5
Artificial Media Compounds Based on Skimmed Milk 2.27 gtotal solids

Nutrients A B C 0

Carbohydrates 1.25 1.25 1.25 1.25
Proteins 0.75 0.75 0.75 0.75
Sodium 0.01 0.01
Calcium 0.06 0.06
Total solids (g) 2.0 2.06 2.01 2.07

3

2.50

0.30

0.25 [D

o'
0.20 3

III
(Jl

0.15 ~
<0
g

0.10 ~
r;-

0.05 ....:;

.:~:

~u..,.-----r~----r---+O

.'.'.'
~

0.50 ~
-1

O-J-mere

~ 2
E
~ 1.50

.3

234 5

Transfers (36 h)

~ Media A Media B I2i33J Media C
--:- Biomass B -::- Biomass A --¢- Biomass C

Fig. 2. Relation between nisin activity (log AU/mL) and biomass (gocw/L) through
the transfers in rotatory shaker assays into media with artificial compounds media A;
media B; media C; media D. AU/mL (log AU) and inhibition halo (H [mm]) was
calculated through the equation: log [AU/ mL =10(0·2408 x H - 0.8745)].

depends on the pH value of the growth media, in pH values lower than
6.0, the 80% expressed nisin is delivered to the media. On the other hand,
when L. lactis grows in alkaline pH (pH> 6.0), most of the nisin is retained
intracellular or within the cell membrane (32-35).

Cheigh et al. (36) observed the highest nisin activity early in the sta
tionary phase (20 h, 30°C) of L. lactis during batch fermentation in M17
broth (pH =6.0) with 3% lactose added. In fact, M17 broth with 3% lactose
resulted in eightfold greater nisin activity than either M17 supplemented
with 0.5% glucose or in MRS broth. The authors confirmed low levels of
nisin activity in both MRS and M17 broth, although these media favored
cellular growth, with similar results obtained in this study (107-109

CFU/mL). Chandrapati and O'Sullivan (34) observed a 50% increment in
nisin activity using sucrose as the carbon source in M17 broth for 1. lactis
culturing, over two transfers. The authors observed that glucose was the
optimal carbon source tested, with glycerol the least suitable. They also
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H - 0.8745>].

verified that the incorporation of either sodium or potassium phosphate
into an artificial medium did not improve nisin production.

Single Batch Fermentation

In fermentation conditions, msm activity was observed after 4 h
(45.07 AU/mL) and stabilized in between 20 and 32 h process 0255.16
AU/mL). For the last 4 h fermentation (performing 36 h total process) the
nisin production speeded up to threefold (3312.07 AU/mL). Oxygen
demand was low in entire process and did not influence biomass or nisin
production. The pH value was stabilized in 4 h cultivation (pH =4.74 ±0.2)
and was maintained through the process. (Fig. 3, Table 4).

Flores and Monte Alegre (37) investigated nisin activity during the
fermentation batch with L. lactis ATCC 7962, nisin bactericidal effect was
detected after 4 h fermentation when 40% biomass had been produced.
Furthermore, the maximum nisin activity was in 9 h fermentation (pH 4.9);
however it decreased in the following 24 h process. Previous work (26)
utilized in single batch fermentation culture media with skimmed milk
plus MRS broth and the maximal nisin activity ranged from 1376.97 AU/ mL
(8 h fermentation) to 5934.03 AU/mL 06 h fermentation).

In the present work, the composition of the diluted skimmed milk
(2.27 gtotal SOlids) with no extra supplementation was verified to be enough
for L. lactis growth with concomitant nisin production. Nisin activity in
diluted skimmed milk (2.27 gtotal solid) with no supplementation was sim
ilar to the activity of nisin expressed in the mixture of 25% skimmed milk
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with 25% MRS broth in the previous work (27). Liu et al. (38) observed a
specific nisin formation of 5.4 x 106 AU/ g at pH 5.5 in M17 broth added
with lactose as a carbon source, for immobilized L. lactis in continuous fer
mentation, where nisin formation was reported to be greatly influenced by
medium dilution rate.

Conclusions

The culture media made up of diluted skimmed milk (2.27 gtotal solids)
was shown to support better conditions for nisin production and activity
by L. lactis. The mechanism for this improvement is unclear. Quality of a
natural product cannot be reproduced in an artificial way, because milk
composition is an extremely complex group of the natural nutrients. In this
work L. lactis cells developed in minimum concentration of diluted
skimmed milk; however, artificial compounded media did not favor cell
adaptation and, consequently, failed nisin production.

Besides that skimmed milk dilution for fermentation batch and nisin by
L. lactis cells showed similar behavior when compared with fermentation
with skimmed milk plus MRS broth (26). This research shows the utilization
of a low-cost growth media (diluted skimmed milk) to antimicrobial pro
duction with wide applications. Furthermore, the utilization of milk sub
products can be exploited (milk whey), because milk whey contains
considerable levels of casein and lactose and these nutrients are observed to
improve nisin production. In Brazil, 50% of milk whey is disposed with no
treatment in rivers and because of high-organic matter concentrations milk
whey is considered an important pollutant. In this particular case, an opti
mized production of an antimicrobial would be lined up with industrial dis
posal recycling.
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Abstract

A rotary biofilm contactor (RBC) inoculated with Gluconacetobacter sp.
RKY5 was used as a bioreactor for improved bacterial cellulose production.
The optimal number of disk for bacterial cellulose production was found to
be eight, at which bacterial cellulose and cell concentrations were 5.52 and
4.98 giL. When the aeration rate was maintained at 1.25 vvm, bacterial cel
lulose and cell concentrations were maximized (5.67 and 5.25 giL, respec
tively). The optimal rotation speed of impeller in RBC was 15 rpm. When the
culture pH in RBC was not controlled during fermentation, the maximal
amount of bacterial cellulose (5.53 giL) and cells (4.91 giL) was obtained.
Under the optimized culture conditions, bacterial cellulose and cell concen
trations in RBC reached to 6.17 and 5.58 giL, respectively.

Index Entries: Bacterial cellulose; bioreactor; fermentation; Gluconacetobacter;
optimization; rotary biofilm contactor.

Introduction

Cellulose is one of the most abundant biological macromolecules in
nature, wherein it plays a crucial role in the integrity of plant cell walls (1).
Cellulose is a linear insoluble biopolymer, made up of the repeated unit of
~-1,4 glycosidic bonds (2). Cellulose molecules are chain or microfibrils, of
up to 14,000 units of D-glucose that occurs in twisted rope-like bundles held
together by hydrogen bond (3). Bacterial cellulose synthesized by microor
ganisms differs from plant cellulose in its structure. Bacterial cellulose is
extremely pure and exhibits a higher degree of polymerization and crystal
lization in respect of the fibrous with lignin, hemicellulose, and waxy aro
matic substances (4). On account of these physicochemical properties, there

*Author to whom all correspondence and reprint requests should be addressed.
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has been recently interest in new fields of application and development of
new methods for mass production of bacterial cellulose (5-7).

A rotary biofilm contactor (RBC) has become a popular method for the
treatment of domestic and industrial wastewater during the last decades.
Tyagi et al. (8) previously investigated biodegradation of petroleum refin
ery wastewater in a polyurethane-attached RBC, and they found that RBC
was capable of retaining considerable amounts of attached biomass, which
when coupled with a good oxygen transfer capability of the system, could
provide successful performance. The RBC generally consists of a series of
circular disks mounted on a horizontal shaft (9). The disks within the RBC
are rotated, and alternatively exposed to the fermentation medium and air
space (8). Bacterial cellulose has been conventionally produced by static
culture method, which requires a long culture period and intensive man
power, thus resulting in a low productivity. An agitated culture method
converts bacterial cellulose-producing strains into cellulose-negative (Cel-)
mutants, which become more enriched than wild-type strain because of
their rapid growth, thereby resulting in the lower productivity of bacterial
cellulose (10).

A cultivation of bacterial cellulose-producing bacteria in an RBC may
not have a strong shear stress and an air bubble at the surface of liquid
medium, which seems to be very excellent in terms of oxygen transfer
ability by which the microorganisms can be readily contacted with air in
comparison with stirred-tank bioreactor. In this study, the cultivation of
Gluconacetobacter sp. RKY5 in RBC was attempted to improve the bacterial
cellulose production, which might be a first trial for the production of bac
terial cellulose using RBC as a bioreactor. This work mainly aimed at max
imization of bacterial cellulose production through optimization of
fermentation conditions in the RBC.

Materials and Methods

Microorganism

Microorganism used in this study was Gluconacetobacter sp. RKY5
KCTC 10683B~ which was previously isolated from persimmon vinegar
(11). Gluconacetobacter sp. RKY5 belongs to the group of Gram-negative aer
obic bacterium, and it is rod-shaped without motility. It was maintained on
2% (wIv) agar plates containing Hestrin and Shramm (HS) medium (12).

Composition of Medium

The standard medium for regeneration of the strain and precultiva
tion was HS medium, which consisted of 20.0 giL of glucose, 5.0 giL of
peptone, 5.0 giL of yeast extract, 2.7 giL of Na2HP04, and 1.2 giL of cit
ric acid monohydrate. A modified HS medium, consisted of 15.0 giL of
glycerol, 8.0 giL of yeast extract, 3.0 giL of K2HPO4' and 3.0 giL of acetic
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Fig. 1. Schematic diagram of a RBC.

acid was used for main fermentation. Before sterilization of each medium
at 121°C, the pH value of the medium was adjusted to 6.0.

Cultivation Conditions

Precultivation was carried out by inoculation of a single colony into
50 mL of HS medium in a 250-mL Erlenmeyer flask, and then incubated at
30°C and 150 rpm for 1 d in a shaking incubator (KMC-8480SF; Vision
Scientific, Daejeon, Korea). Fifty milliliters of the preculture broth were
homogenized by a homogenizer (X520D; CAT Ingenieurbiiro M. Zipperer
GmbH, Staufen, Germany) at 10,000 rpm for 1 min, and then 2% (vIv) of
the homogenate was used as an inoculum.

Experimental Setup

A schematic diagram of RBC used in this study is shown in Fig. I,
whereas the specifications of RBC are documented in Table 1. All disks
were made of polypropylene and 34% of the disk was immersed in the
medium. Disk diameter was 12 em and disk thickness was 0.3 em. A sur
face area of each disk was 226.2 cm2, whereas an effective surface area of
each disk was 221.1 cm2. The RBC used in this study was made of pyrex,
which was constructed with a double jacket to maintain the temperature
through the circulation of constant temperature water. Total volume of the
RBC was 3.5 L. Five to nine disks were mounted on a horizontal steel shaft
and rotated with a variety of speeds from 15 to 35 rpm using a direct
driven digital stirrer with a 50 W electric motor (SS-200; Global Lab, Seoul,
Korea). Gas aeration was provided by an air pump through a filter (0.45-}lm
pore size) and controlled by an airflow meter. The overall experimental
setup of RBC for bacterial cellulose production is schematically illustrated
in Fig. 2. Bacterial cellulose fermentation was conducted in a 3.5-L RBC
containing 1.0 L of working volume at 30°C for 96 h.
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Table 1
Summary of the Dimensions of a RBC

Kim et al.

Parameter Unit Specification

Disk diameter cm 12
Disk thickness cm 0.3
Total surface area cm2 1131-2035.8
Submergence % 34
Effective area cm2 1105.6-2021.2
Total volume cm3 3540
Working volume cm3 1000
Rotation speed rpm 15-35
Temperature °C 30

pH cantrall er

Vent

Circulator

Compressor

Motor

Fig. 2. Experimental setup of a RBC for bacterial cellulose production.

Analytical Methods

Cell concentration was determined by measuring the optical density
at 660 nm (00660) using a UV-1700 spectrophotometer (Shimadzu, Kyoto,
Japan). The 00660 was measured after the culture broth containing cellu
lose pellicle was treated with 0.1 % (vIv) cellulase (Celluclast 1.5 L;
Novozymes A/S, Bagsvaerd, Denmark) at 50°C with shaking at 150 rpm
for 1 h. Dry cell weight was then calculated by using a predetermined cal
ibration curve (13,14). The thick cellulose membrane formed on the surface
of the disk was flaked with tweezers, which was washed with distilled
water several times to remove the medium components and then treated
with 0.1 N NaOH at BO°C for 30 min in order to dissolve the microorgan
isms (3). After these treatments were done, bacterial cellulose was rinsed
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Fig. 3. Effect of number of disks on bacterial cellulose production and cell concen
tration by Gluconacetobacter sp. RKY5 cultured in a RBC. (Culture conditions: pH,
uncontrolled; temperature, 30°C; rotation speed, 15 rpm; aeration rate, 1 vvm; fer
mentation time, 96 h.) Symbols: ., bacterial cellulose and 0, cell concentration.

again with distilled water until the pH of water became neutral. Purified
bacterial cellulose was dried at 80°C until constant weight was obtained,
and then weighed.

Results and Discussion

Influence of the Number of Disks

In order to determine the optimal number of disk, fermentation was
conducted with different number of disks using a modified HS medium.
Gluconacetobacter sp. RKY5 was cultured in a 3.5-L RBC, containing 1 L
working volume, at 30°C, 15 rpm, and 1 vvm for 96 h. Before sterilization
at 121°C, the pH value of medium was adjusted to 6.0. During the cultiva
tion, the pH of culture broth was not controlled. Figure 3 shows the
amount of bacterial cellulose produced and cell concentration at different
number of disks. As shown in Fig. 3, the amount of bacterial cellulose
gradually increased with the number of disks up to eight disks, but then
somewhat decreased beyond eight disks. Therefore, the optimal number of
disks seemed to be eight, at which the amount of bacterial cellulose pro
duced and cell concentration was 5.52 and 4.98 giL, respectively.

Influence ofAeration Rates

To investigate the effects of aeration rate on bacterial cellulose pro
duction, fermentation was conducted with 0-1.5 vvm in a 3.5-L RBC, con
taining 1 L working volume, at 30°C, 15 rpm, and eight disks for 96 h.
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Fig. 4. Effect of aeration rates on bacterial cellulose production and cell concentra
tion by Gluconacetobacter sp. RKY5 cultured in a RBC. (Culture conditions: pH, uncon
trolled; temperature, 30°C; rotation speed, 15 rpm; number of disk, 8; fermentation,
96 h.) Symbols: ., bacterial cellulose and 0, cell concentration.

During the cultivation, culture pH was not controlled. Figure 4 shows the
amount of bacterial cellulose produced and cell concentration according to
the respective aeration rates. As shown in Fig. 4, the amount of bacterial
cellulose produced and cell concentration increased in accordance with
increases in aeration rate. When aeration rate was 1.25 vvm, the maximal
bacterial cellulose was 5.67 giL and cell concentration was 5.25 giL. In
contrast, the excessive air supply higher than 1.25 vvm lowered both bac
terial cellulose production and cell concentration.

Influence of Rotation Speeds

Fermentations were conducted with 15-35 rpm in a 3.5-L RBC, con
taining 1 L working volume, at 30°C, 1.25 vvm, and eight disks for 96 h, in
order to find the optimal rotation speed for enhancement of bacterial cel
lulose production. Before sterilization, the pH value of medium was
adjusted to 6.0. During the cultivation, the pH of culture broth was uncon
trolled. Figure 5 shows the amount of bacterial cellulose produced and cell
concentration at various rotation speeds of the impeller. As shown in Fig. 5,
both the amount of bacterial cellulose produced and cell concentration
showed quite similar trends between 15 and 25 rpm, but then slightly
decreased beyond this value. The highest amount of bacterial cellulose (5.
41 giL) and cell concentration (5.15 giL) were obtained when the rotation
speed was 15 rpm.
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Fig. 5. Effect of rotation speeds on bacterial cellulose production and cell concen
tration by Gluconacetobacter sp. RKY5 cultured in a RBC. (Culture conditions: pH,
uncontrolled; temperature, 30°C; aeration rate, 1.25 vvm; number of disk, 8; fermenta
tion time, 96 h.) Symbols: ., bacterial cellulose and 0, cell concentration.

Influence of Culture pH

To investigate the effect of culture pH on bacterial cellulose fermenta
tion, fermentation was conducted in a 3.5-L RBC, containing 1 L working
volume, at 30°C, 15 rpm, 1.25 vvm, and eight disks for 96 h. The pH of cul
ture broth was maintained at a constant value by automatic addition of 5 N
NaOH and 5 N HCl. Figure 6 shows the amount of bacterial cellulose pro
duced and cell concentration at pH values of 5.0, 6.0, 7.0, 8.0, and uncon
trolled. As shown in Fig. 6, when the culture pH was not controlled, both
bacterial cellulose production and cell concentration were considerably
higher than those of the pH controlled fermentations. This was probably
because of the inhibitory effect of nonuniformly mixed alkali andlor acid
solution used for pH control, because the culture broth in the RBC was
almost static. The maximal amount of bacterial cellulose produced (5.53
giL) and cell concentration (4.91 giL) was obtained at uncontrolled pH.

The optimal conditions for bacterial cellulose production in a RBC
were established from the aforementioned results, and the amounts of bac
terial cellulose produced and cell concentration were 6.17 and 5.58 giL,
respectively, under the aforementioned optimal conditions. Furthermore,
bacterial cellulose concentration produced was generally associated with
cell growth. From this observation, it can be deduced that bacterial cellu
lose fermentation should be severely associated with the growth of
microorganism. Figure 7 shows a photograph of the thick cellulose mem
brane formed on the surface of the disk in a RBC.
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Fig. 6. Effect of culture pHs on bacterial cellulose production and cell concentration
by Gluconacetobacter sp. RKY5 cultured in a RBC. (Culture conditions: temperature,
30°C; aeration rate, 1.25 vvm; rotation speed, 15 rpm; number of disk, 8; fermentation
time, 96 h.) Symbols: ., bacterial cellulose and 0, cell concentration.

Fig. 7. Photograph of bacterial cellulose membrane formed on the surface of the
disk during the fermentation using a RBC.
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The optimal fermentation conditions were investigated by using
Gluconacetobacter sp. RKY5 in a RBC in order to improve bacterial cellulose
production. The optimal number of disks was eight, at which the amount
of bacterial cellulose produced and cell concentration was 5.52 and 4.98
giL, respectively, and the aeration rate was 1.25 vvm with the maximal
bacterial cellulose and cell concentration of 5.67 and 5.25 giL, respectively.
The highest amount of bacterial cellulose (5.41 giL) and cell concentration
(5.15 giL) was obtained when the rotation speed was 15 rpm. The maxi
mal amount of bacterial cellulose (5.53 giL) and cell concentration (4.91
giL) was obtained when the culture pH was not controlled at fixed value.
After optimizing the operational parameters of RBC for bacterial cellulose
production, the amounts of bacterial cellulose and cell concentration could
be increased to 6.17 and 5.58 giL, respectively.
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Abstract

Biosurfactants are proteins with detergent, emulsifier, and antimicrobial
actions that have potential application in environmental applications such as the
treatment of organic pollutants and oil recovery. Bacillus atrophaeus strains are
nonpathogenic and are suitable source of biosurfactants, among which is sur
factin. The aim of this work is to establish a culture medium composition able to
stimulate biosurfactants production by B. atrophaeus ATCC 9372. Batch cultiva
tions were carried out in a rotary shaker at 150 rpm and 35°C for 24 h on glu
cose- andIor casein-based semidefined culture media also containing sodium
chloride, dibasic sodium phosphate, and soy flour. The addition of 14.0 giL
glucose in a culture medium containing 10.0 giL of casein resulted in 17 times
higher biosurfactant production (Bmax = 635.0 mg/L). Besides, the simultane
ous presence of digested casein (10.0 giL), digested soy flour (3.0 giL), and
glucose (18.0 giL) in the medium was responsible for a diauxic effect during
cell growth. Once the diauxie started, the average biosurfactants concentration
was 16.8% less than that observed before this phenomenon. The capability of
B. atrophaeus strain to adapt its own metabolism to use several nutrients as
energy sources and to preserve high levels of biosurfactants in the medium
during the stationary phase is a promising feature for its possible application
in biological treatments.

Index Entries: Bacillus atrophaeus; batch cultivation; biosurfactant produc
tion; casein; glucose; kinetics.

Introduction

Biological surfactants or biosurfactants are a diverse group of natural
surface-active chemical compounds (1,2) produced spontaneously by
microorganisms, extracellularly or as part of the cellular membrane.

*Author to whom all correspondence and reprint requests should be addressed.
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Biosurfactants are proteins with detergent, emulsifier, and surfactant power
to lower the surface tension of water and other solvents, and have potential
application in environmental uses such as organic pollutants treatment and
oil recovery. The production of biosurfactants is related to the consumption
of hydrocarbons, including oily residues, and occurs during exponential
cellular growth.

Cyclic lipopeptide biosurfactants with antimicrobial activity (sur
factin, iturin, and fengicin), also reduce surface tension, critical micelle
concentration, and interfacial tension in both aqueous and hydrocarbon
mixtures (2). Surfactin, one of the most effective cyclic lipopeptide biosur
factants produced by Bacillus subtilis (3-5) can lower the surface tension
of water from 72 to 50 mN/m and has a critical micelle concentration of
2.5 x 10-5 M (6,7). When compared with chemically synthesized surfac
tants, biosurfactants exhibit a higher specific activity, lower toxicity, and
environmental impact, higher biodegradability, and lower costs (3,5,8).

B. subtilis is considered a suitable source for biosurfactant production
owing to the absence of pathogenicity, which permits the use of its prod
ucts in the food and pharmaceutical industries (9,10). Cell viability is eas
ily assayed and its spores have successfully been used as biological
indicators (11-13). Therefore, the development of improved strains and
culturing methods of B. subtilis can provide a safe source of surfactants for
waste treatment.

Biosurfactants can be produced in B. subtilis cultures using sugars
(sucrose, glucose, and lactose), vegetable oils, or starch as carbon sources
(14-19). However, the high cost of the process and recuperation of these
proteins and low productivity can limit their application for environmental
purposes (20). Alternative sources of culture media as sugar cane
molasses, water of maize (21), and industrial effluent wastes (22,23) have
been considered to reduce the final cost of the process to obtain higher pro
ductivity of biosurfactants.

Among several industrial effluents, milk serum, a residue of the milk
derivative industries, is distinguished as potential source of biosurfactants
based on a rich composition in proteins (6%), fats (3.2%), sugars, and salts.
In Brazil, for each 1000 L of milk used in the manufacture of cheese, approx
820 L of milk serum are produced and about 50% is poured directly in rivers,
with no previous treatment, causing a serious environmental problem (24).
The use of milk serum as a culture medium to produce biosurfactants at low
costs is an interesting alternative to reduce this environmental problem.

However, the use of this residue as substrate to obtain biosurfactants for
industrial use, or as a nutritional source during the biological treatment of
effluents, can be an interesting alternative to reduce environmental impact.

The use of casein in the culture of microorganisms is usually associ
ated to the production of proteases or to the research of its properties
(25-27). However, few studies have developed a culture medium with
casein associated with other nutrients to improve the production of valuable
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biotechnological products. Thus, it is interesting to evaluate the produc
tivity yield of biosurfactants by B. subtilis in an alternative culture medium
with other sources of carbon, including casein, which is abundant in milk
serum. The aim of this work is to develop a growth medium able to stim
ulate biosurfactants production by B. atrophaeus ATCC 9372. Batch cultiva
tions are carried out at 150 rpm and 35°C for 24 h on glucose- and/or
casein-based culture media to relate the biosurfactant production with cel
lular growth and nutrient consumption.

Materials and Methods

Maintenance of the Strains

A strain of B. atrophaeus ATCC 9372 was maintained according to the
following procedure. All the materials and 500 mL of culture medium were
sterilized at 121°C for 30 min. Spore suspensions stored at 4°C in 0.02 mol/L
calcium acetate (pH 9.0) were directly utilized for these experiments. Five
7-mL glass tubes containing slants of plate count agar (Merck, Darmstadt,
Germany) were inoculated with spores of B. atrophaeus ATCC 9372 and incu
bated for 24 h at 35°C. Cells were suspended in 2 mL of physiological solu
tion (0.9% NaCI) and transferred to Roux flasks containing 200 mL of
tryptone soy agar (Merck). After incubation at 35°C for 24 h, the flasks were
washed with 100 mL of 0.02 mol/L calcium acetate solution, and their con
tents transferred to sterilized capped flasks containing 30.0 g of glass beads
with 3-mm diameter. The pH of these suspensions was adjusted to 9.6 with
1 mol/L NaOH solution.

Cultivations

250-mL Erlenmeyers containing 100 mL of culture media, containing
glucose and casein at variable concentrations, 5.0 giL of sodium chloride,
2.5 giL of dibasic sodium phosphate, and 3.0 giL of soy flour, were inoc
ulated with cell suspensions to give a starting biomass concentration
(Xo ) of 0.2 gxlL (OD600 nm =0.014). All batch runs were performed in trip
licate at 35°C utilizing a rotary shaker at 150 rpm. Samples were collected
every 1-2 h, transferred to Eppendorfs, and then centrifuged at 17,091g for
20 min. 10°C. Both liquid and precipitated fractions were stored at 4°C and
subsequently analyzed for determinations of extracellular and intracellu
lar concentrations of glucose, total proteins, and biosurfactant, according
to circumstances.

Cell Disruption

Cell mass separated by centrifugation at 17,091g was resuspended in
1 mL of a buffer solution containing protease inhibitors consisting of
(mmoI/L) 50 Tris-HCI buffer (pH 7.5), 5 MgCl2, 10 ~-mercaptoethanol,

2 aminocaproic acid, and 0.2 ethylenediaminetetraacetic acid. Glass
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spheres with 0.5-mm diameter were then added to the suspension as abra
sive agent up to 1/300 w Iw ratio. After mixing for 12 min in a water bath
cooled at 4°C with ice, cell debris and glass spheres were removed by cen
trifugation at 4°C and 17,091g, and the supernatant was utilized for deter
minations of biosurfactant concentration and total protein content (28).

Analytical Determinations

Biomass concentration (X [gx/L]) was determined in cell suspension
before centrifugation using a calibration curve (OD600 nm = 0.5820 X 
0.1022) obtained relating optical density at 600 nm (Beckman DU-640,
Fullerton, CA) to dry mass of B. atrophaeus ATCC 9372 cells in the expo
nential growth phase (29-30). Average deviation of the experimental data
from the fitting curve (0') and determination coefficient (r2) were 4.5% and
0.996, respectively. Glucose concentration (G [giL]) in the liquid phase
was determined by the glucose oxidase peroxidase (GOD-POD) enzymatic
assay no. 11538 (Biosystem, Sao Paulo, Brazil), using an absorbance cali
bration curve (00500 nm = 0.3496 G - 0.0011; r2 = 0.999; 0' = 0.06%) obtained
from glucose solutions with variable known concentrations (30).

Casein concentration was determined as total proteins (TP [giL]) on
aliquots of the liquid phase from centrifugation after cell disruption. This
methodology was based on the direct absorbance of samples at 660 nm
after a color-developing reaction (31). The calibration curve, obtained
using casein solutions with different concentrations, was described by the
linear equation 00660 nm = 0.663 TP +0.0133 (r2 = 0.993; 0' = 0.2%). Aliquots
of samples of the supernatant were used to determine biosurfactant con
centrations. According to Morikawa et al. (6), the concentration of biosur
factant (B) was related to the diameter of the halos (D) formed by 10 JlL
samples on a thin layer of 10 mL oil dispersed in 40 mL water. Comparison
of sample diameters with those obtained with standard water/ surfactin
dispersions allowed expressing the biosurfactant concentration as mgB/L.
The calibration curve, obtained using surfactin solutions with different
concentrations, was described by the linear equation D =0.0133 B- 0.0007
(r2 = 0.999; 0' = 1.8%).

Protease assay was determined according to Ahamed et al. (32) in
aliquots of the supernatant. Samples (0.5 mL) were incubated with
buffered casein (bovine milk, Sigma, St. Louis, MO) solution (2.5 mglmL
in 0.05 M sodium phosphate buffer) at pH 6.5 and 37°C in a final assay
volume of 2 mL. The reaction was stopped, and residual protein was pre
cipitated by addition of 4 mL trichloroacetic acid (10% [wIw]). After stand
ing 1 h, supernatant was obtained by centrifugation (3000g, 6 min). To 1
mL of supernatant,S mL of 0.4 M sodium carbonate was added followed by
0.5 mL folin-phenol reagent. After 10 min, tyrosine liberated by the action
of protease was measured at 660 nm. One unit of protease activity liberates
1.0 mg of tyrosine per minute under assay conditions. The calibration
curve, obtained using subtilisin solutions, a characteristic protease
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produced by B. subtilis with different concentrations, was described by the
linear equation C = 0.0133 E - 0.0007 (r2 =0.999; cr = 2.0%) when C is the
casein concentration and E is the enzymatic activity of subtilisin.

Calculation of Fermentation Parameters

The specific rates of cell growth (llx)' biosurfactant formation (IlB)'
and substrate consumption (lls) were expressed, respectively, as 1/h,
mgB/ gx · h, and gs/gx . h and defined as:

1 dX
Ilx = X ill (1)

(2)

(3)

where S is the substrate concentration and t the time. Maximum specific
growth rate (Jlxmax) was determined during the exponential growth phase
according to the equation:

(4)

(5)

where X' and X are cell concentrations at the start of the exponential phase
and after a time (t), respectively.

Generation time was determined according to the equation:

t = In2
g llmax

Volumetric cell productivity (Px), expressed as gx/L . h, was calcu
lated according to the equation:

p = AX = (Xmax -Xo)
x i1t t (6)

where Xmax and Xo are the maximum and initial values of biomass con
centration, respectivelv, whereas t is the time needed to reach X .

JJ max
Volumetric biosurfactant productivity (PB), expressed as mgB/L . h, was
calculated according to the equation:

p = ~ = (Bf-Bo) (7)
B i1t t

where Bo and Bf are the initial and final biosurfactant concentrations
attained after the time t. The yield of biosurfactant on cell mass, expressed
as mgB / gx' was calculated as the ratio of the biosurfactant concentration
(i1B) to the corresponding biomass concentration after the same time (i1X).
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The average value of this yield (YB/X) was calculated as the ratio of the
variation in biosurfactant concentration from the start to the maximum cell
concentration to the corresponding variation in biomass concentration.

The yield of biosurfactant on total proteins, expressed as mgBIgTP'
was calculated as the ratio of the biosurfactant concentration (~B) to the
corresponding total proteins concentration (~TP) after the same time. The
average value of this yield (YB/TP) was calculated as the ratio of the varia
tion in biosurfactant concentration from the start to the maximum cell con
centration to the corresponding variation in total proteins concentration.
The yield of biomass on consumed substrate (YXIS)' expressed as gx l gs'
was calculated as the ratio of the difference between maximum and initial
cell concentrations (Xmax - Xo) to the corresponding substrate consump
tion (glucose, ~G and casein, ~C) after the same time interval.

The yield of biosurfactant concentration on consumed substrate
(YB/S)' expressed as mgBIgs' was calculated as the ratio of the difference
between final and initial biosurfactant concentration (Bf - Bo) to the corre
sponding substrate consumption (glucose, ~G and casein, ~C) after the
same interval.

Results and Discussion

Batch cultivations of B. atrophaeus ATCC 9372 were performed on
medium containing variable levels of hydrolyzed casein (0.0-10.0 giL)
and glucose (0.0-18.0 giL) to follow the production of biosurfactants asso
ciated with cell growth. The concentration ranges of these ingredients
were selected on the basis of the values most widely accepted in the liter
ature for the growth of different microorganisms in synthetic media
(20-21/33-34). Table 1 lists the values of the main fermentation parameters
obtained under different nutritional conditions, i.e., either in the presence
of both nutrients or in the presence of only one of them.

A look at the data of the volumetric cell productivity points out that the
lowest values of this parameter in the presence of both glucose and casein
were obtained in tests 1 (Px =0.36 gx/L . h) and 2 (Px =0.34 gx/L . h), i.e.,
cultivations in which the casein level was almost the same or higher than
that of glucose. On the other hand, when glucose concentration was 80%
higher than that of casein (test 3), this parameter exhibited an average
increase by 50%.

The simultaneous presence of these metabolizable nutrients seemed
to influence the relation between carbon source uptake and cell growth.
Glucose behaved as the preferential carbon source in all cultivations per
formed in its presence (tests 1-5)/ being consumed since the beginning.
However, when glucose concentration was increased from 2.5 giL (test 1)
to 14.0 giL (test 2) in the medium containing casein as well, the yield of
biomass on consumed substrate (glucose, ~G) decreased by 67%, hence
suggesting that glucose was likely present in excess with respect to the
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uptake ability of the microorganism, and the exponential phase took
twice longer (16 h). In both cases the occurrence of stationary growth phase
was coincident with total glucose consumption.

Comparison of the results listed in Table 1 shows that casein was
simultaneously consumed, although never completely, and that its con
sumption (L\C) in test 1 was 27% larger than in test 2, likely because the low
glucose concentration in the medium made this substrate limiting for the
growth and forced the microorganism to metabolize other carbon sources.
These results confirm that glucose was the primary carbon source and that
the initial concentration of casein used in this cultivation (10.0 giL) was
higher than the needs of the microorganism.

The results of biosurfactants produced during cultivations performed
at glucose levels comparable with that of casein (test 2) or less (test 1) point
out that these compounds were metabolized insofar as they were released
during cell growth. The maximum concentration of biosurfactants (B =max
346.0 mg/L) detected at the end of the exponential growth phase of test 1
(t =6 h) does in fact suggest that this production was associated to growth
(Fig. 1A). The connection between curves of specific growth rate (~x)' sub
strate consumption rate (~s), and biosurfactant formation rate (~B) sug
gests a primary metabolism to biosurfactant production in tests 1 (Fig. 1B)
and 2 (Fig. 2B). When glucose concentration was increased (test 2), the pro
duction of biosurfactants exhibited almost the same behavior as that
observed in test 1 (Fig. 2A), in that it increased during the exponential
growth phase (8-10 h), achieved a maximum value of 635.0 mglL, and
then decreased (t = 14 h, Bmax = 278.0 mg/L). Because the occurrence of the
stationary phase was related in both cultivations to the depletion of the
primary carbon source (glucose), it was likely that, under these nutritional
stress conditions, not only the production of biosurfactants was strongly
affected but also biosurfactants were utilized as the preferred carbon
source. It is noteworthy that the concentration of total proteins, related to
the presence of casein, did not show large variations during tests 1 (L\C =
1.10.0 giL) and 2 (L\C = 0.80 giL) (Table 1), which suggests that the
microorganism preferred the biosurfactant to casein as a secondary carbon
source. A possible cause of this behavior could be the simpler structure of
biosurfactants, which are simple lipopeptides containing only 7-10
aminoacids, and then could have been hydrolyzed and metabolized more
quickly than casein. The production of biosurfactants can alternatively be
evaluated through the yield of biosurfactants on biomass (YB/X)' a volume
independent parameter very useful in scale-up operations. Comparing the
results of tests 1 and 3 (Table 1) shows that a sevenfold glucose concentra
tion in the medium led to a >200% increase in this parameter.

When initial glucose level was higher (18.0 giL) than that of casein
(10.0 giL) (test 3), B. atrophaeus growth curve exhibited a clear inflection
after 10 h of cultivation. Such a sort of diauxic growth (Fig. 3A) could be
ascribed to the activation of alternative routes to metabolize the new
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Fig. 1. Time behaviors of (A) the concentrations of (X-.) biomass, (G-.) glucose,
and (B-+) biosurfactants and (B) the specific rates of growth (~x-D), substrate con
sumption (~s-~), and biosurfactant formation (~B-O) during the cultivation of
B. atrophaeus ATCC 9372 on 2.5 giL glucose and 10.0 giL casein.

carbon source, when the concentration of glucose, the less-energy con
suming substrate, decreased to less than 10.0 giL. Casein uptake started at
the beginning of the stationary phase preceding the diauxic phenomenon,
then went on simultaneously to that of glucose (Fig. 3A, Table I), and was
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Fig. 2. Time behaviors of (A) the concentrations of (X-.) biomass, (G-~) glucose,
and (B-+) biosurfactants and (B) the specific rates of growth (Jlx-D), substrate con
sumption (Jls-6), and biosurfactant formation (JlB-O) during the cultivation of B.
atrophaeus ATCC 9372 on 14.0 giL glucose and 10.0 giL casein.

about fourfold that obtained at lower initial glucose levels (tests 1 and 2).
Therefore, we can believe in the existence of a relationship between the
metabolic change associated to casein consumption and diauxic growth,
which resulted in a new phase of cell growth up to 22 h. This behavior is
confirmed by the curves of Fig. 3B showing two different phases of cell
growth at Go = 18.0 giL and an intermediate interval of quick increase in
the specific growth rate (J.lx).
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The simultaneous uptake of glucose and casein can explain the scarce
consumption of biosurfactants, whose concentration in the extracellular
medium decreased only by 135.0 mg/L from the beginning to the end of
test 3 (Fig. 3A). This means that biosurfactants released by the cell almost
stopped to be utilized as carbon and energy source, contrary to what it was
observed at lower glucose levels (tests 1 and 2).

The significance of casein in the production of biosurfactants can be
deduced from the results of tests 4 and 5, which were performed using only
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glucose as a carbon and energy source. As an example, comparing test 4
with test I, the yield of biosurfactants on biomass did in fact dramatically
decrease (by 75%) when using a medium lacking of casein. Figures 4 and 5,
which deal with cultivations in the absence of casein performed at glucose
concentrations of 2.5 and 5.0 giL, respectively, show that the concentration
of total extracellular proteins in the medium kept almost unvaried, hence
demonstrating that soy flour was not utilized as energy source by the system.
Moreover, at the higher glucose level a reduction of biosurfactant concentra
tion was observed throughout the whole experiment. Although biosurfac
tants are products of primary metabolism, i.e., their formation is associated
to cell growth, high-starting level of glucose as the only carbon and energy
source did not favor their production. Therefore, the 25% increase in the con
centration of total extracellular proteins, illustrated in Fig. 5, was likely the
result of the synthesis of some other protein without surfactant activity.

Test 6 demonstrated the ability of the microorganism to adapt its
metabolism to uptake casein as energy source. This change led to a lag phase
period of 10 h before starting cell growth (Fig. 6A). Casein was consumed
throughout the whole cultivation, bringing about a decoupling of the curves
of the specific rates of growth (J.1x ) and substrate consumption (J.1s) (Fig. 6B).
Besides, the occurrence of diauxie is demonstrated by the presence of two
separated exponential growth phases, i.e., two peaks of J.1x in Fig. 6B. Similar
to the situation in which glucose and casein were simultaneously present in
the medium, growth acceleration after diauxie was less marked with respect
to the former peak at the beginning of the cultivation.

Comparison of the volumetric cell productivities (Px ) listed in Table 1
shows that, in cultivations performed with both nutrients at starting glucose

Applied Biochemistry and Biotechnology Vol. 136-1401 2007
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level comparable with that of casein or less (tests 1-2), this parameter was
almost the same as that obtained in the presence of casein alone (test 6),
whereas a 27-37% increase was observed at the highest glucose level (test 3).
Nevertheless, in the presence of casein as the only energy source, the microor
ganism exhibited higher yield of biomass on substrate (YXIS =3.71 gx/gs)'

The release of biosurfactants started only after the lag phase (10 h),
and deceleration of casein consumption (J.ls) simultaneously took place
(Fig. 6B). The possibility to metabolize casein can only be associated to the
capability of the microorganism to synthesize and release extracellular
proteases, mainly subtilisin, which also exhibits biosurfactant properties
(35). Therefore, the behavior of Fig. 6A suggests coupling of subtilisin
release and cell growth after diauxie. After 15 h of cultivation, the decrease
in J.ls (Fig. 6B) did in fact occur together with certain maintenance of TP
level (Fig. 6A), after the achievement of stationary growth phase. However,
this condition appeared not to affect the synthesis of biosurfactants, as sug
gested by the continuous increase in their concentration along the whole
cultivation. Resuming the addition of casein in a medium containing sug
ars and salts favored either the production or the stability of biosurfactants.
The microorganism did in fact shift its metabolism to utilize the excess pro
tein (casein) as a carbon source. The significance of the use of media con
taining both sugar and casein is associated to the possibility of maintaining
high biosurfactant levels in environmental applications, even after the
microorganism has entered the stationary growth phase.

As is well known, the major limitations in the application of biotech
nologies to environmental applications are related to their high costs.
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Among the possibilities to reduce them there is the substitution of synthetic
media with natural media having almost the same nutritional composition
and less puri~ To this purpose, industrial residues could be used as alterna
tive media for the production of biosurfactants to be used in environmental
applications. Mixtures of sugars, salts, and casein can in fact be obtained
from residual sources such as whey, after adjustment of the concentra
tions of the main ingredients to the best values previously determined in
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synthetic medium. The next attempt will deal with (a) the use of whey as
alternative medium for biosurfactant production by B. atrophaeus
ATCC9372 cultivations and (b) the application of such a system to biotreat
ments in which relatively stable levels of biosurfactants are required.

Conclusions

The inclusion of casein in a sugar-based medium for B. atrophaeus
ATCC 9372 cultivation favored the synthesis and release of biosurfactants
thanks to the ability of the microorganism to simultaneously metabolize
them. The highest concentration of biosurfactants (Bmax= 635.0 mg/L) was
obtained in the presence of 14.0 giL glucose and 10.0 giL casein. Under
these conditions, biosurfactants were released in the medium only during
the exponential growth phase, after which they were metabolized. At the
highest glucose level tested in this work (18.0 giL), biosurfactants kept at
high levels in the medium even after the microorganism entered its sta
tionary growth phase. These results are promising for possible application
of this biosystem to biological, enviromental applications.
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Abstract

The thermal stability of recombinant green fluorescent protein (CFP) in
sodium chloride (NaCl) solutions at different concentrations, pH, and tem
peratures was evaluated by assaying the loss of fluorescence intensity as a
measure of denaturation. CFP, extracted from Escherichia coli cells by the
three-phase partitioning method and purified through a butyl hydrophobic
interaction chromatography (HIC) column, was diluted in water for injection
(WFI) (pH 6.0-7.0) and in 10 mM buffer solutions (acetate, pH 5.0; phosphate,
pH 7.0; and Tris-EDTA, pH 8.0) with 0.9-30% NaCI or without and incubated
at 80-95°C. The extent of protein denaturation was expressed as a percentage
of the calculated decimal reduction time (D-value). In acetate buffer (pH 4.84
± 0.12), the mean D-values for 90% reduction in CFP fluorescence ranged
from 2.3 to 3.6 min, independent of NaCI concentration and temperature.
CFP thermal stability diluted in WFI (pH 5.94 ± 0.60) was half that observed
in phosphate buffer (pH 6.08 ±0.60); but in both systems, D-values decreased
linearly with increasing NaCI concentration, with D-values (at 80°C) ranging
from 3.44, min (WFI) to 6.1 min (phosphate buffer), both with 30% NaCl.
However, D-values in Tris-EDTA (pH 7.65 ±0.17) were directly dependent on
the NaCI concentration and 5-10 times higher than D-values for CFP in WFI
at 80°C. CFP pH- and thermal stability can be easily monitored by the con
venient measure of fluorescence intensity and potentially be used as an indi
cator to monitor that processing times and temperatures were attained.

Index Entries: Bioindicator; D-value; green fluorescent protein; pH-stability;
sodium chloride; thermal stability.
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The green fluorescent protein (GFP), is an acidic (pI 4.9-5.1) ther
mostable protein that can be expressed in a wide variety of organisms,
in vivo, or in cell cultures. It is used extensively to monitor biological
events in a variety of experimental applications as well as a biosensor to mon
itor industrial and medical processes to ensure product quality or process
efficacy. Water activity (aw )' which is defined as the ratio of the vapor pres
sure of water in a material to the vapor pressure of pure water at the same
temperature (1), has become a useful determinant of food stability to mea
sure potential microbial growth and, together with temperature and pH, is
one of the major parameters influencing bacterial growth and survival.
Water activity is related to solute species and concentration and their
effects on microbial growth and protein stability (1,2). Therefore, aw ' which
is a measure of the energy status of the water in a system, can be influ
enced by several factors. Colligative effects of dissolved species (e.g., salt
or sugar) interact with water through dipole-dipole, ionic, and hydrogen
bonds (1,2). Electrostatic interactions between charged groups on a protein
surface are often modified by the presence of salts in the solution. Salt ions
are highly mobile and compact units of charge, compared with the amino
acid side chains and thus, compete effectively for charged sites on the
protein. In this manner, electrostatic interactions among amino acid
residues on the protein surface might be shielded by high concentrations
of salts and these interactions impact protein stability.

The minimal water activity with glycerol or sodium chloride (NaCI)
added to the medium was evaluated for various microorganisms (3). For
several microorganisms, glycerol is less inhibitory than NaCI, but in the
case of Staphylococcus aureus, NaCI is less inhibitory than glycerol. S. aureus
is known to be the most halo-tolerant nonhalophilic eubacterium that can
grow at aw-values as low as 0.86 (around 20% NaCI) (4) owing to its highly
effective transport systems. With added sucrose or NaCI, microbial growth
is affected not only by the reduction of water activity but also to specific
molecular and/or ionic interactions.

The antimicrobial effects of brine solutions on the survival characteristics
of nonspore forming bacteria at aw from 0.90 (15% NaCI) to 0.75 (30% NaCI)
were analyzed in other studies. Gram-positive bacteria were less sensitive to
lowered aw than Gram-negative bacteria, as observed: (1) there was a decrease
of one log reduction of Salmonella sp. after 3 d at 0.75 aw ; (2) 0.14 loglO colony
forming unit/g/d decrease at 20°C and 0.90 aw in salami, and 4.40 loglO
colony forming unit/g/d reduction in starch for Escherichia coli 0157:H7,
and, (3) 5 log-cycles reduction in 7 d at 0.91 aw for Listeria monocytogenes
cultivated in trypticase soy broth (TSB) yeast extract (YE) and TSB-YE sup
plemented with NaCI (3).

In the presence of NaCI the thermal stability of thermolysin, a metallo
proteinase produced by Bacillus thermoproteolyticus, was enhanced, dependent
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on the salt concentration. The enzyme's catalytic activity also improved,
which can be related to the electrostatic interaction between thermolysin and
ions in the medium (5). The activity was enhanced 13-15 times with 4 M NaCI
(around 25-30% NaCI) at 25°C, pH 7.0 (6). The thermal unfolding of
lysozyme, a-chymotrypsinogen A, and yeast alcohol dehydrogenase in aque
ous solution showed that water activity (a

w
) determined the extent of change

in the stability of these proteins and the solvent influenced the direction of the
change (7). The effect of unfolding was not evaluated for CFP in this study, but
these studies show that solutes and aw significantly influence protein stability.

The evaluation of CFP thermal stability in brine solutions of up to
30% NaCI allows us to study the behavior of this protein for use as a
biosensor in the thermal processing of parenteral solutions (solutions from
0.9 to 20% NaCI or KCI), foods (pasteurization and blanching), and their
disposal as effluents into waterways, as well as in the study of halophilic
bacteria. CFP thermal stability is dependent on pH and temperature as
well as the concentration of ions in the solvent system. The aim of this
work was to determine the thermal stability of extracted, purified CFP by
heating aqueous solutions with NaCI concentrations ranging from 0.9
(physiological saline) to 30% with aw ranging from 0.75 to 1.00. This work
evaluates the potential utility of CFP as a biosensor for moist-heat treat
ments, environmental diagnosis, and bioremediation purposes.

Materials and Methods

Green Fluorescent Protein

The expression of recombinant CFP by E. coli DH5-a, the extraction
and purification of CFP have been outlined in previous experiments (8-12).
CFP fluorescence intensity was measured in a spectrofluorometer (~xcitation =
394 nm, AEmission = 509 nm) (RF 5301 PC; Shimadzu Corporation, Kyoto,
Japan). Purified recombinant CFP (95% purity, Clontech Laboratories, Palo
Alto, CA) was used to generate a standard curve to determine three-phase
partitioning-extracted CFP concentration related to fluorescence intensity
in Eq. 1:

(1) =134.64 + 103.61 x (CFP ~g I mL) R2 =0.98 (1)

Buffer Solutions

To study CFP pH- and thermal stability, solutions with 0.9 to 30% NaCI
(wIv) were prepared in: (1) 10 mM sodium acetateIacetic acid buffer
(pH 5.0), (2) 10 mM potassium phosphate buffer (monobasic/dibasic; pH
7.0), (3) 10 mM Tris-EDTA buffer (pH 8.0), and (4) water for injection ("WFI,"
from the Milli-Q system, Millipore®, Bedford, MA). Buffered solutions and
WFI without NaCI were the controls for each system. A defined weight of
NaCI (99.5% purity) was diluted in each buffer solution or WFI. After
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complete dissolution, the solution was transferred to a 250-mL volumetric
flask and the volume was adjusted. The solutions were filter-sterilized
(Millipore 0.22 ~m membrane), transferred to sterile flasks and stored at 4°C
until use. To monitor contamination, 1 mL of each solution, before and after
filtration, was plated (plate count agar) and incubated at 35-37°C for 24 h.

Sample Preparation for GFP Stability Determination

To each 4.9 mL of buffered solution or WFI at 25°C, 100 ~L three-phase
partitioning-extracted GFP (concentration around 400.0 ~g/~L) was added
to provide a final concentration of 8.0-10.0 ~g/mL. GFP fluorescence
intensity and pH were measured before heating, immediately after heating,
and after storing samples for 24 h at 4°C. Immediately on the addition of
GFP into the buffered or WFI solutions, the mixture was gently stirred for
30 s, placed into the cuvet and incubated at a constant temperature of 80, 85,
90, or 95°C. All fluorescence intensities and pH readings of the samples
before and after heat treatment were recorded with the solutions at 25°C.

A 2-mL aliquot of sample was transferred to a quartz cuvet (1 cm light
path length x 45 mm height) and sealed with a plastic cover. Each cuvet
was inserted into an adapter assembly and adjusted in the cell holder. A
constant temperature (±0.05°C) was maintained by continuous circulation
of water from the water bath to the cell holder and the sample in the cuvet
through a circulation pump (Thermo-bath TB-85, PIN 200-65022,
Shimadzu Corporation). The moment the sample-filled cuvet was placed
in the cell holder and the treatment was initiated, fluorescence readings
were recorded at intervals of 5 s with the samples incubated at a constant 80,
85, 90, or 95°C for 1.5 h. With all samples starting at 25°C before heating,
the 2 mL sample volume attained the final assay temperatures of 80 or
85°C after 20-30 s, and attained a final 90 or 95°C in 10 s. All samples were
tested in triplicate.

Analysis of the Kinetic Parameters

Thermal Treatment

The extent of protein denaturation was evaluated by measuring the
loss of fluorescence intensity over time for CFP exposed at temperatures
ranging from 80 to 95°C and converted to denatured CFP concentrations
(~g/mL). The CFP fluorescence data provided curves that were considered
first order models represented by LoglO If = LoglO 1

0
- (1 I D) x t where 1

0
was

the initial fluorescence intensity of native CFP and If was the final fluorescence
intensity of remaining native CFP, after the exposure time (min) at a con
stant temperature of either 80, 85, 90, or 95°C. The decimal reduction time,
(D-value = k/2.303), the interval of time required to reduce one decimal log
arithm of the initial fluorescence intensity of GFP at reference temperature,
was determined from the negative reciprocal of the slopes of the regression
lines, using the linear portions of the inactivation curves (loglo fluorescence
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intensity GFP/mL vs incubation time at a constant temperature). The z-value
may be related to the coefficient Q10 of the process by Eq. 2:

(2)

Activation energy (Ea, kcal/mol), represents the energy present in a
system, the energy necessary to destabilize a system and can be defined
using the Arrhenius equation 3:

LoglOkl = LogIOk2 -{(Ea / 2.303xR)[(1/ T)-(l / T)]} (3)

where T1 and T2 are the incubation temperatures in degrees Kelvin (K), R
is the universal gas constant (1.987 cal x mol/K) and k is the inactivation
rate constant.

Results and Discussion

The extent of protein denaturation was expressed as a percentage of the
calculated D-value; the interval of time required for a 90% reduction, or one
decimal logarithm of the initial fluorescence intensity of GFP. The denatura
tion of GFP in NaCl solutions, as measured by the loss of fluorescence inten
sity, was expressed in the decimal logarithm of the decrease in native GFP
concentration vs the incubation time at a constant temperature. To estimate
D-values at constant heating temperatures and pH, the range of native GFP
concentrations evaluated was between 10.0 fl,g/mL for initial concentration
(Co) to 2.0 llg/mL for final concentrations (Cf), which corresponded to the
linear portion of the inactivation curves (loglO fluorescence intensity
GFP/mL vs incubation time at a constant temperature). Table 1 shows D
values obtained for GFP diluted in WFI, acetate, phosphate, and Tris-EDTA
buffered solutions incubated at 80, 85, 90 and 95°C, respectively.

.Evaluation of pH for GFP in Sodium Chloride Solutions

The pH of GFP in the NaCl solutions was measured at room tempera
ture (25°C) with mean values: (1) pH 7.65 (±0.17) in Tris-EDTA buffer (pH
8.0); (2) pH 6.08 (±0.60) in phosphate buffer (pH 7.0); and (3) pH 4.84 (±0.12)
in acetate buffer (pH 5.0). The mean pH for WFI was 5.94 (±0.60) (Table 1).

Loss of Fluorescence Intensity Before Heating GFP in Solution

The loss of initial GFP fluorescence intensity at 25°C immediately after
diluting into the buffered or WFI solutions was dependent on the NaCl con
centration and the composition of the solution. The maximum loss of fluo
rescence was observed for solutions with 30% NaCl in acetate buffer (94.5%
loss in fluorescence intensity). Solutions prepared in Tris-EDTA buffer
provided optimal conditions for GFP stabilit~ with a maximum loss of 25%
fluorescence intensity in solutions with up to 30% NaCl. In WFI or in phos
phate buffer with up to 30% NaCl, a 70% drop in fluorescence intensity was

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



560 Ishii et ale

Table 1
D-Values for GFP in NaCl Solutionsa

pH D-values (min)

NaCl (%) baw Initial 24h 80°C 85°C 90°C 95°C

Tris-EDTA 0 0.99 7.89 8.07 24.88 8.7 5.02 3.82
0.9 0.99 7.90 7.90 37.04 9.88 6.12 4.81
5 0.98 7.73 7.79 40.00 11.61 6.54 4.83
10 0.918 7.63 7.62 49.26 9.73 7.17 5.14
15 0.885 7.54 7.54 65.79 14.71 6.75 5.12
20 0.845 7.50 7.48 52.63 18.12 6.78 5.26
25 0.795 7.51 7.49 46.95 15.22 7.96 5.45
30 0.759 7.48 7.48 33.78 13.30 7.26 5.08
Mean 7.65 7.67 6.94 5.10
cSD 0.17 0.23 0.59 0.23

WFI 0 0.99 6.63 6.47 13.85 4.64 3.46 3.21
0.9 0.99 6.99 6.72 20.12 8.29 5.42 4.55
5 0.98 6.12 6.10 8.26 5.67 3.49 3.19
10 0.918 5.86 5.75 5.74 4.34 2.46 5.48
15 0.885 5.66 5.63 4.75 3.78 2.76 2.44
20 0.845 5.53 5.54 4.21 3.56 2.59 2.3
25 0.795 5.42 5.46 3.58 3.21 2.43 2.14
30 0.759 5.30 5.40 3.44 2.91 2.32 2.37
Mean 5.94 5.88
SD 0.60 0.49

Phosphate 0 0.99 7.08 7.05 40.32 9.28 5.52 4.38
0.9 0.99 6.77 6.81 35.34 10.34 6.15 4.78
5 0.98 6.33 6.29 21.19 10.39 5.41 4.64
10 0.918 6.01 6.01 14.25 9.46 5.55 4.82
15 0.885 5.80 5.81 11.57 8.49 4.87 4.21
20 0.845 5.6 5.68 8.79 7.45 5.13 4.14
25 0.795 5.49 5.45 6.99 6.84 4.5 4.02
30 0.759 5.43 5.38 6.10 6.51 4.49 4.03
Mean 6.08 6.06 5.16 4.38
SD 0.60 0.61 0.60 0.36

Acetate 0 0.99 5.05 5.05 4.08 3.12 2.42 2.68
0.9 0.99 5.00 5.00 3.82 3.44 3.03 3.04
5 0.98 4.89 4.87 3.72 2.90 2.52 2.11
10 0.918 4.82 4.80 3.47 3.38 2.12 1.83
15 0.885 4.80 4.78 3.08 2.50 2.51 2.17
20 0.845 4.76 4.75 3.32 3.30
25 0.795 4.75 4.74
30 0.759 4.71 4.69
Mean 4.84 4.83
SD 0.12 0.13

aWFI, water for injection; acetate 10 mM; phosphate 10 mM; Tris-EDTA 10 mM buffers,
at 80, 85, 90, and 95°C, respectively.

baw' water activity.
cSD, standard deviation at p < 0.05.
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Fig. 1. D-value behavior for CFP in Tris-EDTA buffer 10 mM at: (A) 80°C (bell
shaped, -+-) and (B) 85°C (-+-), 90°C (-0-), and 95°C (-x-).

observed. These results confirm that the presence of salts can affect CFP
stability, altering either its structure or propensity for self-aggregation, which
in these samples did not develop to any visible precipitation.

Thermal Stability of GFP in Tris-fOTA (pH 7.65 ± 0.17)
Buffered Solutions

The pH of Tris-EDTA buffered solutions were relatively constant
(pH 7.65 ± 0.17) and independent of the solute added (with up to 30%
NaCl, Table 1). At SO°C, CFP showed increasing stability in NaCl solutions
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(Fig. 1A) with the maximum D-value of 65.79 min with 15% NaCI, less
than 2- to 2.5-fold greater than the control (D = 24.88 min), 0.9% NaCI
(37.04 min) and 30% NaCI (33.78 min).

The D-value for GFP in Tris-EDTAIO.9% NaCI at 80°C (37.04 min)
was comparable to phosphate buffer (pH 6.77 ± 0.01), 1.8-fold greater than
in WFI (pH 6.99 ± 0.21) and 10-fold greater than in acetate buffer (pH 5.0;
D-value = 3.82 min) at the same salt concentration (0.9% NaCI). At 85°C,
~10% NaCI provided an equivalent thermal stability (mean D-value = 10.40 min)
relative to the control (8.70 min). The highest D-value was attained for 20%
NaCI (18.12 min). At 90°C and 95°C, GFP thermal stability was indepen
dent of the solute concentrations, but related to temperature, providing
mean Dg00C=6.94 (±0.59) min and Dg50C =5.10 (±0.23) min, respectively for
the same solution.

GFP thermal stability improved with the addition of 15-20% NaCI,
wherein the highest D-value was observed at 80°C (65.79 min) and
dropped 3.6-fold at 85°C (18.12 min). In contrast, the mean D-value
decreased 9.5-fold at 90°C (mean 6.94 min) and 13-fold at 95°C (mean 5.10
min), highlighting the dependence at higher temperatures (Fig. IB). At
90°C and 95°C, GFP showed the same thermal stability in phosphate and
Tris-EDTA buffered solution, showing that GFP thermal stability was
related to solution composition. In this case, buffer composition was not
the main factor involved with thermal stability.

In our previous work, the presence of NaCI into solutions improved
GFP thermal stability compared with glucose solutions made with the same
buffers used in this work (11). The buffered glucose/NaCI solutions at pH
7.0 provided the highest D-values (D90o C = 6.52 min and D950 C = 4.93 min),
equivalent for glucose/Tris-EDTA buffered solution (pH 8.0; D900C = 6.64
min and D950C =5.20 min), for the same concentration of glucose, proving
that the addition of glucose and NaCl in the same solution affected CFP
thermal stability favorably.

Stability of GFP in Phosphate (pH 6.08 ± 0.60)
Buffered Solutions

In phosphate buffer at 80°C, the D-value for GFP in the control (40.32
min) dropped 14% in 0.9% NaCI, and half in 5% NaCI (21.19 min). The
D-value varied linearly with the pH of the phosphate-buffered solutions,
according to the Eq. 4:

D-value=21.578 x pH -113.05 (R2 =0.98) (4)

For solutions with 0.9% NaCl in phosphate buffer (pH 6.77) and Tris
EDTA (pH 7.90), the D-values at 80°C were similar, 35.34 and 37.04 min,
respectively. At 80°C, D-values changed exponentially with NaCI concen
tration, and were related by the Eq. 5:
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LoglO V-values=-O.0271 x [NaCl(%)] +1.5172 (R2=O.95) (5)

This exponential relation between D-value and NaCl concentration
shows that for every interval of NaCl concentration, the D-value will
change 10-fold. For example, the addition of 30% NaCl lowered the aw
from 1.00 to 0.759, which shows less available water at the GFP surface,
promoting aggregation of the protein and the loss in fluorescence intensity
from both aggregation and denaturation. At 85°C and 90°C, D-values
related directly with NaCl concentration, by the Eqs. 6 and 7:

LoglO V-values (85°C)=- 0.1617 x [NaCl(%)] +11.02 (R2 =0.97) (6)

LoglO V-values (90°C)=-0.0523 x [NaCI(%)] +5.95 (R2 =0.94) (7)

For every 5% increase in NaCl, the D-value dropped 10% at 85°C
and 5% at 90°C. At 90°C and 95°C, the mean D-values were respectively
5.16 ± 0.60) min and 4.38 (±0.36) min, both independent of NaCl concen
tration and pH. The mean D-values at 90°C for GFP in phosphate
buffered solutions (pH = 6.08 ± 0.60) were comparable to the mean
D-value (5.10 ± 0.23 min) in Tris-EDTA (pH 7.65 ± 0.17). In phosphate
buffer (pH 6.08 ± 0.60), although pH decreased with increasing NaCl
concentration, this buffer system favored GFP thermal stability com
pared with WFI solutions, whereby the drop in D-values were at least
double at comparable pH (Fig. 2).

Stability of GFP in WFI (pH 5.88 ± 0.49)

The initial pH of the WFI solutions dropped with up to 30% NaCl,
from pH 6.99 to 5.30, for a mean of pH 5.94 (±O.60), but was stable around
a pH 5.88 (±0.49) after 24 h storage at 4°C. Similar changes in pH were
observed in the phosphate-buffered solutions, reinforcing the observation
that buffer composition was not the main factor responsible for the drop in
pH with increasing NaCI concentration. The D-values for GFP at 80°C can
be considered linearly dependent on the pH by the Eq. 8:

V-values =9.6865 x pH - 49.52 (R2 =0.95) (8)

Through the analysis of the angular coefficients (8), the dependence
of WFI solutions on pH was observed to be twice lower than that deter
mined (8 = 21.578, Eq. 2) for GFP in phosphate-buffered solutions with up
to 30% NaCl. D-values were also shown to decrease exponentially with
increasing NaCI of up to 30% in WFI, owing to the drop in pH in these
solutions. The remarkable influence of pH on GPF thermal stability at 80°C
can be represented by the Eq. 9:
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LoglOD =0.147 X pH-1.96 (R2 =0.997) (9)

The D-value for the control (13.85 min) was close to 0.9% NaCI
(20.12 min), fell by half with 5% NaCI (8.26 min) and fivefold in the presence
of 25-30% NaCI in WFI (mean25-30% = 3.51 min; Table 1). At 85, 90, and 95°C,
the presence of 0.90/0 NaCI in WFI favored GFP thermal stability, with the
D-values of 8.29, 5.42, and 4.55 min, respectively. The D-values for GFP for
concentrations ~10% of NaCI were comparable to the control.

Stability of GFP in Acetate-Buffered Solutions (pH 4.84 ± 0.12)

In acetate-buffered solutions the mean pH of 4.84 ± 0.12 was close to the
pI for GFP (pI = 4.9-5.1) and remarkably, lowered GFP thermal stability inde
pendent of either NaCl concentration or temperature. In this case, the addi
tion of solutes did not influence GFP thermal stability compared with the
control for every temperature studied, up to 15% NaCl between 80-85°C and
up to 20% NaCl between 90-95°C. There was a slight tendency for D-values
to drop at 80-85°C from the control and up to 15% NaCl (at 80°C, Dcontrol =

4.08 min; D15% =3.08 min and at 85°C, Dcontrol =3.12 min; D15% = 2.5 min).
However, between 90 and 95°C, a drop in D-values from 0.9% NaCI (3.03 and
3.04 min, respectively) to 10% NaCI (2.12 and 1.83 min) increased to a mean
D =3.3 min in up to 20% NaCI, corresponding to an aw = 0.845 (Fig. 3).
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Fig. 3. D-value behavior for GFP in acetate buffer 10 mM at 80°C (-e-), 85°C (-*-),
90°C (-A-), and 95°C (-0-).

Kinetic Parameters z-Value/ Q10 Coefficients/
and Activation Energy

The kinetic parameters, z-value and the related Q10 coefficient
(Q10 = 1010/ 2

), reflect the temperature dependence of CFP denaturation
(as measured by fluorescence intensity decrease) subjected to the heat
ing in solutions of different composition (Fig. 4A). The greater the z-value,
the more stable CFP is in the system.

z-Value

For the range of temperatures from 80 to 95°C for the controls, solu
tions without NaCl, the z-values varied from: (1) z = 24.63°C in WFI; (2)
z = 75.76°C in acetate buffer; (3) z = 16.03°C in phosphate buffer, and (4)
z = 18.66°C in Tris-EDTA. For the same range of temperatures and the inter
val of NaCl concentrations, between 0.9 and 30% NaCl, z-values varied
from: (1) z = 23.58-85.47°C for solutions in WFI; (2) z = 142.86-109.89°C
in acetate buffer; (3) z = 17.67-71.43°C in phosphate buffer, and (4) z =
17.45-18.32°C in Tris-EDTA solutions.

z-Values of the systems delineated CFP behavior in the temperature
interval from 80 to 95°C. Tris-EDTA influenced the system the least with
the addition of NaCl, with z-value (mean =16.16 ± 1.6°C) unchanged with
up to 30% NaCl. WFI and phosphate-buffered systems exhibited the posi
tive influence of NaCl on CFP thermal stability. The z-values were linearly
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(kcal/mol) and QlO coefficient.

dependent with increasing NaCl concentration in WFI and phosphate
buffered solutions by the relations: (1) z-value (0C) =1.7962 x (NaCl, %) =
24.288, R2 =0.93 and (2) z-value (0C) =1.7028 x (NaCl, %) + 13.535, R2 =0.95,
respectively.

QlO-Coefficient

For the range of temperatures from 80 to 95°C, the GFP Q10 coefficients
shifted from: QlO = 2.55, QlO = 1.36, QlO = 4.21, and QlO = 3.44 in WFI,
acetate, phosphate, and Tris-EDTA buffered control solutions, respectively.
With the addition of NaCl and GFP, acetate-buffered solutions exhibited
less influence from external conditions, a stable system with Q10 varying
from 1.36 to 1.23 for the interval up to 15% of NaCl. The Tris-EDTA buffered
system provided optimal conditions for GFP stability for the range of
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increasing temperatures with Q10 coefficients ranging from 3.44 to 5.41, for
the control and 15% NaCl. Comparing z-values, acetate buffer provided the
most uniform system for CFP (QI0 < 1.5), as well as WFI systems with more
than 10% NaCI, and phosphate-buffered solutions with more than 20%
NaCl. WFI and phosphate buffer (pH 7.0) up to 5% and between 5 and 15%
NaCI respectively, provided intermediate stability (1.5 < Q10 < 3.5). Tris-EDTA
buffered solutions (pH 8.0; 3.5 < Q10 < 6.0) showed that CFP can be less
affected by external influences.

Activation Energy

The parameter Ea is related to the intrinsic energy of the system and
is correlated with the stability of the system during heating (Fig. 4B).
Therefore, stable systems have lower energy than unstable ones.
Consequently, systems that exhibit small Ea are less influenced by temper
ature, as shown in Table 2. Differences in the kinetics of heat activation of
CFP result from different solution composition. It is well-known that the
water content in the media is an important parameter for the activity of
enzymes, and enzyme activity is better quantified in terms of water activity.
Water is believed to increase the internal flexibility of the enzyme and
thereby increase catalytic activity. aw is important for protein stability
because water is involved in many of the mechanisms influencing protein
denaturation (13).

Between 80°C and 95°C, CFP thermal stability (Ea) was highest in
acetate-buffered solutions (pH 5.0) owing to aggregation of the protein,
promoted by the low pH close to the pl. At pH 4.0-5.0, sodium acetate is
totally dissociated, the ions compete for water molecules, which have
preferential interaction with the ions in the solution, promoting a tendency
for CFP to aggregate, which enhanced CFP thermal stability. The acetate
buffered system with the lowest intrinsic energy for spontaneous transfor
mation was independent of either the temperature or NaCl concentrations.
Citric and phosphoric acids are commonly used in processed foods to control
pH. Sodium chloride can have a huge effect on the environmental pH
because of the changes in the ionized state of the food product (14). The
addition of sucrose can change the pKa of the buffer solution, shifting the
buffer equilibrium. Citrate buffer was shown to be more resistant to pH
changes from added polyols than phosphate buffer (15).

The thermal inactivation of polyphenoloxidase in pineapple puree
when heated from 70°C to 90°C, with D-values varying from 91.3 and 11.4
min, corresponded to a z-value of 21.5°C and Ea of 82.8 kJ/mol (1 cal = 4.18 J;
19.81 kcal/mol) (16). CFP showed greater stability than polyphenoloxi
dase in the systems composed with water (>5% NaCI), or with phosphate
(>10% NaCl) and acetate-buffered solutions (up to 30% NaCI). The Ea for
thermolysin was observed to increase up to 30-33 kcal/mol by addition of
0.5-1.5 M NaCl (5-15% NaCl). Further increases in NaCl concentration
were verified to decrease the E to 15 kcal/mol in 4 M NaCl (around 25%

a
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NaCl). In this study, it was observed that the Ea value for CFP also
decreased in the presence of increasing concentrations of up to 30% NaCl
in WFI, acetate, and phosphate-buffered systems. However, for CFP in
Tris-EDTA-buffered system with 30% NaCl, the Ea value (32.55 kcal/mol)
was almost the same as that measured for CFP in the control solution,
without NaCl (E = 31.97 kcal/mol), similar to behavior observed for ther-a
molysin in no salt and 4 M NaCI, at pH 7.0 (6).

The stability of scallop transglutaminases (TCase) in the presence of
neutral salts (around pH 7.0) showed that NaCI was an effective enhancer
of TCase activity, which occurs instantly and reversibly, suggesting small
conformational changes of the TCase (17). In this and prior results, CFP
did not show fluorescence recovery (renaturation) in all conditions studied.
The solubility of lysozyme in aqueous NaCI solutions (pH 4.5 and 7.0), in
aqueous sodium acetate (pH 8.3), and in aqueous magnesium chloride
solutions (pH 4.1), was observed and related with a preferential solvation
of protein in a binary aqueous solution and its solubility (18). Considering
the systems wherein CFP thermal stability was evaluated, the activation
energies (Ea) are as follows (Table 2):

1. In WFI, the E of 24.31 kcal/mol for CFP in the control increased toa
25.32 kcal/mol with 0.9% NaCI, decreasing up to 6.97 kcal/mol with
30% NaCl.

2. In acetate buffer (pH 5.0), the smallest Ea value of 4.20 kcal/mol was
observed for CFP in 0.9% NaCI solutions, lower than 7.87 kcal/mol
for the control, increasing to 12.30 kcal/mol with 10% NaCl.

3. In phosphate buffer (pH 7.0), the Ea range decreased from 33.79 to
8.31 kcal/mol for NaCI concentrations between 0.9 and 30%, showing
that the addition of 30% NaCI into solution reduced Ea up to 4.5-fold
compared with the control solution, Ea = 37.24 kcal/mol.

4. In Tris-EDTA buffered solutions, the intrinsic energy and change in
CFP stability was higher than in WFI, with Ea of 31.97 kcal/mol
(control), increasing to 34.23 kcal/mol and attaining the maximum
value (Ea = 43.74 kcal/mol) in 15% NaCl, equivalent to results for
CFP in 5% glucose solutions (Ea = 43.81 kcal/mol) obtained in prior
work (11), dropping to 32.55 kcal/mol (30% NaCl), at the interval
ranging from 0.9 to 30% NaCl.

As observed in previous work, CFP thermal stability, in terms of
D-value, was dependent on the pH of the solutions with: D-values in
acetate buffer < WFI < phosphate buffer < Tris-EDTA buffer and NaCI
concentration. Between 80°C and 95°C, the amount of activation energy
to destabilize the molecule was dependent on the buffer pH: Ea in acetate
buffer < phosphate buffer < WFI < Tris-EDTA. From pH 7.0 to 8.0, CFP is
in its native conformation, unfolding in these systems at 80-95°C requires
greater energy than that required in WFI. NaCI added to phosphate
buffered solutions and WFI exhibited equal changes in pH, but these
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systems influenced GFP thermal stability differently. In acetate buffer
(pH 5.0) CFP has a tendency to aggregate, the pH of the solutions is close
to the pI for the protein, between 4.9 and 5.1. Aggregation promotes an
increase in the thermal stability of the protein in this system. The presence of
NaCl associated to the ions of the buffer systems provided a positive
influence on the stability of the molecule for the systems and range of
temperatures studied.

Conclusion

The performance of CFP under these conditions confirmed its potential
utility as a biological indicator for use in a variety of applications: in the
decontamination of parenteral solutions and WFI, and in disinfection and
pasteurization processes. GFP was shown to be an efficient marker in a
system with up to 30% NaCI when exposed to the typical temperature
range used for decontamination processing of solutions with added NaCl.
This indicates the high stability of CFP under these conditions, dependent
on the processing temperature, as observed in the evaluation of the
z-value, Q10 coefficient, and free energy of these systems.
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Abstract

Sugar cane bagasse pulps were obtained by ethanol/water organosolv
process under acid and alkaline conditions. The best condition of acid pulp
ing for the sugarcane bagasse was 0.02 mol/L sulfuric acid at 160°C, for 1 h,
whereas the best condition for alkaline pulping was 5% sodium hydroxide
(base pulp) at 160°C, for 3 h. For the residual lignin removal, the acid and
alkaline pulps were submitted to a chemical bleaching using sodium chlorite.
Pulps under acid and alkaline conditions bleached with sodium chlorite pre
sented viscosities of 3.6 and 7.8 mPa's, respectively, and Jl-kappa numbers of
1.1 and 2.4, respectively. The pulp under acid condition, bleached with
sodium chlorite was used to obtain carboxymethylcellulose (CMC). CMC yield
was 35% (pulp based), showing mass gain after the carboxymethylation reac
tion corresponding to 23.6% of substitution or 0.70 groups -eH2COONa per
unit of glucose residue. The infrared spectra showed the CMC characteristic
bands and by the infrared technique it was possible to obtain a substitution
degree (0.63), similar to the substitution degree calculated by mass gain (0.70).

Index Entries: Acid and alkaline catalyzed ethanol pulping; carboxy
methylcellulose; chemical bleaching; infrared spectra; sugarcane bagasse;
Organosolv pulping.

Introduction

Currently, there is a great interest in using renewable resources for
obtaining of industrial products, specially those obtained from residues.
Sugar cane bagasse is an agricultural waste abundant in several countries.
Brazil has many sugar cane plantations, mainly for the manufacture of
sugar and ethanol, which is used as fuel for automobiles. The production
of sugar cane bagasse for the year 2004/2005 was 56 x 106 t. About 90% of

*Author to whom all correspondence and reprint requests should be addressed.
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this biomass was burned to generate energy for the ethanol distillation and
the remaining 10% constitutes a surplus corresponding to 5 x 106 t that
could be used for the production of other chemicals and materials, such as
cellulose derivatives (1).

Alternative pulping processes utilizing aqueous organic solvents,
known as Organosolv, have been extensively studied in the last 30 yr as an
alternative to conventional chemical processes of pulping (2-7). These pro
cesses can collaborate largely with the decreased environmental impact
caused by conventional delignification processes, besides allowing for the
integral use of lignocellulosic components in chemical products of com
mercial interest (3,8,9). Organosolv pulping has been proposed as a
promising alternative to chemical pulping. The ethanol/water process
combines high efficiency, low cost, and ethanol abundance in countries
where sugar cane is economically important (3,10,11). Organosolv pulping
methods can be divided into two great groups: (a) acid-catalyzed pro
cesses (3), often operated without the addition of an acid catalyst; in such
cases, acetic acid released during the pulping process provides the needed
acidity (3,12-14) and (b) alkaline organosolv processes, commonly using
delignification agents such as NaOH or Na2S03; the role of the organic sol
vent is to promote the solubilization of lignin (3).

Cellulose is a linear and high-molecular weight polymer as well as
natural, renewable, and biodegradable material (15). However, because of
its inter- and intramolecular hydrogen bonds, cellulose is not dissolved by
common solvents (16). In order to utilize cellulose industrially, cellulose
must be converted to soluble derivatives. Cellulose derivatives have
gained acceptance for pharmaceutical, cosmetic, food, adhesives, textiles,
and packaging uses. They must be nontoxic, noncarcinogenic, biocompat
ible, and nonharmful to the biological environment. Cellulose ether is the
most widely used cellulose derivative in food and pharmaceutical indus
tries. Conversion of cellulose to sodium carboxymethylcellulose (CMC),
an anionic linear cellulose ether, is another example.

CMC is an important industrial polymer with a wide range of appli
cations in detergents, textiles, paper, drag reduction, foods, drugs, and oil.
It is prepared by treating cellulose with aqueous sodium hydroxide fol
lowed by reaction with chloroacetic acid. Sodium carboxymethyl groups
(-CH2COONa) are introduced into the cellulose molecule, which promote
water solubility (17,18). The various properties of CMC depend on three
factors: molecular weight of the polymer, average carboxyl content per
anhydroglucose unit, and the distribution of carboxyl substituents along
the polymer chains (19). The CMC structure is based on the P(1~4)-D

glucopyranose polymer of cellulose. Different preparations may have dif
ferent degrees of substitution, but are generally in the range 0.6-0.95
carboxymethyl groups per monomer units (20). The structure of CMC is
shown in Fig. 1. The objective of this work was to produce CMC from an
ethanol/water organosolv lignocellulosic process under acid conditions.
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Fig. 1. Sodium CMC molecule structure.

Materials and Methods

Pulping and Bleaching

Pulping of depithed sugar cane bagasse with ethanol/water 1 : 1 (vIv)
mixture was carried out in a closed and pressurized vessel (gram bagasse,
liquor to bagasse ratio). The pulping was conducted using H2S04 in the con
centration range of 0.01-0.05 mol/L for 0.5-2 hand NaOH (5-10% dry
bagasse) for 3 h. The products were filtered and the pulp was dried for yield
determination. Dried and refined pulps (10 g) were suspended in 333 mL of
water (3% consistency) and heated to 70 ± SoC. Sodium chlorite (8.4 g) and
glacial acetic acid (3.4 mL) were added. The solution was further heated to
70 ± SoC for 60 min. Afterward, the samples were cooled in ice bath to 10°C.
Bleached pulp was filtered, washed with water (3 L), and dried (21).

Analysis and Chemical Composition of the Pulps

Kappa-number and viscosities of the pulps were determined by stan
dard methods (22,23). One gram of dry pulp was treated with 10 mL of
72% H2S04 with stirring at 45°C for 7 min. The reaction was interrupted by
adding 50 mL of distilled water, and the mixture was then transferred to a
500-mL Erlenmeyer flask, and the volume brought to 275 mL. The flask
was autoclaved for 30 min at 1.05 bar for the complete hydrolysis of
oligomers. The mixture was filtered and the hydrolysate brought to 500 mL.
A sample (40 mL) of the hydrolysate was diluted to 50 mL and the pH was
adjusted to 2.0 with 2 mol/L of NaOH. After filtration through a Sep-Pak
CI8 cartridge (Waters, Milford, MA) to remove aromatic compounds, the
hydrolysate was analyzed in an Aminex HPX-87H column (300 x 7.8 mm2)

(Bio-Rad Laboratories Ltd., Hercules, CA) at 45°C using a Shimadzu chro
matograph LC-10AD (Shimadzu Co., Tokyo, Japan) with refractive-index
detector. The mobile phase was 0.005 mol/L H2S04 at 0.6 mL/min flow
rate. Sugar concentrations, reported as xylan and glucan, were determined
from calibration curves of pure compounds. Lignin was determined by
gravimetric analysis (24).
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Determination of Brightness

The brightness of pulps was determined in agreement with Technical
Association of the Pulp and Paper Industry (TAPPI) (25). Samples were
prepared following the TAPPI norm (26): 3 g of pulp (dry base) were dis
aggregated by 5 min at pH 5.5 and 0.3% consistency. The pulp suspension
was filtered in Buchner funnel (110-mm diameter). After filtration, the fun
nel was inverted and pulp was liberated using airflow. The formed leaf
was pressed (10-12 kgf/cm2) for 90 s and dried in the dark. After 1 d, the
sheets with thickness between 310 and 315 g/m2 were analyzed using
Photovolt 577 equipment (Photovolt Instruments Minneapolis, MN). The
reflection percentage was determined at five different points and the
results were presented as average values.

Determination of Ho'oce"u'ose

Five-gram samples of dry pUlp (with known moisture) were trans
ferred to 250-mL Erlenmeyer flasks with 160 mL of distilled water, 0.5 mL
of acetic acid, and 1.5 g of sodium chlorite. The samples were heated in
water bath at 70-80°C with agitation every 10 min for 60 min. Then, 0.5 mL
of acetic acid and 1.5 g of sodium chlorite were added. This addition was
repeated at 60 min intervals for 4-h reaction time. After 4 h the Erlenmeyer
flask was put in ice bath and cooled to 10°C, then the samples were filtered
in crucibles of porosity 2. The residue was washed with 1.6 L of hot dis
tilled water under suction. Subsequently, samples were washed with ace
tone and dried at room temperature (21).

Determination of a-Cellulose

One-gram samples of holocellulose (with known humidity) were
transferred to 150-mL beakers and put in water bath at 20°C. Then, 11.8 mL
of 17.5% NaOH solution were added with stirring,S mL being added in the
first 1 min, 3.4 mL in the next 45 s, and 3.4 mL in the next 15 s. The sam
ples were left at rest by 3 min and then 13.6 mL of 17.5% NaOH was added
over 10 min, 3.4 mL with stirring initially, 3.4 mL were added in the 2.5nd
min, 3.4 mL in the 5th min, and 3.4 mL in the 7.5th min. Samples were cov
ered and left in for 30 min at 20°C. Afterwards, 33.4 mL of distilled water
was added, and the mixture was left for another 30 min at 20°C. The sam
ples were filtered in crucible of porosity 2, washed with 8 mL of 8.3%
NaOH, and washed with 400 mL of distilled water. The volume was com
pleted with acetic acid 2 mol/L and left at rest for 3 min. The samples were
filtered to remove acetic acid, washed with 3 L of distilled water to room
temperature and dried overnight (21).

Synthesis of Sodium CMC

A sample of 5 g bleached pUlp was transferred to 500-mL two-necked
flask with 92.5 g ethanol and 3.7 g water. A solution of sodium hydroxide (5 g
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of NaOH and 8 g of water) was added in the mixture, within the addition
time of 30 min, under mechanical agitation and put in water bath at IS ±SoC.
On completion of the addition, the mixture was agitated for 1 h, maintained
in the water bath at 15-25°C. After the alkalization, a solution of monochlo
racetic acid and ethanol to 50% of the mass (6.5 g of monochloracetic acid and
6.5 g of ethanol) was added in the reactional mixture with 30 min addition
time, mechanical agitation, and water bath at 20 ±5°C. At the end of the addi
tion, the sample was heated at 60°C and agitated for 3 h. Afterward, the mix
ture was drained and the solid phase suspended in 70% methanol and
neutralized while in suspension with 90% acetic acid. The suspension was fil
tered, and the precipitate washed repeatedly with ethanol, methanol, and
dried at 60 ± 5°C. The mass gain of CMC was determined by the Eq. 1 (27).

MG(%) = CMCM-Mbp xlOO
Mbp

(1)

where MG (%) is the mass gain of the CMC, CMCM is the CMC mass
(gram dry base), and Mbp is the mass of bleached pulp (gram dry base).

Fourier Transform Infrared of CMC

Fourier-transform infrared (FTIR) spectra were obtained directly from
sample of CMC utilizing the high attenuated total reflectance technique in
Nicolet Avatar 360 FTIR spectrometer (Nicold Instrument Corporation,
Madison, WI).

Results and Discussion

The composition of sugar cane bagasse pulps is given in Table 1. Yield
values (using refined pulps) were 19% greater for the pulp under alkaline
treatment. Viscosity values were 53% lower for the acid treatment because
of higher degradation of fibers, in other words, the degree of polymeriza
tion of cellulose decreased. The kappa-number remained around 40, indi
cating that residual lignin still remained in the pulp. The amount of glucan
was 27% higher for the acid treatment in respect to the total amount eval
uated. Values for xylan and total lignin were 90.1 and 33.6% higher for the
alkaline treatment. The holocellulose values were around 90%. Values for
a-cellulose were 70%, whereas the brightness for acid and alkaline condi
tions was of 30.5 ± 1.2 and 25.0 ± 1.2%, respectively. Faria (28) found bright
ness of 35.4% for NaOH pulps of bagasse, indicating that the results were
close to those reported in the literature (29).

Table 2 gives the composition of bleached pulps. The classified yield val
ues of the bleached pulps were higher than 89%. Viscosity was preserved after
chemical bleaching and fiber degradation did not occur. In general, the
reagents used in the bleaching sequence partially removed the lignin, without
reducing the viscosity. The kappa-number was reduced significantly showing
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Table 1
Chemical Composition and Analysis of Sugar cane Bagasse Pulps

Puping conditions

Alkalineb

Classified yield (%)
Viscosity (mPa·s)
Kappa-number
Glucan (%)
Xylan (%)
Klason lignin (%)
Holocellulose (%)
a-Cellulose (%)
Brightness

33.1
3.8 ±0.2

41.1 ± 0.4
75.9 ± 3.2
2.2 ± 0.1
9.7± 0.3

91.2±0.1
70.4 ± 0.9
30.5 ± 1.2

40.9
8.1 ±0.2

46.2 ± 0.6
55.3 ± 0.6
23.1 ± 0.5
14.6 ± 0.9
89.1 ± 1.1
68.4 ± 0.3
25.1 ± 1.2

aAcid (0.02 mol/L H 2S04), 1 h at 160°C.
bAlkaline (5% NaOH), 3 h at 160°C.

Table 2
Chemical Composition and Analysis of Bleached Pulps

Bleached pulp

Classified yield (%)
Viscosity (mPa·s)
Kappa-number
Glucan (%)
Xylan (%)
Klason lignin (%)
Holocellulose (%)
a-cellulose (%)
Brightness

Acid conditiona

92.6
3.6
1.1 c

69.5
2.3
1.8

98.4
69.8

82.3 ± 0.8

Alkaline conditionb

89.7
7.8
2.4C

64.6
21.9

6.2
98.1
69.4

68.3 ± 1.6

aAcid (0.02 mol/L H 2S04), 1 h at 160°C.
bAlkaline (5% NaOH), 3 h at 160°C.
cJ.!-K number.

after bleaching a Jl-kappa value of 1.1 (acid condition) or 2.4 (alkaline condi
tion), indicating that the residual lignin of the pUlp was practically removed.
The glucan and xylan were preserved after bleaching. The total lignin was
also reduced with the bleaching. Values of a-cellulose were not changed indi
cating no reduction in the polymerization degree of the cellulose. The bright
ness was elevated to 63% for the two bleaching conditions showing that with
the removal of the residual lignin the value for brightness increased.

In contrast, with the pulps used for papermaking, both xylan and
lignin are undesirable and should be removed during the pulping and
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Fig. 2. FTIR spectra of the pulp in acid condition bleached with sodium chlorite,
CMC commercial, and CMC obtained in this article.

bleaching sequences (30). The pulp used for CMC production was the
ethanol/water/H2S04 (acid condition) pulp. This pulp presented the best
conditions of K-number, brightness and smaller amount of xylan.

Carboxymethylcelulose

Figure 2 shows the FTIR spectra of the ethanol/water/acid organo
solv pulp bleached with sodium chlorite, commercial CMC, and of CMC
obtained in this work. The carboxymethylation reaction occurs through
the substitution of one hydrogen atom of the group hydroxyl for a car
boxymethyl group. A decrease in the absorbance of the band in the region
related to the axial stretching of O-H at 3600 cm-1 and a displacement of
this band in the region around 3650-3700 cm-1 were observed.

The decrease of the absorbance is because of the etherification of the
cellulose O-H groups for carboxymethylic groups and the displacement to
the decrease of the intramolecular hydrogen bonds. Another evidence is
observed in the region of 1150-1000 cm-I, in which the bands occur as a
result of the C-0 and C-o-e links, typical of ethers. The introduction of
the CH2COONa group in the cellulose structure (this group possesses the
carbonyl bond inserted in the carboxylate group) absorbs in the
1650-1550 cm-1 range because of the asymmetrical axial deformation. This
band differentiates the spectrum of the cellulose from that of CMC. Acid
pulp bleached with sodium chlorite was used to produce CMC and the
mass gain was 35%. After 3 h reaction a white powder, denser than water,
was obtained. A test of the water body was carried out (31) to verify CMC
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Table 3
Bands of Characteristic Oscillations in IR Region for the Cellulosea

Functional group

-C-H;-CH2

-O-H

-C-O;C-O-C
Adsorbed H20

aSee refs. 15 and 36.

Type of deformation

Axial antisymmetrical, symmetrical
Angular symmetrical in the plan

and outside plan
Angular antisymmetrical in the plan

and outside plan
Axial
Angular in the plan
Angular outside plan
Axial
Angular symmetrical in the plan

Band region (cm-1)

2926-2853

1465-1350

720-1150
3550-3200
1420-1330
769-650

1260-1000
Approx 1600

affinity with the water. Water was put in a glass and CMC was added
(spatula tip) to the water surface. After some minutes, CMC sample had a
gelatinous aspect and soon afterward it was dissolved in the water.

CMC is a polar molecule with a great affinity for water. The dissolution
of CMC in water confirmed the success in obtaining this material. The orig
inal cellulose (bleached pulp) does not dissolve in water. A CMC mass gain
of 35% was observed, in other words, after the reaction the material was
incorporated to the product. There is introduction of functional groups in
the molecule chain of the cellulose. In the case of CMC, the hydrogen of the
cellulose hydroxyl is substituted for the CH2COONa group. The introduc
tion of the functional group in the cellulose results in the obtainment of a
product of molar mass higher than that of the original cellulose, causing a
mass gain, corresponding to 23.6% of substitution or 0.70 CH2COONa group
per unit of glucose residue. The maximum theoretical value of substitution
is 3, but this value reached up to 1.2 according to the literature (27,31).

Infrared Spectroscopy

IR spectroscopy has been largely used for the characterization of lig
nocellulosic materials and studied in some works involving characteriza
tion of the compounds with or without modification (32-34). Samples
were analyzed by spectroscopy in IR region and cellulose characteristic
bands are presented in Table 3.

Using the IR spectra of the Fig. 2, the evaluation of the substitution
degree (DS) was made through the analysis of the absorption band in
the 1600 cm-1 area in relation to the band in the region of 901 cm-1

(Absorbance [Absl 1600/Abs901). A 901 cm-1 band corresponds to the
vibration of the O-C-O group involving the carbon-1 (anomeric) of the
polysaccharides and does not suffer influence of the other groups (35).
Abs1600/Abs901 ratios of 4.89 and 2.63 were obtained for commercial
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CMCNa and CMC, respectively. Other methods of determination of the DS
were not tested. It was calculated using the ratio values between the
absorbances (1600/cm and 90l/cm), and a 0.63 DS was obtained (value
found using 1.18 DS of commercial CMCNa, according to Machado [31]).

Machado (31) determined the DS of CMCNa by conductometric titra
tion, obtaining 1.18 DS for commercial CMCNa and 1.0 DS for CMCNa
obtained by the author (isopropanol as solvent). In work accomplished by
Silva (27), DS of CMCNa, produced using isopropanol and ethanol as sol
vents, was determined by potentiometric titration. DS of CMCNa (iso
propanol) was 0.73, whereas DS using ethanol as solvent was 0.64. This
fact shows that the result obtained in the present work (0.63 DS), using the
IR technique, was similar to that determined by other methods and it was
also similar to the result of DS calculated by the mass gain (0.70).

Conclusions

The mass gain of CMC was 35%, corresponding to 23.6% of substitution
or 0.70 CH2COONa group per unit of glucose residue (DS = 0.70). The IR
spectra showed characteristic bands of CMC in the region of 1150-1000 cm-1

typical of ethers and band in the region of 1650-1550 cm-1 that differenti
ates basically the spectrum of the cellulose form of CMC. Using the IR
technique it was possible to obtain a DS of 0.63, similar to that determined
by other methods (conductometric titration, DS [1.00] and potentiometric
titration, DS [0.63] and it was also similar to the result of DS calculated by
the gain mass [0.70]).
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Abstract

Fatty acid methyl esters, also referred to as biodiesel, have been deter
mined to have a great deal of potential as substitutes for petro-diesel. In
order to optimize conversion yield in the biodiesel production process, feed
stocks were previously recommended to be anhydrous, with a free fatty acid
content of less than 0.5%. In this study, we removed free fatty acid from feed
stock through the use of solid catalysts and response surface methodology. In
order to optimize free fatty acid removal, response surface methodology was
applied to delineate the effects of five-Ievel-four-factors and their reciprocal
interactions on free fatty acid removal. A total of 30 individual experiments
were conducted, each of which was designed to study reaction temperature,
reaction time, catalyst amounts, or methanol amounts. A statistical model
was used to estimate that the optimal free fatty acid removal yield would be
100%, under the following optimized reaction conditions: a reaction temper
ature of 66.96°C, a catalyst amount of 12.66% (w Iv), and a reaction time of
37.65 min. Using these optimal factor values under experimental conditions
in three independent replicates, an average conversion yield was well
achieved within the values predicted by the model.

Index Entries: Biodiesel; free fatty acid; optimization; response surface
methodology.

Introduction

Fatty acid methyl esters (FAMEs) derived from a variety of vegetable
oils, animal fats, and waste oils have been shown to evidence low viscosities,
similar to those associated with petro-diesel. Additionally, many of the
salient characteristics of FAMEs, most notably volumetric heating value,

*Author to whom all correspondence and reprint requests should be addressed.
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cetan number, and flash point have also been shown to be comparable with
those of petro-diesel (1-3). Several processes have been previously developed
for the production of FAMEs through acid-, alkali-, and enzyme-catalyzed
transesterification processes (3-5). Transesterification, also called alcoholysis,
involves the displacement of alcohol from an ester by another alcohol, in a
process comparable to hydrolysis. Transesterification is generally character
ized by a number of consecutive, reversible reactions. The reaction step
involves the conversion of triglycerides to diglycerides, followed by the con
version of diglycerides to monoglycerides and of monoglycerides to glycerol
at each step (6,7). In the process of transesterification, as it is presently
conducted, and is the most used, under alkali-catalyst and short-chain
alcohol it tends to produce the highest conversion yields with the short
est reaction times. The primary parameters relevant to transesterification
include the molar ratio of vegetable oil to alcohol, the catalysts, reaction
temperature and time, free fatty acid contents, and water contents in the
oils and fats (5). In alkali-catalyzed transesterification, the oils and alco
hol must be substantially anhydrous, as water induces saponification
with the oils (5,8). Ma et al. (9) suggested that the free fatty acid contents
of the refined oil should be as low as possible, less than 0.5%. The recom
mended amount of alkali-catalyst for the transesterification is between 0.1
and 1% (w/w) of oils and fats (10).

Feedstocks used in the production of FAMEs are generally divided
into vegetable oils, animal fats, and waste oils. It has been established that
high free fatty acid content in oils induces the destruction and decreases
the activity of catalysts, and also results in soap conversion (11). As free
fatty acid levels increase, this effect becomes increasingly undesirable,
owing to the loss of feedstock, as well as the deleterious effects of soap on
glycerin separation. The soaps tend to promote the formation of unstable
emulsions, which prevent the separation of FAMEs from glycerin during
processing (12). A great deal of research has focused on the evaluation of
feedstocks regarding the effects of free fatty acid levels. However, in most
cases, alkaline catalysts have been utilized in the process, and the free fatty
acids were removed from the process stream as soap, and considered to be
waste (5,12,13).

Response surface methodology (RSM) utilizes multiple regression
and correlation analyses as tools in order to assess the effects of two or
more independent factors on the dependent factors. Central composite
rotatable design (CCRD) is a RSM, which is used in the optimization pro
cesses of biotechnological procedures (14-17). In this study, we removed
the free fatty acids from feedstocks through the application of solid cata
lysts and RSM. In order to optimize free fatty acid removal, we applied
RSM to delineate the effects of five-Ievel-four-factors and their reciprocal
interactions on the removal of free fatty acids.
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Materials and Methods

Chemicals

The crude rapeseed oil was supplied by Onbio Co. Ltd. (Bucheon,
Korea), and its characteristics are summarized in Table 1. The oleic acid
was supplied by Duksan Pure Chemical Co. Ltd. (Korea). The Lewatit
51467 and Ionac NM60 were obtained from Hankook Baychemical Co. Ltd.
(Korea). The characteristics of Ionac NM60 are summarized in Table 2. The
Amberlite IR-120 (Duksan Pure Chemical Co. Ltd., Korea), Amberlite IRA
900 (Sigma-Aldrich Co. Ltd.), and Amberlite 200C (Fluka, Switzerland)
used in this study were of reagent grade. The anhydrous methanol was
obtained from Fisher Scientific. All other chemicals used were of analyti
cal grade, and the solvent used in the study was dried for 1 d before use,
with molecular sieves.

Experimental Procedure

In order to select the appropriate solid catalyst, Ionac NM 60, Lewatit
51467, Amberlite IR-120, Amberlite IRA-900, and Amberlite 200C were
applied to the removal reaction with refined rapeseed oil combined with
15% oleic acid, for 30 min at 65°C. During the reactions, some of the samples
were withdrawn at set intervals, and the acid values of the samples were
determined. The results are expressed as the mean values of at least two
independent measurements. In order to optimize the CCRD experimental
design, a five-Ievel-four-factor CCRD was adopted in this study, requiring
30 experiments, which included 16 factorial points, eight axial points, and
six central points to provide information about the interior of the experiment
region, allowing evaluation for curvature (16,17). The variables, selected for
the study of free fatty acid removal, and their respective levels, were as fol
lows: reaction temperature (30-70°C), catalyst amount (5-20 wt%), reaction
time (5-60 min), and methanol amount (0-20 wt%). Table 3 shows the coded
and uncoded independent factors (X), levels, and experimental design.

All experiments concerning the removal of free fatty acid from oil with
a solid catalyst were conducted using a bottle apparatus, with a working vol
ume of 25 mL. The reaction temperature was controlled with a water bath
equipped with a PID temperature controller. Mixing was conducted with a
magnetic stirrer, spinning at approx 200 rpm. The condenser prevented evap
oration of the reactants. During the reactions, some of the samples were with
drawn at set intervals, and the acid values of the samples were determined.

Statistical Analysis

The experimental data (Table 4) were analyzed by means of RSM to fit
the following second-order polynomial equation, using Design-Expert 6
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Table 1
Composition of Crude Rapeseed Oil

Composition

Triglyceride
Free fatty acid
Phospholipid
Unsaponicable material
Moisture

Content (%)

94.1
4.0
0.1
1.5
0.3

Table 2
Typical Physical and Chemical Properties of Catalyst

Ionic forms
Bead size (mm)
Effective size (mm)
Density (g/mL)
Water retention
Total capacity (min)
Stability

H+/OH
>90; 0.3-1.25
0.47 ±0.06

1.2
55-60

20,000 Ohm-em; 0.55 eq/L
Temperature range: 1-49°C;

pH range: 0.0-14.0

Table 3
Factors and Their Levels for Central Composite Design

Coded factor levels

Variable Symbol -2 -1 0 1 2

Reaction temperature (OC) Xl 30 40 50 60 70
Catalyst amount (wt%) X2 5.00 8.75 12.50 16.25 20.00
Reaction time (min) X3 5.00 18.75 32.50 46.25 60.00
Methanol amount (wt%) X4 0.00 5.00 10.00 15.00 20.00

software (Stat-Ease Inc.). The second-order coefficients were generated
through regression with stepwise elimination. The response was ini
tially fitted to the factors through multiple regression. The quality of fit
of the model was evaluated through coefficients of determination (R2)
and analysis of variances (ANOVA). The insignificant coefficients were
eliminated after the examination of the coefficients, and the model was
finally refined. The quadratic response surface model was then fitted to
the following equation:

4 4 3 4

Y = ~kO +L~kiXi +L~kiiXf +L L ~kijXiXj (1)
i=l i=l i=l j=i+1
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Table 4
Central Composite Rotatable Second-Order Design, Experimental and Estimated

Data for Five-Level-Four-Factor Response Surface Analysis

Temp- Catalyst Reaction Methanol
erature amount time amount

Xl (wt%), (min), (wt%), Conversion yield (%)

Standard Run (OC) X2 X3 X4 Experimental Estimated

1 2 -1 -1 -1 -1 62.1 65.0
2 21 1 -1 -1 -1 85.3 81.8
3 22 -1 1 -1 -1 87.4 85.3
4 11 1 1 -1 -1 93.7 93.3
5 29 -1 -1 1 -1 90.5 90.8
6 10 1 -1 1 -1 93.7 96.2
7 3 -1 1 1 -1 93.7 97.6
8 6 1 1 1 -1 95.8 94.4
9 27 -1 -1 -1 1 66.3 65.0
10 9 1 -1 -1 1 87.4 81.8
11 4 -1 1 -1 1 87.4 85.3
12 16 1 1 -1 1 93.7 93.3
13 1 -1 -1 1 1 91.6 90.8
14 28 1 -1 1 1 95.8 96.2
15 17 -1 1 1 1 93.7 97.6
16 24 1 1 1 1 95.8 94.4
17 8 -2 0 0 0 89.5 87.4
18 30 2 0 0 0 95.8 100.9
19 14 0 -2 0 0 74.7 76.7
20 25 0 2 0 0 95.8 95.1
21 20 0 0 -2 0 59.0 64.6
22 23 0 0 2 0 95.8 91.4
23 13 0 0 0 -2 93.7 94.1
24 7 0 0 0 2 95.8 94.1
25 12 0 0 0 0 93.7 94.1
26 5 0 0 0 0 93.7 94.1
27 15 0 0 0 0 95.8 94.1
28 26 0 0 0 0 93.7 94.1
29 19 0 0 0 0 93.7 94.1
30 18 0 0 0 0 93.7 94.1

where Y is the response factor (conversion yield), Xi the ith independent
factor, ~o the intercept, ~i the first-order model coefficients, ~ii the quadratic
coefficients for the factor i, and ~ .. is the linear model coefficient for the
interaction between factors i and j.l

J

Quantitative Analysis

The free fatty acid contents were determined through AOCS Cd 3a-63.
Two to ten grams of each sample was dissolved in 100 mL of diethyl ether:
EtOH (1:1) solution. After the addition of 2-3 drops of 1% phenolphthalein
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Fig. 1. Effect of kind of catalyst on removal of free fatty acid in prepared rapeseed
oil with 15% oleic acid. Reaction temperature was 65°C. A: Ionac NM 60, B: Lewatit
51467, C: Amberlite IR-120, 0: Amberlite IRA-900, E: Amberlite 200C.

indicator, the mixed solution was subjected to a titration analysis with
alcoholic 0.1 N KOH. The free fatty acid contents were calculated as below.

Free fatty acid (%) =(volume of used KOH solution - blank) x factor x 0.1 N
x 56.11 / weight of sample x 0.5034.

Results and Discussion

In order to optimize the conversion yield of FAMEs production pro
cess, it has been previously recommended that the feedstocks be as anhy
drous as possible, with a free fatty acid content of less than 0.5% (5,6,9).
The primary objective of this study was to optimize free fatty acid removal
in crude rapeseed oil using a solid catalyst, coupled with R5M.

First, in order to select the most appropriate solid catalyst for free fatty
acid removal, lonac NM 60, Lewatit 51467, Amberlite IR-120, Amberlite lRA
900, and Amberlite 200C were applied to the removal reaction, with refined
rapeseed oil combined with 15% oleic acid for 30 min at 65°C. As is shown in
Fig. 1, the removal yield was approx 37.5% with lonac NM 60. This yield was
higher approx 1.7-3.7 times than that of other solid catalysts. For the next
experiment, involving the removal of free fatty acids from crude rapeseed oil,
lonac NM 60 was selected as the solid catalyst. Next, in order to estimate the
reaction time, waste vegetable oil with an acid value of 2.65 was reacted with
the lonac NM 60 catalyst at 75°C for 1 h. The acid value was decreased to 0.01
after approx 20 min of reaction time (data not shown). In the alkali-catalyzed
transesterification process, the free fatty acid amount should be less than 0.5%
on the basis of oil weight, in order to obtain a sufficiently high conversion
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Table 5
ANOVA for Response Surface-Reduced Quadratic Model

Sum of Probability>
Source squares DF Mean square F-value Fa,b

Model 2784.92 8 348.11 36.99 <0.0001

Xl 273.62 1 273.62 29.07 <0.0001
X2 508.81 1 508.81 54.06 <0.0001
X3 1080.33 1 1080.33 114.79 <0.0001

~ 121.15 1 121.15 12.87 0.0017

X2 463.58 1 463.58 49.26 <0.00013
Xl X2 75.39 1 75.39 8.01 0.0100
Xl X3 128.00 1 128.00 13.60 0.0014
X2 X3 180.06 1 180.06 19.13 0.0003
Residual 197.64 21 9.41
Lack of fit 193.95 16 12.12 16.42 0.0029
Pure error 3.69 5 0.74
Correlation

total 2982.56 29

aprobability > F, level of significance.
bValues of probability> F < 0.05 indicate model terms are significant.

yield (9). Because of its relatively high acid value, the activity of the catalyst
was diminished in the transesterification reaction. As is shown in Table I, the
fatty acid content of the crude rapeseed oil used in this experiment was 4%,
a value, which is far higher than the proposed value «0.5%) (9).

In order to construct a proper model for the optimization of free fatty
acid removal, the CCRD, which is generally the preferred design for
response surface optimization, was selected with five-Ievel-four-factors:
reaction temperature, reaction time, catalyst amount, and methanol
amount. Table 3 shows the experimental variables settings and the results
based on the experimental design. All 30 of the designed experiments were
conducted and the results were analyzed through multiregression. The
coefficients of the full model were evaluated through regression analysis,
and tested for significance. The insignificant coefficients were eliminated in
a stepwise manner, on the basis of the p-values after the testing of the coef
ficients. Three linear coefficients (Xl , X2, X3), two quadratic coefficients (X~,

X~), and three cross-product coefficients (X1X2, X1X3, X2X3) were ultimately
determined to be significant (Tables 5 and 6). The final estimative response
model equation, after clearing the insignificant variables for the estimation
of the effectiveness of free fatty acid removal by stepwise elimination, was
as follows.

Y = -95.462+ 1.730 Xl +9.905 X2 +3.718 X3 -0.147 X22

- 0.021 X3
2 - 0.058 XIX2 - 0.021 XIX3

- 0.065 X
2
X

3

(2)
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Table 6
Regression Coefficients and Significance of Response Surface-Reduced

Quadratic Model After a Stepwise Elimination

Coefficient Standard 95% CI 95% CI
Factor estimatea DF error low high

Intercept 94.15 1 0.886 92.304 95.988
Xl 3.38 1 0.626 2.074 4.679
X2 4.60 1 0.626 3.302 5.907
X3 6.71 1 0.626 5.407 8.012

~ -2.06 1 0.575 -3.260 -0.868

~ -4.04 1 0.575 -5.233 -2.841
XI X2 -2.17 1 0.767 -3.766 -0.576
XI X3 -2.83 1 0.767 -4.423 -1.233
X2X3 -3.35 1 0.767 -4.950 -1.760

aThis value of "coefficient estimate" is calculated on the basis of "coded factor level."

where Yis the response factor, conversion yield (%). Xl' X2, and X3 are the
real values of the independent factors, reaction temperature (OC), catalyst
amount (wt%), and reaction time (minutes), respectively. The model coef
ficients (based on coded factor level) and probability values are fully pro
vided in Table 6. The p-values of all of the coefficients were less than 0.05,
and the coefficient of determination (R2) was 0.934, thereby indicating that
the model was sufficient to adequately represent the actual relationship
among the selected factors. The ANOVA for the response surface-reduced
quadratic model is given in Table 5. The coefficients of the response surface
model, as are shown by Eq. 1 were evaluated. The p-value test showed that
all the linear coefficients were all more highly significant than their
quadratic and cross-product terms. However, in order to minimize error, all
of the coefficients were considered in this design.

Figure 2A shows the effects of reaction temperature, catalyst amount,
and their reciprocal interactions on free fatty acid removal at reaction
times of 18.75, 32.00, and 135 min. Reaction temperature also appeared to
exert a significant degree of influence on removal rates. Increases in the
reaction temperature resulted in higher removal yields at any catalyst
amount. Removal yields increased in a linear fashion with increasing
reaction temperature and catalyst amounts under short reaction time
conditions (18.72 min). However, under long reaction time conditions, a
saddle-type free fatty acid removal pattern was observed in the experi
ments in which reaction temperature and catalyst amount were varied.

Figure 2B shows the effects of different catalyst amounts and reaction
times on removal yields at constant reaction temperature (50°C). At any of
the tested catalyst amounts, from 8.8 to 16.3%, the enhancement of linear
removal yields resulted in a low reaction temperature (40°C). As is shown in
Figs. 2B (b) and (c), removal yield was maximized at a catalyst amount of 15%
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Fig. 2. Contour plots representing the effect of reaction temperature, catalyst amount,
reaction time, and their reciprocal interaction on removal yield of free fatty acid in
crude rapeseed oil. (A) (a) reaction time 18.75 min, (b) 32.00 min, and (c) 46.25 min.
(8) (a) reaction temperature 40°C, (b) 50°C, and (c) 60°C (C) (a) Catalyst amount 8.75%
(w/v), (b) 12.50% (w/v), and (c) 16.25% (w/v).

at 40 min of reaction time at 50°C; however, these values peaked at a catalyst
amount of 13% and 37 min. Maximal yield was accomplished with a high cat
alyst amount and a long reaction time, at a high reaction temperature. At any
of the designed reaction temperatures, increases in the catalyst amount
resulted in a linear enhancement of removal yields to optimum conditions.

Figure 2C shows the effects of reaction temperature, reaction time, and
the reciprocal interaction of these factors with free fatty acid removal rates
at constant catalyst amounts of 8.75, 12.50, and 16.25% (w Iv). As is shown
in Figs. 2C (a) and (c), reaction temperature also exerted a significant degree
of influence on removal rates. Increases in reaction temperature resulted in
high removal yields at any of the tested constant catalyst amounts. Removal
yields were shown to increase in a linear fashion with reaction temperature
and reaction times at low catalyst amounts (8.75%). However, at high cata
lyst amounts, a saddle pattern of free fatty acid removal was observed in the
experiments in which reaction temperature and time were varied.
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Fig. 3. Response surface plot representing the effect of reaction time and catalyst
amount of the optimal removal of free fatty acid in crude rapeseed oil at the station
ary point (reaction temperature 66.96°C).

Figure 3 contains the response surface plot showing the effects of
reaction time and catalyst amount on free fatty acid removal rates in
crude rapeseed oil. The optimal conditions for free fatty acid removal esti
mated by the model equation were as follows: Xl = 66.96°C, X2 = 12.66%,
and X3 = 37.65 min. The theoretical removal yield estimated under the
aforementioned conditions was Y=100%. In order to confirm this model
based estimation, the predicted optimal conditions were applied to three
independent replicates for free fatty acid removal. The average removal
yield proved to be well within the values estimated through the model
equation. This shows that RSM coupled with the appropriate experimen
tal design can be applied effectively to the optimization of factors in a
reaction (17). This study focused specifically on the application of RSM
for the optimization of conditions for free fatty acid removal using a solid
catalyst in feedstock. Our results may provide useful information regard
ing the development of more economical and efficient solid catalyst
system for biodiesel production processes.
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Abstract

In this study, we have synthesized sorbitan acrylate through response sur
face methodology, using sorbitan and vinyl acrylate that catalyze immobi
lized lipase. In order to optimize the enzymatic synthesis of the sorbitan
acrylate, we applied response surface techniques to determine the effects of
five-Ievel-four-factors and their reciprocal interactions with the biosynthesis
of sorbitan acrylate. Our statistical model predicted that the highest conver
sion yield of sorbitan acrylate would be approx 1000/0, under the following
optimized reaction conditions: a reaction temperature of 40.1°e, a reaction
time of 237.4 min, an enzyme concentration of 8%, and a 4.49 : 1 acyl donor /
acceptor molar ratio. Using these optimal conditions in three independent
replicates, the conversion yield reached 97.6 ±1.3%.

Index Entries: Bioconversion; central composite rotatable design; esterifi
cation; lipase; optimization; response surface methodology; sorbitan ester.

Introduction

Esterification is the principal process in the synthesis of sugar esters.
This process has been extensively studied, and is achievable through both
chemical and enzymatic processes. Chemical esterification has been asso
ciated with low regioselectivity, which results in poor selectivity, undesir
able side reactions, and low yields. However, enzymatic esterification can
be applied to the regioselective transformation of several sugars, and does
not tend to result in any undue complications (1-6). As compared with
conventional chemical processes, enzymatic esterification can be con
ducted under mild conditions, and exhibits an excellent degree of selec
tivity, allowing for the generation of pure materials through more efficient
and environmentally friendly processes, than are associated with more

*Author to whom all correspondence and reprint requests should be addressed.
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conventional chemical methods. Enzymatic esterification carries the
advantages of high material stability, low energy costs, a high degree of
selectivity, and low purification costs. Therefore, enzymatic esterification
appears to constitute a favorable alternative synthesis technique (1-6).

Recently, a host of reports have noted the myriad possible applications
of sugar-harboring polymeric materials synthesized from sugar esters.
Sugars constitute an attractive group of multifunctional compounds, as
they are both biologically relevant, and harbor multiple hydroxyl groups.
Sugar esters have become the focus of increased interest of late, and have
already been utilized in several fields, and a variety of applications. They
have proven useful in diverse industries, and have been used as detergents,
emulsifiers, lubricants, flavorings, and cosmetic additives. Sugar esters are
also biodegradable, biocompatible, and nontoxic (4,7,8).

Sorbitan esters are prepared either in one- or two-step reactions. In
the one-step reaction, sorbitol and acyl donor are converted simultane
ously to the sorbitan ester. In two-step reaction, first, sorbitol is dehy
drated to sorbitan with acid catalyst (p-toluenesulfonic acid, sulfuric
acid, and phosphoric acid). Second, formed sorbitan is esterified to sor
bitan ester with the acyl donor and catalyst (alkali catalyst and enzyme)
(2,4-6,9).

In this study, we have evaluated two distinct esterification schemes:
acylation and alcoholysis (transesterification). Acylation is the esterifica
tion of a carboxylic acid (e.g., acrylic acid [AA]) with the hydroxyl group
on the acyl acceptor (e.g., 1,4-sorbitan), and generates an ester and a water
byproduct. However, transesterification involves the esterification of an
ester (e.g., methyl acrylate [MAl, ethyl acrylate [EA], and vinyl acrylate
[VAl) with the hydroxyl group on the acyl acceptor (e.g., 1,4-sorbitan).
Alcoholysis generates another ester, but yields alcohol, rather than water,
as a byproduct (4-6). In the enzymatic process utilized in the production
of sorbitan acrylate from 1,4-sorbitan, several factors can affect both gly
cosylation yields and rates. These factors include the reaction solvent, reac
tion temperature, the type and concentration of the acyl donor, the
quantity of enzyme in the reaction, the water content, and the initial con
centration of substrate (3-5). In particular, the difficulty inherent to the dis
solution of both hydrophobic and hydrophilic substrates in a common
reaction solvent of low toxicity has been the principal limitation of biolog
ical synthesis (1,4,6).

In all of our experiments, t-butanol was used as the reaction solvent
owing primarily to its high substrate solubility, remarkable affinity for gly
coside, its regioselective effect with glycoside, and the ease inherent to the
separation/purification of the products, which is attributable to its low
boiling point (3-5,10). In our study, we have conducted the enzymatic syn
thesis of sorbitan acrylate using Novozym 435, a well-known nonspecific
lipase. Novozym 435 facilitates reactions between a wide range of alcohols
and vinyl esters, and is a remarkably heat-tolerant enzyme (11).
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Response surface methodology (RSM) is an effective statistical tech
nique used in the research of complex processes. RSM uses multiple regres
sion and correlation analyses as tools to test the effects of two or more
independent factors on the dependent factors. The primary advantage of
RSM is the reduced number of experimental runs required to generate suf
ficient information for a statistically acceptable result. It is both faster and
less expensive than the classical research method. RSM has been success
fully applied to the study and optimization of the enzyme synthesis of
sugar esters. In addition, central composite rotatable design (CCRD) is a
RSM that has previously been successfully used in the optimization of sev
eral biotechnological processes (4,8,12-16).

In this study, we conducted acylation and alcoholysis using immobi
lized lipase, in order to synthesize sorbitan acrylate. First, several acyl
donors were tested in order to select the optimal acyl donor for esterifica
tion. Second, the effects of different initial sorbitan concentrations, water
contents, and molecular sieves were tested. Finally, RSM, consisting of a
five-Ievel-four-factor CCRD, was applied in order to evaluate the interac
tive effects, and to optimize the conditions for the enzymatic synthesis of
sorbitan acrylate, with VA being used as the acyl donor.

Materials and Methods

Chemicals

The Novozym 435 (lipase B from Candida antarctica, EC 3.1.1.3, a non
specific lipase immobilized on a macroporous acrylic resin, 1-2% water
content, 10,000 propyllaurate units/ g) was purchased from Novo Nordisk
A/S (Bagsvaerd, Denmark). The D-sorbitol, VA, and t-butanol were pur
chased from the Sigma-Aldrich Chemical Co. (St. Louis, MO). The AA,
MA, and EA were obtained from Daejung Chemicals & Metals Co., Ltd.
(Korea), Junsei Chemical Co., Ltd. (Japan), and Yakuri Pure Chern. Co.,
Ltd. (Japan), respectively. The acetonitrile was obtained from Fisher
Scientific. All other chemicals were of analytical grade, and the solvents
were dried using molecular sieves (4 A, Yakuri Pure Chern. Co., Ltd.) 1 d
before use.

1,4-Sorbitan Preparation

All dehydration reactions (sorbitol cyclization) for the synthesis of
l,4-sorbitan, using p-toluenesulfonic acid in a solvent-free process, were
conducted according to the previously reported methods (3).

Enzymatic Esterification and Experimental Design

In this study, two distinct esterification schemes were conducted:
acylation (AA) and alcoholysis (MA, EA, and VA). All esterification reactions
for the synthesis of l,4-sorbitan esters were performed using immobilized
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lipase (Novozym 435). The reaction temperature was controlled using a
water bath equipped with a PID temperature controller. Mixing was per
formed with a magnetic stirrer, which spun at approx 200 rpm. The con
denser prevented the evaporation of the reactants. During all of the
reactions, 0.2 mL of the samples were withdrawn at set intervals, and then
monitored through high-performance liquid chromatography. In all exper
iments with no water content, there was no set initial amount of water,
with the exception of the water contained in the enzymes themselves. The
results of the experiments are expressed as the mean values from at least
two independent measurements.

In order to select the optimal acyl donor for enzymatic esterification,
we assessed the effects of four acyl donors, as is described below. 30 giL
of prepared 1,4-sorbitan was added to the bottle, and either AA, VA, EA,
or MA were subsequently added at a 1 : 3 molar ratio, in order to deter
mine the most favorable acyl donor at 45°C and 5% (wIv) Novozym 435.
In order to determine the optimal initial 1,4-sorbitan concentration for
enzymatic esterification, 25-100 giL of prepared l,4-sorbitan was added to
the bottle, at a molar ratio of 1 : 3 with VA, and 5% (wIv) Novozym 435 at
45°C. In order to determine the optimal initial water content and molecu
lar sieve amounts for enzymatic esterification, 0-5% (vIv) water or 0-2%
(wIv) molecular sieves were added to the reactant, coupled with 50 giL of
prepared 1,4-sorbitan, at a molar ratio of 1 : 3 with VA, and 5% (wIv)
Novozym 435 at 45°C.

In order to apply RSM in the enzymatic synthesis of sorbitan acrylate,
a five-Ievel-four-factor CCRD scheme was adopted in this study, requiring
30 experiments, which included 16 factorial points, eight axial points, and
six central points in order to provide information regarding the interior of
the experiment region, allowing for the evaluation of curvature (9). When
applying RSM to our sorbitan acrylate synthesis scheme, we set an initial
concentration of 1,4-sorbitan of 50 giL. The variables, and their levels,
selected for the study of sorbitan acrylate synthesis, were as follows: reac
tion temperature (25-65°C), reaction time (30-240 min), enzyme amount
(1-7% [wI v]), and acyl donorI acyl acceptor molar ratio (1 : 1-5 : 1; VA: sor
bitan molar ratio). Table 1 provides the coded and uncoded independent
factors (X), the levels, and the experimental design.

Statistical Analysis

Our experimental data (Table 2) were analyzed through RSM, to fit
the following second-order polynomial equation generated by Design
Expert 6 software (Stat-Ease, Inc.). Second-order coefficients were gener
ated through regression with stepwise elimination. The response was first
fitted to the factors through multiple regression. The quality of the fit of
the model was evaluated using the coefficients of determination (R2) and
the analysis of variances (ANOVA). The insignificant coefficients were
eliminated after examining the coefficients, and the model was finally
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Table 1
Factors and Their Levels for Central Composite Design

Coded factor levels

Variable Symbol -2 -1 0 1 2

Reaction temperature
(OC) Xl 25 35 45 55 65

Reaction time (min) X2 30 82.5 135 187.5 240
Enzyme amount (wt%) X3 1 3 5 7 9
Substrate molar ratio

(acyl donor/ acyl
acceptor) X4 1 2 3 4 5

refined. The quadratic response surface model was fitted to the following
equation:

4 4 3 4

Y = ~kO +L~kiXi +L~kiiX; +LL ~kijXiXj
i=l i=l i=l ;=i+1

(1)

where Y is the response factor (conversion yield), Xi is the ith independent
factor, ~o is the intercept, ~i is the first-order model coefficient, ~ii is the
quadratic coefficient for the factor i, and ~ij is the linear model coefficient
for the interaction between factors i and j.

Quantitative Analysis

The enzymatic reactions were monitored through analysis of the con
version yield of l,4-sorbitan. The reactant and product measurements
were obtained through high-performance liquid chromatography with a
ZORBAX carbohydrate column (5 flm, 120 A, 250 x 4.6 mm2, Agilent), and
maintained at a constant 35°C. In order to measure the amount of sorbi
tan and its ester concentrations, we used a mixture of acetonitrile: water
(75 : 25 [v/v]) as a mobile phase, at a flow rate of 1.0 mL/min. A 0.2 mL
sample was extracted from each of the reaction mixtures at set time inter
vals throughout the reaction. The enzymes were removed through the fil
tration and dilution of the sample with buffer solution (acetonitrile: water,
50: 50 [v/v]). 20 flL of a prepared sample was then administered. Detection
was conducted using an RI detector (Shimazu RID-IDA, Japan).

Results and Discussion

In the enzymatic process used in the synthesis of sorbitan acrylate
from l,4-sorbitan, several factors can affect both the conversion yield and
rate, including the reaction solvent, reaction temperature, acyl donor type
and concentration, enzyme amount, water content, and initial substrate
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Table 2
Central Composite Rotatable Second-Order Design, Experimental,
and Estimated Data for 5-Level-4-Factor Response Surface Analysis

Substrate
molar
ratio

Tempe- Enzyme (acyl
rature Time amount donor/
(OC), (min), (wt%), acceptor),

Standard Run Xl X2 X3 X4 Conversion yield (%)

Experimental Estimated

1 25 -1 -1 -1 -1 23.4 19.5
2 19 1 -1 -1 -1 14.3 10.0
3 17 -1 1 -1 -1 40.5 40.4
4 11 1 1 -1 -1 15.2 14.1
5 7 -1 -1 1 -1 49.8 48.4
6 16 1 -1 1 -1 38.7 38.9
7 6 -1 1 1 -1 73.8 77.2
8 26 1 1 1 -1 43.5 50.9
9 3 -1 -1 -1 1 32.6 32.7
10 23 1 -1 -1 1 24.1 23.2
11 20 -1 1 -1 1 50.8 53.6
12 12 1 1 -1 1 23.4 27.3
13 18 -1 -1 1 1 60.7 61.6
14 21 1 -1 1 1 52.5 52.1
15 2 -1 1 1 1 86.3 90.4
16 10 1 1 1 1 65.2 64.1
17 9 -2 0 0 0 51.7 49.9
18 27 2 0 0 0 14.6 14.0
19 28 0 -2 0 0 26.0 32.0
20 13 0 2 0 0 73.4 65.0
21 15 0 0 -2 0 11.2 14.1
22 30 0 0 2 0 85.2 79.8
23 5 0 0 0 -2 34.3 35.5
24 1 0 0 0 2 65.5 61.9
25 4 0 0 0 0 62.6 58.6
26 8 0 0 0 0 59.9 58.6
27 22 0 0 0 0 57.2 58.6
28 24 0 0 0 0 56.5 58.6
29 29 0 0 0 0 57.9 58.6
30 14 0 0 0 0 57.2 58.6

concentration (3). The first step of this study was the identification of
factors likely to affect the conversion yield. Therefore, we assessed sev-
eral screening factors for the RSM experiments, including several different
acyl donors, initial sorbitan concentrations, water contents, and molecular
sieves.
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Fig. 1. Effect of acyl donor on enzymatic synthesis of sorbitan acrylate. Sorbitan con
centration 30 giL, acyl acceptor: acyl donor molar ratio 1: 3, enzyme amount 5% (w Iv),
and reaction temperature 45°C. AA, MA, EA, and VA.

Effect ofAcyl Donor

In this study, we carried out two distinct esterification schemes <acyla
tion and alcoholysis). In the acylation, AA was used as an acyl donor. In the
alcoholysis, MA, EA, and VA were used as acyl donors. Figure 1 shows the
effects of different acyl donors on the enzymatic esterification of sorbitan acry
late. The application of VA to the reaction was shown to result in a higher
conversion yield than was observed with AA, MA, or EA. In cases in which
VA was used as an acyl donor, vinyl alcohol was produced during periods
in which glycosylation occurred. Therefore, we were able to determine that
this process facilitates an irreversible glycosylation, which results in higher
conversion yields (3,5,10,17).

Effects of Initial Sorbitan Concentration

In a previous experiment, we had identified VA as the optimal acyl
donor. The effects of initial sorbitan concentrations on the conversion of
l,4-sorbitan with VA to sorbitan acrylate were investigated using
Novozym 435. As has been shown in Fig. 2, the conversion of l,4-sorbitan
to sorbitan acrylate was approx 19.2% at 135 min, with a 25 giL sorbitan
concentration. High initial sorbitan concentrations, in excess of 50 giL,
resulted in low conversion yields. Sorbitan acrylate was synthesized at a
conversion yield of approx 31.1 % at an initial1,4-sorbitan concentration of
100 giL. In contrast to the final conversion yield of 55%, the initial con
version rate was found to be higher at a sorbitan concentration of 50 giL
within 135 min than was seen when 100 giL of sorbitan was applied.

Applied Biochemistry and Biotechnology Vol. 736-140,2007



602 Jeong and Park

80 -r-----------------------,

60

20

O....L-----.------..,.------,-------.,-----~---'

20 40 60 80
Initial sorbitan concentration (giL)

100

Fig. 2. Effect of initial sorbitan concentration on enzymatic synthesis of sorbitan
acrylate. Sorbitan: VA molar ratio 1 : 3, enzyme amount 5% (w Iv), and reaction
temperature 45°C.

Effects of Water Content and Molecular Sieve

In a previous experiment, the optimal initial sorbitan concentration
was determined to be 50 giL, and so this concentration was used in all sub
sequent experiments. Generally, at least a trace of water is required for
enzymatic bioconversion. Enzymes manifest different reaction and selec
tivity behavior in organic solvents than in water (3-6,17). In this experi
ment, the effects of water content (0-5% [vIv]) and molecular sieve amount
(0-2% [wIv]) on the synthesis of sorbitan acrylate were investigated under
the following conditions: 50 giL of l,4-sorbitan, a 1 : 3 molar ratio of VA,
0.15% (wIv) Novozym 435, and a reaction time of 135 min at 45°C.

As shown in Fig. 3, the addition of water resulted in an inhibition of the
conversion of sorbitan acrylate. High water content induced low-conversion
yields in a range of 1-5% (vIv). At 5% (vIv) water content, sorbitan acrylate
was synthesized with a yield of approx 29.8%. Compared with the yields
achieved under other conditions, the final conversion yield was 57.2% under
conditions in which no water had been added, except for the inherent water
content of the immobilized enzymes used.

Figure 4 shows the effects of the application of molecular sieves as
water absorbents on the enzymatic synthesis of sorbitan acrylate, when
using VA as the acyl donor. The addition of molecular sieves was found to
generally inhibit sorbitan conversion. As compared with the 57.2% con
version yield achieved when no molecular sieves were added, the appli
cation of 20/0 (wIv) molecular sieves resulted in an approx 48.8% sorbitan
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Fig. 3. Effect of water content on enzymatic synthesis of sorbitan acrylate. Sorbitan
concentration 50 giL, sorbitan: VA molar ratio 1 : 3, enzyme amount 5% (wIv), and
reaction temperature 45°C.

acrylate conversion rate. As is shown in Figs. 3 and 4, neither the addition
of water nor the dehydration of water with molecular sieves was required
for the enzymatic synthesis of sorbitan acrylate using Novozym 435. In
subsequent experiments, then, the reaction mixtures contained no water,
except for the inherent water content of the enzymes used.

RSM of Esterification

In order to construct a proper model for the optimization of sorbitan
acrylate synthesis, we elected to use a CCRD, generally considered to be
the best design for response surface optimization. This design featured the
following five-level four-factors: reaction temperature, reaction time,
enzyme amount, and acyl donor / acyl acceptor molar ratio. Table 2 shows
the experimental parameter settings and results on the basis of the exper
imental design. A total of 30 designed experiments were then conducted,
and the results were analyzed through multiple regression. The coeffi
cients of the full model were then evaluated through regression analysis,
and tested for their significance. The insignificant coefficients were elimi
nated in a stepwise fashion on the basis of p-values after the coefficients
had been tested. Finally, the best fitting model was determined through
regression and stepwise elimination. Ultimately, four linear coefficients
(Xl, X2, X3, and X4), three quadratic coefficients (Xi, X~, Xj, and X~, and
two cross-product coefficients (XIX2 and X2X3) were determined to be sig
nificant (Tables 3 and 4).
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Fig. 4. Effect of molecular sieve on enzymatic synthesis of sorbitan acrylate. Sorbitan
concentration 50 giL, sorbitan: VA molar ratio 1 : 3, enzyme amount 5% (wIv), and reac
tion temperature 45°C.

Table 3
Regression Coefficients and Significance of Response Surface-Reduced

Quadratic Model After a Stepwise Elimination

Coefficient Standard
Factor estimate DF error 95% CI low 95% CI high

Intercept 58.56 1 1.721 54.954 62.156
Xl -8.96 1 0.860 -10.760 -7.159
X2 8.23 1 0.860 6.432 10.034
X3 16.43 1 0.860 14.626 18.227
X4 6.61 1 0.860 4.810 8.411
X2 -6.65 1 0.805 -8.337 -4.9681

X2 -2.51 1 0.805 -4.199 -0.8312
X2 -2.90 1 0.805 -4.582 -1.2133

X2 -2.46 1 0.805 -4.147 -0.7784

X1X2 -4.21 1 1.054 -6.411 -2.000
X2X3 1.97 1 1.054 -0.240 4.171

el, confidence interval.

The final estimative response model equation, after the elimination of
the insignificant variables in order to estimate the enzymatic synthesis of
sorbitan acrylate, was as follows:

y = - 210.833 + 6.173 ~ + 0.670 X; + 12.929 X;
+ 21.3859 X4 - 0.067 ~2 - 0.001 Xi - 0.724 Xi
- 2.462 X; - 0.008 ~X; + 0.019 X;X;
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Table 4
ANOVA for Response Surface-Reduced Quadratic Model

Sum of Probability>
Source squares DF Mean square F-value Fa,b

Model 12828.48 10 1282.848 72.217 <0.0001
Xl 1926.58 1 1926.579 108.455 <0.0001
X2 1626.74 1 1626.742 91.576 <0.0001
X3 6475.72 1 6475.721 364.545 <0.0001
X4 1048.74 1 1048.743 59.038 <0.0001
X2

1213.83 1 1213.834 68.332 <0.0001I

X2
173.48 1 173.478 9.766 0.00562

X2
230.26 1 230.260 12.962 0.00193

X2
166.31 1 166.310 9.362 0.00644

XI X2 283.00 1 282.997 15.931 0.0008
X2X3 61.82 1 61.819 3.480 0.0776
Residual 337.51 19 17.764
Lack of fit 310.83 14 22.202 4.160 0.0621
Pure error 26.69 5 5.337
Correlation

total 13165.99 29

aprobality > F, level of significance.
bValues of probality > F < 0.0500 indicate model terms are significant. Values more than

0.1000 indicate the model terms are not significant.

where Y is the response factor, and conversion yield (%). Xl, X2, X3, and
X4 represent the real values of the independent factors-reaction temper
ature (OC), reaction time (min), enzyme amount (wt%), and acyl
donor / acyl acceptor molar ratio (-), respectively. The model coefficients
and probability values are shown in Table 4. All p-values of the coeffi
cients were less than 0.05, and the coefficient of determination (R2) was
0.974 (R2 = 0.90 estimated by model Eq. 2), thereby indicating that the
model adequately represented the real relationship among the factors
selected. The ANOVA for the response surface-reduced quadratic model
is given in Table 4. The coefficients of the response surface model, as are
provided in Eq. 1, were evaluated. A Probability> F-value indicated that
all of the linear coefficients were more highly significant than were their
quadratic and cross-product terms. According to the results of our analy
sis of factors, there was a low lack of fit. This indicates that the model rep
resents the actual relationships of the reaction parameters, well within the
selected ranges.

Figure 5 shows the responses of surface plots representing the effects of
reaction temperature, acyl donor/acceptor molar ratio, reaction time, and
enzyme amount as well as their reciprocal interaction with the synthesis of
sorbitan acrylate, by holding two factors constant at zero level. The relation
ships between the reaction factors and responses can be better understood
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Fig. 5. Response surface plots representing the effect of reaction temperature,
enzyme amount, substrate molar ratio, reaction time, and their reciprocal interaction
with sorbitan acrylate synthesis. Other factors are constant at zero levels.
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with an explanation of the planned series of plots generated from the pre
dicted model, in Eq. 2. As shown in Fig. SA, the low reaction temperature
(35-40°C) results in an increased conversion yield, with an increase in reac
tion time with the other factors at zero level. Conversion was affected
slightly by reaction temperature, and the optimal reaction temperature for
sorbitan acrylate synthesis was determined to be between 30 and 40°C.

Figure 5B represents the effects of different enzyme amounts and reac
tion times on sorbitan conversion at constant reaction temperature (45°C)
and substrate molar ratio (3 : 1). At any enzyme concentration between 3
and 7%, an enhancement of conversion yield leads to an increase in reaction
time. An increase in the amount of introduced enzyme amount results in a
linear increase in conversion yield at a constant reaction time. The maximal
yield was obtained through the administration of a high enzyme amount
and a long reaction time, using a moderate reaction temperature. At any of
the reaction temperatures within the limits of the experimental design, an
increase in the enzyme concentrations enhances the conversion yield in a
linear fashion. Also, with increases in the acyl donor / acceptor molar ratio,
conversion yields were enhanced in a linear fashion with reaction time,
when other factors were maintained at zero level (Fig. 5C).

The effects of reaction temperature and differing enzyme concentrations
on the enzymatic synthesis of sorbitan acrylate, with a acyl donor/acceptor
molar ratio of 3 : 1 and a 135 min reaction time, are shown in Fig. 50. Within
the entire range of introduced enzyme amounts, maximal sorbitan conversion
was accomplished at a mild reaction temperature, of between 35 and 40°C. At
constant reaction temperature, an increase in the amount of introduced
enzymes resulted in a linear increase in sorbitan conversion. Reaction temper
ature also evidenced a high degree of influence on the conversion rate. High
reaction temperatures clearly tended to induce enzyme inactivation. Increases
in the reaction temperature more than 55°C resulted in low-conversion
yields at any enzyme amount because of the inactivation of enzymes at such
high temperatures. This showed that the optimal temperature for Novozym
435 was between 40 and 60°C, as previously reported (4-6).

Figure 5E shows the effects of different reaction temperatures and
acyl donor / acceptor molar ratios on sorbitan conversion conducted with
a constant reaction time (135 min) and enzyme amount (5%). An increase
in the introduced acyl donor/acceptor molar ratio resulted in a general
increase in conversion yields at constant reaction temperature. The optimal
yield was obtained at a 4.25 : 1 acyl donor / acceptor molar ratio and a 40°C
reaction temperature.

The effects of different enzyme amounts and acyl donor/acceptor
molar ratios on the enzymatic synthesis of sorbitan acrylate at zero level
are shown in Fig. SF. Increases in the amount of introduced enzymes or in
the acyl donor / acceptor molar ratio both resulted in a linear increase in
conversion yields, when reaction temperature and time were constant.
Maximal conversion was achieved using a high enzyme content and a
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Fig. 6. Response surface plot representing the effect of reaction temperature and
reaction time of the optimal enzymatic synthesis condition at the stationary point
(enzyme amount 8%, and acyl donor/acceptor molar ratio 4.49 : 1).

high acyl donor/acceptor molar ratio. As compared with the results
shown in Fig. 5, the optimal conversion yields were achieved using a high
enzyme amount and a high acyl donor / acceptor molar ratio, as well as a
long reaction time, at a reaction temperature of between 40 and 45°C. This
pattern is similar to the previous report (4).

The optimum values of the selected factors were obtained by solving
the regression equation (Eq. 2), using Design-Expert 6 software. The opti
mal conditions for the lipase-catalyzed enzymatic synthesis of sorbitan
acrylate, as estimated by the model equation, were as follows: Xl =40.1°e,
X2 =237 min, X3 =8%, and X4 =4.49 : 1 (Fig. 6). The theoretical conversion
yield predicted under the above conditions was Y = 100.1 %. In order to
conform the prediction value by the model, using these optimal conditions
in three independent replicates, the average yield reached 97.6 ± 1.3%. This
confirms that RSM coupled with proper experimental design can be effec
tively used in the optimization of lipase-catalyzed processes.
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Abstract

A review of studies of biomass potential in the United States finds a wide
variation in the estimates. A number of specific policy-relevant questions about
the potential of biofuels in the United States are answered. A recently published
global analysis of the potential conflict between land needed for bioenergy and
land needed for food is extended to the situation in the United States. A renew
able energy supply scenario, capable of meeting the 2001 US energy demand,
indicates that there is enough land to support a renewable energy system but
that the utilization of biomass would be limited by its land requirement.

Index Entries: Agriculture; forest; postfossil; renewable energy; scenario;
land requirements.

Introduction

Oil production in the United States peaked in 1970 and many expect
world oil production to peak by 2020. Odell (1) expects that natural gas will
fill in for oil, and peak about 2060, followed by unconventional oil and gas,
which in his projection will peak about 2080 and 2100. This allows the global
oil and gas consumption rate to increase from the current rate of 263 EJ/yr
at a rate of 1.6%/yr for the first half of the present century, to a level of 702
EJ/yr, then level off, and finally decrease rapidly at the beginning of the next
century. At this point, the use of coal, nuclear breeder energy, and/or some
forms of renewable energy must expand rapidly to fill in for the declining
production of oil and gas. In a similar vein, Turton (2) projects a rapid expan
sion in the use of biomass for fuels beginning in 2050 and reaching 180 EJ in
fuels, requiring 320 EJ in raw biomass by 2100. What role can we expect
biomass and other forms of renewable energy to play in this postpetroleum
age? Will land availability limit the ability of renewable sources to meet the
demand? Will biomass energy become a big new customer for land, reduc
ing the availability of land for food?

*Author to whom all correspondence and reprint requests should be addressed.
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Review of Studies of the Bioenergy Potential in the United States

According to the following five studies, the potential amount of
liquid fuel from cellulosic biomass in the United States ranges from less
than 10 to 30 EJ. Lynd et al. (3) estimate 30 EJ of ethanol from 160 Mha
devoted to energy crops. Ethanol productivity is assumed to increase to
168 GJ/ha because of improved biomass productivity (18.0 Mg/ha) and
process yield (0.53 J ethanol/J biomass). Hoogwijk et al. (4) estimate 20
EJ largely from agricultural land no longer needed for food production
because food productivity is assumed to outpace population growth, but
the land area is not specified. Green et al. (5) estimate 15 EJ from 37 Mha
plus the use of corn stover. They assume that by 2050 ethanol productivity
will increase to 335 GJ/ha. This study calls for the unusual measure of
replacing soybeans with switchgrass, justified on the claim that much
more ligno-cellulosic biomass can be produced while producing the same
amount of protein. Perlack et al. (6) estimate a potential of about 8.5 EJ of
liquid biofuels, largely from residues of existing biomass operations and
improved agricultural yields. They require only 22 Mha of land exclu
sively for energy crops. McLaughlin et al. (7) base their estimate on the
modeled economic response to prices paid for switchgrass; at 44 US$/Mg
they find only 1.4 EJ of ethanol is produced. This requires 16.4 Mha, reducing
crop production and increasing the price of corn, wheat, and so on, by
10-15%. This study is particularly important because it is the only study
that examines the economic effect of energy crop production on food pro
duction. In none of these studies is the role of biomass in a total renewable
energy system of the country considered. The section entitled
"A Renewable Energy Scenario to Produce the Energy Used in the United
States in 2001" in this article is an attempt to rectify this situation; it calls
for 16 EJ of liquid fuel and 3.1 EJ of solid fuel from biomass.

Biomass Energy, is There Enough Land in the United States?

The question is a little vague. Is there enough land to do what, with
what technology, and on whose land? Let us begin by examining some
more specific questions.

Is There Sufficient Cropland in the United States to Provide Enough
Ethanol From Corn to Make a 10% by Volume Blend, Often Referred
to as E-l 0/ ofAll the Gasoline Used in 2001?

The gross ethanol yield per acre from corn is taken to be 74.2 GJ/ha
(equivalent to 3516 L of ethanol/ha) (8), and it is the gross land-energy pro
ductivity that should be used in this case because we just want to know
whether biomass can supply enough ethanol, regardless of the source of
the energy to produce it. (The net energy will come later.) In 2001, 479 GL
(126.6 billion gal) of gasoline were used in the United States (9). Hence, for
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a 10% volume blend, 13.7 Mha (33.8 million acres) would be required.
Inspection of the United States land use (10) indicates that this amount
could be met from the idled and reserve program land. However, note that
this amount of land area is half the total land currently allocated to corn
(11). Hence, corn might be able to support the current effort to promote
E-10 but not much more, and E10 replaces only 10% of the gasoline.

How Much Could the Required Land Area be Reduced
by Converting Some of the Corn Stover to Ethanol?

Kim and Dale (8) analyzed the case in which 70% of the stover as well
as the corn grain, was converted, and wheat was grown as a winter cover
crop to offset the loss of the organic matter as a result of the removal of a
portion of the stover. In their study the corn grain yield was 8.12 Mg/ha-yr
and the corn stover 5.70 Mg/ha-yr. From the corn they obtained 2.88
Mg/ha-yr of ethanol; and from the stover, 1.68 Mg/ha-yr. Important
byproducts included corn gluten meal, 0.46 Mg/ha-yr; corn gluten feed,
1.96 Mg/ha-yr; and corn oil, 0.36 Mg/ha-yr. In addition 1.28 MWH/ha of
electricity was obtained.

In this case they found the gross land-ethanol productivity to be
122 GJ Iha (617 galla). The energy inputs for the corn grain are summarized
as follows, in GJ Iha: agricultural processes, 22.7; wet-milling, 42.5; and
energy avoided owing to coproduct production, -49.5. The energy inputs for
the corn stover, in GJ Iha, are for corn stover conversion, 5.0; and avoided
electricity, -15; for a subtotal of 5.7 for both aspects of the process. Thus, the
overall net land-ethanol productivity is 122 - 5.7 = 116.3 GJ Iha, or 588 gal
ethanolI acre.

Note the importance of the avoided energy of the byproducts in
reducing the energy required to produce the ethanol. The stover adds not
only cellulose to increase the ethanol output, but also adds thermal energy
to power the process and supply excess electricity. The net ethanol land
productivity is 116.3 GJ Iha (588 gallacre), whereas without the stover, the
gross land ethanol productivity is only 74.2 GJ Iha (375 gallacre). Hence,
the land required to make the ethanol for a 10% blend is reduced from 13.7
to 8.66 Mha. In this case the energy required to grow and process the
ethanol is supplied by process residuals (largely lignin) and a portion of
the product ethanol.

How Much Energy is Saved When Ethanol is Made From Corn?

Ferrell et al. (12) have reviewed a number of conflicting papers and
come to the following conclusions.

For Corn Ethanol

Per amount of energy in the ethanol, the nonrenewable energy inputs
are: 0.05 of petroleum, 0.3 of natural gas, 0.4 of coal, and 0.04 of hydro and
nuclear for a total of 0.79. Per unit of energy in gasoline the energy inputs
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Table 1
Land Requirements for Food and Energy

World

Converse

Item

Arable land (m2 / person)
Forests and pastures (m2 / person)
Food consumption (Kg wheat equivalent)
Food production (Kg wheat eq./m2)

Arable land needed for food (m2)

Energy consumption (GJ/person-yr)
Biomass production (Mg/ha)
Energy production (GJ/ha-yr)
Land required for energy (m2 / person)
Land required for food and energy (m2 / person)

Sources from ref. 13 and this work.

Poor Rich

2500
12,400

200 800
0.2 1.0

1000 800
35 200
1.0 15
18 270

19,000 7400
20,000 8200

United States

6140
15,300

800
0.233
3400
330
15

270
12,200
15,600

are: 1.1 of petroleum, 0.03 of natural gas, 0.05 of coal, and 0.011 of hydro
and nuclear, for a total of 1.191. So when one unit of gasoline energy is
replaced with one unit of corn ethanol energy, 1.1 - 0.05 = 1.05 units of
petroleum energy are saved. However, 0.3 - 0.03 = 0.27 units of natural gas
energy are expended and 0.4 - 0.05 = 0.35 units of coal are expended.
Regarding the total energy when one unit of corn gasoline energy is
replaced with one unit of corn ethanol energy, 1.19 - 0.79 = 0.40 units of
energy are saved. So, if corn ethanol is used in an effort to reduce
petroleum imports, it is quite effective; the reduction in imported
petroleum energy is 105% of the energy in the ethanol. However, if corn
ethanol is used to reduce fossil fuel use, such as would be the case when
greenhouse gases are of concern, it is much less effective; the reduction in
fossil fuel use is only 44% of the energy in the ethanol. And the reduction
in total nonrenewable energy is only 40%.

For Ethanol From Cellulosics

The substitution of one unit of energy in cellulosic ethanol for one in
gasoline saves 1.09 units of nonrenewable energy. Not only does the use of
cellulosics greatly expand the resource base, it is far more energy efficient
than corn.

Can Biomass Supply the Primary Energy Consumption
Without Compromising Food Production?

The global analysis, summarized in the first three columns of Table I,
taken from Nonhebel (13), is based on the current world population of six
billion; the extension to the United States in the fourth column is based
on the current United States population of 300 million. The analysis
distinguishes between so-called "poor" and "rich" societies. Food
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consumption (line 3) in "rich" societies is high owing primarily to the
inclusion of meat in the diet. Food productivities (line 4) are based on the
world average for the "poor" and Holland's maximum for the "rich". The
corresponding land requirements for food (line 5) are nearly the same for
"rich" and "poor," the higher productivity of the "rich" being offset by
their greater consumption. Note that if the average United States wheat
yield, 0.233 kg/m2 (10), had been used for the "rich" food productivity, the
land requirement would be much higher, specifically, 3433 m2, as shown in
the United States column. This does not exceed the United States arable
land per capita but it does exceed the world average of 2500 m2, indicating
that the rich diet and the United States wheat productivity cannot be
shared by all. Assumptions concerning energy consumption are presented
in row 6; as indicated, the US energy consumption exceeds Nonhebel's rich
level. Biomass productivity is given on lines 7 and 8. The value of 15 Mg/ha
is based on the performance of plantations of short-rotation woody
biomass. The value of 1 Mg/ha seems low. The author indicates a value of
2 Mg/ha for unfertilized plots earlier in the article; and values of 3-8 are
given in the literature (14). However, the productivity of a typical Swedish
forest is 1 Mg/ha-yr (15). Furthermore, many who use biomass for fuel live
in areas of poor rainfall. Hence, the biomass productivity has not been
changed. Even if it were as high as 3 Mg/ha there still would not be enough
arable land. The energy productivity (line 8) is based on the heat content of
biomass with no consideration of product yield or processing and harvest
ing requirements. Thus, it is an upper limit. The corresponding land
requirements for primary energy are given in line 9. In all three cases the
land required for food and biomass greatly exceeds the arable land indicat
ing that food production would have to be reduced if sufficient arable land
were allocated to bioenergy to meet the full primary energy demand.

What can be Expected From the United States Forests?

From forest surveys (16), the total live biomass in the 202 Mha
(500 million acres) of US Timberland, including Alaska, is 21.9 Pg (24,120
million dry t). The gross growth rate is 3.55% of live biomass. This is par
tially offset by the death rate, 0.75%, and the removals rate, 1.9%, leaving
a net accumulation rate of 0.9% (17). Thus, the annual increase in live
biomass is 0.197 Pg/yr (217 million dry t/yr). In addition Perlack et al. (6)
estimate that 0.260 Pg/yr. (287 million dry t/yr) could be obtained from
residues and fire hazard reduction. (see Review of Studies of the Bioenergy
Potential in the United States section) Adding this to the net annual
increase in live biomass yields 0.457 Pg/yr (503 million dry t/yr) for the
total. The energy content of this (using 17.6 MJ/kg) is 8.0 EJ (7.5 quads),
which would yield about 3.7 EJ of liquid biofuel. However, at present some
residues are in use for direct heating and the generation of electricity.

The aforementioned figures are based on surveys of only 206 Mha
(500 million acres) of "productive unreserved forest" whereas the total
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forest area is 309 Mha (750 million acres). However, the remaining 103 Mha
(250 million acres) consists of low-productivity forest in the west and in the
interior of Alaska, and protected acres in wilderness areas and national
parks (18). The availability of cheap oil has been a disincentive to producing
fuels from cellulosic biomass. Without this restraint and with improved
technology for converting cellulosic biomass to liquid fuels, regulation to
preserve the sustainability of forest growth may well be even more impor
tant than now.

How Much Additional Liquid Fuel Could be Made
if Animal Production Were Reduced by 50%?

According to the mass flow diagram of Heller and Keoleian (19),
177 Tg/yr (390e9Ibs/yr) of grains are fed to animals. This is slightly more
than the 162 Tg (356e9Ibs) exported, which required 37.2 Mha (92 million
acres) (see Appendix A). This indicates that approx 41 Mha (100 million
acres) are used to produce grain to be fed to animals, not counting the
extensive land used for pasture. In addition to the land used for grain pro
duction and pasture, 42 Mha (103 million acres) are used to grow hay
(Appendix A). Hence, if animal production were reduced by 50% there
would be about 41 Mha (100 million more acres) for biomass, which
according to the value of 116.3 GJ Iha (588 gallacre) (8), would yield 4.77 EJ
ethanol (58 billion gal ethanol), about 30% of the gasoline (on an energy
basis) used in 2001.

How Does the Land Productivity for Photovoltaic Hydrogen
Compare With That of Biomass?

Long-term photovoltaic (PV) efficiency based on insolation on the
horizontal is assumed to be 10%. Average insolation in the United States is
taken to be 59,000 GJIha-yr. (Source: Inspection of insolation contour plots
from de Jong [20]). This is supported by the fact that a typical year's inso
lation in Madison, WI is 51,500 GJ Iha-yr (21). The land-PV electricity pro
ductivity = 0.1 x 59,000 GJIha-yr = 5900 GJ-electric/ha-yr. Electrolysis
efficiency is assumed to be 80%. The land-hydrogen energy productivity =
0.8 x 5900 = 4720 GJ-hydrogen/ha-yr. (23,883 gallacre ethanol equivalent).
Note how much greater this is than the current value of 49 GJIha-yr or
even the optimistic value of 335 GJIha-yr (5) presented in Section "Review
of studies of the Bioenergy Potential in the United States".

What is the Land-Energy Productivity for Biodiesel Compared
With Bioethanol?

For biodiesel made by esterification of oil from soybeans grown in a
corn-soybean rotation, soybean production was 2.60 Mg/ha-yr, yielding
0.46 Mg/ha-yr of diesel fuel (8). Based on 37.8 MJ IMg this corresponds to
a land-energy productivity of 17.4 GJ/ha-yr. The aforementioned figure

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



Renewable Energy in the United States 617

of 2.60 Mg/ha-yr is supported by the value of 2.51 Mg/ha-yr found in
Table AI, which is drawn from total United States production data. The
result of 17.4 GJ/ha-yr is in rough agreement with the value of 25
obtained independently (22). Hence, the gross land liquid-fuel productivity
is much smaller than that obtained for corn ethanol, 74.2GJ/ha-yr (8).
However, a recent study (23) found that without byproducts considered,
the net energy in biodiesel was 73% of the gross, and 20% in ethanol from
corn. Hence, the net land liquid-fuel productivity would be 12.7 GJ Iha for
soy diesel and 14.8 GJ Iha for corn ethanol.

Is There Enough Cropland in the United States for Ethanol
From Biomass to Replace all the Gasoline Used
in the United States in 2001?

On an energy equivalent basis, it would require 727 billion L
(192 billion gal) of ethanol to replace the 480 billion L (126.6 billion gal)
of gasoline used in 2001 (9). Using the land-ethanol productivity of 116
GJ Iha (588 gallacre), (developed in the answer to question 2) this would
require 132 Mha (326 million acres). This is greater than the currently har
vested cropland; however, this land might be found if one looked hard:

1. From reserve programs, cropland used for pasture, and 'other' land,
65 Mha (10).

2. By eliminating export grains, 37 Mha (Appendix).
3. By reducing animal production by 50%,40 Mha (see above discussion).
4. By replacing soybeans with switchgrass, 29 Mha (see Review of

Studies of the Bioenergy Potential in the United States section and
ref. 5), for a total of 171 Mha.

A Renewable Energy Scenario to Produce the Energy Used
in the United States in 2001

The extent to which biomass energy is used will depend on how
much is needed, and this means that the energy demand and other
sources of supply need to be spelled out in detail. The following scenario
is based on the energy used in the United States in 2001 and the constraint
that neither fossil fuel nor nuclear power be used. The underlying ratio
nale is to determine whether an energy system using only renewable
energy sources available in the United States is possible, or better
expressed, what the land requirements might be. It is based on a set of
plausible assumptions, and is meant to give a rough sketch of the role
biomass might play.

The land-energy productivities on which the scenario is based, are
presented in Table 2. The nonelectrical 2001 demands are presented, along
with renewable means of satisfying them, in Table 3. The 2001 electrical
demands are presented, along with the renewable means of satisfying
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Table 2
Land Renewable Energy Factors

Converse

Technology

Wind electric
Photovoltaic
Solar-thermal
electric (STE)
Solar-thermal

Liquid biofuel
Switchgrass,
advanced
Wind hydrogen

Biomass solid

Solar Factor
efficiency (%) (GJ/ha-yr) Sources

n. a. 416 24
10 5886 29

11.5 6771 30

34.5 20/371 Based on three times's
the output of STE

0.19 113 Corn and 70% stover (8)
0.56 331 Dependent on R&D (5)

n. a. 354 Based on wind-electric and
85% electrolysis efficency

0.30 180 Based on 282 GJ/ha for
less 15% loss in harvesting
and 25% loss in combustion

n. a" not applicable.

Table 3
Renewable Energy Scenario to Cover 2001 Nonelectric Energy Use

Renewable energy scenario
In 2001 Energy

Type of use EJ/yr EJ/yr TWh/yr source

Transportation
Aviation fuel (31) 3.0 3.0 Hydrogen
Gasoline (10) 15.4 7.7 Biomass liquid

7.7 725a Electricity
Diesel fuel (10) 5.0 4.0 Biomass liquid

1.0 98 Electricity
Other fuel (10) 4.4 3.2 314 Electricity

1.2 Biomass liquid
Total transportation (32) 27.8 27.8

Nonfuel (Chemicals 6.2 3.1 Biomass liquid
and so on) (33)

3.1 Hydrogen
Residential, commercial, 28.3 3.1 Biomass solid
and industrial nonfuel (32)

14.7 Solar thermal
10.5 Conservation

Electric storage lossb 284

Total 62.3 62.3 1421

aBased on 10.6 MJ/kWh rather than 3.6 to account for thermal conversion.
bIt is assumed that 50% of the electricity is stored and that 25% of this is lost because of

electrochemical conversions.
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Table 4
Renewable Energy Scenario to Cover 2001 Electrical Energy Use

619

Source
2001a

TWh
Renewable energy scenario
TWh Land (Mha)

Fossil
Nuclear
Hydro
Biomass
Waste (MSW)
Geothermal
STE
Photovoltaic
Wind
Other
Storage lossb

Total

2677
769
217
35.2
21.8
13.7
0.25
0.25
6.7
4.7

3737

o
o

434
o

30
137
943
313
1883

5
936

4460

0.57
0.21
20.8

21.6

aDOE Annual Energy Review, Table 8.2a (34).
bIt is assumed that 50% of the electricity is stored and that 25% is

lost in electrical conversions. Supply divided among STE, 30%; PV,
10%; and Wind, 60%.

Table 5
Summary of Land Requirements

Energy content Land factor Land
Item EJ TWh GJ/ha MWh/ha Mha

Biomass liquid 16.0 113 142
Biomass solid 3.16 180 17.5
Hydrogen (wind) 6.12 354 17.2
Solar-thermal 14.7 20,371 0.7
Electricity 5881

Wind (60%) 3529 416 116 30.4
STE (30%) 1764 6771 1882 0.93
PV (10%) 588 5886 1636 0.36

Total 40.0 5881 209.1
21.1 EJe

Note. This scenario calls for 15.7 EJ (14.9 quads) of biomass liquid. According to Lynd et al.
(3) this option would also produce 349 TWh of electricity. Using the land wind electrical
energy factor of 116 MWh/ha (0.47 e5 kWh/acre), this would reduce the wind land require
ment by 3.0 Mha (7.4 million acres).
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them, in Table 4. Finally, the amounts of the various forms of renewable
energy and their land requirements, are presented in Table 5.

This scenario calls for a great deal of wind energy; it requires 6.0% of
the land in the lower 48 states to be used for wind power. There is enough
land if some class 3 sites are used. Elliot and Swartz (24) conclude that,
while avoiding all environmentally sensitive areas, class 3 and above wind
sites occupy 18% of the land area and have a potential of 14,300 TWh/yr.
Class 4 characteristics were used to compute the average wind energy land
productivity in this study. One of the desirable aspects of wind power is
that the use of an area of land for wind power does not preclude its use for
agriculture. In fact, combining a biomass plantation with a wind farm
makes good sense. (25)

156 Mha (385 million acres) for biomass is also very large but some of
the studies reviewed in previous sections indicate that this might be possi
ble, especially, if exports were reduced, agricultural and dietary practices
were changed, forest and agricultural residues were utilized, and/or bioen
ergy technology improved as expected. Several alternatives (solar-thermal,
solar-thermal-electric, wind-electric, and hydrogen from electricity) that
are less land intensive, are available if necessary.

Obviously many other menus of energy supply are possible. Wind
energy is emphasized over photovoltaic conversion because it is less
expensive and does not cover the land. Hydrogen was selected for avia
tion fuel because of its high energy density, and the fact that there is
some experience with hydrogen as an aviation fuel (26). I chose a mixture
of biofuels and electricity for vehicles over hydrogen because of the low
cost and efficiency (27) and the promise of hybrid vehicles.

The storage requirement (50% of electrical generation to be stored and
25% of this lost owing to conversion) is speculative. I have assumed that
electro-chemical batteries would be used but hydrogen could be used for
electrical storage; however, the energy loss is very large, although the cost
of storage is less (28). Hydrogen in this scenario is for uses that do not
require it to be converted back into electricity.

The land-energy productivity used in this scenario for biomass liquid
fuel, 116 GJfha, is based on corn kernels plus 75% of the stover (8). Although
it is higher than the current technology of using only corn kernels, it does
not represent a particularly optimistic value. A more optimistic value, pro
jected to occur by 2050 in Green et aL (5) on the basis of improvements in
switch grass productivity, which have been achieved in experimental plots,
the use of Fischer-Tropsch synthesis as well as fermentation, and expected
fermentation improvements, is 331 GJ/ha. This would reduce the land
required for biomass liquid fuels from 142 to 48 Mha, obviously a much
more accessible amount.

Hopefully, the scenario puts biomass energy into context and begins
to lay open the nature of a sustainable renewable energy system at the
2001 level of demand in the United States. The study indicates that there
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~
T

ab
le

A
l

"0 ~
A

g
ri

cu
lt

u
re

L
an

d
U

se
(D

'
Q

... O
J

Y
ie

ld
0'

A
re

a
P

ro
d

u
ct

io
n

A
v

er
ag

e
D

en
si

ty
P

ro
d

u
cs

ts
('

) :::r
-

U
ni

ts
(M

ha
)

(1
1)

(M
u

n
it

s)
(1

1)
y

ie
ld

(u
n

it
s/

h
a)

(k
g

/u
n

it
)

(1
1)

(T
g)

(M
g

/h
a)

('t
) :3 V
i'

q-
C

o
rn

fo
r

g
ra

in
b

u
27

.6
2

88
07

.0
31

8.
9

25
.4

22
3.

7
8.

10
"
'( tlJ

C
o

rn
si

ll
ag

e
to

ns
2.

7
97

.3
36

.0
90

7
88

.2
32

.6
7

::J Q
... O
J

S
o

rg
u

m
fo

r
g

ra
in

b
u

2.
73

33
3.

6
12

2.
2

25
.4

8.
5

3.
10

0'
W

h
ea

t
fo

r
g

ra
in

b
u

18
.4

3
15

77
.8

85
.6

27
.2

42
.9

2.
33

(D ('
)

O
at

s
fo

r
g

ra
in

b
u

0.
81

11
0.

0
13

5.
8

14
.8

1.
6

2.
01

:::r
-

::J a
B

ar
le

y
fo

r
g

ra
in

b
u

1.
62

21
4.

4
13

2.
3

21
.8

4.
7

2.
89

~ "'(
R

ic
e

cw
t

1.
3

21
0.

4
16

1.
8

45
.3

9.
5

7.
33

S
oy

be
an

s
fo

r
b

ea
n

s
b

u
29

.3
27

08
.8

92
.5

27
.2

73
.7

2.
51

P
ea

n
u

ts
fo

r
n

u
ts

L
bs

0.
49

31
34

.0
63

95
.9

0.
45

4
1.

4
2.

90
0

\
D

ry
ed

ib
le

b
ea

n
s

L
bs

0.
68

32
.0

47
.1

27
.2

0.
9

1.
28

~
C

o
tt

o
n

ba
le

s
5.

04
17

.3
3.

4
21

8
3.

8
0.

75
T

ob
ac

co
L

bs
0.

17
87

0.
0

51
17

.6
0.

45
0.

4
2.

30
P

ot
at

oe
s

cw
t

0.
51

45
1.

0
88

4.
3

45
.3

5
20

.5
40

.1
0

S
u

g
ar

b
ee

ts
to

ns
0.

55
27

.8
50

.5
90

7
25

.2
45

.8
4

S
u

g
ar

ca
n

e
to

ns
0.

4
35

.3
88

.3
90

7
32

.0
80

.0
4

F
or

ag
e

u
se

d
fo

r
h

ay
to

ns
25

.9
2

21
1.

3
8.

2
90

7
19

1.
6

7.
39

A
lf

al
fa

ha
y,

(d
ry

)
to

ns
9.

16
68

.8
7.

5
90

7
62

.4
6.

81
S

m
al

l-
g

ra
in

h
ay

(d
ry

)
to

n
s

1.
76

7.
8

4.
4

90
7

7.
1

4.
02

T
am

e
h

ay
(d

ry
)

to
ns

10
.8

9
52

.4
4.

8
90

7
47

.5
4.

36

~
W

il
d

h
ay

(d
ry

)
to

ns
2.

72
8.

1
3.

0
90

7
7.

3
2.

70
H

ay
la

g
e

fr
o

m
al

fa
lf

a
(g

re
en

)
to

ns
1.

44
23

.3
16

.2
90

7
21

.1
14

.6
8

~
O

th
er

h
ay

la
g

e
(g

re
en

)
to

ns
0.

72
11

.2
15

.6
90

7
10

.2
14

.1
1

C
\ I ~

T
ot

al
-

14
5.

0
-

88
4.

2
,0 N 0 0 '-.

J



~
T

ab
le

A
2

~
A

g
ri

cu
lt

u
re

L
an

d
U

se
rD

'
0.

.
O:

:J
E

xp
or

t
(1

)
E

xp
or

t
la

n
d

In
t.

la
n

d
N

et
In

t.
u

se
R

es
id

u
e

y
ie

ld
R

es
id

u
e

o' (
)

1
e6

M
g

M
h

a
M

h
a

1
e6

M
g

k
g

/k
g

(3
)

1
e6

M
g

::r
-

('D :3 ;;;
.

C
o

rn
fo

r
g

ra
in

47
.0

6
5.

81
21

.8
1

17
6.

6
1

22
3.

7
q- ""tl.J

C
o

rn
si

ll
ag

e
-

0.
00

2.
70

88
.2

::J 0.
.

S
o

rg
u

m
fo

r
g

ra
in

3
0.

97
1.

76
5.

5
O:

:J o'
W

h
ea

t
fo

r
g

ra
in

25
.4

10
.9

1
7.

52
17

.5
1.

23
52

.8
rt

)
(
)

O
at

s
fo

r
g

ra
in

1
0.

50
0.

31
0.

6
1.

16
1.

9
::r

-
::J a

B
ar

le
y

fo
r

g
ra

in
2.

56
0.

89
0.

73
2.

1
1.

45
6.

8
~ ""

R
ic

e
3.

54
0.

48
0.

82
6.

0
0.

78
7.

4
S

oy
be

an
s

fo
r

b
ea

n
s

36
.8

8
14

.6
7

14
.6

3
36

.8
P

ea
n

u
ts

fo
r

n
u

ts
0.

00
0.

49
1.

4

0
\

D
ry

ed
ib

le
b

ea
n

s
-

0.
00

0.
68

0.
9

~
C

o
tt

o
n

2.
21

2.
95

~

T
ob

ac
co

0.
16

0.
07

0.
10

0.
2

P
o

ta
to

es
0.

00
0.

51
20

.5
S

u
g

ar
b

ee
ts

-
0.

00
0.

55
25

.2
0.

95
24

.0
S

u
g

ar
ca

n
e

-
0.

00
0.

40
32

.0
F

or
ag

e
u

se
d

fo
r

h
ay

-
0.

00
25

.9
2

19
1.

6
A

lf
al

fa
h

ay
(d

ry
)

0.
00

9.
16

62
.4

S
m

al
l-

gr
ai

n
h

ay
(d

ry
)

-
0.

00
1.

76
7.

1
T

am
e

h
ay

(d
ry

)
-

0.
00

10
.8

9
47

.5
W

il
d

h
ay

(d
ry

)
-

0.
00

2.
72

7.
3

~
H

ay
la

g
e

fr
o

m
al

fa
lf

a
(g

re
en

)
0.

00
1.

44
21

.1
~

O
th

er
h

ay
la

g
e

(g
re

en
)

0.
00

0.
72

10
.2

0
'\ I

T
ot

al
12

1.
8

37
.2

10
5.

6
76

0.
9

6.
57

31
6.

5
-.

.l
.

4::
:.

,0 ~ 0 0 "'"



Renewable Energy in the United States 623

is enough land for a sustainable renewable energy system at the level of
demand experienced in 2001, and that the utilization of biomass, although
quite significant, would be limited by its land requirement.
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Appendix A Agriculture Land Use

The following worksheets, Tables Al and A2, are based on data from
the 2002 Census of Agriculture (11) and other references as indicated on
the worksheet. It contains information on crop production, crop yields,
acreage, exports, acreage used for exports, and residue production. In
Table AI, values for the area, production in terms of the units given in the
units column, and density are entered directly. This allows the yields and
the production in Mg to be computed. In Table A2 the exports and residue
yields are entered directly. This allows the land area required for exports
to be computed from the known yield given in Table AI. Similarly, the land
left for internal use can be computed and along with it the production used
internally. Finally the amount of residue can be computed from the residue
yield and the total production.
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Abstract

Electrical power production from the combustion of biogas from anaero
bic digestion (AD) of manure is a means of recovering energy from animal
waste. We evaluate the lowest cost method of moving material to and from
centralized AD plants serving multiple confined feeding operations. Two
areas are modeled, Lethbridge County, Alberta, Canada, an area of concen
trated beef cattle feedlots, and Red Deer County, Alberta, a mixed-farming
area with hog, dairy, chicken and beef cattle farms, and feedlots. We evaluate
two types of AD plant: ones that return digestate to the source confined feed
ing operation for land spreading (current technology), and ones that process
digestate to produce solid fertilizer and a dischargeable water stream (tech
nology under development). We evaluate manure and digestate trucking,
trucking of manure with return of digestate by pipelines, and pipelining of
manure plus digestate. We compare the overall cost of power from these sce
narios to farm or feedlot-based AD units. For a centralized AD plant with
digestate return for land spreading the most economical transport option for
manure plus digestate is by truck for the mixed-farming area and by pipelines
for the concentrated feedlot area. For a centralized AD plant with digestate
processing, the most economical transport option is trucking of manure for
both cases.

However, for the concentrated feedlot area, pipeline transport of manure is
close in cost to trucking, and the impact of truck congestion would likely lead
to selection of pipeline transport. For the mixed-farming area, centralized AD
is more economical than for any individual farm or feedlot unit. For the con
centrated feedlot area, a centralized AD plant is less economical than a feed
lot-based AD unit more than 55,000 head (digestate return) and 300,000
head (digestate processing). The study demonstrates the viability of central
ized AD plants vs farm-based units in most farming environments, and that
careful analysis of the cost of pipeline vs truck transport of manure and
digestate is required on a case-by-case basis.

Index Entries: Anaerobic digestion; biogas plant; digestate processing;
manure; manure pipeline; optimum size; trucking.
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There are three reasons to process manure to biogas (a mixture of
methane, carbon dioxide, and trace gases) through anaerobic digestion
(AD). The first reason is to recover useable energy that contributes no net
carbon to the atmosphere (1,2). Biogas from small AD plants is typically
used for heat or combined heat and power, with power being produced
from an internal combustion engine-driven generator. Typical generator effi
ciencies based on lower heating value are 37-43% (3/4). The amount of heat
recovered depends on the available heat sink; European AD plants often
feed biogas to a combined heat and power plant that utilizes waste heat in
a district heating system (5). Larger amounts of biogas can be processed in a
combined cycle power plant with thermal efficiencies of 55% or higher (6).
As an alternative, biogas can be scrubbed to remove H2S and CO2 and com
pressed to produce a pipeline quality natural gas (7/8). If the CO2 is recovered
and sequestered a double-carbon credit can be claimed, one for displacing
fossil fuel for power generation and one for carbon capture (9).

A second reason to use AD for biogas is to reduce the risk from
pathogens, for example, Escherichia coli, from land spreading, the most
common manure disposal step today. Thermophilic or mesophilic AD with
a sanitization step destroys all or virtually all pathogens (10-12). Note that
current AD technology does not eliminate the need for land spreading, but
rather changes what is spread from raw manure to digestate (the material
left after biogas production) or its liquid component.

A third and prospective benefit from AD processing of manure is the
potential to recover nutrients from digestate, leaving a disposable water
stream. As discussed below in the results of the study this has the poten
tial to significantly reduce transport costs associated with centralized AD
plants. In addition, it has the potential to alleviate serious nutrient imbal
ance problems, reducing the risk to human health from excess phosphate
in drinking water (13-15), by producing a concentrated fertilizer that can
be economically moved to areas that need the nutrients. Full digestate pro
cessing is an area of intense research, but the only commercially available
and fully demonstrated treatment of digestate today is solid-liquid sepa
ration, which can remove half or more of phosphate into a transportable
solid fraction (16/17).

AD has a strong economy of scale. Both analysis of actual capital cost
data from Danish plants and theoretical studies show a scale factor of
about 0.6 (18), where scale factor is the exponent in the relationship:

Cost = Cost x (Capacity /Capacity )scale factor
plant2 plantl plant2 plantl

In biomass processing plants that transport biomass from external
sources, there is a tradeoff in two cost factors. As plant capacity increases,
biomass must be moved to the plant from longer distances, increasing the
transportation cost. As plant capacity increases, the economy of scale that
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arises from the scale factor reduces the cost of capital recovery and operating
costs per unit of output. Competition between these two cost factors leads
to an optimum size of processing for biomass processing (19-24). As
biomass availability per overall unit area surrounding a plant (which we
call gross yield to distinguish from species-specific yields of biomass)
increases, optimum plant size increases.

In previous work we used two locations in the province of Alberta,
Canada, to model the economics of AD of manure in centralized plants vs
plants based at the confined feeding operation (CFO) (18). Lethbridge
County is an area of intense processing of beef cattle and is unique in
Canada; typical feedlots contain 25,000 to 100,000 head, and the overall
county contains an average of 570,000 beef cattle (25). Average gross yield
of manure is 280 dry t/km2/yr (for clarity, gross manure yield is the yield
per total area in the county). Manure as recovered has an estimated mois
ture content of 70% (26). A similar area in North America is the large meat
processing industry supported by feedlots in the area of eastern Colorado,
western Kansas, western Oklahoma, and North Texas (27,28).

The western half of Red Deer County is a mixed-farming area, typical
of many such areas in North America, in which grain and forage farms are
mixed with beef cattle (cow calf and small feedlot), dairy, hog, and poultry
operations. A detailed analysis of virtually all manure sources in the county
was completed in 2005 (29). The manure gross yield is 34 dry t/km2 /yr.
Forty percent of manure is in the form of liquid and would be shipped in a
tanker truck; the remaining 60% would arrive as a solid with estimated
moisture content of 70%.

Pipeline transport of manure and digestate is an alternative to truck
transport (30,31). Pipelining of biomass has a significant economy of scale,
with a scale factor less than 0.5 (30-32), whereas truck transport has no
economy of scale: more material simply requires more truck trips, with no
or very minor variation in unit cost of transport. Hence at large scale,
pipeline transport will become more economical than truck transport. As
all pipelined manure initially is moved by truck, either from farm or indi
vidual feedlot pens, the fixed cost of loading a truck, about $4-5/t, is
always incurred. (All costs in this study are reported in 2005 US dollars;
where required a conversion factor of 1$ USD = 1.2$ Cdn was used.)

Transshipment from truck to pipeline incurs some additional costs that
are independent of the length of the pipeline (called distance fixed costs
[DFC]), for example, for incremental labor to operate the pipeline. Large
pipelines will have a lower unit cost of transport, including operating and
capital recovery costs, per unit distance (called distance variable cost [DVC]).
Therefore a minimum shipping distance is required for transshipment to be
economical, in that the reduction in DVC must offset the increased DFC that
arises from transshipment. This analysis of pipelining of manure and diges
tate is based on economic factors, and we note that other site-specific noneco
nomic factors can enter into decisions to choose pipelining over trucking, for
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example, impact on communities from odor concerns and traffic congestion.
Such factors played a role in the recently announced AD plant in Maabjerg,
Denmark, discussed below in the Discussion section (33).

In this study we use Lethbridge and Red Deer counties to model
pipeline vs truck transport of manure and digestate to and from centralized
AD plants. We consider only manure as a feedstock. Other organic feed
streams such as purpose grown crops, crop residues, and various waste
streams give higher yields of biogas per mass than manures, which represent
material already once processed by bacteria in the gut of an animal.
However, the availability of other organic streams is highly site specific, as
are regulations that may prohibit the use of ruminant meat scraps or the
blending of municipal solid wastes into processes for which digestate will be
land spread.

Modeling Pipeline Vs Truck Transportation of Manure

We analyzed two technologies, AD biogas production and digestate
return to the source CFO for land spreading, and AD biogas production
and digestate processing to solid fertilizer and dischargeable water, for two
locations, Lethbridge County and the western half of Red Deer County. For
centralized plants we evaluated three transportation modes: trucking of
manure plus digestate, pipelining of manure and digestate, and trucking
manure and pipelining digestate. In each case we used a 12% pretax return
on capital and compared the cost of power production from a centralized
AD plant to the cost of a farm or feedlot-based unit.

Point-specific CFO locations were not available for Lethbridge
County, only county-wide statistics on beef cattle feedlot population. To
simplify comparison, the study areas were assumed to be a square, and
manure sources were assumed to be evenly distributed within the area.
Red Deer County has manure from many types of CFOs; in this study the
reported number of head is the equivalent number of feedlot beef cattle
that would generate the same amount of dry mass of manure. A simplified
model of a spoke and hub pipeline system was developed (Fig. I), and con
trasted to truck transport for both Lethbridge and the western half of Red
Deer County. The study area was divided into five subregions of equal area.
Manure in the central region 1 (Fig. 1) was transported to the plant by truck,
whereas manure in the remaining four regions was transported by truck to
the closest pipeline inlet. Digestate return was by a similar mechanism:
truck to region I, and pipeline plus truck to the remaining four regions.
Table 1 shows the key parameters for the model.

Details for the calculation of trucking and pipelining costs were
developed in previous studies (30,31). Table 2 shows the values of DFC
and DVC for trucking, and for pipelining at three different scales of
manure and digestate volume. The scale factors for DVC for one- and two
way pipelines were about 0.40; pipeline capital costs were derived from
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Fig. 1. Simplified model of a spoke- and hub-pipeline system used for both counties.

Table 1
Key Parameters Used for the Modeling

Value

Parameters (unit)

Total manure produced (dt/yr)
Total county area (km2)

Gross yield of manure (dt/km2 /yr)
Average trucking distance for entire county (km)
Average trucking distance for each region (km)
Length of each pipeline (km)

Red Deer

93,000
2700

34
37
16
30

Lethbridge

780,000
2800
280
37
17
31

Table 2
Impact of Scale on the Values of DVC and DFC for Trucking

and Pipelining of Solid Beef Cattle Manure

Head 25,000 50,000 1,00,000
OVC ($/dt/km)
Manure trucking" 0.25 0.25 0.25
Digestate truckingb 0.96 0.96 0.96
One-way pipeline 0.54 0.33 0.20
Two-way pipeline 0.86 0.56 0.35
OFC ($/dt)
Manure trucking" 17 17 17
Digestate truckingb 64 64 64
One-way pipeline 13 7 3
Two-way pipeline 15 8 4

"Solid manure shipped at 70% moisture content.
bDigestate returned at 92% moisture content.
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(34)/ and pipeline pump power consumption was developed from detailed
pressure drop calculations. Capital and operating costs for the AD plant
were also developed in a previous study (18).

For each manure source, the moisture content at time of collection
was factored into the volume and mass calculations for manure and
digestate. A manure source that has a solids level of 12%/ typical of some
dairy operations, would be pipelined and processed "as is," and the AD
process would destroy 45% of the volatile solids, which represent 85% of
the solids in the manure (35/36). Hence for this manure source, digestate
volume is about 95% of the original volume of manure. However, beef
cattle manure from an Alberta feedlot typically contains 30% solids at
time of collection, as noted above in the Introduction section and is
diluted to 12% for AD processing (26)/ so digestate volume is about 2.4
times that of the initial manure. For areas of concentrated beef cattle
feedlots such as Lethbridge County, this increase in volume becomes a
significant factor in the relative economics of pipelining digestate vs
manure. Note that if manure is pipelined it is diluted to 12% solids content
at the pipeline inlet rather than the AD plant, as pipeline cost is minimized
at this concentration (31). Hence, pipeline inlets would require a significant
water supply.

Whether the manure is liquid or solid also affects the cost of digestate
return. Solid manure is delivered in an open truck, and the truck is empty
on the return route. Digestate from solid manure CFOs is returned in a sep
arate truck. Hence, for solid manures (e.g., all manure sources in Lethbridge
County), each truck-load of incoming manure causes 2.4 digestate truck
trips in a separate vehicle. Liquid manure makes up 40% of sources in Red
Deer County, and digestate is returned by backhaul, which generates an
incremental DFC charge for loading and unloading digestate but no incre
mental DVC.

Results of the Study

Figure 2 shows the cost of farm or feedlot-based processing plants
(solid line and upper axis) and large centralized processing plant (bars) for
production of power from biogas with digestate land spreading; several
conclusions can be drawn.

1. For centralized processing in the mixed-farming area of Red Deer
County the lowest cost for moving manure and digestate is by two
way trucking. Note, however, that the cost difference between two
way pipeline transport of manure and digestate through four
pipelines is very small compared with two-way trucking.

2. Centralized processing of manure with digestate return is more eco
nomical than on-farm processing for up to a farm or feedlot size
equivalent to about 10,000 head of beef cattle. As the largest single
source of manure in Red Deer County is a feedlot containing 7500
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Size of feedlot-based plants (equivalent beef cattle)
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Fig. 2. Biogas power cost at farm-based plants vs centralized plants ( the dotted line
identifies the size of farm-based plants in which power cost is the same as a centralized
plant).

head, centralized processing was the most economical alternative
for conventional production of power from biogas (18).

3. Third, for the concentrated beef cattle feedlot operations in
Lethbridge County the lowest cost for moving manure and digestate
was by two-way pipelines.

4. Centralized processing of manure is a more costly method of pro
ducing electrical power than feedlot-based processing for any feed
lot more than 55,000 head when the most economical transport
mode is chosen. Feedlot sizes of 50,000-1,00,000 head are common
in North America, and hence there is not a significant incentive to
move manure to and return digestate from a centralized plant.

5. For centralized processing the cost in the area of concentrated feedlots
is significantly lower than the mixed-farming area, $120 vs $21O/mwh.
Two factors contribute to this reduction in power cost: an eightfold
increase in both plant size and the gross yield of manure per square
km. The larger plant size reduces capital recovery and operating
costs, and the higher manure yield reduces transportation cost per
unit of power output.

Figure 3 shows the cost of farm or feedlot-based processing (solid line
and upper axis) and large centralized processing (bars) for production of
power from biogas with digestate processing to recover solid fertilizer and
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Size of feedlot-based plants (equivalent beef cattle)
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Fig. 3. Biogas power cost at farm-based plants vs centralized plants with digestate
processing (the dotted line identifies the size of farm-based plants in which power cost
is the same as a centralized plant).

a dischargeable water stream. Note that the power cost does not include
any credit for the sale of fertilizer, because fertilizer value will be highly
site-specific and based on the expected transport distance to a market for
phosphate rich fertilizer, and an offsetting payment to the CFO may be
required. For centralized processing in the mixed-farming area the lowest
cost-way of moving manure was by truck only and the cost difference
between trucking and a single pipeline carrying manure was significant.

Digestate processing gives centralized processing of manure an even
larger advantage over individual farm or feedlot-based units, because AD
plus digestate processing is more capital intensive than AD with digestate
return. This increased capital intensity increases the impact of the econ
omy of scale in capital recovery cost relative to transportation costs. For
the area of concentrated feedlot operations, manure trucking was slightly
more economical than pipelining, although it raises congestion problems
that are discussed further below in the Discussion section. Because of the
increased capital intensity of AD plus digestate processing, centralized AD
was more economical than feedlot-based processing of manure for feedlots
up to 300,000 head in size. As no individual feedlot in Lethbridge County
is even close to that size, we can conclude that digestate processing tips the
balance in favor of centralized processing of manure. It also significantly
reduces the cost of power from centralized AD, $90 vs $120/mwh for
digestate return. This cost reduction reflects the high volume increase in
digestate vs incoming solid manure, the need to use a different truck to
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Table 3
The Number of Truck Arrivals per Day and the Interval Between Arrivals

Red Deer Lethbridge

Truck + Truck +
Centralized plant at: Truck only pipeline Truck only pipeline

Without digestate processing
Manure delivery (arrival/d) 69 14 363 73
Digestate return (arrival/d) 59 12 867 173
Arrival intervals at 16/7 (min) 8 38 0.8 4
Arrival intervals at 24/7 (min) 11 56 1.2 6
With digestate processing
Manure delivery (arrival/d) 69 14 363 73
Digestate return (arrival/d)
Arrival intervals at 16/7 (min) 14 70 3 13
Arrival intervals at 24/7 (min) 21 105 4 20

return digestate than to move manure, and the cost of pipeline and truck
movement of digestate. Note, however, that the scope of digestate pro
cessing is poorly defined and the estimated capital and operating cost has
a very high degree of uncertainty.

As noted earlier, large-scale centralized AD plants would concentrate
truck traffic and raise questions of both road congestion and nuisance odors.
Table 3 shows the number of truck arrivals per day, and the interval
between truck arrivals. Digestate processing reduces truck traffic by elim
inating the need for return of digestate to the source CFO. Liquid manure,
for example, from hog barns and some dairy operations, also reduces net
truck traffic because, as discussed above (see "Modeling"), digestate can be
returned by backhaul rather than by a separate truck going out full and
returning empty.

Discussion

Whether pipelining, or truck transport is more economical requires a
case-by-case analysis, because pipelining has a strong economy of scale
and truck transport does not. Increasing plant size reduces the unit cost of
pipelining of manure and digestate relative to trucking. Two-way pipelining
of manure and digestate has an economy of scale relative to one-way
pipelining of digestate for two reasons: (a) The second pipeline can be laid
in the same trench as the first and (b) the cost of building a duplicate facility
is estimated to be 95% of the cost of the first (34). The savings on the second
duplicate pipeline arises because marshaling costs are saved and efficiencies
are realized in construction.

Noneconomic reasons also arise for pipelining manure and digestate,
and the recently announced proposed Maabjerg Bioenergy project in
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Denmark is an example of this (33). Although this project is half the size of
the Red Deer County centralized digester evaluated in this study, it will
use a 200-km network of pipelines to move both digestate and manure.
The high population density and semirural area of the plant presumably
present issues related to community acceptance of a manure-based energy
project. Table 3 illustrates the very high traffic density caused by AD plants
supplied by truck. Careful siting would be required to manage community
resistance to such a project. This study concludes that trucking of manure
in Lethbridge County is more economical than pipelining for the case of
digestate processing, but the difference in cost is small. We think that traf
fic congestion and community resistance issues would tip such a project
into selecting pipeline delivery of manure.

This study illustrates the significant impact of processing plant size
on the overall economics of utilizing manure as an energy source, a result
found for other biomass sources (19-24). Centralizing manure processing
improves the economics up to a cutoff size of farm or feedlot because the
increase in capital and operating cost efficiency is greater than the cost of
transporting even a low-energy density material like manure. This conclu
sion is reflected in the practice widespread in Denmark of forming farmer
cooperatives to centrally process manure (37,38), usually with heat recov
ery into a district heating system.

The impact of economy of scale is further illustrated by the impact of
digestate processing on the relative economics of feedlot vs centralized pro
cessing of manure. In the absence of digestate processing increasing trans
portation cost exceeds incremental capital saving in the concentrated feedlot
area at about 55,000 head of beef cattle. However, if digestate processing is
included then a larger amount of capital is subject to the benefit of economy
of scale, and this tips the balance to centralized processing against feedlots
up to 300,000 head in size. In North America no individual feedlot is larger
than 150,000 animals, perhaps to control the magnitude of loss in the event
of an epidemic disease. Hence, a key conclusion of this study is that exten
sive digestate processing will favor very large centralized AD plants.

Digestate processing to recover phosphate as a transportable solid,
some in separated fiber and some as crystallized phosphate salts, gives the
potential to sell a phosphate rich fertilizer in areas that need the nutrient,
whereas reducing phosphate buildup in areas of excess. However, the
challenge of total nutrient recovery from phosphate is daunting and
requires additional research to develop a commercially proven process.
Given the developmental stage of digestate processing, capital and oper
ating cost estimates in this study are approximate. However, they demon
strate that digestate processing has the potential to significantly reduce the
cost of energy production from manure by eliminating the need to return
digestate to the source CFO for land spreading.

For the mixed-farming area the calculated cost of power from manure
is about $210/mwh, about three times the cost of power from straw in a
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study based on the same area (24). The estimated power cost of $120/mwh
from the area of intense feedlots is also significantly higher than power
from straw. We note, however, that control of pathogens in manure is a
potential incentive for using biomass as an energy source; digestate is safer
to land spread than raw manure.

The model accuracy will be improved if additional data on capital
and operating costs, and biogas yield specific to manure types become
available. The model uses an idealized configuration that assumes that
manure sources are evenly distributed throughout an agricultural area and
a processing plant can be located central to that area. In real cases farms
and feedlots will have specific locations, and plus the distribution of pop
ulation will influence plant siting. The conclusions of this study illustrate
the sensitivity of decisions about mode of transport and centralized vs
farm or feedlot-based processing to specific factors of cost, yield, size, and
distance of transport. Hence, in optimizing transport to centralized AD
plants project specific factors will have to be analyzed.

Finally, it should be noted that although this study uses electrical power
as the end product of biogas, production of pipeline-grade natural gas is an
alternative. Natural gas may have higher value than electrical power, partic
ularly if that power is produced from an internal combustion engine-powered
generator with efficiencies less than 43%. Production of pipeline-grade
natural gas also produces a byproduct stream rich in CO2, creating the pos
sibility of carbon sequestration and a double carbon credit if a suitable sink
can be found (9).

Conclusions

For Lethbridge County, an area of concentrated beef feedlots, pipeline
is the least cost means of moving manure and digestate to a centralized AD
plant when digestate is returned to the source CFO for land spreading. This
conclusion is dependent on manure quantity because pipeline transport
has a significant scale factor whereas the cost of trucking is virtually inde
pendent of size. When digestate is processed and hence only manure is
transported, truck hauling has a slightly lower cost than pipelining.
However, road congestion factors would likely lead to the selection of
pipelines for very large AD plants. Centralized processing of manure is
favored for AD plants that return digestate to the source CFO compared
with processing at farm or feedlot up to a size equivalent to 55,000 head of
beef cattle. If digestate is processed, then based on a preliminary estimate
of the capital cost of digestate processing, centralized processing of manure
is favored up to a size equivalent to 300,000 head of beef cattle. This size is
larger than any known feedlot in North America, and hence digestate pro
cessing will tip the balance in favor of large centralized AD plants for all
CFOs. For Red Deer County, a typical mixed-farming area, truck transport
of manure and digestate is the least cost means of moving manure and
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digestate to a centralized AD plant for either digestate return or processing.
Centralized processing of manure is more cost effective than farm-based
processing for all manure sources in the county. This study illustrates the
cost effectiveness of centralized processing of manure, and the need for a
case specific analysis of alternative transportation modes for AD plants.
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Abstract

Logistics cost, the cost of moving feedstock or products, is a key compo
nent of the overall cost of recovering energy from biomass. In this study, we
calculate for small- and large-project sizes, the relative cost of transportation
by truck, rail, ship, and pipeline for three biomass feedstocks, by truck and
pipeline for ethanol, and by transmission line for electrical power. Distance
fixed costs (loading and unloading) and distance variable costs (transport,
including power losses during transmission), are calculated for each
biomass type and mode of transportation. Costs are normalized to a com
mon basis of a giga Joules of biomass. The relative cost of moving products
vs feedstock is an approximate measure of the incentive for location of
biomass processing at the source of biomass, rather than at the point of ulti
mate consumption of produced energy. In general, the cost of transporting
biomass is more than the cost of transporting its energy products. The gap in
cost for transporting biomass vs power is significantly higher than the incre
mental cost of building and operating a power plant remote from a trans
mission grid. The cost of power transmission and ethanol transport by
pipeline is highly dependent on scale of project. Transport of ethanol by
truck has a lower cost than by pipeline up to capacities of 1800 t/d. The high
cost of transshipment to a ship precludes shipping from being an economi
cal mode of transport for distances less than 800 km (woodchips) and 1500 km
(baled agricultural residues).

Index Entries: Biomass transportation; ethanol transport; pipeline trans
port; power transmission; rail transport; ship transport; transportation cost;
truck transport.

Introduction

Biomass can be used as a power source either directly, such as by
combustion or gasification to generate electricity, or by creating a fuel such
as ethanol, which can be used to power a vehicle. Significant use of
biomass as an energy source will require the collection of biomass from the
field, for example, agricultural or forestry residues or purpose grown
crops. Many field sources of biomass are, by their nature, remote from the

*Author to whom all correspondence and reprint requests should be addressed.
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population centers that will use the produced energy. Thus, developers of
such biomass projects will have the alternative of moving the biomass to a
plant near the energy consumer, or moving the produced energy from a
remote biomass processing plant.

Factors affecting location of biomass plants are both noneconomic
and economic. Noneconomic factors include community concerns about
traffic congestion and possible emissions such as dust or odors. Economic
factors include the relative transportation cost of biomass vs produced
energy, the cost of constructing and operating a plant in a location remote
from rather than near population centers, and the potential benefit from
large-scale integrated processing of biomass, for example, a multiproduct
biomass refinery. In this article, we focus on the relative transportation cost
of biomass and its energy products to provide a database against which
other economic and noneconomic factors can be weighed.

Two cost components are critical in analyzing transportation cost: dis
tance variable costs (DVC), the component that is directly dependent on
the distance traveled, and distance fixed costs (DFe), which are indepen
dent of the distance traveled. DVC depends on the transportation mode
and the specific location; an example is the "per ton kilometer" cost of
trucking or rail shipment. DFC depends on the type of biomass being
transported and the equipment and contractual arrangements involved,
which are both case specific; examples include the cost of loading and
unloading biomass from a truck, railcar, or ship. Hence, OFC will vary
based on the specific form of biomass to a far greater extent than DVe. For
example, this study is based on large round bales of stover or straw, which
would require different treatment for transshipment from truck to rail
than woodchips. The impact of OFC on overall transportation cost diminishes
with increasing distance.

Biomass transportation costs are often reported in units that do not
relate to the true determinant of cost of transport, for example, cost
dryIton/kilometer for trucking. In reality, a trucker is not concerned with
the number of dry metric tons moved, but rather the total number of actual
metric tons as road limits, and hence truck-load limits are based on total
weight of material moved. Thus, increases in the moisture level of biomass
reduce the amount of dry metric tons per load, and as trucking costs are
charged per actual metric ton, the calculated transport cost per dry metric
ton will vary for every biomass source.

For truck, rail, and ship transport, mass is the primary factor setting the
cost of shipment, although for low density loads volume can become the
limiting factor. This has been previously noted for straw shipments by
truck (1) and railcar (2). For pipelines transporting a single phase liquid,
for example ethanol, liquid volume is the primary factor, whereas for two
phase slurry pipelines carrying biomass the amount of dry matter is the pri
mary factor, because moisture level reaches equilibrium during transport
(3). For electrical power, the primary factor for costing is the power or
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Table 1
Biomass Properties

Straw Stover

641

Woodchips
from FHR

Moisture content (%)
Hydrogen content (wt%) (12)
Bulk density (dry kg/m3)

HHV (dry basis [MJ/kg]) (13)
LHV (MJ/kg) (14)
Gross yield (actual t [GJ/ha])a
Gross yield (GJ /ha)
Transport form

15 (1)
5.46

140 (1)
18

13.9
0.440 (1)

6.12
Bale

15 (5)
5.46

145 (5)
18

13.9
0.882 (5)

12.25
Bale

45 (1)
6.08

350 (1)
20
8.8

0.449 (1)
3.95

Chips

aCross hectares refers to the total land area, including towns, roads, and other nonagri
culturally productive area.

energy carried in the line, i.e., MW or MWh. In this study, we relate all
transport cost for biomass and its conversion products to the primary fac
tor governing the cost, and then apply these relations to calculate the cost
of moving biomass or the amount of product that can be produced from
that biomass.

Modeling Biomass Transportation Costs

Biomass Sources

We study three biomass residue sources: straw from grain in western
Canada, corn stover from the midwestern United States, and woodchips
from forest harvest residues (FHR) (the limbs and tops of trees harvested
for pulp or lumber) from the boreal forest in Canada. These three sources
were selected because they represent large sources of field biomass for
which supply is contiguous over large areas. The two agricultural residues
are somewhat remote from major centers of population, whereas boreal
forest operations are often very remote, for instance across the northern
half of Provinces in Canada. Table 1 identifies the properties of the biomass
used in this study.

Processing Alternatives

We analyze two conversion alternatives for each biomass source,
electrical power and ethanol. Electrical power is produced by direct com
bustion of biomass; thermal efficiency figures are based on the perfor
mance of the largest biomass boiler, the Alholmens 240-MW power plant
in Pietarsaari, Finland (4). Values for ethanol production through fermen
tation are derived from previous studies for both corn stover and wood
chips from the US National Renewable Energy Laboratory (NREL) (5/6).
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NREL estimates show a significantly lower conversion efficiency for
woody biomass as compared with agricultural residues.

Each processing alternative was evaluated at both small and large
scale. For all three biomass sources the small-scale plant size is identical in
biomass energy input. The small power plant processes enough biomass to
produce 50 MW (gross) power. Differing values of lower heating value
(LHV) result in a higher biomass requirement from woodchips than from
straw to produce an equivalent amount of power. The small-scale ethanol
plant processes the same mass of biomass feed as required to produce
50 MW of power. For straw and stover the large-scale plant is a 500 MW
(gross) power plant or an ethanol plant processing the same amount of
biomass to ethanol. For woodchips from FHR the large-scale plant is a
150 MW (gross) power plant or an ethanol plant processing the same
amount of biomass to ethanol. The difference in large-scale size reflects pre
vious studies of optimum size of biomass processing (1): larger processing
plants are economic for biomass sources with a lower overall transportation
cost. Higher gross yield of energy (the energy content of the biomass avail
able in the total draw area) is a key factor in transportation costs. Compared
with woodchips from FHR, straw has a 50% higher energy yield per gross
hectare (gross hectare refers to the total draw area for the biomass), and
stover has 300% the energy yield of woodchips from FHR. The higher energy
yield for agricultural residue justifies the 500 MW plant size vs 150 MW for
FHR. Table 2 outlines the processing parameters used in this study.

Transportation Modes

We evaluate a short and a long transport distance, Le., the assumed
distance between the centers of the biomass collection area and the prod
uct usage area, arbitrarily chosen as 100 and 500 km. The study is not
focused on moving biomass to a centralized processing plant, but rather
moving either biomass or its products from source to market. All costs in
this study are reported in 2004 US dollars.

Four modes of biomass transportation are evaluated in this study:

• Truck transport-straw is transported using a 20 t capacity flatbed
truck, and woodchips using a 40 t chip van. Costs for both are
derived from previously reported actual costs in western Canada,
where bale and chip movement are routine (1). We note, however,
that transport of woodchips is subject to long-term high volume
contracts, whereas straw movement is seasonal and usually moves
a much lower volume of biomass per contract. Hence, straw costs in
this study might be higher than if long-term contracts to move straw
on a year round basis were used to support a straw processing
industry, as such contracts ensure high equipment utilization.

• Truck plus rail transport-straw and woodchips are moved to a rail
siding where they are loaded on a unit train for transport over the

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



Relative Cost of Biomass Energy Transport 643

Table 2

Processing plant
Small Large

parameters Straw/ stover Woodchip Straw/ stover Woodchip

Biomass
Biomass feed

(actual Mt/yr) 0.269 0.427 2.69 1.28
Draw area (km2) 6125 9500 61,250 28,500
Average driving

distance (km) 55 68 173 118
Ethanol
Ethanol yield (t/d) 174 83 1743 315
Ethanol yield as

fraction of dry
mass (wt%) (5) 25 11.6 25 11.6

Ethanol pipeline
diameter (in.) (10) 4 3 8 4

Power
Capacity (mW) 50 50 500 150
Thermal efficiency

(LHV [%]) (4) 38 38 38 38
Availability (%) 90 90 90 90
Parasitic load (%) 8.5 8.5 8.5 8.5

specified distance. Costs for the truck transport are calculated with
the average trucking distance calculated from the biomass gross yield,
assuming that the biomass source is contiguously available around
the railhead. A rectilinear road system, common in the western United
States and Canada, is assumed. Costs for rail are taken from a previ
ous study of rail transport (2). Straw transport by rail is assumed to be
on flatbed cars without tarping; however, it would need to be verified
whether a unit train of uncovered straw would present an unaccept
able risk of fire. Truck plus rail transport would only make sense for
the long distance case. At 100 km the collection area of biomass is so
large that the cost of transshipping from truck to rail cannot be recov
ered by the savings in DVC (2).

• Truck plus pipeline transport-straw and woodchips are moved to
a pipeline inlet where they are slurried with water. Costs for truck
transport to the pipeline inlet are identical to those for rail transport.
Pipeline costs are derived from a previous study (7). Note that
pipeline costs show a significant economy of scale, whereas truck
and rail transport do not. The previous study noted that pipeline
transport of biomass is not compatible with a combustion-based uti
lization of the biomass, because uptake of carrier fluid by the
biomass reduces the LHV. Hence, this transportation mode would
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only be compatible in this study with the production of ethanol. Like
rail transport, this option is only evaluated for the long distance case.

• Truck plus ship transport-straw and woodchips are moved to a
ship where they are loaded for transport. The draw area for biomass
is assumed to surround the ship loading area, an ideal case. Costs
for truck transport to the ship are identical to those for rail transport,
and ship costs are derived from a previous study (8). Like rail trans
port, this option is only evaluated for the long distance case.

For power generation cases we assume that a power plant using the
biomass is located remote from existing transmission lines, and we
develop the cost of transmission based on the construction and operation
of a dedicated line. Capital and operating costs for transmission lines are
developed from detailed data from an integrated power company
(Manitoba Hydro, Winnipeg, Canada). A single circuit 230 kV transmis
sion line is used up to 200 MW, and capital cost is virtually independent of
capacity. Larger capacity transmission lines use multiple circuits to reduce
line loss of power. Thus, at 500 MW a two circuit 230 kV line would be
built, at a premium of 50% in capital cost to a single circuit 200 MW line.
A 12% pretax return is applied in calculating capital recovery. Operating
costs are line losses, which are proportional to the square of the line capac
ity in megawatt, and maintenance costs. Maintenance cost for transmis
sion lines is primarily vegetation control and is independent of capacity.

Two modes of ethanol transportation are evaluated in this study:

• Truck-the study basis is a tandem tanker carrying 40 t of ethanol.
Costs are developed from industry charge rates for long-term contracts (9)
and are based on a truck loading and unloading time of 45 min each
and an average transport speed of 100 km/h.

• Pipeline-the cost of ethanol pipelining was developed from an anal
ysis of capital and operating costs. Pipeline capital costs are based on
discussions with a major contractor (10); a 12% pretax return is used
in calculating capital recovery. Pump station number and power
requirement are based on detailed calculations of pressure drop; a
power cost of $60 MW/h is used in this study. Annual maintenance
costs are estimated based on percentages of capital cost drawn from
industry norms: 0.5% for the pipeline and 3% for pumping stations.

Results

Transportation Cost Factors

Table 3 lists the DVe and DFC for all modes of transportation in this
study. The units for Dve and DVe reflect the actual basis by which the
cost of transportation is primarily affected, for example, actual mass for
truck transport, volume for ethanol pipelining, and mass of dry matter for
biomass pipelining. The economy of scale is negligible for some modes of
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transport, such as truck, rail, and ship: more biomass means more loads at
a set cost per load that depends on distance traveled. The economy of
scale is strong for pipelining, as reflected in the low exponent relating
DVC to capacity. Power transmission show a discontinuity in cost
between 150 and 500 MW because the line design changes from single cir
cuit to double circuit.

DFC values in Table 3 show a wide range. Ship transport, for exam
ple, has the lowest DVC cost, but the cost of getting biomass onto and off
a ship is high relative to the cost of loading a truck. Rail cars are interme
diate. Note that for both ship and rail the DFC for straw/ stover is signifi
cantly higher than for woodchips. Woodchips lend themselves to bulk
handling by methods such as conveying or pneumatic transfer, whereas
straw/ stover is moved as a large bale. As noted earlier, pipeline transport
of biomass can only be used for aqueous-based processing, and DFC for
pipelining is low because the cost of slurrying biomass is not incremental
to the overall processing cost. Rather, slurrying of biomass can be thought
of as shifting equipment from the processing plant to the pipeline inlet.
Hence, DFC for pipeline transport of biomass reflects incremental labor,
typically one extra person at the pipeline inlet compared with the staffing
required for biomass receipt by truck or rail at a central pipeline facility (11).
An ethanol pipeline located within a biomass processing plant would have
no DFC: pipelines would typically be connected directly to product storage
tanks. Similarly, power transmission has no incremental DFC.

Relative Transportation Costs

The transportation cost factors were then used to calculate the cost of
transporting biomass or the equivalent amount of ethanol or power that
could be produced from that biomass for eight cases: straw/stover and
woodchips from FHR to ethanol and power at large and small scale.
Results are normalized to the transport cost per unit of energy in the
incoming biomass, and are shown in Figs. 1-4.

Many observations can be drawn from Figs. 1 to 4; we highlight some
key observations.

• In all cases a product transportation option is available that is sig
nificantly lower than the cost of moving biomass. Two factors con
tribute to this: biomass has a low energy density, and the energy
produced from biomass is lower than the energy in the biomass as a
result of conversion losses. The latter is especially true for ethanol
from wood, which has a very low conversion efficiency compared
with ethanol from straw or power from any biomass source. Note
also that at 500 km the cost of transporting biomass by truck is
more than $4/GJ, a significant cost considering that the current
wholesale price of natural gas is about $6-8/GJ in North America.
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• If rail transport is available it is more economical to transship
biomass to rail for transport distances of 500 km.

• Pipelining of biomass is not economical at small scale, nor at the
large-scale for wood chips, 1900 dry t/d of biomass. It is competitive
with rail transport at large-scale for straw, i.e., about 2.5 Mt/yr).

• Ship transport is not economical relative to rail at a transport dis
tance of 500 km because the high DFC cost offsets the benefit of a
low DVC.

• Pipelining of ethanol is uneconomical from small-scale plants, and is
about as economical as truck transport for the large-scale straw/stover
to ethanol plant in this study, producing 1700 t/d (2.3 ML/d) of
ethanol. Ethanol pipelining does not have a DVe, so pipelining is
more economical than truck shipment for the large case at 100 km,
and slightly less economical at 500 km. From Table 3 one can calcu
late that the DVC for pipelining ethanol is lower than truck haul
more than 1800 t/d ethanol, making pipelining more economical
than truck hauling at any distance.

• The transmission lines for the small and large woodchip power
plants are identical, and therefore have the same capital and main
tenance costs. However, line losses increase with the square of the
power transmitted. The large-plant transmission cost is 60% of the
small-plant transmission cost.

The high DFC for loading and unloading biomass from ships means
that long distances are required for the saving in DVC to offset the DFC.
Figure 5 shows the cost of rail vs ship transport of biomass as a function of
distance. Shipping of straw incurs a very high DFC, as noted earlier, and a
shipping distance of about 1500 km is required before the lower DVC of ship
ping offsets the incremental DFC. DFC for woodchips is lower, and shipping
is more economical than rail transport at a distance of about 800 km.

Discussion

Transportation is a cost element in any energy project, and this is
especially true for biomass because of the lower energy density compared
with fossil fuels. Woodchips with a moisture content of 45% have an LHV
of less than 10 MJ/kg, whereas the comparable figure for surface-mined
coal in western North America is about 20 MJ/kg. However, there are at
least two incentives for aggregating large amounts of biomass in an energy
project: the economy of scale in processing, and the ability to create a mul
tiproduct integrated biorefinery maximizing the production of higher
value products and using all of the energy in the biomass. Assessing these
tradeoffs requires a careful analysis of the cost of moving both biomass
and its products.

For example, the relative cost of transporting biomass and its prod
ucts can be used to do some preliminary screening of plant-site location.
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A previous detailed study of producing power at optimum plant size from
biomass in western Canada (1) showed a total power plant operating cost
including administration, operating labor, maintenance, and capital recov
ery of $25/MWh for straw and $34 for woodchips, adjusted to 2004 USD;
the difference arises from the larger optimum plant size for straw relative
to FHR. This range of cost is equivalent to $2.40-3.20/GJ in the biomass for
a thermal efficiency of the power plant of 34%, the value used in the study.
As a general guideline, plants built in remote areas will have capital and
operating costs that are 10% higher than those built near a large population
center, because of the need to build an access road and a camp to house
construction labor, and the need for higher salaries to attract operating and
maintenance staff to a remote setting (10). At 10% premium the impact is
therefore, about $0.24-0.32 of increased cost per GJ of biomass. The cost
savings from transporting power rather than biomass for the two large
scale cases is more than $2/GJ in the biomass at 500 km, and about $1
at 100 km. Hence, the cost of remote construction is not likely to be the
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deciding factor for moving biomass from a remote area to a location adja
cent to an existing transmission grid: it is cheaper to move the power and
pay the location premium.

Ethanol production raises two transportation issues. First, yield of
ethanol per metric ton of biomass is low, 25% on a dry basis for straw and
12% on a dry basis for woodchips. Factoring in moisture content, the mass
of biomass moved is about five times higher than the ethanol produced from
straw, and 15 times higher for woodchips. At large scale, 1800 t/d, ethanol
pipelining becomes more economical than truck transport at any distance.
This scale is too large to be economically supplied by a low-gross yield
biomass such as woodchips from FHR. In addition, ethanol production pro
duces large amounts of unconverted biomass. Transporting biomass to a
distant ethanol plant might require that the residue from processing be
transported back to the point of origin, creating a further disincentive.

A biorefinery has the potential to increase the value of biomass by
producing fuels, chemicals, and power, for example, ethanol form fermen
tation coupled with combustion or gasification of lignin to produce power.
If biomass is being moved an average of 100 km to a biorefinery the inte
gration would have to yield a value of $1/GJ in the biomass to justify the
transportation premium.

Conclusions

Transportation costs for biomass and its products have a distance
fixed component that is incurred regardless of the distance traveled, and a
distance variable component that is directly related to the distance trav
eled. Both factors must be included in an analysis of transportation costs.
Some modes of transportation, for example, trucking, have a negligible
economy of scale and DVe is constant; others such as pipelining have a
high economy of scale, and DVC is a function of capacity. Shipping of
biomass has a low DVC but a high DFC, and hence is not economic below
800 km (woodchips) and 1500 km (straw/ stover). Transshipment from
truck to rail is economical at 500 km for both woodchips and straw/stover
if rail lines are available. Ethanol transport by pipeline is more economical
than trucking at production rates of 1800 t/d of ethanol; this is well above
the economic size of producing ethanol from a dispersed low-yield
biomass source like FHR. The gap in cost between the cost of transporting
power and biomass is far more than the expected higher cost of building
and operating a power plant in a location remote from an existing trans
mission grid.
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Abstract

Xylose was fermented using Pichia stipitis CBS 6054 at different initial cell
concentrations. A high initial cell concentration increased the rate of xylose
utilization, ethanol formation, and the ethanol yield. The highest ethanol
concentration of 41.0 giL and a yield of 0.38 glg was obtained using an ini
tial cell concentration of 6.5 giL. Even though more xylitol was produced
when the initial cell concentrations were high, cell density had no effect on
the final ethanol yield. A two-parameter mathematical model was used to
predict the cell population dynamics at the different initial cell concentra
tions. The model parameters, a and b correlate with the initial cell concen
trations used with an R2 of 0.99.

Index Entries: Cell concentration; fermentation; model; Pichia stipitis;
xylose.

Introduction

Cost-effective production of fuel ethanol from lignocellulosic biomass
requires fermentation of the hemicellulose fraction, which contains xylose
as the major sugar component in agricultural residues (1). Hemicellulose
includes 24-35% of the dry biomass of some lignocellulosic materials, such
as corn fiber, corn cob, corn stover, and sugar cane bagasse (1). Native
strains of Pichia stipitis have the ability to ferment xylose, glucose, and
cellobiose (2,3).

Low levels of oxygen (1.5-5 mmoI/L·h) are necessary for the conver
sion of xylose to ethanol in order to maintain cell viability and NADH
balance (4-7). A high level of oxygen leads to ethanol reassimilation and
biomass production, and therefore, low yields (8-10). Under anaerobic
conditions, cell growth and ethanol production are severely restricted (11).
The cell growth of P. stipitis is inhibited at low ethanol concentrations
(approx 34.0 giL) (12-13) and the highest ethanol tolerance reported for

*Author to whom all correspondence and reprint requests should be addressed.
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growth is 64.0 giL (11). Previous studies have shown that the fermentation
rate can be increased by addition of 10.0 mglL zinc (14) and that it can
be decreased by forced cycling of pH (15). The initial cell concentrations
used in P. stipitis fermentations varies from 0.01 to 6 giL (14/16). However,
how the initial cell concentration affects fermentation rate, final ethanol
concentration, and yield has not been documented. The purpose of this
work is to look at the effect of the initial cell concentration on the rate of
fermentation, final ethanol concentrations, and yield using synthetic
media containing xylose.

Materials and Methods

Microorganism and Media

P. stipitis CBS 6054 stock cultures were maintained on 20% glycerol
at -15°C. Stock culture (100 JlL) of P. stipitis CBS 6054 was cultured on
yeast extract, peptone, xylose agar plates at 30°C for 3 d. The plates
were prepared from 10.0 giL yeast extract, 20.0 giL peptone, 20.0 giL
xylose, and 20.0 giL agar. Colonies from the plates were grown
overnight in a filter-sterilized fermentation medium containing 1.7 giL
yeast nitrogen base (without amino acid and ammonium sulfate),
2.27 giL urea, 6.56 giL peptone, and 20.0 giL xylose. The cells were
centrifuged at 3000 rpm for 5 min and the supernatant was discarded.
The cells were resuspended in distilled water media to have a cell
concentration of 55.0 giL.

Synthetic Media Preparation

Xylose solution (140.0 giL) was prepared and filter-sterilized. Nutrient
solution (50X the concentration used) was prepared by dissolving 1.7 g of
yeast nitrogen base, 2.27 g of urea, and 6.56 g of peptone in 20 mL of water.

Fermentation

Fermentations were performed in sterile 125-mL Erlenmeyer flasks
(with 0.2 Jlm vent cap) using an air-shaker incubator at 30°C and 100 rpm.
The initial pH was 6.3. Each Erlenmeyer flask contained 50 mL of xylose
solution, 1 mL of nutrient solution, and 7 mL of inoculum, which had been
diluted to the appropriate cell concentration. Initial cell concentrations of
1.8, 4.3, and 6.5 giL were investigated in this study. All experiments were
performed in triplicate.

Analytical Methods

Fermentation was monitored for 8 d by taking 1 mL of sample for
xylose, ethanol, and xylitol analyses. The concentration of xylose, ethanol,
and xylitol was determined using an Agilent high-performance liquid
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chromatography System with an analytical BIO-RAD Aminex HPX-87H
column and a BIO-RAD Cation H refill guard column. Cell concentration
was determined from optical density measurement of the cells using Cary
3C Ultraviolet-visible spectrophotometer at 600 nm. An optical density of
1 is equivalent to 0.23 g of dry cells/L.

Results and Discussion

Cell Growth and Mathematical Model

The cell concentrations of P. stipitis during fermentation on xylose
are shown in Fig. 1. From Fig. I, an initial cell concentration of 1.8, 4.3, and
6.5 giL increased to 6.0, 7.7, and 10.3 giL, respectively, after 144 h of
fermentation. The average specific cell growth rates decrease at high initial
cell concentrations. Previous attempts to model P. stipitis fermentation
used the Monod model (11,17-19). The Monod model describes substrate
limited growth in which environmental conditions are only related to the
substrate concentration. However, the fermentation performed in this
work is not limited solely by the amount of substrate supplied initially.
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(1)

Therefore, a two-parameter empirical mathematical model was used to fit
the cell concentrations during the fermentation. The different initial cell
concentrations were fit to Eq. 1, using least-square analysis of the error
between experimental and predicted values.

at
X =Xo+ l+bt

where X is the cell concentration during fermentation (giL), Xo is the cell
concentration initially (giL), t is the time (h), a is a parameter with units
(giL· h), and b is a parameter with units (1/h).

The parameters a and b were determined at the different initial cell
concentrations used in the fermentation. The variation of these parameters
with the initial cell concentration is shown in Fig. 2. From Fig. 2, a linear
correlation fits the parameters, aand b, with a correlation coefficient of 0.99
and 1, respectively. Therefore, Eq. 1 predicts the population dynamics with
parameters that correlate very well with the initial cell concentrations used
in the fermentation. From the graphs in Fig. 2, it is possible to determine
the parameters a and b, in the range 1.8-6.5 giL and then determine the cell
concentrations during the fermentation. Although these studies were done
in shake flasks at a shaking rate of 100 rpm and sugar concentration of

Applied Biochemistry and Biotechnology Vol. 736-140,2007



Effect of Initial Cell Concentration on Xylose Fermentation 657

140

120

::J 100

~
c

800

~
C
Ql 60u
c
0
U
Ql 40'"0>.x

20

0
20 40 60 80 140

*
2 0

• 1.8 giL initial cells

... 6.5 giL initial cells

- Model prediction (4.3 giL cells)

• 4.3 giL initial cells
- Model prediction (1.8 giL cells)

- Model prediction (6.5 giL cells)

Fig. 3. Xylose concentration at different initial cell concentrations. Error bars are ±1
standard deviation.

120 giL, a working population dynamics model for this system could be
applied to other systems.

Substrate Consumption

The xylose concentrations at the different initial cell concentrations are
shown in Fig. 3. From the graph, the amounts of xylose consumed after
192 h of fermentation were 58.0, 92.0, and 108.0 giL at initial cell concen
trations of 1.8, 4.3, and 6.5 giL, respectively. At high initial cell concentra
tions, the amount of substrate consumed was high. As the amount of
substrate consumed depends on the initial cell concentration used, inocu
lating with the right initial cell concentration is vital for complete substrate
consumption with P stipitis. In a recent study (20), using xylose at a con
centration of 60.0 giL and an initial cell concentration of 2.0 giL, approx
60.0 giL of the substrate was consumed in 120 h compared with 192 h in
this study. The decrease in the ethanol yield and the rate of substrate uti
lization in this work compared with our previous study (20) is similar to
observations made by Ou Preez et al (21).

The rate of substrate consumption is modeled using the Leudeking
Piret kinetics (22) as shown in Eq. 2.

dS dX
-= -aX -13-
dt dt
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where a. is a parameter associated with cell maintenance (l/h) and ~ is a
parameter associated with growth (g substrateI g cells). Substituting Eq. 1
and its differential in Eq. 2 and integrating, we obtain Eq. 3.

(3)

where 5 is the substrate concentration at time t (giL) and 50 is the initial
substrate concentration (giL). Equation 3 was fitted to experimental data
using least square minimization of the error between experimental and
predicted values. The experimental and predicted substrate concentrations
at the different initial cell concentrations are shown in Fig. 3. The model
parameters (a. and ~), at the different initial cell concentrations are shown
in Fig. 4. From Fig. 4, the first parameter (a.), which is related to the main
tenance coefficient, increased when the initial cell concentration increased
from 1.8 to 4.3 giL. However, the parameter remained essentially constant
when initial cell concentrations increased from 4.3 to 6.5 giL. The first
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parameter is the major contributor to the rate of substrate consumption
after the initial growth period (t > 48 h). The results indicate that the initial
cell concentration needs to be more than some threshold value in order to
get substantial substrate consumption. The second parameter ~, which is
the growth associated parameter, decreased as the initial cell concentra
tions increased (see Fig. 4). As the cells grow more when the initial cell
concentration is low, this parameter is high when the initial cell concen
trations are low. Although ~ is high at low initial cell concentrations, it has
no significant effect on the initial fermentation rate.

Ethanol Production

Figure 5 shows the ethanol concentration at the different initial cell
concentrations. The final ethanol concentrations after 192 h of fermenta
tion were 20.9, 34.3, and 41.1 giL at the initial cell concentrations of 1.8, 4.3,
and 6.5 giL, respectively. The final ethanol concentration was high when
the initial cell concentration was high because there were more cells to
convert the xylose into ethanol. The amount of ethanol produced in the
fermentation depends on the amount of cells used in the initial inoculum.
Xylitol, a byproduct of the fermentation, was at concentrations of 2.2,6.9,
and 10.4 giL at the initial cell concentrations of 1.8, 4.3, and 6.5 giL,
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Table 1
Summary of Fermentation Results After 192 h of Fermentation

Substrate Xylose

Substrate concentration (giL) 120.3 ± 1.4
Initial cell concentration (giL) 1.82 ±0.04 4.33 ±0.08 6.45 ±0.16
Maximum ethanol 20.9 ±0.72 34.3 ± 1.22 41.09 ± 1.12

concentration (giL)
Ethanol yield (gl g) 0.363 ±0.019 0.381 ±0.017 0.378 ±0.006
Xylitol yield (gl g) 0.038 ±0.003 0.077 ± 0.007 0.096 ±0.002
Substrate consumption 0.301 ±0.021 0.470 ±0.006 0.565 ±0.007

rate (g/L·h)
Ethanol production 0.109 ±0.004 0.179 ±0.006 0.214 ± 0.006

rate (g/L·h)
Ethanol selectivity (gl g) 0.906 ±0.002 0.832 ±0.013 0.798 ±0.006

Errors are ±1 standard deviation.

respectively, after 192 h of fermentation. The xylitol concentrations and
fraction of the total product converted to xylitol, increased with an
increase in the initial cell concentration.

A summary of the fermentation results are shown in Table 1. The
ethanol yield was 0.36, 0.38, and 0.38 glg at the initial cell concentrations
of 1.8, 4.3, and 6.5 giL, respectively. The ethanol yield was slightly
higher at initial cell concentrations of 4.3 and 6.5 giL because the sub
strate was used for ethanol production rather than for cell biomass pro
duction. There was no significant difference between the yield at initial
cell concentrations of 4.3 and 6.5 giL, although the fraction of the
substrate converted to xylitol was higher at initial cell concentration of
6.5 giL. This might be owing to the neutralizing effect of the two factors,
an increased yield owing to less cell biomass production, and a
decreased yield owing to xylitol production. The selectivity for ethanol
was high at low initial cell concentrations and decreased as the initial cell
concentrations increased.

The rate of ethanol production modeled using the Leudeking-Piret
kinetics for product formation as shown in Eq. 4.

dP dX
-=-aX+~-
dt dt

(4)

(5)

where a is a parameter associated with cell maintenance (l/h) and ~ is a
parameter associated with growth. Substituting Eq. 1 and its differential in
Eq. 4 and integrating, we obtain Eq. 5.

[ at a ] [ at]P =Po + ex Xot+b"- b2 In(l+bt) +~ Xo+ 1+bt
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where P is the ethanol concentration at time t (giL) and Po is the initial
ethanol concentration (giL). Equation 5 was fit to experimental data
using least square minimization of the error between experimental and
predicted values. The experimental and predicted substrate concentra
tions at the different initial cell concentrations are shown in Fig. 5. The
model parameters at the different initial cell concentrations are shown
in Fig. 4.

From Fig. 5, the observations made for the substrate consumption are
similar to that made for ethanol production. The first parameter (a), which
is related to the maintenance coefficient, is the major contributor to the
rate of ethanol production after the initial growth period. The results from
this study indicate that the initial cell concentration needs to be more than
some threshold in order to get substantial product formation rate. The
second parameter (P), decreased as the initial cell concentrations increased
(see Fig. 5). The parameter B, is a growth associated parameter and has a
significant effect on the initial ethanol production rate.

Conclusions

This work shows that the initial cell concentration of P. stipitis affects
the fermentation rate, ethanol concentrations, and yield. At low initial cell
concentrations, cell growth was higher compared with fermentations with
high initial cell concentrations. The rate of xylose consumption and
ethanol production was high when the initial cell concentrations were
high. Ethanol yield was high when the initial cell concentration was high
because the cells used the substrate for ethanol production rather than
for cell growth. However, the ethanol selectivity was low at higher initial
cell concentrations.

The cell growth curve is a function of the initial cell concentration used
in the fermentation. The form of the empirical mathematical model used in
this work describes the population dynamics with just two parameters,
which correlate very well with the initial cell concentration used. This cell
concentration model was used with the Leudeking-Piret kinetics to predict
substrate consumption and product formation during the fermentation.
From the results, the substrate consumption and ethanol production rate are
both functions of the initial cell concentration used. In the use of P. stipitis
for biomass fermentation, an adequate amount of cells is necessary for com
plete substrate utilization and adequate ethanol yield.
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Abstract

Clostridium thermocellum is an anaerobic, thermophilic bacterium that
can directly convert cellulosic substrates into ethanol. Microarray technol
ogy is a powerful tool to gain insights into cellular processes by examining
gene expression under various physiological states. Oligonucleotide
microarray probes were designed for 96.7% of the 3163 C. thermocellum
ATCC 27405 candidate protein-encoding genes and then a partial-genome
microarray containing 70 C. thermocellum specific probes was constructed
and evaluated. We detected a signal-to-noise ratio of three with as little
as 1.0 ng of genomic DNA and only low signals from negative control
probes (nonclostridial DNA), indicating the probes were sensitive and spe
cific. In order to further test the specificity of the array we amplified and
hybridized 10 C. thermocellum polymerase chain reaction products that rep
resented different genes and found gene specific hybridization in each
case. We also constructed a whole-genome microarray and prepared total
cellular RNA from the same point in early-logarithmic growth phase from
two technical replicates during cellobiose fermentation. The reliability of
the microarray data was assessed by cohybridization of labeled comple
mentary DNA from the cellobiose fermentation samples and the pattern of
hybridization revealed a linear correlation. These results taken together
suggest that our oligonucleotide probe set can be used for sensitive and
specific C. thermocellum transcriptomic studies in the future.

Index Entries: Biomass; cellulose; ethanol; fermentation; transcriptomics.
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In 2004, 3.4 billion gal of ethanol was blended into gasoline, which
was approx 2% of gasoline sold in the United States by volume or 1.3%
(2.5 x 1017 J) of its energy content (1). Transportation ethanol is derived
primarily from corn; however, there is need to develop an emerging
industry to produce ethanol from lignocellulosic biomass to meet
expected future demand (2). Because of the complexities of biomass,
extraction and hydrolysis of the cellulose requires thermochemical pre
treatment of the biomass followed by the addition of enzymes needed to
hydrolyze these polymers to simple sugars that can be fermented to
ethanol by an added fermentative microorganism (3). However, a game
changing technology is being developed for a process to simultaneously
convert the cellulosic component of biomass to end products with a
single processing step that consolidates cellulase enzyme production, cel
lulose hydrolysis, and fermentation (4). Particularly important is that no
added cellulase enzymes are needed, thus avoiding the added cellulose
production costs, recently been reported in the range of 10-20 ~/gal of
ethanol produced (5). Central to this consolidated bioprocessing
approach is a thermophilic (high-temperature) bacterium called Clostridium
thermocellum, which has the critical ability to produce its own cellulases
that permit it to very rapidly hydrolyze cellulose, using a structure
called the cellulosome, for growth and energy. In fact, C. thermocellum
exhibits the highest rate of cellulose hydrolysis known and as a result
the protein chemistry of this process has been extensively studied for
20 yr (6).

There has been significant for cellulosome structural biology, and cel
lulose fermentation (6), however, little is known regarding key enzyme
expression levels that might be either bottlenecks or key catalytic steps
that will serve as targets for further metabolic engineering of this organism
to maximize ethanol yields from biomass. Therefore, this article outlines
initial progress aimed at investigating the intrinsic biology of this unique
organism, especially toward gene expression during cellobiose and cellu
lose fermentation.

The application of microarray technology to study gene expression at
the level of whole transcriptome has been widely used for many years (7,8)
and more recently transcriptomic studies have been conducted in ethanolo
genic bacteria and yeast (9-14). The availability of the 3.8 Mb C. thermocellum
genome sequence (http://genome.ornl.gov/ microbial/cthe) predicted to
encode 3163 candidate protein-encoding genes permitted the development
of a whole-genome microarray, thus allowing the application of microarray
technology to investigate patterns of gene expression during fermentation
of cellulose to ethanol in C. thermocellum. As a first step, in this study, we
present the design, fabrication, and assessment of a whole-genome
microarray for C. thermocellum ATCC 27405.
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Bacterial Strains/ Culture Conditions/ and Chemicals

c. thermocellum strain ATCC 27405 was a kind gift from Prof. Herb
Strobel, University of Kentucky, Lexington, KY. AI: 25 dilution of a fresh
overnight culture (16 h, optical density [00600] approx 0.9) of C. thermocellum
was used to inoculate 2 L of MTC medium containing 5.0 giL cellobiose
and 1.0 giL yeast extract in a Braun BioStat B fermentor (Sartorius BBI
Systems Inc., Bethlehem, PA), essentially as described previously (15),
except that C. thermocellum was cultured at 58°C and pH 7.0 (controlled
through addition of 3 N NaOH) with an agitation of 250 rpm. Reagent grade
chemicals were obtained from Sigma (St. Louis, MO) unless indicated oth
erwise. Cell free culture supernatants were analyzed by high-performance
liquid chromatography (Waters Corp, Milford, MA) to measure cellobiose,
acetate, lactate, and ethanol concentrations.

Whole-Genome DNA Microarray Construction and Design
of Polymerase Chain Reaction Primers

DNA sequences for the 3163 C. thermocellum ATCC 27405 predicted
protein-encoding genes were obtained from The Joint Genome Institute
(http://genome.omI.gov/microbial/cthe/17nov03_obsolete/) using sequence
assembled in November 2003. Oligonucleotide probes that represented the
whole genome of C. thermocellum were designed using the CommOligo soft
ware (16,17) and were commercially synthesized without modification (MWG
Biotech, High Point, NC) in 96-well plates. The concentration of the probes was
adjusted to 100 pmol/JlL, transferred to 384-well printing plates in a final con
centration of 50% dimethyl sulfoxide using a BioMek FX liquid handling robot
(Beckman-Coulter, Fullerton, CA) and then spotted onto UltraGAPS glass slides
(Corning Life Sciences, Corning, NY) using a BioRobotics Microgrid II microar
rayer (Genomic Solutions, Ann Arbor, MI) in a dust-free clean room maintained
at 21°C and 50% relative humidity Spotted DNA was stabilized on slides by
ultraviolet crosslinking using an Ultraviolet 1800 Stratalinker (Stratagene, La
Jolla, CA) according to slide manufacturer's instructions (Corning Life
Sciences). A partial genome microarray that contained 16 replicates for 72 C.
thermocellum and control probes was constructed initiall)!, and subsequentl)!,
whole-genome microarrays were fabricated, which contained two replicates per
probe on each slide. The Primer3 software (http://frodo.wi.mit.edu/cgi
biniprimer3/ primer3_www.cgi) was used to design primers to amplify gene
specific polymerase chain reaction (PCR) products for hybridizations.

Nucleic Acid Isolation and Preparation of Labeled
complementary DNA Targets

Early-exponential phase (00600, 0.25) batch cultures were used
for RNA isolation. Total cellular RNA was isolated using a lysozyme
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coupled with TRlzol reagent (Invitrogen, Carlsbad, CA) treatment as
described previously (18). Precipitated RNA was further treated with
RNase-free DNase I (Qiagen, Valencia, CA) to digest any residual chro
mosomal DNA, and subsequently purified with RNeasy Mini kit
according to the manufacturer's instructions (Qiagen). C. thermocellum
genomic DNA was isolated using the DNeasy Tissue kit (Qiagen). The
concentration and purity of the extracted nucleic acids was deter
mined at 00260 and 00280 with a NanoDrop ND-IOOO spectropho
tometer (NanoDrop Technologies, Wilmington, DE). Purified RNA was
used as the template to generate complementary DNA (eDNA) copies
labeled with either Cy3-dUTP or Cy5-dUTP (Amersham Biosciences,
Piscataway, NJ) and in a duplicate set of reactions the fluorescent Cy
dyes were reversed for the different technical replicates to analyze
dye-specific variations in hybridization signal intensity. Genomic
DNA and peR products were labeled with Cy-3dUTP and Cy-5dUTP,
respectively, using a Bioprime Labeling kit (Invitrogen) with random
primers and then purified using a Qiaquick PCR kit (Qiagen) (19). The
labeled and purified eDNA were then dried using the SDPIOIO
SpeedVac System (ThermoSavant, Holbrook, NY). The sequences for
the oligonucleotides used to amplify the probe-specific PCR products
are shown in Table 1.

Microarray Hybridization! Scanning! Image Quantification!
and Data Analysis

Preliminary microarray quality assessments were made by staining the
microarrays with a 1 : 1000 dilution of Syto61 dye (Invitrogen) pure con
taining 10.0 ~g/mL of bovine serum albumin (New England Biolabs,
Ipswich, MA) for 20 min at room temperature, followed by two O.lX SSC
(Ambion, Austin, TX) washes. Hybridization and washing conditions for
oligonucleotide microarrays have been described elsewhere (20). Microarray
images were scanned using a ScanArray Express (PerkinElmer) scanner, and
spot signal, quality, and background fluorescent intensities were quantified
using ImaGene version 6.0 (Biodiscovery, Marina Del Rey, CA). Signal-to
noise ratio were calculated as described previously (21) in Microsoft Excel,
and GeneSpring 7.0 (Agilent Technologies, Palo Alto, CA) was used to trans
form microarray data with the locally weighted scatterplot smoothing method
of normalization and to remove poor/empty spots.

Results and Discussion

C. thermocellum Cellobiose Fermentations

Initially, we investigated the growth of C. thermocellum during
fermentation of cellobiose. Cells were grown in amended MTC medium
and growth was monitored for approx 12 h. Two independent experiments
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Fig. 1. C. thermocellum cellobiose fermentations. 00 at 600 nm (00600) (blue lines),
cellobiose (red lines), acetate (pink lines), and ethanol (green lines) concentration (giL)
is plotted against fermentation time (h). Open and closed symbols correspond to data
from two independent fermentations. Arrow indicates sample harvest time for total
RNA isolation.

based on culture turbidity measurements and high-performance liquid chro
matography analysis of substrate (cellobiose) consumption and byprod
uct (acetate and ethanol) formation, indicated that batch cultures of
C. thermocellum had typical bacterial growth cycle kinetics (Fig. 1). Total
cellular RNA was extracted from two technical replicates at the same
point in early-logarithmic growth phase during single cellobiose fermenta
tion (Fig. 1).

C. thermocellum Microarray Probe Design

Unique 70-mer oligonucleotide probes were designed for 94.2% of the
3163 C. thermocellum candidate protein-encoding genes by the CommOligo
software (16). A further 10 probes were designed for groups of highly sim
ilar genes, so that 96.7% of the putative coding sequences were repre
sented and only 104 coding sequences remained unrepresented on the
whole-genome microarray. The C. thermocellum genome sequence contains a
large number of putative genes whose products are predicted to encode pro
teins with transposon-related functions (22). Wherein sequences were highly
similar, such as for genes encoding proteins with transposon-related func
tions, individual gene probes could not be designed. Group probes 1-10 rep
resented putative hypothetical, transposase, transposase (IS1l6/ISllO/IS902),
phage/plasmid primase P4, hypothetical, transposase (mutator type),
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Fig. 2. Specificity of C. thermocellum microarray probes. C. thermocellum partial-genome
microarray stained with nonspecific Syto61 dye for DNA (A) and hybridized with
gDNA labeled with Cy3 dye (green), which hybridizes to all C. thermocellum probes and
Ct3187 PCR product labeled with Cy5 dye (red) that hybridizes to replicates of Ct3187
probe (8).

transposase (153/15911), transposase (mutator type, transposase (1530
family), and transposase proteins, respectively. The percentage of C. thennocel
lum probes designed for the whole genome is similar to several recently con
structed whole-genome microarrays for Desulfovibrio vulgaris (Hildenborough)
and Shewanella oneidensis MR-l, which had 98.6 and 94.3% probe coverage of
the genomes, respectively (20,23). The group probe design feature of
CommOligo enabled probes to be designed for highly homologous sequences,
thus extending the fraction of gene expression comparisons that will be able
to be made in the future.

Microarray Probe Specificity and Sensitivity

Initially, a subset of the whole-genome microarray probes was tested
for sensitivity and specificity by producing partial-genome microarrays that
contained 70 C. thermocellum probes representing the range of functional
diversity in the predicted gene products. The DNA stain Syto61 was used to
assess the quality of the partial-genome microarrays and to confirm signal
was observed from negative control probes (Fig. 2A). PCR products designed
to hybridize to individual probes that represented specific genes were labeled
with Cy-5 and hybridized to the partial array to confirm signal specificity of
the designed oligonucleotide probes (Fig. 2B). In each case the lO-labeled
PCR products gave signal-to-noise ratios of more than three, or positive for
probe-target hybridization interaction (24), whereas only low values and
5NRs below three were observed from negative control probes (Fig. 3).

The hybridization of different amounts of C. thermocellum genomic
DNA labeled with Cy-dye to C. thermocellum partial microarrays showed
that as little as 1.0 ng of genomic DNA could be labeled and give signal-to
noise ratios more than three (Fig. 4). A signal-to-noise ratio more than three
is a general criterion considered as the minimum probe signal necessary that
can be quantified accurately (24). Our results were in keeping with other
studies (25,26) and were indicative of the C. thermocellum microarray probes

Applied Biochemistry and Biotechnology Vol. 736-140,2007
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Time 0.25 (control)

Fig. 5. Scatterplot of whole-genome microarray data. The upper and lower green
lines represent twofold levels of differential expression and the middle green line
represents no change in expression.

being sensitive as well as specific. In order to further assess the reliability of
the microarray data we constructed a whole-genome microarray and cohy
bridized cDNA prepared from total cellular RNA extracted from two tech
nical replicates from the same C. thermocellum cellobiose fermentation in
early-logarithmic growth phase. The pattern of hybridization revealed a lin
ear relationship between the samples and 97.4% of the genes fell within a
twofold threshold after data normalization and poor/empty spot removal
by GeneSpring (Fig. 5). This value may be further improved on in future
studies, as one potential source of variation was average incorporation of
the Cy-dye, which was less than 1 pmol/IJ.L of purified target DNA. In this
experiment only three of the 1708 genes were slightly outside the bounds of
a threefold change in expression value between samples. Overall, the results
described above suggest our oligonucleotide probe set can be used for sen
sitive and specific C. thermocellum transcriptomic studies in the future.

Conclusion

To our knowledge this is the first whole-genome microarray for a
thermophile capable of converting cellulose to ethanol in a consolidated

Applied Biochemistry and Biotechnology Vol. 736-740,2007
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Cellulose

i ~ Cellulosome complex

Cellobiose

! ~ Cellobiase phosphorylase

Glucose-1-phosphate

! ~ Phosphoglucomutase

GIucose-6-phosphate

! ~ Glucose-6-phosphate isomerase 10

Fluctose-6-phosphate

! ~ 6-Phosphofructokinase 9

Fructose-1,6-phosphate

! .. Fructobisphosphate aldolase

Glyceraldehyde-3-phosphate

! ~ Glyceraldehyde-3-phosphate dehydrogenase 5

1,3-Phosphoglycerate

! ~ 3-Phosphoglycerate kinase 1

3-PhosphogIycerate

! ~ Phosphoglycerate phosphomutase

2-Phosphoglycerate

! ~ Enolase

Phosphoenolpyruvate

! .. Pyruvate kinase

Pyruvate

Lactic acid / +1 .. Lactate dehydrogenase 7,8

Pyruvate dehydrogenase

~ AcetylCoA

.. 1 Phosphotransacetylase 2

Acetylphosphate1 Acetaldehyde

.. 1 Acetate kinase 3
~ Alcohol dehydrogenase 4

Acetate Ethanol

Fig. 6. Metabolic pathway for conversion of cellulose to ethanol, lactic acid, and
acetic acid. The numbered genes correspond to peR products in Table 1 and their loca
tion in this metabolic pathway.

process. The peR products shown in Table 1 were chosen not only to verify
the quality of the C. thermocellum microarray, but also for future quantitative
peR primer analysis of key genes in the pathway from cellulose to the
final metabolic end products of ethanol, lactic acid, and acetic acid (Fig. 6).
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Future transcriptomics using the whole-genome microarray will provide
insight into the expression genes whose products are thought to be important
for cellulose fermentation and also potentially provide insight into the roles
of other genes whose importance cannot be inferred by a priori assumptions.
Interestingly, such experiments will answer questions whether both genomic
copies of lactate dehydrogenase are expressed (Table I, genes 7 and 8) or if
transcription occurs from only one locus during fermentation of either cel
lobiose and/or cellulose. Information on these and other genes contribut
ing to or detracting from the pathway for ethanol production will be
invaluable as the complexities of C. thermocellum metabolic circuits are
unraveled. In conclusion, the application of transcriptomic profiling, along
with other molecular biology tools and physiological studies offer the
opportunity to better understand fundamental biology of ethanologenic
bacteria and the potential for improved production of ethanol.
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Note Added in Proof

As this paper was going to press, the C. thermocellum ATCC 27405
genome was closed and finished. The finished genome sequence can be found
at http://genome.jgi.psf.org/finished_microbes / cloth/cloth.home.html.
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Abstract

The ability of Aspergillus oryzae for the production of tannase by solid
state fermentation was investigated using cashew apple bagasse (CAB) as
substrate. The effect of initial water content was studied and maximum
enzyme production was obtained when 60 mL of water was added to 100.0 g
of CAB. The fungal strain was able to grow on CAB without any supple
mentation but a low enzyme activity was obtained, 0.576 U/ g of dry sub
strate (gds)' Optimization of process parameters such as supplementation
with tannic acid, phosphorous, and different organic and inorganic nitrogen
sources was studied. The addition of tannic acid affected the enzyme
production and maximum tannase activity (2.40 U/ gds) was obtained with
2.5% (w/w) supplementation. Supplementation with ammonium nitrate,
peptone, and yeast extract exerted no influence on tannase production.
Ammonium sulphate improved the enzyme production in 3.75-fold com
pared with control. Based on the experimental results, CAB is a promising
substrate for solid state fermentation, enabling A. oryzae growth and the
production of tannase, with a maximum activity of 3.42 U / gds and enzyme
productivity of 128.5 x 10-3 U . gds-1 . h-1 .

Index Entries: Cashew apple bagasse; solid state fermentation; tannase;
Aspergillus oryzae; tannic acid; ammonium sulfate.

Introduction

In the north coast of Brazil, especially in the state of Ceara, the cashew
agroindustry has an outstanding role in the local economy. The cashew
apple, a pseudofruit or peduncle, is the part of the tree that connects it to
the cashew nut, the real fruit and a well-known product around the world.
The cashew apple is a hard, pear-shaped, small, and nonclimacteric fruit,
and is found in three colors: yellow, orange, and red. The most commonly
commercialized ones are the yellow and red fruits. The edible portion,

*Author to whom all correspondence and reprint requests should be addressed.
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Table 1
Physico-chemical Characterization of Natural Bagasses of Cashew

(Anacardium ocidentale L)

Parameters

pH
Acidity (gram of citric acid/l00.0 g of sample)
Soluble solids (Brix)
Reducing sugars (mg/l00.0 g)
Total sugars (mg/l00.0 g)
Proteins (%)
Lipids (%)
Fibers (%)
Moisture (%)

From ref. 7.

Natural cashew bagasse (CAB)

4.01
1.34

12.0
6.84
7.68
1.83
0.38

33.10
78.76

representing 90% of the fruit, is rich in vitamin C, flavor, and aroma.
Internal and external market consumption of cashew nut, in the year of
2004, was about 232,000 t. However, only 12% of the total peduncle is
consumed "in natura" or processed industrially to produce a wide range of
products from concentrated juice to desserts. The industrially processed
products are basically consumed by the local market and they do not play an
important role in the state or Brazil economy. Furthermore, the majority of the
cashew apple spoils in the soil (1-4). When peduncle is industrially pro
cessed for the production of juice, 40% (w/w) of bagasse is produced,
which is not used for human consumption and is usually discarded by
the local industry. These facts, together with its composition (see Table 1),
turns cashew apple bagasse (CAB) into an interesting and inexpensive
«$0.50/Kg) substrate for several potential applications (5-7), including the
production of microbial enzymes by solid state fermentation (SSF).

SSF has been defined as a bioprocess in which microorganisms are
grown on solid substances in the absence or near absence of free water (8).
Two types of substrates are used in SSF-one in which the solid substrate
itself is used by the microorganisms as the carbon and energy source and
other in which the substrate acts only as support. SSF mainly deals with
the utilization of agroindustrial residues as substrates. Application of such
residues as substrates is certainly economical and it also reduces environ
mental pollution (9). In this work, CAB, a coproduct of cashew apple juice,
is investigated for the production of tannase through SSF.

Tannase (tannin-acyl-hydrolase, Enzyme Commission [Ee], 3.1.1.20) cat
alyzes the breakdown of hydrolysable tannis and gallic acid esters (10).
Hydrolysable tannins are present in most of the residues obtained from higher
plants, which is the case of CAB, and are polyphenolic compounds formed by
the association of sugars with ellagic acids through esters linkages (11). Tannase
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Table 2
Physico-chemical Characterization of the CAB

677

Parameters

Proteins (% [w/w])
Lipids (% [w/w])
Glucose (% [w/w])
Micronutrients (ppm)
Zn
Fe
Mn
Cu
Mg

CAB (A. ocidentale, L.) used in this work.

Natural cashew bagasse (CAB)

16.7
5.22
0.25

14.92
49.72
14.82
18.31
8.13

can be obtained from plant sources; the enzyme is present in tannin rich
vegetables, mainly in their fruits, leaves, branches, and barks of trees (10,12,13)
as well as in bovine intestine and other ruminant mucous (10). However, the
most important source of industrial tannase is microbial production, as these
enzymes are more stable than similar ones obtained from other sources (10).

Tannases are widely used in the food and pharmaceutical industry,
especially in tea clarification and also for the production of pharmaceutically
important compounds, such as gallic acid. Gallic acid, a tannin product, is
the substrate for chemical synthesis of propyl gallate and trimethoprim,
which are important in food and pharmaceutical industries, respectively.
Tannase is also used in the treatment of tannery effluents for the stabiliza
tion of malt polyphenols, clarification of beer and fruit juices, for the
prevention of phenol-induced madeirization in wine and fruit juices, and for
the reduction of antinutritional effects of tannins in animal feed (14-16).
Therefore, the objective of this work was to study the potential of CAB for
the production of tannase, by SSF using Aspergillus oryzae.

Materials and Methods

Solid Substrate Preparation

CAB was used as a substrate and was kindly donated by the Kraft Foods
unit located in Aracati, State of Ceara, Brazil. Before storage, it was washed
three times with water and dried for 24 h at 50°C and characterized, because the
CAB composition varies depending on the fruit type and harvest. The
average composition of the CAB used in this work is described in Table 2.

Microorganism and Inoculum Preparation

A fungal strain of A. oryzae from the Embrapa Agroindustria Tropical,
Ceara, Brazil was used in this study. The microorganism was grown and
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maintained on Nutrient Agar slants at 32°C. Spore suspensions were
extracted with 10 mL of a sterile water solution containing 0.4% Tween 80.
Afterwards, 1 mL of spore suspension was placed in flasks, containing 10.0 g
of corn brain, 4 mL of a solution 1.7% (w Iv) NaHP04 and 2.00/0 (wIv)
(NH4)2S04' and incubated at 30°C for 3 d. Viable spores were scraped with
40 mL of sterile 0.4% (wIv) Tween 80 solution and determined by plate
count technique.

Humidity Determination

Two gram of sample was analytically weighted and dried at 90°C for
24 h in an air circulation oven.

Water Activity Determination

Water activity (aw ) is defined as the relative humidity of the gaseous
atmosphere in equilibrium with the substrate. In SSF process, water activity
of the substrate quantitatively express water requirements for microbial
activity. Pure water has aw equal to 1.0, which diminishes with increase in
amounts of substrate (17). In this work, water activity was determined
using an Aqualab CX-2 (Decagon Devices, Pullman, WA) device at 30°C.

Preparation of SSF Medium for Inoculation

SSF was carried out in 500-mL conical flasks containing 40.0 g of
medium, CAB enriched or not with tannic acid and moistened with water.
Flasks were autoclaved at 121°C for 15 min, cooled to room temperature,
and inoculated with fungal spores (107 sporesI g). The contents were mixed
thoroughly and incubated at 300 e for 96 h. Every 24 h, samples were with
drawn by removing a single Erlenmeyer flask from the incubator.

Enzyme Extraction

Tannase was extracted from the fermented substrate by adding 100 mL
of acetate buffer (pH 5.0). The contents were incubated at 30°C for 60 min
and the crude enzyme was separated by filtration through Whatman No.1
paper. The filtrate, here denominated as enzymatic extract, was colleted in
vials and preserved for further analysis.

Gallic Acid Assay

Gallic acid concentration in the enzymatic extract was determined
according to alcoholic rhodanine method that is based on the formation
of a chromogen. The developed color was read at 520 nm using a Cary
50 spectrophotometer (Varian, Melbourne, Australia) (18).

Tannase Assay

For tannase determination, the enzymatic extract was incubated with
buffered solution (acetate 20 mM, pH 5.0) of tannic acid 200 mg/L at 30°C
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for 5 min (19). The gallic acid released was quantified by alcoholic rhoda
nine method (18). One unit of tannase activity was defined as the amount
of enzyme that catalyses the production of Illmol of gallic acid/min under
assay conditions.

Determination of Total Phenolics

Tannic acid concentration in the enzymatic extract was determined
with the method proposed by Folin and Denis (20).

Optimization of Process Parameters

SSF was carried out to study the effect of several parameters required
for the optimal production of tannase by A. oryzae. Initial amount of water
added to the substrate (40, 60, 80, and 100 mL for 100.0 g of dry CAB), incu
bation time (0-96 h), supplementation with tannic acid (2.5,5.0, 7.5, 10.0, and
12.5% [wIw] of tannic acid for 100.0 g of CAB), phosphorous (0.5, 1.0, 1.5,
and 2.0 % [wIv]), and different organic (peptone and yeast extract at 1%
[wIvl) and inorganic nitrogen sources (ammonium nitrate at 1% [wIv] and
ammonium sulfate from 0.5 to 4.0% [wIv]) were the studied parameters.

Tannase Productivity

In this work tannase productivity (PEN) is defined as the amount of
the desired product formed (tannase activity-AEN) per reaction time
(t

max
) to achieve the highest enzyme activity (21), see Eq. 1.

Results and Discussion

Effect of Initial Water Content

AENPEN =
tmax

(1)

Several studies have showed that initial water content is a critical
factor for growth and enzyme production and it is intimately related to the
definition of SSF because it is necessary for new cell synthesis (9,17,22-24).
Water is needed for cooling and also for incorporation into new microbial
cells. Moreover, some authors (25) observed that fungal growth could be
hampered by limited water availability. Therefore, in this work, the effect
of initial water content on tannase production was investigated and results
are pictured in Fig. 1.

It can be observed that maximum enzyme production was obtained
when 60 mL of water was added to 100.0 g of dry CAB and 0.576 UI g of dry
substrate (gds)' In this medium the humidity and water activity were 40.4%
and 0.978, respectively (Table 3). The increase in water content beyond 60 mL
inhibited enzyme production. With increasing water content, keeping
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Fig. 1. Effect of water content on tannase yield production by A. oryzae in SSF of
CAB (100.0 g) at 30°C.

Table 3
Humidity and Water Activity of the CAB Used in This Work

for Different Amounts of Added Water

Added volume (mL) Humidity (%) aw

40 31.6 0.965
60 40.4 0.978
80 47.2 0.983
100 51.8 0.993

substrate volume constant, the air content of the substrate occupied within
the interparticle space, decreases. Moreover, the scarcity or excess of water
affects the decomposition rate of the organic matter, which was found to
decrease, affecting enzyme production (9,24). Low substrate water content
may result in poor microbial growth and product formation owing to the
poor access to nutrients arising from reduced mass transfer of gas and solute
to the cells (26). Some experiments have showed the influence of water
content on the metabolism of microorganisms. The influence of water con
tent on a solid substrate on growth rate and sporogenesis of filamentous
fungi was reported (27). Others authors (28) studied the influence of water
activity on enzyme biosynthesis and enzyme activities produced by fungi.
The water content of the medium is a fundamental parameter for mass
transfer of water and solutes across the cell membrane. The control of this
parameter could be used to modify the metabolic production or excretion of
a microorganism (17). Optimal water content allows the entry of nutrients
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Fig. 2. Gallic acid concentration during SSF of CAB supplemented with different
amounts of water.

through the cell walls, which enhances enzyme production. Any deviation
from optimal may decrease enzyme production owing to osmotic imbalance
inside the cells (29).

Tannase production is a response of an induction process (10).
However, in this stage no inducer was added to the culture media, but
tannase activity was detected. The analysis of fermentation extracts
showed that phenolic compounds were presented in all fermentation
media, from 0.50 to 0.55 mg/g (data not shown). Specifically, gallic acid, a
pointed tannase inducer, was observed as a natural component of culture
media from 0.35 to 0.43 mg/g (Fig. 2). In fermentation process, the gallic
acid content decreased, probably as a result of microorganism consump
tion (Fig. 2). Based on the obtained results, all the subsequent fermenta
tions were performed using 60 mL of initial water content.

Effect ofAddition With Tannic Acid

The supplementation of CAB with different amounts of tannic acid was
investigated and the results are presented in Fig. 3. It can be observed that
addition of tannic acid affected the enzyme production and maximum
tannase activity (2.40 U/ gds) was obtained with 2.5% (w/w) supplementa
tion. Moreover, the addition of 2.5% of tannic acid stimulated tannase pro
duction about 4.2-fold, when compared with the results presented in Section
Effect of Initial Water Content. Other authors observed an improvement in
tannase production when tannic acid was added to the culture media (9/24).
An increase in tannic acid concentration over 2.5%, did not correspond to
more tannase production. These results are similar to those observed by

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



682 Rodrigues et al.

0.0 2.5 5.0 7.5 10.0

Tannic acid concentration (%[w/wJ)

12.5

Fig. 3. Effect of tannic acid supplementation (% [wfwD on tannase production
by SSF at 30°C, 40.4% humidity, 40.0 g of CAB, and 48 h of incubation period.
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Fig. 4. Gallic acid concentration during SSF of 40.0 g of CAB supplemented with
2.5% (wfw) tannic acid at 30°C, 40.4% humidity, and 48 h of incubation period.

Lekha and Lonsane (10,30). For high concentrations of tannic acid, ranging
from 4 to 20%, tannase production by A. niger PKLl04 and A. oryzae were
negatively affected. The authors suggested that a growth inhibition, and con
sequently less enzyme synthesis, was related to high tannin concentration.

Figure 4 presents gallic acid profile in culture media. In all media sup
plemented with tannic acid, a gallic acid accumulation until 48 h was
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Fig. 5. Effect of supplementation of different nitrogen sources (1 % [wIv]) on
tannase production by A. oryzae in SSF of 40.0 g of CAB supplemented with 2.5%
(wIw) tannic acid at 30°C and 40.4% humidity.

observed. The relation between the presence of high amounts of this com
pound and enzyme activity is not clear. Some authors (10,31-33), showed
that gallic acid acts as inductor of synthesis. In opposite way, other authors
(34,35) point gallic acid out as a great feedback repressor. Based on the
obtained results, all the subsequent fermentation media were supple
mented with 2.5% (w/w) of tannic acid.

Effect of Supplementation of Nitrogen Sources

The effect of supplementation of different organic (peptone and yeast
extract) and inorganic (ammonium nitrate and ammonium sulfate) nitrogen
sources on tannase production was evaluated and results are shown in
Fig. 5. It can be observed that ammonium nitrate, peptone, and yeast
extract exerted no influence on tannase production. These results were
similar to those obtained by other authors studying the production of tan
nase by A. niger 3T5B8 in wheat straw (33). These authors point the distinct
assimilation of inorganic ions and the possibility of complex formation
between tannins and proteic structures of yeast extract and peptone.
Ammonium sulphate, at a concentration of 1%, on the other hand,
improved the enzyme production in 1.43-fold compared with control
(fermentation in the absence of nitrogen sources). Nitrogen can be an
important limiting factor in the microbial production of enzymes. The
presence of an additional nitrogen source in the substrate may have
promoted cell growth and enzyme production (9).
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Fig. 6. Effect of ammonium sulphate concentration on tannase production by
A. oryzae in SSF of 40.0 g of CAB supplemented with 2.5% (w/w) tannic acid at 30°C
and 40.4% humidity.

Media supplementation with different amounts of ammonium sulfate
was investigated and the results are presented in Fig. 6. It can be observed
that increasing ammonium sulfate concentration exerted no influence on
the amount of tannase produced; however, it has influenced the kinetics of
enzyme production. Table 4 shows enzyme activity and productivity of
tannase obtained in this work (SSF using A. oryzae and CAB supplemented
with 2.5% (wIw) of tannic acid and ammonium sulphate) and by other
authors (9/24) using different substrates and microorganisms.

Results pictured in Fig. 7 show an acceleration of the microbial
metabolism when more than 2.0% (wIv) of ammonium sulphate was added
to CAB, and consequently, better tannase productivities (128.5 x 10-3

U · gds-1 · h-1) were achieved, see also Table 4. These productivity results,
compared with other authors' results, indicate that CAB is a promising
substrate for tannase production.

Effect Phosphorous Supplementation

The effect of supplementation of CAB, enriched with 1% (wIv)
of ammonium sulphate, with NaH2P04 . H20 on tannase production
was evaluated and results are shown in Fig. 8. It can be observed that
NaH2P04 • H20 exerted no influence on tannase production. Pinto (33)
observed that the addition of phosphorus to the fermentation media (wheat

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Fig. 7. Effect of ammonium sulphate concentration on tannase productivity by A.
oryzae in SSF of 40.0 g of CAB supplemented with 2.5% (wIw) tannic acid at 30°C and
40.4% humidity.

Table 4
Tannase Activity (UI gds) and Productivity (U . gds-1 . h- 1) in SSF Using Different

Microorganisms and Culture Media

Substrate
Tannase

Microorganism activity (UI gds)

Tannase
productivity

x 103 (U·gds-1·h-1)

Lactobacillus sp.
Lactobacillus sp.

CAB supplemented
with 2.5% (wIw) tannic
acid and 1% (w Iv)
ammonium sulphate

CAB supplemented
with 2.5% (wIw) tannic
acid and 2.5% (wIv)
ammonium sulphate

Coffee husk (24)
Tamarind seed

power (24)
Palm kernel cake (9)

A.oryzae

A.oryzae

A. niger
ATCC16620

3.42

3.08

0.70
0.65

13.03

71.3

128.5

14.5
13.5

135.7

In this work, A. oryzae was able to grow in 40.0 g of CAB supplemented with 2.5% (w/w)
tannic acid and ammonium sulphate at 30°C and 40.4% humidity.
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Fig. 8. Effect of sodium phosphate supplementation on tannase production by A.
oryzae in SSF of 40.0 g of CAB supplemented with 2.5% (wIw) tannic acid and 1% (wIv)
ammonium sulphate at 30°C and 40.4% humidity.

straw) promoted an increase in enzyme yield and productivity, which was
not the observed in this work.

Effect of Incubation Period

Maximum amount of tannase activity was obtained after 48 h or 24 h
of fermentation (Figs. 1, 5, 6, and 8) for all conditions studied in this work.
A decrease in enzyme yield with further increase of incubation time was
also observed. This behavior could be owing to the reduced nutrient level
of the media, affecting the enzyme synthesis. Some authors claim that tan
nase is produced during the primary phase of growth, and therefore, the
activity decreases either because of decrease in production or because of
enzyme degradation (9). The consumption of gallic acid (Fig. 2) may con
tribute to a decrease in the level of induction. Nevertheless, the increase of
ammonium sulphate concentration in culture media improved enzyme
productivity (Figs. 6 and 7), allowing to produce almost the same amount
of enzyme in 24 h of fermentation.

Conclusions

Results obtained in this work showed that CAB was a promising
substrate, enabling A. oryzae growth and the production of tannase. The
physico-chemical parameters that influenced the enzyme production were:
water content (60 mL), supplementation with tannic acid (2.5% [w/w]), and
supplementation with nitrogen source (2.5% [wIv] ammonium sulphate).
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The increase in ammonium sulphate concentration in the media improved
enzyme productivity to 128.5 x 10-3 U· gds- 1 . h-1, when 2.5% was added.
Supplementation of the medium with phosphorous (NaH2P04·H20),
ammonium nitrate, peptone and yeast extract exerted no influence on
tannase production.
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Abstract

Using pelletized fungal biomass can effectively improve the fermentation
performance for most of fugal strains. This article studied the effects of inocu
lum and medium compositions such as potato dextrose broth (PDB) as carbon
source, soybean peptone, calcium carbonate, and metal ions on pellet forma
tion of Rhizopus oryzae. It has been found that metal ions had significantly neg
ative effects on pellet formation whereas soybean peptone had positive effects.
In addition PDB and calcium carbonate were beneficial to R. oryzae for grow
ing small smooth pellets during the culture. The study also demonstrated that
an inoculum size of less than 1.5 x 109 sporeslL had no significant influence
on pellet formation. Thus, a new approach to form pellets has been developed
using only PDB, soybean peptone, and calcium carbonate. Meanwhile, pal
letized fungal fermentation significantly enhanced organic acid production.
Lactic acid concentration reached 65.0 giL in 30 h using pelletized R. oryzae
NRRL 395, and fumeric acid concentration reached 31.0 giL in 96 h using pel
letized R. oryzae ATCC 20344.

Index Entries: Calcium carbonate; fumaric acid; fungal pellet; inoculum
size; lactic acid; metal ions; potato dextrose broth; Rhizopus oryzae.

Introduction

Filamentous fungal fermentation is widely used to commercially pro
duce useful products such as organic acids, enzymes, antibiotics and the
cholesterol lowering drugs (Statins), and so on (1-7). Fungi can be grown in
submerged cultures by several different morphological forms: suspended
mycelia, clumps, or pellets (8). Many studies have discussed the advantages
and disadvantages of growth morphologies in terms of different product
(9-11). It has been concluded that the fungal growth in pellet form is a favor
able alternative to benefit the most of fungal fermentations because it not
only makes fungal biomass reuse possible but also significantly improve the
culture rheology, which results in better mass and oxygen transfer into the
biomass, and lower energy consumption for aeration and agitation (12).
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The change of fungal morphology is mainly influenced by medium
compositions, inoculum, pH, medium shear, additives (polymers, surfac
tants, and chelators), culture temperature, and medium viscosity (5/8/13/14).
For individual strains, each factor has different importance to the growth
morphologies; some strains such as Rhizopus sp. need strong agitation to
form pellets, whereas some strains such as Penicillium chrysogenum require
high pH to form pellets (8). Thus, the study on fungal pellet formation is lim
ited at the level of the individual strain.

Strains of R. oryzae have the capability to produce fumaric acid, lactic
acid, pectinase, amylogucosidase, a-amlyase, and so on (1/4,5,15). Zhou
et al. (16) investigated the effects of different metal ions (Mg2+, Zn2+, and
Fe2+) and pH on the pellet formation of R. oryzae ATCC 20344 under
glucose as a carbon source and urea as a nitrogen source. Byrne studied the
effects of glucose concentration, peptone concentration, pH, and some
additives on the pellet formation of R. oryzae ATCC 10260 (17/18). However,
the comprehensive investigation of the effects of medium compositions
and inoculum on the pellet formation and the effects of pellets on the
improvement of organic acid production has not been fulfilled. This article
is focused on studying the factors such as carbon source, nitrogen source,
metal ions, neutralizer, and inoculum in order to develop a new approach
to form R. oryzae pellets, and further enhance organic acid production.

Materials and Methods

Microorganism

R. oryzae ATCC 20344 and R. oryzae NRRL 395 were obtained from the
American Type Culture Collection (ATCC) (Manassas, VA). The strains
were first cultured on potato dextrose agar (Difco, Franklin Lakes, NJ)
slants, and further propagated on potato dextrose agar in 500-mL
Erlenmeyer flasks to form spores. The culture temperature was 25°C. The
spores were washed from the agar with sterile distilled water, and col
lected as a spore suspension for the study. The spore concentrations of the
suspension were 7.5 x 107 spores/mL for R. oryzae ATCC 20344, 9.0 x 107

spores/mL for R. oryzae NRRL 395, respectively. R. oryzae ATCC 20344 was
used for studying pellet formation.

Pellet Formation

The effects of factors such as different carbon source, nitrogen source,
mineral ions, and neutralizer on pellet formation were carried out by a 24

full-factorial design with replicates (Table 1). Two different carbon sources
Potato dextrose broth (PDB) and glucose under two levels of nitrogen
(with and without), mineral ions (with and without), and neutralizer (with
and without) were studied. The glucose concentration in the carbon
sources was 20.0 gil. The nitrogen source was soybean peptone (Sigma,
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Table 1
24 Full-factorial Design With Replicates for Pellet Formationa,b

691

Factors

Carbon Nitrogen
Run source source Mineral ions Neutralizer

1 PDB «+1) Yes (+ 1) Yes (+ 1) Yes (+1)
2 PDB(+1) Yes (+ 1) Yes (+ 1) No (-1)
3 PDB (+1) Yes (+ 1) No (-1) Yes (+ 1)
4 PDB (+1) Yes (+ 1) No (-1) No (-1)
5 PDB (+1) No (-1) Yes (+ 1) Yes (+ 1)
6 PDB(+1) No (-1) Yes (+1) No (-1)
7 PDB (+1) No (-1) No (-1) Yes (+ 1)
8 PDB (+1) No (-1) No (-1) No (-1)
9 Glucose (-1) Yes (+ 1) Yes (+1) Yes (+ 1)
10 Glucose (-1) Yes (+ 1) Yes (+ 1) No (-1)
11 Glucose (-1) Yes (+ 1) No (-1) Yes (+ 1)
12 Glucose (-1) Yes (+ 1) No (-1) No (-1)
13 Glucose (-1) No (-1) Yes (+1) Yes (+ 1)
14 Glucose (-1) No (-1) Yes (+ 1) No (-1)
15 Glucose (-1) No (-1) No (-1) Yes (+ 1)
16 Glucose (-1) No (-1) No (-1) No (-1)

aCode values are in the parentheses.
bThe strain is R. oryzae ATCC 20344.

St. Louis, MO) with a concentration of 6.0 giL. The mineral ions included:
0.6 giL KH2P04, 0.25 giL MgS04 • 7H20, and 0.088 giL ZnS04 • 7H20. The
neutralizer was CaC03 (6.0 giL). The cultures were performed at 27°C for
48 h on a rotary shaker at 190 rpm.

Effects of Inoculum Size on Pellet Formation and Growth

Four spore concentrations (1.5 X 108,3.75 X 108,7.5 X 108, and 1.5xI09

spores/L) were run on the selected media, which were identified in the pre
vious section as favorable media to form pellets. The cultures were carried
out under the same conditions described under "Pellet Formation."

Comparison of Pelletized Fungal Fermentation and Clump-Like
Fungal Fermentation on Organic Acid Production

R. oryzae NRRL 395 was used to produce lactic acid. The fermentation
conditions for lactic acid production were: 120.0 giL of glucose, 60.0 giL
of CaC03, and 6.5 giL (dry basis) of biomass for both pellets and clump.
R. oryzae ATCC 20344 was the strain used to produce fumaric acid. The fer
mentation conditions for fumaric acid production were: 100.0 giL of glu
cose, 60.0 giL of CaC03, and 11.5 giL (dry basis) of biomass for both
pellets and clumps. The cultures were carried out at 27°C in 250-mL flasks
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containing 100 mL of culture medium on a rotary shaker at 190 rpm. All
media were autoclaved at 121°C for 15 min before inoculation.

Statistical Analysis

The effects of carbon source, nitrogen, mineral ions, and neutralizer
on pellet formation were compared using the special property of factorial
designs whose effects can be simply estimated by the differences in aver
age response values between the high and low codes of each factor. A
ranked list that presented the relative importance among factors was
formed by the comparison. The list is given in the Pareto chart (19).

Analytical Methods

The morphology of the cultures was determined by examining sub
merged cultures dispersed on Petri dishes. An Olympus microphotograph
(Tokyo, Japan) was used to observe the pellet morphology and measure
the size of the pellets. The pH value was measured with a Fisher portable
pH meter (Fisher Scientific, Pittsburgh, PA). Dry biomass was determined
by washing the pellet mycelia with 6 N HCL to neutralize excess CaC03
attached in the pellets, and then washing to pH 6.0 with deionized water.
The washed biomass was dried at 100°C overnight before weight analysis.
The fumaric acid and lactic acid in the broth were analyzed using a Dionex
DX-500 system (Sunnyvale, CA) including an AS11-HC (4 mm 10-32) col
umn, a quaternary gradient pump (GP40), a CD20 conductivity detector,
and an AS3500 autosampler (20).

Results

Pellet Formation

The effects of carbon source, nitrogen source, metal ions, and neutral
izer on fungal morphology were investigated (Table 2). Fungal morpholo
gies varied from different combination of factors (Fig. 1). There were only
four runs (Nos. 3, 4, II, and 12), which were able to form pellets. In order
to run statistical analysis on a qualitative data of morphologies, the quali
tative value has to be assigned to describe it. The uniform pellet form of
fungal biomass was represented by the value of I, and other nonpellet
forms such as clump, less/nongrowth, and nonuniform pellet/clump
were represented by the value of O. The analysis demonstrated that pep
tone, metal ions, and their combined interaction together had 100% of total
effect, which means that peptone and metal ions were the two main factors
on pellet formation (Fig. 2). The data also showed that peptone had a pos
itive effect (33% of total effect) on pellet formation, whereas metal ions and
the interaction of metal ions and peptone (33% each of total effect) had
negative effects.
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Table 2
Experimental Results From 24 Full-Factorial designa,b

Fungal Pellet Biomass
Run morphologyC size (mm)d (g dry matter/L) Initial pH Final pH

1 Clump (0) 6.344 6.06 7.10
2 Clump (0) 3.62 5.76 7.13
3 Uniform

pellet (1) 1.98 ± 0.41 3.992 6.84 6.81
4 Uniform

pellet (1) 1.03 ± 0.15 3.158 5.99 3.77
5 Clump (0) 2.818 5.58 5.59
6 Nonuniform 2.318 4.65 3.11

pellet and
clump (0)

7 Nonuniform 2.366 6.58 6.21
pellet and
clump (0)

8 Nonuniform 0.912 4.93 3.31
pellet and
clump (0)

9 Clump (0) 4.574 6.44 7.18
10 Clump (0) 3.03 6.20 6.11
11 Uniform

pellet (1) 2.57 ± 0.22 2.408 7.42 5.88
12 Uniform

pellet (1) 1.47 ± 0.35 1.842 7.13 3.43
13 Nongrowth (0) 0.008 5.43 5.84
14 Nongrowth (0) 0.008 4.64 4.52
15 Less-growth (0) 0.016 6.81 6.74
16 Less-growth (0) 0.036 6.05 6.09

aAll data except pellet size are the mean of two replicates, pellet size is the mean of 200
replicates with standard deviation at a = 0.05.

bThe strain is R. oryzae ATCC 20344.
cCode values are in the parentheses. 1 is the value to represent the pellet, 0 is the value

to represent the nonpellet forms such as clump, nongrowth, and so on.
dll_" means nonpellet.

Statistical analysis concluded that the other two factors of carbon
source and neutralizer were not the main factor on pellet formation.
However, both of them had significant influences on fungal pellet
growth. Pellets from cultures with calcium carbonate and PDB had an
average diameter of 1.98 mm and 3.99 g biomass, whereas pellets from
corresponding cultures without calcium carbonate only had 1.03 mm
and 3.16 g, respectively (Fig. 3). Pellets cultured on glucose had the same
trend as those on PDB (Fig. 3). In addition, pellets cultured on both PDB
and glucose with calcium carbonate were much smoother than those
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Fig. 1. Morphology of fungal biomass (the strain is R. oryzae ATCC 20344). (A)
Clump from run 2, (B) pellet from run 3, (C) less-growth from run 15, and (0) nonuni
form pellet and clump.

without calcium carbonate (Fig. 4). As for carbon sources, on the media with
calcium carbonate the size of pellets cultured on rOB was 1.98 mm, which
was smaller than the 2.57 mm from cultures on glucose, and rOB
medium produced 1.58 giL more biomass than the glucose medium
(Fig. 3). The same trend was on the media without calcium carbonate
(Fig. 3). In terms of effects of carbon sources on fungal pellets, rOB was
a benefit for producing more biomass and pellets with a smaller size
compared with glucose. The data also demonstrated that pH differences
caused by different components in the culture medium among experi
mental runs had no significant influence on pellet formation compared
with other factors (Table 2). Run Nos. 3 and 4 formed pellets at final pH
6.81 and 3.77, respectively. Run No. 11 and 12 formed pellets at the pH
values of 5.88 and 3.43.
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Fig. 3. Effects of carbon source and neutralizer on pellet morphology during pellet
formation (the strain is R. oryzae ATCC 20344).

Effects of Inoculum Size on Pellet Formation and Growth

Spore concentration did not influence the pellet formation. All four
different spore concentrations (1.5 X 108,3.75 X 108,7.5 X 108, and 1.5 x 109

spores/U formed smooth pellets on both PDB pellet-formed culture
medium (24.0 giL PDB, 6.0 giL soybean peptone, and 6.0 giL CaC03) and
glucose pellet-formed culture medium (20.0 giL glucose, 6.0 giL soybean
peptone, 6.0 giL CaC03). Pellet numbers and total amount of biomass
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Fig. 4. Surface structure of fungal pellets from different cultural conditions (the
strain is R. oryzae ATCC 20344). (A) From run 3 (PDB with CaC03), (B) from run 4
(PDB without CaC03), (C) from run 11 (glucose with CaC0

3
), and (0) from run 12

(glucose without CaC03).

increased, and pellet size decreased following the increase of spore concen
tration no matter what type of carbon source the cultures were on (Fig. 5).
The changes of total pellet numbers and pellet size with the increase of
inoculum concentration was much more significant than the change of
biomass because the biomass increase in the certain range of inoculum is
mainly controlled by the nutrients rather than spore concentration.

Comparison of Pelletized Fungal Fermentation and Clump-Like
Fungal Fermentation on Organic Acid Production

The pelletized fungal biomass for both lactic acid and fumaric acid pro
duction were obtained from culturing R. oryzae NRRL 395 and R. oryzae ATCC
20344 on the medium (24.0 giL PDB, 6.0 giL soybean peptone, 6.0 giL
CaC03) with inoculum size of 1.5 x 109 sporeslL at 27°C and 190 rpm for
48 h. The average pellet diameters of biomass for R. oryzae NRRL 395
and R. oryzae ATCC 20344 are 1.7 mm and 1.5 mm, respectively. Organic acid
fermentations comparing clump and pellet morphologies demonstrated
that there were significant (p < 0.05) differences on lactic acid and fumaric
acid production between clump and pellet morphologies. The lactic acid
concentration of clump fermentation reached 32.0 giL in 60 h ofculture duration,
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strain is R. oryzae ATCC NRRL 395). Data are presented as the mean of two replicates.
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Fig. 7. Comparison of fumaric acid production using pellet and clump morphology
(the strain is R. oryzae ATCC 20344). Data are presented as the mean of two replicates.

whereas the pellet fermentation produced 65.0 giL in 30 h of culture dura
tion (Fig. 6). Meanwhile, the clump and pellet fermentations of fumaric acid
reached 21.5 and 31.0 giL, respectively, during 96 h of culture duration
(Fig. 7). The data indicated that both of lactic acid and fumaric acid produc
tion were significantly increased using pelletized fungal fermentation.

Discussion

Metal ions are very important factor in the metabolism of R. oryzae.
The organism utilized the energy three times more efficiently when metal
ions were added to the medium, which made for a relatively fast and
abundant fungal growth (21). It has been proved by the study that the
cultures with metal ions produced more biomass than those without metal
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ions (Table 2). Meanwhile, in terms of fungal morphology, metal ions in
the media made R. oryzae difficult to form the pellet as well, because the
fungus grew so fast on the media with metal ions, the filaments tangled
with each other and leaned to clumpy morphology (Fig. 1A). Thus, in
order to form R. oryzae pellet, metal ions had to be eliminated in the cul
ture media.

The pH of medium has also been reported as a very important factor
for various fungi to form pellets. Generally, pH could change the surface
properties of fungi, further influencing the pellet formation, and different
strains have different sensibility to pH value (8). However, for this partic
ular strain of R. oryzae, the results showed that there were no significant
differences on pellet formation with a pH range of 3.0-7.0, which means
that this strain is not as sensitive to pH as some other strains such as
AspergillUS niger and P. chrysogenum (7/22/23).

Inoculum size is generally recognized as of great importance in the
process of fungal pellet formation. Generally, the interaction of hyphae is
considered as the main force to form clump. In the early stage of growth,
the higher the inoculum size, the more interaction with the hyphae, and
the more possibility the clump would be formed. Thus, it has been con
cluded by other researchers that low inoculum concentrations are benefi
cial for pellet production (24). However, the maximum inoculum size
varied from strain to strain (8). Most of studies on pellet formation of
strains of Rhizopus were conducted at relatively low concentrations
«107 spores/L) (14,17/18,25). The study on the effects of inoculum on
R. oryzae pellet formation demonstrated that there were no significant
(p > 0.05) influences on pellet formation once the inoculum concentration
was increased up to 109 spores/La The result elucidated that the particular
strain of R. oryzae is able to prevent hyphae growth from forming clumps
at relatively higher inoculum concentrations compared with other strain in
the genus Rhizopus.

Peptone as nitrogen source was one of the two main factors on fungal
pellet formation based on the statistical analysis. It had positive effect on
pellet formation mainly because nitrogen is the limiting factor on the growth
of R. oryzae (26). Meanwhile, the type of nitrogen compound also has a con
siderable influence on fungal pellet formation (23). A study of different
nitrogen sources on R. oryzae ATCC 20344 showed that peptone produced
much smaller, more unique, and heavier pellets than other nitrogen sources
such as urea (W. Liao and S. Chen, unpublished data).

Although the carbon source was not a main factor on pellet forma
tion, the result showed that PDB is a better carbon source on the pellet for
mation of R. oryzae compared with glucose. PDB as a good nutrient source
has been widely used for fungal and yeast cultures. It contains mainly glucose,
some vitamins, and a little nitrogen. The effects of PDB on fungal morphology
have not been reported to date. It has been found by this study that PDB had
a large impact on pellet such as pellet size and total biomass. This means that
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the vitamins in PDB might be the main substances causing the difference in
fungal pellet growth. Furthermore, studies on the effects of PDB components
on pellet growth need to be carried out.

Calcium carbonate, as a neutralizer, prevents pH from dropping into
the low pH range of 2.0-3.0, which is not favorable for the biomass accu
mulation (16). Total amount of biomass from a medium with calcium car
bonate were significantly higher than those without it (Fig. 3). In addition,
during fungal pellet formation, calcium carbonate is not only a neutralizer
to keep pH stable, but it also supplies Ca2+ ions. It has been reported that
calcium ions were usually recognized to induce mycelial aggregation during
fungal growth (27), which has been proved by this study that media with
calcium carbonate produced smoother and larger pellets than those with
out calcium carbonate (Fig. 4).

Conclusion

This study developed a new, simple culture medium to grow pellets for
R. oryzae. The fungal pellets can be formed from the culture on a medium
with only three components of PDB, soybean peptone, and calcium carbon
ate without any additives such as metal ions, polymers, and so on. Pelletized
fungal fermentation significantly enhanced organic acid production. Lactic
acid concentration reached 65.0 giL in 30 h using pelletized R. oryzae NRRL
395, and fumeric acid concentration reached 31.0 giL in 96 h using pel
letized R. oryzae ATCC 20344.
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Abstract

A universal, rapid DNA assembly method for efficient multigene plasmid
construction is important for biological research and for optimizing gene
expression in industrial microbes. Three different approaches to achieve this
goal were evaluated. These included creating long complementary extensions
using a uracil-DNA glycosylase technique, overlap extension polymerase
chain reaction, and a SfiI-based ligation method. SfiI ligation was the only
successful approach for assembling large DNA fragments that contained
repeated homologous regions. In addition, the SfiI method has been
improved over a similar, previous published technique so that it is more
flexible and does not require polymerase chain reaction to incorporate
adaptors. In the present study, Saccharomyces cerevisiae genes TALl, TKL1,
and PYKl under control of the 6-phosphogluconate dehydrogenase promoter
were successfully ligated together using multiple unique SfiI restriction
sites. The desired construct was obtained 65% of the time during vector
construction using four-piece ligations. The SfiI method consists of three
steps: first a SfiI linker vector is constructed, whose multiple cloning site is
flanked by two three-base linkers matching the neighboring SfiI linkers on
SfiI digestion; second, the linkers are attached to the desired genes by
cloning them into SfiI linker vectors; third, the genes flanked by the three
base linkers, are released by SfiI digestion. In the final step, genes of interest
are joined together in a simple one-step ligation.

Index Entries: Gene expression; cloning; ligation; optimization; xylose; yeast.

Introduction

Most metabolic engineering approaches use genetic tools to alter a
target metabolic pathway. This is usually done by sequential gene overex
pression, deletion, or promoter replacement to alter gene activity (1). To
implement these tools, traditional cloning methods based on restriction
sites are often used. This is sufficient in the construction of single insert or
knockout vectors. Tweaking the activity of a single gene, however; usually

*Author to whom all correspondence and reprint requests should be addressed.
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has little effect on the metabolite flux (2,3), because flux control is usually
exerted at multiple steps. Also changing expression level of a single gene
is not usually enough to perturb fluxes in a tightly regulated pathway,
such as the glycolytic pathway (4). In addition, engineering a de novo
metabolic pathway for a more complex product, such as polyketide, usually
requires multiple steps (5). This makes the identification of target genes for
strain improvement difficult. If one wishes to approach the optimal
expression or activity of several different genes in a pathway by altering
multiple promoters or by using genes for enzymes with various kinetic or
regulatory properties, the problem spirals out of control. Simultaneous
multiple-gene overexpression could help overcome such problems, so we
have developed a multigene vector construction approach as a tool for
strain improvement (6).

Construction of multigene vectors, especially those in which multiple
variants are incorporated, calls for a more efficient vector assembly
method than what can be achieved with single gene inserts. Conventional
cloning methods based on restriction sites are too time-consuming and
awkward for this purpose. As the number and length of gene inserts
increases, the efficiency of vector assembly decreases. If multiple genes
and multiple variants of each gene are required in each vector, the problem
becomes similar to that encountered in assembling a library, and the effi
ciency of target vector construction decreases rapidly. Although, direct
construction from overlapping oligonucleotides is feasible with smaller
genes, the error frequency inherent with oligonucleotide synthesis (7)
prohibits direct construction of larger genes.

Several techniques that are potentially suitable for multiple gene
assembly, including methods involving exonuclease (8-11), uracil-DNA
glycosylase (UDG) (12,13), polymerase chain reaction (PCR) (14), and
enzymes with degenerate recognition sequence such as SfiI (15). These
methods, although diverse, are based on two mechanisms: either create
compatible but different overhangs for each DNA fragment, or piece
together unique fragments using overlap extension PCR. The exonuclease,
UDC, and SfiI methods belong to the first category. In the exonuclease
method, a mild exonuclease, such as T4 DNA polymerase, is used to create
a 5' overhang by removing bases from one DNA strand from 3' to 5'. The
5' region of each DNA fragment is homologous to the 3' end of the neigh
boring DNA fragment, thus creating sticky ends (10). Multiple DNA frag
ments can be joined together by exonuclease treatment and ligation. The
UDC method also generates sticky ends. Primers containing uracil bases
are used to amplify the genes of interest. The three prime (3') overhangs
are created by releasing the uracil bases from the dsDNA fragments with
UDC treatment (12). The SfiI method takes advantage of the degenerate
SfiI restriction site, and produces 3' overhangs by SfiI digestion. Most PCR
methods are based on the overlap extension mechanism. Although these
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methods are able to construct a multigene assembly, they require several
peR amplifications of each DNA fragment and are not versatile enough
for assembling large multicistronic vectors. In this study, multigene assem
bly by joint PCR, UDG, and SfiI was evaluated and a new PCR-free SfiI
method was developed, which we have shown to be efficient, flexible, and
able to join relatively large DNA fragments (>1 kb).

Materials and Methods

DNA Manipulation

Escherichia coli DH5 (Gibco-BRL, Gaithersburg, MD) was routinely
used for transformation of ligation products. The transformants obtained
were plated on ampicillin containing Luria Bertani medium. PCR amplifi
cations were performed in 50 ilL volumes containing primers (0.5 mM eac}l)
custom-made by Invitrogen (Carlsbad, CA), deoxynucleotide triphospates
in varying concentrations, chromosomal DNA (0.5 mg), and Taq poly
merase (1 U) in the buffer recommended by the manufacturer (Promega,
Madison, WI). Temperature cycling was performed by a programmable
thermocycler (PTC-200 thermal cycler; MJ Research Inc., Watertown, MA)
following standard protocols with minor modifications based on specific
primers and amplification results.

UDG Method

UDG method was performed with minor modification to the published
protocol (12). After UDG treatment, the reaction mix was incubated at 70°C
for 10 min to disassociate the uracil-containing single stranded DNA. The
DNA fragments were purified with a Qiaquick PCR purification kit
(Qiagen, Hilden, Germany) and ligated in equal molar using T4 DNA ligase
(New England Lab, Ipswich, MA) overnight.

S(il Method

The DNA inserts consisting of a 2.3 kb 6-phosphogluconate dehydro
genase (GND2) promoter-controlled transaldolase (TALl) gene, 3.4 kb
GND2 promoter-controlled transketolase (TKL1) gene, and 2.9 kb GND2
promoter-controlled pyruvate kinase (PYK1) gene, were prepared by PCR
from genomic Saccharomyces cerevisiae DNA. The ligation strategy is shown
in Fig. 1. The vector pSfi-linker was constructed by subcloning the modified
multiple cloning site (MCS) into pBluescript (Stratagene, La Jolla, CA)
through SacI and KpnI sites. This modified MCS was flanked by three differ
ent SfiI sites, each of which contained the desired three base overhang.
Each modified MCS was synthesized by phosphorylation of two pairs of
oSfi-linker oligos using T4 polynucleotidekinase (New England Lab) and
annealing at room temperature. The adaptors for the three SfiI-linkers
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Fig. 1. Experimental strategy for peR free SfiI assembly method. In the first step,
desired inserts were subcloned to the pSfi-linker vector through ApaI and BamHI. In
the second step, inserts were released from the linker vector by SfiI digestion, three
base adaptors were attached to 5' ends of the insertion on digestion. Finally inserts
were joined together through these compatible adaptors.

were CCC-TCC, TCC-CCT, and CCT-CCG. For one-step assembly of the
three inserts and pSfi-314 (16), which has the adaptor CCC-CCG, each
promoter-gene cassette was subcloned to the pSfi-linker through ApaI and
BamHI sites, digested with Sfil, gel purified using Geneclean kit (Qbiogene,
Morgan Irvine, CA), and ligated together with pSfi-314 through SfiI sites
in equal molar concentration using T4 DNA ligase (Table 1).
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Table 1
Oligos Used in This Studya

707

Oligo name Description Sequence

ocfll13 Amplify GND2 promoter region AGAACTAGTGGATCCCC
for UDG method CUCCGTCATAAC TTTGA

ATCCTGTCAT
ocfll14 Amplify RPEI open reading ATTCAAAGTTATGACGGC

frame (ORF) downstream GAAAUGGA TATT
with 23-mer linker to GND2 GATCTAGATGGC
promoter upstream for UDG
method

ocfll15 Amplify GND2 promoter region ATTTCGCCGTCATAA
and 23-mer linker with cfll14 CTTTGAAUCCTGTCAT
for UDG method

ocfll16 Amplify TALl ORF downstream AGTTATGACGGGGGACG
with 22-mer linker to GND2 TTGAUTTAAGGTGGTTCC
promoter for UDG method

oGND2p-for Forward primer to amplify GGGCCCCCGTCATAACT
GND2 promoter TTGAATCCTGTCAT

oGND2p-rev Reverse primer to amplify GND2 GTCGACTCTGTTCCTCG
promoter TGTTTTTTTAATTGTAG

oTALl-for Forward primer to amplify TALl CTCGAGATGTCTGAAC CA
ORF GCTCAAAAGAAAC

oTALl-rev Reverse primer to amplify TALl GGATCCGGGACGTTGA
ORF TTTAAGGTGGTTCC

oTKLl-for Forward primer to amplify TKLl CTCGAGATGACTCAATTCA
ORF CTGACATTGATAAGC

oTKLl-rev Reverse primer to amplify TKLl GGATCCTTCTTTATTGGCT
ORF TTATACTTGAATGGTG

oPYKl-for Forward primer to amplify PYKl CTCGAGATGTCTAGATTA
ORF GAAAGATT GACCTCAT

TAAACG
oPYKl-rev Reverse primer to amplify PYKl GGATCCGAATTTTTAGC

ORF GTATCCTTTCGC C
oSfi-linkerl One of the four oligos to make TGGCCXXXXXGGCCCAC

sfiI-linker vector CGCGGTGGCGGCCGCTC
TAGAACTAGTGGATCCC
CCGGGCTGCAGGAAb

oSfi-linker2 One of the four oligos to make TTCGATATCAAGCTTATC
sfiI-linker vector GATACCGTCGACCTC

GAGGGGGGGCCCGGC
CXXXXXGGCCTGTACb

oSfi-linker3 One of the four oligos to make AGGCCXXXXXGGCCGGGC
SfiI-linker vector CCCCCCTCGAGGT

CGACGGTATCGATAA
GCTTGATATCGAA
TTCCTGb

(Continued)
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Table 1 (Continued)

Oligo name Description

Lu et al.

Sequence

oSfi-linker4 One of the four oligos to make
SfiI-linker vector

CAGCCCGGGGGATCCAC
TAGTTCTAGAGCGGC
CGCCACCGCGGTGGGC
CXXXXXGGCCAAGCTb

aXYL3 orf was amplified from Pichia stipitis wild type strain CBS6054, all other promot
ers and genes are amplified from S. cerevisiae strain YSX3. All PCR products were subcloned
to Tapa vector (Tapa PCR 2.1 kit, Invitrogen) and sequenced before further cloning.

bXXXXX is CCCCC, ATCCA, TGGAT, GGGGG for insert 1 (TALl cassette); ATCCA,
ACCTA, TAGGT, TGGAT for insert 2 (TKLl cassette); and ACCTA, ACCGA, TCGGT,
TAGGT for insert 3 (PYKl cassette).

Results and Discussion

We were unsuccessful in using PCR method to assemble DNA frag
ments with homologous regions. In our preliminary experiments, the joint
PCR method worked well for joining DNA fragments without significant
homology, but failed to join DNA fragments with significant homology,
such as two genes driven by the same promoter (data not shown). This is
probably because of the binding of homologous regions. The UDG method
is based on the use of primers that contain dUTP at the 5' end. A 3' sticky
end is formed by treatment of the PCR products with UDG, which releases
the uracil bases (12). Pairwise ligation was used to determine the quality
of the ligation products formed with different fragments. The pairwise
ligation pattern at different time-points is shown in Fig. 2. Some smearing
was observed after the 30 min incubation. This became stronger with
prolonged incubation, indicating residual exonuclease activity in the
enzyme UDG. Hence, there could be some nonspecific activity resulting in
degradation of the DNA. This may have contributed to the unsuccessful
multiple DNA assembly of longer inserts (2 kb or larger) (data not shown).

Experimental Strategy and Results of peR-Free Sfil Method

A previous published SfiI method (15) was modified by incorporating
linker vectors into the assembly process (see Fig. 2). The linker vector was
constructed by subcloning a 127 bp fragment into the pBluescript. This
127 bp fragment is generated by annealing four oligomers, which contain
polylinkers, two SfiI sites, and all the restriction sites in the pBluescript
MCS, except KpnI and SacI. It adds versatility to the existing SfiI method
(15) and does not require PCR to incorporate the SfiI sites. Adaptors were
attached to the 5' and 3' ends of the DNA fragment by subcloning it into
the linker vector and subsequent SfiI digestion. After the fragment was
attached to the adaptors onto both ends, each DNA fragment was gel
purified and ligated using T4 DNA ligase in a final volume of 50 JlL in
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Fig. 2. Effect of prolonged UDG incubation on pairwise ligation. Rpel cassette (2.0 kb)
and TALl (2.4 kb) cassette were ligated in vitro at varied incubation time. At each time
point, the reaction was stopped by heating the samples at 70°C for 10 min. Subsequently
samples were purified and ligated overnight at room temperature. Ligated products
were loaded onto a 0.8% agarose gel.

10 kb
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Fig. 3. Restriction digestion of the four piece ligation clones. About 0.5 Ilg of plasmid
DNA were digested by 20 U SfiI enzyme for 1 h in a total volume of 20 ilL, and 5 ilL
samples were loaded onto a 0.8% agarose gel. The first and last lane were loaded with
0.2 Ilg of 1 kb DNA ladder (Promega). The rest of the lanes were loaded with SfiI
digested four piece ligation products.

equal molar. The ligation was performed at room temperature overnight.
About 1.0-2.0 ng of ligation product was transformed into E. coli DH5a
and plated on Luria Bertani-ampicillin. Plasmid DNA was isolated from 20
of the 325 ampicillin-resistant colonies. Restriction analysis showed 65% of
the recovered plasmids to be correct. Results from the restriction analysis
are shown in Fig. 3. Bands are present at 4.9 kb (vector), 2.3 kb (TALl), 3.4 kb
(TKLl), 2.9 kb (PYK1), and 5.7 kb (dimeric product of TALl and TKLl) in
Fig. 3. This dimeric digestion product likely caused the higher band intensity
of PYK1, and lower intensities for TALl and TKLl. Four of the correct con
struct were subject to additional PCR verification, and proved to be
bonafide constructs (data not shown). Among the 20 plasmids subject to
restriction digestion, three were nonspeCific ligation products, showing
band sizes of 2.3 kb (TALl) and 2.9 kb (PYKl), missing the middle DNA
TKLl cassette. The other three incorrect constructs were beyond our
understanding. These results demonstrated that our PCR-free SfiI method
successfully ligated four DNA fragments together in a very flexible way: each
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insert is interchangeable and can be easily replaced. Among the five
nucleotide degenerate nucleotides in the SfiI site, three are capable of
forming "sticky" overlaps (17) and can be used as an adaptor. This gives
43 = 64 choices of adaptors. In practice, adaptors consisting of three A/T
bases do not work well (15), probably because of less hydrogen bonding
than G/C rich adaptors. We observed that adaptors containing at least two
C/G worked much better. There are P(2 G/C) + P(3 G/C) = 32 possible
adaptors, which is plenty for multiple DNA fragment assembly.

Conclusions

Three multiple DNA assembly methods were tested. The joint PCR
method and the UDG method were not successful for assembling DNA
fragments. A novel assembly method based on SfiI was developed and
found to be efficient for joining multiple DNA fragments. Sixty five percent
age of the four-piece ligation clones were correct after restriction digestion
and PCR confirmation. In addition, it is versatile and does not require
PCR to incorporate adaptors. Adaptors can be attached to any insert by
subcloning it into a SfiI-linker vector and releasing by SfiI digestion.
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Abstract

The strain Saccharomyces cereVlSlae W303-181, having the plasmid
YEpPGK-G6P (built by coupling the vector YEPLAC 181 with the promoter
phosphoglycerate kinase I), was cultured by fed-batch process in order
to evaluate its capability in the formation of glucose 6-phosphate dehydrogenase
(EC.1.1.1.49). Two liters of culture medium (10.0 giL glucose, 3.7 giL yeast
nitrogen broth (YNB), 0.02 giL L-tryptophan, 0.02 giL L-histidine, 0.02 giL
uracil, and 0.02 giL adenine) were inoculated with 1.5 g dry celllL and left
fermenting in the batch mode at pH 5.7, aeration of 2.2 vvm, 30°C, and agitation
of 400 rpm. After glucose concentration in the medium was lower than 1.0 giL,
the cell culture was fed with a solution of glucose (10.0 giL) or micronutrients
(L-tryptophan, L-histidine, uracil, and adenine each one at a concentration
of 0.02 giL) following the constant, linear, or exponential mode. The volume
of the culture medium in the fed-batch process was varied from 2 L up to
3 L during 5 h. The highest glucose 6-phosphate dehydrogenase activity
(350 U /L; 1 U = 1 f.lmol of NADP/min) occurred when the glucose solution
was fed into the fermenter through the decreasing linear mode.

Index Entries: Fed-batch; glucose 6-phosphate dehydrogenase; glucose;
recombinant strain; Saccharomyces cerevisiae; fermentation.

Introduction

Glucose 6-phosphate dehydrogenase (G6PD) (EC.l.l.l.49), a consti
tutive enzyme present in all cells, is largely used as reagent in clinical
diagnostic and chemical analysis methods (1). Among all G6PD available
sources, the Saccharomyces cerevisiae deserves special attention because it
is a nonpathogenic microorganism, its biochemistry and genetic mecha
nisms have been intensely studied throughout the 20th century and it
is intensely used in industry (ethanol distilleries, bakery, for instance) (2).
To circumvent the metabolic control on the formation of G6PD by the

*Author to whom all correspondence and reprint requests should be addressed.
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wild S. cerevisiae strain, a quite common event for a constitutive enzyme,
genetically modified yeast was used, aiming to overproduce the enzyme.
Lojudice et al. (3) attained the recombinant strain S. cerevisiae W303-181 by
introducing the plasmid YEpPGK-G6P in the wild yeast strain. The plas
mid, in turn, was constructed from the vector YEPLAC 181-a mutant
allele of LEU2 gene of wild S. cerevisiae fully described (4)-combined
with the promoter phosphoglycerate kinase 1.

Lojudice et al. (3) evaluated the growing and G6PD formation
capability by the engineered yeast through a batch culture carried out
at 35°C, pH 4.0, aeration of 2.3 vvm, and in a medium constituted of glucose
(20.0 giL), peptone (5.0 giL), yeast extract (3.0 giL), Na2HP04·12H20
(2.4 giL), MgS04·7H20 (0.075 giL), and (NH4)2S04 (5.1 giL). The G6PD
specific activity attained under these conditions was equal to 0.300 UI gceU'
Indeed, the authors directed their efforts preferentially to the retention of
the plasmid YEpPGK-G6P and not to the formation of G6PD by the mod
ified yeast. However, it was observed through batch culture that the
G6PD formation was stimulated at glucose concentration in the medium
higher than 7.0 giL (5). Such a result prompted to carry out fed-batch
tests in order to establish the correlation between G6PD formation and
glucose concentration. The fed-batch culture, as well known, allows
maintaining the substrate concentration in the medium inside well
defined interval, provided that the substrate addition into the fermenter
obeys a defined feeding strategy (6). From the literature consulted ([7,8],
among others), studies have demonstrated that the optimization of the
fed-batch culture can improve the gene expression by the vector.
Moreover, an initial study of the S. cerevisiae W303-181 grown in fed
batch cultivations was performed by glucose addition according to
exponential mode and the results obtained demonstrated that the high
level of G6PD formation was related to cell growth and the plasmid not
excreted to the extracellular medium (9). Nevertheless, more studies are
necessary to establish the best fed condition including nutrient and
feeding strategies. Thereby, the present work aims to evaluate the effect
of the feeding strategies on the G6PD formation by S. cerevisiae W303-181
cultured through a fed-batch process.

Materials and Methods

Microorganism and Maintenance Culture Medium

s. cerevisiae W303-181 was kindly assigned by the Chemical Institute
of University of Sao Paulo through Dra. Carla Columbano Oliveira.
Lojudice et al. (3) described all the genetic engineering techniques used
in modifying the yeast strain as well as the culture medium (CM) for
maintaining its viability. The maintenance culture medium (MCM)
consisted of 20.0 giL glucose, 7.4 giL YNB, 15.0 giL agar, 0.02 giL
L-histidine, 0.02 giL L-tryptophan, 0.02 giL uracil, and 0.02 giL adenine.

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



Production of Glucose 6-Phosphate Dehydrogenase 713

Subcultivation was done every month at 30°C for 48 h. After that the
plates (stock cultures) were stored at 4°C.

Preparation of the Inoculum

A loopful of the stock culture was transferred to tubes containing
5 mL of CM (the MCM without agar) and incubated at 30°C for 24 h. The
content of one tube was then transferred to 500-mL Erlenmeyer flask
with 95 mL of CM and incubated on a rotary shaker (NBS Gyratory
Shaker, New Brunswick Scientific Co., Edison, NJ) at 150 rpm at 30°C
for 18 h. A total of sixteen 500-mL Erlenmeyer flasks were used (total
volume = 1.6 L).

Fed-Batch Culture

A volume of 0.10 L of inoculum (total cell mass of 3.0 g on dry basis)
was introduced into a 5-L bench fermenter (NBS-MF lOS, coupled with a
DO-81 dissolved oxygen controller) containing 1.9 L of CM. The glucose
solution (20.0 gil), the micronutrients solution (constituted of L-histidine,
L-tryptophan, uracil, and adenine each one at a concentration of 0.020 gil),
or the solution containing glucose (20.0 giL) and micronutrients (each one
at 0.020 giL) was then fed into the reactor (in pulses at intervals of 30 min)
from the initial volume (Va) of 2 L up to a final volume (Vf ) of 3 L through
constant, linear, or exponential mode. In all tests the fermenter filling
up-time was set at 5 h. The culture was carried out at 30°C, pH 5.7, impeller
speed of 400 rpm, and aeration of 2.2 vvm. Once the feeding was com
pleted, the fermentation was continued until the glucose concentration in
the medium was negligible. Fifteen milliliter aliquots of the CM were
collected at each hour for analysis. After sampling, 15.0 mL of sterile water
was added back to the fermenter. A total of ten tests were realized (Table 1).
On the feeding plan, the feed rates were well controlled and reproducible.
Air was bubbled for 15 min before adding the inoculum. The pH of the
medium was maintained at the chosen value by the controlled addition of
0.5 M NaOH or 0.5 M H2S04, The foam was controlled, whenever needed,
by addition of drops of dimethylpolysiloxane.

Cell Disruption

At each hour a sample of 5 mL of the fermenting broth was cen
trifuged (4100g, 20 min) and the pellet was rinsed twofold with 5 mL of
distilled water. The pellet was suspended in 50 mM TRIS-HCI buffer
(pH 7.5), 5.0 mM MgCl2, 0.2 mM ethylenediamine tetra acetic acid, 10.0 mM
p-mercaptoethanol, 2.0 mM aminocaproic, and 1.0 mM phenylmethyl
sulfonyl fluoride. The cells were disrupted through stirring with 0.5-mm
glass beads for 12 min (dry cell matter/mass glass beads ratio of 1 : 300).
Cell debris and glass beads were removed by centrifugation (4100g,
20 min). The supernatant was used to measure enzyme activity.
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Analytical Procedures

Measurement of Cell Concentration

At each hour a sample of 10 mL of the fermenting broth was filtered
through a microfiltration membrane (Millipore® HAWP04700), and the
cell cake was rinsed twofold with distilled water. The cell concentration,
expressed as gram of dry matter/L was determined (6). The variation coef
ficient of this technique was 4.49%.

Measurement of Glucose Concentration

The glucose concentration was determined as the total reducing sug
ars present in the sample of the fermenting broth (6). The variation coeffi
cient related to this method was 3.86%.

Measurement of G6PD

The determination of G6PD activity was made through the continu
ous reduction of NADP at 30°C in a spectrophotometer (Beckman DU650,
A = 340 nm) (Beckman Coulter, Fullerton, CA) as described by Bergmeyer
(10). One G6PD unit (U) was defined as the amount of enzyme catalyzing
the reduction of 1 f.lmol of NADP/min under the assay conditions. Each
determination was made in triplicate and the variation coefficient was less
than 1%. Throughout the work the G6PD activity was expressed as U/L
(A) and U/ g dry cell (U/ gcell) (Acell).

Detection of Cell Viability

Samples of 1.0 mL were taken each 2 h or 3 h during the culture for
detecting the cell viability. The approaches considered as viability criteria
were:

• Methylene blue colorant absorption by the cells-the blue colored
cells were counted through a conventional Neubauer chamber
(1/400 x 0.100 mm3). One percent of colored cells was considered as
the superior limit for high-viability.

• Cell cultivation in MCM-the appearance of a characteristic pink
color in the solid medium was taken as indication of viability. The
intensity of coloration was visually compared with a standard stock
culture of S. cerevisiae W303-181, prepared as already described.

In all tests the realized yeast cells remained viable during the cultiva
tion (through the methylen blue adsorption criteria) as well as retained the
plasmid (through the criteria of cultivation in MCM).

Kinetic Parameters

The generation time (t ) was calculated as proposed by Vitolo et al. (11).
The cell (Px> and G6PD (PC:PD) productivity were calculated, respectively, as
the ratio of cell mass (~Mx) and enzyme activity (M) to the cultivation time

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Table 2
Parameters Related to the Fed-batch Cultures of s. cerevisiae W303-181

Test (no.) t
g

(h) t
max

(h) A (U/L) Acell (U/ gcell) pG6PD (U/L .h)

1 Nd 6 190 65 32
2 13 8 240 50 30
3 4 5 350 65 70
4 3 10 200 105 20
5 7 12 270 61 23
6 5 10 140 31 14
7 6 12 234 36 20
8 8 10 300 45 30
9 5 5 300 48 60
10 11 5 185 32 37
11 15 7 96 22 14

Generation time (t ), duration of the fermentation process (tmax)' highest G6PD activity
(A), and G6PD specif~ activity (AceIl). Nd, not determined.

(L1t). The whole duration of the fermentation process (t ) was set as themax
period of time elapsed between the beginning of fermenter feeding and the
completion of glucose consumption.

Results and Discussion

The high G6PD activities attained were 350 U IL and 300 U IL,
respectively, in tests 3 (glucose fed; t

max
= 5 h; linear decreasing feeding

mode) and 8 (micronutrients fed; t = 10 h; exponential decreasingmax
feeding mode) (Table 2). Taking into account the enzyme formed in test
3 was about 18% higher than in test 8, the glucose was better than the
micronutrients as the fed substrate for stimulating the G6PD formation
by the recombinant yeast. This result is understandable considering that
glucose is the source of carbon and energy utilized by the yeast for
growing as well as fulfilling the necessities of its overall metabolism,
whereas the micronutrients are funneled preferentially to specific metabolic
pathways (for instance, biosynthesis of nucleic acids and proteins).

From Figs. 1 and 2 it can be seen that the feeding mode as well as the
type of nutrient fed influenced the G6PD specific activity (Acell) formed
by S. cerevisiae W303-181 along the culture. When the substrate fed
through the linear decreasing strategy was the glucose (test 3), the high
est Acell (about 65 U/ gcell) was reached at t = 2 h remaining constant till
the end of the culture (Fig. 1). However, when the substrate fed through
the same strategy was the micronutrient solution (test 4), the highest Acell
(about 105 U/ gcell) was reached between t = 3 hand t = 4 h, followed by
a reduction of about 52% till the end of the fermentation (Fig. 2). Probably

Applied Biochemistry and Biotechnology Vol. 136-140,2007
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Fig. 1. Variation of G6PD specific activity (Acell) during the culture time (t), when
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Fig. 2. Variation of G6PD activity (Acell) during the culture time (t), when
micronutrients were the fed substrate. Tests 2 (e), 4 (_), 6 (.),8 (+), and 10 (>K).

an amino acid/nucleotide limitation occurred in test 4, insofar as the
generation time (t ) of 3 h was 25% lower than that of test 3 (t = 4 h)
(Table 2). As the S.gcerevisiae W303-181 has in the nucleus one aJditional
G6PD codifying gene, the dependence on amino acids and nucleotides
can be more conspicuous.

The best G6PD activities attained through the decreasing feeding
strategy (linear or exponential) might be because of the availability of
glucose or micronutrients present in the medium to the cells. In any
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decreasing feeding strategy the amount of substrate available to the cells
is always high at the beginning of the culture, diminishing afterwards.
From the correspondent feeding equations (Table 1) [(V-Va) = 0.4 . t 
0.04 . t2 and 0.92 . (V - Va) = (Va - V f ) x (e-a.5 t -1)] the starting volumes
for glucose (linear decreasing strategy) and micronutrients (exponential
decreasing strategy) are 190 and 241 mL, respectively. According to
Brown et al. (12) the cell growth must be stimulated over the enzyme
formation in the beginning of culture, so that after a period of time (say
about 2 h, in the present work) the G6PD gene can be derepressed and
the enzyme synthesis proceeds. Such a behavior is attained as the linear
or exponential feeding strategy is used.

Figure 3 shows clearly that the formation of a constitutive enzyme is
linked to the cell mass formed, a well-known phenomenon (13). However,
what is notorious is the different behavior presented by s. cerevisiae
W303-181 regarding the type of substrate added into the eM. When the
fed substrate was glucose the cell and G6PD formation ceased after
t = 5 h. Moreover, the final enzyme activity diminished about 14%. In the
case of feeding with the micronutrients solution, a pronounced lag phase
occurred before the formation of cell and G6PD. Because of the amino
acid/nucleotide limitation the strain might need an adaptation period
for its metabolism to the culture conditions. This might explain the
oscillation of Acell along the time observed when comparing tests 3, 4,
and 11 (Fig. 4) with the fermenter being fed, respectively, with glucose,
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Fig. 4. Variation of G6PD specific activity (Acell) during the culture time (t), when
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fed nutrients added according to the decreasing linear mode.

micronutrients, and both nutrients (glucose and micronutrients) accord
ing to the decreasing linear mode. The Acell in test 11 was 66% less than
obtained in test 3 (fed with glucose) and 79% less than test 4 (fed with
micronutrients). Moreover, test 11 presented the lowest G6PD specific
activity (Acell = 22 U/ gcell) when comparing with the nutrients fed iso
lated in all feeding modes.

In spite of the best fed-batch culture conditions for the G6PD, formation
by S. cerevisiae W303-181 must be still established. The result attained in test
3 (PG6PD = 70 U/L·h) (Table 2) is sevenfold higher than that found in the best
batch fermentation process (PG6PD = 10.5 U/L·h), which was carried out
under the same conditions, except the feeding rate (5). However, the PG6PD

was 47% lower than that found by Miguel et al. (9), whose conditions
differed on glucose concentration (5.0 giL instead of 10.0 giL as used in the
present work), concentration of micronutrients (8.0 f.lg/L instead of 20 f.lg/L),
and the feeding rate (0.2/h instead of O.S/h). Through the fed-batch
approach it is possible to couple the end of the substrate addition with the
high formation of a desired product, which can reduce costs when the pro
cess is operated in an industrial plant (12). In the present work the condition
T = t

max
occurred in tests 3, 9, and 10 (Table 1).

Finally, having alternatives for G6PD production is quite important
for an enzyme-importing country (like Brazil), because this particular
enzyme has a large use in accurate diagnostic tests (mainly, enzyme
immunoassay technique) for the identification of several diseases, most of
them endemic in developing countries. Nevertheless, the cost of the CM
utilized in this work for the growth of the recombinant strain is very high,
because expensive micronutrients are required. However, significant cost
reduction might be attained using a low expensive CM constituted of
sugarcane blackstrap molasses and yeast extract (14). Other important
aspect refers to the fact that the strain S. cerevisiae W303-181 belongs to a
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public Institution (University of Sao Paulo), eliminating the payment of
royalties to a foreign supplier by a Brazilian company, if the process is
scaled up to an industrial plant.

Conclusions

The data presented lead to conclude that the fed-batch process was
suitable for G6PD production insofar as the linear or exponential decreas
ing feeding strategy was used. Moreover, S. cerevisiae W303-181 had a
behavior like any yeast of the genus Saccharomyces in which growth and
G6PD synthesis are coupled events. The G6PD synthesis depended on the
amount of glucose and micronutrients present in the medium culture. The
cell free extract achieved had a G6PD activity (350 U/L) comparable with
those G6PD preparations already marketed.
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Abstract

Treatment of corn stover with aqueous ammonia removes most of the
structural lignin, whereas retaining the majority of the carbohydrates in the
solids. After treatment, both the cellulose and hemicellulose in corn stover
become highly susceptible to enzymatic digestion. In this study, corn stover
treated by aqueous ammonia was investigated as the substrate for lactic acid
production by simultaneous saccharification and cofermentation (SSCF). A
commercial cellulase (Spezyme-CP) and Lactobacillus pentosus American
Type Culture Collection (ATCC) 8041 (Spanish Type Culture Collection
[CECT]-4023) were used for hydrolysis and fermentation, respectively. In
batch SSCF operation, the carbohydrates in the treated corn stover were con
verted to lactic acid with high yields, the maximum lactic acid yield reaching
92% of the stoichiometric maximum based on total fermentable carbohy
drates (glucose, xylose, and arabinose). A small amount of acetic acid was
also produced from pentoses through the phosphoketolase pathway. Among
the major process variables for batch SSCF, enzyme loading and the amount
of yeast extract were found to be the key factors affecting lactic acid produc
tion. Further tests on nutrients indicated that corn steep liquor could be sub
stituted for yeast extract as a nitrogen source to achieve the same lactic acid
yield. Fed-batch operation of the SSCF was beneficial in raising the concen
tration of lactic acid to a maximum value of 75.0 giL.

Index Entries: Aqueous ammonia pretreatment; biomass; cofermentation;
lactic acid; simultaneous saccharification; response surface method.

Introduction

Lactic acid is a commodity chemical widely used in the food industI)T,
cosmetics, pharmaceuticals, and plastics. Currently, its commercial produc
tion is primarily based on microbial fermentation of starch-derived glucose or
sucrose (1). With the concern on feedstock cost, the use of lignocellulosic mate
rials (LCM) as an inexpensive carbon source for lactic acid production has been

*Author to whom all correspondence and reprint requests should be addressed.
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pursued (2-4). The most important component in LCM is cellulose, complete
hydrolysis of which leads to glucose. Conventional fermentation technology
can be integrated with cellulose hydrolysis for lactic acid production (5-7).

Next to cellulose, hemicellulose represents the other important
carbohydrate fraction in LCM. Hemicellulose is a heteropolymer made up
of a variety of sugar units including glucose, xylose, galactose, arabinose,
and mannose. For a lignocellulosic conversion process to be economically
viable, both the cellulose and hemicellulose fractions must be utilized
effectively. One conversion scheme applicable for this purpose is simulta
neous saccharification and cofermentation (SSCF). In this process, cellulose
and hemicellulose are hydrolyzed by "cellulase" enzyme to soluble sugars
(hexose and pentose sugars), which are converted into desired products by
microorganism that are present in the same vessel as the enzymes.

Production of ethanol by SSCF has been investigated rather exten
sively (8-10). However, few studies have been made on lactic acid produc
tion from lignocellulosic substrates by this method. The key to the success
of the SSCF is finding the right microorganism because very few organisms
are known to efficiently utilize both hexoses and pentoses. A number of
studies have been made to develop new strains for lactic acid cofermenta
tion (11-14). Among the promising strains for our purpose is Lactobacillus
pentosus (15-17). As a facultative heterofermentative species, L. pentosus fer
ments hexose (glucose) through the Embden-Meryerhof-Parnas (EMP)
pathway under anaerobic conditions giving lactic acid as the sole product
(homofermentation), and uses the phosphoketolase (PK) pathway for con
version of pentoses (xylose and arabinose) to equal moles of lactic acid and
acetic acid (heterofermentation) (3). Therefore, this species has a theoretical
yield of 2 mol of lactic acid/mol of hexose and 1 mol of lactic acid/mol of
pentose during anaerobic fermentation.

This investigation was focused on SSCF of the cellulose and hemicel
lulose in corn stover pretreated by aqueous ammonia for lactic acid pro
duction using L. pentosus bacteria ATCC 8041. Corn stover is one of the
most abundant lignocellulosic feedstocks in the United States. In this work,
corn stover was pretreated by the aqueous ammonia pretreatment method
developed in our laboratory and designated as soaking in aqueous ammo
nia (SAA) (10). Our recent study proved that SAA-treated corn stover retains
most of glucan and xylan in the biomass, becomes highly susceptible to
enzyme attack, and has low lignin content (10,18), making the pretreated
corn stover suitable as a SSCF substrate. The microorganism L. pentosus
ATCC 8041 was originally introduced from the Spanish Collection of Type
Cultures (Valencia, Spain; No. CECT-4023). It has been reported to work
well for the cofermentation of glucose, xylose, and arabinose in hemicellu
lose hydrolyzate from trimming wastes of vine shoots (17).

The primary objective of this study was to develop a SSCF process
for production of lactic acid from SAA-treated corn stover based on the
organism above. Attempts were also made to evaluate and refine the
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SSCF bioprocess. For this purpose, statistical experimental design and a
response surface methodology were used to analyze the effects of key
variables on the SSCF process. Fed-batch operation was then applied to
improve the process.

Materials and Methods

Feedstock and Chemicals

Corn stover was supplied by the National Renewable Energy
Laboratory (NREL), Golden, CO, and stored at 5°C. The moisture content
was 9-14%. The chemical composition of the feedstock was ([w / w1, dry
basis): 36.8% glucan, 21.7% xylan, 2.6% arabinan, 0.68% galactan, 0.3%
mannan, and 17.2% lignin. Ammonia hydroxide (30% [w/w1) and MRS
broth, the medium introduced by DeMan et. al. (19), were purchased from
Fisher Scientific Co., whereas yeast extract, corn steep liquor (CSL) (con
taining approx 50% [w /w] solids), and agar were purchased from
Sigma Co (St. Louis, MO). The corn steep liquor was centrifuged at 3823 g
for 20 min to separate the solids, and the supernatant-clarified corn steep
liquor (cCSL)-was used as a nutritional supplement for SSCF. The recovery
of the solids for marketing as animal feed has been proposed to improve
wet-milling process economics (20).

Aqueous Ammonia Treatment (SAA Pretreatment)

SAA treatment was conducted in a 600-mL stainless steel autoclave.
Heating and temperature control were done in a GC oven (Varian Model
3700, Varian, Palo Alto, CA). The treatment conditions were: liquid-to-solids
ratio of 10 ([w/w]; air-dried corn stover containing 40.0 g of solids soaked in
400.0 g of 15% [w/w] ammonia solution), 90°C, and 24 h. The treated
materials were washed with deionized water until the pH became near
neutral. The washed corn stover was then transferred onto a piece of cheese
cloth, wrapped, and squeezed by hand to remove most of the free water. By
this means the moisture content of the pretreated corn stover was reduced
to 69-71 %, and the recovery of the corn stover solids was 65% (w/w) on the
basis of the untreated solids. The dewatered solids were then subjected to
composition analysis and used as the substrate for SSCF experiments. The
composition of the treated solids was ([w/w] dry basis): 54.4% glucan,
24.9% xylan, 3.1 % arabinan, 1.0% galactan, 0.6% mannan, and 7.7% lignin.

Enzyme

The enzyme used in the SSCF experiments was Spezyme CP cellulase
(Genencor Co, Palo Alto, CA). The cellulolytic activity (filter paper units
[FPU1 / mL) was determined using the NREL Standard Analytic Protocol
007 and found to be 30 FPU/mL (20). This enzyme has proved capability
of hydrolyzing both cellulose and hemicellulose in LCM (22).
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Inocula Preparation

The L. pentosus ATCC 8041 (CECT-4023, Valencia, Spain) strain was
grown aerobically on plates made up of 5.5% (wIv) MRS broth and 1%
(wIv) agar at 37°C for 36 h in the presence of 10% (vIv) carbon dioxide.
A fresh colony was transferred to 10 mL of 5.5% (wIv) MRS medium
that was placed in a 20-mL glass tube. The headspace of the test tube
was filled with 10% (vIv) of carbon dioxide, capped and placed in an
incubator, which was set at 37°C without shaking. After 12 h of growth,
1 mL of the medium was transferred to 100 mL of 5.5% (wIv) MRS
medium in a 250-mL Erlenmeyer flask. The headspace of the flask was
also filled with 10% (vIv) of carbon dioxide and incubated at the same
condition for 12 h, and then the medium was used as inocula for SSCF
experiments. The dry cell mass of the inocula was determined to be
2.1-2.3 giL. All the medium and solutions were sterilized at 121°C for
10 min before inoculation.

SSCF in Batch Mode

SSCF batch experiments were carried out anaerobically in 250-mL
Erlenmeyer flasks with a working volume of 100 mL. An Innova 4080
incubator shaker (New Brunswick Scientific Co., NJ) was used to control
the temperature (37°C) and provide agitation (150 rpm). The addition of
substrate (SAA-pretreated and water-washed corn stover) was based on
3.0 g of glucan input. The pH of the fermentation media was automati
cally controlled by addition of 6.0 g calcium carbonate. The predeter
mined, pretreated corn stover, calcium carbonate, yeast extract, and cCSL
were added into the flasks and sterilized together at 121°C for 10 min.
After the flasks cooled down, inocula and enzyme were added. The flasks
were then flushed with sterile nitrogen, capped, and placed in the incu
bator to start the SSCF. Samples were taken at given times and after sam
pling, the flasks were flushed with nitrogen again to maintain the
anaerobic environment.

SSCF in Fed-Batch Mode

Assays for fed-batch SSCF were run in duplicates. The start of the fed
batch experiments was generally identical to that of the batch experiments
with the only exception that a double amount of calcium carbonate (12.0 g)

was added for pH control. Feeding of solid was applied every 36 h. At each
feeding, SAA-treated and water-washed corn stover containing 3.0 g glu
can were added into each of the flasks along with 2 mL of diluted Spezyme
CP enzyme having a specific activity of 7.5 FPUI mL. By this procedure, the
enzyme loading was maintained at 5 FPUI g-glucan throughout the exper
iments. The flasks were flushed with nitrogen before being placed back
into the incubator shaker.
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Table 1
Factors and Levels in Statistical Experimental Design

Levels

Factor Label -2 -1 0 1 2

Xl Enzyme loading
(FPU I g-glucan) 2.5 5 7.5 10 12.5

X2 Inoculum (% [vIv]) 1 2 3 4 5
X3 Yeast extract (% [wIv]) 0 0.2 0.4 0.6 0.8
X4 ceSL (% [wIv]) 0 0.5 1.0 1.5 2.0

Statistical Experimental Design and Result Analysis

A central composite design (23) with eight star points and four repli
cates in the center point was used to identify the significance of the vari
ables to lactic acid yield. The experimental runs were carried out in random
order. The four independent variables were enzyme loading (Xl), inocula
size (X2), yeast extract concentration (X3), and cCSL concentration (X4);
and their respective levels (uncoded and coded) are listed in Table 1. The
results were assessed by using the SAS 9.1 ADX program (SAS Institute
Inc., Cary, NC). A response surface analysis was applied to examine the fea
sibility of substituting an inexpensive nitrogen source (cCSL) for the more
expensive yeast extract in SSCF.

Analysis

Vials containing slurry samples from SSCF flasks were boiled for 5 min
to denature the enzyme and kill the cells. The boiled slurry samples were
centrifuged at 60,000 g for 5 min, and the supernatant was taken for analyses
of sugars and acids by high-performance liquid chromatography (HPLC)
operated with Bio-Rad Aminex HPX-87H column (Bio-Rad Laboratories,
Inc., Hercules, CA). The HPLC system includes Liquid Pump (LabAlliance,
Accuflow Series III, State College, PA), RI detector (Shodex Model-71, NY),
Autosampler (Alcott Chromatography, Model-718, Norcross, GA), and
PeakSimple Chromatography Data System. The HPLC was operated at 85°C
with a flow rate of 0.55 mL/min of DI water for sugar analysis, and at 65°C
and 0.05 M H2S04 as mobile phase for acid analysis. The carbohydrate,
acetyl, and lignin contents in the solids were measured by following the
NREL Standard Analytical Procedure (21).

Results and Discussion

Formation of Sugars and Acids in SSCF Process

Figure I shows the time-course of sugars and acids in a replicated SSCF
conducted in batch mode with 7.5 FPU/g-glucan, 3% (v/v) inoculum,
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Fig. 1. Profiles of sugars (A) and acids (B) in SSCF of aqueous ammonia-treated
corn stover. Average data from four replicates with standard deviations are presented.
SSCF conditions: 3% (wIv) glucan loading, 7.5 FPUI g-glucan, 3% (v Iv) inocula, 0.4%
(w Iv) yeast extract, 1% (w Iv) cCSL, 37°C, pH 5.7, and 150 rpm.

0.4% (wIv) yeast extract, and 1% (wIv) ceSL. These data were used as the
basis of the statistical experimental design (Table 1). The sugars and acids
were traced from time zero when the inocula and enzyme were introduced.
Glucose and arabinose remained at low levels throughout «0.5 giL), indi
cating that these sugars were efficiently assimilated after release from

Applied Biochemistry and Biotechnology Vol. 136-140, 2007



Conversion of Aqueous Ammonia-Treated Corn Stover to Lactic Acid 727

biomass by hydrolysis (Fig. 1A). The cellobiose profile showed a similar
pattern except that before 6 h, cellobiose accumulated up to 2.0 giL
because of the insufficient cellobiase activity of the cellulase enzyme and
the lack of cellobiose-assimilating capability of this microorganism. The
profiles of these three sugars (glucose, arabinose, and cellobiose) in Fig. 1
resemble those of most simultaneous saccharification and fermentation
(SSF) or SSCF processes, wherein consumption of sugars are much more
rapid than hydrolysis, the latter being the controlling step (8,23,24).
However, the assimilation of xylose was rather slow compared with that
of glucose or arabinose. As the curve indicates, the xylose concentration
increased almost linearly before 12 h and further increased up to 4.2 giL
before it started to decrease. Xylose consumption occurred shortly after
depletion of glucose. This is a classic example of diauxic consumption of
substrates wherein glucose is preferred to xylose. At this stage, glucose
(and probably arabinose as well) was depleted, and xylose assimilation
became the predominant reaction. Coinciding with the transition in sugar
consumption, lactic acid production decelerated, whereas acetic acid accu
mulation accelerated (Fig. 1B). This is because xylose was converted into
acetic acid in addition to lactic acid, whereas glucose assimilation under
anaerobic conditions gave only lactic acid (3).

Table 2 shows lactic acid and acetic acid yields as a percent of theo
retical maximum under different SSCF conditions, as defined by the cen
tral composite design and represented by coded factors. Because galactose
and mannose exist in very small quantities relative to glucose, xylose, and
arabinose, only the latter three were used as the basis for yield calcula
tions. The yields were calculated after deducting the contributions of acids
at time zero, and assuming the assimilations of hexose (glucose) and pen
toses (xylose and arabinose), respectively, follow EMP and PK pathways.
The data indicate that the final (120 h) lactic acid yield fell between
0.79-0.92. It is also seen that the lactic acid yield can easily reach above 0.85
under most of the reaction conditions applied in this study. In addition,
Table 2 shows that the acetic acid yield varies between 0.7 and 1.2, depend
ing on the reaction conditions. Some of the acetic acid yields exceeded 1.0
probably because of difficulty of tightly controlling the anaerobic condi
tion, which allowed seepage of small amount of oxygen into the flasks.
This could divert part of the glucose to take PK pathway, leading to the
production of acetic acid in addition to lactic acid (1). Another source of
the excess acetic acid production might be the conversion of galactose and
mannose, which were present in small amount in the substrate and thus
not accounted for in the yield calculation.

Figure 2 depicts the average yields of lactic acid and acetic acid from
all 28 runs at different time intervals. The average lactic acid yield leveled
off after 72 h, whereas the acetic acid yield continuously increased even
after 120 h. The reason for the discrepancy is unclear at this point. We speculate
that under high lactate/acetate concentrations, the metabolic pathway for
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Fig. 2. Average acid yields from 28 runs at different time intervals. The assimilations
of glucose and xylose are assumed to follow the EMP and PK pathways, respectively.

xylose utilization shifts significantly in such a way that acetic acid becomes
the primary, if not the sole, product of the fermentation. As lactic acid is
the product of interest in this study, the data obtained at 72 h is taken for
response surface study.

Statistical Analysis and Response Surface

The data associated with lactic acid yield were analyzed, and the
estimates of the main effects and the interactions of the factors are listed in
Table 3, with the significance of each factor represented by probability lev
els (p-values). Among the four factors under investigation, enzyme load
ing (Xl) and yeast extract concentration (X3) were the most important for
lactic acid production, followed by cCSL concentration (X4) and inoculum
size (X2). Besides the main effects, the quadratic term of enzyme loading
(Xl) also was found to be important in lactic acid production. It is notable
that the inoculum size was insignificant for final lactic acid yield despite the
fact that it affected lactic acid productivity during the early stage «24 h),
implying that inocula addition for the SSCF process can be maintained at
a rather low level.

In general, lactic acid bacteria are nutritionally fastidious, and costly
nitrogen sources such as yeast extract and peptone have been commonly
provided for lactic acid bacteria to grow fast and function effectively
(26-28). In order to improve the process profitability, a number of efforts
have focused on substituting inexpensive nitrogen sources. Corn steep
liquor has been proposed as an alternative cost-effective nitrogen source for
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Fig. 3. Response surface representing lactic acid yield (Yl) as a function of yeast extract
and cCSL additions. Enzyme loading: 5 FPU/ g-glucan; inoculum size: 1% (w/w).

a range of microbes (20,24,29,30). For example, Lawford and Rousseau (20)
reported that in the SSCF biomass-to-ethanol process using recombinant
Zymomonas yeast extract could be entirely replaced with corn steep liquor
without affecting the growth and fermentation performance of the microor
ganism. Patel et al. (13) reported that in the lactic acid fermentation of hemi
cellulose hydrolyzate obtained from acid hydrolysis of sugar cane bagasse,
a theoretical yield of 89% was attainable by using 0.5% corn steep liquor as
the only organic nitrogen source for a thermotolerant acidophilic Bacillus sp.

In this study, cCSL was tested as a nutritional supplement for L. pentosus
ATCC 8041. Figure 3 shows the response surface representing the 72-h lactic
acid yield as a function of yeast extract and cCSL concentrations. The lactic
acid yield increased linearly with both yeast extract and cCSL concentration,
consistent with the almost linear effect of yeast extract concentration on
lactic acid production by L. casei reported by Hujanen and Linko (27) using
the same statistical analysis method. Further examination of the response sur
face shows that yeast extract can be replaced by cCSL, with an estimated ratio
of 1 : 5 (g yeast extractI g cCSU, to achieve equivalent lactic acid yield.

Fed-Batch Experiment

Lactic acid concentration is a key factor affecting the costs of the
downstream recovery process. In this study, the concentration of lactic acid
was improved by using fed-batch technique. In accordance with the statis
tical analysis and taking the costs into consideration, the enzyme loading
was set at 5 FPUI g-glucan and inoculum size 1% (v Iv). The yeast extract
was maintained at a low level of 0.2% (w Iv), whereas cCSL was at a com
paratively high level (2% [w Iv]) to compensate for the low yeast extract
concentration. Four batches of SAA-treated and washed corn stover were
fed to the vessels at 0, 36, 72, and 108 h, resulting in a cumulative glucan
addition of 12.0 g. The time intervals for substrate additions were chosen

Applied Biochemistry and Biotechnology Vol. 136-140.2001
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ductivity (B) in fed-batch SSCF experiments. Average data from duplicates with stan
dard deviations are presented.

in such a manner that the previous batch of solids were well liquefied as
evidenced by observation. Cellulase enzyme was added in a quantity to
maintain its level in the SSCF media at 5 FPUI g-glucan.

Shown in Fig. 4B are the concentrations of lactic acid and acetic acid, as
well as the lactic acid productivity in the fed-batch experiment. The abrupt
drops at certain points (36, 72, and 108 h) were owing to the feeding opera
tions, which suddenly increased the working volume of the SSCF medium.
The maximum lactic acid concentration achieved in these experiments was
74.8 giL. Lactic acid concentrations increased rapidly before 72 h with an
average productivity of more than 0.7 g/L·h, indicating that the microor
ganisms exerted high activity at the early stage. This value is comparable
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with that reported by Bustos et al. (14) in the fermentation of hemicellulose
hydrolyzate from vine-trimming waste, which was 0.800 g/L(h after 24 h.
On the other hand, the productivity of lactic acid in this study rapidly
dropped with time. For example, at 108 h, the productivity decreased to
0.38 g/L·h, and further decreased to 0.05 g/L·h at 288 h. The final yield of
lactic acid was determined to be 0.65 giL. It is unlikely that the decrease
in productivity resulted from the lack of available carbon sources in the
fermentation medium, as evidenced by the accumulations of sugars in the
reaction (Fig. 4A). Also, agar plates verified that the cells remained highly
viable at the end of the operation (approx 106 colony forming units/mL).
Therefore, it is concluded that the drastic decrease in lactic acid produc
tivity was because of the strong inhibition of the elevated concentration of
lactateI acetate anions to the lactic acid bacteria, consistent with the
inhibitory effect of lactic acid (lactate ions) on Lactobacillus strains docu
mented by others. Iyer and Lee (5) reported that the L. delbrueckii NRRL
B445 strain was strongly inhibited when lactic acid reached 65.0 giL.
Bustos et al. (31) observed marked inhibition to L. pentosus ATCC 8041 by
lactic acid as the lactic acid concentration reached up to 46.0 giL.

Besides the inferior glucose assimilation, xylose utilization was also
inefficient, as can be seen from the comparatively low acetic acid concen
tration throughout the experiment (Fig. 4B) and the low final acetic acid
yield (0.51 at 288 h). Therefore, if the complete utilization of carbohydrates
is desirable, the inhibitory effect of the acid products must be taken into
consideration before substrate additions. As an illustration, another series
of fed-batch experiments was conducted with reduced substrate addition.
In this experiment, SAA-treated and water-washed corn stover containing
6.0 g of glucan (in contrast to 12.0 g of glucan in the earlier fed-batch SSCF)
was evenly added in two batches, one at time zero and the other at 36 h.
The results are summarized in Fig. 5. Unlike in the earlier fed-batch SSCF,
the xylose concentration decreased at the late stage of this experiment,
although at a fairly low rate as compared with that of batch SSCF (Fig. 1A).
At the end of the run (144 h), the lactic acid concentration reached 61.8 giL,
and the acetic acid 8.8 giL. In comparison with the earlier fed-batch exper
iments, both lactic and acetic yields obtained in this experiment were
remarkably higher (0.81 and 0.80 vs 0.65 and 0.61), indicating that inhibi
tion was much less pronounced.

Conclusions

This study showed that SAA-pretreated corn stover is a substrate
suitable for lactic acid production. The cellulose and hemicellulose fractions
in the pretreated corn stover were effectively converted to lactic acid by
SSCF. The maximum lactic acid yield was more than 90% of the theoretical
maximum on the basis of all available fermentable sugars. The significances
of enzyme, inocula, yeast extract, and cCSL for lactic acid production were
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Fig. 5. Changes of sugar concentrations (A), and acid concentrations (B) in reduced
feeding fed-batch SSCF experiments. Average data from duplicates with standard
deviations are presented.

tested by way of statistical experiment design. It was found that the con
centrations of enzyme and yeast extract are the two most significant factors
affecting lactic acid yield. On the other hand, inocula size had an insignif
icant effect within the range of 1-5% (w/w). The response surface study
indicated that yeast extract can be replaced by ceSL, without adversely
affecting lactic acid yield. Acetic acid was also produced as a result of pentose
assimilation (xylose and arabinose) through PK pathway. Fed-batch opera
tion increased the lactic acid product concentration to 74.8 giL, although at a
relatively low yield (65%). Further improvement of the product concentra
tion was difficult owing to end-product inhibition of the organism.
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Production of bio-based products that are cost competitive in the
market place requires well-developed operations that include innovative
processes and separation solutions. Separations costs can make the differ
ence between an interesting laboratory project and a successful commer
cial process. Bioprocessing and separations research and development
addresses some of the most significant cost barriers in production of bio
fuels and bio-based chemicals. Models of integrated biorefineries indicate
that success will require production of higher volume fuels in conjunction
with high margin chemical products. Addressing the bioprocessing and
separations cost barriers will be critical to the overall success of the inte
grated biorefinery.

Production of fuels and chemicals offers distinct technical challenges in
comparison with related fields. In pharmaceuticals, high-valued products
can support complex and expensive separation processes. In petrochemi
cals, product concentrations are typically significantly higher than possible
with aqueous fermentations. The field has focused on technologies such as
designing bioreactors to facilitate product recovery, or development of novel
membrane materials and technologies that reduce the energy burden in sep
arating dilute aqueous products. Modeling and simulations have played

*Author to whom all correspondence and reprint requests should be addressed.
t Also for correspondence.

Applied Biochemistry and Biotechnology 739 Vol. 136-140, 2007



740 Zullo and Snyder

strong roles is designing new processes and evaluating their potential per
formance. Session 5 included oral presentations on scaling up fed-batch pro
cesses, innovative membrane bioreactors and product recovery systems,
evaluation of processes to extract products from wood pulping, and mathe
matical models and CFD simulations of reactors and fermentations.

The poster session described a wide variety of projects including pro
duction of ethanol and organic acids, sugar separations, pretreatment,
esterification of organic acids, anaerobic digestion, biodegradation, fatty
acid and biodiesel production, utilization of coproducts, new materials,
strains, catalysts, processes, and simulations to improve fermentations,
and so on. In addition, bioprocessing and separations of different biomass
sources was presented in several posters. What is apparent is that the field
is open and has drawn the attention of international distribution of
researchers from microbiologists through chemical engineers. There is no
single bullet, but a suite of technology solutions that are developing. Some
will be valuable for large volume products such as ethanol whereas others
will have specific product or feedstock niches. The work directly addresses
some of the most significant cost barriers to production of fuels and chem
icals from biomass.
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Abstract

Hemicelluloses, which are abundant in nature and have potential use in
a wide variety of applications, may make an important contribution in
helping relieve society of its dependence on petrochemicals. However,
cost-efficient methods for the isolation of hemicelluloses are required.
This article presents an economic evaluation of a full-scale process to iso
late hemicelluloses from process water from a thermomechanical pulp
mill. Experimental data obtained in laboratory scale were used for the
scale up of the process by computer simulation. The isolation method con
sisted of two process steps. The suspended matter in the process water
was removed by microfiltration and thereafter the hemicelluloses were
concentrated by ultrafiltration, and at the same time, separated from
smaller molecules and ions in the process water. The isolated hemicellu
loses were intended for the production of oxygen barriers for food pack
aging, an application for which they have been shown to have suitable
properties. The solution produced contained 30 g hemicellulosesfL with a
purity (defined as the ratio between the hemicelluloses and the total
solids) of approx 80%. The evaluation was performed for a plant with a
daily production of 4 metric tonnes (t) of hemicelluloses, which is the esti
mated future need of barrier films at Tetra Pak (Lund, Sweden). The pro
duction cost was calculated to be € 670ft of hemicelluloses. This is approx
9 times lower than the price of ethylene vinyl alcohol, which is produced
by petrochemicals and is currently used as an oxygen barrier in fiber
based packaging materials. This indicates that it is possible to produce
oxygen barriers made of hemicelluloses at a price that is competitive with
the materials used today.

Index Entries: Barrier film; economic evaluation; galactoglucomannan;
hemicelluloses; ultrafiltration; thermomechanical pulp.
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Lignocelluloses, i.e., celluloses, hemicelluloses, and lignin constitute
approx 80% of the biomass on earth and could be utilized much more
widely in the future. Hemicelluloses (i.e., heteropolysaccharides found in
plant cell walls) may make an important contribution in helping relieve soci
ety of its dependence on petrochemicals, but cost-efficient methods for the
isolation of hemicelluloses are required. Examples of potential applications
of hemicelluloses are the production of barrier films (1,2) and hydrogels (3),
hydrolysis and fermentation to produce ethanol (4), and as a feedstock for
xylitol production (5). The extraction of hemicelluloses from different raw
materials has long been studied (6-11). A promising hemicellulose source is
the process streams in thermomechanical pulp mills. A method using mem
brane filtration to isolate hemicelluloses from process water from thermo
mechanical pulping of spruce has been developed in a previous study (12).
A screening of several different membranes was performed in this work to
find the most suitable membrane material for this process.

The aim of the present study was to perform an economic evaluation
of the isolation of hemicelluloses from process water from thermomechan
ical pulping of spruce. The purified and concentrated hemicelluloses were
intended for the production of barrier films in fiber-based packaging mate
rials. The dominating hemicellulose in spruce is O-acetyl galactogluco
mannan, which has been shown to have suitable properties for the
production of oxygen barriers intended for food packaging (1). To enable
an economic evaluation, experimental results are needed. Experiments
were therefore performed in laboratory scale. The choice of membranes
and operating conditions in the experiments was based on results from a
previous investigation (12).

Materials and Methods

Raw Material

The raw material was process water from thermomechanical pulping
of spruce from Stora Enso Kvarnsveden Mill AB, Sweden. The process
water was collected from the final dewatering step of the pulp. The pH of
the process water was approx 4.6 and the amount of dissolved hemicellu
loses, defined as oligo- and polysaccharides including acetyl groups, was
around 0.5 giL. The average molecular mass of the hemicelluloses in the
process water was approx 10 kDa and the monosaccharide composition of
the oligo- and polysaccharides was similar to that found in the hemicellu
lose galactoglucomannan.

Experimental Procedure

The method used to isolate hemicelluloses from the process water
involves two steps: (a) pretreatment to remove solids by microfiltration and
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Economic Evaluation of Isolation of Hemicelluloses 743

(b) concentration and purification of hemicelluloses by ultrafiltration and
diafiltration. The process was performed batch-wise with a starting volume
of approx 1 m3. All liquid streams were analyzed regarding oligo- and
polysaccharide and acetyl concentration, to estimate the concentration of
hemicelluloses. Monosaccharide content, total solids, and ash were deter
mined to evaluate the purification efficiency.

Pretreatment

The process water was microfiltrated in a Vibratory Shear-Enhanced
Processing (VSEP) unit (series L/~ New Logic, Emeryville, CA, USA) to
remove the solids. The membrane stack consisted of 19 double-sided poly
tetrafluoroethylene membrane discs. The membrane pore diameter was
10 f..lm and the total membrane area was 1.57 m2. The pump was a dis
placement pump (G-03, Wanner Engineering Inc., Minneapolis, MN).
Microfiltration was carried out at a transmembrane pressure between 250
and 300 kPa and a temperature of 25°C. The vibration frequency was 50 Hz,
which corresponds to the amplitude of 19 mm.

Concentration and Purification

Ultrafiltration and diafiltration were performed in a DDS 20 LAB
module unit (Alfa Laval Corp., Lund, Sweden). In earlier work (12), it was
found that the ETNA01PP membrane (Alfa Laval) had good performance
for ultrafiltration of the process stream. In the same study it was shown
that a membrane with higher cutoff had better separation capability. The
ETNA membranes are made of surface-modified polyvinylidene fluoride,
which has been found to be very resistant to fouling (13). Thus, two ETNA
membranes with different cutoffs were compared: ETNA01PP (1 kDa) and
ETNAI0PP (10 kDa) (Alfa Laval). Two different membrane stacks were
used, one with six double-sided ETNAOIPP membrane discs with a total
membrane area of 0.21 m2 and one with eight double-sided ETNA10PP
membrane discs with a total membrane area of 0.28 m2. The pump was a
displacement pump (D-25, Wanner Engineering Inc.) and the circulation
flow rate was measured with a rotameter. The permeate flow was mea
sured gravimetrically with a balance (FX-3000, A&D Company Ltd.,
Tokyo, Japan).

The average transmembrane pressure was 1.0 MPa and the temper
ature 50°C. The circulation flow rate was 5.2 L/min, which corresponds
to a cross-flow velocity of 0.5 m/s. Two temperature-equilibrated dia
volumes of deionized water were added at the same flow rate as the perme
ate flow during diafiltration. The number of diavolumes corresponds to
the ratio between the volume of water added during diafiltration and the
constant volume of feed solution in the system (14,15). The membranes
were cleaned with 0.5 wt% Ultrasil 10 (Henkel, Dusseldorf, Germany) at
50°C for 45 min and thoroughly rinsed with deionized water before the
experiments.
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Analysis

The ash content and total solids were determined according to the
standardized methods of the National Renewable Energy Laboratory
(NREL, US Department of Energy) (16,17). The monomeric sugar compo
sition and the concentration of oligo- and polysaccharides were analyzed
by acid hydrolysis according to the standardized method of NREL (18).
Monomeric sugars were analyzed before and after acid hydrolysis and
the oligo- and polysaccharide content was calculated from the difference
in monosaccharide concentration before and after hydrolysis. Anhydro
corrections of 0.9 and 0.88 were used for the hexoses and pentoses, respec
tively.

High-performance anion-exchange chromatography coupled with
pulsed amperometric detection using an ED40 electrochemical detector
(Dionex, Sunnyvale, CA) was used to analyze the monomeric sugars. The
chromatograph was equipped with a gradient pump, (GP40, Dionex) an
autosampler (AS50, Dionex), and a Carbo Pac PAID guard and analytical
column (Dionex). Millipore water with 2 mM NaOH was used as eluent at
a flow rate of 1 mL/min, and the injection volume was 10 ilL. D-mannose,
D-glucose, D-galactose, D-xylose, and L-arabinose (Fluka Chemie AG, Buchs,
Switzerland) were used as standards.

The acetic acid content was analyzed before and after acid hydrolysis
and the concentration of acetyl groups in the hemicelluloses was calculated
from the difference in acetic acid concentration before and after hydrolysis.
The acetyl group concentration was multiplied by a factor of 0.98 to correct
for the protonation. The acetic acid was analyzed using high-performance
liquid chromatography equipped with a refractive index detector
(Shimadzu, Kyoto, Japan) and an Aminex HPX-87H column (Bio-Rad, CA).
Millipore water with 5 mM H2S04 was used as eluent at a flow rate of
0.5 mL/min at 65°C. The injection volume was 20 f..lL. Acetic acid (Merck,
Darmstadt, Germany) was used as standard. The hemicellulose concentra
tion was defined as the sum of the concentrations of oligo- and polysaccha
rides and the acetyl groups.

Economic Evaluation

The investment and the operating costs for the isolation method were
calculated to evaluate the profitability of the process. The annual repay
ment of the investment costs was calculated with the annuity method:

c = c. x ix(l +i)n
repayment mvesbnent [(1 + i)n -1] (1)

where Cinvestment is the investment cost of the equipment, i is the interest
rate, and n is the depreciation time in years. An interest rate of 8% and 10 yr
of depreciation time were used. The calculations were based on 8500
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operating h/yr and an electricity cost of 3¢/kWh, in accordance with the
Swedish pulp and paper industry.

A feed concentration of 0.5 giL of hemicelluloses was used in the cal
culations and the process was designed to handle a feed of 400 m3 /h,
which corresponds to a production rate of approx 4 metric tonnes (t) of
hemicellulosesld. This is the estimated demand of hemicelluloses for the
production of barrier films in fiber-based packaging materials at Tetra Pak
(Lund, Sweden). The concentration of hemicelluloses required for barrier
film production in industrial scale is today unknown. In this calculation,
the concentration of hemicelluloses in the product was chosen to be 30 giL.

Pretreatment

In the pulp and paper industry, drum filters are the standard method
for removing fibers and solids from various process streams. One of the
leading manufacturers of drum filters (Algas, Moss, Norway) suggested a
drum filter with a 30-J.lm polyester cloth filter, based on their experience
from similar applications. The drum filter had a net active filter area of 36 m2,

which would be sufficient to handle the design flow of 400 m3 /h accord
ing to the manufacturer. The energy demand of the filter is approx 21 kW.
The recovery of hemicelluloses in the pretreatment step is expected to be
very high because the content of suspended matter is very low. Therefore,
a recovery of 100% was assumed in the calculations. In the laboratory
experiments, removal of water insoluble matter was performed in a VSEP
unit as a small-scale drum filter was not available. However, the quality of
the water is expected to be equal irrespective of whether a VSEP unit or a
drum filter is used for pretreatment.

Concentration and Purification

Owing to the results obtained from the experimental study the
ETNAIOPP was chosen for the economic evaluation. Spiral wound ele
ments (8 x 38 in.) with 30 mil spacers with three elements per pressure
vessel were chosen to be used in the full-scale ultrafiltration plant. The
estimated lifetime of these membranes are 24 rna (according to the manu
facturer). The temperature of the process water in the pulping process is
80aC. However, the upper temperature limit for the ETNA spiral wound
elements is 60aC. The process water must thus be cooled, e.g., in a heat
exchanger. The investment cost of a shell-and-tube heat exchanger with
200 m2 surface area was calculated with Icarus Process Evaluator (Aspen
Tech, Cambridge, MA). The price of the cooling water used in the heat
exchanger was taken from the literature (19).

The ultrafiltration plant was assumed to have multistage recircula
tion design with the same membrane area in all stages. This is the most
common design for ultrafiltration plants regardless of application. The
investment and operating costs of the membrane plant, was calculated for
different number of stages. The cost for one extra stage was included in the
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Table 1
Economic Data Used to Calculate the Investment
and Operating Costs of the Ultrafiltration Plant

Costs

Basic installation (€)a
Instrumentation, piping,

and so on per stage (€)a
Membranes and housing (€ / m 2)a
Cleaning equipment (€)b
Membrane replacement (€/m 2)a
Cleaning (€ / yr)C
Maintenanceb

Number of operatorsc

Labor cost (€/h)C

50/000

80/000
150
50/000
50
300/000
2% of investment cost
1
20

aAlfa Laval
bFrom ref. 15.
cExperience from the ultrafiltration plant at Stora Enso Nym611a mill.

calculations. This extra stage is necessary in the plant in order to be able to
take one stage out of the operation for membrane cleaning and replace
ment, and still operate the ultrafiltration plant continuously. The calcula
tions were based on membrane area and energy consumption of the
ultrafiltration plant calculated by solving the mass balances in the process,
i.e., the amount of hemicelluloses and process water entering and exiting
each stage and the entire membrane plant. This was performed with the
computer software Matlab (The Math Works Inc., Natick, MA). The flux in
the different stages, i.e., as function of concentration, was obtained from
experimental results. The energy requirement of the initial feed pump and
the booster pumps was calculated for a plant operating at 1.0 MPa. The effi
ciency of the pumps was chosen to be 80% and the pressure drop in each
spiral wound element was approximated to 0.08 MPa. Economic data were
received from Alfa Laval, Stora Enso Nym61la mill (Sweden) and from esti
mates found in the literature (15). These data are shown in Table 1.

Results and' Discussion

Flux During Concentration of the Hemicelluloses

The concentration of total solids differed in different batches from the
pulp mill. It was between 2 and 6 giL, probably depending on how, and
when, samples were withdrawn from the storage tank for process water.
Although there was a variation in concentration of total solids in the raw
process water, the pretreated process water had uniform properties with a
concentration of total solids of 1.8 giL, of which approx 30% was hemi
celluloses. The pretreated process water was ultrafiltrated to increase both
the purity and concentration of the hemicelluloses. The hemicelluloses

Applied Biochemistry and Biotechnology Vol. 136-140, 2007



Economic Evaluation of Isolation of Hemicelluloses 747

100

75

2'
C\I

E-..... 50:::::.-
x
::J
u::

25

100

0-+------------.,------------.
o 10

Concentration (gIL)

Fig. 1. Correlation between the flux and the concentration of hemicelluloses in the
feed solution for the ETNA01PP (solid line) and ETNA10PP (dashed line) membranes.

were concentrated to 59 giL with the ETNAOIPP membrane and to 66 giL
with the ETNAI0PP membrane. The retention of hemicelluloses was 98%
for both membranes. The flux was significantly higher for the ETNAI0PP
membrane than for the ETNAOIPP membrane, as shown in Fig. 1. The flux
decreased as the hemicelluloses were concentrated in the feed. The relation
between the flux and the concentration of hemicelluloses was determined by
plotting the flux against the concentration on a logarithmic scale. The relation
is linear, which is in accordance with the theory that states that this relation
should be linear under limiting flux conditions (20). This relation was used in
the economic evaluation to calculate the flux in the different stages.

Purity During Concentration of The Hemicelluloses

Purity increases during concentration using ultrafiltration if the
retention of the product is higher than the retention of other compounds
(15). In earlier work (12), it was found that a hydrophilic membrane with
a cut off of 5 kDa had better separation capability with respect to hemicel
luloses and contaminants (salts and monosaccharides) than a hydrophilic
membrane with a cut off of 1 kDa. Based on these results, it was expected
that the purity (defined as the ratio between the hemicelluloses and the
total solids) would increase faster during the concentration of hemicellu
loses with ETNAI0PP. This is verified by Fig. 2, which shows the purity as
function of hemicellulose concentration.

The composition of the total solids in the process water changed drasti
cally during concentration of the hemicelluloses. Table 2 shows the composi
tion after pretreatment by microfiltration and after concentration to 66 giL
with ultrafiltration using the ETNAI0PP membrane. The ash is partially
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Fig. 2. The relation between the purity and the concentration of the hemicelluloses
in the feed during ultrafiltration with the ETNA01PP and ETNA10PP membranes.

Table 2
Composition of the Process Water After Pretreatment by Microfiltration

Hemicelluloses Monosaccharides Ash Other organic
(giL) (giL) (giL) matter (giL)

After
microfiltration 0.7 (27%) 0.2 (6%) 0.8 (32%) 0.9 (35%)

After
ultrafiltration 66.2 (79%) 0.3 (0%) 11.5 (14%) 5.8 (7%)

Composition expressed in grams per liter and percentage of total dry solids.

retained by the ultrafiltration membrane, which is somewhat unexpected.
This is probably owing to ionic interactions with the hemicelluloses.

Diafiltration was investigated as a method to further increase the
purity of the hemicelluloses after ultrafiltration. However, for the parame
ters used in the economic evaluation (the ETNAIOPP membrane and a
final hemicellulose concentration of 30 giL), the purity was not increased
significantly by diafiltration. Thus, diafiltration was not included in the
economic evaluation.

Economic Evaluation

Pretreatment

The economic evaluation of the pretreatment step was performed
based on the economic data received from the filter manufacturer Algas
(see Table 3). The cost of pretreating a volume of process water correspond
ing to 1 t of product was calculated to be approx € 40.
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Table 3
Economic Evaluation of the Pretreatment Step

with a Capacity of 400 m3/h

Cost €

Investment
Equipment cost
Annual
Capital cost
Energy cost
Maintenance
Labor
Total annual costs

280/000

40/000
5000

20/000
o

65/000

Cost of filtering a volume of process
water corresponding to 1 t of product 40

A drum filter with a 30-f..lm polyester cloth filter manufac
tured by Algas was used.
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560 '---_...L...--_.............-_---.L-_---'--_--'-__'---_...L...--_.............-_---'

3

660 .----.,.__-~----,--____r_---r--r___-.,.__-_..,.___-__,

~
640

en
(])
en
0
~ 620
(j)
()

'E
(])
..c
c 600.8
Q5
Q.

t)
0

5800

Number of stages

Fig. 3. The cost to concentrate 1 t of hemicelluloses to 30 giL. The cost was calcu
lated for a multistage ultrafiltration plant with varying number of stages.

Concentration and Purification

The cost for concentration by ultrafiltration varies with the number of
stages in the ultrafiltration plant, as shown in Fig. 3. The optimal number
of stages for minimizing the cost was found to be eight stages. The total
membrane area of the plant was 4000 m2 and the recovery of hemicellu
loses was 89%. The total cost to heat exchange a feed corresponding to 1 t
of product and to increase the hemicellulose concentration to 30 giL in an
ultrafiltration plant with eight stages is € 630, as shown in Table 4.
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Table 4
Costs Associated With Cooling 400 m 3 /h Process Water From 80 to 60°C
and Ultrafiltrating to Increase the Hemicellulose Concentration to 30 giL

in an Ultrafiltration Plant With Eight Stages

Cost

Investment
Heat exchanger including installation
Ultrafiltration plant
Total
Annual
Capital cost
Cooling water (1.5 ¢/m3)

Energy cost
Maintenance
Labor
Membrane replacement
Membrane cleaning
Total annual costs

Cost to heat exchange and concentrate
1 t of hemicelluloses

€

210,000
1,350,000
1,560,000

230,000
85,000
40,000
30,000

170,000
100,000
300,000
955,000

€630

There is a possibility that the future cost for ultrafiltration in a full-scale
plant could be lower than calculated owing to the difference in operational
conditions in the laboratory and the full-scale plant. First, in the laboratory
study, the ultrafiltration was carried out at sooe whereas the temperature in
the full-scale ultrafiltration plant was set to 60°C. A higher temperature
results in a higher flux through the decreased viscosity. Second, it is also
probable that the flux would be higher in the spiral wound element than in
the plate-and-frame module used in the laboratory, because the turbulence
is greater in the flow channel of the spiral wound elements.

Total Cost of the Isolated Hemicelluloses

The total cost of producing a solution containing 1 t of hemicelluloses
was calculated to be approx € 670. The market price of barriers with similar
properties made of ethylene vinyl alcohol is around € 5800/t. These num
bers are of course not directly comparable, but even if costs for additional
treatment and handling, such as further concentration, transportation, and
addition of chemicals to improve the properties of the barrier are added, it is
most likely that the price for the hemicelluloses will still be very competitive.
If the concentration of hemicelluloses required for barrier film production in
industrial scale is higher than the value used in this study (30 giL), further
concentration is needed. This can be accomplished either by further treat
ment with ultrafiltration or by evaporation. Of these two alternatives, ultra
filtration is probably the more cost efficient alternative because the energy
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requirement of evaporation is significantly higher. However, to be able to
perform the ultrafiltration to higher concentrations, further development of
the method is necessary. An additional economic benefit when isolating
hemicelluloses in the process water of thermomechanical pulp mills is that,
the biological load on the sewage treatment plant will decrease when fibers
and hemicelluloses are removed from the process water.

Conclusions

This study has shown the potential to isolate hemicelluloses from pro
cess streams from thermomechanical pulping at a competitive cost, even
though the initial concentration of hemicelluloses is very low. Further
research and development is of course required to implement this process,
but the calculated cost is sufficiently low to leave a great margin to the price
of barriers made of petrochemicals with similar properties, i.e., ethylene
vinyl alcohol barriers. This process was designed for a thermomechanical
pulp mill that produces 0.6 million t pulp/yr. The total Swedish production
of mechanical pulp is more than 3 million t/yr and the worldwide produc
tion is above 30 million t/yr. This gives some idea of the amount of hemi
celluloses available for isolation from thermomechanical pulp mills.
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Abstract

In this work, a procedure was established to develop a mathematical
model considering the effect of temperature on reaction kinetics. Experiments
were performed in batch mode in temperatures from 30 to 38°C. The
microorganism used was Saccharomyces cerevisiae and the culture media,
sugarcane molasses. The objective is to assess the difficulty in updating the
kinetic parameters when there are changes in fermentation conditions. We
conclude that, although the re-estimation is a time-consuming task, it is
possible to accurately describe the process when there are changes in raw
material composition if a re-estimation of parameters is performed.

Index Entries: Alcoholic fermentation; kinetic parameters estimation;
mathematical modeling; Quasi-Newton algorithm; Saccharomyces cerevisiae;
ethanol production.

Introduction

The interest in renewable energy sources tends to augment with the
concern about exhaustion of fossil fuels and the increase in their price. The
world meetings make clear that policies for renewable energy are essential
to achieve sustainable development in a broad sense. Environmental pro
tection, job creation, alleviation of external debts in developing countries,
and security of supply are some of the key issues to mention (1). Bioethanol
(ethanol from biomass) is an attractive, sustainable energy source. Modeling
potentially reduces the cost of the alcoholic fermentation process develop
ment by eliminating unnecessary experimental work. It allows the study of

*Author to whom all correspondence and reprint requests should be addressed.
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the various process parameters interactions through simulation. Besides, it
provides understanding of the process, which is helpful for operational pol
icy definitions and can be applied for posterior optimization and control.

There are many minor problems associated with the alcoholic fer
mentation process to be solved nowadays. Among them is the lack of
robustness of the fermentation in the presence of fluctuations in operational
conditions, which leads to changes in the kinetic behavior, with impact on
yield, productivity, and conversion. These changes are very common in
plants of alcoholic fermentation; they occur not only because of the varia
tions in the quality of the raw material but also because of variations of
dominant yeast in the process. Also, the alcoholic fermentation process is
exothermic and small deviations in temperature can dislocate the process
from optimal operational conditions.

Temperature has an important influence on the alcoholic fermentation
process, because it is usually difficult to support a constant temperature
during large-scale alcoholic fermentation and it affects productivity as
well as microorganism viability. Besides, terms of temperature influence
on ethanol fermentation kinetics can be useful in strategies for process
optimization (2). Still, there are few works in the literature on the mathemat
ical modeling of the fuel ethanol fermentation considering the effect of
temperature on the kinetic parameters. (2-4).

In this work we perform kinetic parameters optimization in an alcoholic
fermentation process. The kinetics was determined as function of
temperature from batch fermentations at temperatures from 30 to 38°C.
Based on experimental data, a differential model consisting of rate
expressions for cell growth, substrate consumption, and product formation
was proposed. The resulting model has eleven parameters, five of which
are known to be temperature dependent. In order to describe this
dependence, one set of parameters was estimated for each considered
temperature and in a subsequent step an equation describing the temper
ature dependence of each parameter was fitted to the resulting data. The
performance of the proposed model in the presence of changes in raw
material composition is assessed before and after parameters re-estimation.

Materials and Methods

The microorganism used was Saccharomyces cerevisiae, cultivated in the
Bioprocess Engineering Laboratory in the Faculty of Food Engineering/State
University of Campinas, Campinas, S~ Brazil and obtained from an indus
trial fermentation plant. The growth medium for the inoculum contained
50.0 kg/m3 of glucose, 5.0 kg/m3 ofKH2P04, 1.5 kg/m3 ofNH4Cl, 0.7 kg/m3

of MgS04
0 7H20, 1.2 kg/m3 of KCI, and 5.0 kg/m3 of yeast extract. The

growth of microorganisms was performed in SOO-mL flasks placed in a
shaker at 30°C and 150 rpm for 24 h. The production medium was diluted
using sugarcane molasses from an industrial ethanol fermentation plant.
Sterilization was performed at 121°C for 20 min in autoclave.
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Parameters of Batch Alcoholic Fermentation

Table 1
Initial Substrate Concentrations and Temperature

for Experiments

Experiments T(OC) So (kg/m3
)

1 30 127.6
2 31.2 86.8
3 34 119.1
4 36.8 84.6
5 38 118.8
6 34 168.1

755

A bioreactor (Bioflow III System; New Brunswick Scientific Co., Inc.,
Edison, NJ) with temperature and agitation control systems through pro
portional and integral differential (PID) controllers was used. The total
working volume was 5 L. Agitation was controlled at 300 rpm and per
formed with two flat blade turbine disk impellers, with six blades each.
Temperature was controlled at the fixed value for each fermentation. Dry
cell mass was determined gravimetrically after centrifuging for 15 min at
3300 rpm (1219.68g), washing, and drying the cells at 70°C. Biomass con
centration is given by the weight difference divided by total sample volume.

Viable cells were counted with the methylene blue staining technique
(5). In this work the cell viability during batch fermentation was always close
to 100%. Total reducing sugar and ethanol concentrations were determined
by high-performance liquid chromatography (Varian 9010 model, Varian, Inc.
Scientific Instruments, Palo Alto, CA). A SHODEX KS 801 column (Showa
Denko, Tokyo, Japan) at 30°C was used. Ultrapure water obtained from
Milli-Q Purification System (Millipore Corporation, Billerica, MA) containing
Millipak membrane of 0.22 Jlm (diameter of pore) was mixed with H2S04
(pH 1.4) and used as the eluent at a flow rate of 0.7 mL/min. The standards
were mixed solutions of sucrose, glucose, fructose, and ethanol at concentra
tions from 0.1 to 40.0 kg/m3• The experiments were performed following the
initial substrate concentrations and temperatures depicted in Table 1.

Parameter Estimation Problem

Batch Model

For batch fermentation process, the mass balance equations that
describe the concentrations of biomass, substrate, and ethanol are:
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dX-=rx
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where X is the concentration of cell mass (kg/m3), S is the concentration of
substrate (kg/m3), and P is the concentration of ethanol (kg/m3). In this
study the rates of cell growth, r

x
(kg/[m3·h]), substrate consumption, r

s

(kg/[m3·h]), and product formation, r (kg/[m3·h]), were expressed as
functions of temperature, as describJd below. For fermentation with
S. cerevisiae, experimental data has shown that cellular, substrate and
product inhibitions are of importance (2). In this study, the cell growth
rate, rx' includes terms for such types of inhibitions:

S (X )m( p)nrx=~max--exp(-KiS) 1--- 1--- X
Ks +S Xmax Pmax

(4)

where II is the maximum specific growth rate (h-1), K the substrate sat-
~nnax s

uration parameter (kg/m3), Ki is the substrate inhibition parameter
(m3 /kg), X the biomass concentration when cell growth ceasesnnax

(kg/m3), Pnnax the product concentration when cell growth ceases (kg/m3),

and m and n are parameters of cellular and product inhibitions, respec
tively. Luedeking-Piret expression (6) was used to account for the ethanol
formation rate, rp.

(5)

where Y x is Luedeking-Piret growth associated constant (kg/kg) and m
is the L~edeking-Piret nongrowth associated constant (kg/[kg·hD. Th~
substrate consumption rate, rs' is given by:

rs==(rx/Yx)+mxX (6)

This equation describes the sugar consumption during fermentation,
which leads to cell mass and ethanol formation. Yx and mx are the limit
cellular yield (kg/kg) and maintenance parameter (kg/[kg·h]), respec
tively. The first term of Eq. 6 considers that part of substrate is used for cell
growth and the second one, for cellular maintenance that is the energy
used for basic cell functions. According to the above description, there are
11 parameters to be estimated from experimental observations and some
of them are temperature-dependent parameters (~nnax' Xnnax' Pnnax' Yx' and
Ypx). This temperature dependence can be described by the following
expression (7):

Temperature-dependent parameter= A .exp(BIT) +C.exp(DIT) (7)

Optimization Using the Quasi-Newton Algorithm

Let 8 specify the parameters vector, which contains all the temperature
dependent parameters. The objective of the optimization problem is to
find out 8 by minimizing the objective function (8,9), min £(8):
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(8)

The optimization is performed using the experimental data from
fermentations in the temperature range of 30-38°C. Xen, Sen' and Pen are
the measured concentrations of cell mass, substrate, and ethanol at the
nth sampling time. Xn, Sn' and Pn are the concentrations computed by
the model at the nth sampling time. Xe , Se , and Pe are the max-max max max
imum measured concentrations and the term np is number of sampling
points. cn (8) is the error in the output owing to the nth sample.
Equations 1-6 were solved using a FORTRAN program with integration
by an algorithm based on the fourth-order Runge-Kutta method. In
order to model the fermentation experiments, the temperature depen
dent parameters (f.lmax' Xmax' Pmax' Yx' and Ypx) in Eqs. 4-6 were deter
mined by minimizing Eq. 8 using a Quasi-Newton (QN) algorithm. The
FORTRAN IMSL routine DBCONF was used for this purpose. The
optimization problem was implemented as a nonlinear programming
problem written as:
Minimize Eq. 8
Subject to Ip :::;; xp :::;; up' p = 1, 000' 5
where, x IS the temperature-dependent parameters. The I and u are
specified

P
lower and upper bounds on the variables, with1 :::;; U oP The

parameters that are not temperature dependent had their Jalue: fixed
according to the work of Atala et al. (2) as follows: Ks = 4.1 kg/m3, K i =
0.004 m3 /kg, m =0.1 kg/(kg·h), mx =0.2 kg/(kg·h), m = 1.0, and n =1.5.
The optimizatiJ'n procedure was repeated for each temperature value (30,
31.2, 34, 36.8, and 38°C), resulting in five sets of the temperature depen
dent parameters (f.1maxl Xmaxl Pmax' Yx' and Ypx)·

Influence of Temperature on the Kinetics

After the temperature dependent parameters were optimized by
using the QN algorithm, they were described by Eq. 7 as functions of
temperature. The Levenberg-Marquardt algorithm was used for fitting
all constants (A, B, C, and D), whose values are presented in Table 2.
This table also shows the coefficient of determination (r2 ) of the param
eters fitting. Figure 1 shows the resulting dependence of f.l , X ,max max
Pmax' Yx' and Ypx with temperature. The symbols (-) are the optimized
values determined for each temperature using the QN algorithm and
the lines represent the temperature dependence description of Eq. 7. It
can be observed that the maximum specific growth rate occurs at a
temperature of 34°C, considered the optimum condition for growth.
Ethanol tolerance, limit cellular yield and X decreases with tempera-max
ture as expected.
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Table 2
Constant Values in the Eq. 7 and Coefficient of Determination

(y2) of Parameters Fitting as Functions of Temperature for Batch Model
Optimized by QN

(9)

Parameter (y2) A B C D

flmax 0.999 -2.98 x 105 -304.44 2.82 x 105 -302.18
X max 0.999 7.20 x 10-18 1284.40 10.24 48.58

P max 0.999 6.01 x 10-22 1588.05 106.33 -12.02
Yx 0.999 -2.98 x 10-17 1194.15 11.73 -5.60

Ypx 0.997 -4.10 x 10-78 5111.34 0.01 33.72

Results

The mathematical model to be computed consists of Eqs. 1-6. The
temperature dependent parameters Ilmax' Xmax' Pmax' Yx' and Ypx are given
by Eq. 7 with the constants (A, B, C, and D) shown in Table 2, the param-
eters, which are not temperature dependent are fixed according to Atala et al.
(2). The profiles for ethanol, substrate, and biomass are shown in Fig. 2. It
can be observed that the estimated model was able to fit batch experimen
tal observations very satisfactorily and, therefore, the model can be
applied for posterior optimization and controller process design.
However, it should be stressed that when there are changes in operational
conditions, the model kinetic parameters have to be re-estimated. It is
worthwhile mentioning that, although the re-estimation is a time-consuming
task, it is necessary to accurately describe the process when there are
changes in raw material composition. Figure 3 shows the results for exper
iment 6 described in Table 1. The experimental data of this experiment
were not used in the estimation procedure, but only to validate the model.

The residual standard deviation (RSD), Eq. 9, written as a percentage
of the average of the experimental values, was the measurement used for
characterizing the quality of the prediction of the model.

RSD(%)=(~)100

where RSD= n~ L;~l (dp -xp )2 in which xp and dp are, respectively, the

value predicted by the mathematical model and experimental value, dp is
the average of the experimental values, and np is the number of experi
mental points. The RSDs (%) for the batch model optimized by QN are
shown in Table 3. The concentrations of biomass, substrate, and ethanol
concentrations calculated using the resulting mathematical presented
deviations of 4.9-23.3% from the experimental data.
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in Table 1. Experimental data are for concentration of substrate, S (.); cell mass, X (_);
and ethanol, P (e).

Table 3
RSDs (%) for the Batch Model

RSD (%)

Output T =34°C
variable T =30°C T =31.2°C T =34°C T =36.8°C T =38°C (validation)

X 9.5 15.6 18.6 9.6 12.1 16.6
S 23.3 10.4 8.2 12.9 14.1 8.0
P 14.6 11.0 6.3 4.9 4.9 8.4

In order to test the model performance in the presence of fluctuations
in raw material and culture medium compositions, an experiment
performed at 34°C was considered. The only difference between this
experiment and the experiments at 34°C shown in Figs. 2 and 3 are the
molasses origin (molasses from a different harvesting) and the production
medium, which, in this case, was diluted sugarcane molasses with
addition of 1.0 kg/m3 of yeast extract and 2.4 kg/m3 of (NH4)2S04. The
results are shown in Fig. 4A. The results after re-estimation of kinetic
parameters are shown in Fig. 4B. The RSD (%) values for the model with
and without parameters re-estimation are shown in Table 4.

Discussion

The main objective of this work is to evaluate mathematical models to
describe the alcoholic fermentation process in the presence of changes in
operational conditions and fluctuations in the quality of raw material. These
models are important to enable dynamic behavior studies, determination
of control structures, optimization, and design of process controllers. It is
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estimation. Experimental data are for concentration of substrate,S (.); cell mass, X (_);
and ethanol, P (e).

Table 4
RSD (%) for the Batch Model in the Presence of Fluctuations in Raw
Material and Production Medium Compositions With and Without

Parameters Re-estimation

Output variable
(T =34°C)

RSD (%)

Without re-estimation With re-estimation

x
5
p

39.7 17.4
36.1 13.2
45.3 4.8

well-known from past studies that models, which do not have their
parameters re-estimated when changes in operational conditions occur, do
not describe the process accurately. Also, the description of the tempera
ture dependence by the model is very important, although it transforms
the parameter re-estimation problem into a much more complicated opti
mization problem.

In this work a procedure is presented for parameters re-estimation to
follow more accurately the process behavior when changes in operational
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conditions take place. The general methodology consists on keeping the
parameters that are not temperature dependent and estimating those ones
that are affected by temperature. The fitting procedure makes use of a
double exponential function to find out the best relationship between
parameters and temperature. The profiles of biomass, substrate, and
ethanol concentrations calculated using the resulting mathematical
presented deviations from 4.9 to 23.3% of the experimental data.
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Nomenclature

K.
1

Ks
m
mp
mx
n
p
p

max
rp
rs
rx
S
T
X
Xmax

?X
x

f.lmax

substrate inhibition coefficient (m3 /kg)
substrate saturation parameter (kg/m3)

parameter used to describe cellular inhibition
ethanol production associated with growth (kg/[kg·h])
maintenance parameter (kg/[kg·h])
parameters used to describe product inhibitions
product concentration (kg/m3)

product concentration when cell growth ceases (kg/m3)

kinetic rate of product formation (kg/[m3·h])
kinetic rate of substrate consumption (kg/[m3·h])
kinetic rate of growth (kg/[m3·h])
substrate concentration (kg/m3)

temperature into the fermentor (OC)
biomass concentration (kg/m3)

biomass concentration when cell growth ceases (kg/m3)

yield of product based on cell growth (kg/kg)
limit cellular yield (kg/kg)
maximum specific growth rate (h-1)
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Abstract

The effect of feed-loading frequency on digester performance was studied
on a thermophilic anaerobic digester with a working volume of 27.43 m3. The
digester was fed 0.93 m3 of chicken-litter slurryI d, containing 50.9 giL chemi
cal oxygen demand. The treatments were loading frequencies of 1, 2, 6, and 12
timesId. The hourly pH, biogas production, and methane percent of the biogas
were less stable at lower feed frequencies. There was no statistical difference
among treatments in methanogenic activity. The feed-loading frequency of six
times per day treatment provided the greatest biogas production.

Index Entries: Biogas; chicken litter; digester stability; methane; methano
genic activity; thermophilic.

Introduction

Feed input may be the most important factor in optimizing process
control of an anaerobic digester. Feed-input volume, and concentration
must be monitored and controlled carefully to ensure stable and efficient
operating conditions. Although daily total carbon and total volume inputs
into a digester have the greatest effect on digester efficiency, the frequency
of feed input events within 1 d also affect performance. Kim et al. (1) stud
ied process stability at different temperatures, mixing regimes, and feed fre
quencies. Biogas production from a single phase, mixed thermophilic
laboratory digester continuously fed dog food slurry, yielded 16% more gas
compared with the same type of digester fed only once per day.

Feeding events change several physical and biochemical parameters in
the digester. Oxygen, carbon, volatile fatty acids, and other materials that affect

*Author to whom all correspondence and reprint requests should be addressed.
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anaerobic microbes are introduced. Buhr and Andrews (2) reviewing the work
of Golueke (3) reported the cyclic nature of a digester fed once per da)T. At 50°C,
biogas release peaked sharply at the time of feed enh)r, then sharply decreased
followed by a gradual increase over the following 24 h CO2 release, partially
caused by temperature reduction, and pH drop, because violative fatty acids
(VFA) in the feed, were observed. An increase in biogas production throughout
the day corresponded with a decrease in digester volatile acids concentration
and an increase in digester pH compared with the time of feed input.

If the feed is not heated to or above digester-media temperature before
input, a temperature reduction will occur. In a system using an external heat
exchanger with a pump, the microbial consortia can be affected. For example, it
has been documented that enzyme deactivation depends on mixing conditions
(4). Excess shear force resulting from digestate being passed through a pump for
long periods of time or by overmixing can disrupt the microbial communities
dependant on each other for fermentation. Shigematsu et al. (5) worked with
mesophilic acetate-degrading methanogenic consortia under continuous culti
vation. They reported fluorescence in situ hybridization revealed dilution rate
that modifies the consortia structure. Additionall~Sheng et al. (6), studying the
role of extracellular polymeric substances (EPS) on the stability of sludge flocs
under shear conditions, have shown that external layers are easily dispersible
by shear forces, whereas the inner component is more stable.

For digester process control, feed input is the most important and sim
plest parameter to manage. More frequent feed events could allow more flexi
bility to change input to maintain steady-state conditions. Investigations at the
West Virginia State University (WVSU, WV), Bioplex pilot-plant reactor have
shown repeatable pH, biogas production, and biogas composition responses to
changes in feed concentration and input volume (7). The goal of the current
research is development of supervisory software that uses online real time
feedback from a pH meter, biogas flowmeter, and gas chromatograph to adjust
and control feed input based on feedback parameters. Considering that stud
ies regarding feed-frequency influence on anaerobic digestion performance in
available literature are limited, the purpose of this article is to test the effect of
different feed frequencies on performance and stability in a thermophilic
digester fed poultry-litter. The results will be used by our research team to
define the feed frequency for the supervisory software trials.

Materials and Methods

Experiments were carried out at the facilities of the Bioplex Project
at WVSU. Diluted chicken-litter slurry was fed automatically into a 40-m3

tank. The digester was operated in a semicontinuous process, being fed with
fresh slurry every 24, 12, 4, or 2 h. The hydraulic retention time (HRT) was
29.5 ± 1.7 d. During the experiments, the slurry volume inside the tank was
kept at 27.43 ± 0.06 m3. The fermentation media in the digester was mixed
through pumping the medium, for temperature control, and bubbling
biogas. The digester liquid was pumped through an external heat exchanger
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and recirculated back into the digester when internal digester temperature
fell O.l°C less than target. A gas blower extracted biogas from the top of
the digester and recirculated the gas through a bubbling ring located at the
bottom of the digester. According to the previous work, pumping could
recycle close to six times the volume of the tank in 24 h as the bubbling rate
was 0.01 gas volume/liquid volume/min, operating for 5 min every 60 min.
In such conditions, pumping and bubbling, respectively, played the main
roles in mixing and gas release from the liquid phase (7). The digester oper
ated under thermophilic conditions (56.7°C). The fermentation media was
automatically heated when digester internal temperature fell below target.
A pump recycled the work fluid (water and ethylene glycol mixture) for the
heat exchanger. The digester effluent was discharged into a 5700-L sedi
mentation tank. The biogas flowed out by pressure differential through a
Coriolis flowmeter, and then flared. Liquid effluent overflowed onto a
100-mesh separator screen and then into a holding tank.

Litter was obtained from a commercial poultry farm located in
Moorefield, WV. The litter was taken from a broiler house using wood chips
for bedding. Litter was maintained in the rearing house for six consecutive
approx 42-d cycles (flocks) of production. Thus, litter resided in the house
about 1 yr before disposal. Litter was received at 30-40% moisture, and
then diluted with fresh water in a mix tank to 5-7% solids slurry. In the case
of volatile acids (VA) and chemical oxygen demand (COD), methods 8196
and 8000 reported in the Hach Water Analysis Handbook were used (8). Feed
slurry samples were obtained from the feed inlet pipe, once per day, during
feeding events. Effluent samples were taken at the time of discharge from
the digester tank, before sedimentation or separation. A pipe extending into
the top 1/3 of the working digester volume removed effluent by pressure
differential; therefore, the effluent was discharged from the tank during
bubble mixing and feeding events when biogas pressure increased more
than 2 kPa, because of rapid release of biogas during bubble mixing or
input of liquid volume during feeding. Samples were taken once per day
during bubble mixing, which occurred each hour, to ensure a representa
tive sample of the substrate, as liquid and solid layers stratify between bub
ble mixing events. For days when feed input was one time in 24 h, samples
were taken 1 h before feed input. For days when feed input was two times
in 24 h, the samples were taken 1 h before the midday feed input. For days
when feed input was 6 or 12 times/d, samples were taken at the hour
before midday feed input. Biogas composition was measured with an
online HP Gas Chromatograph (Hewlett-Packard Agilent Model: 5890
Series II GC, Santa Clara, CA) once per hour. Online pH, temperature, and
biogas flow were recorded into a computer database every 5 min.

Feed frequencies tested included 1 feeding/d (Tl), 2 feedings/ d at 12 h
intervals (T2), 6 feedings/d at 4 h intervals (T6), and 12 feedings/d at 2 h
intervals (T12). Daily feed volume and concentration were, respectively, 0.93
± 0.06 m3 and 50.9 ± 5.8 gil COD. Each treatment was run for at least seven
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Fig. 1. Biodigester performance during the experiments.

consecutive days with data collection for three consecutive days once the
digester had stabilized at the new feed frequency. The digester biochemical
parameters along with biogas and methane percent measurements were
used to determine steady state. Having similar hydraulic and carbon-loading
rates, over a 4-d period, when the biogas production fluctuated less than 10%
and methane percent fluctuated less than 2%, along with pH fluctuations
within the digester of less than 0.2 and VA fluctuations inside the digester
smaller than 10%, the digester was judged to be at steady state. Figure 1
shows the changes in biogas production, methane percentage, and pH dur
ing the experiments. Certainly, the steady state used in this article could be
considered as a pseudo-steady-state, as it may be necessary to maintain a sta
ble reactor for a period of three times the working HRT to assume steady
state. Therefore, the steady state in this article was defined as stated in previ
ous work (7,9). This consideration has resulted in repeatable data from the
WVSU pilot plant over a 4-yr period of operation and data collection.

For statistical analysis, an experimental unit was considered to be one
24-h period of continuous operation. Each treatment was sampled three
times. Analysis of variance was performed using version 9.1 of the Statistica
Analysis System (SAS) (SAS Institute Inc., Cary, NC). When the analysis of
variance showed differences among treatments a Tukey test (ex =0.05) was
performed to compare means.

Results and Discussion

Figures 2-5 show the performance of the reactor under different feed
frequencies. For all cases the pH remained almost constant along the
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Table 1
Digester Average Temperature Characteristics

769

Average
Maximum daily
deviation Time to recycled

from target reach target liquid
Temperature" temperature temperature (m 3pum§ed

Treatment (0C) (0C) after feeding (h) mmedia- /d)

T1 56.50b 2.0 6 4.174C

T2 56.60d 1.0 3 3.843c

T6 56.62c,d 0.7 2 3.858c

T12 56.64c 0.5 1 3.737c

aData expressed as means from three replicates.
b--dMeans with different letters in the same column showed statistical differences

(0: = 0.05).
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Fig. 2. Biodigester performance during feed intervals of 24 h.

experiments. Temperature of the media had a temporary reduction, drop
ping the temperature as the feed frequency increased. This was a result of
feedslurry entering the thermophilic digester at ambient temperature, thus
reducing digester temperature immediately after input. When average daily
temperature of the digester was analyzed, significant differences between
treatments were observed (Table 1). The temperature reduction and the
corresponding recovery time of the process temperature for the treatments,
incrementing in frequency (II, T2, T6, and Il2), were as follows: 2°C and
6 h, 1°C and 3 h, O.7°C and 2 h, and O.5°C and 1 h. These changes in tem
perature activated the heating system; as a result, the amount of recycled
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Fig. 4. Biodigester performance during feed intervals of 4 h.

liquid during the treatments was different, ranging from 3.7 to 4.2 mpumpei
m . -3 d-1 (Table 1).

medIa
Pumping of the media contributed to release of the methane gas from

the digestate. This phenomenon was registered mainly in the treatments
TI and T2 as an increment of methane in the gas phase followed by the
pattern imposed by the temperature variations. For T6 and T12, consider
ing the methane percentage variation in the gas phase, no trend was
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Fig. 5. Biodigester performance during feed intervals of 2 h.

observed. The biogas production was considered in steady-state condi
tions. In fact, the biogas produced per day along each one of the treatments
was practically constant, this is easily observed in Figs. 2-5, wherein the
slopes of the corresponding accumulated biogas are almost constant. Thus,
the values of the slopes for the four incrementing frequency treatments (Tl,
T2, T6, and T12) were 0.729, 0.821, 0.834, and 0.708 m3 jh. As a result, the
daily biogas production was statistically different, with treatments T6 and
T2 in the group with the highest biogas production and T12 and T1 in the
group with the lowest biogas production. The difference between the low
est gas production and the highest was close to 20% (Table 2). Regarding
the COD loading, there was no statistical difference among treatments.
However, a lower amount of carbon was supplied to Tl2; it had 88% of the
amount supplied to T6. Nevertheless, a similar trend to total biogas pro
duction was observed when methanogenic activity was analyzed. Even
though no statistical difference was observed in the methanogenic activity
among treatments, the highest methanogenic activity was achieved by T6
and T2, with the maximum difference between the highest and lowest per
forming treatment, respectively T6 and T12, close to 7% (Table 2). It is
important to note that besides the influence of feed frequency, temperature
and mixing could have affected the digester performance.

Temperature reduction in the digester may have impacted the perfor
mance during feed-frequency one (Tl). When temperature dropped from
56.7°C to 54.4°C, in a thermophilic anaerobic system fed poultry litter, a
35.8% reduction in biogas production occurred (9). After the feed loading
event at frequency one (Tl), temperature dropped to 55.4°C, and did not
reach the normal operating temperature of 56.7°C for 6 h. In fact, Tl was
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Table 2
Feed Input and Biogas Average Daily Values

Treatment

Tl
T2
T6
T12

Feed (m3 /d)

O.879a

O.905a

1.017a

O.932a

COD loaded
(kg/d)

50.4a

52.0a

53.8a

47.5a

Biogas
production

(m3/d)

17.1b

19.6a

20.5a

17.2b

Methanogenic
activity

(m3/kgcoD·d)

O.203a

O.209a

O.215a

O.201 a

Data expressed as means from three replicates.
a,bMeans with different letters in the same column showed statistical differences

(a = 0.05).

the only treatment that was statically different from the other treatments
when comparing average daily temperature (Table 1). This extended drop
in temperature could have resulted in depressed biogas production during
feed frequency one.

Recirculation of the digestate through the heat exchanger may have also
impacted performance, because bubble mixing was kept constant throughout
the experiment. When comparing the influence on methanogenic activity by
the recycled liquid in each treatment, treatments TI and TI2 differed from T2
and T6 (Tables 1 and 2). The maximum performance was around 3.8
m:eumped3 mmedia-3 d-1

, which is in the same order of magnitude as the one
(4.55 mJ?Uill ei mmedia-3 d-1

) reported by Lomas et al. (10) for the best perfor
mance In the treatment of piggery-slurry in a pilot plant. In addition, the
pump run time after feed input varied between treatments (Table 1). In this
system, recirculation for temperature control contributes to mixing; however,
excessive mixing can damage the microbial consortia (7).

Hydrolyzing bacteria appear to be more sensitive to mechanical stress
than acetogenic and methanogenic bacteria. This may be owing to their
position on the outer layer of the granule. Microbes in a digester form floes
or granules, held together by biofilms, with methanogens forming clusters
in the middle of the biofilms (11). Studying cellulose hydrolysis and
methanogenesis, Song et al. (11) characterized the hydrolyzing bacteria on
the biofilm on the outer surface of particles. The bacteria were found to be
attached to the surface by EPS. Sheng et al. (6) found that the EPS on the
outer layer of anaerobic floes was completely dispersible at infinite shear
intensity, whereas inner EPS layers were tightly bound and only dis
persible under extremely unfavorable conditions, such as pH 11.0. In this
experiment, it stands to reason that the increased pumping at feed fre
quency one damaged the hydrolyzing bacteria, disrupting the fermenta
tion process resulting in depressed conversion of COD to biogas, whereas
acetogenic and methanogenic bacteria remained relatively undisrupted,
resulting in practically stable pH, VFA concentrations, and methane per
cent (Tables 2 and 3).
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Table 3
Digester Parameter Average Daily Values

773

Treatment Digester pH (-) Digester VFA (mg/L) Biogas methane (%)

TI 7.29b 1.7I4a 56.5a

T2 7.26C 1.770a 55.3C

T6 7.26C 1.876a 56.3a,b

TI2 7.3Ia 2.053a 55.6b,c

Data expressed as means from three replicates.
a-CMeans with different letters in the same column showed statistical differences

(a = 0.05).

Conversely, the feed frequency of T12 may have yielded less total bio
gas per kilogram of COD fed owing to decreased pump run time, result
ing in less total mixing than the other treatments. Interestingly, pH and
VFA concentration in the digester, and methane percentage in the biogas
were stable for all treatments and there was little variation between treat
ments. However, the total biogas yield was different between treatments;
with Tl and T12 significantly different from T2 and T6 (Table 2). This
indicates parameters such as pH, VFA concentration, and biogas methane
percentage may not be the best indicators of performance for optimizing
and controlling the digestion process. Mechichi and Sayadi (12), evaluat
ing these and other parameters for process control of up-flow anaerobic fil
ters for olive waste, concluded pH changes are too slow for early detection
of process imbalance. VFA concentration and composition did show rapid
response to perturbations, such as increased organic loading rate, change
in HRT, and temperature fluctuations. The authors suggest accumulation
of longer chain fatty acids than acetate and propionate are good indicators
of process imbalance. In this experiment, VFA profiles were not measured.

From an operator's standpoint, more frequent feed input events pre
sent both benefits and challenges. For ease of operation and mechanical
reliability, less frequent feedings are advantageous. Slurries containing bed
ding material, such as wood chips in poultry litter, can present materials
handling problems, especially at 6-10% total solids. Pump, line, and valve
clogging can occur, even when particle size is reduced. A single feeding
would allow close monitoring and repair of the equipment used to move
slurry into the digester at the time of operation. Continuous or intermittent
feeding throughout the day and night would provide more opportunities
for the feed system to clog or pump to malfunction, resulting in variable
feed input and increased maintenance. For closer process monitoring and
control, more frequent feedings would be desirable, especially with incon
sistent or uncharacterized feedstocks. Digester pH, biogas production, and
biogas composition change in response to changes in feed quality and
quantity (13). The more frequent the feed input, the more opportunity the
operator has to modify the volume or concentration of the feed to maintain
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steady-state conditions. This may be more important for plants using
mixed feedstock, or regional plants receiving materials from different
sources. The presence of inhibitors or toxic compounds may not be discov
ered until the material is fed and digester performance is impaired.
Frequent feed events could limit or discontinue the loading of slurry con
taining inhibitory levels of compounds such as ammonia or antibiotics until
the digester recovers. In contrast, 1 feeding/ d would load large quantities
of the slurry into the reactor, especially in systems operated at short reten
tion times, reducing performance or causing cessation of methanogenesis.

Conclusions

There were no statistical differences in the daily feed volume and con
centration among treatments. Biogas production was greatest at feed fre
quencies two and six. Regarding methanogenic activity, a similar trend to
biogas production was observed with T6 and T2 having the highest per
formance; however, there was no statistical difference among treatments.
Biochemical and online parameters other than biogas volume showed
little difference. The average daily temperature of the digester decreased
as feed input frequencies decreased. This may have impacted the perfor
mance of once per day, and twice per day feedings. Preheating of feed
slurry to temperatures at, or above digester operating temperature, before
loading, would lessen the impact of the feed frequency on temperature,
and as a result could lead to better overall performance. Digester pH,
methane percent, and hourly biogas output were most stable at higher
feeding frequencies. VFA concentrations of the digester changed very little
between treatments, and remained stable throughout the experiment. This
suggests parameters such as VFA concentration, pH, and biogas methane
percentage may not be the best indicators of digester performance. Further
work is needed in order to clarify the roles of temperature, and mixing on
digester performance, which is left for future communications.

Acknowledgments

The authors gratefully acknowledge the financial support from West
Virginia State University, Division ofAgricultural, Consumer, Environmental,
and Outreach Programs and Autonomous University of Chapingo,
Agroindustrial Engineering Department. The study was funded by USDA
Administrative Grant 2004-06200. We would also like to acknowledge the
following individuals for their contributions; Dr. David Stafford, Mike Easter,
Scot Shapero, and Ami Smith.

References

1. Kim, M., Younh-Ho, A., and Speece, R. E. (2002), Water Res. 36,4369-4385.
2. Buhr, H. o. and Andrews, J. F. (1977), Water Res. 11, 129-143.

Applied Biochemistry and Biotechnology Vol. 736-740, 2007



Thermophilic Anaerobic Digester Performance 775

3. Golueke, C. G. (1958), Sewage Ind. Wastes 30, 1225.
4. Ghadge, R. 5., Patwardhan, A. W., Sawant, S. B., and Joshi, J. B. (2005), Chem. Eng. Sci.

60, 1067-1083.
5. Shigematsu, T., Tang, Y. Q., Kawaguchi, H., et al. (2003), J. Biosci. Bioeng. 96, 547-558.
6. Sheng, G. P., Yu, H. Q., and Li, X. Y. (2006), Biotech. Bioeng. 93, 1095-1102.
7. Espinosa-Solares, T., Bombardiere, J., Domaschko, M., et al. (2006), App. Biochem.

Biotech. 129-132, 959-968.
8. Hach Water Analysis Handbook, Procedures 819b and 80a (online at http://www.

hach.com). Hach Company, Loveland, CO.
9. Bombardiere, J., Espinosa-Solares, T., Domaschko, M., and Chatfield, M. (2006), in

Proceedings Seventh IWA Conference on Small Water and Wastewater Systems, Mexico City,
Mexico.

10. Lomas, J. M., Urbano, C., and Camarero, L. M. (2000), Biomass Bioenergy 18,421-430.
11. Song, H., Clarke, W., and Blackall, L. L. (2005), Biotech. Bioeng. 91, 369-377.
12. Mechichi, T. and Sayadi, S. (2005), Process Biochem. 40, 139-145.
13. Liu, K., Olsson, G., and Mattiasson, B. (2004), Biotech. Bioeng. 87, 43-53.

Applied Biochemistry and Biotechnology Vol. 136-140,2007



Copyright © 2007 by Humana Press Inc.
All rights of any nature whatsoever reserved.
0273-2289/1559-0291 (Online) /07/136-140/777-792/$30.00

A Proposed Mechanism for Detergent
Assisted Foam Fractionation of Lysozyme

and Cellulase Restored With P-Cyclodextrin

VORAKAN BURAPATANA, ELIZABETH A. BOOTH,

IAN M. SNYDER, ALES PROKOP, AND ROBERT D. TANNER*

Chemical Engineering Department! Vanderbilt UniversitYt Nashville!
TN 37235! E-mail: robert.d.tanner@vanderbilt.edu

Abstract

Foam fractionation by itself cannot effectively concentrate hydrophilic
proteins such as lysozyme and cellulase. However, the addition of a detergent
to a protein solution can increase the foam volume, and thus, the perfor
mance of the foam fractionation process. In this article, we propose a possible
protein concentration mechanism of this detergent-assisted foam fractiona
tion: A detergent binds to an oppositely charged protein, followed by the
detergent-protein complex being adsorbed onto a bubble during aeration.
The formation of this complex is inferred by a decrease in surface tension of
the detergent-protein solution. The surface tension of a solution with the
complex is lower than the surface tension of a protein or a detergent solution
alone. The detergent can then be stripped from the adsorbed protein, such as
cellulase, by an artificial chaperone such as ~-cyclodextrin. Stripping the
detergent from the protein allows the protein to return to its original
conformation and to potentially retain all of its original activity following the
foam fractionation process. Low-cost alternatives to ~-cyclodextrin such as
corn dextrin were tested experimentally to restore the protein activity
through detergent stripping, but without success.

Index Entries: Artificial chaperones; detergent stripping; protein refold
ing; protein renaturation; surface tension.

Introduction

Foam fractionation has the potential to be an effective low-cost protein
separation and concentration process (1-5). Foam fractionation has a much
lower cost than traditional protein separation techniques such as chromatog
raphy, ion exchange, electrophoresis, and ultrafiltration (4,5). Selectivity can
be imparted to the foam fractionation technique by varying the pH of the
foamed solution (6), the airflow rate used in the foaming, or the initial liquid
volume. The low cost of foam fractionation suggests that the process could
be used in the pharmaceutical industry wherein therapeutic protein drugs

*Author to whom all correspondence and reprint requests should be addressed.
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need cost-effective purification and separation techniques, as downstream
processing is one of the major costs in biopharmaceuticals production (7).
Foam fractionation is a versatile process that can be applied to other
potentially industrial scale processes, such as, concentrating laccase C, a
lignin-degrading enzyme that is used in chlorine-free bleaching processes
(8,9). Nonetheless, foam fractionation does not work well with hydrophilic
proteins such as lysozyme, because such proteins often do not foam when
aerated at low concentration (10). One way to modify foam fractionation to
concentrate hydrophilic proteins is to add a detergent to increase the foam
volume. This has been demonstrated in previous studies wherein it has been
observed that the addition of a detergent can enhance the concentration
of hydrophilic proteins (like lysozyme and cellulase) in foam fractionation
processes (11-13). Unfortunately, the protein may be denatured during the
process, but it is possible to restore some of the lost activity by adding
cyclodextrin. The mechanism of this detergent-assisted foam fractionation
has apparently not been explored; therefore, a molecular mechanism to
model this process is proposed in this article for possible use in future process
improvement studies.

Although cyc10dextrins have been used successfully to restore
activity to enzymes they are relatively expensive, particularly when
used with industrial enzymes like cellulase, which can currently sell for
just a few dollars per kilogram. It is the cyclodextrin's hydrophobic cav
ity and the inclusion complexes it forms that allow it to strip away the
charged surfactant and restore the activity (7). Other starches and dex
trins may have the potential to remove the detergent from the cellulase
if they are able to form a structure similar to the hydrophobic cavity of
the cyclodextrin. Long linear dextrins may be able to form such
hydrophobic chambers in transient states, capable of removing the
detergent from the enzyme. However, little seems to be known about
substituting other dextrins for cyclodextrins in order to reduce the cost
of enzyme restoration (7).

In order to concentrate a protein solution using a foam fractionation
process, the protein must first adsorb onto a foamed air (or other gas)
bubble surface. A hydrophilic protein like lysozyme is not likely to adsorb
because it prefers to stay in aqueous solution. Without that adsorption
step, the concentration of the resulting product "foamate" will be the
same as the initial concentration. However, by adding a detergent, which
forms a complex with the hydrophilic protein, the hydrophilic part of the
detergent likely binds with the hydrophilic part of that protein. The
hydrophobic part of the detergent is then free to be adsorbed on the bub
ble surface and is then free to be carried along with the attached protein
out into the foam phase. At the same time, the water will drain as the
foam rises to the top of the column making the protein even more con
centrated in the foamate.
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Materials and Methods

Cellulase from Trichoderma reesei, lysozyme from chicken egg white,
lyophilized cells of Micrococcus lysodeikticus, sodium dodecylsulfate
(SDS), Pluronic F-68, and 3,5- dinitrosalicylic acid (DNS) were purchased
from Sigma (St. Louis, MO). Cetyltrimethylammonium bromide (CTAB)
was purchased from Fluka (Switzerland). Starch soluble, potato starch,
corn starch, Whatman filter paper No. 1,3-cyclodextrin, bicinchoninic acid
(BCA) assay kit, and 96-well microplate were purchased from Fisher
Scientific (Pittsburgh, PA). The artificial sweetener stevioside (Stevia) was
provided by Flavio F. DeMoraes from Maringa, Brazil. 10 mM pH 5.0
phosphate buffer prepared at time of use or deionized water was used as
a solvent in the cellulase experiments (14), and 10 mM, pH 8.5 Tris-HCI
buffer was used in the lysozyme experiment (15). The components used
in preparing these buffer solutions were purchased from Sigma. All data
except for the surface tension data and refolding with linear dextrins data
are taken from earlier work (11).

Foam Fractionation

Semibatch foam fractionation experiments are carried out in a small
custom made (with stopcock at the bottom) glass column (2 X 10 cm2). The
schematic drawing of the apparatus is shown in Fig. I, from a previous
publication (16). Twelve milliliters of protein solution is added to the col
umn and medical grade air from a compressed gas cylinder is introduced
(at a selected rate) through a fritted disc sparger (pore size 40-60 Ilm)
imbedded at the bottom of the column. Water loss in the effluent air stream
is minimized by humidifying the air before it enters the column. Air is
allowed to continue to flow into the column at rates of 4,8, and 12 mL/min
until no more foam is generated. The produced foam is allowed to contin
uously collapse into a liquid product (the foamate in the overhead foam col
lector). The foamate volume is measured in a graduated cylinder. Each
experimental condition is repeated in triplicate.

Renaturation of Cellulase After Foam Fractionation

After foam fractionation of a cellulase and CTAB mixture, 350 J1,L of
collected foamate is diluted with 150 ilL of 13 mM ~-cyclodextrinsolution
or varying concentrations of corn dextrin solution, potato starch solution,
Stevia (a Brazilian sugar substitute) solution, or starch soluble solution.
The resulting mixture is stored overnight before checking for its activity,
both before and after addition of ~-cyclodextrin and the other potential
refolding solutions. The filter paper activity test (17) is used to determine
the cellulase activity. The DNS assay (18) is used to measure the amount of
sugar produced in that test.
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Fig. 1. Schematic drawing of the foam fractionation apparatus.

BCA Assay for Protein Concentration

Twenty mililiters of collected cellulase samples are put into a 96-well
microplate and the analysis is repeated in triplicate. Then, 180 ilL of BCA
reagent is added to each well-plate. The microplate is scanned after 30 min
for the determination of absorbance at 562 nm (19). For lysozyme, 20 ilL of
the sample is added to a well in a 96-well microplate. 180 mL of BCA
reagent is then also added to each well and again carried out in triplicate.
The microplate is incubated at 37°C for 2 h before being read by a Bio-Tek
IlQuant plate reader at 562 nm. Longer incubation times and higher tem
peratures are used to increase the light absorbance signal from the BCA
assay, when necessary.

Lysozyme Activity Assay

The protocol for this assay is taken from the Worthington Enzyme
Manual (20). Lyophilized M. lysodeikticus cells of 9.0 mg are first diluted
in 25 mL of 0.1 M potassium phosphate buffer at pH 7.0. Then, after dis
solving the M. lysodeikticus cells, the buffer solution is added to bring the
final volume to 30 mL. Ten microliters of the samples are added to a 96-well
microplate. BCA reagent of 290 ilL are then added to each well. The assay
is carried out in triplicate. The change in absorbance at 450 nm is scanned
every minute for 5 min using the Bio-Tek IlQuant plate reader. The activity
of the substance is measured in units/mL and activity enrichment (AE)
is defined as the activity per unit volume of the foamate divided by the
initial activity per unit volume of the solution before foaming.

Surface Tension Measurement

The surface tension of solutions is determined by the Wilhelmy Plate
method using a Sigma 70 tensiometer from KSV Instrument Ltd. (Helsinki,
Finland). The automated tensiometer apparatus determines surface tension
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by slowly dipping a platinum-iridium plate into the surface of the liquid
solution. Then, the microbalance inside the tensiometer measures the
maximum force needed to pull the plate away from the liquid surface. The
accompanying computer calculates the liquid surface tension based on
the force measured. Twenty milliliters of liquid sample is placed into a glass
cylinder, which in turn, is placed within the KSV Sigma 70 tensiometer. After
pressing the start button on the computer interface, the surface tension of the
liquid solution is measured five times and the results are then averaged.

The surface tension of six separate systems is measured to determine
the critical micelle concentration (CMC) of various surfactants in different
solvents. The CMC is the surfactant concentration wherein any additional
amount of surfactant does not change the surface tension of the solution.
First a 10.0 mg/mL SDS solution is added incrementally to deionized
water, and the resulting surface tension is measured at various concen
trations to determine the CMC of SDS in water. Then, a 10.0 mg/mL SDS
solution is added incrementally to a 75.0 mg/L lysozyme solution to
determine the CMC of SDS in 75.0 mg/L lysozyme solution. In addition,
lysozyme is also incrementally added to deionized water to determine the
CMC of lysozyme in water. Next, 1.0 mg/mL CTAB solution is added
incrementally to deionized water to determine the CMC of CTAB in
water. A 1.0 mg/mL CTAB solution is added incrementally to 200.0 mg/L
cellulase solution to determine the CMC of CTAB in 200.0 mg/L cellulase
solution. Finally, cellulase is also added to deionized water to determine
the CMC of cellulase in water.

Results and Discussion

Summary of Detergent-Assisted Foam Fractionation of Lysozyme

Varley and Ball (10) tried to use foam fractionation to concentrate a
lysozyme solution and reported that in order to foam lysozyme, a high
protein concentration of 2200.0 mg/L needed to be used. With this high
lysozyme concentration, they obtained an enrichment ratio (ER) as high as
1.2 with a 0.02 protein mass recovery (MR). They also retained about 87%
of the initial activity. The use of an SDS-assisted foam fractionation makes
it possible to foam lysozyme at a lower concentration, which in the pre
sented data, can result in a much larger ER (3.3). Results from the literature
indicates that anionic surfactants such as SDS bind strongly with proteins
and form protein-surfactant complexes; cationic surfactants (e.g., CTAB)
on the other hand, have less tendency to interact with proteins, and non
ionic surfactants (e.g., Pluronic F-68) weakly bind to proteins (21-23). For
example, lysozyme at pH 8.5, the condition used for foaming, is cationi
cally charged (on average) suggesting its strong desire to bind with anionic
surfactants such as SDS (21-23). It has been determined that a complex of
lysozyme-SDS is more surface active than lysozyme or SDS alone (24).
Our direct surface tension measurements indicate that this enhanced
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Fig. 2. Surface Tension measurements of 50S, lysozyme, and 50S-lysozyme com
plex. The surface tension is measured by the Sigma 70 (tensiometer) using the
Wilhelmy Plate Method.

surface activity (Fig. 2). Thus, it is possible that the complex may foam
better than its individual parts, which in fact is the case, resulting in better
enrichment and recovery. From Fig. 2, the CMC of SDS in water is seen to
be around 4 mM, the CMC of SDS in 75.0 mg/L lysozyme solution is
around 1.5 mM, and the CMC for lysozyme in water is around 3 mM.
Thus, the SDS-assisted foam fractionation of lysozyme (200.0 mg/L SDS =
0.7 mM) is operated below the CMC. Operating below the CMC is impor
tant to avoid the formation of miscelles. SOS normally binds with a protein
by electrostatic interaction with the positively charged groups of amino
acids of that protein (25), so that the complex is likely to have strong elec
trostatic binding. Lysozyme does not show any loss of activity during
foam fractionation probably because of the fact that lysozyme contains
four disulfide bonds, which may make the lysozyme more resistant to
structural change. Moreover, a minor change in structure as noted from
CD measurements, is probably not enough to change lysozyme activity
(26,27). It is reported in the literature that without reducing the four disul
fide bonds into lysozyme, a rapid dilution can effectively refold the dena
tured lysozyme into its native state (28). In this foaming process, no
reducing agent was used; therefore, the four disulfide bonds are likely to
remain intact, making it more difficult for lysozyme to lose its enzymatic
activity. A schematic for the SDS- and lysozyme-binding process is pic
tured in Fig. 3.

Of all three detergents tested (CTAB, Pluronic F-68, and SDS), addi
tion of SDS yields the highest enrichment and recovery (29). Addition of
SDS to the foam fractionation of lysozyme improves both the enrichment
and recovery when compared with foam fractionation of lysozyme with
out any additional detergent (10). Although there is a slight change in
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Fig. 3. SDS binds with Lysozyme. Owing to the four disulfide bonds lysozyme is
resistant to structural changes caused by this binding. This means that the lysozyme
activity remains intact in the binding process.

lysozyme secondary structure, there is no loss of lysozyme activity as a
result of SDS-assisted foam fractionation. The SD5-lysozyme complex is
more surface active than SDS or lysozyme alone because of the greater
depression of surface tension with the complex than with either of the
components. Operating SDS-assisted lysozyme foam fractionation at an
airflow rate of 4 mL/min gives the best result because it yields the highest
ER and leads to the recovery of about 86% of the initial enzyme, whereas
operating the foam column at the other two airflow rates (8 or 12 mL/min)
leads to 9% higher recovery and an enrichment loss of less than half.

Summary of Detergent-Assisted Foam Fractionation of Cellulase

Without the addition of B-cyc1odextrin solution, operating with addi
tiona1100.0 mg/L SDS at 12 mL/min is probably the best condition among
the three detergents tested. This condition provides the lowest loss of
activity. Although Pluronic F-68 does not lead to any loss of activity, it does
not increase the protein concentration in the foamate, so it is not beneficial
to this process. With the addition of B-cyc1odextrin, CTAB is probably the
best detergent among the three detergents tested. Operating the foam col
umn with 100.0 mg/L CTAB at 12 mL/min airflow rate is wherein the cel
lulase in the foamate is enriched more than 1 in both mass and activity, and
it also yields higher mass and activity recovery (AR) than SDS at the same
flow rates (11).

As Pluronic F-68 does not provide an increase in cellulase enrich
ment, it means that the cellulase complex does not adsorb at the air-liquid
interface, and only Pluronic F-68 adsorbs and forms a foam layer. The
foam then carries out the Pluronic F-68 with the original liquid solution
intact. It is unlikely that Pluronic F-68 forms a complex with cellulase
because nonionic surfactants such as Pluronic F-68 usually do not interact
with proteins (22,23). Pluronic F-68 can be used to recover roughly 55% of
the initial protein without the loss of enzymatic activity but with no pro
tein enrichment in the foamate. As an SDS-assisted foam fractionation can
concentrate cellulase (11), it is likely that SDS forms a complex with cellu
lase because anionic surfactants such as SDS usually bond strongly with
proteins (22,23). Some cellulose components at pH 5.0, the pH used in
foaming are on average cationically charged and will interact strongly
with the anionic SDS (22,23). When foam is not present (not aerated), SDS
alone does not decrease the cellulase activity compared with the control
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Fig. 4. Effect of adding different surfactants to a 200.0 mg/L cellulase solution with
out aeration. Absorbance response to the filter paper assay is shown in this figure.

(1)

run (of no added detergent) when tested in the filter-paper assay for 5 h.
(as shown in Fig. 4). In that assay, a 200.0 mg/L cellulase solution is added
to an equal value of a detergent (Pluronic F-68, SDS, or CTAB) to make
100.0 mg/L of detergent solution. Then the filter paper assay is performed,
which results in an increased glucose concentration when there is an
increased cellulose concentration. The increased glucose concentration
reacts with the DNS solution causing a darkening of the solution. The
darkened solution changes the absorbance readings determined by the
plate reader and related back to the cellulose concentration. The activity is
checked every hour for 5 h. The ER can be determined from the absorbance
readings and is defined as the activity per unit volume of the foamate divided
by the initial activity per unit volume of the solution before foaming (11).
The AE is defined as the activity per unit volume of the foamate divided by
the initial activity per unit volume of the solution before foaming (11). The
MR is defined as the amount of protein in the foamate divided by the initial
amount of protein (11). The AR is defined as the total activity in the foamate
divided by the total initial activity (11).

ER= Cfoam

Cinitia1

AE= Afoam

Ainitial

(2)

MR = Cfoam X Vfoam

Cinitial X Vinitial
(3)

ll xMR (4)
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Thus, the damage occurring in the foam fractionation process of cel
lulase is probably caused by the foaming process, not from the surfactant
added. The reorientation of a protein at a gas-liquid interface can cause
surface denaturation, and is the main cause of protein denaturation in the
foaming process (30,31). Thus, this change in cellulase structure can result
in a loss of enzymatic activity. SDS helps enrich the cellulase concentration
as much as three and half times, but the activity only increases by 1.3-times
at its maximum (11). However, the addition of SDS only leads to a recov
ery of around 0.23 of the initial mass and only 0.1 of the initial activity. The
addition of p-cyclodextrin with SDS creates a more dilute solution but
does not provide any gain in the AE. The SDS and p-cyclodextrin pairing
does not renature the enzyme well, in contrast to what has previously been
reported in the literature (32). CTAB tests are then carried out because it
appears that CTAB and p-cyclodextrin work well with many of the pro
teins studied in the literature (33-35). CTAB concentrates cellulase as well
as SDS, but CTAB yields higher MR results. After foaming, cellulase spe
cific activity decreases below that of the initial solution, which results in a
difference between mass ER and AE ratio. Adding p-cyclodextrin (the
stripping agent) solution increases the activity of the foamate as it dilutes
the solution. The addition of artificial chaperones, which are substances to
help proteins regain their desired folding (consisted of a detergent plus
stripping agent) to the foam process, allows the cellulase to refold to its
native state; thus, leading to an enzymatic activity increase. In this two
step process, the detergent is likely to form a complex with the cellulase
protein in the first step, preventing both aggregation and renaturation. In
the second step, the stripping agent (cyclodextrin) takes away the deter
gent from the protein-detergent complex allowing much of the now con
centrated protein to fold back to its native state.

This postulated mechanism is analogous to the well-studied natural
chaperone system of GroEL/GroES (33,34). In that system, GroEL first
captures a denatured protein by binding to the exposed hydrophobic
surfaces of that protein. Then, GroES interacts with GroEL to release the now
natured protein. In the modified (for renaturation) foam fractionation pro
cess for cellulase, pictured here, the additional detergent (e.g., CTAB) binds
with cellulase. CTAB does not necessarily unfold the native enzyme at room
temperature, but it does dissolve any aggregated proteins (33). Cationic
detergents such as CTAB generally have a strong potential to bind with pro
teins. The surface tension curves (Fig. 5), shown here for cellulase, indicate
that mixing CTAB with cellulase solution to form CTAB-cellulase complex
makes the solution more surface active at least at a CTAB concentration of
0.5 mM (by lowering the surface tension) than CTAB or cellulase alone.

The resulting lower surface tension of the CTAB in a 0.2 mg/mL (200.0
mg/L) cellulase solution at a CTAB concentration before the CMC (1 mM)
of CTAB likely indicates that there is a small interaction between cellulase
and CTAB, particularly of the 0.5 mM concentration wherein the response
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Fig. 6. Postulated mechanism for cellulase concentration in two steps. In step 1
cellulase and CTAB form a complex in order to concentrate the cellulase by foaming.
In step 2 the CTAB is stripped away by the ~-cyclodextrin.

is more than CTAB and cellulase alone. In order for the foam fractionation
process to be able to concentrate a protein (such as cellulase) solution in the
foamate, it is crucial that protein adsorption occurs on the foamed bubbles.

There are three possible mechanisms for adsorption of proteins in the
presence of an interface and surfactants, as have been suggested (36,37):

1. The protein and the surfactant do not form a complex but compete
for adsorption sites on the bubble surface.

2. The protein and the surfactant form a complex, following the
adsorption of only one complex at the interface.

3. Both protein and surfactant adsorb at the interface and form a solu
tion complex.

After adsorption, foaming, and subsequent foam collapse, the now
modified activity drops as suggested in the "inactive cellulase" state in the
mechanism modeled in Fig. 6. The decrease in cellulase activity may be
because of changes in both the secondary and tertiary structures (30,37,38).
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Fig. 7. Differences in the AE of cellulase before and after foam fractionationation
(foamate state) refolded with ~-cyclodextrin, potato starch, starch soluble, and corn
dextrin at different concentration levels. The chart shows that ~-cyclodextrin is the
only effective detergent stripping agent at the 14.8 giL level. The normalized AE of 1
corresponds to the initial activity of 0.1 unit/mL.

The presence of detergent in the foamate can perhaps also prevent the
protein from refolding back into its desired native state, and thus, retain its
proper secondary and tertiary structure. As the initial detergent concen
tration 000.0 mglL CTAB = 0.27 mM) is below the CMC of 1 mM, the
detergent-protein complex is likely not to be in a micelle form (39).

Restoration of the cellulase activity is performed by adding
B-cyclodextrin solution to complete the artificial chaperone process. Because
cyclodextrin binds more strongly to the nonpolar segment of the detergent
than it does to a protein, it has the ability to separate a detergent from a pro
tein (33). From thermodynamic measurements, it has been demonstarted that
cyclodextrin binds strongly to the hydrophobic segment of a detergent
(40-43). Because cyc10dextrin can strip away the detergent from a
protein-detergent complex the protein is now free to refold to its desired
native state. As previously mentioned straight chain dextrins and starches are
unable to remove the detergents from cellulase even at significantly higher
concentrations than the B-cyc1odextrin levels typically used for refolding.
Results for the refolding of the foamate cellulase are shown in Fig. 7 for potato
starch, starch soluble, corn dextrin, and are compared with B-cyclodextrin up
to the 14.8 giL level. It is noted that the 26.6 giL, 44.4 giL, and 59.2 giL tests
were carried out with corn dextrin, thinking at first that high levels kept
improving the activity of cellulase. It turned out that glucose impurities pre
sent in the corn dextrin give a false-positive when using the filter paper assay.
Athough there is some refolding with corn dextrin (as described by the filter
paper assay, with a correction for the contaminating glucose), it is still small
compared with B-cyc1odextrin refolding.
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• After refolding
• After foaming

12

Fig. 8. Cellulase AE ratio for the foam fractionation of 200.0 mg/L Cellulase with
100.0 mg/L CTAB solution. The top graph illustrates the results from refolding with
P-cyclodextrin solution.

However, the use of both CTAB and ~-cyclodextrintogether does not
always refold an entire denatured protein (32). This can be realized when
the specific activity is calculated. The specific activity of cellulase occurs at
its highest possible value before it is subjected to foam fractionation. After
foam fractionation and refolding, the specific activity does not reach its ini
tial value of 0.1 unit/mg indicating that all of the activity is not recovered
and the entire denature molecule is not refolded (11).

CrAB-assisted foam fractionation may concentrate different compo
nents of the cellulase complex than SDS-assisted foam fractionation. The
operating pH is 5.0, but not all of pI's of the cellulase components are at 5.0.
The most abundant component of cellulase produced from Trichoderma ree
sei is cellobiohydrolase I, which has a pI of 3.9 (44,45). Cellobiohydrolase I
likely has a net negative charge at pH 5.0 and interacts strongly with the
cationic CTAB, but it may not interact as well with SOS because both are
negatively charged. The cellulase component, ~-glucosidase, has a pI
around 6.5 (29). It likely has a net positive charge at the operating pH of 5.0,
so SDS probably binds stronger with this component than CTAB. However,
the foam fractionation process does not have a high selectivity for distin
guishing proteins with similar pI's (7), so it is likely that other cellulase
components are in the foamate as well. More experiments using two
dimensional gel electrophoresis or high-performance liquid chromatography
are needed to determine if CTAB and SDS separate components of cellulase
during the foam fractionation process. The results of applying the artificial
chaperone system to the cellulase foam fractionation process are shown in
previous study (12). Typical results for the AE and the AR are shown in
Figs. 8 and 9, respectively.
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Fig. 9. Cellulase AR for the foam fractionation of 200.0 mg/L cellulase with
100.0 mg/L CTAB solution. The top graph illustrates the results from refolding with
~-cyclodextrin solution.

The example underlying Figs. 8 and 9 uses a mixture of 200.0 mg/L
cellulase and 100.0 mg/L CTAB as the initial solution, and the foamate is
later diluted with ~-cyc1odextrin.There is a trade off between enrichment
and recovery in this foam fractionation process. At the condition where the
MR is the lowest, the mass ER is the highest. Therefore, it is difficult to
determine the best operating conditions at one of these four points.
Operating the column with a 12 mL/min airflow rate and a 12 mL initial
volume and a 100.0 mg/L CTAB solution, it is chosen as the best point to
operate (in the range of values tested) because it has the highest AR (see
Fig. 9) compared with other points (46-49). Just concentrating a denatured
enzyme solution does not necessarily increase the value of the enzyme.
What is needed is to increase the AE as well. It is noted that the discussed
modified foam fractionation process may not be suitable for concentrating
cellulase because of the loss in enzymatic activity.

Conclusions

The decrease in surface tension of a mixture of a detergent and a protien,
compared with the detergent and protein alone, indicates the possibility of a
detergent-protein complex. The complex formation is consistent with the
hypothesis that the detergent-protein complex adsorbs on the bubble surface
and rises out of the liquid phase into the foam phase. Electrostatic interac
tions play an importat role in SD5-lysozyme foam fractionation process
because the SOS is anionic and lysozyme is positively charged at the tested
pH. Moreover, neither CTAB (cationic) nor Pluronic F-68 (nonionic) by
themselves can concentrate lysozyme (a positively charged enzyme) in the
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foam fractionation process. It is recommended that future research into this
should include modeling the early time data during the refolding of cellulase
with ~-cyclodextrin to elucidate the early time dynamics in much the same
manner as previously observed for the similar biomolecular mechanism of a
substrate and enzyme in an enzyme kinetic reaction scheme.
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Abstract

Production of biodiesel from waste cooking oils by a magnetic cell biocata
lyst (MCB) immobilized in hydrophobic magnetic polymicrosphere is studied
here. The cells of lipase-producing Bacillus subtilis were encapsulated within
the net of hydrophobic carrier with magnetic particles (Fe30 4), and the
secreted lipase can be conjugated with carboxyl at the magnetic polymicro
sphere surface. Environmental scanning electron microscope, transmission
electron microscope, and vibrating magnetometer, and so on were used to
characterize the MCB. The MCB was proved to be superparamagnetic; and
could be recovered by magnetic separation; moreover it could be regenerated
under 48 h of cultivation. When methanolysis is carried out using MCB with
waste cooking oils under stepwise additions of methanol, the methyl esters
in the reaction mixture reaches about 90% after 72 h reaction in a solvent-free
system. The process presented here is environmentally friendly and simple
without purification and immobilized process required by the current lipase
catalyzed process. Therefore, the process is very promising for development of
biodiesel fuel industry.

Index Entries: Bacillus subtilis; biodiesel; magnetic cell biocatalyst; mag
netic polymicrosphere; waste cooking oils.

Introduction

Up to now, biodiesel is usually produced through chemical-catalyzed
process. Alkali or acid process always lead to large quantities of waste
stream, which has to be treated before disposal. So lipase-catalyzed pro
duction of biodiesel has recently generated increasing interest because of
its waste-free process (1-3). However, the use of extracellar lipase as cata
lyst requires complicated recovery, purification, and immobilization pro
cess (4). As part of a research program aimed at simplifying the process of

*Author to whom all correspondence and reprint requests should be addressed.
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lipase-catalyzed biodiesel production from waste cooking oils, a magnetic
cell biocatalyst (MCB) prepared with cells of Bacillus subtilis 1.198 were inves
tigated. In this stud~ the B. subtilis cells were encapsulated in divinyl ben
zene magnetic polymicrosphere, which have superparamagnetic property.
This kind of MCB can be better dispersed when it catalyzes the methanolysis
reaction. It can also be more easily separated from reaction system, and sta
bilized in a magnetofluidized bed reactor by applying an external magnetic
field. The use of magnetic particles can also reduce the capital and opera
tional costs (5). For these reasons, the process using MCB to produce
biodiesel appears more promising for development of biodiesel industry.

In our previous work, we have reported the use of Rhizopus oryzae
lipases efficiently for catalyzing the transesterification of waste cooking oils
in a solvent-free medium. The cells of R. oryzae immobilized in polyurethane
foam particles were used as whole cell biocatalyst in Kobe University
(Japan). When methanolysis was carried out with stepwise additions of
methanol, the level of methyl ester (ME) conversion was same as that using
the extracellular lipase (6-8). This forms the starting point of our research
using cell-catalyzed biodiesel product. The lipase from B. subtilis used in this
study is different from that of R. oryzae or Candida antarctica in term of the
biochemical properties and three-dimensional structures (9). First, lipolytic
enzymes produced and secreted by B. subtilis include a lipase LipA (EC
3.1.1.3) and an esterase LipB (EC 3.1.1.1) (10). B. subtilis 1.198 used in this
study is a LipA-lipase overexpression strain. Second, LipA is a small protein
with a molecular mass of 19.3 kDa (11). The structures of LipA-lipase is
clearly different from R. oryzae lipase studied early, which suggested no lid
domain and interfacial activation (12/13). This point will result in easy inter
action with substrates in transesterification reaction system. Finally, LipA
lipase exhibits higher specific activities toward substrates with longer chain
triacylglycerol, such as tricaprylin (CI0 : 0), trilaurin (C12 : 0), and triolein
(C18: 1) Eggert et al. (14).

As such, LipA-lipase of B. subtilis might be more suitable for biodiesel
production. For the purpose of easily separating the catalyst from transes
terification reaction system, and keeping stability in the fluidized-bed reac
tor by applying an external magnetic field, we encapsulated B. subtilis cells
into the net of hydrophobic carrier with magnetic particles (Fe30 4) and pre
pared a MCB. Scanning electron microscope (SEM), transmission electron
microscope (TEM), and vibrating magnetometer were used to characterize
the MCB. The methanolysis activity was assayed at the same time.

Materials and Methods

Materials and Chemicals

The waste cooking oils were obtained from Yizhong restaurant. Olive
oil (saponification value 175-195), vinyl acetate 2,2-azo-bis-isobutyronitrile
(CR grade), and poly(vinyl alcohol) (Mr 72,000) were obtained from Tianjin
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Kewei Reagent Company (Tianjin, China). Divinyl benzene (total isomers
>80%) were obtained from Tianjin NanKai Chemical Factory (Tianjin,
China), sodium dodecyl sulfonate, yeast extract, and tryptone were pro
vided by Shanghai Sangon Biotechnology Co. Ltd (Shanghai, China). A
neodymium permanent magnet (diameter 8 em; magnetic field strength
2.4 x 105 A/m) from Institute of Metal Research Chinese Academy of sci
ence (Shenyang, China) was used for separation. All other chemicals were
analytical grade and bought at local market.

Microorganism and Medium

All experiments were carried out using B. subtilis 1.198. The basal
medium was LB containing: tryptone 10.0 g, yeast extract 5.0 g, and NaCI
10.0 g in 1 L tap water. For solid slant medium, 20.0 gil agar was added
into above liquid medium. The immobilized medium used ATCC573
Bacillus medium, which contains (NH4)2S04 1.3 g, KH2P04 0.37 g,
MgS04·7H20 0.25 g, CaCI2'2H20 0.07 g, FeCl3 0.02 g, glucose 1.0 g, and
yeast extract 1.0 g in 1.0 L distilled water and pH is adjusted to 4.0 with 10 N
H2S04. The multiplication medium of magnetic cells is GYE including 20.0 g
tryptone, 10.0 g sucrose, 5.0 g olive oil, 1.0 g (NH4)2S04' 1.0 g MgS04·7H20,
1.0 g KH2P04, and 1.0 g Tween-80 in 1 L distilled water.

Preparation of MeB

Synthesis of Lipophilic Fe30 4 Nanocolloids

According to the method described previously (15), FeCI3·6H20 41.9
g and FeCI2·4H20 20.9 g were added to a three-necked flask containing 350
mL of distilled water, which was heated by thermostat water bath and
stirred by a mechanical agitator. When temperature of thermostat water
bath increased to 60°C, 50 mL of 0.5 mol NaHC03 was poured into the
flask under vigorous agitation. Five milliliters stearic acid was dropped
into the mixture gradually, and incubated for 20 min at 60°C before the
mixture was cooled to room temperature naturally.

Cultivation of B. subtilis cells for immobilization

Mycelia collected from LB agar slants were inoculated into 5 mL of LB
liquid medium. The cultures were incubated for 20 h at 37°C on a rotary
shaker at 225 rpm. And then the seed suspension (grown for 20 h on LB
medium) was used to inoculate with 4.0 x 108 cells/mL to 250 mL
ATCC573 Bacillus medium in a 500-mL shake-flask, which was incubated
at 37°C and 225 rpm. The B. subtilis cells were collected into 10 mL oleic
acid in the late logarithmic growth phase, and cultivated for 1 h at room
temperature and 225 rpm.

Synthesis of MCB

The MCB particles were synthesized by encapsulating the cells into the
net of hydrophobic carrier with magnetic particles (Fe30 4) through divinyl

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



796 Ying and Chen

benzene radical suspension polymerization. In a basic preparation, 15 mL of
the ferrofluid prepared as Synthesis of Lipophilic Fe30 4 Nanocolloids sec
tion, 10 mL of oleic acid B. subtilis cell suspension, and 1.8% 2,2-azo
bis-isobutyronitrile were dispersed in a mixture of 3.7 mL divinyl benzene
and 16.8 mL vinyl acetate and sonicated for 10 min. The mixture was trans
ferred into a 50-mL injector with a 60-70 Jlm of diameter pinhead. The mix
ture was injected drop by drop into a three-necked flask containing 300 mL
aqueous solution of 10% poly(vinyl alcohol) plus 2.0 gil sodium dodecyl
sulfonate, which was put into a 30°C thermostat water bath and agitated at
300-500 rpm. Thereafter, the reaction mixture was maintained at 30°C stilly
for 2 h. The magnetic cell microspheres were harvested by permanent mag
net separation and washed three times with distilled water. Finally, the MCB
was stored in 80% glycerol solution at 4°C before use.

Multiplication Culture of Magnetic Cells

Magnetic B. subtilis cells were separated from the glycerol solution by
magnetic separation. After washed with routinely physiological saline
solution, the magnetic cells were immerged in GYE multiplication
medium and cultivated for 1-3 d at 225 rpm. And then the magnetic cells
biocatalyst were separated from culture medium and dried under a vac
uum for about 24 h after washed three times with sterile water. Magnetic
cells biocatalyst with a water content of approx 5% were obtained and can
be used as a methanolysis biocatalyst.

Methanolysis Reaction

The methanolysis were carried out at 40°C, 220 rpm and pH 6.5 in a
100-mL shake-flask incubating on a rotary shaker. The compositions of the
reaction mixtures were as follows: waste cooking oils 68.85 g, 0.1 M phos
phoric acid buffer (pH 6.5) 3.0 mL, and methanol 2.5 g with 3.0% MCB to
the shake-flask. One molar equivalent of methanol was 2.5 g against 68.85
g waste cooking oil. To fully convert the oil to its corresponding MEs,
when the ME content in the reaction mixture reached approx 30 and 60%,
2.5 g of methanol was added twice. In this case, the reaction mixture was
incubated for 72 h. The composition of methanolysis products were ana
lyzed by mass chromatography (MS) and the content of MEs were ana
lyzed by capillary gas chromatography as described below.

Analysis

One unit enzyme activity of MCB was defined as the amount of
lipase, which liberates 1 Jlmol fatty acids from olive oils/min under the
assay condition. The released fatty acids were determined by titration with
5 roM NaOH solution. The initial enzyme activity of MCB is about 4800
U/ g assayed by this method. The ME content of the reaction mixture was
quantified using an Agilent 6890N Series GC-MS system (Agilent
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Technologied Corp.), and HP6890 Chemstation software was used for data
analysis. The GC was equipped with a HP909ls-4l3 capillary column (300
flm x 30 m). For GC analysis, 500 flL of sample supernatant and 500 flL
hexane as diluent were mixed in a 1.S-mL bottle. One microliter aliquot of
the dilute sample was injected into the gas chromatograph. A split injector
was used with a split ratio of 20 : 1 and the temperatures of injector and
detector were set at 300 and 260°C, respectively. The carrier gas was nitro
gen with a flow rate of 20 mL/min. An FID detector was used and the
oven was initially held at SO°C, then elevated to 130°C at 20°C/min hold
ing for S min, and finally to 260°C at 2.SoC/min. The oven was held at this
temperature for 10 min before returning to SO°C. Total run time for this
method was about 70 min. Calibration of the GC method was carried out
by analyzing standard solutions of methyl palmitate, linoleic acid
methylester, methyl oleate, and stearic acid ME. The standards were
diluted in hexane-like reaction samples. ME yield was expressed as the
percentage of MEs produced relative to the theoretical maximum based on
the amount of original oils. In this article, ME yield is sometimes expressed
as ME content or conversion.

Charaterization Analysis of MCB

The cross-section morphology of MCB particles was observed with a
JEM-100CX II TEM system (JEOL, Japan). The paramagnetic property of
the dried MCB particles was analyzed with an LDJ 9600-1 vibrating sam
ple magnetometer ([VSM], LDJ Electronics, MI). The particle size distribu
tion and density of the magnetic microspheres was measured with a
Mastersizer 2000 particle size analyzer (Malvern Instruments, UK).
Scanning electron micrographs were taken by an JSM-6700F field emission
SEM (JEOL, Japan). The crystal construction of MCB was determined by x
ray detector X'pert Pro (Panalytical, Dutch).

Results and Discussion

Micromorphology of MeB

The magnetic cells polymicrospheres were prepared according to the
method described in Preparation of MCB section, and the morphology of
the particle observed by SEM was shown in Fig. lA. Some micropores on
rough microglobules surface can be found; which is a typical copolymer
beads. The cross-section of magnetic cells biocatalyst particles was
observed by IEM after 48 h cultivation in GYE multiplication medium,
and the photographs was shown in Fig. lB. It can be seen that the cells of
B. subtilis (on the cycles) were encapsulated into the internal gaps of
copolymer beads. Some cells have already became dormant, but the
movement of other cells can be observed under the lane of TEM.
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Fig. 1. (A) Surface features of the MCB particle observed with SEM. (B) Cross

section of the MCB particle observed with rEM.
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Fig. 2. Particle size distributions of MCB.

Crystal Construction of MCB

The size distributions of MCB particles were analyzed by a Mastersizer
2000 particle size analyzer. The results are described in Fig. 2, which indicates
the mean diameter is 64.7 /-lm, the density is 1.00 g/cm3, and specific surface
area is 0.5092 m2 / g. The magnetic particles for the preparation of the polymi
crospheres were analyzed by X-ray diffraction, Fig. 3 shows the result. The
spectrum of magnetic particles consisting with Fe30 4 spectrum of database
indicates the core of polymicrospheres is Fe30 4 indeed. According to Scherrer
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Fig. 3. XRD pattern of MCB comparing with standard pattern of Fe30 4, (A) XRD
pattern of MBC. (B) Standard pattern of Fe30 4 in database.

equation DXRD = kA/~COSe, the size of Fe30 4 is about 5.5-17.8 nm with a mean
diameter of about 11.5 nm. For ultrafine magnetic particles, there exists a crit
ical size, 25 nm, below which the microspheres can obtain single magnetic
domains even in zero magnetic fields (13). According to this magnetic theory,
the MCBs prepared in this study are superparamagnetic.

Superparamagnetic Property of MeB

Drawing the magnetization curve of MCB with a VSM is used to fur
ther analyze the magnetic property of the MCB particles at room tempera
ture (300 K). The magnetization curve shown in Fig. 4 can be fitted as
Langevin Eq. 1, which describes the superparamagnetic behavior well (16).
This provides a strong support to the superparamagnetic property of MCB

(1)

where B is the magnetization (emulg), Bs is the saturation magnetization of
magnetite colloids (ernulg), H is the applied magnetic field strength (Oe),
V is the volume of magnetite colloids (cm3), J.1ois the permeability in vacuum,
T is the absolute temperature (K), and k is the Boltzmann's constant. The val
ues of saturation magnetization B , the remanence B , coercivity H ,and max-s r c
imum field strength Hmax measured by VSM are listed in Table 1 (17).
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Fig. 4. Magnetization curves of MeB particle microspheres at 300 K. The solid line
is calculated from the data measured by VSM.

Table 1
Some Magnetic Parameters of MCB Measured by VSM

Maximum field strength (Hmax rOe])
Coercivity (He rOe])
Remanence (Br [ernul g])
Saturation magnetization (Bs [ernul g])

9960
-0.1094

0.01004
3.867

From the results of V5M, it can be seen that remanence (0.01004
emu/g) and coercivity (-0.1094 emu/g) were so small that hysteresis
could hardly be observed (18). This feature is also typical of superparam
agnetism (19). 50 the MCB particles could be easily settled within 22 s
under the permanent magnet field. When the external magnet was
removed, the MCB particles can be well dispersed by gentle shaking. The
above conclusion indicates the advantage of the MCB, i.e., easy for recov
ery and recycling (20).

Methanolysis Activity of MCB

Figure 6 shows the composition of ME, which is converted by MCB
from waste cooking oil. The reaction is under the conditions: temperature
40°C, pH 6.5, loading of MCB 3.0%, adding methanol in two stepwise and
reacting for 72 h. The analytic result of Fig. 5 is listed in Table 2. It can be
seen that all the components are ME and basically belong to longer carbon
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Fig. 5. The GC-MS spectrum of ME converted by MCB from waste cooking oil.

Table 2
Result of GC-MS Analysis on Chemical Composition

of Methanolysis Production

No.

1
2
3
4
5
6
7
8
9

10
11

Compositions name

Decanis acid and ME
Methyl tetradecanoate
9-Hexadecenoic acid and ME
Hexadecanoic acid and ME
Pentadecanoic acid and 14-methyl ME
8/1l-0ctadecadienoic acid and ME
9-0ctadecenoic acid and ME
Eicosanoic acid and ME
Docosanoic acid and ME
Tricosanoic acid and ME
Etracosanoic acid and ME

Retention time (min)

8.206
19.094
28.495
33.758
37.725
38.538
44.034
46.396
53.046
56.126
59.217

chain (>C12). The main components are octadecadienoic acid ME (C18 : 1;
C18 : 2), which is involved in the range of biodiesel fuel (21). The ME con
tent analyzed by capillary gas chromatography is about 90%. All of the
peaks are methyl ester except for the first one which is the diluent.

Regeneration Property of MeB

The MCB particles can be repeated for use many times; however, the
methanolysis activity will decrease gradually like immobilized lipase. The
method of MCB regeneration was investigated in this study. When
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enzyme activity of MCB decreases, the MCB particles separated from reac
tive mixture with a permanent magnet were washed with acetone and
physiological saline solution before added into the GYE medium. The
enzyme activity of MCB was assayed as described in Preparation of MCB
section at interval of 4 h during 48 h cultivation. Figure 6 shows the curve
of enzyme activity change when MCB particles regenerate. The results
indicate B. subtilis cells encapsulated within polymicrosphere can propa
gate in the rich GYE medium, at the same time the enzyme activity of MCB
increase gradually. All the results demonstrate the advantage of MCB in
terms of easy regeneration, like cultivation of microorganisms.

Conclusions

A novel method of immobilizing cells within magnetic material has
been developed for production of biodiesel from waste cooking oils. This
new type of biocatalyst was characterized by various techniques, and the
results demonstrate the MCB particles have superparamagnetic property
and have the advantages of easy recovery, recycling, and regeneration.
The conclusions of our work indicate MCB can avoid the disadvantage
of extracellular lipase-catalyzed reaction, such as complicated recovery,
purification, and immobilization process required. Moreover, the
methanolysis of waste cooking oils with MCB shows high conversion up
to 900/0. Further work should be concentrated on optimizing the various
reaction parameters in order to shorten the reaction time and also on
investigating kinetic behavior of methanolysis reactions, which may be
included in the nonaqueous media.
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Abstract

Algal cultivation for converting cull potato to docosahexaenoic acid
(DHA) was studied. Schizochytrium limacinum SR21 was selected as the better
producing strain, compared with Thraustochytrium aureum because of higher
cell density and DHA content. Used as both carbon and nitrogen source, an
optimal ratio of hydrolyzed potato broth in the culture medium was deter
mined as 50%, with which the highest production of 21.7 giL dry algae
biomass and 5.35 giL DHA was obtained, with extra glucose supple
mented. Repeat culture further improved the cell density but not fed batch
culture, suggesting limited growth was most likely caused by metabolites
inhibition.

Index Entries: Docosahexaenoic acid; microalgae; omega-3 fatty acid;
Schizochytrium; cull potato; fish oil.

Introduction

00-3 Polyunsaturated fatty acids (00-3 PUFAs) are a group of fatty
acids containing two or more double bonds, of which the last double
bond is located at the third carbon atom from the methyl terminal.
Docosahexaenoic acid (DHA, 22:6) is a particularly important 00-3 PUFA,
with a 22-carbon chain and six double bonds. It has been reported that
DHA is an essential nutrient during early human development (1,2); it is
supplied to the infant through the placenta during pregnancy and through
human milk after birth. Being an important component of the photorecep
tor cells of infants' retinas, DHA is also involved in the development of
infants' brain tissues through incorporation in synaptic vesicles, myelin,
and mitochondria. As a result of its important role in infant development,

*Author to whom all correspondence and reprint requests should be addressed.
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inclusion of supplementary DHA in infant formulas is recommended by
the World Health Organization (3).

The conventional source of 00-3 PUFAs is mostly from fish oil. Cod,
salmon, sardine, mackerel, menhaden, anchovy, tuna, and seal are gener
ally used for fish oil production. The quality of fish oil is variable, being
dependent on fish species, season, and geographical location of the catch
site. As marine fish oil is a complex mixture of fatty acids with varying
chain lengths and degrees of saturation, DHA needs to be refined from fish
oil for use in nutraceuticallpharmaceutical applications. The purification
of DHA from low-grade fish oil can be difficult and costly (4), and in addi
tion, marine fish stocks are subject to seasonal and climatic variations, and
might not be able to provide a steady supply for the increasing demands
of DHA. In fact, fish are not capable of synthesizing PUFA de novo and
much of their PUFA is derived from the primary producer in the oceanic
environment: the microalgae or algae-like microorganisms (5).

DHA produced from heterotrophic algal culture is taking on a more
and more important role and could, with increased economic viability,
gradually substitute fish oil, as it offers better taste, odor, and stability (5).
Although a large number of microalgae contain DHA, only a few species
have demonstrated production potentials on an industrial scale (6), in that
they can accumulate high oil contents in their biomass, produce a high per
centage of total lipids as DHA, and reach high biomass densities in a short
time. Strains from the Traustochytrid marine protists and dinoflagellate
Crypthecodinium cohnii have traditionally been considered to have the most
potential in a commercial setting, especially the former (5), which belongs
to the genus Thraustochytrium and Schizochytrim. Initial research on
Thraustochytrium produced relatively low cell densities around 5.0-20.0 giL
as well as low DHA content in the biomass. Lately, although, new
Schizochytrium strains have been isolated (7). In initial research with these
strains, the highest DHA productivities were 2.0 g/L·d using optimized
media (8). The lipid extracted from the cell was about 50% of the dry cell
weight and the DHA content of the lipid was 34% of total fatty acids.
Optimal culture conditions for the specific strain Schizochytrium limacinum
SR21 have also been investigated. A high total fatty acids content, up to
more than 50%, was obtained with corn steep liquor as the nitrogen source
and an increase in carbon source concentration led to a high-DHA yield (9).
In this work, a DHA yield of > 4.0 giL was obtained in both glucose and
glycerol media at 9% and 12% concentrations, respectively, which indicated
that S. limacinum SR21 is a promising algae strain for DHA production.

High-yield production culture of Schizochytrium strains has also been
investigated (10). With increased carbon (glucose) and nitrogen (corn steep
liquor and ammonium sulfate) sources in the medium, 48.1 g IL dry cell
weight and 13.3 giL DHA were produced in a 4-d culture with 12% glu
cose. The lipid content was 77.5% of dry cells, and the DHA content was
35.6% of total fatty acids. With this excellent performance, this algae
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strain was eventually applied to the commercial sector. The new high cell
density fed batch fermentation process developed by the commercial
sector splits the overall fermentation process into a biomass density
increasing stage and a DHA production stage; resulting in biomass densi
ties of at least 100.0 g dry cell/L in the fermentation broth and at least 20%
of their dry cell weight as lipids (11).

Even with such yield and productivity improvements, fish oil is still a
substantial competitive threat to the new commercialized DHA productions
from algae fermentation (12). Urea crystallization, supercritical fluid extrac
tion, and high-performance liquid chromatography are used for extraction
and purification of DHA from fish oil, which are difficult and costly.
However, several companies have developed microencapsulated fish oil
products that claim to have resolved much of the odor, stability, and taste
issues associated with fish oil whereas simultaneously removing the need
for costly purification. Thus, it is still indispensable for research to continue
to decrease the cost of production from heterotrophic algal cell cultivation.
Using under-utilized cull potato to replace glucose as a carbon source and
to provide the nitrogen source might be a good choice. There are more
than 10-15% of harvested potatoes that are classified as culls, and therefore
unfit for market or processors. Development of new markets for the culls is
essential to the profit margins of the potato producers because the cost to
grow the culls is $70-120It, whereas presently they can be sold as an animal
feed for only about $10-201t. Converting the culls to a value-added bio
product is an excellent way to develop new markets and overcome the cost
to produce the culls, as they can provide starch, protein, vitamins, and
salt nutrients for the fermentation process. In fact, microbial production of
lactic acid from potato starch has been widely reported (13). Various bacte
ria such as Lactobacillus, Lactococcus and Streptococcus, and the fungi Rhizopus
were used as the producers, with hydrolyzed potato starch as the carbon
source (14-16). Among them, some strains of Rhizopus oryzae can use pota
toes as the sole nutrient supply in the culture medium. With one of these
strains, Liu et al (17) optimized the culture condition to produce 33.3 giL
lactate. This indicates that cull potato can be an effective feedstock for the
production of lactic acid and potentially other valued nutraceuticals.

Compared with lactate, DHA is more valuable. If these potatoes can
be converted to DHA, it will not only benefit the DHA manufacturers, in
that this will significantly reduce the medium cost of the production pro
cess, but also the farmers because the high value-added product will bet
ter offset the production costs. Preliminary research for the development
of such a process was investigated in this article. The specific objectives of
this study were:

1. Selecting a high yield DHA producer algae strain.
2. Determining the optimum ratio of HPB to the whole medium.
3. Developing a higher cell density culture process.
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Algal Strains

The alga strain Thraustochytrium aureum (American Type Culture
Collection [ATCC] 34304) and s. limacinum SR21, (ATCC MYA-1381) were
used in the experiments. The seed cells were cultured in artificial seawater
medium, as described by the University of Texas at Austin, Culture
Collection of Algae (UTEX) (http://www.bio.utexas.edu/research/utex/),
with 5.0 giL glucose, as well as 1.0 giL yeast extract, and 1.0 giL peptone.

Culture Conditions

The culture medium for DHA production consisted of artificial sea
water, 5.0 giL corn steep solids (Sigma, St. Louis, MO), and 1.0 giL ammo
nium acetate as nitrogen sources plus either pure glucose, or as described in
the later experiments, a certain percentage of hydrolyzed potato broth (HPB).
The initial medium pH was adjusted to 6.0 by addition of hydrochloric acid.
The cells were cultured in 250-mL Erlenmeyer flasks at 20°C, with inoculums
of 5 mL seed cells to 50 mL culture medium. After 6 d culture, the algae cells
were harvested to conduct dry cell weight and fatty acid analysis.

To prepare HPB, cull potato was boiled and minced, mixed with cer
tain volume of water and placed in a 5-L tank with agitation. Two
enzymes, a-amylase and glucoamylase were used to hydrolyze the potato
starch into glucose. The temperature used in the hydrolysis process was
55°C. After 4 d, the hydrolyzed broth was harvested and centrifuged to
remove the solids. The glucose concentration in the liquid phase was
determined and then diluted to 100.0 giL with water.

Cell Growth and Fatty Acid Analysis

The algae biomass in the broth was harvested and centrifuged,
removed from the medium, and washed twice with distilled water. The
biomass was then dried at 105°C for 3 h and weighed.

One milliliter of the same biomass was distributed to screw top glass
tubes; then placed in a freeze dryer overnight. The preparation of fatty acid
methyl ester (FAME) directly from algae biomass was used, putting to use
a method as described in Indarti (18). After freeze-drying, a 4 mL mixture of
methanol, concentrated sulfuric acid and chloroform (1.7 : 0.3 : 2.0 [vIvIv])
were added into the tube. Four milligrams arachidonic acid (C20 : 4) or hep
tadecanoic acid (C17 : 0) was added as the internal standard. Tubes were
placed inside a heated water bath at 90°C for 40 min. On completion of the
reaction, the tubes were cooled down to room temperature and weighed
again to dismiss leaking samples. Then, 1 mL of distilled water was added
into the mixture and thoroughly vortexed for 1 min. After the formation of
two phases, the lower phase containing the FAME was transferred to a
clean, 10-mL bottle and dried with anhydrous Na2S04. Half milliliter-dried
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Table 1
Comparing Cultures of the S. limacinum SR21 with T. aureum

809

Dry cell DHA DHAI
Concentration weight yield biomass

Strain Carbon source (giL) (giL) (giL) (%)

T. aureum Soluble starch 30 7.7 0.65 8.4
Potato starch 30 NDa 0.40 Noa

S. limacinum Pure glucose 30 12.6 2.30 18.2
SR21 Potato glucose 30 10.8 1.75 16.2

Pure glucose 90 20.1 3.51 17.5
Potato glucose 90 9.2 0.52 5.7

aNot determined, because residual potato starch was mixed with the algae biomass.

solutions were transferred into a vial and stored in a freezer (-20°C) for gas
chromatography (GC) analysis. The method of FAME analysis using a GC
was the same as reported by Wen and Chen (19). Briefly, a GC machine from
HP Inc. and a GC column from Restek (cat no: 12498) were used in this anal
ysis. The parameters of this GC column are: 30 m x 0.32 mm ID x 0.25 Jim.

Results

Alga Strain Selection

T. aureum can take starch directly as a carbon source to support its
growth (20), whereas S.limacinum SR21 grows poorly in starch (9). The car
bon in the cull potato mainly exists as starch. The cost of hydrolyzing the
starch could be avoided if the starch could be utilized directly. In the pre
liminary work (data not shown) with T. aureum, the highest dry cell weight
was obtained when the starch concentration was 30.0 giL, thus, this con
centration was used in this experiment. The performance of these two
algal strains was compared, as shown in Table 1. T. aureum was cultured
with both soluble starch (Sigma) and potato starch, whereas s. limacinum
SR21 was cultured with two levels (30.0 giL and 90.0 giL) of pure glucose
or a certain amount of HPB. Results of the study showed that T. aureum
reached a maximum dry cell weight of 7.7 giL, but with the same amount
of carbon source, S. limacinum reached a maximum of 12.6 giL dry
biomass. Additionally, the DHA yield and DHA content in the biomass
was much higher in S. limacinum. The fatty acids profile of S. limacinum SR
21 in the GC analysis was shown in Fig. 1.

Even higher dry cell weights and DHA yield were obtained with
S. limacinum SR 21 when 90.0 giL of glucose were used instead of 30.0 giL.
This indicated that S. limacinum SR 21 can grow well on a high carbon
source concentration. Unfortunately, the culture result with HPB containing
90.0 giL glucose was lower than its 30.0 giL counterpart, which implies
that inhibition occurred when a high percentage of HPB was used. These

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Table 2
Culture Results With Various Concentration of HPB

Glucose Nitrogen Dry
Nitrogen HPBI concen- concen- cell DHA DHAin

Carbon source medium tration tration weight yield biomass
source added (% [v Iv]) (giL) (giL) (giL) (giL) (%)

Group 1: 5.0 giL 70 70 1.74 18.1 2.70 14.9
HPB Corn steep 50 50 1.40 18.6 2.70 14.5

solids 30 30 1.06 11.7 1.60 13.7
70 70 1.19 17.3 2.79 16.2

Group 2: Without 50 50 0.85 17.0 2.81 16.5
HPB 30 30 0.51 10.8 1.75 16.2

Group 3: 5.0 giL 70 0.55 21.2 3.76 17.7
Pure
glucose Corn steep 50 0.55 19.0 3.35 17.6

solids 30 0.55 12.6 2.30 18.2

results show that the performance of S. limacinum was much better than
T. aureum and although the latter can directly utilize starch, the production
efficiency was too low. Thus, S. limacinum was used as the DHA producing
strain in the ensuing experiments.

HPB Percentage Optimization

As shown in Table 1, the growth of S. limacinum SR21 was inhibited
with the use of a high HPB concentration, which has been inferred to be
caused by the presence of a certain inhibitor in the HPB. One hypothe
sis was that a potential inhibitory source might be the high nitrogen
source, in that the nitrogen content in the HPB was 1.7 giL (total kjel
dahl nitrogen [TKN]), which is equivalent to the nitrogen in 15.0 giL of
corn steep solids. It is well known that the C/N ratio strongly affects the
lipids accumulation in the DHA producers, so determining the optimal
HPB concentration and corresponding nitrogen concentration in the cul
ture was necessary. In this experiment, the HPB culture was diluted to
various concentrations, as shown in Table 2. The cultures with and
without added nitrogen source (5.0 giL corn steep solids) were also
compared. The cultures with pure glucose were taken as the control.

Compared with the culture with 90.0 giL pure glucose in which 20.1 giL
dry algae biomass was obtained, the biomass production in the culture with
90% HPB was only 9.2 giL, as shown in Table 1. This indicates that there
was severe inhibition in the culture with a high percentage of HPB. But in
the range of 30-70%, the differences were not significant (p > 0.05, as shown
in Table 3). This indicates that the inhibition were relatively moderate in
the lower percentage of HPB, owing to the corresponding lower inhibitor
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Table 3
The p-Value of Paired t-Test of Various Groups in Table 2

Chi et al.

Dry cell DHAcontent
weight DHAyield in biomass

Group 2 vs Group 3 0.062 0.040 0.026
Group 1 vs Group 3 0.219 0.025 0.022
Group 1 vs Group 2 0.049 0.018 0.036

Table 4
Culture Results of HPB Medium With Glucose Added (n =3)

Glucose Dry cell DHA DHAcontent
added (giL) weight (giL) yield (giL) in biomass (%)

0 16.3±0.1 2.69 ± 0.04 16.5 ± 0.3
20 21.7 ± 1.0 5.35 ± 0.04 24.7 ± 1.2
40 20.7 ± 0.4 4.83 ± 0.02 23.3 ± 0.5

concentration in the culture. Therefore, the results of this study showed that
the original hypothesis of the high nitrogen concentration in the culture
being the cause of the growth inhibition was incorrect, because a higher
biomass production was obtained in the HPB culture with extra nitrogen as
compared with the culture without any nitrogen addition.

The earlier data showed that it was not necessary to add an extra nitro
gen source to the HPB culture, because the culture without any extra nitro
gen supported good growth of the algae. Also, the extra nitrogen
significantly decreased the DHA content in the biomass, compared with the
culture without nitrogen added (Tables 2 and 3). In fact, 0.55 giL nitrogen
was enough to support 20.0 giL algae biomass growth using pure glucose
(Table 2). An equivalent nitrogen concentration (0.51 giL) existed in the
30% HPB, suggesting that this would be the optimal HPB concentration,
but taking into consideration that a higher biomass concentration may be
reached in future work, which will need more nitrogen, the percentage of
50% HPB was taken as the basic medium in the ensuing work.

Culture With Glucose Added to HPB

Although the nitrogen concentration in the culture with 50% HPB is
enough to support higher biomass density, the 50.0 giL glucose in it may
be a limiting factor, in that with the same concentration of pure glucose
reported earlier, only 19.0 giL dry biomass was obtained (Table 2). If this
hypothesis is right, supplement of extra glucose in the culture should
enhance the production. In this verification experiment, 20.0 giL and
40.0 giL pure glucose were added to the culture with 50% HPB with the
results shown in Table 4.

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



Production of 0)-3 Polyunsaturated Fatty Acids

Table 5
Repeat Culture Results (n = 3)

813

Culture day

6
12

Dry cell
weight (giL)

20.1 ± 0.9
41.0 ± 1.0

DHA
yield (giL)

4.75 ± 0.05
9.14 ± 0.08

DHAcontent
in biomass (%)

23.7 ± 1.0
22.2 ± 0.7

Compared with the control, the added glucose significantly enhanced
the cell density, to as much as 21.7 giL dry cell biomass with 5.35 giL
DHA obtained in 6-d culture. However, there was no significant difference
between the 20.0 and 40.0 giL glucose added groups, which indicate that
the glucose was no longer a limiting factor.

Feeding and Repeat Culture

To develop a higher cell density culture, a fed batch culture was con
ducted with a defined medium. In practice, each component of the medium,
at half the amount of the initial culture, was added to the end of the previ
ous batch culture. Unfortunately, there was no further increase in yield with
respect to addition of all the supplements (data not shown). This indicated
that the reduced growth in batch culture was not caused by depletion of
certain nutrients and must therefore be a result of inhibition owing to accu
mulation of some metabolites. To verify this hypothesis, a repeat culture
was conducted. In practice, at the 6th d of this culture, the fermentation
broth was centrifuged and the spent medium was removed and replaced
with fresh medium at which point the culturing process was allowed to
proceed for another 6 d. The results of this repeat culture are shown in
Table 5. The cell density climbed to 41.0 giL in the repeat culture, and the
DHA yield in these cultures reached 9.14 giL. This verified that some
metabolites in the culture inhibited the cells' growth. The analysis to deter
mine what the inhibitory factors are and the method of how to avoid the
inhibition are to be conducted in future work.

Discussion

Compared with S. limacinum SR 21, which has been proven to be a
good DHA producer (9), T. aureum obtained a much lower final cell density
and DHA content, which led to very low production efficiency, even though
T. aureum can take direct advantage of starch as a carbon source. Later exper
iments that used S.limacinum as the production strain within a HPB as both
the carbon source and nitrogen source, attained similar results as that from
the culture of pure glucose with added nitrogen source. This result along
with the knowledge that the starch hydrolyzing process is widely used in
the fermentation industry makes DHA production from cull potatoes a fea
sible and perhaps cost effective process. Also, this production efficiency may
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be further increased if a simultaneous saccharification and fermentation pro
cess were to be used.

A higher ratio of carbon-to-nitrogen is preferred for this alga to accu
mulate fatty acids (9), but the ratio of carbon-to-nitrogen in potato is not
optimal for this process. To offset this, in this experiment, a HPB containing
100.0 giL glucose was prepared, which correspondingly, contained 1.7 giL
nitrogen. The algae grew well in the culture without any extra nitrogen
source having been added, which indicated that this amount of nitrogen
was enough to support the algae's growth. This will significantly decrease
the feedstock cost for DHA production, in that the cull potato provided
both the carbon and nitrogen source. The low ratio of C/N in the original
HPB caused a low DHA content in the biomass, but this was improved by
reducing the percentage of HPB (reduction of the nitrogen source concen
tration) and adding extra glucose to the culture.

21.7 giL dry cell biomass and 5.35 giL DHA was obtained in the opti
mized culture. Compared with the results of the same algae strain by Yokochi
et al (9) in which 4.0 giL DHA and more than 30.0 giL biomass was obtained
with 90.0 giL glucose in 50% concentration of seawater, we obtained less
biomass production, but higher DHA yield. Although the productivity in
these preliminary studies are still rather low, compared with the processes
currently used commercially, they indicate cull-potato utilization is a feasible
and promising way to produce DHA and in a more economically efficient
manner because of the reduction in fermentation feedstock cost.

Conclusions

1. Although it cannot directly utilize potato starch, S. limacinum SR21
is a better DHA producer with cull potato as raw material, in that it
accumulated a high content of DHA in the biomass, and reached a
high culture cell density.

2. The ratio of carbon-to-nitrogen in the potato is not optimal for the
DHA production process, but it can be improved by reducing the per
centage of HPB in the medium and adding extra glucose in the culture.

3. The process of converting underutilized cull potato to DHA is promis
ing and worth further study to reach a high cell density culture.
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Abstract

In this work a procedure for the development of a robust mathematical
model for an industrial alcoholic fermentation process was evaluated. The
proposed model is a hybrid neural model, which combines mass and energy
balance equations with functional link networks to describe the kinetics.
These networks have been shown to have a good nonlinear approximation
capability, although the estimation of its weights is linear. The proposed
model considers the effect of temperature on the kinetics and has the neural
network weights reestimated always so that a change in operational condi
tions occurs. This allow to follow the system behavior when changes in oper
ating conditions occur.

Index Entries: Alcoholic fermentation; functional link networks; kinetic
parameters estimation; mathematical modeling; process simulation; bioreactors.

Introduction

A potential substitute for petroleum in Brazil is biomass, particularly
sugar cane. The sugar cane industry is the largest alternative commercial
energy production program in the world with ethanol and the almost com
plete use of sugar cane bagasse as fuel. Although the bioethanol produc
tion is running for several years it is clear that improvements are required
to increase the process performance. The influence of temperature in the
kinetics is a very important factor in the alcoholic fermentation process. It
is difficult to support a constant temperature during large-scale alcoholic
fermentation and variations in temperature affects productivity through
changes in kinetics as well as in microorganism lifetime. The temperature
in a typical industrial fermentor varies from 33.5°C (during the night) to

*Author to whom all correspondence and reprint requests should be addressed.
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35°C (at the end of the day) owing to fluctuations in the cooling water tem
perature. In plants with poor temperature control the temperature in the
fermentor goes up to 40°C. Thus, an accurate mathematical model must
take the influence of temperature into account. Also, changes in opera
tional conditions and fluctuations in raw material composition, both very
common in alcoholic fermentation plants, results in kinetic changes and
affects yield and productivity.

Owing to the difficulties described above, the main difficulty in model
based techniques for definition of operational strategies, control, and opti
mization for the ethanol production process is the problem of obtaining an
accurate model. Thus, in this work a procedure for the development of robust
mathematical models for the alcoholic fermentation process is evaluated. The
objective is to obtain a model to be used as a simulator, making simpler not
only the development and implementation of new control and optimization
techniques, but also retuning of existing controllers as well as finding out
new optimal operational conditions when operational changes occur.

In the last years, many studies of the mathematical modeling of alco
holic fermentation process have been performed (1,2). However, although
temperature has an important influence on this process, there are very few
works in the literature considering the effect of temperature on the kinetic
parameters. Among them are the works of Atala et al. (3) and Aldiguier
et al. (4). However, Aldiguier et al. (4) determined different values for kinetic
parameters in different temperatures, but did not determine a temperature
function to describe the kinetic parameters. Although phenomenological
mathematical models provide understanding about the process, practical
experience shows that they are only valid for the specific conditions in
which they were determined. When there are changes in operational condi
tions, the model kinetic parameters have to be reestimated. The frequent
reestimation, mainly when the parameters are described as functions of tem
perature, is difficult and time-consuming because of nonlinearities, great
number of parameters, and interactions among them.

One way to deal with this problem is to use hybrid neural models (5,6).
As was demonstrated by Psichogious and Ungar (7), it is simple to propose
a bioreactor mathematical model through application of mass balances for
the process variables. The really difficult part is the mathematical representa
tion of the kinetics. A cell is a complex organism wherein thousands of
enzyme-catalyzed reactions take place. The kinetic rates are most often
poorly understood nonlinear functions; whereas the corresponding parame
ters are in general time-varying (8). Literature presents a great number of
approximate kinetic models, which take different factors into account, and
the proper choice of the mathematical description of these expressions is
object of discussion in many works (2,3,9,10). Thus, hybrid neural models are
suitable to model biotechnological processes, as they combine mass and
energy balance equations with neural networks, which represent the
unknown kinetics (11). In this work a hybrid neural model is proposed to
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model an industrial alcoholic fermentation process. The specific growth rate
is described by a functional link network (FLN) (12). These networks have
been shown to have a good nonlinear approximation capability, although the
estimation of its weights is linear. Because of this linear estimation, the FLNs
training is rapid, requires low computational effort, and convergence is guar
anteed, so that it has a large potential for online control and optimization
implementations (6).

Industrial Alcoholic Fermentation Process
Phenomenological Model

The alcoholic fermentation process to be modeled is illustrated in Fig. 1.
This is an existing plant, designed using the procedure of Andrietta and
Maugeri (13) to a maximum production of 320 m3 of anhydrous ethanol/d.
The system is a typical large-scale industrial process made up of five
continuous-stirred tank reactors attached in series and operating with cell
recycle. Each reactor has an external heat exchanger to keep the tempera
ture constant at an ideal level for the fermentation process. The feedstock,
a mixture made up of sugar cane molasses and syrup and sources of nitro
gen and mineral salts, is converted into ethanol by a fermentation process
carried out using the yeast Saccharomyces cerevisiae. A set of centrifuges
splits the outlet-fermented product into two phases. The light phase (Fv) is
sent to a distillation tower in which the alcohol is finally obtained. The
heavy phase is mixed with acid and diluted with water (flow rate Fa)
before being recycled (flow rate FR) to the first reactor. Fs (m3/h) is the flow
rate of the cell purge stream, used to permit cell renovation and the with
drawal of secondary products accumulated into the fermentor. These pro
cess-operating conditions are real conditions of typical industrial
distilleries in Brazil.

The mass and energy balances for the five fermentors are:
Global mass balance in ith fermentor:

dV
_1

dt
(1)

Substrate balance in ith fermentor:

d(S.V) 1
11 =FIS.I-FS.-VX.-II.dt 1- 1- 1 1 1 1 Y ~1

XIS

Product balance in ith fermentor:

d(~~) Yp/ s--==F IP I - FP + VX. --II.dt 1- 1- 1 1 1 1 Y rl

XIS
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Fermented
medium

Acid

Treatment tank

Cooler

FL Heavy phase

Purge
stream

Light phase

Fig. 1. Schematic illustration of an industrial plant for ethanol production.

Biomass balance in ith fermentor:

d(X.V)
_~1~1 =F IX. 1- FX. + VX.II.dt 1- 1- 1 1 1 It"'l

Energy balance in ith fermentor:

d(VT) VLlliX.
__1_1_ = F IT I - FT + F (Te. - T) + 1 II.

dt 1- 1- 1 1 1 1 1 PiCPiYX/S t"'1

Energy balances for the reagent fluid in ith heat exchanger:

Energy balances for the cooling fluid in ith heat exchanger:

d(I) F ( UA. )_J_i =i(T, - T,) + 1 LMTD.
dt V Je L V PCp 1

L h J J

(4)

(5)

(6)

(7)

Logarithmic mean temperature difference (LMTD) for ith heat exchanger:

(8)

where the subscripts i refer to each stage (fermentor); Ii and Ie are indexes
referring to water inlet and outlet of the cooler; C is an index referring to

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



Hybrid Neural Network Model 821

process fluid at the cooler; V (m3) is the reactor volume; T (OC) is the tem
perature; F (m3/h) is the flow rate; S (kg/m3), X (giL), and P (kg/m3) are
the substrate, cell, and ethanol concentrations, respectively; p (kg/m3), Cp
(J/kg·oC), and MI (J/kg) are density, specific heat, and reaction heat,
respectively; and YXIS and YPIS are the kinetic parameters of yield. A kinetic
model was validated with typical industrial conditions for this process (14).
The specific growth rate used was proposed by Lee et al. (2):

(9)

where flMAX (h-1), PMAX (kg/m3), and XMAX (kg/m3) are the maximum spe
cific growth rate, the product concentration when cell growth ceases and the
biomass concentration when cell growth ceases, respectively, and nand m
are inhibitor terms coefficients. The maximum specific growth rate, flmax' is
influenced by temperature and is calculated by the Arrhenius equation (15):

-E
flMAX =Ae RT (10)

According to Andrietta (14), PMAX has a constant value below a critical tem
perature (32°C) and above this temperature its value is described by:

P =K eaT
MAX 0 (11)

The kinetic parameters and constants used with Eqs. 1-11 are given by E =
6417J/mol,A =4.5 x lOla, R=8.314J/mol·K, Ko=895.6 kg/m3,a =-0.0676 °C-l,
Xmax = 100 kg/m3, n = 3.0, m = 0.9, Ks = 1.6 kg/m 3, YPIS = 0.445, YXIS = 0.033
(14). Table 1 shows the design parameters for the five fermentors.

The operations involved in the recycle (centrifuge, purge, dilution,
and mixing) presents fast dynamics when compared with the fermentation
process and can be considered in pseudo-steady-state. The concentrations
of ethanol and substrate can be considered to remain constant in the value
of the fermentor outlet at the centrifuge exit. Also, variations in density are
considered negligible through the process. The equations are as follows:

(12)

(13)

Cell concentration is kept constant in the recycle by manipulation of water
flow rate, Fa. Mass balance on the dilution tank leads to:
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Table 1
Design Parameters for the Five Fermentors

Reactor Ai (m2) V (m3) Fe (m3/h) F
J

(m3/h) Ve (m3) V
J

(m3)

1 76.361 433 400 400 20 20
2 63.242 370 350 350 20 20
3 31.061 366 180 180 20 20
4 6.809 359 60 60 20 20
5 2.869 333 28 30 20 20

Mass balance on the centrifuge leads to:

F =F XL -Xs
V W X -X

L V

In the purge point we have:

The concentrations of the first fermentor feeding are:

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

The mathematical model is made by Eqs. 1-23 and solved using the fourth
order Runge-Kutta method. The must feed flow rate used was F0 =100 m3/h.
Other parameters used in the equations are: Ml =-6.509 X 105 J/kg, P= 950
kg/m3, Cp = 4184.1 J/kg·oC, U = 1.464 X 107 J/h·oC·m2, PJ = 1000 kg/m3,

CPJ = 4184.1 J/kg·oC (14). The model does not consider cellular death
because purge and recycle maintain the average age of cells in the process
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from 7 to 10 d (young cells). Death rate is equal to the rate of cellular replace
ment and there is no accumulation of live cells or dead cells.

Hybrid Neural Model

The phenomenological model described by Eqs. 1-23 was determined
by Andrietta (14) considering a real industrial process operating in contin
uous mode. It was validated with industrial data and shown to describe
the process dynamic behavior accurately. However, this model is not able
to describe the process in the presence of changes in operational condi
tions. In 2005, Andrietta evaluated this same model and concluded that,
for the current operational conditions in the factory evaluated, the model
of Chose and Thyagi (1) with some modifications led to a better descrip
tion of the process dynamic behavior. He also determined the existence of
four groups of kinetic parameters in different harvesting periods in the
year, which indicates that, in order to describe the dynamic behavior of the
plant for long periods of time, the mathematical model should have its
kinetic parameters updated periodically. However, the reestimation of
kinetic parameters, mainly if they are considered functions of temperature,
is a difficult and time-consuming task.

In order to solve this problem we used a hybrid neural model in which
the kinetics is described by FLNs. The great advantage of these neural net
works is that the estimation of its weights is a linear problem, and so the
reestimation is rapid and convergence is guaranteed. The hybrid model
consists of the mass and energy balance equations (Eqs. 1-8 and 12-23) and
a FLN, which describes the specific biomass growth rate. The choice of this
kinetic rate to be described by the neural network was made based on the
results of a sensitivity analysis of the process.

Functional Link Networks

A neural network typically consists on many simple computational
elements or nodes arranged in layers and operating in parallel. The weights,
which define the strength of connection between the nodes, are estimated
to yield good performance. Usually, in the training of neural networks,
the inputs to a node are linearly weighted before the sum is passed through
some nonlinear activation function that ultimately gives the network its
nonlinear approximation ability. However, the same nonlinearity creates
problems in learning the network weights, as nonlinear learning rules must
be used, the learning rate is often unacceptably slow, and local minima may
cause problems (12). One way of avoiding nonlinear learning is the use of
FLNs. In these networks, a nonlinear functional transformation or expansion
of the network inputs is initially performed and the resulting terms are com
bined linearly. The obtained structure has a good nonlinear approximation
capability and the estimation of the network weights is linear.
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The general structure of an FLN is shown in Fig. 2, where xe is the
input vector and Yi(Xe) is an output. The hidden layer performs a func
tional expansion on the inputs, which maps the input space of dimension
n l , onto a new space of increased dimension, M (M > n l ). The output layer
consists on m nodes, each one, in fact, a linear combiner. The input-output
relationship of the FLN is

M

Yi(Xe ) = LWiJhJ(xe),l<i~m
J=1

(24)

We use a modification in the structure of the FLNs, where the output given
by Eq. 24 is transformed by an invertible nonlinear activation function.
The new output is

(25)

where Ii is an invertible nonlinear function such as, for example, the
sigmoidal function. Another modification in the FLNs used in this work
is that the real inputs (xe ) are transformed into a greater number (n z ) of
auxiliary inputs (z) before the functional expansion is performed. These
modifications increase the nonlinear approximation ability of the network
and yet, the estimation of the parameters remains a linear problem. A
polynomial expansion of degree six is then performed on the new inputs.
The generated monomials (hJ[z]) are shown in Table 2.

Once the monomials are generated, the orthogonal least-squares esti
mator proposed by Billings et al. (16) is used to calculate the network
weights (wi}) and to eliminate the monomials, which are not significant in
explaining the output variance. This reduces the size and complexity of the
neural network and avoids overfitting of the data.
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Table 2
Polynomial Expansion of Degree Six

825

Degree

o
1
2
3
4
5

6

Monomials

1
Zi (i = 1, nz )

Z .Z . (i =1, n , j = i, n )
1 ] (' Z , , z d k ' )

ZiZjZk 1 ~ 1, nz , J~ 1, ,nz , an ,= J, nz
ZiZjZkZZ (1 =,I, nz, J=!, n?, k =J, n'f' and I =k, nz )

ZiZjZkZZZm (1 =1, nz , J=1, nz , k =J, nz , I =k, nz ,

and m = I, nz )

ZiZjZkZZZmzn (i =1, nz , j = i, nz , k = j, nz ,

I =k, nz , m = I, nz , and n =m, nz )

Table 3
Full Factorial Design With Axial Points

and One Center Point

Time (h)

10
20
30
40
50
60
70
80
90

So (giL)

158.8
158.8
201.2
201.2
150
210
180
180
180

29
34
29
34
31.5
31.5
28
35
31.5

Training of the Neural Network

The network inputs (xe) are the process state variables: biomass, sub
strate and product concentrations, and temperature. The output is the spe
cific growth rate. In this work, the state variables are considered accessible
by direct measurement, but the output is not measurable. It can be estimated
from measured experimental data by the discretization of the biomass
balance equation. When dealing with noisy data, some kind of smoothing
algorithm has to be applied to produce reliable rate values from biomass
concentration data. Training was performed using a full factorial design,
considering axial points and one center point, involving the variables
So and To. Both variables had their values changed every 10 h within the
ranges 150-210 giL (So) and 28-35°C (To)' Ten hours is enough time for the
process to reach a new steady state. Table 3 shows the factorial design.
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During training and validation the performance of the FLN was mea
sured by Eq. 26, given by Milton and Arnold (17):

(26)

where ye(k) is the real output, y(k) is the network output, Ye is the mean value
of the real outputs and N is the number of training points. For validation, the
disturbances encompassed a sequence of steps with random changes every
10 h within the ranges 162-198 giL (So) and 28°C to 32°C (To). During train
ing and validation the activation function that led to the best performance is
given by Eq. 27:

(27)

The auxiliary input vectors were chosen for each reactor after many tests
and are given in Table 4.

Results

For the five process fermentors, the best performance of the FLNs was
obtained using fifth degree monomials. Using four auxiliary inputs (as
shown in Table 4) we generated 126 monomials for each of the five FLNs
(each one describing the specific growth rate of one fermentor). After using
the orthogonal least-squares estimator proposed by Billings et al. (16) to
eliminate nonsignificant monomials, the number of monomials for each
network was drastically reduced, as can be seen in Table 5, which shows the
number of monomials and the performance of the five FLNs during vali
dation (measured by Eq. 26).

The number of monomials in the FLNs can be considered equivalent to
the number of connections (or weights) in a multilayer perceptron neural
network.

The five FLNs are described by Eqs. 28-32:

IlFLN (Fermentor 1) =
-1.4295T1.18 +1.1165 x 10-23 X 6.04 .lp9.84 + 6.8689 x lO-7 X 6.04p4.92 T 1.18

S
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Table 4
Input Vectors of the Network

827

Reactor

1

2

3

4

5

Vector (z)

z = [ X3.02 ~ p4.92 r 0.59

Z = [X2.7~ _1_TO.6]
S p4.0

z=[x3.0±P4.90 y ]

z =[X ±pyO.4]

z =[X1.25±pyO.59 ]

Table 5
Performance and Number of Monomials for the FLN

Reactor Number of monomials Performance (%)

1 7 99.6870
2 6 99.6868
3 11 99.9895
4 18 99.7873
5 18 96.6931

~~~rmentor~=~~~~~~~~~~~~~~~~~~~~~~

-334.11 + 0.0060987X8.1 _1_ + 1.1656 x 10-14X10.8l_7.2676 x 10-7 x10.8 _1_
p4.0 5 p4.0

1

IlFLN (Fermentor3) =

9039.3 - 323.37Y - 0.00033194 1 p4.9 + 3.0911 x 10-5 1 p4.9 y _ 9.6048 x 10-7 1 p4.9 y 2
5 5 5

1

1
+2.7862 x 10-5 -30 T 2.0 + 9.9624 x 10-9 1.. p4.9 T 3.0 + 2.8483 x 10-12 p4.9 T 4.0

5 . 5

(29)

(30)
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1
/lFLN (Fermentor4) =

-2899.6 - 0.53749 X-210 P + 0.27431-2
1

0
p2.0 - 0.0170781 p3.0 + 2.0252 pr 1.2

5 . 5 . 5

-6 1 1 2.0 1 0.4
-2.3187 x 10 X 40 - 0.0053256X 20 p + 0.21679X 20 PT

5 . 5 . 5 .

1.2 -9 1 -7 1 -5 1 0.4
-0.043293XPT + 1.6239 x 10 5() + 1.8985 x 10 40 p + 1.5343 x 10 40 r

5 . 5 . 5 .

1

-3.8448 x 10-7 _1_ p2.0 + 0.0010677 _1_ p3.0 _ 0.072847 _1_ p2.0r 0.4
53.0 52.0 52.0

-2.9298 -2
1

0 r 1.2 + 2.3907 x 10-5 .1 p4.0 + 0.0039741.1 p3.0r O.4
5 . 5 5

/l FLN <Fennentor 5) =

-7511.3 .! - 0.0046055 -2
1

0 P + 10.992 .! p2.0 + 13.016r1.77 - 9.8779 x 10-9 1
5 5 . 5 54.0

-o.23645.! p3.0 _ 0.00058067X3.75 _1_ + 0.01669X2.5 _1_ r0.59
5 52.0 52.0

1

-o.15954X1.25-!-T1.18_0.019771X1.25T2.36_1.1657xlO-14-!-
52.0 55.0

1

-9 1 0.59 -9 _1_ p2.0 _ 7.4404 x 10-8 _1_ PT0.59
+1.3446 x 10 54.0 r + 5.2132 x 10 53.0 53.0

+1.8348 x 10-7 _1_ T1. 18 + 0.50787 -2
1

0 T1.77 + 0.0013531 ~ p4.0
53.0 5 . 5

+O.00091873.! p3.0r °.59
5

(31)

(32)

The quality of prediction of the proposed hybrid neural model was mea
sured by the residual standard deviation (RSD) described as a percentage
of average of the 'real' values, as described by Atala et al. (3):

RSD(%) = R~Dxl00
X

(33)

RSD = (34)
n

In this equation Yi is the "real" value (calculated by the deterministic
model), YPiis the value predicted by the hybrid model and n is the number
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Fig. 3. Concentrations of biomass, substrate, and product in the fifth fermentor
(deterministic model-, hybrid model ).

of points. Figure 3 shows the performance of the hybrid model to describe
the dynamic behavior of the fifth fermentor when the process is subjected
to the disturbances shown in Fig. 4. In this figure the disturbances per
formed for training of the neural networks are shown for comparison.
Table 6 shows the values of RSD% obtained when we use the mathemati
cal model to calculate concentrations of biomass, substrate, and product in
the five fermentors. If a model without update of its parameters is used it
is not possible to obtain good predictions, and errors over 50% might be
found depending on the type and level of changes.
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Fig. 4. Disturbances for the test of the hybrid model.

Table 6
Model Quality of Prediction Described by the RSD (%)

Substrate 5
Reactor Biomass X (kg/m3) (kg/m3) Product P (kg/m3)

1 0.0037 0.1506 0.0323
2 0.0021 0.3097 0.0147
3 0.0020 0.7540 0.0126
4 0.0024 1.4294 0.0149
5 0.0023 1.9731 0.0143

Discussion

Bioreactors are quite difficult to model because their operation
involves microbial growth under constantly changing conditions. Past
experience has shown the difficulties of using phenomenological models
without kinetic parameters reestimation to describe the dynamic behavior
of the process for long periods of operation, when there are changes in
substrate and yeast conditions (a common situation in industrial plants).
However, the reestimation of kinetic parameters in a phenomenological
model is difficult and time-consuming, mainly when the kinetics depen
dence on temperature is taken into account. As the main nonlinearities and
uncertainties are in the description of the process kinetic, the use of a
hybrid approach whereby the kinetics is described by a FLN can simplify
the reestimation step.

In this work, we have shown that a hybrid neural model combining
mass balance equations with FLNs is able to describe the process dynamic
behavior with a performance similar to that of a phenomenological model.
However, the reestimation of the weights of a FLN is much simpler than
the reestimation of kinetic parameters in a phenomenological model. The
estimation of the FLN weights is a linear optimization problem, so it is
very fast and convergence is guaranteed. The use of this approach enables
the development of an online reestimation procedure.
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Conclusions

831

The proposed hybrid model seems to be a quite suitable approach to
follow changes in the process that impact the system behavior. The reesti
mation of the hybrid model is easily done especially because the model is
built-up using FLNs. These networks showed to have a good nonlinear
approximation capability, although the estimation of its weights is linear.
The proposed approach for hybrid modeling is able to deal with distur
bances in transient phases of the process and different yeasts, because the
identification procedures is carried out adequately with an appropriate set
of data representative of the biotechnological process.
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Nomenclature

m
m

constant in Eq. 11
constant in Eq. 10
area of the ith heat exchanger (m2)

reagent fluid heat capacity (J /kg .oC)
cooling fluid heat capacity (J /kg .oC)
activation energy (J / mol)
activation function of the FLN
water flow rate (m3/h)
reagent fluid flow rate to the ith heat exchanger (m3/h)
feed stream flow rate to ith reactor (m3 /h)
cooling fluid flow rate in the ith heat exchanger (m3 /h)
cell suspension flow from centrifuge (m3 /h)
cell suspension flow to treatment tank (m3/h)
fresh medium flow rate (m3 /h)
cell recycling flow rate (m3 /h)
purge flow rate (m3 /h)
liquid-phase flow to rectification column (m3/h)
feed stream flow rate (m3/h)
monomials generated by the functional expansion
constant in Eq. 11
substrate saturation constant (kg/m3)

logarithmic mean temperature difference for the ith heat
exchanger
constant in Eq. 9
number of outputs of the FLN
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n
M

nz

Pi
PMAX
PR

Pw
R
RR
5.

1

SO
5R
5w
t
Tei
T.

1

TJi
TJe
U
V.

1

VJi
W

number of monomials
constant in Eq. 9
number of auxiliary inputs
product concentration in the ith reactor (kg/m3)

product concentration when cell growth ceases (kg/m3)

product concentration in the cells recycle (kg/m3)

feed product concentration (kg/m3)

universal gas constant (J/ mol·K)
cell recycle rate
substrate concentration in the ith reactor (kg/m3)

inlet substrate concentration (kg/m3)

substrate concentration in the cells recycle (kg/m3)

feed substrate concentration (kg/m3)

time (h)
temperature of the reagent fluid in the ith heat exchanger (OC)
temperature in the ith reactor (OC)
cooling fluid temperature at the ith heat exchanger exit (OC)
inlet cooling fluid temperature in the ith heat exchanger (OC)
global exchange coefficient (J /h· °C· m2)

volume of the ith reactor (m3)

cooling fluid volume in the ith heat exchanger (m3)

FLN weights
input vector of the FLN
biomass concentration in the ith reactor (kg/m3)

biomass concentration in the heavy phase from centrifuge
(kg/m3 )

XMAX biomass concentration when cell growth ceases (kg/m3)

XR cell recycling concentration (kg/m3)

Xv biomass concentration in the light phase to rectification col-
umn (kg/m3)

Xw feed biomass concentration (kg/m3)

y p /S yield of product based on cell growth (kg/kg)
YXIS limit cellular yield (kg/kg)
z auxiliary input vector

Greek letters
MI reaction heat (J /kg)
Pi reagent fluid density in the ith reactor (kg/m3

)

Pj cooling fluid density (kg/m3)

Jl i specific growth rate in the ith reactor (h-1)

JlMAX maximum specific growth rate (h-1)
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Abstract

The effect of drying Sargassum fi1ipendula on the kinetics and uptake of
cadmium was studied. The maximum uptake was not reduced when oven
dried biomass was used for cadmium concentrations from 10.0 to 500.0
mg/L. Kinetics indicated better performance of the in natura biomass.
Drying at 333 K affected the uptake capacity. Results fit the Langmuir model
better than the Freundlich. This process followed pseudo-second-order
kinetics. Thermogravimetric and infrared analysis confirmed that no struc
tural damage occurred after drying, and no differences between the
biomasses were observed. Temperatures from 303 to 328 K affected cad
mium uptake capacity.

Index Entries: Cadmium; kinetics; Sargassum filipendula; thermal effects;
uptake capacity; biosorption.

Introduction

In the last few years, there has been an increasing concern about using
biomasses for the recovery of metals from industrial solutions. This infor
mation has been confirmed in a recent review from Ahluwalia and Goyal (1)
wherein Aspergillus niger, Penicillium chrysogenum, Rhizopus nigricans,
Ascophyllum nodosum, Sargassum natans, ChIorella fusca, Oscillatoria anguistis
sima, Bacillus firmus, and Streptomyces sp. are presented as potential biosor
bents under investigation. Authors say that lead, zinc, cadmium, chromium,
copper, and nickel are potential targets for these studies. They also say that
uptake capacities may range from 5.0 to 641.0 mg/g, indicating a wide

*Author to whom all correspondence and reprint requests should be addressed.
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variability of biomasses and structural polysaccharides. The critical con
clusion of the review paper is that information about different biosorbents is
still inadequate for process scale-up and design, and also that the appropri
ate biomass choice and proper operational conditions need to be identified.

In order to fill part of this technological gap in the literature, a few
authors are trying to establish the operational parameters for possible scale
up of processes or to confirm the feasibility of using certain types of
biomasses for the accumulation of metals. Martins et al. (2) studied the
adsorption of cadmium and zinc ions by the aquatic moss Fontinalis
antypiretica, focusing on temperature, pH, and water hardness. Some process
parameters, such as equilibrium data and pH were studied by Pavasant
et al. (3) who investigated the green macroalga Caulerpa lentillifera as a
biosorbent material. Padilha et al. (4) studied the effect of the counter ions
on the uptake capacity of copper by a brown seaweed. Karthikeyan et al. (5),
Villar et al. (6), and Martins et al. (2) also investigated some physico-chemi
cal properties that may affect the biosorption process, and drew specific con
clusions for individual metal-biosorbent combinations. The objective of the
present work was to investigate the impact of drying S. filipendula at 303 and
333 K on cadmium uptake capacity and rate.

Materials and Methods

Seaweed Biomass

The brown seaweed S. filipendula (Phaeophyceae, Ectocarpales, Fucales,
and Sargassaceae) used in this work was harvested from the sea and sam
pled. Seaweed was collected in the city of Recife, Pernambuco State, Brazil,
at the Atlantic Ocean (W34°53'55") in January 2006. Only one batch of sea
weeds was collected (5.0 kg) for use in experiments. Other studies from the
group indicated that the polysaccharide content of the seaweeds was prac
tically the same during the whole year, with changes observed in the man
nuronic and guluronic acids content. However, the total alginate content
(mannuronic plus guluronic acid blocks) remains constant.

Part of the harvested biomass was extensively washed with distilled
water to remove particulate material from its surface, and was oven-dried at
343 K for 24 h. Part of the harvested biomass was only sun-dried at an aver
age temperature of 303 K (in natura biomass) for 24 h. One kilogram of
biomass was subsampled for use in these experiments. In order to ensure
that homogeneous samples were used, standard sampling techniques were
applied. Dried biomass was cut, ground in a mortar with a pestle, and then
sieved. The fraction with a diameter of 0.3-0.7 mm was selected for use in
the biosorption tests. After drying, the biomass was stored in a dessicator.

Cadmium Solutions

A stock cadmium solution (1000.0 mg/L) was prepared by dissolving
cadmium chloride (Merck, Darmstadt, Germany) in 100 mL of deionized
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distilled water (DDW) and quantitatively diluted to 1000 mL using DDW.
Cadmium solutions of different concentrations were prepared by appro
priate dilution of the stock solution with DDW.

Determination of Cadmium Concentration
by Atomic Absorption Spectrometry

The concentration of cadmium in the solutions before and after the equi
librium was determined by atomic absorption spectrometry, using a Perkin
Elmer (Frankfurt, Germany) Analyst 300 atomic absorption spectrometer
equipped with a deuterium arc background corrector and an air-acetylene
burner, and was controlled by an IBM personal computer. The hollow cath
ode lamp was operated at 4 mA, and the analytical wavelength was set to
228.8 nm. Glassware and polypropylene flasks used were immersed
overnight in 10% (vIv) HN03 and rinsed several times with DDW.

Infrared Spectrometry

The scope and versatility of infrared spectrometry as a qualitative
analysis tool have been substantially increased by the internal reflectance
technique, also known as attenuated total reflectance. When a material
is placed in contact with the reflecting surface, the beam loses energy at
those wavelengths whereby the material absorbs because of an interac
tion with the penetrating beam. This attenuated radiation, when mea
sured and plotted as a function of wavelength, is an absorption spectrum
that is characteristic of the material and is similar to an infrared spectrum
obtained in the normal transmission mode. Using this technique, quali
tative infrared absorption spectra are easily obtained from most solid
materials without the need for grinding or dissolving or making a mull
(7). A Perkin-Elmer Spectrum One fourier transform infrared was used in
the infrared spectrometry analysis of s. filipendula biomass.

Thermogravimetric Analysis of the Biomass

Thermogravimetry (TC) or thermogravimetric analysis (TCA) provides
a quantitative measurement of weight changes associated with thermally
induced transitions. For example, TG can directly record the loss in weight as
a function of temperature for transitions that involve dehydration or decom
position. Thermogravimetric curves are characteristic of a given compound
or material owing to the unique sequence of physical transitions and chemi
cal reactions that occur over definite temperature ranges. The rates of these
thermally induced processes are often a function of the molecular structure.
Changes in weight result from physical and chemical bonds forming and
breaking at elevated temperatures. TC data are useful in characterizing
materials as well as in investigating the thermodynamics and kinetics of
the reactions and transitions that result from the application of heat to these
materials.
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TG, a valuable tool in its own right, is perhaps most useful when it
complements differential thermal analysis (DTA). Virtually, all weight
change processes absorb or release energy and are thus measurable by DTA,
but not all energy-change processes are accompanied by changes in weight.
This difference in the two techniques enables a clear distinction to be made
between physical and chemical changes when samples are subjected to both
DTA and TG tests. In TG, the weight of the sample is continuously recorded
as the temperature is increased. In this case, the biomass was placed in a
crucible that was positioned in a furnace on a quartz beam attached to an
automatic recording balance (Rigaku, model TAS 100, Japan) with a rate of
10oe/min and 30 mL/min of nitrogen.

Batch Biosorption Studies

Batch biosorption experiments were performed using 50.0 mg of
dried biomass (dried at 343 K or in natura), which was added to 25 mL of
cadmium solution in 100-mL polypropylene flasks. The flasks were placed
on a rotating shaker (Tecnal, Brazil) with constant shaking at 150 rpm
(1.5g). For the kinetic study, two cadmium concentrations were tested: 10
mg/L and 100 mg/L. Three temperatures were selected: 303, 313, and 328
K; and the working pH was that of the solution (pH = 4.5). The biosorption
time ranged from 3 to 300 min. At predetermined times, the flasks were
removed from the shaker and the solutions were separated from the
biomass by filtration through filter paper (Whatman no. 40, ashless). The
equilibrium isotherms were determined using similar experimental condi
tions, by varying the initial cadmium concentration from 10 to 500 mg/L
and using an equilibrium time equal to 2 h.

Metal Uptake

The cadmium uptake was calculated by the simple concentration dif
ference method. The initial concentration (Co [mg/L]) and metal concen
tration at any time (C

t
[mg/L]), respectively, were determined and the

metal uptake (q [mg metal adsorbed/g adsorbent]) was calculated from
the mass balance as follows (Eq. 1):

(Co - Ct)V
q = 1000w

(1)

where V is the volume of the solution in milliliter before addition of sea
weed, and w, mass of the sorbent in gram. Preliminary experiments had
shown that cadmium adsorption losses to the flask walls and to the filter
paper were negligible.

Equilibrium Modeling

Modeling the equilibrium data is fundamental for industrial appli
cations of biosorption. It gives information for comparison of different
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biomaterials under different operational conditions for designing and opti
mizing operating procedures. In order to examine the relationship between
sorbed (qe) and aqueous concentrations (Ce) at equilibrium, the biosorption
isotherm models of the Langmuir (Eq. 2) and Freundlich (Eq. 3) isotherms
were tested for fitting our data.

1

Freundlich isotherm qe = KpCe~

(2)

(3)

where Ce is the liquid-phase concentration of metal at equilibrium (mg/L), KL
the Langmuir constant (L/mg), qe the metal uptake at equilibrium (mg/g), Qo
the maximum metal uptake capacity at equilibrium (mg/g), and Kp and n the
Freundlich parameters.

Kinetic Modeling

Two different kinetic models were used to fit the experimental data of
cadmium biosorption on S. filipendula. The pseudo-first-order Lagergren
model (Eq. 4):

(4)

where qe (mg/g) and q (mg/g) are the amounts of adsorbed metal ions on
the biosorbent at the equilibrium and at any time (t), respectively. And
k1 d is the Lagergren rate constant, and the pseudo-second order model is, a s
represented in Eq. 5 (2,8):

t 1 1
=k 2 +-t

q 2, ads qe qe
(5)

where k2 d is the rate constant for second-order biosorption (g/mg/min)., a s

Results and Discussion

Infrared Spectrometry

Results about the infrared spectra of both in natura s. filipendula and
oven-dried s. filipendula biomasses are presented in Fig. 1. A comparison
between the two infrared spectra indicates that no marked differences
were observed.

Pavasant et al. (3) studied the biosorption of cadmium by the green
macroalgae C. lentilifera suggesting the possibility of coupling between metal
species and types of functional groups such as carboxylic (O-H bending),
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Fig. 1. Infrared spectra of in natura S. filipendula and oven-dried S. filipendula
biomasses.

amine (N-H and C-N stretching), amide (N-H), amino (C-O), sulfonyl (5=0
stretching), and sulfonate (5=0 stretching).

TCA of the Biomass

The results of the TGA of the biomass are presented in Fig. 2.
Results clearly indicate that there is a continuous loss of mass as a func

tion of increasing temperature. From these results, it is possible to obtain an
estimation of weight of biomass lost at the two temperatures used. For in
natura biomass (sun dried at 303 K), the approximate weight loss is negligi
ble, around 2.5%. On the other hand, for the oven-dried biomass (333 K) the
weight loss is considerable, reaching 10%. Heating the biomass in an inert
environment results in a loss of mass, which was probably associated with
water. The DTA curve shows a significant thermal effect at 333 K.

Effect of the Initial Cadmium Concentration
on Biosorption Equilibrium

Figure 3 presents the results obtained when the Langmuir model was
used to fit the experimental data; and Fig. 4 shows the experimental data fit
for the Freundlich model (Table 1). The corresponding constants and the
correlation coefficients (R) associated with each linearized form of both
equilibrium models, for both types of biomasses and for temperatures
tested, are presented in Table 1. The results indicate that the Langmuir
isotherm best fits the experimental data over the experimental range stud
ied because it has higher correlation coefficients. Statistically distinct results
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Fig. 3. Linear plots of experimental cadmium biosorption by S. filipendula biomass
based on the Langmuir model.

were observed at an incubation temperature of 328 K (Qo = 85 ± 3 mg/g)
and 313 K (Qo = 107 ± 2 mg/g) when in natura and oven-dried biomasses
were used, respectively.

The constant Kp from the Freundlich model ranged from 9.4 ± 1.2 to
22.8 ± 1.9 when in natura S. filipendula biomass was used, and ranged from
13.0 ± 1.4 to 19.9 ± 2.0 when dried S. filipendula biomass was used.
Statistically distinct results were observed for all incubation temperatures

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



842 Costa et al.

00 C1. .' 0

o

tJ. .···00 00

1.2

2.2 Dried

2.0

1.8

1.6

1.0

0.8

0.6

0-
D) 1.4
.Q

CD

DO®.

o

2.2 In natura

1.2

1.0

0.8

0.6

2.0

1.8

1.6
0-
D) 1.4
.Q

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

Fig. 4. Linear plots of experimental cadmium biosorption by S. filipendula biomass
based on the Freundlich model.

Table 1
Freundlich and Langmuir Adsorption Constants Associated with Adsorption

Isotherms of Cadmium(II) Ions by S. filipendula at Different Temperatures

Freundlich constants Langmuir constants

T (K) Kp N R Qo (mg/g) KL (L/mg) R

In natura biomass
303 22.8 (1.9)a 2.7 (0.2) 0.9736 129 (2) 0.20 (0.07) 0.9981
313 13.1 (1.7) 2.4 (0.2) 0.9564 136 (7) 0.04 (0.01) 0.9843
328 9.4 (1.2) 2.3 (0.2) 0.9625 85 (3) 0.08 (0.02) 0.9936
Dried biomass
303 13.0 (2.3) 2.1 (0.2) 0.9235 128 (3) 0.08 (0.02) 0.9962
313 13.0 (1.4) 2.4 (0.2) 0.9662 107 (2) 0.09 (0.03) 0.9962
328 19.9 (2.0) 2.9 (0.2) 0.9588 127 (7) 0.06 (0.03) 0.9766

aPigures in parenthesis indicate standard deviations (n = 3).

when in natura biomass was used, and a marked difference was observed
when oven-dried biomass was used, with an incubation temperature of
328 K. The incubation temperature affected the uptake of cadmium.

Biosorption Kinetics of Cadmium Ions

Figure 5 presents the results from the kinetic modeling of cadmium
biosorption by S. filipendula biomass. These are based on the second-order
model because it best fit the experimental data. Complete results from the
modeling can be found in Table 2. Figure 5 is representative of the goodness
of the fit to the second-order model in each experiment. Table 2 shows that
using in natura and dried S. filipendula biomasses, did not affect the uptake
capacity for initial cadmium concentrations of 10.0 and 100.0 mg/L.
However, the incubation temperature proved to be a parameter that affected
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Fig. 5. Linear plots of the kinetic modeling of cadmium biosorption by S. filipendula
biomass according to the second-order model at 303 K.

the uptake of cadmium, under certain experimental conditions. The results
obtained for the parameter qe when in natura biomass was tested, showed
that the incubation temperature affected the uptake of cadmium. For initial
cadmium concentrations of 10.0 and 100.0 mg/L, the obtained qe values
indicated that the higher the temperature, the smaller the qe value. On the
other hand, the results obtained for qe when oven-dried S. filipendula
biomass was used, showed that this biomass seemed to be less dependent
than the in natura biomass with respect to the incubation temperature. For
initial cadmium concentrations of 10.0 and 100.0 mg/L, the qe value
remained constant with increasing temperature, according to the second
order equation.

A comparison of the results obtained from the kinetic modeling of
the experimental qe values indicate a good fit to the pseudo-second-order
model. Additionally, the correlation coefficients were close to 1.0, for all
incubation temperatures tested. Hawari and Mulligan (9) worked with
nonliving anaerobic granular biomass for the biosorption of cadmium
found a qe value of 64.0 mg/g, as predicted by the Langmuir model, in
comparison with a qe experimental value of 60.0 mg/g, which was con
siderably less than the results obtained in this work. Karthikeyan et al. (5)
investigated the behavior of the green algae Ulva fasciata and the brown
seaweed Sargassum sp. during the biosorption of copper. Authors found
that U. fasciata could acquire copper up to 73.5 mg/gand Sargassum sp.
up to 72.5 mg/g, with a rapid equilibrium and second-order kinetics.
Martins et al. (2) observed that the aquatic moss F. antipyretica accumu
lated a maximum amount of cadmium of 28.0 mg/g biomass, indepen
dent of the temperature, with the results best fitting a Langmuir type
model.

Villar et al. (6) compared the use of the red seaweed Gelidium sp. with
an algal waste obtained from agar extraction for the biosorption of cad
mium ions. They concluded that the results fitted well to the Langmuir
and Redlich-Peterson models, with a maximum re(:overy of cadmium of
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Table 2
Comparison Between Adsorption Rate Constants

First-order kinetic model Second-order kinetic model

qe K2,ads qe qe,exp
T (K) K

I
d (min-I) (mg/g) R (g/mg/min) (mg/g) R (mg/g)

, a s

In natura biomass (Co =10.0 mg/L)
303 0.021 (0.002) 1.7 (0.2) 0.9755 0.045 (0.009) 5.04 0.9998 4.86

(0.04) (0.14)
313 0.074 (0.008) 2.7 (0.7) 0.9686 0.106 (0.024) 4.80 0.9999 4.75

(0.02) (0.02)
328 0.104 (0.017) 5.8 (1.8) 0.9733 0.054 (0.012) 4.71 0.9998 4.64

(0.03) (0.02)

In natura biomass (Co =100.0 mg/L)
303 0.023 (0.005) 10.8 (2.2) 0.9077 0.007 (0.003) 47.8 0.9996 47.5

(0.4) (0.9)
313 0.035 (0.004) 16.6 (3.6) 0.9611 0.022 (0.032) 42.8 0.9993 43.0

(0.5) (1.2)
328 0.029 (0.016) 6.1 (1.7) 0.7862 0.061 (0.237) 41.6 0.9993 41.8

(0.5) (1.3)

Dried biomass (Co =10.0 mg/L)
303 0.040 (0.003) 2.9 (0.3) 0.9884 0.034 (0.006) 4.91 0.9997 4.76

(0.04) (0.06)
313 0.025 (0.011) 3.0 (1.0) 0.7288 0.234 (0.067) 4.92 0.9999 4.90

(0.01) (0.02)
328 0.017 (0.014) 1.9 (1.1) 0.4344 0.040 (0.017) 5.07 0.9991 4.97

(0.08) (0.02)

Dried biomass (Co =100 mg/L)
303 0.049 (0.005) 23.1 (3.5) 0.9773 0.006 (0.001) 45.2 0.9997 44.0

(0.3) (0.9)
313 0.024 (0.003) 5.5 (0.5) 0.9605 0.021 (0.009) 46.4 0.9999 46.4

(0.2) (0.2)
328 0.008 (0.016) 15.0 (11.7) 0.2537 0.001 (0.001) 48.3 0.9627 46.8

(4.8) (0.3)

qe estimated and coefficients of correlation, R associated with the pseudo-first-order
Lagergren, and the pseudo-second-order kinetic models (w =0.050 g, V =25 mL, agitation
rate 150 rpm, pH =4.5).

aPigures in parenthesis indicate standard deviations (n =3) of the numbers immediately
above.

18.0 mg/g for pure Gelidium sp. biomass and 9.7 mg/g for the algal waste.
Martins et al. (10) working with Sargassum sp. biomass for the biosorption
of lead, found second-order kinetics during the uptake, which was not
affected by the temperature in the range from 298 to 328 K. Their results
fitted well to a Langmuir type equation, with a maximum biosorption of
1.26 mmol/g.
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• Fourier transform infrared spectra indicated no differences between
the spectra for in natura and oven-dried S. filipendula biomasses.

• TG/DTA analysis indicated a loss of mass, which was probably
associated to the presence of water and a thermal effect was
observed at 333 K.

• Kinetic modeling followed a pseudo-second-order model based on
the similarities between the experimental and theoretical qe values.

• Equilibrium modeling followed the Langmuir equation based on
the correlation coefficients, which were close to 1.0. According to the
Langmuir model, the qe value was equal to 129.0 ± 2.0 mg/g when
in natura biomass was used and 128.0 ± 3.0 mg/g when dry biomass
was used.
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Abstract

Lignocellulosic materials represent an abundant feedstock for bioethanol
production. Because of their complex structure pretreatment is necessary to
make it accessible for enzymatic attack. Steam pretreatment with or without
acid catalysts seems to be one of the most promising techniques, which has
already been applied for large variety of lignocellulosics in order to improve
enzymatic digestibility. During this process a range of toxic compounds
(lignin and sugar degradation products) are formed which inhibit ethanol
fermentation. In this study, the toxicity of hemicellulose hydrolysates
obtained in the steam pretreatment of spruce, willow, and corn stover were
investigated in ethanol fermentation tests using a yeast strain, which has been
previously reported to have a resistance to inhibitory compounds generated
during steam pretreatment. To overcome bacterial contamination, fermenta
tions were carried out at low initial pH. The fermentability of hemicellulose
hydrolysates of pretreated lignocellulosic substrates at low pH gave
promising results with the economically profitable finalS vol% ethanol con
centration corresponding to 85% of theoreticaL Adaptation experiments have
shown that inhibitor tolerance of yeast strain can be improved by subsequent
transfer of the yeast to inhibitory medium.

Index Entries: Inhibitors; lignocellulose; Saccharomyces cerevisiae; toxicity;
yeast adaptation; bioethanoL

Introduction

Emission of greenhouse gases, especially carbon dioxide, has been
steadily increasing since the industrial revolution. Apparently, the net carbon
dioxide emission has been increasing exponentially during the last century
mainly because of extensively growing energy demand. The transport sector,
a key factor in economy as it facilitates movement of produced goods,
accounts for more than 30% of the energy consumption in the European

*Author to whom all correspondence and reprint requests should be addressed.
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Community (EC). Carbon dioxide emission from transportation is expected
to rise by 50% from 1990 for year 2010 to about 1113 million t for which road
transportation can be held responsible with its 84% share to the total carbon
dioxide generated (1). At the present time transport sector is 98% oil depen
dent. Increasing the use of biofuels in road transportation is one of the key
tools by which EC can reduce carbon dioxide emission to a great extent and
at the same time also decrease the dependency on imported energy. Directive
2003/30/EC clearly sets the target shares of biofuels in transport sector for
EC member states. The short-term target was set at 2% in 2005; however, at
the end of the year it was clear that the European Union would not reach it.
The long-term target is to increase the use of biofuels in energy consumption
to 5.75% by 2010, but probably it could also fail to reach this goal.

Bioethanol (produced from biomass) has been long recognized as a
possible alternative fuel. It can be mixed into both gasoline and diesel. As an
alternative, ethyl tertiary butyl ether (ETBE) produced from bioethanol is
also accepted in the EC; however, only 47% is of biological origin. For the
production of bioethanol, large varieties of materials are available. However,
as the share of raw material cost is calculated to be about 50% of total expen
ditures, the choice of feedstock and ethanol yields are two of the most
important factors affecting the economy of fuel alcohol production.
Lignocellulosics, the most abundant renewable resources on Earth, repre
sent an enormous potential for large-scale bioethanol production. In spite of
this, hydrolysis of polysaccharides in these materials is not an easy task to
accomplish for which the complex and highly compact structure of ligno
cellulosics is responsible (2,3). To be an attractive substrate for ethanol fer
mentation, pretreatment of lignocellulosic raw material is necessary to open
up the structure and make it accessible for enzymatic attack. Despite the
extensive research undertaken in the last decades on pretreatments (physi
cal, chemical, enzymatic, or combinations of these methods), nowadays
none of the available processes could be used as a general process, owing to
the differences in composition of lignocellulosics; however, steam explosion
is known as a highly efficient and economically feasible method (4,5).

During pretreatment a range of toxic compounds are formed. Olsson
et al. (6) divided inhibitors into different groups depending on the origin:
acetic acid is released when the hemicellulose structure is degraded
furfural, 5-hydroxymethyl furfural (HMF) are produced because of sugar
(pentose and hexose) degradation, whereas aromatic compounds origi
nated from lignin degradation. Formic acid is formed when furfural and
HMF are broken down and levulinic acid is formed by HMF degradation.
Quantitative and qualitative composition of the inhibitors arising during
pretreatment depends on the type of applied pretreatment and also on the
origin of lignocellulosic material (6). A detailed review on the generation of
inhibitors, on the mechanisms of inhibition and on detoxification methods
(biological, physical, and chemical) was reported by Palmqvist and Hahn
Hagerdal (7,8).
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Biomass growth and ethanol production rate is hampered in the pres
ence of weak acids (acetic and lactic acid) (9-11). The inhibitory effect of these
acids depend heavily on pH (8,9), which can be reduced by maintaining
higher fermentation pH. The tendency is to increase pH to values higher
than 5.0 or even 5.5 (12-17) to demonstrate fermentability of pretreated
raw materials; however, the optimum fermentation pH is in the range of
4.0-5.0 (18). Above pH 5.0 bacteria can grow much faster than yeasts and
on industrial scale uncontrollable fermentations will be observed in a non
sterile continuous process layout. The principal bacterial contaminants in
a distillery are those that form lactic acid. Some effects of contamination on
flavor are known, but normally do not cause serious problems (19). Although
the production of fuel alcohol is not concerned with the taste of the product,
any lactic acid formed subtracts from the yield of alcohol, furthermore,
inhibit yeast growth and metabolism (20). The production of lactic acid and
other contaminants should therefore be avoided as much as possible. The
development of these microorganisms is severely repressed at pH values
under 5.0. This article presents a study on inhibitory effects of hemicellulose
hydrolysates (HH) obtained after steam pretreatment of spruce, willow, and
corn stover on ethanol fermentations at low pH (pH < 5.0) using an inhibitor
resistant Saccharomyces cerevisiae strain, and a strategy to adopt the
microorganism to inhibitors present in the hydrolysates.

Materials and Methods

Microorganisms and Culture Media

S. cerevisiae ATTC 26602, obtained from the American Type Culture
Collection (ATCC), was used throughout this study. The yeast strain was
maintained at -85°C in the mixture of 50 vol% glycerol and yeast, peptone,
glucose (YPD) solution, which contained per liter demineralized water:
20.0 g of bacto peptone, 10.0 g of yeast extract, and 10.0 g of glucose. The
pH was adjusted with 0.1 M KOH to 6.5 and sterilized for 15 min at 125°C.
To control the procedure of freezing, yeast strain was plated on YPD agar
contained per liter demineralized water: 20.0 g of bacto peptone, 10.0 g of
yeast extract, 10.0 g of glucose, and 15.0 g of bacto agar. The pH was
adjusted with 0.1 M KOH to 6.5 and sterilized for 15 min at 125°C.

Yeast Cultivation

Starter culture of S. cerevisiae ATCC 26602 was grown in 1000-mL cap
flasks containing 500 mL of culture medium. The medium for growth of
yeasts contained per 0.5 L demineralized water: 114.0 g of Nedalco stan
dard beet molasses (45-50% sugar content) and 1.2 g of (NH4)2P04' The
pH was adjusted to 4.8 with 25% H2S04, the medium was sterilized by
autoclaving at 110°C for 30 min at 0.5 bar and was inoculated with freezed
stock solution (1.5 mL) of yeast. After 1 d of incubation at 32°C cultures
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were centrifuged at 1750g for 10 min (Rotanta 46, Hettich Zentrifugen,
Germany), washed with demi water and harvested in demi water.

Substrates

Spruce, willow, and corn stover containing about 45% cellulose based
on dry matter were obtained from Sweden. Pretreatment of raw materials
were carried out at Lund University (Sweden). Pretreatment of spruce, wil
low, and corn stover were carried out at 215°C for 5 min, 205°C for 4 min,
and at 190°C for 5 min, respectively, with S02 impregnation. Pretreatment of
willow was also carried out without S02 impregnation at 210°C for 14 min.
Complete analysis of pretreated materials was carried out at the Budapest
University of Technology and Economics (Hungary) (Table 1) according to
the National Renewable Energy Laboratory Analytical Procedures. The liq
uid part of pretreated material (HH) was separated by centrifugation at
2625g for 10 min. Other batches of pretreated corn stover, originating from
Italian National Agency for New Technologies, Energy and Environment,
Italy (ENEA), pretreated at 190°C for 5 min and 210°C for 5 min, were also
tested for ethanol fermentation.

Fermentation Assays

Batch fermentations were carried out in stirred flasks with online
measuring CO2 production. Experiments were performed in 0.5- or 0.25-L
capped flasks containing 100 or 50 mL of fermentation broth agitated at
300 rpm by magnetic stir bars and incubated in water bath at 32°C until
the end of the fermentation (1 d). The fermentation medium contained per
liter: liquid phase of pretreated material (HH) at different vol%, 16 mL of
mineral solution, 1 mL of trace element solution, 1 mL of vitamin solution,
and 1 mL of 30% (w/w) FeS04·7H20 (21). The mineral solution contained
per liter (12): 250.0 g of (NH4)2S04' 125.0 g of KH2P04, 31.25 g of MgS04; the
trace element solution contained per liter: 4.5 g ZnS04·7H20, 1.0 g
MnCI4·4H20, 0.3 g CuS04·5H20, 0.3 g CoCI2·6H20, 4.5 g CaCI2·2H20, 0.4 g
Na2Mo04·2H20, 1.0 g H3B03, and 0.1 g KI; the vitamin solution contained
per liter: 0.05 g of biotin, 1.0 g calcium-pantothenate, 1.0 g nicotinic, 25.0 g
inositol, 1.0 g thiamin-HCl, 1.0 g pyridoxin-HCl, and 0.2 g p-aminobenzoic
acid. Glucose was added to the medium according to the cellulose content of
the pretreated material (Table 1). The additional glucose was calculated as:

[(cellulose content(%)· (amount of HH(L)· density of HH(kg / L) / 0.9)]+
[(cellobiose content(%)· (amount of HH(L)· density of HH (kg / L) / 0.95)]

Glucose(g) = -----------------------
100· working volume (mL)

Harvested yeast was added to correspond to 1.5 g dry weight per liter.
Dry matter content of harvested yeast was determined as described in
Analytical Procedures section. The pH of the broth was adjusted initially to
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Table 1
Composition of Pretreated Materials by Steam Explosion

Willow Willow Corn Corn
Spruce (-SOz)a (+SOz)a stover stoverb

Pretreated material (%)
Dry matter 23.76 18.61 24.70 10.03 35.01
Cellulosec 8.95 9.05 10.01 4.12 ~9.62

LigninC 7.40 5.08 5.38 1.50 ~8.4

Ashc 0.01 0.10 0.09 0.29 ~3.4

Liquid part: HHd (%)
Cellulose 0.23 0.03 0.11 0.01 nd
Glucose 3.07 0.14 0.79 0.23 nd
Mannose 2.73 nd
Xylose 0.30 2.12 1.16 nd
Arabinose 0.07 0.01 0.05 0.12 nd
Formic acid 0.18 0.11 0.12 0.06 nd
Acetic acid 0.52 0.67 0.70 0.14 nd
Levulinic acid 0.13 nd
HMFe 0.38 0.10 0.10 nd
Furfural 0.25 0.22 0.15 0.01 nd

nd, not determined.
aWillow impregnated with (+) or without (-) 5°2"

bpretreated at ENEA (Italy).
cBased on dry matter content.
dBased on pretreated material (mass/volume).

4.0 with 10% NaOH. Flasks were sampled at the end of fermentation, and
analyzed for concentrations of biomass, sugars, metabolites, and ethanol by
high-performance liquid chromatography (HPLC) at the following
described conditions. Calculations were based on data obtained at the point
from which no additional CO2 production was achieved.

Analytical Procedures

• Changes in biomass concentration throughout the fermentation pro
cess were measured by optical density measurement at 700 nm using a
Perkin-Elmer Spectrophotometer. Dry matter content was determined
according to a calibration line at 700 nm (Nedalco standard procedure):
(dry weight [DW] (g/L) = 281[OD700]2 + 187.29[OD700] + 9.822).

• Sugars, ethanol, lactic acid, acetic acid, and glycerol were analyzed by
Shimadzu HPLC on a Bio Rad column (HPX-87H), and detected by a
refractive index (RI) detector. The working temperature was 65°C.
H2S04 (0.25 M) was used as eluent at a flow rate of 0.55 mL/min.
Before HPLC samples were passed through a 0.2 rm pore size filter.

• Production of carbon dioxide was monitored online using a BAM-6
module (HaloteC, The Netherlands).
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The analytical chc.racteristics of the pretreated materials and the HHs
are summarized in Table 1. The HH consisted of soluble hemicellulose
quantified as monomers (glucose, xylose, arabinose, and mannose) in dif
ferent concentrations. Differences between softwood (spruce) and hard
wood (willow) is noticeable in chemical composition. Hemicellulose of
hardwood is rich in xylan polymers and contain small amounts of mannan,
whereas mannose is a predominant sugar originating mainly from soft
wood (5). As xylose and mannose could not be separated on the applied
HPLC column, therefore carbohydrate of pretreated spruce was assumed to
be mannose, whereas at pretreated corn stover and willow, the sugar peak
was interpreted as xylose (Table 1). The concentration of glucose in spruce
HH is higher compared with the other pretreated substrates, demonstrat
ing an easily degradable glucose containing biopolymer in spruce.
Pretreatment of willow was carried out with and without 502 (which is
used to improve hemicellulose recovery) in order to test the effect of 502
present in the HH on ethanol fermentation.

During steam explosion carbohydrate degradation products (furfural
and HMF) and carboxylic acids (acetic, formic, and levulinic acids) were
formed. Because hemicellulose of hardwood (willow) is more acetylated,
pretreated willow resulted in the highest acetic acid concentration (Table 1).
Overall the highest concentration of inhibitors were observed in pretreated
spruce and it was the only pretreated material wherein levulinic acid for
mation was noticed as well. Presence of 502 did not dramatically affect the
concentration of inhibitors in pretreated willow. Compared with pre
treated woody substrates significantly lower inhibitor concentration was
measured in hemicellulose hydrolysate of pretreated corn stover (originat
ing from Lund) as shown in Table I, wherein inhibitors are presented as
w /w (%) of pretreated material (because of the structure of corn stover
pretreated at ENEA, complete and accurate analysis could not be carried
out). Lignin degradation products were not determined from HHs.

The effect of inhibitors present in steam pretreated lignocellulosic
substrates was investigated using an inhibitor resistant yeast strain, which
was previously selected by screening to have a resistance to inhibitory
compounds generated during steam pretreatment. Of all tested strains
S. cerevisiae ATCC 26602 seemed to grow best on toxic materials (data not
shown). For fermentation studies pretreated materials were separated by
means of centrifugation and the liquid part (HH) was used for fermenta
tion. To test the fermentability of these pretreated lignocellulosic materials
glucose was added to the HH (as described in Materials and Methods sec
tion) assuming that all cellulose (Table 1) could be hydrolyzed.

Fermentation of lignocellulosic substrates is usually carried out at pH
5.0-5.5. Running a fermentation under sterile conditions on large scale is
not economical, and therefore it is important to keep the pH low «4.5) to
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prevent bacterial contamination and more organic acid formation with
more inhibited process. Preliminary fermentation studies were carried out
earlier (unpublished data) to test the effect of pH in the range of 4.8-3.8.
Based on these preliminary investigations and on industrial considera
tions, fermentation of different steam exploded hydrolysate samples were
tested at pH 4.0.

The fermentability of steam pretreated samples was tested under the
same circumstances, only the ratio of hydrolysate was varied in a range of
30-94 vol% in the medium, containing minerals, vitamins, and trace ele
ments (see Materials and Methods section). The results of ethanol fermen
tation on HHs are presented in Fig. 1A-D, wherein gas production rates
(mL/min) are plotted vs fermentation time as a measure of actual volu
metric ethanol production rate during the course of the process. In general,
the CO2 production profile showed the same curve with differences in lag
phase. By increasing the ratio of HH in the medium the lag phase became
longer indicating that the yeast requires an adaptation period because of
inhibitors present in the fermentation broth.

Comparison of fermentation results represented by different steam
exploded lignocellulosic raw materials is in good agreement with inhibitor
concentration of samples. The most inhibitory sample (Fig. 1A) has resulted
at the highest dilution ratio, which was necessary to avoid the effect of
inhibitors. Obtained ethanol concentrations on different HHs at the highest
concentration wherein fermentation was not blocked by inhibitors, are
summarized in Table 2. The ethanol yield was calculated from the ethanol
concentration determined by HPLC at the end of the fermentation based on
the potential fermentable sugars (glucose and mannose) concentration.
Xylose concentration in the liquid fraction was also high (Table 1), but
according to our knowledge this strain is not able to ferment xylose.

Even though rather high final ethanol concentration was achieved on
pretreated spruce and willow, the concentration of HH could not be fur
ther increased because of inhibitors. Although corn stover could be fer
mented almost pure, the final ethanol concentration with 2.7 vol% is too
low to be commercially interesting. However, with further increase (35%)
in the dry matter content of pretreated corn stover (ENEA) the economi
cally profitable final ethanol concentration was achieved (Table 2). Ethanol
yields were comparable with data obtained in the literature on different
pretreated and hydrolyzed lignocellulosic substrates: on spruce approx
0.40 gig (22), on wheat straw 0.43-0.46 gig (16), on willow 0.41-0.46 gig
(10,23) ethanol yield based on fermentable sugars have been reported.

By increasing the concentration of pretreated materials in the medium
the molar ratio of ethanol/glycerol has been increased (data not shown).
This tendency was observed on all substrates; however, the degree of
change has differed. Glycerol is nontoxic to the yeast even at very high
concentration. It plays a role under anaerobic condition in the maintenance
of intracellular redox balance and acts as an osmotic regulator of the
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Ethanol Fermentation

Table 2
Ethanol Fermentation Results on Steam Pretreated Spruce, Corn Stover,

and Willow With S. cerevisiae ATCC 26602

Substrate

855

Maximum
volume (%) Dry matter Final ethanol

Name ofHH (0/0 )a (vol [0/0]) Gross yield (0/0)

Spruce 50 11.9 4.53 0.42
Corn stover 94 9.4 2.73 0.44
Corn stoverb 75 15.8 5.03 0.49
Willow (-S02)C 64 11.9 4.09 0.48
Willow (+S02)C 65 16.6 5.74 0.50

aCorresponding to the concentration of HH.
bpretreated at ENEA.
CPretreated with (+) or without (-) S02'

cell (24,25). Some of the inhibitors like acetic acid, furfural, and HMF were
found to be a stimulator in the conversion of glucose to ethanol by S. cere
visiae in a certain extent rendering both a higher ethanol yield and lower
byproduct (glycerol) yield (26). Acetic acid has shown effect on growth
energetic, leading to an increased ethanol yield (15). Palmqvist et al. (13)
have shown competition between furfural reduction and glycerol produc
tion in favor for furfural reduction, thus causing more sugar availability for
ethanol production. Furfural and HMF are known to be reduced by yeast
mainly to furfuryl alcohol (13), 5-hydroxymethylfurfuryl alcohol, and
slightly to 5-hydroxymethyl furan carboxylic (12,13). During our fermenta
tions, concentrations of HMF and furfural decreased and probably have been
reduced by yeast to furfuryl alcohol and 5-hydroxymethylfurfuryl alcohol.

The fermentability of S. cerevisiae ATCC 26602 yeast strain was
improved by adaptation to toxic components present in the pretreated ligno
cellulosic materials. Adaptation procedures were also performed on HH with
added glucose in BAM6 module, followed by online measuring of CO2 pro
duction (see Materials and Methods section). The simplified procedure for a
rapid and reliable adaptation assay on spruce is shown in Fig. 2. During the
procedure concentration (vol%) the HH was increased continuously (from
60% to 65%) in the fermentation broth. When the adaptation was succeeded
at higher concentration, cells were separated at growing phase and reused in
the next adaptation step.

To control the procedure of adaptation the fermentation ability of
adapted and nonadapted yeast was tested on increased concentration of
spruce HH. As can be seen from Fig. 3, S. cerevisiae ATCC 26602 could be
adapted to higher concentration of inhibitors on spruce matrix with 5.2 vol%
final ethanol concentration; however, this topic needs to be addressed in
more detail in future studies.
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Fig. 2. Scheme of the adaptation procedure.
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Fig. 3. Result of adaptation of S. cerevisiae ATCC 26602 on spruce HH at 65 vol%.
Not adapted yeast (-), adapted yeast (-).

Conclusions

This study aimed to test the fermentability of different steam pre
treated lignocellulosic raw materials at low pH by the inhibitor resistant
S. cerevisiae ATCC 26602 yeast. S. cerevisiae ATCC 26602 was found to be
capable of ethanol fermentation at low initial pH (pH 4.0)/ which is neces
sary to avoid bacterial contamination. After steam pretreatment all tested
lignocellulosic materials (pretreated willow, spruce, and corn stover) seem
to be a possible substrate for economically profitable industrial ethanol pro
duction with final ethanol concentration of 5 vol%. Impregnation with S02
did not affect the applied microorganism, but was found to be necessary to
improve the recovery of hemicellulose. Steam pretreated corn stover seems
to be a promising substrate for bioethanol production. The main advantage
of this agricultural waste (produced in huge amounts in Hungary) is that
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the concentration of toxic compounds formed during pretreatment does
not reach the critical level, at which fermentation of yeast would be
blocked. The inhibitor tolerance of the selected s. cerevisiae ATCC 26602 was
improved with continuous adaptation on steam pretreated spruce matrix.
Under the same circumstances and inhibitor concentrations, the adapted
yeast was able to ferment 5 vol% ethanol, the original, nonadapted yeast
strain was incapable of ethanol fermentation.

Ethanol yields were rather high (in all cases above 0.42 g ethanol/g fer
mentable sugars) considering that none of these experiments were made on
real fibrous substrate, only on filtrate, using added glucose as sugar compo
nent (according to cellulose content). In order to test the real process, the glu
cose should be derived from enzymatic treatment of the pretreated fiber
material as performed in simultaneous saccharification and fermentation on
the whole slurry. To obtain the least 5% (vIv) ethanol concentration rather
high (approx 20%) dry matter concentration is needed, whereas further
increasing the substrate concentration more than 15% of dry matter would
result in reduced ethanol yield owing to insufficient mass transfer (27).
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Abstract

The results of a numerical study of the fundamental interactions of engineer
ing design and micromixing on conversion in packed microchannels are pre
sented. PreviousI)', channel-based microreactors made of molded silicon plastic
were designed, fabricated, and experimentally tested. These reactors have
enzymes immobilized on the channel walls by various methods including layer
by-layer nano self-assembly techniques. They also contain molded packing fea
tures to add reactive surface area and to redistribute the fluid. An arbitrary but
intuitively sensible packing arrangement was initially chosen and used in
experimental studies. The current computer simulation study was undertaken
to understand how static laminar mixing affects the conversion efficiency. The
reactors previously used experimentally have been simulated using CFD-ACE+
multiphysics software (ESI CFD Inc., Huntsville, AL). It is found that packing
significantly increases conversion when compared with empty channels over
the entire flow rate range of the study (0.25 < Re < 62.5). The boost in conversion
has an optimal point near Re =20 for the particular geometry examined.

Index Entries: Catalase; enzyme; micromixing; microreactor; numerical
simulation; heterogeneous catalysis.

Introduction

The field of miniaturizing chemical process devices has exploded in the
last decade. This has led to extensive studies of the behavior in microscale
fluidic channels. Most of these studies lie in the general categories of heat
transfer (1), mixing (2), and chemical reaction (3). Investigators are striving
to acquire the ability to fully use the inherent advantages of the small scale.
This work investigates heterogeneous catalysis in microchannels by numer
ical analysis. It follows up on previous experimental studies by the authors
whereby enzymes were immobilized on polydimethylsiloxane (PDMS)
microchannel walls by various techniques including layer-by-Iayer nano
self-assembly (4/5). The channels were created using molds fabricated by
micro electro mechanical systems (MEMS) techniques. Reaction behavior in

*Author to whom all correspondence and reprint requests should be addressed.
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these channels was physically studied and later simulated using CFD-ACE+
computational software (6).

Static mixing is critical for homogeneous and heterogeneous chemical
reaction in microchannels. Numerous physical and computational studies
pursuing applications in DNA sequencing, chemical analysis, separation,
and environmental monitoring have investigated micromixing in the last
several years. Static mixing is accomplished on the microscale by excavating
grooves or fabricating structures in the channels (7-9). An attempt has even
been made to optimize the number and pattern of the packing to achieve
best mixing (7). Mixing can also be accomplished by complex twisting, split
ting, and rejoining pores in three dimensions (3). Current microreactor
research is to be applied to a broad array of applications including biofuels.
Microreactors are being used to produce biodiesel fuel. Both mixing of the
reactants and the transesterification reaction take place in microchannels
reducing processing time from hours or days to minutes. Although each
channel produces a very small quantity, banks of channels packaged in suit
case-sized devices can be used to produce enough fuel for individuals or
small communities (10).

It is the objective of this article to examine the effects of packing on
mixing and heterogeneous conversion in microchannels. Also, the reactors
are examined over a range of flow rates in order to find optimum operating
conditions for a given design. The ultimate goal, beyond the present study,
is to vary the packing feature size, shape, locations, and density in order to
optimize the microchannel's ability to promote the reaction. As MEMS
techniques and enzymes are very expensive, acquiring the ability to opti
mize the packing design will allow microreactors to become even smaller
and perhaps more efficient. In the fabrication process, micromolds are made
using lO-cm silicon wafers. Smaller reactors will allow more to fit on the
same mold, making them significantly cheaper. Essentially, the microfluidics
industry is following the path of the microelectronics industry in making
smaller and smaller devices.

Theory

Descriptive Equations

The flow, mixing, and heterogeneous liquid-solid reaction in microchan
nels are described by a complex set of coupled nonlinear partial differential
equations. For this study, several assumptions are introduced that simplify
these equations significantly:

• The density and viscosity of the bulk mixture are determined by the
primary constituent, water. The very small concentration of the sub
strate (hydrogen peroxide) has no appreciable effect on these
parameters. This also leads to minimal heating from reaction
owing to the high heat capacity of the water and the low level of
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reaction per unit enzyme per unit flow, so the flow is considered to
be isothermal.

• The flow is steady state, incompressible, and because of low fluid
velocity and the smallness of the channels, laminar.

• Chemical reactions are heterogeneous, taking place only at solid-liquid
interfaces wherein enzyme is present.

With these assumptions the flow field (velocity and pressure) within a
reactor microchannel is determined by solving the following forms of the con
servation of mass (continuity) and Navier-Stokes (momentum) equations:

v·Y=o
pV· VV=-Vp + Jl(V2V) + pg

(1)

(2)

where Y is Cartesian velocity vector (m/s), p is bulk mixture density
(kg/m3), p is pressure (Pa), Jl is bulk mixture absolute viscosity (N·s/m2),

and g is gravitational acceleration vector (m/S2). The steady-state concen
tration field is governed by:

V·VC. -D. ·V2C. =0
1 1 1

(3)

where, i is species indicator (one equation for each species), Ci is concentra
tion of species i (M), and Di is diffusivity of species i in solvent (m2 /s). The
kinetics of the heterogeneous chemical reaction that takes place at the
solid-liquid interfaces is described using the Michaelis-Menten model:

Vmax [5]
v=----

km + [5]
(4)

where v is reaction rate (mol/[s·m2]), [5] is substrate concentration at the
solid surface (M), Vmax is the maximum reaction rate (mol/[s·m2]) Vmax =
k t [E], k is Michaelis constant (concentration that gives v = V /2) (M),ca m max
kcat is turnover number (S-1), and [El is enzyme concentration at the solid
surface (mol/m2).

Boundary Conditions

The boundary conditions associated with flow and reaction within
microchannels are as follows. At the channel inlet, a uniform velocity distri
bution and substrate concentration were specified whereas at the channel
exit, a fixed pressure boundary condition was assigned. A no-slip boundary
condition (V = 0) was applied at all solid surfaces. If no enzyme is present
on a solid surface, the concentration boundary condition is given by:

Applied Biochemistry and Biotechnology
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where Ds is the diffusivity of substrate in the solvent (m2/ s) and n is distance
in direction normal to the solid surface (m). If enzyme is present at the sur
face, the following boundary condition, which includes Michaelis-Menten
kinetics, was applied to implement the steady, heterogeneous catalysis
reaction:

(6)

Dimensionless Parameters

Two dimensionless parameters are of particular interest in this study.
The first is the mass transfer Peclet number (Pe), which represents the ratio
of advection to diffusion mass transfer rates. This parameter is defined as:

(7)

where U is velocity magnitude (m/s) and d is the smallest channel cross
dimension (m). The second dimensionless parameter is the Reynolds number
(Re), given by:

Re= pUd
Jl

(8)

The Reynolds number represents the ratio of inertial forces to viscous forces
within the moving fluid, and it is a determining factor in transition from
laminar to turbulent flow. As already mentioned, all flows in this study
were laminar.

Numerical Solution Method

The differential equations were solved numerically using the CFD
ACE+ computational package developed by ESI CFD Inc., located in
Huntsville, Alabama (11). CFD-ACE+ is a finite volume-based code that
uses a variation of the semiimplicit method for pressure-linked equations
consistent (SIMPLEC) algorithm (12). As with all finite volume methods,
two major approximations are used:

• The physical domain is broken down into a series of small control
volumes (cells). The resultant collection of cells is referred to as the
computational grid.

• The governing differential equations are replaced by a set of alge
braic finite difference equations that approximate the requirements
of the differential equations on each cell.
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In general, the velocity, pressure, and concentration fields are
linked, but owing to the small substrate concentrations considered in this
study, the concentration field could be decoupled to enhance computa
tional efficiency. The solution algorithm proceeds in two major steps.
First, the velocities and pressures at the cell centers are calculated using
an iterative pressure-correction approach (SIMPLEC). Once these flow
field variables are determined, they are introduced into the approxi
mated species conservation equation, and the concentrations at the
cell centers are calculated iteratively (11). CFD-ACE+ has been applied
previously by the authors to simulate flow and reaction within
microchannels, and validation through comparison with experimental
data is described in ref. 6.

Modeling and Simulation Procedures

Two separate three-dimensional representations (models) of a single
microreactor channel were created using CFD-ACE+. In each case, the
channel was 500 Jlm wide (x-direction) by 125 Jlm deep (y-direction)
by 50,000 Jlm long (z-direction). The first model, which considered a
channel without internal features, used a structured grid with approx
720,000 cells. Grid points were clustered near the channel walls to more
accurately resolve concentration gradients there. A portion of the grid is
shown in Fig. lA. A second model was developed for a channel with
internal features that were shaped like triangular prisms. Because of the
more complex geometry, an unstructured grid consisting of just over
1,000,000 cells was used. A portion of this grid is presented in Fig. lB.
Sensitivity studies performed with other grids indicated that the two ear
lier models provided sufficient resolution to capture important trends in
the solutions. The chemical reaction considered in all of the simulations
was the breakdown of hydrogen peroxide (H20 2) into oxygen and water
in the presence of catalase (the enzyme catalyst):

Catalase) H °+1..°
22 2 (9)

An active catalase surface concentration of 1.0 x 1011 molecules/cm2

was assigned at all solid surfaces wherein enzyme was present, and the
H20 2 concentration at the channel inlet was set to 0.0147 M (500 ppm). The
fluid flow, mass transfer, and reaction kinetics parameters were taken
from the open literature and are shown in Table 1. All computations were
performed on personal computers equipped with a 3.0 or 3.6 GHz Intel
Pentium 4 processors and 2 GB of random access memory (RAM). The
computational times ranged between 7 and 11 h depending on Reynolds
number and the presence or absence of internal features.
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Fig. 1. (A) A portion of the structured grid used for a microreactor channel with
no internal features. (B) A portion of the unstructured grid used for a microreactor
channel with internal features.

Table 1
Flow, Mass Transfer, and Kinetics Parameters

Property Symbol Value

Bulk mixture density (13)
Bulk mixture kinematic viscosity (13)
Diffusivity of HzOz in water (25°C)
Michaelis constant for breakdown

of HzOz catalyzed by catalase (14)
Turnover number for breakdown

of HzOz catalyzed by catalase (14)
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Fig. 2. Concentration profiles of the exit planes of various reactor channels. (A)

Cross-section 50 x 12.5 ~m2, (B) 500 x 125 !-lm2, and (C) 5000 x 1250 ~m2.

Table 2
Reactor Performances for Various Channel Sizes

Scale (~m) Flow rate
(length x width) (mm3/s) Re Pe X (%) M(Pa)

5000 x 1250 166.7 25 33,375 3.5 25
500 x 125 16.67 2.5 3338 62.5 1500
50 x 12.5 0.167 0.25 334 100 156,000

Results and Discussion

The Effect of Scale on Conversion in Microchannels

The effect of decreasing reactor cross-section on conversion should be
dramatic for heterogeneous catalysis in channels simply because of increased
proximity of reactant molecules to enzyme-coated walls as the scale becomes
smaller. Previous experimental studies (4,15) used 50 mm long channels with
500 Ilm by 1251lm cross-sections with 1% (by mass) surface coverage of immo
bilized enzyme. The level of conversion in channels an order of magnitude
larger (5000 x 1250 Ilm2) and an order of magnitude smaller (50 x 12.5 Ilm2)
are compared with the experimental (nominal) scale. Each scale has a flow
rate and surface area 100 times smaller than the next for proper comparison.
The feed to all channels is 500 ppm hydrogen peroxide in water.

The calculated conversions at the exits for the three sizes are shown
as concentration profiles in Fig. 2 and numerically in Table 2. The largest

Applied Biochemistry and Biotechnology Vol. 136-140,2007



50 x 12.5 Ilm2

5000 x 1250 Ilm2

866

A

100

90

80

70
;e
~ 60
c
0.§ 50
Q)
> 40c
0
()

30

20

10

0
0 10 20 30 40 50

jones et al.

B

100

90

80

70

~ 60
c
0
.~ 50
Q)
>c 400
()

30

20

10

0
0

Reactor length (mm)

500 x 125

2 3

Reactor length (mm)

4 5

Fig. 3. (A) Conversions along the lengths of the reactor channels of Fig. 1. (B) Detail
of the conversion profiles of the first 5 mm of the channels in Fig. 3 (A).

channel has a conversion of 3.5%; the experimental scale, 62.5%; and the
smallest channel, virtually 100% at their exits (50 mm length). In fact,
the smallest channel reached complete conversion far before the exit.
Fig. 3A shows the conversion vs length behavior in the channels. The chan
nel with the smallest cross-section reaches 99% conversion in less than 5
mm. Part B of Fig. 3 is a blowup of the first 5 mm of the reactor channels.
At the 3 mm point, the smallest scale has about 98% conversion compared
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with 4% for the nominal scale, which is an increase of 2350% in the num
ber of reactions per unit enzyme per unit flow.

The pressure drops grow dramatically as cross-section decreases (from
25 to 156,000 Pa). Although a pressure drop of 156,000 Pa is not experimen
tally prohibitive (4), Fig. 3A reveals that a proper design for the smallest
scale would be a reactor only 5 mm in length. The resulting pressure drop of
about 1560 Pa would be almost identical to the full length nominal reactor.
Clearly, smaller reactors would be cheaper to fabricate by standard MEMS
techniques because more reactors would fit on a standard 10 cm wafer. Also,
the smaller molded reactor would be cheaper to coat with (very expensive)
enzyme (5). Reynolds numbers are also shown in Table 2. They vary owing
to the characteristic length (the smallest cross dimension) changing by a fac
tor of 10 for each scale, but all flows are laminar.

Only lateral diffusion to flow can carry a reactant molecule to a wall
for reaction in an empty channel. Parts (B) and (C) of Fig. 2 clearly show
that centrally located process fluid remains largely unreacted at the chan
nel exits. The Peclet number is a measure of the ratio of advection (trans
port owing to bulk fluid motion) to diffusion mass transfer. Lower Peclet
numbers allow for adequate lateral diffusion in the 50 mm channel length
and lead to higher conversions. As shown in Table 2, for Peclet number sig
nificantly higher than 334, advection dominates diffusion and fluid redis
tribution is required to improve conversion.

The Effect of Static Mixing on Conversion: Packed Channels

Packing features are added to the empty channels to improve con
version by providing fluid redistribution and adding reactive surface area
with coated packing. Fluid redistribution refers to the break-up of flow
patterns to enhance fluid-solid contact. Because the flow is laminar, this is
not mixing in the traditional sense. The term chaotic advection is some
times used to describe this laminar phenomenon. Figure 4 shows a detail
of the velocity field in a channel with the packing feature pattern used in
all packed simulations and a flow rate of 25 cc/min (Re =62.5). Triangular
packing features with a perimeter of 125 x 125 x 140 Jlm3 and the full chan
nel depth of 125 Jlm are located in a repeating pattern of three per 500 Jlm
length (referred to as a unit cell) for a total of 300 features in the 50 mm
channel. The packing adds 17.2% surface area and subtracts 10.5% channel
volume. Therefore, packing reduces process fluid residence time by 10.5%
when compared with equal flow rate simulations in empty channels.

Conversions for a Reynolds number range of 0.25 to 62.5 are shown
in Fig. 5 for channels with and without packing features. Also shown are
conversions for channels with uncoated packing, which will be discussed
later. There are large improvements in conversion at all flow rates owing
to packing except at Re =0.25 wherein all channels achieve virtually 100%
conversion. This is in spite of the fact that there is 10.5% less residence time
for reaction in packed channels.
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Fig. 4. Detail of the velocity field for Re = 62.5 in packed channel with a 500 x
125 I.lm2 cross-section. Packing is in a repeating pattern for the entire 50 mm long
channel.
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Fig. 5. Conversions for channels with and without packing and with uncoated
packing at various Reynolds numbers.
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Fig. 6. Percentage increase in conversion owing to packing.

The level of conversion improvement varies greatly over the range of
flow rates. For example, at a flow rate of 1 cclmin (Re =2.5), conversion
increases from 62.5% for an empty channel to 94.5% for a packed channel.
The conversion improvements over the entire range of flow rates for
coated and uncoated packing are shown in Fig. 6. A peak in increase in
conversion for coated packing over empty channels occurs near Re = 20.
Here, the packed channel has 151 % more conversion than an empty one.

This discovery suggests an optimal use of this design. Previous exper
imental work was performed using packed channels and a nominal flow
rate of 1 cclmin (Re =2.5). Simulations show that the maximum beneficial
effect of packing on conversion is at 8 cclmin, which is eight times the nom
inal flow rate but still has almost half the conversion (44.7% vs 94.5%). This
yields a 278% increase in reactions per enzyme. This increase in enzyme
effectiveness can be explained by increased chaotic advection as flow speeds
up. In fact, the number of reactions performed by each enzyme in packed
channels increases over the entire flow rate range, because conversion never
decreases as much as residence time. This behavior is consistent with exper
imental results in similar reactors wherein urea was reduced using immobi
lized urease (5). Table 3 contains conversions, Peclet numbers, and pressure
drops for empty and packed channels at various flow rates. Packing
increases pressure drop significantly. At a flow rate of 1 cclmin, an empty
channel has a pressure drop of 1500 Pa, whereas packing causes an increase
to 4100 Pa, a factor of about 2.73. This factor increases with flow rate, such
that at a flow rate of 25 cclmin, the factor is 5.76. Pressure drops for packed
channels also increase significantly more than linearly as flow rate increases.
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Table 3
Conversions and Pressure Drops for Empty and Packed Channels

Flow rate MJ (Pa) X (%) MJ (Pa) X (%)
Re (cc/min) Pe (empty) (empty) (packed) (packed)

0.25 0.1 334 200 100 400 100
2.5 1.0 3338 1500 62.5 4100 94.5
12.5 5.0 16,688 7900 24.2 24,600 59.6
20 8.0 26,700 12,700 17.8 44,900 44.7
25 10 33,375 15,800 15.4 60,500 38.2
62.5 25 83,438 39,800 8.4 229,300 18.0

Figure 7 shows the velocity fields taken at the vertical midplane in
the channel entry regions for each of four flow rates. Four repeating unit
cells (a total length of 2 mm of the 50 mm channel) are shown for each
case. Entry lengths for hydrodynamically fully developed flows have
been estimated from these figures in multiples of 0.5 mm. Entry lengths
are I, 1.5, 2, and 2.5 mm for Reynolds numbers of 0.25, 2.5, 25, and 62.5,
respectively.

Three distinct flow fields appear in packed channels over the entire
Reynolds number range of this study. The two slower flow rates (Re =0.25,
2.5) appear to have creeping flow around packing features and slow flow
near the outside walls that mostly returns to and mixes with more cen
trally located fluid (Fig. 7, top 2 images). Faster flow at Re = 25, has fast
flow along the two upstream walls of each triangle and significant dead
spots behind each triangle. There is also significant channeling around the
central triangles. At the fastest flow rate (Re = 62.5), separate channels
develop between the outside walls and their neighboring triangles (Fig. 7,
bottom image). These channels remain largely separate from the central
flow creating a significant opportunity for a large amount of fluid to flow
near a reactive surface that is not seen in slower flow rates.

The Effect of Static Mixing in Packed Channels: Uncoated Packing

Packing adds reactive surface area and static mixing to increase conver
sion. In order to separate these two effects, simulations were performed with
the same packing configuration but with the surfaces of the triangles that are
exposed to the flow not coated with enzyme. Uncoated packing reduces both
reactor volume and residence time by 10.5% and reduces the active reaction
area by 8.4% when compared with empty channels. In spite of these handi
caps, reactors with uncoated packing perform significantly better than empty
channels at all but the slowest flow rate (Re = 0.25 is virtual creeping flow) as
shown in Fig. 5. For example, at Re = 25, fluid redistribution using uncoated
triangles increases conversion from 15.4% to 28.6%. Coating the packing
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Fig. 7. Top view of the velocity fields in the vertical midplane near the channel inlet
for various Reynolds number. Velocity scales at right.

increases the reactive surface area by 27% (vs uncoated) and further
increases conversion to 38.2%. Figure 6 shows that the effect of static mixing
on conversion over empty channels varies with Reynolds number and
peaks around Re =20, as it did for coated features.

The Effect of Flow Direction Using Triangular Packing

When the flow direction in a packed channel is reversed, a signifi
cantly different flow field results. Figure 8 shows flow into the flat base of
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Fig. 8. Velocity field for reverse process flow at Re =62.5.

the triangles for a Reynolds number of 62.5. As the packing now directs
some flow in a direction lateral to the bulk flow, static mixing should be
increased when compared with flow into the triangle points (2). It follows
that increased mixing should increase conversion. However, inspection of the
flow shows slow flow on both downstream faces of the triangles, reducing
presentation of reactive surface area to the faster flows, which are essentially
the majority of the process fluid, and hence, dictate the level of conversion.
Ultimately, conversions for the reversed flow are found to be about the same
as for flow into the points of the triangles. Flow into the flats increased con
version in all cases, but always by less than 1%. Simulations using uncoated
packing with flow into the flats also resulted in conversions virtually the
same as those with flow into the points.

Conclusions

Heterogeneous catalysis in microchannels has been successfully simu
lated over a broad range of flow rates. It is found that static mixing (laminar
flow redistribution) using triangular packing features significantly increases
conversion over the entire range of flow rates (0.25 < Re < 62.5) when com
pared with the conversions in empty channels. There is a peak improvement
to conversion at a Reynolds number near 20 for both coated and uncoated
packing. Changing the mixing patterns significantly by reversing the flow
into the bases of the triangles does not improve conversions.
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Abstract

The major challenge associated with the rapid growth of the ethanol indus
try is the usage of the coproducts, i.e., condensed distillers solubles (CDS) and
distillers dried grains, which are currently sold as animal feed supplements.
As the growth of the livestock industries remains flat, alternative usage of
these coproducts is urgently needed. CDS is obtained after the removal of
ethanol by distillation from the yeast fermentation of a grain or a grain mix
ture by condensing the thin stillage fraction to semisolid. In this work, CDS
was first characterized and yeast biomass was proven to be the major com
ponent of CDS. CDS contained 7.50% crude protein but with only 42% of that
protein being water soluble. Then, CDS was applied as a nutrient supplement
for simultaneous production of nisin and lactic acid by Lactococcus lactis
subsp. lactis (ATCC 11454). Although CDS was able to support bacteria
growth and nisin production, a strong inhibition was observed when CDS
was overdosed. This may be caused by the existence of the major ethanol fer
mentation byproducts, especially lactate and acetate, in CDS. In the final step,
the CDS based medium composition for nisin and lactic acid production was
optimized using response surface methodology.

Index Entries: Condensed distillers solubles; nutrient supplement;
fermentation; lactic acid; Lactococcus lactis; nisin.

Introduction

Total ethanol production in United States has grown significantly in
recent years. In year 2005, 95 ethanol plants in 19 states produced a record
3.904 billion gal of ethanol, an increase of 17% from 2004 and 126% from
2001. Dry mill ethanol refineries accounted for 79% of production capacity,
and wet mills 21 % (l).The accelerated growth of ethanol industry is believed
to be capable of reenergizing rural and farm development through increased

*Author to whom all correspondence and reprint requests should be addressed.
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Fig. 1. Diagram of com dry-milling process for ethanol and related coproducts
production.

employment, enhancing local industry, and aiding our national security
through increased reliance on domestic renewable energy and decreasing
greenhouse gas emissions (2).

The major challenge associated with the rapid development of ethanol
industry is the usage of the coproducts, i.e., distillers dried grains (DDG) and
condensed distillers solubles (CDS) (3,4). In the dry mill ethanol process, as
shown in Fig. 1 (3,4), the corn kernels are first ground into a flour, or "meal,"
and mixed with water to form a slur~ called "mash." Enzymes are added to
break down the starch to fermentable sugars. The mash is then pumped to
the fermentors wherein yeast converts the sugars in the mash into ethanol.
The fermented mash is pumped to the distillation tower wherein the ethanol
is separated from the nonfermentable solids (the stillage). The stillage from
the distillation system is sent through a centrifuge that separates the coarse
grains from the solubles. The coarse grains are dried to produce DDG.
Another coproduct, CDS, is also obtained in significant amount after the
removal of ethanol by condensing the thin stillage fraction to a semisolid. In
some dry-mill plants, CDS is mixed with the coarse grains from the cen
trifuge and then dried to produce dried distillers grains with solubles.

DDG and CDS are currently used as animal feed supplements (3,4). As
the growth of the livestock industries remain flat, dry mills will soon be
faced with the need to identify new, potential customers to ensure that there
are markets that will utilize these coproducts from the increasing number of
dry mills coming online to meet the increasing ethanol demand. Therefore,
alternative usage of CDS and DDG are urgently needed. The objective of this
work is to study the feasibility of using CDS as a nutrient supplement for
nisin and lactic acid coproduction from cheese whey. Nisin is an antimicro
bial peptide produced by certain Lactococcus bacteria (5), which has been
accepted as a safe and natural preservative in more than 50 countries
and is widely used as an antimicrobial agent in the food industry (5-9).
Biosynthesis of nisin is coupled with the growth of lactic acid bacteria and
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lactic acid production (8). Lactic acid is an important chemical for food
processing. It can also be used as a raw material in the production of the
biodegradable polymer poly(lactic) acid (10). Our former study (11) has
proved that simultaneous production of nisin and lactic acid is feasible,
because the optimal conditions for nisin biosynthesis and lactic acid forma
tion by L. lactis using whey as feedstock are almost the same. In this research,
CDS was characterized and applied as nutrient supplement for simultane
ous production of nisin and lactic acid from whey. Effects of CDS on nisin
biosynthesis, lactic acid production, and bacteria growth were studied.

Materials and Methods

Characterization of COS

The CDS used in this research was kindly provided by National Corn
Growers Association, Chesterfield, Missouri. Analysis of total solids, total
phosphorus, ammonia, total nitrogen, and crude protein in CDS were car
ried using Association of Official Analytical Chemists standard methods
(12). Water soluble peptides and amino acids were analyzed following the
Ohnishi and Barr modified Lowry procedure (13) using the kit TP 0200
purchased from Sigma-Aldrich (St. Louis, MO). Acetate and lactate content
in CDS were quantified by high-performance anion exchange chromatog
raphy using a Dionex DX-550 system. The detailed IC analysis conditions
can be found at Liu et al. (14).

Determination of the Major Component of COS

A size distribution study was conducted according to the flowchart
shown in Fig. 2. Hundred grams of CDS was thoroughly mixed with 900 mL
water at which point the mixture was sieved using two standard sieves (pro
duced by CSC Scientific Co./ Inc., Fairfax, VA): no. 45 with an opening diam
eter of 0.355 mm and no. 120 with an opening diameter of 0.125 mm. The
solid particles retained by each sieve were thoroughly washed using deion
ized water at room temperature, then dried at 105°C for 6 h and weighed.

Microorganisms and Media

Lactococcus lactis subsp. lactis (American Type Culture Collection
[ATCC] 11454) was the nisin-producing microorganism used in this work.
Micrococcus luteus (ATCC 9341) was used as an indicating microorganism
in the bioassay used to measure nisin concentrations. The compositions of
media used for the growth of these microorganisms are summarized as fol
lows. Medium 1/ used for seed culture of L. lactis (pH 7.0), contained 5.0
giL of glucose, 5.0 giL of polypeptone, and 5.0 giL of yeast extract (YE).
Medium II, used for bioassay of nisin (pH 7.0), contained 10.0 giL of glu
cose, 5.0 giL of polypeptone, 5.9 giL of YE, and 5.0 giL of NaCl. Medium
III, used for the main fermentation, contained 20.0 giL of sweet whey
powder (provided by WesternFarm Food Inc., Seattle, WA), 0.6 giL for

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



878

Drying

Drying

0.32 g

0.25g

Liu et al.

Fig. 2. Flowchart of CDS sieving experiment.

KH2PO4' 0.6 giL for MgSO4' and other nutrients, the amount of which are
indicated in the experimental designs.

Cultivation Method

Before main cultivation was performed, culture size was scaled-up
by two steps in order to increase the amount of cells with high growth
activity. Seed culture of L. lactis was conducted in 125-mL Erlenmeyer flasks
placed on an orbital shaker at 160 rpm and 30De for 8 h. Main fermentations
were performed in a 5-L Bioflo 110 fermentor (New Brunswick Scientific,
Edison, NJ) equipped with temperature, pH, dissolved oxygen concentra
tion, and gas flow control systems. The working volume was 2 L. Air was
supplied to the fermentor for aerobic cultivation conditions.

Analysis of Fermentation Products

The viable cell concentration of L. lactis was determined as colony
forming units on agar plates. Concentrations of L-Iactic acid and acetic acid
in the medium and fermentation broth were analyzed using the high
performance anion-exchange chromatography method mentioned under
"CDS Characterization" (14). Nisin concentration was measured by a
bioassay method based on the method of Shimizu et al. (15).

Results and Discussion

Characterization of COS

Because the detailed information of CDS composition was not avail
able, the corn dry-mill byproduct needed to be characterized before using
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Table 1
Characterization of the Corn CDS Applied in This Research
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Parameter

Total solids
Water
Total nitrogen
Total phosphorous
Crude protein
Water soluble peptides

and amino acids
Ammonia
Lactate
Acetate

Content (g/100.0 g of CDS)

28.70
71.30

1.20
0.31
7.50

3.16
0.11
2.40
0.15

it as nutrient supplement for nisin fermentation. Total solids, total phos
phorus, ammonia, total nitrogen, crude protein, and water soluble peptides
and amino acid profiles of CDS were analyzed, respectively, using standard
methods. The content of the major ethanol fermentation byproducts,
including lactate and acetate, which may have negative effects on bacteria
metabolism, were also measured. The results are shown in Table 1.

Yeast Biomass is the Major Component of COS

CDS is the condensed thin stillage fraction of yeast fermentation broth
left after the removal of ethanol by distillation. Therefore, CDS is a mixture
of yeast cells and small grain particles. In order to know the major compo
nent in CDS, a sieve separation study was conducted. As shown in Fig. 2, a
mixture of 100.0 g CDS and 900 mL water was sieved using two standard
sieves, no. 45 with the opening diameter of 0.355 mm and no. 120 with the
opening diameter of 0.125 mm. The solid particles retained by each sieve
were thoroughly washed and dried up. Only 0.32 g of solids were retained
by no. 45 sieve and 0.25 g of solids by no. 120 sieve. Compared with the
total amount of CDS loaded in this experiment, 100.0 g wet base, which cor
responds to 27.5 g dry weight, the percentage of the grain particles with the
size larger than 0.125 mm in CDS was only 2.1 %. Therefore, we can safely
draw the conclusion that yeast biomass is the major component of CDS.

Water Soluble Nitrogen in COS

As yeast biomass is the major component of CDS, a certain amount of
organic nitrogen in yeast cells should have been leached out during the
long-duration heat treatment of distillation. The results in Table 1 indicate
that, CDS has 7.50% crude protein but with only 42% of that protein being
water soluble. The content of ammonia in CDS is very low at 0.11 % and
only contributes to 8.6% of the total nitrogen.
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Fig. 3. Relative production of nisin, lactic acid, and biomass when 5% CDS alone
was used as nutrient supplement.

COS Alone as the Nutrient Supplement

In order to quantify the performance of CDS, the optimal medium for
nisin and lactic acid coproduction obtained in an earlier study (11) was
used as a positive control, and the whey without any nutrient added was
used as a negative control. CaC03 was provided to buffer the fermentation
pH around 5.5. The biomass, nisin biosynthesis, and lactic acid formation
after 24 h of fermentation were compared. As shown in Fig. 3, the produc
tion of nisin was very poor when bacteria grew on whey without addition
of any nutrient. A significant increase (twofold) of nisin formation was
seen when 5% of CDS (wet base) was added, although it was only 70% of
that at the earlier optimized conditions (11). Therefore, it can be concluded
that CDS does provide essential nutrients for nisin production from whey.

Inhibition of Nisin Biosynthesis Owing to COS Overdose

As shown in Fig. 3, the stimulation of CDS on nisin production was
observed when 5% of CDS (wet base) was added into fermentation medium.
In the following experiment, more CDS was added into media in order to
provide essential nutrients for nisin production from whey. Similarly, the
optimal medium for nisin and lactic acid coproduction obtained in an earlier
study (11) was used as a positive control, and the whey without any nutrient
added was used as a negative control for the quantification of the perfor
mance of CDS. CaC03 was provided to maintain the fermentation pH
around 5.5. The biomass, nisin biosynthesis, and lactic acid formation after
24 h of fermentation were compared. As shown in Fig. 4, the production of
nisin decreased with the addition of more CDS in the media. The only expla
nation to this phenomenon is that CDS contains some inhibitory byproducts
that have negative effects on the growth of lactic acid bacteria and the pro
duction of nisin. The byproducts of ethanol fermentation, i.e., acetate, lactate,
and many others might be responsible for the inhibition observed.
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Fig. 4. Inhibition of biomass, nisin, and lactic acid production when CDS is overdosed.
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Fig. 5. Stimulation effects of different nutrient supplements on nisin, lactic acid, and
biomass production (5% CDS + other nutrients). YE, yeast extract; PS, peptone from
soy; and PM, peptone from meat.

Effects of Nutrient Supplements on Nisin and Lactic Acid Production

Considering that the nisin producing strain L. lactis is a well-known,
nutritionally fastidious microorganism requiring an abundance of nutri
ents for cell growth and metabolism (5), nutrients in addition to CDS may
be required for the simultaneous production of nisin and lactic acid. YE,
peptone from meat (PM), and peptone from soy (PS), the most widely used
organic nutrient supplements in such fermentation studies, as well as
KH2PO4' were selected as the candidates for nutrient supplementation.
The stimulation effects of these nutrient supplements on cell growth, nisin
formation, and lactic acid production were studied. In addition to 5% of
CDS; YE, PS, PM, and KH2PO4 were added to the media. The fermentation
results are compared in Fig. 5. Similarly in Fig. 3, the optimal medium for
nisin and lactic acid coproduction obtained in an earlier study (11) was
used as a positive control, and the whey without any nutrient added was

Applied Biochemistry and Biotechnology Vol. 136-740,2007



882 Liu et ale

Table 2
Central Composite Design of Factors in Coded Levels With Nisin, Biomass,

and Lactic Acid Concentration as Response

Biomass
(108 colony

forming Lactic acid
Run Type CDS YE Nisin (mg/L) units/mL) (g/L)

1 Center 0 0 82 12.2 18.7
2 Center 0 0 81 12.6 18.7
3 Center 0 0 81 12.2 18.8
4 Center 0 0 80 12.6 18.9
5 Center 0 0 80 12.4 18.8
6 Axial -1.41 0 67 8.4 11.8
7 Axial +1.41 0 30 5.4 8.5
8 Axial 0 -1.41 56 8.4 13.6
9 Axial 0 +1.41 80 12.6 17.6
10 Fact -1 -1 30 5 8.8
11 Fact +1 -1 37 5.8 8.9
12 Fact -1 +1 67 11.2 18.7
13 Fact +1 +1 39 8 9.0

used as a negative control. YE and peptone, as seen by the comparative
yields with the controls shown in Fig. 3, are ideal sources of nutrient for
nisin and lactic acid coproduction. KH2P04 is essential, as the yield of
nisin and lactic acid was around 2.7 times of the negative control. The com
bination of KH2P04 and YE gave the highest yield of nisin and lactic acid.

Medium Optimization Using Response Surface Methodology

The results shown in Figs. 3-5 indicate that, CDS is a good source of
nutrients essential for nisin and lactic acid cofermentation; however, only
a limited amount of CDS can be added for this purpose. Considering that
CDS alone cannot provide sufficient nutrients for the well-known, nutri
tionally fastidious microorganism L.lactis, YE was selected as the auxiliary
nutrient supplement in order to satisfy the requirement of nisin and lactic
acid fermentation. The contents of them in the fermentation media were
optimized through a statistically based design of experimentation in
central composite design (Table 2) (11). The coded and actual values of
each variable are listed in Table 3. The fermentation media were made up
of 50.0 giL of whey, 1.0 giL of KH2P04, 30.0 giL of CaC03, and the pre
determined amount of the three variables were assigned by the central
composite design. The content of nisin and lactic acid after 24 h of fer
mentation at 30°C were measured and presented as responses in Table 2.

After the responses were obtained, they were subjected to multiple
nonlinear regression and optimization using the software Design
Expert (V6.0, 2001, Stat-Ease Inc., MN). The optimal conditions for nisin
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Table 3
The Coded and Actual Values of the Factors in Central Composite Design

Axial Low Central High Axial
Factor Name (-1.41) (-1) (0) (+1) (+1.41)

A CDS (giL) 0.50 15.00 50.00 85.00 99.50
B YE (giL) 0.05 1.50 5.00 8.50 9.95

biosynthesis and lactic acid formation were obtained by further numerical
analysis of the three-dimensional response surface plots using the software.
The solution to the maximal nisin biosynthesis was 37.31 giL for CDS and
7.12 giL for YEo The solution to the maximal lactic acid production was
36.74 giL for CDS and 7.58 giL for YEo Last, the solution to the simultane
ous maximal production of nisin and lactic acid was 37.08 giL for CDS and
7.34 giL for YEo The results also reveal that the predicated values of nisin
and lactic acid under these three conditions have no significant difference.

In order to confirm the optimal conditions obtained from the statisti
cally based experimental designs, a verification experiment under the con
ditions of 37.0 giL CDS and 7.5 giL YE was conducted. After 24 h of
fermentation 85.0 mglL of nisin and 19.3 giL of lactic acid were obtained.
The result was very close to the predicted value. In addition, the nisin result
also agreed well with the "ceiling concentration" of nisin previously
reported by other researchers (16,17). Therefore, the optimal conditions pre
dicted from the statistically based experimental designs were valid. In brief,
we aimed at verifying the feasibility of using CDS as a nutrient supplement
for nisin and lactic acid coproduction by L. lactis from cheese whey. The
results indicated that CDS is a good source of nutrients essential for nisin
and lactic acid cofermentation; however, only a limited amount of CDS can
be added for this purpose. The optimal concentration of CDS in fermenta
tion medium was 37.0 giL, when 7.5 giL of YE was applied as auxiliary
nutrient.

References

1. Renewable Fuels Association (2006), http://www.ethanolrfa.org/industry/statis-
tics/#A. Accessed February 13, 2007.

2. Wyman, C. E. (2001), Appl. Biochem. Biotechnol. 91-93, 5-21.
3. Iowa Beef Center (2002), http://www.extension.iastate.edu/Publications/IBCI8.pdf.
4. Hoffman, M. P. and Tsengeg, P (2004), http://www.ag.iastate.edu/farms/04reports/w_/

IncorporatingCondensed.pdf. Accessed February 13, 2007.
5. Parente, E. and Ricciardi, A. (1999), Appl. Microbiol. Biotechnol. 52, 628-638.
6. Food and Drug Administration (2001), GRAS Notice No. GRN 000065, Rockville, MD.
7. Cleveland, J., Thomas, J., Montville, J. T., Nes, F. 1., and Chikindas, L. M. (2001), Int. J.

Food Microbiol. 71, 1-20.
8. Sablon, E., Contreras, B., and Vandamme, E. (2000), Adv. Biochem. Eng. Biotechnol. 68,

21-59.
9. Jack, R. W., Tagg, J. R., and Ray, B. (1995), Microbiol. Rev. 59, 171-200.

Applied Biochemistry and Biotechnology Vol. 136-1401 2007



884 Liu et al.

10. Datta, R. and Tsai, S. P. (1997), In: Fuels and Chemicals from Biomass, ACS Symposium
Series 666, Saha, W., Saha, B., and Woodward, J., eds. Oxford University Press, Oxford
UK: pp. 224-236.

11. Liu, C., Liu, Y., Liao, W., Wen, Z., and Chen, S. (2004), Appl. Biochem. Biotechnol. 114,
627-638.

12. Association of Official Analytical Chemists (1990), Official Methods of Analysis, 15th ed.
AOAC International, Gaithersburg, MD.

13. Ohnishi, S. T. and Barr, J. K. (1978), Anal. Biochem. 86, 193-200.
14. Liu, Y., Wei, L., Liu, C., and Chen, S. (2005), Eng. Life Sci. 5, 343-349.
15. Shimizu, H., Mizuguchi, T., Tanaka, E., and Shioya, S. (1999), Appl. Environ. Microbiol.

65,3134-3141.
16. Kim, W. 5., Hall, R. J., and Dunn, N. W. (1997), Appl. Microbiol. Biotechnol. 48,449-453.
17. Kim, W. 5., Hall, R. J., and Dunn, N.W. (1998), Appl. Microbiol. Biotechnol. 50,429-433.

Applied Biochemistry and Biotechnology Vol. 136-140, 2007



Copyright © 2007 by Humana Press Inc.
All rights of any nature whatsoever reserved.
0273-2289/1559-0291 (Online) / 07/136-140/885-896/$30.00

Optimization of Tocopherol Concentration
Process From Soybean Oil Deodorized

Distillate Using Response Surface
Methodology

VANESSA MAYUMI ITO,* CESAR BENEDITO BATISTELLA, MARIA

REGINA WOLF MACIEL, AND RUBENS MACIEL FILHO

Laboratory of Separation Process Development (LOPS), School of Chemical
Engineering, State University of Campinas (UN/CAMP), CP 6066, CEP13081

970; Campinas, SP-Brazil, E-mail: vanessa@lopca.feq.unicamp.br

Abstract

Soybean oil deodorized distillate is a product derived from the refining
process and it is rich in high value-added products. The recovery of these
unsaponifiable fractions is of great commercial interest, because of the fact that
in many cases, the "valuable products" have vitamin activities such as toco
pherols (vitamin E), as well as anticarcinogenic properties such as sterols.
Molecular distillation has large potential to be used in order to concentrate toco
pherols, as it uses very low temperatures owing to the high vacuum and short
operating time for separation, and also, it does not use solvents. Then, it can be
used to separate and to purify thermosensitive material such as vitamins.

In this work, the molecular distillation process was applied for tocopherol
concentration, and the response surface methodology was used to optimize
free fatty acids (FFA) elimination and tocopherol concentration in the residue
and in the distillate streams, both of which are the products of the molecular
distiller. The independent variables studied were feed flow rate (F) and evap
orator temperature <D because they are the very important process variables
according to previous experience. The experimental range was 4-12 mL/min
for F and 130-200°C for T. It can be noted that feed flow rate and evaporator
temperature are important operating variables in the FFA elimination. For
decreasing the loss of FFA, in the residue stream, the operating range should
be changed, increasing the evaporator temperature and decreasing the
feed flow rate; D/F ratio increases, increasing evaporator temperature and
decreasing feed flow rate. High concentration of tocopherols was obtained
in the residue stream at low values of feed flow rate and high evaporator
temperature. These results were obtained through experimental results based
on experimental design.

Index Entries: Deodorized distillate; free fatty acids; molecular distillation;
response surface methodology; soya sludge; tocopherol.
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Soybean oil deodorized distillate (SODD) is a complex mixture made
up of fatty acids, sterols, tocopherols, sterol esters, hydrocarbons, break
down products of fatty acids, aldehydes, ketones, and acylglycerol species
(1). It is an important source of natural tocopherols and phytosterols corre
sponding approx 10 and 20%, respectively. The SODD corresponds to
approx 0.1 and 0.4% of crude soybean oil (2). The economical value of SODD
depends on tocopherols and phytosterols contents. Free fatty acids (FFA)
represent 25-75% and acylglycerols about 3-56% of the SODD, depending
on the raw material being refined and on the type and conditions of the
refining process (3).

Natural tocopherols are important antioxidants present in cereals and
vegetable oils. Each one of these sources has different quantity of vitamin E.
Vitamin E is the most efficient soluble, natural lipidic antioxidant and the
main antioxidant membrane in mammal cells (4). They avoid oxidation of
vitamin A, B-carotene, and essential fatty acids (5). Tocopherols prevent
diseases like cancer, cardiovascular, and cataracts (6). They are used in
food, cosmetics, and pharmaceutical industries (7). A mixture of a-, B-, y-,
and 8-isomers containing 60 wt% tocopherols is widely used as additive in
many kinds of foods (8). They are also used as an additive in paints based
on natural oils (9). Tocopherols are sensible to light, heat, alkali, and con
taminant metals (10).

Molecular distillation or short path distillation is characterized by a
short exposure of the distilled liquid to the operating temperature and high
vacuum (11). This process has been applied to lipid-containing products,
including monoglycerides production (12), recovery of carotenoids from
palm oil (13), and purification of structured lipids (14). Also, it can be applied
to fuel product, like production of biodiesel from castor oil (15) and heavy
petroleum characterization (16). Ito et al. (17) studied the recovery of toco
pherols and FFAs from SODD in function of the ratio (distillate flow rate
[D]/residue flow rate [R]) of 0.96, and the tocopherol and FFA recovery
curves had an optimum point at 73%. Martins et al (18) determined the best
operating conditions of wiped film molecular distillator to concentrate
tocopherols from SODD. Moraes et al. (19) studied this process experi
mentally and by simulation with good agreement.

To obtain maximum recovery of vitamin E, the molecular distillation
process must be optimized and the response surface methodology (RSM) is
an effective tool for this purpose. The main advantage of this methodology is
the reduced number of experimental runs needed to provide sufficient infor
mation for statically acceptable results. According to preliminary experience,
the process variables (condenser temperature and feed temperature) were not
significant (20,12). Then, in the feed flow rate (Xl) and evaporator temperature
(X2), process variables were selected for optimization of the unsaponifiable
material from SODD through a molecular distillation process.
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Nowadays, in several areas of process development, RSM are being
applied. Chemical processes have many variables, which need to be opti
mized in relation to cost, yield, and purity taking into consideration the
interactions among them. Maciel Filho et al. (21) evaluated atmospheric and
vaccum petroleum residues using a two-level factorial design. The error rep
etition was estimated by three runs on the central point of the experimental
design. Fregolente et al. (22) studied the optimization of distilled monogly
cerides production through molecular distillation. The 23 factorial design
was used to evaluate the effects of reaction parameters and the central com
posite design to optimize the molecular distillation process. The objective of
this work is to understand the relationships between the independent (Xl
and X2) and dependent variables (Distillate flow rate/Feed flow rate [D/ F])
ratio, YI ; FFAs content in the distillate stream (FFAD), Y2; and total toco
pherols content in the residue stream (TocoR), Y3.

Materials and Methods

Materials

SODD was provided by Bunge Ltda, (Sao Paulo, Brazil). All samples
were stored in the refrigerator at 4°C until analysis. All solvents and reac
tants for the analysis were of analytical grade. A tocopherol kit consist
ing of a-, ~-, y-, and (i-tocopherol (purity ~9S%) was purchased from
Calbiochem (San Diego, CA) and used as reference standards for toco
pherols analysis.

Molecular Oistillator

Molecular distillation or short path distillation is a separation process
characterized by short exposure of the feed inside the equipment, and so to
the operating temperature, by high vacuum and by a small distance between
evaporator and condenser (in the order of mean free path of the molecular
involved) (13). In this study, the centrifugal molecular distillator from Myers
Vacuum Inc. (Kittaning, PA), with an evaporator area of 0.0046 m2 was used.
Figure 1 shows a scheme of this equipment. Two product streams are gen
erated: distillate (rich in the volatile compounds that escape from the evap
orator and reach the condenser, in this case FFA) and residue (rich in the
heaviest compounds that remain in the evaporator surface, in this case
tocopherols). The process conditions were maintained at 13.3 Pa, the feed
temperature at SO°C, condenser temperature at SO°C, at g-force value equal
to S.Sg. The molecular distillation experiments were conducted according
to the following procedure: a sample of SODD was homogenized before
feeding the equipment. For each molecular distillation run, samples of
both streams (distillate [D] and residue [R]) were collected and submitted
to FFAs and tocopherols analysis.
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Vacuum

::::=======~!b==::---..~~ Residue

----~~ Distillate

Fig. 1. Centrifugal molecular distillator scheme.

Response Surface Methodology

A central composite design was used to study the dependent vari
ables which are called responses, which are D/F (split ratio), YI ; FFAD, Y2;

and TocoR, Y3 . The independent variables were Xl and X2 representing
feed flow rate and evaporator temperature, respectively. The experiments
were carried out according to a 22 complete factorial design plus three
central points and four axial points, called star points. The distance of the
star points from the center point is given by a =(2n )I/4, where n is the num
ber of independent variables, for two factors a = 1.41 (23). Experimental
values were chosen according to previous experience. Values of feed flow
rate lower than 4 mL/min might be high enough to form a uniform thin
film on the evaporator surface. An efficient mass and energy transfers
were promoted by a uniform, thin film. For feed flow rate greater than
15 mL/min, the system operated with low effectiveness, because of the
low residence time. The first significant FFA drops on the condenser wall sets
the lower evaporator temperature level (12). The settings for the independent
variables were as follows (low/high values): evaporator temperature (OC),
140/190, and the feed flow rate (mL/min), 5.1/10.9.

Each variable to be optimized was coded at five levels, -1.41, -1.0, +1,
and +1.41. This gives a range of 130-200°C and 4-12mL/min, to these vari
ables, respectively, including the star points. Three replicate runs at the cen
ter (0, 0) of the design were performed to allow the estimation of the pure
error. All experiments were carried out in a randomized order to minimize
the effect of unexplained variability in the observed responses owing to
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Table 1
Independent Variables and Their Levels for Central Composite Design

in Optimization of Molecular Distillation Process of SODD

889

Coded variable levels

Independent variables Symbol -1.41 (-a) -1 0 +1 +1.41 (+a)

Feed flow rate
(mL/min) Xl 4.0 5.1 8.0 10.9 12.0

Evaporator temperature
(OC) X2 130 140 165 190 200

extraneous factors. The RSM was chosen to study the optimization of two
selected factors, feed flow rate (F) and evaporator temperature (D. Table 1
shows the independent variables and the coded levels.

FFA Analysis

FFA content was determined according to the method AOCS Ca 5a-40
(24). This method uses titration with a standard alkali, NaOH. The FFA
content is expressed as percentage of oleic acid (C18 : 1)' The expression is:

FFA I
· 'd (01 ) Alkali volume (mL)· Alkali normality· 28.2

as 0 elC aCl /0 = (1)
Sample weight (g)

Tocopherol Analysis

The method AGCS Ce 8-89 (25) was used to determine the a-, ~-, y-,
and b-tocopherol contents. A known amount of the sample was dissolved
in hexane (approx 1 mg/mL) and 20 ilL of the solution was injected into
a high-performance liquid chromatography modular equipment made
up of Waters delta 600 high-performance liquid chromatography pump
(Mildford, MA), equipped with a fluorescence detector (Waters model
2475 multifluorescence). The flow rate of the mobile phase (hexane:
isopropanol, 99 : 01 [v Iv]) was set at 1.0 mL/min. The separation was
conducted in a microporasil column 125 A, with particle size of 10 Ilm
and 3.9 x 300 mm2 of dimension (Waters, Ireland). Figure 2 shows the
tocopherols chromatogram. The tocopherols detected in the chro
matograms were identified comparing the retention time of the com
pounds with the retention time of the standard solutions. Quantification
of each type of tocopherols was done using calibration curves. The data
processing was carried out through the Millennium software (Waters,
Mildford, MA).
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Fig. 2. Chromatogram of SODD for tocopherols analysis.

Table 2
Raw Material Characteristics

Analysis

FFA (wt% as oleic acid)
(X-Tocopherol
~-Tocopherol
y-Tocopherol
8-Tocopherol
Tocopherol total

Results and Discussion

SODD

53.04 ± 1.10
1.41 ± 0.25
0.12 ± 0.05
1.95 ±0.15
0.58 ± 0.09
4.06 ± 0.54

The raw SODD was analyzed in relation to the FFA and tocopherols
contents. Table 2 shows the characteristics of the SODD. The SODD used
is brownish and semisolid at room temperature.

Experimental Design

The response were analyzed using Statistica 7.0 software (StatSoft.
Inc.). A quadratic polynomial regression model was assumed for predict
ing Y1, Y2, and Y3• The model proposed for each response of Y was:

(2)

where A is a constant, B. is a first order model coefficient, C.. is a second
order model coefficient, Xl and X2 are independent variable~~ The model
fitting was evaluated by the coefficient of determination (R2), and by the
analysis of variance (ANOVA). Table 3 shows the coded levels and the
responses obtained through the molecular distillation process (central
composite design). The fitted coded models for the D/ F ratio, FFA content
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Table 3
Coded Levels and the Results Obtained in the Molecular Distillation

Process (central composite design)

Run Xl X2 Yl Y2 Y3

1 -1 -1 12.70 93.61 4.07
2 +1 -1 2.60 93.13 4.27
3 -1 +1 63.30 101.49 9.91
4 +1 +1 9.20 94.71 5.74
5 -1.41 0 48.50 97.60 7.14
6 +1.41 0 10.50 95.57 3.99
7 0 -1.41 3.50 93.14 4.22
8 0 +1.41 32.50 104.00 10.19
9 0 0 26.70 98.13 4.63

10 0 0 25.50 98.89 5.23
11 0 0 24.70 99.33 5.10

XlI feed flow rate; X ZI evaporator temperature; Yll D/F split ratio; YZI FFAs
content in the distillate stream (FFAD); and Y31 tocopherols content in the
residue stream (TocoR).

in the distillate stream, and tocopherol content in the residue stream were
shown in Eqs. 3-5. All the coefficients of Eq. 2 were considered:

1; = 0.256 + 0.123X1 - 0.142X12- 0.147X2+ 0.015X22- 0.01122X1X2 (3)

Y2 = 98.78 +3.10X1 - 0.57X12 -1.27X2-1.76X22-1.58X1X2 (4)

Y3 = 4.99 + 1.97X1 + 1.01X12 - 1.05X2+ 0.19X22-1.09X1X2 (5)

The model validation was determined by the ANOVA in relation to the
responses Yl , Y2, and Y3 • Table 4 shows the ANOVA data. It can be con
cluded that there is no evidence of lack of Fit for the fitted models, because

the calculated F values ( Mean square lack of fit J are lower than the critical
Mean square pure error

F value (FO.95,8,2 =19.37) at 95% confidence, for the three models. The results
show the model for tocopherols content in the residue (Y3). Equation 5 is
predictive in the experimental conditions studied, because the percent
of explained variable is high (98.7%) and the calculated F value

(
Mean square regression JiS more than 65 times higher than the critical F value
Mean square residual

at 95% of confidence (F0.95,2,8 = 4.46). As a practical rule, regression can be con-

sidered useful to predict values, when the F value (Mean square regression J
Mean square residual

is more than ten times higher than the critical F value (26). An excellent
repeatability of results was obtained, the pure error is low in comparison
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Table 4
ANOVA for the Fitted Models

Source Sum of Degree of Mean
of variation Model square freedom square F-ratio

Regression Eq.3 0.35 2 0.18 57.97a

Eq.4 113.56 2 56.78 7.13a

Eq.5 50.52 2 25.26 65.70a

Residual Eq.3 0.006 8 0.0007
Eq.4 14.28 8 1.78
Eq.5 0.69 8 0.09

Lack of fit Eq.3 0.0053 8 0.0007
Eq.4 13.55 8 1.69
Eq.5 0.49 8 0.06

Pure error Eq.3 0.0002 2 0.0001 0.28b

Eq.4 0.74 2 0.37 0.24b

Eq.5 0.20 2 0.10 0.03b

Total Eq.3 0.363 10 0.036
Eq.4 127.84 10 12.78
Eq.5 51.21 10 5.12

Equation 3, explained variance (98.5%), explicable variance (96.95%); Eq. 4, explained
variance (88.8%), explicable variance (99.42%); and Eq. 5, explained variance (98.7%), expli-
cable variance (99.61 %).

aF-ratio (regression/residuaD.
bF-ratio (lack of fit/pure error).

with the experimental values. As can be seen in Fig. 3, obtained from Eq. 2,
the D/ F ratio increases, increasing the evaporator temperature and decreas
ing the feed flow rate. In the maximum conditions, almost all the feed was
distilled. The maximum is got at higher temperature and lower feed flow
rate levels.

Figure 4 shows the response surface for FFA in the distillate stream.
To increase the deacidification of the SODD, the operating range needs to
follow evaporator temperature increasing and feed flow rate decreasing.
For SODD deacidification, it is not interesting to carry out the experiments
at low evaporator temperature. The high evaporator temperature pro
motes the evaporation of lighter molecules from SODD, and consequently,
increases the FFA content. Figure 5 shows the response surface for total
tocopherol in the residue stream. In order to concentrate tocopherols, it is
necessary to increase the evaporator temperature and to decrease feed
flow rate. At high evaporator temperature, all the FFA were distilled and
collected as distillate. But in this case, some loss of tocopherol can be
observed.

For all the responses, the maximum value can be obtained at high
evaporator temperature and low feed flow rate. To FFA at distillate stream,
a large range can be used to get a maximum deacidification of SODD. The

Applied Biochemistry and Biotechnology Vol. 136-1401 2007
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Table 5
Predicted and Experimental Responses for Molecular Distillation Process

Response

Real value Coded value Experimental Predicted SD

Xl Xz Xl Xz YI

7.5 160 -0.17 0.2 22.6 30.9 5.87
10.0 160 0.69 0.2 10.4 17.0 4.67

Yz
7.5 160 -0.17 0.2 96.4 99.6 2.26

10.0 160 0.69 0.2 93.3 97.6 3.04

Y3
7.5 160 -0.17 0.2 4.5 5.1 0.42

10.0 160 0.69 0.2 5.1 5.3 0.14

Units for Xl and Xzare mL/min and 0c, YI is a dimensional, Yz and Y3 are %(w/w).

results are validated through the independent experiments for the molec
ular distillation process. The predicted D/ F ratio, FFA, and Tocopherols
levels were close to the experimental data as shown in Table 5. The differ
ence between the experimental and predicted responses is small. The data
in Table 5 shows the validation of the fitted models through RSM.
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Concluding Remarks

895

In this study, RSM successfully optimized the conditions used in the
deacidification of SODD and concentration of tocopherols. The generated
regression models could be used to predict the SODD deacidification and
tocopherols concentration. Results of this study might serve as a guideline
for a scale-up of the molecular distillation process, such as a pilot plant, for
concentration of vitamin E from SODD.
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Abstract

Semicontinuous production of lactic acid from cheese whey using free
cells of Bifidobacterium longum with and without nanofiltration was studied.
For the semicontinuous fermentation without membrane separation, the lac
tic acid productivity of the second and third runs is much lower than the first
run. The semicontinuous fermentation with nanoseparation was run semi
continuously for 72 h with lactic acid to be harvested every 24 h using a
nanofiltration membrane unit. The cells and unutilized lactose were kept in
the reactor and mixed with newly added cheese whey in the subsequent
runs. Slight increase in the lactic acid productivity was observed in the sec
ond and third runs during the semicontinuous fermentation with nanofil
tration. It can be concluded that nanoseparation could improve the lactic
acid productivity of the semicontinuous fermentation process.

Index Entries: Cheese whey; fermentation; lactic acid; lactose; membrane;
nanofiltration; semicontinuous.

Introduction

Lactic acid is a natural organic acid and has many applications in the
pharmaceutical, food, and chemical industries. It is used as acidulant and
preservative, and recently its potential as substrate for the production of
biodegradable plastic has been actively pursued (1,2). Approximately half of
the world's supply of lactate is produced by fermentation process. Although
batch fermentation processes are currently used, a number of more
advanced techniques have been investigated in order to improve the process
efficiency (3). Semicontinuous and continuous lactic acid production sys
tems have been recently studied to improve the fermentation performance
(4-6). Cheese whey is an important byproduct from the cheese manufactur
ing industry. Typically, 100.0 g of milk yield, 10.0 g of cheese, and 90.0 g of

*Author to whom all correspondence and reprint requests should be addressed.
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liquid whey (7). Cheese whey contains about 4.5-5% lactose, 0.6-0.8% solu
ble proteins, 0.4-0.5% (wIv) lipids, and varying concentrations of mineral
salts (8). Therefore, there is an interest to utilize lactose from cheese whey in
the production of value-added products such as lactic acid.

Lactic acid.has been produced by fermenta tion of sugar-containing sub
strates such as cheese whey using Lactobacillus helveticus (2,9) and L. casei (4,5)
in most of the previous studies. Bifidobacterium longum is a bacterium that can
convert lactose into lactic acid and also produce an antibacterial compound,
which can boost the immune system in its host. In recent years, there has
been an increasing interest in the incorporation of the intestinal bacterial
species, B. longum, into fermented milk products. Studies have demonstrated
that B. longum in fermented milks have a variety of beneficial health effects in
human and animal intestinal tract (10,11). Most previous studies on the fer
mentation process using B. longum have focused on the production of B.
longum cell (12,13) for application in the food and pharmaceutical industry.
The research on lactic acid production using B. longum is scarce.

Nanofiltration is a pressure-driven membrane process with a MWCO
situated between reverse osmosis and ultrafiltration. The nanofiltration
membrane has already been used in the demineralization of salted, acid,
and sweet cheese whey (14). The process could separate monovalent salts
and organics in the molecular weight range 200-1000 Da (15).
Nanofiltration membrane with MWCO around 400 Da was demonstrated
to retain about 97% of lactose and 12-35% of lactate at pH 3.3 in a nanofil
tration membrane-reactor (1). Nanofiltration of cheese whey has been eval
uated based on the permeate flux to improve the demineralization rate by
Alkhatim et al. (16). The objectives of this study were: (a) to evaluate the
performance of nanofiltration filtration membrane on the lactic acid purifi
cation, and (b) to evaluate the performance of semicontinuous production
of lactic acid from cheese whey with and without nanofiltration.

Materials and Methods

Cheese Whey Media

Cheese whey media was prepared by dissolving 50.0 g of depro
teinized cheese whey powder (Davisco Foods International Inc., Eden
Prairie, MN) into a liter of deionized water and stirring for 5 min at ambient
temperature to obtain 5% cheese whey concentration. The composition of
the deproteinized cheese whey powder was as follows: crude protein (total
nitrogen x 6.38) 6.8%, crude fat 0.8%, lactose 78.6%, ash 9.4%, and moisture
4.4%. The solutions were autoclaved at 103°C for 10 min before being used
at the fermentation experiments.

Microorganism and Culture Media

B.longum was obtained from the National Collection of Food Bacteria
(NCFB 2259). Stock culture of this strain was maintained in 50% glycerol
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and Man Rogosa Sharpe (MRS) broth media at -BO°C. Active cultures were
propagated in 10 mL MRS broth at a temperature of 37°C for 24 h under
anaerobic conditions. This was used as a preculture to initiate cell produc
tion of higher volume with a 1% inoculation into 100 mL fresh MRS broth,
and incubated at 37°C for 24 h.

NanofiItration

The nanofiltration system consisted of a recirculation pump, nanofiltra
tion unit (SEPA CF II, Osmonics, Minneapolis, MN), and an online permeate
weighting unit. The cheese whey broth was circulated from the fermentor to
the nanofiltration membrane unit at a constant velocity through a positive
pump (M03-S, Hydra-cell, Minneapolis, MN). The permeate was collected in
a container placed on an electronic balance. The reading of the balance was
continually recorded at 30 s intervals by a computer. The cross-flow velocity
used in the experiments was 0.5 m/s. The transmembrane pressure levels
used were 1.4,2.1, and 2.8 MPa. Two nanofiltration membranes (DS-5DK and
DS-5HL, Osmonics) were used in the experiments. Both the membranes
could retain 98% of MgS04 but had different levels of permeate flux. No
MWCO information was provided by the manufacturer. The surface area of
the membrane is 140 cm2. The hold up volume of the membrane unit is 70
mL. The nanofiltration process lasted for 1 h.

An alkali-acid treatment method was applied to the membrane system
in the following steps: (a) fully open the recirculation and permeate valves,
(b) flush with tap water for 5 min, (c) circulate 2 L of 4% phosphoric acid for
10 min, (d) rinse with tap water for 5 min, (e) circulate 2 L of 0.1 N NaOH
solution for 10 min, and (f) rinse with 10 L of deionized water for 5 min.

Semicontinuous Fermentation

The fermentation was conducted in a stirred 1.5-L benchtop fermentor.
The pH of the broth was maintained at the designated value by neutralizing
the acid with 10 N ammonium hydroxide during fermentation. The agitation
speed of the fermentor was maintained at 200 rpm, whereas the temperature
was maintained at 37°C. Samples were withdrawn every 2 h during the first
6 h and every 12 h during the remaining fermentation process.

The preliminary semicontinuous fermentation experiments without
membrane separation were conducted at pH 5.0-6.5 for 48 h. After 48 h,
half of the broth (0.75 L) was pumped out and same amount (0.75 L) of fresh
cheese whey (5%) was added. The fermentation lasted for another 48 h at
the same condition. In the semicontinuous fermentation experiments with
membrane separation, 0.75 L of broth was harvested from the fermentor
using the nanofiltration unit described above. The SDK membrane was
used in the tests. The transmembrane pressure of the tests was maintained
at 2.1 MPa. After membrane separation, 0.75 L of fresh cheese whey (5%)
was added to replace the removed permeate. The membrane unit was
flushed with boiling water for sterilization before each run of separation. In
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order to compare the performance of semicontinuous fermentation without
and with membrane separation, 0.75 L of broth was also harvested and
replaced with 0.75 L of fresh cheese whey every 24 h in the semicontinuous
fermentation without membrane separation. The fermentation experiments
were replicated three times.

Analysis

Lactose, lactic acid, and acetic acid were measured by high-performance
liquid chromatography (Waters, Milford, MA) with a KC-811 ion exclusion
column and a Waters 410 differential refractometer detector. The mobile
phase was 0.1 % H3P04 solution at a flow rate of 1 mL/min. The tempera
tures of the detector and of the column were maintained at 35°C and 60°C,
respectively. The performance of fermentation was evaluated with lactic acid
productivity:

L
. ·d d .. Lactic acid produced (g / L)

actic aCI pro uCtiVIty = (1)
Total fermentation time (h)

The performance of membrane separation was evaluated by using
three criteria: (a) permeate flux, (b) lactose retention, and (c) lactic acid
recovery. The permeate flux was calculated by measuring the quantity of
permeate collected during a certain time and dividing it by the effective
membrane area for filtration.

P fl (L -2/h) Permeate volume
ermeate ux m

Membrane area x time

The lactose retention (%) was defined as:

(
Concentration of lactose in the permeate J

Lactose retention = 1 - x 100
Concentration of lactose in the feed stream

The lactic acid recovery (%) was defined as:

Concentration of lactic acid in the permeate
Lactose recovery = x 100

Concentration of lactic acid in the feed stream

Results and Discussion

(2)

(3)

(4)

Semicontinuous Fermentation Without Membrane Separation

The preliminary semicontinuous fermentation without membrane
separation was conducted at different pH to obtain the optimum fermen
tation condition. The averaged lactose, lactic acid, and acetic acid concen
trations obtained during the fermentation with free cells of B. longum at
different pH are shown in Figs 1-4. The results show that lactose conver
sion ratio was significantly affected by the pH (p < 0.0001). The lactose
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Fig. 1. Semicontinuous production of lactic acid from cheese whey (pH 5.0).
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conversion ratio of 75,97,88, and 94% was obtained at pH 5.0, 5.5, 6.0, and
6.5 for the first run, respectively. The lactose conversion ratio of 62, 100,
89.5, and 100 was obtained at pH 5.0, 5.5, 6.0, and 6.5 for the second run,
respectively. The lactic acid yield was between 0.72 and 0.76 glg at pH val
ues from 5.0 to 6.5. The pH has no significant effect on the lactic acid yield
within the pH range of 5.0-6.5 (p > 0.2). The production of acetic acid was
negligible in comparison with that of lactic acid production. As the initial
lactose concentration of the second run was lower than that of the first run,
most of the lactose could be converted during the second run. It can be
seen from Fig. 5 that lactic acid productivity of the second run is much
lower than that of the first run.

Nanofiltration of Fermentation Broth

The nanofiltration testing results of permeate flux, lactose retention,
and lactic acid recovery are shown in Table 1. The values in Table 1 are the
average of two replicates. After 48 h of fermentation, nearly all the lactose
in the fermentation was converted. In order to evaluate the performance of
the membrane on the lactose retention, the lactose concentration in the
broth was also adjusted to 10.0 giL in some tests. It can be seen from Table 1
that when the membrane of 5DK was used, 100% of the lactose was retained
at pressure of 2.1 and 2.8 MPa. Under the studied conditions, the membrane
of 5HL could only retain about 70% of the lactose. In order to obtain pure lac
tic acid, membrane of 5DK was selected for the semicontinuous fermentation
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Table 1
Permeate Flux, Lactose Retention, and Lactic Acid Recovery

During Nanofiltration

Initial
concentration

(giL)

Membrane Lactic Pressure Flux Lactose Lactic acid
type Lactose acid (MPa) (Lm~2/h) retention (%) recovery (%)

0 25.0 1.4 36.9 44.5
0 25.0 2.1 45.4 34.2
0 25.0 2.8 50.5 31.7

5DK 10.0 30.0 1.4 21.9 98.0 44.2
10.0 30.0 2.1 53.5 100 37.7
10.0 30.0 2.8 59.3 100 30.0
0 25.0 1.4 56.9 67.8
0 25.0 2.1 58.1 56.0

5HL 0 25.0 2.8 62.6 44.2
10.0 30.0 2.1 50.4 69.0 70.8
10.0 30.0 2.8 62.0 73.1 62.4

tests. It can be seen from Table 1, that permeate flux and lactose retention
increased with the increase of transmembrane pressure. The lactic acid recov
ery in the permeate decreased with the increase of transmembrane pressure.

Comparison of Semicontinuous Fermentation
With and Without Nanofiltration

Figures 6-8 show the comparison of semicontinuous fermentation with
and without nanofiltration. As the nanofiltration membrane could retain all
the lactose, it can be seen from Fig. 7 that the initial lactose concentrations of
the second and third runs of the tests were very close to that of the first run,
whereas the lactose concentrations of the second and third runs were lower
than that of the first runs in the tests without nanofiltration (Fig. 6). In the
tests without nanofiltration, the lactic acid productivity of the second and
third run was much lower than that of the first run (Figs. 6 and 8), whereas
no decrease in lactic acid productivity was observed in the second and third
runs when the nanofiltration membrane was used (Figs. 7 and 8). As the
nanofiltration membrane could retain all the cells in the reactor, the initial cell
density of the second and third runs with nanofiltration is much higher than
that of tests without nanofiltration. It can be seen from Fig. 7 that the lactic
acid concentration was increasing with runs, which was caused by the lower
lactic acid recovery of the membrane. The selected membrane (SDK) could
retain all the lactose, but it also had high lactic acid retention. The membrane
need to be modified to increase the lactic acid recovery (reduce the lactic acid
retention), whereas retain all the lactose in the future studies.
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Fig. 6. Semicontinuous lactic acid production without nanofiltration (pH 5.5).
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Fig. 7. Semicontinuous production of lactic acid from cheese whey with nanofiltra
tion (pH 5.5).

Conclusion

The semicontinuous fermentation without nanofiltration was tested at
pH 5.0-6.5 and high lactose conversion and lactic acid yield were obtained
at pH 5.5-6.5 in the first runs. The lactic acid productivity of the second
runs was much lower than that of the first runs when the semicontinuous
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fermentation was conducted without nanofiltration. Lactose retention ratio
of 100% and lactic acid recovery of 38% was obtained with nanofiltration
membrane of SDK at pressure of 2.1 MPa. Membrane of SHL could only
retain about 73% of lactose, but could recover 62% of the lactic acid. When
the nanofiltration membrane unit (SDK membrane) was integrated with
the fermentor to harvest lactic acid every 24 h, higher lactic acid productiv
ity was obtained for the second and third runs than the first run during the
semicontinuous fermentation. Compared with the semicontinuous fermen
tation without nanofiltration, the lactic acid productivity of the subsequent
runs increased.
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Abstract

Polyhydroxyalkanoates (PHAs) represent an environmentally effective
alternative to synthetic thermoplastics; however, current production practices
are not sustainable. In this study, PHA production was accomplished in
sequencing batch bioreactors utilizing real wastewaters and mixed microbial
consortia from municipal activated sludge as inoculum. Polymer production
reached 85, 53, and 10% of the cell dry weight from methanol-enriched pUlp
and paper mill foul condensate, fermented municipal primary solids, and
biodiesel wastewater, respectively. Using denaturing gradient gel elec
trophoresis of 16S-rDNA from polymerase chain reaction-amplified DNA
extracts, distinctly different communities were observed between and within
wastewaters following enrichment. Most importantly, functional stability was
maintained despite differing and contrasting microbial populations.

Index Entries: Activated sludge; denaturing gradient gel electrophoresis;
polyhydroxyalkanoates; wastewater; primary solids fermentate; foul con
densate; environmental biotechnology.

Introduction

Engineered biological systems have historically been utilized prin
cipally for the remediation and/or treatment of anthropogenic-derived
pollution. Only in recent years has this environmental management dis
cipline, appropriately referred to as environmental biotechnology (1),
been recognized for its potential to synthesize commodities and provide
services beyond waste treatment (1). However, this proposition is not

*Author to whom all correspondence and reprint requests should be addressed.
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without challenges. Foremost, any proposed commodity-producing,
biologically based process must be relatively easy to operate, stable, and
largely self-correcting (1), which demands functional stability within the
anticipated diverse microbial community. Although this fundamental
requirement is not necessarily congruent with all current biological treat
ment processes (e.g., biological nitrogen removal and biological phos
phorus removal [2,3]), recent research applying advanced molecular
techniques provides evidence of stable ecological functions within
diverse and seemingly different mixed microbial populations (4,5). In
fact, ecological resilience and maintenance of function is proposed to be
predicated on species diversity (6).

Within the context of environmental biotechnology and commodity
production are biologically derived polyesters known as polyhydroxyalka
noates (PHAs), which represent a potentially sustainable replacement to
fossil-fuel based thermoplastics. Synthesis of PHAs, which serve as bacterial
carbon and energy storage reserves, is currently estimated to be accom
plished by over 300 different bacterial species in the form of cytoplasmic
granules (7). Biosynthesis is stimulated by either excess soluble carbon with
a concurrent macronutrient limitation (typically limited on either nitrogen
or phosphorus), a limitation in a terminal electron acceptor (with oxygen
as the most common), or a so-called feast/famine environment wherein
microorganisms realize a transient excess of soluble carbon without any
other nutrient limitations (8). Poly-3-hydroxybutyrate (PHB or P3HB) was
the first PHA discovered (>75 yr ago), and hence is the most extensively
characterized type (9,10), although many more forms of hydroxyalkanoic
monomer units have since been identified (9). Common precursors to PHA
synthesis include simple sugars such as glucose and fructose, and organic
acids such as acetic and propionic acid. The type of carbon substrate dic
tates the polymeric structure of the PHA (9), with some of the most com
monly studied forms including PHB, poly-hydroxyvalerate (PHV), and
poly-4-hydroxybutyrate. In turn, each form of PHA yields different poly
mer properties. PHB exhibits similar properties to polypropylene, including
melting temperature and crystallinity, but the polymer is brittle on crystal
lization and exhibits little stress resistance (9). Polymer improvements have
been accomplished through copolymerization with PHV to increase ductil
ity and impact resistance and lower processing temperatures (9).

Current commercial PHA production practices utilize pure microbial
cultures grown on renewable, but refined feedstocks (e.g., glucose) under
sterile conditions (11), and hence are not necessarily sustainable (12,13).
However, recognizing the apparent propensity for wild microbial consor
tia to synthesize the polymer (14-16)/ commercial production of PHA
would theoretically appear to be a natural extension of wastewater treat
ment. In fact PHA synthesis is empirically associated with certain munici
pal wastewater treatment processes (17-19), although biological synthesis
of PHA in full-scale wastewater treatment facilities, estimated at upwards
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Fig. 1. Schematic diagram of proposed PHA production process integrated within
a municipal wastewater treatment scheme.

of 4% (w/w) (data not shown), falls short of quantities necessary for
commercial exploitation. Nevertheless, recognizing that many waste
streams are rich in PHA precursors, the potential exists for PHA-production
concurrent with wastewater treatment.

As proof of this concept, we have previously proposed and imple
mented an integrated PHA production and wastewater treatment process
for municipal wastewaters (Coats et al., in review). In this scheme,
wastewater treatment would occur in a biological treatment train designed
to create selective environmental pressures necessary to achieve treatment
objectives and concurrently enrich for microorganisms capable of produc
ing PHA (Fig. 1). Mass production of PHA would occur in a separate bio
logical reactor (termed a sidestream reactor) receiving biomass routinely
wasted from the treatment reactor. Primary solids fermentate, derived
from a primary solids fermentation reactor, would be supplied to both the
wastewater treatment and PHA production reactors. Implementation of
this integrated PHA production-wastewater treatment scheme resulted in
a PHA yield of approx 10-22% (w/w) while concurrently realizing soluble
carbon removal (Fig. 2); in the sidestream reactor, PHA production peaked
at approx 53% (w/w) within 3.5 h (Fig. 3). Similar results were achieved in
a sidestream reactor utilizing solids obtained from a wastewater treatment
reactor operated under strictly aerobic conditions (data not shown). In all
cases PHA production followed a feast-famine pattern, and maximum
PHA production consistently occurred at a defined time-point after feed
ing concurrent with maximum reduction in readily metabolized soluble
carbon. Importantly, copolymerization of both PHB and PHV was
achieved (Fig. 3). The occurrence of this feast-famine condition is consis
tent with previous investigations (8,14,15) that focused on environmental
matrices other than wild microbial consortia and wastewater.
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Fig. 3. Transient "concentrations of soluble COD, PHAs, PHB, and PHV in a
sidestream aerobic batch reactor seeded with cells obtained from the SBR in Figure 2
at t =24 h and fed fermentate (at t =0) derived from municipal primary solids.

The goal of the research presented herein was to extend the proposed
PHA-wastewater treatment process to industrial wastewater, and to inves
tigate the functional stability and general diversity of mixed microbial con
sortia within different PHA-producing wastewater environments. The
specific objectives were to:

1. Demonstrate that PHA synthesis can be achieved by a mixed micro
bial consortium on industrial wastewaters.
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2. Demonstrate process and functional stability in a municipal
wastewater environment following process upset.

3. Preliminarily characterize the extent of microbial diversity of the
PHA-producing consortium within a particular wastewater and
among different wastewaters.

Materials and Methods

Source of Microorganisms

The mixed microbial seed was obtained from the Moscow, Idaho,
wastewater treatment facility, which had been determined, through a series
of preliminary facility screening studies, to be capable of synthesizing PHA.
The microbial seed for the primary solids fermenter was obtained from the
anaerobic digester at the Pullman, Washington wastewater treatment plant.

Source of Wastewater

Foul condensate wastewater was obtained from the Lewiston, Idaho,
Potlatch Corporation pulp and paper mill. Biodiesel-derived wastewater
was provided by the University of Idaho, Department of Biological and
Agricultural Engineering (Moscow, Idaho). Two batches of biodiesel
wastewater were obtained, one with residual ethanol and one without, and
each batch was fed into two reactors, one at 1% (vIv) and the second at
5% (vIv). Thickened primary solids, for operation of the fermentor were
obtained from the Pullman, Washington wastewater treatment facility. Raw
municipal wastewater was obtained from the Moscow, Idaho wastewater
treatment facility.

Culture Conditions and Harvesting Procedures

PHA production on pulp and paper mill foul condensate wastewater
was accomplished in three 4-L completely mixed reactors. All reactors were
operated as sequencing batch reactors (SBRs) on a 24-h cycle, with a solids
retention time (SRI) of 4 d (reactor PO-A and PO-A1) or 6 d (reactor PO-C).
Withdrawal and fill cycles of the SBR occurred almost immediately. Given
that the mixture under reaction in the SBR was not permitted to settle
before withdrawal, the hydraulic retention time (HRI) was equivalent to
the SRI. Reactors PO-A and PO-C were continually aerated to maintain
fully aerobic conditions; reactor PO-A1 was cycled every 12-h between
anaerobic (first 12 h) and aerobic environments. Anaerobic conditions were
established by bubbling nitrogen gas continuously into the reactor.
Nitrogen gas and air were supplied through a 9-in. diameter Sanitaire®
Silver Series II membrane fine bubble disc diffuser (Brown Deer,
Wisconsin). PHB production on biodiesel wastewater was accomplished in
500-mL flasks incubated by shaking at 250 rpm for 4 d at 30°C.
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Wastewater biosolids fermentate was produced in a 10-L completely
mixed primary solids fermenter operated as a SBR, with a 24-h reaction
time, and a SRT and HRT of 4 d. The daily decant was centrifuged at
approx 10,000g, and the supernatant (e.g., fermentate) recovered. The
fermentate-fed anaerobic/aerobic reactor (batch fed daily with fermen
tate) and the raw wastewater methanol fed reactor (batch fed daily raw
wastewater and 5 mL of methanol to yield an initial concentration of
approx 0.125% [vIv]), consisted of 4-L vessels continuously operated on a
24-h cycle (anaerobically for 6 h following feeding, then aerobically for
18 h) with a SRT and HRT of 5 d. Withdrawal and fill cycles of the SBR
occurred almost immediately. Anaerobic conditions were accomplished
through the continuous supply of nitrogen gas, and were verified utilizing
a dissolved oxygen probe. Nitrogen gas and air were supplied through a
9-in. diameter Sanitaire Silver Series II membrane fine bubble disc diffuser.

Analytical Techniques

Soluble chemical oxygen demand (sCaD or COD) tests were per
formed in accordance with Standard methods 5220-D (20), with samples
filtered through sterilized 0.22 flm filters before analysis (Millipore Corp,
Billerica, MA). Hach high-range ampules (Hach Company, Loveland,
Colorado) were utilized, with a Hach COD reactor and a Spectronic® 20
GenesysTM spectrophotometer. Biomass PHA content was determined by
gas chromatography/mass spectrometry (GC/MS) as previously described
(21). Briefly, dried PHA-rich biomass samples were digested at 100°C in 2 mL
each of acidified methanol (3% [vIv] sulfuric acid) and chloroform. Benzoic
acid was added to the chloroform as an internal standard. Following vigor
ous vortexing of the mixture with I-mL deionized water, PHA-rich chloro
form was recovered for analysis. The chloroform phase was dehydrated by
filtering the PHA-rich solution through sodium sulfate before analysis.
GC/MS was performed on a Thermofinnigan PolarisQ iontrap GC/MS
instrument (Thermo Electron Corporation, Waltham, MA) in positive elec
tron impact mode. The sample was introduced using split injection.
Separation was achieved on a ZBl (15m, 0.25 mm ID) capillary column
(Phenomenex, Torrance, CA) with helium as the carrier gas (1.2 mL/min)
using a temperature program of 40°C (2 min) ramped to 200°C at SOC/min.
The Xcalibur software program (Thermo Electron Corporation) was used to
analyze the data. The identity of the compounds was confirmed by retention
time and mass spectral matching with known standards (Lancaster
Synthesis, Ward Hill, MA) as methyl ester derivatives, and quantified based
on the internal standard. Total cellular PHA content was determined on a
weight basis (e.g., mass PHA: mass of dry biomass, [w/w]).

Molecular Methods

Genomic DNA was extracted from 250 flL liquid samples using MoBio
UltraClean Soil DNA isolation kit (MoBio Laboratories, Carlsbad, CA).
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Polymerase chain reaction (PCR) was used to amplify bacterial 165 rDNA
using the 341f-GC and 907r primers described by Ishii et al. (22).
Amplification was performed in 25 J..lL reaction mixtures that contained
0.4 pmol of each primer, 0.2~ of each dNTB 10.0 J..lg/mL bovine serum
albumin, IX PCR buffer, 1.5 mM Mg2+, 20 units/mL of Taq polymerase
(buffer, dNTPs, bovine serum albumin, and REDTaq, [Sigma-Aldrich, St.
Louis, MO]), and approx 100.0 ng target DNA. Reactions began with a 94°C
denaturation for 5 min, followed by 30 cycles of 94°C for 1 min, 54°C anneal
ing step for 1 min with a 72°C extension step for 1 min. Final extension was
carried out at 72°C for 7 min. Presence of PCR products was confirmed by
electrophoresis of 2 J..lL of the reaction mix on 1.5% agarose gels stained with
0.5 J..lg/mL ethidium bromide (Bio-Rad Laboratories, Hercules, CA). Four
reactions from each sample were pooled to create a single 100 J..lL composite
for denaturing gradient gel electrophoresis (DGGE) analysis.

DGGE (23) was performed with the D-Code system (Bio-Rad) at 60°C
and 65 V for 900 min. Samples (25 J..lL) were loaded on a 6% (wIv) poly
acrylamide gel (acrylamide : N,N'-methylene-bisacrylamide ratio, 37.5 : 1
[Bio-Rad]) in IX TAE buffer. The denaturing gradient was formed by mixing
two stock solutions of 6% acrylamide containing 40% and 80% denaturant
(7 M urea [Bio-Rad] plus 40% [vIv] formamide [Sigma Chemical Co.]). The
DNA was stained with 0.5 J..lg/mL ethidium bromide and imaged at 302 nm
using an AlphaImager (Alpha Innotech Corp., San Leandro, CA).

Results and Discussion

Production of PHA on Industrial Wastewater Treatment

PHA Production in Foul Condensate Wastewater

Pulp and paper mill foul condensate wastewater is typically enriched
with methanol, yielding a COD in excess of 10,000.0 mg/L. Methanol can
be readily removed from the wastewater through biological processes;
however, this wastewater is also nutrient limited, and the addition of nitro
gen, phosphorous, and micronutrients is often necessary to achieve ade
quate removal of COD to meet permitted effluent discharge requirements
(24). Although these nutrient limitations are often viewed as troublesome
from a conventional wastewater treatment perspective, the coupled high
carbon low-macro (micro) nutrient environment is potentially ideal for
stimulating PHA synthesis. In addition, methanol is a quality carbon source
for PHA synthesis (25,26).

Utilizing a PHA-producing mixed microbial seed obtained from the
Moscow, Idaho wastewater treatment facility, a foul condensate-fed SBR
operated under fully aerobic conditions (reactor PO-A; SRT = 4 d) main
tained a microbial consortium capable of producing PHA at 17.2% (w/w).
Polymer production was moderately variable, with a 95% confidence inter
val of 10.4-24.0% (w/w), (Table 1); peak PHA synthesis was 85% (w/w).
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Table 1
Summary of PHB Yield on Methanol-Enriched Foul Condensate Wastewater
Obtained From a Pulp and Paper Mill, for Samples Collected and Analyzed

Over a 4 rna Operational Period

PHB (% [w/wl)

Reactor Average 95% Confidence interval Maximum

PO-A 17.2 6.8 84.6
PO-C 5.0 1.3 7.5
PO-A1 6.6 1.6 16.8

All reactors were operated as SBRs. Reactors PO-A and PO-C were operated under fully
aerobic conditions, with a HRT and SRT of 4 and 6 d, respectively. Reactor PO-A1 was oper
ated under alternating anaerobic/aerobic conditions (12 hAN, 12 h AE), with a HRT and SRT
of 4 d. PHB yields represent dry weight concentrations (mass PHB : mass dry cell weight).

Reactor PO-C, which was also operated under fully aerobic conditions but
with an SRT of 6 d, yielded PHA at 5.0 ±1.3% (w/w), (95% confidence inter
val; Table 1); peak PHA synthesis was 7.5% (w/w). The reactors were oper
ated for a period of 4 mo. Analysis of the biomass samples applying GC/MS
techniques repeatedly verified both the presence and quantity of PHB (Fig. 4
presents a typical chromatogram). Biomass samples assayed for PHB were
collected during routine reactor decant. COD levels in both reactors were
consistently reduced by approx 10-20% (data not shown).

The variability in average and peak PHB yield in the fully aerated
reactors can be attributed primarily to three factors. First, the sampling
time-point may not have corresponded to peak cellular PHA concentra
tion. As evidenced by the temporal distribution of PHA synthesis and
degradation on fermentate (Figs. 2 and 3), the sampling time-point is criti
cal, because the microbes will readily and rapidly metabolize the stored
carbon. Temporal PHB synthesis within a given operational cycle was not
assessed. Second, methanol content in the daily feed of foul condensate
may have varied over time; recognizing that methanol is the primary sub
strate for PHB synthesis in foul condensate wastewater, such variation
could significantly affect PHB yield. Conversely, excess methanol has been
shown to have an inhibitory effect on overall biomass production and PHB
synthesis (27). Third, monoterpenes represent the other primary organic
carbon constituent in foul condensate (28); these carbon forms, which are
much more structurally complex than methanol, are biodegraded through
different metabolic pathways than methanol. These metabolic processes
could have interfered with PHB synthesis.

In addition to the aforementioned factors, reactor operating conditions
adversely influenced PHB synthesis. Increased HRT/SRT (e.g., reactor PO-C),
which corresponded to an "older" microbial consortium, appeared to result
in more carbon utilized for cell maintenance and growth and less for PHB
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synthesis (Table 1). Further, as contrasted with reactor PO-A, PHB yield was
significantly less under alternating anaerobic/aerobic reactor conditions
(e.g., reactor PO-AI; average 6.9% [w/w], Table 1). The removal of oxygen
appears to have created antagonistic conditions for PHB synthesis associated
with nearly complete inhibition of microbial activity consistent with aerobic
methanol oxidation by obligate methylotrophs (29).

Methylotrophic bacteria are the principal microbial species associated
with PHB synthesis on methanol (30,31), and certain species are capable of
producing upwards of 80% PHB (30), which is consistent with our peak
yield. The mechanism for stimulating polymer synthesis appears to be one
of macronutrient limitation (27,30), which is also consistent with our oper
ations. However, previous research suggests carbon-to-macronutrient
ratios may need to be optimized to maximize PHB synthesis (27,30). In
terms of process scale-up, site-specific investigations will be needed to
optimize nutrient conditions. However, clearly there is potential to inte
grate polymer production into this industry as a value-added commodity
generated during wastewater treatment.

PHA Production in Biodiesel Wastewater

Biodiesel is a potential replacement or supplement to petroleum-based
diesel fuels (32). However, within the context of green engineering (33), the
"green" label is arguably a misnomer because the high strength coproduct
wastewater stream (32) has simply shifted the environmental impacts within
the overall life-cycle of the product. Biodiesel wastewater, which exhibits a
COD in excess of 10,000,000 mg/L, principally consists of residual ethanol,
glycerol, fatty acid ethyl (or methyl) esters, and residual fatty acids (32).
Glycerol, ethanol, and fatty acids are direct precursors to PHA synthesis
(25,26). Production of PHA on biodiesel wastewater is not presented here as
the exclusive method of making this product "green", but rather as an exam
ple of how the production of commodities within the context of wastewater
treatment (viewed here simply as raw materials) can be used to mitigate the
shift in environmental impacts within the overall life-cycle of a product.

Utilizing biodiesel wastewater and a PHA-producing microbial seed
derived from the Moscow, Idaho wastewater treatment facilit)', PHB yield
ranged from approx 6% (w/w) on the ethanol-enriched biodiesel to approx
10% (w/w) on wastewater that contained no ethanol. Somewhat surprisingl)',
the yield on the ethanol-enriched biodiesel wastewater, which represents a
diverse carbon substrate for PHA synthesis, was lower than the waste stream
that contained no ethanol. Concurrent COD reduction was approx 67 and
60%, respectivel~ Considering the COD strength of biodiesel, this level of
treatment is quite significant. Whereas PHB yield was low, reactor optimiza
tion would likely result in improved PHA yield concurrent with additional
COD reduction. In fact, previous research with pure microbial cultures grown
on biodiesel wastewater has yielded upwards of 42% PHA (w/w) (32).
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Process and Functional Stability following Process Upset

A fermentate-fed SBR (identified as reactor FE-I) operated in an alter
nating anaerobic/aerobic scheme consistently maintained a microbial consor
tium capable of producing PHA (Fig. 2). The described conditions were
replicated in three discrete reactors operated under steady-state conditions at
different times over a 9 mo period. Comparable treatment efficiency and PHA
production patterns were achieved each time. Each of these reactors was
established with a new microbial seed obtained from the Moscow, Idaho
wastewater treatment facility, with the primary solids fermenter operated
with similarly new (e.g., fresh) material. Moreover, the reactor microbial seed
and primary solids were obtained under different seasonal conditions
(e.g., fall, winter, and spring) and under varying City wastewater conditions
(e.g., with and without the contributions of the seasonally large university
student populations in Pullman and Moscow). As further validation of this
proposed process, the results presented herein were replicated at the
University of California-Davis utilizing a mixed microbial seed derived from
the Lincoln, CA wastewater treatment facility and primary solids derived
from the Davis, CA wastewater treatment facility (data not shown).

As a contrast to the fermentate-fed wastewater treatment reactor, a
mixed microbial seed derived from the Moscow, Idaho wastewater treat
ment facility was cultured on raw wastewater augmented with methanol
(identified as reactor RW-I). The consortium generally utilized carbon at a
constant rate throughout both the anaerobic and aerobic periods, and no
appreciable PHA synthesis occurred (Fig. 5). A limited quantity of PHA
was produced in the form of PHB. Clearly, this form of augmentation and
reactor operation does not yield conditions suitable for concurrent PHA
production and wastewater treatment. In fact, the results were comparable
with those obtained on foul condensate wastewater when the reactor was
operated under alternating anaerobic/aerobic conditions.

To evaluate how each established microbial consortium would func
tion under dynamic nutrient feed conditions (e.g., process upset), recogniZ
ing that wastewater constituents can vary over time within a municipal
wastewater treatment environment, the substrate to the respective reactors
was switched. Specifically, the feedstock to reactor RW-l was converted to
fermentate (reactor identified as FE-2), and vice versa (FE-l renamed as
RW-2). As the reactors were batch fed daily, the conversion was effectively
instantaneous. The induced "upset" conditions were associated with (a) a
significant increase in COD (e.g., FE-l to RW-2) and (b) a significant change
in the carbon: nitrogen: phosphorus ratios in the substrate (e.g., RW-I to
FE-2 and FE-l to RW-2). All other operating parameters remained the same.
Two interesting mechanistic responses were observed. First, each microbial
consortium ultimately switched metabolic responses. For example, the
methanol-amended raw wastewater-fed reactor that was switched to fer
mentate, ultimately stabilized to cycle carbon consistent with the results
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Fig. 5. Transient concentrations of soluble COD and PHAs in an anaerobic/aerobic
SBR seeded with a mixed microbial consortium and fed raw wastewater and methanol
(at t =0).

shown in Fig. 2. Second, the microbial consortium in reactor FE-2 adapted
to synthesize both PHB and PHV in copious amounts, whereas the consor
tium was previously producing only minimal amounts of PHB. Conversely,
reactor RW-2 yielded negligible quantities of PHB, similar to RW-l.

Mixed Microbial Consortia for the Production of PHA in Wastewaters

Whereas the fact that PHA could be produced by a mixed microbial
consortium at a commercial level on various wastewaters certainly is sig
nificant, and that the consortia demonstrated robust functional capabili
ties, another observation carries similar weight. Quantitative PHA analysis
on the original microbial seed indicated approx 0.2% (w/w) PHB and
insignificant amounts of PHV, suggesting either limited numbers of PHA
producing organisms, or a limited production capacity. In either case,
when exposed to more optimum PHA-producing conditions, this same
PHA-producing consortium flourished.

Diversity of the PHA-Producing Microbial Population

OGGE was performed to provide preliminary qualitative information
regarding microbial community composition in the different reactors as a
result of both the contrasting and altered feedstock conditions. The uti
lized primers amplified a bacterial 16S rONA region corresponding to
Escherichia coli positions 356-906. DGGE profiles indicate the number and
relative abundance of the bacterial 165 rDNA amplicons in the reaction
mixture. Each discrete band represents a single amplicon that corresponds
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to a different bacterial strain present in the original sample. Despite biases
of this method described in the literature (34), this method nonetheless
provides a "fingerprint" that can be used to describe similarities between
and changes within microbial communities without the need for cultiva
tion or cloning and sequencing.

DGGE analysis was performed on samples from: (a) reactors FE-I,
FE-2, and RW-2, (b) two foul condensate reactors (PO-A and PO-C), (c) the
original microbial seed from the Moscow, Idaho EBPR facility, and (d) the
primary solids fermenter liquor (e.g., fermentate). The resulting finger
prints revealed starkly different microbial populations, with few common
bands (Fig. 6). Patterns from FE-I indicated the presence of at least eight
different strains with two dominant strains relative to others within the
lane. RW-2 contained only two distinct bands, which interestingly were not
present in FE-I; this is of significance given that RW-2 was initially FE-I
before switching feedstock. The absence of common bands between these
two samples indicates a complete change in the dominant communities
present. FE-2 contained 5 faint bands; contrasting FE-I and FE-2 revealed
little apparent similarity between populations despite receiving the same
substrate. The microbial seed from the Moscow, Idaho wastewater facility
(lane D) exhibited eight bands of approximately equivalent intensity; addi
tional faint bands were observed in replicate electrophoresis gels (data not
shown), suggesting a rich, diverse community of bacteria present in the
seed material. Fermenter liquor (lane E) contained five bands, two of which
were dominant. Throughout all lanes, smears are interpreted as a large
number of incompletely resolved bands likely resulting in an underesti
mate of diversity.

Potential explanations for the appearance and disappearance of
bands between related reactors (e.g., FE-I vs RW-2; FE-I vs FE-2; all reac
tors contrasted with the microbial seed) include enrichment of strains that
were originally beyond detection, addition of microorganisms in the feed
stock, or microbial contamination. Feedstock effects are possible, because
the clarified fermenter liquor feedstock contained low quantities of
microorganisms. However, the DGGE profiles of FE-I and FE-2 (Fig. 6)
showed minimal-to-no influence of the dominant communities from the
feedstock, as indicated by the predominant absence of common bands. The
environmental pressure in these reactors appears to have selected a micro
bial consortium exclusive of not only the fermenter liquor feedstock but
also the dominant microorganisms in the original seed. Raw wastewater
from the City of Moscow (no DGGE sample collected) contained less than
200.0 mg/L total suspended solids (of which only a small portion would
represent microbes). Thus, whereas this feedstock is potentially a source of
inoculum, the cell density is low relative to the cell density established
within the operating reactor. However, in the absence of DGGE profiles for
the raw wastewater there is no way to characterize its influence on the
resulting communities in the raw wastewater fed reactors.
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Fig. 6. DGGE gel of bacterial16S rONA peR products amplified from mixed microbial
consortium PHA-producing reactors, seed material from the Moscow, Idaho wastewater
treatment facility (lane 0), and the primary solids fermenter liquor (lane E). Lane FE-I
was inoculated with a microbial seed obtained from the Moscow, Idaho wastewater treat
ment facility and fed fermentate-rich wastewater. Lane RW-2 was previously run as FE-I
but was switched to a feedstock of raw wastewater and methanol. Lane FE-2 was previ
ously run as RW-I but was switched to a feedstock of fermentate-rich wastewater.

In contrast to the appearance and disappearance of multiple bands
noted above, results from DGGE analysis on samples from reactors PO-A
and PO-C (Fig. 7) indicated a loss of only one band and a subsequent change
in the intensities of the other bands. The lower dilution rate of PO-C resulted
in an increased sludge age (e.g., older microbial population) that appears to

Applied Biochemistry and Biotechnology Vol. 136-740,2007



Functional Stability of a Mixed Microbial Consortium

PO-A PO-C

923

Fig. 7. DGGE gel of bacterial16S rDNA PCR products amplified from mixed micro
bial consortium PHA-producing reactors. Lane PO-A represents a reactor operated at
a HRT/SRT of 4 d, and lane PO-C represents a reactor operated at a HRT/SRT of 6 d.
Both reactors were inoculated with a microbial seed obtained from the Moscow, Idaho
wastewater treatment facility, fed pulp and paper mill foul condensate wastewater,
and aerated continuously.

have enriched for one member of the community at the expense of at least
one other, as well as decreased net PHA accumulation. Further, recognizing
that PO-C did not receive as much substrate as PO-A, the reduced "feast"
environment may have also facilitated the enhanced selection of non-PHA
producing microbes.

A common approach to understanding the interplay between micro
bial community structure and function in biological wastewater treatment
has relied on the identification of the microorganism present in either a
single sample or a few samples over time (35). Although there arguably is
value in identifying which microorganisms are performing the critical
functions associated with PHA synthesis, the task is certainly daunting,
even with the many molecular tools available today. Conversely, an argu
ment can also be made that phylogenetic specificity is not necessary to
accomplish phenotypic stability; in fact, Rittman et a1. (1) suggest that the
field of environmental biotechnology within the context of full-scale engi
neered biological systems should focus on managing microbial communi
ties rather than focusing on a "solves-all problems superbug."

The results presented herein demonstrate that a diverse microbial con
sortium can achieve a stable function under dynamic conditions, thereby
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validating an application of this "function over structure" approach.
Recognizing the diversity of municipal and industrial wastewater streams,
and the associated diversity of bioreactor operating conditions necessary to
treat these wastewaters, this apparently transcendent functional stability for
PHA synthesis is viewed as a prerequisite condition for ultimate commercial
development of the proposed PHA process. Taken together, these results
suggest that nutrient conditions more significantly affect microbial function,
rather than dominance of certain genotypes, and furthermore, that "func
tional redundancy" (36) results in retention of major or dominant commu
nity functions despite changes in community structure. These results further
imply that if given a suitable carbon and energy source, reactor operational
conditions such as induction of a feast/ famine regime, the HRT, and/or the
SRT, rather than starting inoculum composition, drive the microbial func
tions of PHA accumulation in a mixed microbial consortium.

Conclusions

Based on the results presented herein, the following conclusions can be
drawn:

1. The genetic capability to synthesize PHA appears to be common
in mixed microbial consortiums present in conventional waste
water treatment bioreactors, as demonstrated through process suc
cess in two geographically distinct regions and on different waste
carbon substrates.

2. The proposed process can recover from a process upset associated
with instantaneous changes in either substrate carbon concentration
or carbon: nitrogen: phosphorus ratios.

3. The genetic capability to synthesize PHA (e.g., function) is a critical
factor for process success, rather than the presence of a specific micro
bial structure.

4. Successful integration of PHA production with wastewater treat
ment will demand optimizing bioreactor operations (e.g., SRT, HRT,
and operating environment) with the substrate.

5. Additional investigations are necessary to develop appropriate
design and operational criteria such that the proposed process can
be successfully scaled up. Within this context, investigations should
be conducted to identify the specific microbes-producing PHA, which
could generate mechanisms to monitor and maintain process success.
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Abstract

A mixture created by blending with a spatula, an egg yolk and an egg
white from the same egg can serve as a binary system for testing to see how
well foam fractionation can be used to separate two different groups of pro
teins naturally found together. This mixture of two phases is particularly
attractive for such a study because the two phases can be visualized dis
tinctly when in their separated states. It has been shown that air alone at a
low flow rate and with little or no water added can effect visually clean sep
arations of egg yolk from egg white, making this a "green" separation pro
cess. The white precedes the yolk in the process, which takes less than 10 min
at a laboratory scale.

Index Entries: Egg albumin; egg protein; egg white; egg yolk; foam fractiona
tion; protein separation; serum albumin.

Introduction

Foam fractionation processes are promising methods for separating
proteins found in water solutions. Other than the addition of air or another
carrier gas, such as carbon dioxide, no other substances are needed to
remove the foaming (hydrophobic) proteins from the other proteins found
in a solution mixture. Therefore, contamination by exogenous chemical
separation agents such as organic solvents is minimized. Natural fraction
ation phenomena occur in various processes such as the protein foam head
formation in beer glasses, the breaking waves along ocean shorelines, in
biological waste treatment plants (1), and in commercial fermentation pro
cesses such as those used to create antibiotics and industrial enzymes like
cellulase.

Foam fractionation is a simple and low-cost technique for separating
and concentrating surface-active chemicals such as hydrophobic proteins. In
foam fractionation, hydrophobic proteins are attached by adsorption to the
gas bubbles, which then rise to the top of the bulk liquid at the surface (2).

*Author to whom all correspondence and reprint requests should be addressed.
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The proteins then become more concentrated as they rise because water is
lost as they move upward through drainage.

Proteins are made up of long chains of amino acids. Chicken egg pro
teins are found in either the egg yolk or the egg white phases. The main
constituent of an egg white is the protein, ovalbumin, which makes up
75% of the protein mass in the egg white (3). Other proteins that make up
the egg white include conalbumin, ovomucoid, lysozyme, globulins (G2,
G3), ovomucin, flavoprotein, ovoglycoprotein, ovomacroglobulin, avoin
hibitor, and avidin (3). Egg yolk contains lecithin, a natural detergent and
also apovitellenins I and VI and phosvitin (4).

Previous studies on foam fractionation show its feasibility for con
centrating and separating proteins that foam. In general, foam fractiona
tion is a very promising method for removing proteins from dilute
solutions, for example, kudzu proteins from a retting solution and potato
protein wastes in the potato industry (5). Many biopolymers including
bovine serum albumin (blood), albumin, pepsin, and urease have been
purified by foam fractionation. One of the key characteristics of this pro
cess is the speed with which the enrichment occurs because of the large
gas-liquid interface generated in the bubbling process (6).

When an egg is cracked into a bowl and is beaten lightly with a spat
ula or whisk, it can be seen that even though the egg white and yolk incor
porate into one another nicely, there still exists a boundary between the
two phases. Separating the egg white from the egg yolk is a membrane
called the vitelline membrane (4). When this mixture is placed into a foam
fractionation column, a separation of the initial two phases, egg yolk and
egg white, can be seen, suggesting a binary separation of the two phases.
This two-phase system is a model system used here to explore how foam
fractionation can be used to separate two optically different phases, each
of which contain many proteins. To prove the binary separation of the egg
white from egg yolk, the concentration of egg yolk and egg white of the
foamate at various stages of foaming needed to be found. Optional spec
troscopy used here to quantify the egg yolk and egg white separation, is a
simple, noninvasive analytical technique with an infinitely broad range of
applications in plant biotechnology and food processing.

Proteins are found in numerous other naturally occurring mixtures,
which can be thought of as phases. In addition to water solutions of egg
proteins, kudzu vine fermentation proteins, sweet potato proteins, and
blood plasma proteins can be thought of as being consisting of visibly col
ored groupings or phases for analysis and for foam fractionation separation
herein. Blood plasma contains groups of soluble proteins, the most abun
dant of which is serum albumin (7). It is interesting that the hydrophilic and
hydrophobic carrier properties of albumins in a water solution render them
suitable for separation from other proteins or protein groupings (phases)
using foam fractionation. Perhaps even foam/bubble fractionation could
also be used to separate plant-derived mixtures of hydrophilic tannin from
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hydrophobic cellulose. The effect of physio-chemical parameters on the
separation of proteins from human placenta extract using a continuous
foam fractionation column has also been examined in previous studies (8).

Because the egg yolk membranes appear to be fractionated and left
behind in the bulk residue consisting mainly of egg yolk for the case of mod
erate hand premixing, perhaps the egg shell membrane can also be sepa
rated from other egg components by using foam fractionation. If so, then it
might be possible to recover and concentrate those egg membranes, which
are used as the substrate to grow viruses. This low-cost recovery could then
perhaps be used as a first step in producing vaccines more quickly.

Materials and Methods

Sample Preparation

Grade A large white chicken eggs (Weiss Lake Pride, distributed by
LA-127 Weiss Lake Egg Col, Centre, AL 35960) were purchased from a local
grocery store and refrigerated at SoC. Each egg was allowed to warm to
approx 20°C because it was found that warm eggs foam better than cold
eggs. The egg was then cracked, and the yolk and white (albumin) were
separated by decantation into separate glass beakers. Owing to the high vis
cosity of fresh egg white, which made it hard to split and dilute with water,
grade II crude, dried chicken egg white purchased from Sigma-Aldrich
(St. Louis, MO) as Lot 88H1447, was used in its place. To create the calibra
tion curve for the egg white, the dried egg white was diluted with water to
the desired concentrations. For the yolk calibration curve, the whole yolk
was weighed and then diluted down with water. More stirring was required
to fully incorporate the yolk into the water than was required for the dried
egg white. For the foam fractionation experiment, a whole egg was placed in
a beaker and beaten lightly with a spatula for approx 5 min. For a separate
experiment, another egg was placed into a blender (Blend Master 10, with a
350 W motor, made by Hamilton Beach/Proctor-Silex Inc., Washington, DC)
and mixed on high speed for 5 min.

Experimental Procedure

The experimental foam fractionation column used was made of glass
with an inside diameter of 2 em and a height of 10 em. A porous ceramic
(fritted) disk sparger with medium sized porosity was fitted inside the
inner column wall near the bottom. Air from a compressed gas cylinder
was introduced at a low rate (approx 35 mL/min) into the column after
passing through a humidifying flask. The apparatus is shown in Fig. 1 and
a typical spectrum of colors from a foaming experiment are described in
Fig. 2. To test for the role of membranes in restricting the foaming process,
the egg that was beaten by hand and an egg beaten vigorously in a blender
to better break down the existing membranes were foamed in separate
experiments. During the first experiment, the whole egg beaten by hand
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Air flow meter

Fig. 1. Schematic drawing of the foam fractionation apparatus.

Liquid ''yolk" mixture

/~---- White-airy foam

Pale yellow foam

Thick yellow foam

Fig. 2. Gradient of color in foaming within the column pictured in Fig. 1 of whole
egg beaten by hand. This is observed before the collection of effluent foam to create the
foamate in the foam collector.

was foamed. The second trial was done with the egg that was beaten by a
blender. In each experiment foamate was collected at various time inter
vals and the absorbencies were read using a spectrophotometer.

Spectroscopy

To initially determine how the egg phases absorb in the spectropho
tometer, two samples, one of pure egg yolk and one of egg albumin
(mostly ovalbumin, [9]) powder were diluted with water to reach the
Beer's law concentration range (~0.94 giL for egg yolk and ~4.44 giL for
egg white led to linear absorbance vs concentration curves). The spec
trophotometer (Bausch and Lomb, Spec 20) was calibrated according to the
instructions and then absorbencies were read for the given concentration
at a wide range of wavelengths. Only wavelengths in the visible light
range «600 nm) were used.
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Once the two desired wavelengths were selected the absorbance vs
wavelength scans data of each of the two phases, white and yolk, were
taken for different concentrations of pure egg yolk and pure egg albumin
powder using the previously prepared samples. Calibration curves were
created for both yolk and white and used to determine the concentrations
of yolk and white for the samples of the foamate, which were collected at
various time intervals. To test the linearity range of Beer's Law and estab
lish the associated linear coefficients correlating absorbance with the
underlying phase concentration, the absorbance of each sample was
found. The smaller the concentration, the better Beer's Law is expected to
hold and meet the assumption of linear superposition of the component
absorbencies of the yolk and white, so that these phase components will
equal the measured total absorbance.

Results and Discussion

Visibly, when the egg was mixed by the blender on high speed for 5 min,
the resulting mixture was "smoother" and more homogenous throughout
as compared with the egg white and egg yolk that was blended by hand,
mixing with a spatula. During the foam fractionation of a whole hand
beaten egg, the mixture was separated into two phases in the column. It
took a few minutes for foamate to be produced, but once it started, the pro
cess went quickly. As seen in the schematic, shown in Fig. 2, the foamate at
the top of the column was very white, and as foaming continued it
increased in yellow color until the last of the foam left in the column was
purely yellow. The yellow foam or yolk, could not make it out of the col
umn at the flow rate we were using, but it remained in a foam-like state
within the column, effectively creating a white foamate phase at the top of
the column and a yellow residual liquid phase at the bottom of the column.
The egg white foamed much more effectively than the yolk owing to the
higher concentration of proteins; the lower concentration of fat in the white
vs the yolk was especially because the fat in the yolk impedes foaming. It
appeared that the egg mixture was reverting back into its original phases,
egg white and egg yolk.

When the egg mixed by the blender was aerated, it began foaming
immediately; however, there was no visible separation between the yolk
and the white. Even when collected, the foam remained a pale yellow
color as opposed to being separated out into white and yellow colors. The
foamate was collected in a large container and after allowing it to sit for
5-10 min, the yellow yolk "dripped" to the bottom of the container and
settled as a liquid. While doing so, the foamate on the top of the container
became more and more white. Thus, a difference in the intensity of mix
ing before separation in the foam fractionation apparatus is a significant
factor in the separation of the yolk and white phases. These experiments
illustrate the ability of foam fractionation to separate visibly different
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Absorption of egg yolk and albumin as a function of
wavelength

Ward et al.
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Fig. 3. The absorbance of a powdered egg albumin sample (concentration 4.44 giL)
and an egg yolk sample (concentration 0.94 giL) scanned across the wavelength rang
ing from 380 to 580 nm.

phases from moderately mixed egg white and yolk solutions. The yellow
color in the yolk mainly comes from the carotenoid, canthaxanthin (10).
This carotenoid most likely acts as a tracer, describing how the intensity
of mixing allows spillover of the yellow color to the entire mixture of
white and yolk when mixing is vigorous, and is retained in the yolk when
mixing is gentle.

Figure 3 shows the results obtained by scanning a sample of egg yolk
diluted with water and a sample of egg white powder diluted with water
across a range of wavelengths. It can be seen that there are local peaks in
the absorbance of egg white at 400 and 520 nm and a somewhat larger
deviation in the absorbencies of egg white and egg yolk at 520 nm (than at
400 nm), wherein the white is close to its maximum absorbance. These two
wavelengths were selected to create the calibration curves. In general,
when both of the absorbing phases contribute to the total absorbance,
the following set of equations can describe the system. For A} = 520 nm,
and A2 =400 nm, the respective absorbencies are A} and A2•

Az=JsCw +k4Cy

C = k3Az-k4A1

w kzk3
- k1k4

C = kzA1- k1Az
Y kzk3

-k1k4
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Foam fractionation of egg white and egg yolk in pH 7.8 and air flow
35 mUmin

933
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Fig. 4. The concentration of egg white and egg yolk foamate as a function of time at
pH 7.8 and airflow rate of 35 mL/min.

The absorbance of an unknown sample found at either 520 nm or
400 nm, Al and A2 respectively, can be found experimentally using a spec
trophotometer for a sample with unknown concentration. It is imperative
that Al and A2 be selected to minimize the chance that the (k2k3-k1k4) term
(sometimes called the Wronskian in mathematics [11]) does not equal zero.
Given k1 and k3 from the respective slopes from the developed calibration
curves (consisting of three points each, in addition to the origin) for white
and yolk at Al =520 nm, and k2 and k4 from the respective slopes of white
and yolk (consisting of three points, respectively, at A2 =400 nm [approx
420 nm], in keeping with earlier work with a different egg albumin
absorbance-wavelength scan, absorbing at a local peak of 420 nm), Eqs. 1
and 2 can be combined to form Eqs. 3 and 4. Given Al and A2 from exper
imentation, the concentration of egg white, Cw ' and the concentration of
egg yolk, Cy can be calculated. Here, k1 =0.013 L/g, k2 =0.028 L/g, k3 =0.24
L/g, and k4 =0.26 L/g. Typical values of Cw and C as functions of time are
given in Fig. 4. Because the egg white tended to blproduced in higher con
centration than the yolk, the egg white concentration is depicted above the
yolk concentration. Thus, the visual observation noted in Fig. 2 is verified
by the absorption results in Fig. 4. The actual measured effluent samples
are diluted down (lOOOX) with deionized water to the concentration levels
in order to read the respective calibration graphs in the Beer's law range.
The actual reported concentrations take the dilution factor into considera
tion. It is suggested that future work focus on measurement of the effect of
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the airflow rate and the pH on the foam fractionation process. If the air
flow rate is reduced then the separation will take longer, but perhaps, the
separation between yolk and white may be more extensive.

Conclusions

The observed separation of a binary mixture from a whole egg using
foam fractionation, demonstrates that it is possible to separate two phases
of protein groups as a first step in more complete protein separations. This
inexpensive method can possibly be used to separate other colored mix
tures of proteins (such as seen in the separation of hydrophobic protein in
beer foam from hydrophilic protein in the beer bulk phase, both within a
glass of beer) found in natural substances. The similarity between egg
albumin (ovalbumin) and blood albumin (serum albumin) might open up
the possibility of less expensive separations before more complete chro
matographic separations in the medical world. Blood albumin must be
separated out of whole blood in order to use it in some medical applica
tions such as the treatment of shock.
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Abstract

Hydrogels are materials with the ability to swell in water through the
retention of significant fractions of water within their structures. Owing to
their relatively high degree of biocompatibility, hydrogels have been utilized
in a host of biomedical applications. In an attempt to determine the optimum
conditions for hydrogel synthesis by the free-radical polymerization of sorbi
tan methacrylate (SMA), the hydrogel used in this study was well polymer
ized under the following conditions: 50% (w/ v) SMA as monomer, 1% (w/ w)
a, a'-azo-bis(isobutyro-nitrile) as thermal initiator, and 1% (w/w) ethylene
glycol dimethacrylate as cross-liking agent. Under these conditions, the mois
ture content of the polymerized SMA hydrogel was higher than in the other
conditions. Moreover, the moisture content of the poly(SMA) hydrogel was
also found to be higher than that of the poly(methyl methacrylate [MMA])
hydrogel. When the Fourier transform-infrared spectrum of poly(SMA)
hydrogel was compared with that of poly(MMA) hydrogel, we noted a band
at 1735-1730/cm, which did not appear in the Fourier transform-infrared
spectrum of poly(MMA). The surface of the poly(SMA) hydrogel was visual
ized through scanning electron microscopy, and was uniform and clear in
appearance.

Index Entries: Free radical hydrogel; moisture content; polymerization;
sorbitan methacrylate.
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Introduction

Jeong et al.

Biomaterials can be made up of metals, ceramics, biocompatible poly
mers, and their composites. Biocompatible polymers diverge regarding
modulus from flexible elastomers to strong fibers, and can be readily pro
cessed into a variety of shapes. Hydrogels constitute one of the more
promising classes of biomaterials. Hydrogels are hydrophilic polymeric net-
works, which have been shown to absorb significant quantities of water, in
a range of 10% up to thousands of times their dry weight (1-4). Recently, a
host of studies have reported on the myriad possible applications of sugar
containing polymeric materials, which can be synthesized from sugar esters.
Sugars are a relatively attractive group of multifunctional compounds,
owing to the fact that they are both biologically relevant, and contain multi
ple hydroxyl groups. Sugar esters, which contain sugar molecules, have
become the focus of increased interest of late, and have already been utilized
in a variety of applications in the medical and industrial fields (3-6). Sugars
can also harbor functional glycosylation groups, which serve multifarious
functions, evidencing different biological activity, surface activity, optical
activit)', optical separation activit)', stereostructure, biodegradability, bio
compatibility, and biostability, depending on the type of functional group
harbored and the stereo-structural bonding methods utilized (1,7).

The term "hydrogel" refers to a class of materials with the ability to
swell in water, and to retain a significant fraction of that water within
their structures. The classic hydrogel is a colloid gel consisting of water
molecules held together by crosslinked molecular chains. The character
istic water absorption capabilities of hydrogels are dependent on the pres
ence of hydrophilic groups within the substrate. Hydrogels have been
used extensively in a host of biomedical applications, including wound
dressings, artificial organs, and delivery carriers for bioactive agents,
largely because of their considerable biocompatibility (1,3,8,9). High
moisture content and low interfacial tension with the surrounding bio
logical environment are the two most salient factors regarding hydrogel
biocompatibility (10,11).

The moisture content of hydrophilic materials has important proper
ties, and bears a great deal of importance in regard to other characteristics
of the materials. In order to overcome the problems inherent to inadequate
moisture content, acryl groups can be glycosylated using glycosyl materi
als, the molecules of which harbor a wealth of hydroxyl groups. Then,
according to the regioselective synthesis method used and the degree of
substitution, the glycosylated materials can be constructed for enhanced
moisture contents (12,13).

The development of acryl monomers such as poly(MMA), which
have fairly simple structures with a small number of carbons, and
exhibit polymerizational vinyl radical sharing alnong the hydroxyl and
carboxyl groups, was followed rapidly by the development of a wide
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variety of novel hydrogel polymers. This pursuit for new compounds
was driven by competition for a favorable position within this new
emerging market (1,3).

The hydrogel synthesis of several glycosylated esters had reported
(2,14-16). The poly(MGAA) and poly(MGMAA) that seeded to applicable
for wound dressing agent was well conformed by free-radical polymer
ization with u, u'-azo-bis(isobutyro-nitrile) (AIBN) (2). Magnani et al. (14)
reported polysaccharide hydrogels, which were made with polysaccha
ride components of hyaluronane, alginate, and carboxymethyl-cellulose.
Sucrose-based hydrogels were found to be nontoxic, highly water
absorbable, and eventually had applications for medical applications (15).
Draye et al. (16) reported the dextran dialdehyde crosslinked hydrogels
for wound dressing agents. However, the hydrogel synthesis of poly(sor
bitan methacrylate [SMA]) and its property have not previously reported.

Polymerization is the process by which monomer molecules are
induced to react chemically, resulting in the formation of either linear
chains or a three-dimensional network of polymer chains. There are many
forms of polymerization, and different systems have been formulated for
their categorization. The primary categories of polymerization are chain
growth reaction and step-growth reaction (15).

The principal objective of this study was to determine the optimum
conditions for the polymerization of SMA, which is glycosylated with sor
bitan and vinyl methacrylate, and to compare the moisture content with
poly(SMA) and poly(MMA). We conducted experiments in which the
monomer, thermal initiator, and crosslinking agent were tested at a variety
of concentrations for optimization of polymerization. The polymerized
hydrogels were then assessed specifically regarding moisture content,
which is one of the primary criteria relevant to the flexibility and biocom
patibility of a constructed hydrogel.

Materials and Methods

Chemicals

Novozym 435 (Lipase B from Candida antarctica, Ee 3.1.1.3, a nonspe
cific lipase immobilized on a macroporous acrylic resin, 1-2% moisture
content, 10,000 Propyl Laurate Units/g) was purchased from Novo
Nordisk A/S (Bagsvaerd, Denmark). The D-sorbitol and t-butanol used in
this study was obtained from the Sigma-Aldrich Chemical Co. (St. Louis,
MO). The p-toluenesulfonic acid (p-TSA) and MMA were purchased from
Yakuri Pure Chemicals (Osaka, Japan). The vinyl methacrylate was pur
chased from Tokyo Kasei Kogyo Co. (Tokyo, Japan). AIBN, used as a ther
mal initiator in this study, was provided by Junsei Chemicals (Japan), and
the ethylene glycol dimethacrylate (EGDMA) used in this study was from
the Sigma-Aldrich Chemical Co. All other chemicals used were of analytical
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grade, and the solvent was dried using molecular sieves (Yakuri Pure
Chemicals Co.) for 1 d before use.

1,4-Sorbitan Preparation and Enzymatic Esterification

All dehydration reactions (sorbitol cyclization) for the synthesis of 1,4
sorbitan using p-TSA in a solvent-free process were conducted as was pre
viously described (4). The dehydration reactions were carried out for 2 h at
130 ± 1°C, under reduced pressure (200 mmHg). The reactor volume was
50 mL. The reaction temperature was controlled with an oil bath, equipped
with a proportional and integral differential (PID) temperature controller.
Agitation was conducted with a magnetic bar, spinning at approx 200 rpm.

We conducted esterification through alcoholysis. Esterification for the
synthesis of l,4-sorbitan esters with immobilized lipase was conducted as
described in a previous report (4). The reactions were initiated through the
addition of 7.5% (wIv) of Novozym 435 and 0.05% (wIv) of hydro
quinone, with an initial l,4-sorbitan concentration of 50.0 giL. The reac
tion of l,4-sorbitan to vinyl methacrylate (at a molar ratio of 1 : 4) resulted
in 170 min of synthesis at 45 ± 1°C. The reaction temperature was con
trolled using a water bath equipped with a PID temperature controller.
Mixing was conducted using a magnetic stirrer, spinning at approx 200
rpm. The condenser prevented the evaporation of the reactant (t-butanol).

Purification of SMA

After esterification, the mixture was filtered to remove enzymes, and
dried under reduced pressure at 40°C. An equivalent volume of n-hexane
was added to the reaction mixture. The mixture was then vigorously stirred
for 2 h, and the upper phase was recovered and then vaporized at 40°C
under reduced pressure. In order to separate the SMA and other compounds
from the reaction mixtures, open column chromatography (PYREX@,
25 x 250 mm2) was conducted, using silica gel (Merck 7734, 70-230 mesh,
300.0 g) and an autofraction collector, at 180-s time intervals. A chloroform:
hexane (2.5 : 1 [vIv]) mixture was used as the mobile phase. The flow rate
was 10 mL/min, and 20 mL volume of the sample was loaded into the
chromatograph.

Synthesis of Hydrogel by Free-Radical Polymerization

The synthesized and purified monomers, SMA and MMA, were then
utilized in the free-radical polymerization process. The monomers were
dissolved in chloroform. The initial volume of monomer solution was
5 mL. The thermal initiator (AIBN) and crosslinking agents (EGDMA)
were added on the basis of the total monomer concentration. Free-radical
polymerizations were conducted with five concentrations of monomer (10,
25, 50, 75, and 90% [wIv], respectively), 0.5-5% (w/w) of thermal initiator
and 0.5-5% (w/w) of crosslinking agent, as was described in Table 1.
Polymerization was allowed to proceed for 2 h at 70°C, without agitation.
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Table 1
Experimental Conditions of Free-Radical Polymerization

939

Experimental conditions

Experimental Monomer Thermal initiator Crosslinking agent
variables (% [wIv]) (% [wIv]) (%[w/v])

Monomer
concentration 10, 25, 50, 75, 90 1 1

Thermal initiator
concentration 50 0.5-5 1

Crosslinking agent
concentration 50 1 0.5-5

Purification of Poly(SMA) and Poly(MMA)

In order to remove the initiator, unreacted monomer and impurities
potentially present in the synthesized hydrogels, the poly(SMA) and
poly(MMA) were purified as described below. At the end of the polymeriza
tion, the synthesized poly(SMA) and poly(MMA) hydrogels were immersed
in 10 vol of ethanol (ethanol: reactant [vIv]) for 24 h, and subsequently
treated with distilled water for an additional 24 h. Three treatments with
ethanol and distilled water were applied. Then, the synthesized hydrogels
were immersed in 10 vol of acetone for 24 h. Finally, after acetone removal,
the hydrogels were washed with water, dried, and stored in a desiccator.

Structural Analysis of Poly (SMA) by FT-IR and SEM

The poly(SMA) was structurally analyzed through Fourier transform
infrared (FT-IR) (Nicolet 520P, Nicolet). The FT-IR sample of polymerized
SMA was used in powder form. The surface of the poly(SMA) synthesized
under optimal conditions was then visualized through scanning electron
microscopy (SEM; JSM-5400, JEOL).

Moisture Content Measurement of Poly(SMA)
and Poly(MMA) Hydrogels

Dried poly(SMA) and poly(MMA) hydrogels were cut to a diameter
of 10 mm and a thickness of 5 mm, then immersed for 48 h in distilled
water at room temperature. After removing the water from the surface of
the hydrogels using filter paper, the hydrogels were then weighed. After
weighing, the hydrated hydrogels were dried for 48 h at 40°C, and then
measured. The moisture contents of the hydrogels were calculated
through the following formula:

Ws-W
Moisturecontent (%) = Ws 0 x 100
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where Ws is the weight of the swollen hydrogel (g) and Wo is the weight of
the dried hydrogel (g).

Results and Discussion

In the free-radical polymerization process used in the synthesis of
poly(SMA) from SMA, several factors have been shown to affect both the
polymerization and moisture content, including the reaction solvent, reac
tion temperature, monomer, thermal initiator, crosslinking agent, and so
on (1,14). The initial step of this study involved the identification of factors
likely to affect polymerization. In order to achieve this objective, we
assessed the screening of several factors for the free-radical polymeriza
tion experiments, testing the monomer, thermal initiator, and crosslinking
agent at different concentrations.

Effect of Different Monomer Concentrations

Free-radical polymerizations were conducted with three different
monomer concentrations (10,25,50, 75, and 90% [wIv]' respectively of reac
tion solution), in order to characterize the effects inherent to monomer con
centration. Figures 1 and 2 show the results regarding polymerization
degree and moisture content. In Fig. I, sample A, which had a lower
monomer concentration (10% [wIv]) than the other samples, exhibited a
lower degree of polymerization when compared with the others. Sample E,
which contained an abundant quantity of SMA as a monomer, evidenced a
higher degree of polymerization than did the other samples. Sample C
exhibited a suitable degree of polymerization, with no decrease in total vol
ume. The experiments in which MMA was used as a monomer exhibited
similar tendencies to those in which SMA was used as a monomer. Sample F,
with a lower concentration of MMA than the other samples, exhibited a
lower degree of polymerization when compared with the others; and
sample J, with an abundant amount of monomer, scored higher than the
other samples. The moisture contents of the polymerized hydrogels are com
pared in Fig. 2. The moisture content of the polymerized hydrogels was
altered by the residual water contained in the hydrogels. The moisture con
tent of the hydrogels polymerized with SMA was found to be higher than in
those polymerized with MMA. Also, the moisture contents of hydrogels
containing 75% or higher concentrations of monomer were lower than in the
other samples. The samples polymerized with 25 and 50% of monomer evi
denced similar moisture contents, of approx 37%.

Effect of Different Thermal Initiator Concentrations

In order to evaluate the effects of different concentrations of thermal ini
tiator on polymerization, 0.5, I, 2, 3, and 5% (wIw) of thermal initiator
(AIBN), relative to total monomer concentration (50% [wIv]) was added
to the monomer solution, and subsequently polymerized for 2 h at 70°C,
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A B c D E F G H J
Fig. 1. Photographs of polymerization with different monomer concentrations.

Monomers: SMA and MMA; (A) SMA 10% (w Iv), (B) SMA 25% (w Iv), (C) SMA 50%
(w Iv), (D) SMA 75% (w Iv), (E) SM A 90% (w Iv), (F) MMA 10% (w Iv), (G) MMA 25%
(wIv), (H) MMA 50% (w Iv), (I) MMA 75% (wIv), and (J) MMA 90% (w Iv).
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Fig. 2. Moisture contents of hydrogel polymerized with concentration changes of
monomer.

without agitation. The results of polymerization are shown in Figs. 3 and 4.
In Fig. 3, sample A, with lower thermal initiator concentration (0.5% [wfwD
than was seen in the other samples, exhibited a lower degree of polymeriza
tion when compared with the others. A greater degree of polymerization
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Fig. 3. Photographs of polymerization with different thermal initiator concentra
tions. Monomers: SMA (A-E) and MMA (F-J); thermal initiator (AIBN) concentration,
(A) 0.5% (w/w), (B) 1% (w/w), (C) 2% (w/w), (D) 3% (w/w), (E) 5% (w/w), (F) 0.5%
(w/w), (G) 1% (w/w), (H) 2% (w/w), (I) 3% (w/w), and (J) 5% (w/w).
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Fig. 4. Moisture contents of hydrogel polymerized with different thermal initiator
concentrations.

was detected in sample E than in the other samples. Sample F, which con
tained less AIBN than the other samples, evidenced a degree of polymeriza
tion similar to the other samples. Polymerization degree, then, was not
particularly influenced by the concentration of added AIBN, but when the
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A B c D E F G H J

Fig. 5. Photographs of polymerization with different crosslinking agent concentra
tions. Monomers: SMA (A-E) and MMA (F-J); crosslinking agent (EGDMA) concen
tration, (A) 0.5% (w/w), (B) 1% (w/w), (C) 2% (w/w), (D) 3% (w/w), (E) 5% (w/w),
(F) 0.5% (w/w), (G) 1% (w/w), (H) 2% (w/w), (I) 3% (w/w), and (J) 5% (w/w).

AIBN concentration was in excess of 5% (w/w), node formation was
detected. We noted no obvious differences in the types of monomers.
Changes in moisture content according to the amount of added AIBN are
presented in Fig. 4. The moisture contents of the hydrogels polymerized with
SMA were generally higher than the hydrogels polymerized with MMA. The
moisture contents of the hydrogel to which more than 3% (w/w) AIBN was
added were lower than in the others. In the samples to which 1% (w/w)
AIBN was added, the moisture content was higher than that of others.

Effect of Different Crosslinking Agent Concentrations

The effects exerted by different concentrations of crosslinking agent
(EGDMA; 0.5, I, 2, 3, and 5% [w/w], respectively) on the degree of poly
merization degree and moisture contents in the hydrogels were deter
mined through free-radical polymerization, as is shown in Figs. 5 and 6. In
Fig. 5, sample A, to which less EGDMA (0.5% [w/wD was added than to
the other samples, exhibited a lower degree of polymerization than was
seen in the other samples. A higher degree of polymerization was detected
in sample E (5% [w/wD than in the other samples. Sample A evidenced
a degree of polymerization comparable with those of the others. Node
formation was detected in the samples to which more than 1% (w/w)
EGDMA was added, the polymerized hydrogel evidenced nodes. The
effects of EGDMA on hydrogel moisture contents are shown in Fig. 6. The
moisture contents of hydrogels polymerized with SMA were found to be
higher than those polymerized with MMA. The moisture contents of
hydrogels containing 1% or more EGDMA were lower than those of the
other samples. 0.5 and 1% (w/w) of EGDMA did not appear to influence
the moisture contents of hydrogels of polymerized SMA to a significant
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Fig. 6. Moisture contents of polymerized hydrogel with different crosslinking agent
concentrations.

degree. Whereas, the moisture content of hydrogel of polymerized MMA
is high at the concentration of 1% (w/w) of EGDMA.

Structure Analysis and Surface Observation of Poly(SMA)

To confirm the polymerization of SMA, the structural analysis results
of poly(SMA) were compared with the results of poly(MMA), through
FT-IR spectroscopy. The FT-IR results are shown in Fig. 7. The band of
polymerized SMA was confirmed at 1735-1730/cm (C=C), but the band of
poly(MMA) was not confirmed. The band for the C-O span of the sec
ondary alcohols appeared at 1200-1300/cm, and the O-H span evidenced
a strong band at 2900-3000/em, as well as a broad band at 3400-3500/em,
thereby indicating the presence of SMA. The surface of the poly(SMA),
synthesized under optimal conditions and treated, was then observed
through SEM, as was shown in Fig. 8. The surface was observed to have a
uniform, clear appearance.

In this study, in order to maintain proper moisture contents in such
hydrogel materials, we utilized SMA as a new monomer, which was gly
cosylated with a methacryl group and included many hydroxyl
molecules for hydrogel polymerization, in order to overcome the afore
mentioned problem. Then, according to the selective synthesis method
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Fig. 7. Comparison of FT-IR spectra of poly(MMA) and poly(SMA). (A) Poly(MMA),
(B) Poly(SMA).

Fig. 8. SEM photograph of poly(SMA) under optimal conditions.

and degree of substitution, glycosylated materials such as SMA can
enhance the moisture contents of polymerized hydrogels. Therefore,
SMA is expected to prove an efficient monomer for sugar polymers with
high hydrophilicity and biocompatibility, which might be used in the
construction of medical materials.
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Abstract

The conventional view of biorefineries is that lignocellulosic plant mate
rial will be fractionated into cellulose, hemicellulose, lignin, and terpenes
before these components are biochemically converted into market products.
Occasionally, these plants include a thermochemical step at the end of the
process to convert recalcitrant plant components or mixed waste streams
into heat to meet thermal energy demands elsewhere in the facility.
However, another possibility for converting high-fiber plant materials is to
start by thermochemically processing it into a uniform intermediate product
that can be biologically converted into a bio-based product. This alternative
route to bio-based products is known as hybrid thermochemical/biological
processing. There are two distinct approaches to hybrid processing: (a) gasi
fication followed by fermentation of the resulting gaseous mixture of carbon
monoxide (CO), hydrogen (H2), and carbon dioxide (C02) and (b) fast pyrol
ysis followed by hydrolysis and/or fermentation of the anhydrosugars
found in the resulting bio-oil. This article explores this IIcart before the
horse" approach to biorefineries.

Index Entries: Biochemical processing; biorefinery; gasification; lignocel
lulose; pyrolysis; thermochemical processing.

Introduction

The Biomass Research and Development Technical Advisory Committee
(2002) of the US Departments of Energy and Agriculture defines a biore
finery as: IIA processing and conversion facility that (a) efficiently sepa
rates its biomass raw material into individual components and (b)
converts these components into marketplace products, including biofuels,
biopower, and conventional and new bioproducts" (1). In the conventional
view of a biorefinery, the separated components are monosaccharides and
lignin. This separation involves physical and chemical pretreatments and
enzymatic hydrolysis. The carbohydrate fractions are then biologically

*Author to whom all correspondence and reprint requests should be addressed.
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converted into ethanol and other bio-based products. Lignin may be
burned for process heat, gasified to syngas, or processed into bio-based
products. Thus, biological treatments are followed by high-temperature
thermochemical treatments. An alternative approach is to subject biomass
to thermochemical treatments that yield a uniform intermediate product,
which can then be biologically converted into a bio-based product. There
are two distinct approaches to hybrid processing:

1. Fast pyrolysis followed by hydrolysis and/or fermentation of the
anhydrosugars found in the resulting bio-oil.

2. Gasification followed by fermentation of the resulting gaseous mixture
of carbon monoxide (CO), hydrogen (H2), and carbon dioxide (C02).

Rio-Oil Fermentation

Fast pyrolysis is the rapid thermal decomposition of organic com
pounds in the absence of oxygen to produce liquids, gases, and char (2). Bio
oil from fast pyrolysis is a low-viscosity, dark-brown fluid with up to
15-20% water, which contrasts with the black, tarry liquid resulting from
slow pyrolysis or gasification (3). The bio-oil is a mixture of many com
pounds, although most can be classified as acids, aldehydes, sugars, anhy
drosugars, and furans, derived from the carbohydrate fraction and phenolic
compounds, aromatic acids, and aldehydes, derived from the lignin frac
tion. The higher heating values of pyrolysis liquids range between 17 MJ/kg
and 20 MJ/kg with liquid densities of about 1280.0 kg/m3. Assuming con
version of 72% of the biomass feedstock to liquid on a weight basis, yield of
pyrolysis oil is about 560 Lit (dry) biomass.

Bio-oil fermentation is based on the observation that under rapid
pyrolytic conditions, pure cellulose yields levoglucosan, an anhydro
sugar with the same empirical formula as the monomeric building block
of cellulose: C6H100S (4). Anhydrosugar is a sugar from which one or
more molecules of water have been removed, resulting in the formation
of an internal acetal structure (see Fig. 1). On the other hand, addition of
a small amount of alkali inhibits the formation of levoglucosan and pro
motes the formation of hydroxyacetaldehyde and for slower heating
rates and lower temperatures char rather than liquids is preferentially
formed. These multiple reaction pathways for pyrolysis of cellulose are
illustrated in Fig. 2 (2).

Scott and coworkers (5) at the University of Waterloo in Ontario,
Canada recognized that alkali in biomass catalyzed the char-forming path
way. If these cations are removed by soaking the feedstock in dilute acid
before pyrolysis, the lignocellulose is depolymerized to anhydrosugars,
primarily levoglucosan, at very high yields. Levoglucosan is readily
hydrolyzed to glucose. Brown and his collaborators (6) evaluated the effect
of alkali removal on the pyrolytic products of cornstover. Three pretreat
ments were evaluated: acid hydrolysis, washing in dilute nitric acid, and
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Fig. 1. Chemical structure for levoglucosan (1,6-anhydro-~-D-glucose).
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Fig. 2. Reaction pathways in fast pyrolysis.

washing in dilute nitric acid with the addition of (NH4)2S04 as a pyrolytic
catalyst. All three acid treatments were able to substantially increase the
yield of anhydrosugars, as shown in Table 1. Acid hydrolysis of this anhy
drosugar yielded 5% solutions of glucose and other simple sugars.

The resulting glucose solutions can be fermented, as demonstrated by
Prosen et a1. (7). However, the resulting substrate derived from the bio-oil
contains fermentation inhibitors that must be removed or neutralized by
chemical or biological methods. Chemical methods that have been evalu
ated on bio-oil derived substrate include solvent extraction, hydrophilic
extraction, and adsorption extraction (8). Khiyami (9) explored the use of
biofilms of Pseudomonas putida and Streptomyces setonii to remove toxins
from bio-oil.

One manifestation of a biorefinery based on fermentation of bio-oil is
illustrated in Fig. 3. Fibrous biomass is pretreated with dilute acid to
simultaneously remove alkali and hydrolyzes the hemicellulose fraction to
pentose. The remaining fraction, containing cellulose and lignin, is
pyrolyzed at sooac to yield char, gas, and bio-oil. The bio-oil is separated
into pyrolytic lignin and levoglucosan-rich aqueous phase. The char, gas,
and lignin are burned to generate steam for distillation and other process
heat requirements of the plant while the levoglucosan is hydrolyzed to
hexose. The pentose and hexose are fermented to ethanol.
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Table 1
Products (maf wt%) of Pyrolysis for Different Pretreatments of Cornstover

No Acid Demineralization
pretreatment hydrolysis Demineralization with catalyst

Pyrolysis products (wt%)
Char 15.8 13.2 13.2 15.9
Water 2.57 10.6 10.4 7.96
Organics 59.1 67.2 68.5 67.7
Gases 22.6 9.02 7.88 8.44
Organics (wt%)
Anhydrosugars 2.75 22.3 23.4 28.1
Aldehydes 14.4 7.6 3.7 4.6
Carboxylic acids 6.0 1.5 1.3 1.1
Acetol 4.53 Trace Trace Trace
Pyrolytic lignin 33.40 16.89 17.74 20.08

maf: moisture, ash-free basis. From ref. 6.

s..... team
I

...

Feed stock Utilities .....

1600 tpd
100/0 moisture

Char and Gasr Lignin

1
Acid Anhydro-hexoses 500°C Bio-oil

..... Extractionpretreatment

.....
Pyrolyzer

.... -

Levoglucosan

Pentose Fermentation
Hexose I Hydrolysis r-C5

... C6 I

~

Ethanol ..... Ethanol
distillation

Fig. 3. Schematic of cellulosic biomass-to-ethanol based on fast pyrolysis (10).

So and Brown (10) compared the cost of producing 95 million L/yr
ethanol bio-oil fermentation, acid hydrolysis, and enzymatic hydrolysis.
As summarized in Table 2, total capital investment for a plant based on fer
mentation of bio-oil was estimated to be $69 million, whereas the annual
operating cost was about $39.2 million, resulting in an ethanol production
cost of $O.42/L. This is about 23% higher than ethanol from plants based
on acid hydrolysis and enzymatic hydrolysis of biomass, but well within
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Table 2
Comparing Production Cost of Ethanol From Cellulosic Biomass

for Three Conversion Technologiesa

951

Annual ethanol output
Annual biomass input
Total capital
Raw materials ($46/t)
Labor, utilities,C and maintenance
Indirect costs
Annual capital charges
Annual operating costs
Production cost of ethanol

Fast
pyrolysis

95 million L
240 x 106 kg
$69 million

$11.1 million
$6.18 million
$8.07 million
$13.8 million
$39.2 million

$0.42/L

95 million L
244 x 106 kg
$64 million

$11.3 million
$0.9 million
$7.13 million
$12.8 million
$32.1 million

$0.34/L

Acid
hydrolysis

95 million L
238 x 106 kg
$67 million

$11.0 million
$2.13 million
$7.21 million
$13.3 million
$33.7 million

$0.35/L

From ref. 10.
a1997 US$.
bSimultaneous saccharification and fermentation (enzymatic hydrolysis).
cIncludes credit for steam generation for SSF and acid hydrolysis processes.

the uncertainty of the analysis (33%). The presence of lignin, hemicell
ulose, and various inorganic compounds in fibrous biomass results in
more than a hundred chemical products, many of them not only unsuit
able as a carbon and energy source for fermentations, but that are actually
toxic to the microorganisms to be cultivated. Improved selectivity of
pyrolytic reactions will be important in achieving high yields of fer
mentable carbohydrate. Understanding reaction pathways will be the key
to success in this endeavor.

Syngas Fermentation

Gasification is the high temperature (750-850°C) conversion of solid,
carbonaceous fuels into flammable gas mixtures, sometimes known as
synthesis gas or syngas, consisting of CO, H2, CO2, methane (CH4), nitro
gen (N2), and smaller quantities of higher hydrocarbons. A number of
microorganisms are able to utilize these gaseous compounds as substrates
for growth and production. These include autotrophs, which use C1 com
pounds as their sole source of carbon and hydrogen as their energy source
and unicarbonotrophs, which use C1 compounds as their sole source of
both carbon and energy. Among the fermentation products are carboxylic
acids, alcohols, esters, and hydrogen. In a comprehensive review on the
prospects for ethanol from cellulosic biomass, Lynd (11) noted that syngas
fermentation represents an "end run" with respect to acid or enzymatic
hydrolysis of biomass because it avoids the costly and complicated steps
of extracting monosaccharide from lignocellulose. It also has the potential
for being more energy efficient because it effectively utilizes all the
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constituents of the feedstock, whether cellulose, hemicellulose, lignin,
starch, oil, or protein.

Syngas fermentation also has advantages compared with the use of
inorganic catalyst in the production of synthetic fuels (12). Most catalysts
used in the petrochemical industry are readily poisoned by sulfur-bearing
gases whereas syngas-consuming anaerobes are sulfur tolerant. In con
ventional catalytic processing, the CO/H2 ratio of the syngas is critical to
commercial operations whereas biological catalysts are not sensitive to this
ratio; indeed, the water-gas shift reaction is implicit in the metabolism of
autotrophic and unicarbonotrophic anaerobes. Gas-phase catalysts typi
cally use temperatures of several hundreds of degree Centigrade and at
least 10 atm whereas syngas fermentation proceeds at near ambient con
ditions. Finally, biological catalysts tend to be more product specific than
inorganic catalysts.

Nevertheless, as described by Grethlein and Jain (12), syngas fermen
tation has several barriers to overcome before it can be commercialized.
Among these are relatively low rates of growth and production by anaer
obes, difficulties in maintaining anaerobic fermentations, product inhibition
by acids and alcohols, and difficulties in transferring relatively insoluble CO
and H2 from the gas phase to the liquid phase, whereby the anaerobes can
utilize the gas. Of these, mass-transfer limitations probably represent the
main bottleneck to commercializing this technology. However, studies by
Worden and coworkers (13) give encouragement that the use of nontoxic
surfactants and novel dispersion devices can enhance mass transfer through
the generation of microbubbles to carry syngas into bioreactors.

Our syngas studies have focused on the coproduction of hydrogen
and polyhydroxyalkonoates (PHA) from CO using the purple nonsulfur
bacteria Rhodospirillum rubrum under dark reaction conditions (14). PHAs
are a class of polymers that are both bio-based and biodegradable with
many applications in the production of plastic utensils and disposable
medical supplies (15).

Figure 4 illustrates the laboratory-scale system assembled to study
syngas fermentation at Iowa State University. It consists of a 5.0 kg/h flu
idized bed gasifier, a hot gas filter to remove particulate, a tar removal
system based on activated carbon, and stirred tank reactor that serves as a
syngas bioreactor. The system allows fermentation to be studied using
realistic syngas mixtures derived from switchgrass, waste seed corn, and
distiller's dried grains or artificial syngas when the gasifier is not operat
ing. Typical gas composition from air-blown gasification with this system
is 10 vol (%) H2, 18 vol (%) CO, 5.6 vol (%) CH4, 17 vol (%) CO2, and 46 vol
(%) N2, with the balance being light hydrocarbons.

Figure 5 summarizes our studies to date. The stirred tank reactor used
in our studies is only able to convert about 40% of the CO bubbled through
it. This reflects a limitation in gas-to-liquid exchange rather than a theo
reticallimit. Indeed, R. rubrum consumes CO so quickly that it cannot be
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Fig. 4. Laboratory system for studying syngas fermentation.
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Fig. 5. Summary of results obtained from fermentation of syngas by R. rubrum.

detected in the liquid phase. Of the CO fermented, 20% is converted into
cell mass and 80% is used in biologically mediated water-gas shift reaction
to produce (extracellular) hydrogen. Of the cell mass, 35% is PHA. A biore
finery based on syngas fermentation to hydrogen and PHA is illustrated
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Brown

Syngas bioreactor Separations

Fig. 6. Conceptual schematic of biorefinery to produce hydrogen and PHA coproducts
from fibrous biomass.

in Fig. 6. Biomass is gasified in oxygen followed by additional steps to
remove tar and methane from the syngas. No inorganic contaminant
removal is thought necessary because the organisms are tolerant to sulfur
and chlorine. The gas is cooled and passed through a bioreactor wherein
CO is dissolved in the fermentation media and taken up by R. rubrum.

We have performed a preliminary economic assessment on this biore
finery concept, assuming 20 tons per day (tpd) of PHA and 55 tpd of hydro
gen. The capital costs, detailed in Table 3, are estimated to be $103 million.
The operating costs for this plant, shown in Table 4, yields a production cost
of $2.80/kg of PHA assuming a credit for coproduct hydrogen equal to
$1.90/kg, which is based on the US Department of Energy's long-term target
price for this fuel. This PHA production cost compares favorably with the
production cost of PHA from glucose, which may be as much as $5-7/kg.

Conclusions

Thermochemical processing of biomass to produce substrates suit
able for fermentation is a relatively new approach to bio-based products.
The syngas route, by transforming all plant constituents into CO and H2,

is attractive for its efficient use of biomass. The fast pyrolysis route, by
yielding a storable carbohydrate-rich liquid, allows the processing of solid

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Table 3
Estimated Capital Costs for Biorefinery to Produce Hydrogen and PHA

Coproducts From Fibrous Biomass

955

Gasifier

Fermenter

Separation equipment

Grassroots capital

$18.6 million

$59.1 million

$25.3 million

$103 million

Estimated from: Larson and
Svenningsson (16)

Estimated as 25% of total cost
of an ethanol plant

Estimated as 30% of total costs
of a fermentation plant

Table 4
Estimated Operating Costs for Biorefinery to Produce Hydrogen and PHA

Coproducts From Fibrous Biomass

Annual Hz output

Annual PHA output
Annual input
Total Capital
Raw materials
Credit for Hz
Labor, utilities, and

maintenance
Indirect costs
Annual capital charges
Annual operating costs
PHA production costs

18.1 X 106 kg

6.5 X 106 kg
210.0 X 106 kg
$119 million
$12.6 million
$34.3 million
$15.6 million

$10.4 million
$13.9 million
$18.2 million

$2.80/kg

Based on 20% CO to cell
mass; 35% cell mass to PHA

90% capacity factor

Purchased at $0.06/kg
Assumed to sell for $1.90/kg

10% interest, 20 yr

biomass to be decoupled from fermentation and offers prospects for
distributed processing of widely dispersed biomass resources. Both have
an advantage over cellulose hydrolysis in that they are able to process a
wider variety of feedstocks, although this is especially true for the gasifi
cation route. Based on the current state-of-the-art, the syngas fermentation
route has an advantage over the bio-oil fermentation approach owing to
the larger amount of nonfermentable compounds in the bio-oil.

Compared with acid and enzymatic hydrolysis, relatively few
resources have been devoted to developing hybrid thermochemical/bio
logical routes to bio-based products. The reason for this circumstance is
easy to understand: the original feedstocks of the fermentation industry
were naturally occurring sugars and starches that were easily hydrolyzed
to sugar. The fact that starch and cellulose are both polymers of glucose
encouraged similar approaches to depolymerizing these two carbohy
drates. In fact, cellulose is not only more recalcitrant than starch but it is
imbedded in a matrix of lignin, which makes the process of releasing sugar
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from lignocellulose much more difficult than for starch. Considering these
difficulties, hybrid thermochemical/biological approaches to bio-based
products deserves increased attention.
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Abstract

This study was aimed to understand the physical and chemical properties
of pyrolytic bio-oils produced from microwave pyrolysis of corn stover
regarding their potential use as gas turbine and home heating fuels. The ash
content, solids content, pH, heating value, minerals, elemental ratio, moisture
content, and viscosity of the bio-oils were determined. The water content was
approx 15.2 wt%, solids content 0.22 wt%, alkali metal content 12 parts per
million, dynamic viscosity 185 mPa·s at 40°C, and gross high heating value
17.5 MJ/kg for a typical bio-oil produced. Our aging tests showed that the
viscosity and water content increased and phase separation occurred during
the storage at different temperatures. Adding methanol and/or ethanol to the
bio-oils reduced the viscosity and slowed down the increase in viscosity and
water content during the storage. Blending of methanol or ethanol with the
bio-oils may be a simple and cost-effective approach to making the pyrolytic
bio-oils into a stable gas turbine or home heating fuels.

Index Entries: Aging; chemical behavior; microwave pyrolysis; physical
behavior; stability; bio-oils.

Introduction

It is imperative to find/develop alternative renewable fuels to address
issues arising from rapid consumption of petroleum oils and rising inter
est in environment protection (1). Generally, the energy generated by direct
combustion has a maximum efficiency of more than 30%. It is believed that
burning bio-oils produced from the thermochemical conversion of
biomass is more efficient (2). Bio-oils with little upgrading treatments are
already suitable for turbine fuel and home heating oil uses, and therefore
receiving much attention. Solantausta et al. (3) tested bio-oils produced

*Author to whom all correspondence and reprint requests should be addressed.
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from wood in a gas turbine, and concluded that the technical limitations to the
use of the bio-oils in turbines could be minimized by optimizing their physi
cal and chemical properties such as ash content, alkali content, heating value,
and viscosity and modifying the gas turbine engine system. The ash present
in the bio-oils reduces the protective oxide surface film of the engine (4). Alkali
metal sulfates and chlorides can accelerate the oxidation process (5). The heat
ing value of bio-oil is lower than for fossil fuel, and a significant portion of the
bio-oil consists of water. The spray pattern and droplet size are influenced by
fuel viscosity, which may be connected to the pressure drop in the fuel system
lines because of high viscosity. Higher viscosities result in higher line pressure
drops, requiring the fuel pump to work harder to maintain a constant fuel
flow rate. Fuel viscosity also influences the performance of the fuel system
control unit. Therefore, the bio-oils must be properly produced and/or
improved in order to meet the gas turbine fuel specifications (6).

This study was aimed at characterizing the physical and chemical
properties of the bio-oils produced from a novel microwave pyrolysis
process. The understanding of their physical and chemical behaviors is
important to the design and control of processing parameters, product
specifications, and product storage and transportation. Blending bio-oils
with combustible solvents such as methanol and ethanol is a practical
approach to the improvement of the bio-oil shelf stability and perfor
mance. It has been reported that the presence of methanol or ethanol in
the bio-oil provides a simple method for controlling the viscosity of the
bio-oil (7), facilitating combustion, improving homogeneity, and enhanc
ing stability (8). Therefore, the effect of methanol and ethanol blending on
the viscosity and stability of the bio-oils were also studied.

Materials and Methods

Materials

Corn stover (provided by Agricultural Utilization Research Institute,
Waseca, Minnesota) used in this experiment was dried in air and pulver
ized mechanically and sifted through a 2 mm sieve before pyrolysis. The
properties of corn stover are given in Table 1 and minerals in Table 2.

Apparatus and Process

Pyrolysis of corn stover was carried out in a microwave cavity oven by
placing 150.0 g samples in a 1-L quartz flask, which in turn was placed
inside the microwave cavity. The oven was purged with nitrogen gas at a
flow rate of 200 mL/min for 2 min before microwave treatment to create an
oxygen-free gas background. A constant power input of 600 W at 2450
MHz was supplied to the microwave oven. Heating of the corn stover last
about 40 min, which is thought to be sufficient to allow complete pyrolysis
according to preliminary experiments. The volatile pyrolyzates were
condensed after passing through a water-cooling column and collected in a
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Table 1
Properties of Corn Stover

Properties

Bulk density, at 20°C (kg/m3)

Volatile matter
Fixed carbon
Moisture
Ash
Elemental composition (wt%)

Carbon
Hydrogen
Nitrogen
Sulfur
Oxygen (by difference)
Gross heating value (MJIkg)

Corn stover

557.0
79.44
8.34
7.66
5.75

40.35
5.31
1.12
0.09

53.13
24.5

959

bottle. This pyrolytic liquid is called bio-oil. The condensates adhering to
the interior wall of the quartz flask were washed with ethanol into the
pyrolytic liquid collection bottle. All liquid collected was concentrated at
40°C using a rotovap (Buchi R-141, Flawil, Switzerland) to a constant weight,
and the weight recorded. All experiments and analyses were performed in
triplicate with an experimental error ~ ±1.0%.

Determination of Physical and Chemical Properties of Bio-Oils

The ash content of the bio-oils was determined following the proce
dure outlined in ASTM D 482-80 for petroleum products. The solids content
was determined as ethanol insoluble material by Millipore (No.4, Whatman)
Filtration method. The pH of the bio-oils was observed using a digital pH
meter (Accumet model 8250, Fisher Scientific, Fair Lawn, NJ). The minerals
in the bio-oils were analyzed using the Inductive Coupled Plasma-Atomic
Emission Spectrometer (ARL 3560, Waltham, MA). The heating value was
measured as calorimetric value (higher heating value) by a Parr 1341 Oxygen
Bomb Calorimeter (Parr Instrument Co., Moline, IL). The elemental ratio
(C/H/N/O/S) of the samples was analyzed using an elemental analyzer
(Leco 600, St. Joseph, MI). Water in the bio-oils was determined using a Karl
Fischer titrator (Schott, Mainz, Germany; ASTM D 1744). The dynamic vis
cosity of oils was determined with a rotational viscometer (Brookfield DV-E,
Middleboro, MA; ASTM D 445). The Brookfield rotational viscometer is
equipped with a cover for preventing the evaporation of volatiles. The kine
matic viscosity of the bio-oils was calculated by the dynamic viscosity
divided by the density. Measurements for samples were taken at 22°C.

The homogeneity of the samples was determined using following
procedure: 500 mL sample was pumped using a peristaltic pump (MAS
TERFLEX 07518-10, Vernon Hills, IL) at room temperature from bottom to

Applied Biochemistry and Biotechnology Vol. 136-140,2007
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Table 3
Physico-Chemical Properties of Bio-Oils

Properties Units Bio-oil Conventional bio-oils

pH 2.87 2.0-3.8
Moisture wt% 15.2 15-30
Density at 20°C g/mL 1.25 1.1-1.4
Dynamic viscosity at mPa·s
20°C 1270
40°C 185
50°C 60
80°C 34
Gross heating value MJ/kg 17.51 15-19
Elemental composition wt%
C 60.66 55.3-63.5
H 7.70 5.2-7.0
N 2.02 0.07-0.39
S 0.15 0.00-0.05
Ash content wt% 0.04 0.03-0.30
Solids content wt% 0.22 <1

top for about 1 h per test. Samples were taken from the homogenized
sample by pouring from the hose at the outlet of the pump. Microscope
(x300 magnification) was used to capture the digitalized microscopic
images of sample. The stability was determined using following proce
dure: 100 mL pyrolytic oils were placed in 1S0-mL amber bottles and
stored at room temperature (22°C) or at elevated temperatures (40 or 60°C)
in ovens over various time periods (30-60 d). After the designated time the
samples were cooled rapidly and viscosity and water content were tested
according to the methods described above.

Results and Discussion

The bio-oils from our process are dark brown viscous liquid. Some
key physical and chemical properties of the oils are described in Table 3.
As can be seen, these properties were in the range of bio-oils from other
pyrolysis processes but significantly different from those of petroleum
derived diesels.

Ash Content

The presence of ash in the bio-oil can cause erosion, corrosion, and
gumming problems in the engine valves. The ash content of the bio-oils
from microwave pyrolysis is 0.04 wt%. Problems associated with ash con
tent become more serious when the ash content of the fuel is greater than
0.1 wt% (9).

Applied Biochemistry and Biotechnology Vol. 136-140, 2007
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Solids Content

Yu et al.

The solids content of bio-fuel from our microwave pyrolysis is 0.22
wt%. It lies in the lower range of the solids content of other bio-fuels
reported in the literature (Table 3). Depending on their size, solid particles
can wear the fuel system, block the filter, and clog the fuel nozzle (6).
Thereby the solids content is important with respect to the particulate
emissions during the combustion process. The larger and the more the par
ticles, the more serious the solids content problem is.

pH

The pH value of bio-oils from our microwave pyrolysis is 2.87. Most
bio-oils have a pH in the range of 2.0-3.8 because of the presence of
organic acids, mostly acetic and formic acid (5). The acids in the bio-oils
are corrosive to common construction materials such as carbon steel and
aluminum, especially with elevated temperature and with the increase in
water content. However, bio-oils are noncorrosive to stainless steels.

Mineral Contents

The presence of superscale magnesium, calcium, and alkali metals in
a fuel used for gas turbine is rather troublesome. The melting of metals
and the condensation of metal oxides can cause accelerated corrosion and
erosion of turbine blades (10). Furthermore, sodium and potassium are
responsible for high-temperature corrosion whereas magnesium and cal
cium are accountable for hard deposition. The metal limits for a gas tur
bine fuel are 1 ppm for sodium and potassium, 0.5 ppm for calcium, and
0.5 ppm for vanadium. The main source of minerals in the pyrolytic oils is
the char residues carried by the pyrolytic vapors. The metal contents of the
bio-oils were found to be: 3 ppm K, 2 ppm Na, and 7 ppm Ca (Table 2).
They are lower than those of the bio-oils generated by other processes. The
alkali metal and calcium concentration in bio-oils can be reduced by the
organic solvent dilution, which is a simple and cost-effective method to
improve the fuel quality.

Heating Value

Bio-oils have a lower gross heating value than petroleum fuels and
will therefore require an increased fuel flow to compensate the combustion
in a firebox (9). The gross heating value of our raw bio-oil sample is
17.51 MJ /kg (Table 3). It is similar as the gross heating values of bio-oils
produced by other processes (15-19 MJ/kg) but lower than that of
petroleum fuels (42 MJ/kg). The heating value of the bio-oils from
microwave pyrolysis is approx 41.7% of a petroleum fuel oil. In other
words, 2.4 kg of our bio-oil is required to provide the same energy as 1.0 kg
of petroleum oil.
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Table 4
High Heating Value of Bio-Oils and Bio-Oils With Solvent Addition

963

Samples

Bio-oils
Aqueous phase
Bio-oils with 10 wt% methanol
Bio-oils with 20 wt% methanol
Bio-oils with 30 wt% methanol
Bio-oils with 10 wt% ethanol
Bio-oils with 20 wt% ethanol
Bio-oils with 30 wt% ethanol

High heating value (MJIkg)

17.51
1.2

16.21
15.96
13.47
14.15
12.07
11.98

The aqueous phase of pyrolytic liquid, methanol, and ethanol can be
used as solvent to keep the bio-oils homogenous and low in viscosity. If the
aqueous phase of pyrolytic liquid, methanol, and ethanol are to be blended
into the bio-oils, it is important to determine the variations in the heating
values of the blends. The gross heating value of the aqueous phase is
1.2 MJ/kg (Table 4), lower than that of the bio-oils. Methanol and ethanol
also have lower energy density than the bio-oils. Therefore, the heating
values of the blends are expected to be lower than that of the bio-oils.

Water Content

The water content in the bio-oils from our microwave pyrolysis of
corn stove is 15.2% (Table 3). The water likely came from two sources: the
moisture in the raw corn stover and the water produced as a result of the
dehydration reactions occurring during the pyrolysis. Therefore, water
content can vary in a wide range (15-30%) depending on the feedstock and
process conditions (11). At this concentration water is usually miscible
with the oligo-cellulosic derived components because of the solubilizing
effect of other polar hydrophilic compounds (low-molecular-weight acids,
alcohols, hydroxyaldehydes, and ketones) mostly originating from the
decomposition of carbohydrates. The presence of water has both negative
and positive effects on the oil properties. Obviously, it lowers its heating
value, contributes to the increase in ignition delay, and the decrease in
combustion rate compared with engine fuels. On the other hand, it
improves bio-oil flow characteristics (reduces the oil viscosity), which is
beneficial to combustion.

Viscosity

In order to be considered as a gas turbine fuel, the bio-oils must meet
certain viscosity standard. The viscosity of gas turbine oils is usually
around 2.5-30 mm2 Is at 40°C (7). The kinematic viscosity of the bio-oils
was difficult to determine because the level of the bio-oils in the viscometer
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Fig. 1. Microscopic images of bio-oils and bio-oils with solvent addition (x300
magnification).

could not be read easily. Therefore, the dynamic viscosity was measured.
Viscosity of our bio-oils was 185 mPa·s at 40°C (or 148 mm2/s at 40°C,
calculated by the dynamic viscosity of bio-oils divided by the density),
which is too high for gas turbine. As mentioned earlier, blending with
organic solvent such as methanol and ethanol can reduce viscosity.

Applied Biochemistry and Biotechnology Vol. 136-740,2007
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Fig. 2. Viscosity of bio-oils and bio-oils with solvent addition vs ageing period at
room temperature.

It was found that the viscosity of the 10% methanol-bio-oil mixture was
3.7 mm2 /s at 40°C, which should satisfy the atomization requirements.

Homogeneity

Bio-oils from microwave pyrolysis appear to be a homogeneous liq
uid with black solid particles suspended in the liquid as revealed by the
microscopy study (Fig. 1). These particles are char residues, or ashes and
minerals entrained in the pyrolytic vapors emitted from the pyrolytic reac
tions. Some solid particles may form through crystallization and precipi
tation during storage. The solids content can be controlled with filtration
before or after oil recovery process. Microscopic analysis of the 10-30%
methanol or ethanol-bio-oil blends shows that methanol or ethanol improved
the quality of the dispersion and the homogeneity. Moreover, the methanol
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or ethanol reduces the size of the aqueous phase droplets (9). The water
droplets in the bio-oil sample will agglomerate gradually and form larger
size droplets, ultimately leading to sedimentation during storage. Methanol
or ethanol is miscible with both components of the oil system and aqueous
phase system, helping to form small particle size droplets, and hence,
decrease considerably the sedimentation velocity and increase the stability
of the emulsion. The comparison between the pure bio-oils and the blends
indicates an increase in the number of droplets, which is translated to an
increased homogeneity of the sample.

Aging

Organic compounds in bio-oils samples can continue to react to
form larger molecules during storage over time, which can contribute to
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increase in viscosity and water. The main chemical reactions are etherifi
cation and esterification occurring between hydroxyl, carbonyl, and carboxyl
group components, in which water is a byproduct (7). Polymerization of
double-bonded components also happened because of the instability of
those chemicals.

The dynamic viscosity of the pure bio-oils and the solvent/oil blends
was measured as a function of the aging time at different temperatures
(Figs. 2-4). The results indicated that the viscosity of the pure bio-oils
increased dramatically during the first 40,20, and 10 d at storage temperatures
of 22, 40, and 60°C, respectively, followed by a slow increase or a plateau.
Addition of methanol or ethanol decreased the viscosity substantially.
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The viscosity of bio-oils was reduced by the addition of solvent (regardless
of methanol or ethanol), not only because solvent has a low viscosity, but also
because they are good solvents for bio-oils. For example, a concentration of
10% methanol in bio-oils produced a mixture with a viscosity five times lower
than that of original bio-oils, whereas 20% methanol in bio-oils decreased the
viscosity of bio-oils by a factor of 24. The addition of methanol or ethanol also
slowed down the increase in viscosity during storage.

Figures 5-7 show the water content of the pure bio-oils and the blends
during the storage at different temperatures. The water content of bio-oils
was reduced by the addition of solvent (12). The observed water content
increase from 15.27 to 17.60% during the 2 mo storage, was considered
small. The increase was higher at higher storage temperatures. Similar
results were obtained by Czernik et al. (13). The aging rate (increasing rate
for viscosity and water content) depends on bio-oils composition, which in
turn affects the feedstock, pyrolysis types and conditions, the efficiency of
solid removal and product collection, and storage conditions especially the
storage temperature, which can affect exponentially the rates of chemical
reactions during storage.

Phase Stability

Phase separation may occur during a long-term storage of bio-oils,
especially at high temperatures (8). Our observation indicates that a low
viscosity water-rich layer appeared on the top whereas a high-viscosity
tar-rich layer appeared at the bottom of the pure bio-oils. Such phase sep
aration phenomenon occurred after 30 d at 40°C and 15 d at 60°C. The
high-molecular weight tar may further become a gum and ultimately a
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carbonaceous clot. For the solvent-bio-oil blends, no phase separation was
observed after 30 d of storage at 40°C and 60°C, suggesting that addition
of methanol and ethanol to the pure bio-oils inhibited phase separation.
The results suggested that a 10% methanol or ethanol addition to the bio
oils would be sufficient to prevent phase separation. This is particularly
important to bio-oil storage at high temperatures.
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Conclusions

Yu et al.

In this study, the physical and chemical properties of the bio-oils pro
duced from a microwave-assisted pyrolysis of corn stover were investi
gated. The ash content and solids content in the bio-oils were relatively
low. The gross heating value was about 41 % of the petroleum oil. The
bio-oils had undesirable pH, water content, and viscosity values if the
bio-oils are to be used as gas turbine fuel. The bio-oils experienced an
increase in viscosity accompanied by phase separation over a 30-60 d storage.
Blending methanol or ethanol into the bio-oils was proved to improve the
properties and stability of the bio-oils. Our study showed that addition of
Omethanol or ethanol enhanced the homogeneity and greatly reduced the
viscosity of the bio-oils, and slowed down the aging process. The solids
content and large particles can be reduced through filtration before and/or
after bio-oil recovery process. We believe that with further research and
development, bio-oils from microwave-assisted pyrolysis of biomass are a
promising candidate for gas turbine fuel and home heating oil.
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Abstract

Hemicelluloses constitute one of the most abundant renewable resources
on earth. To increase their utilization, the isolation of hemicelluloses from
industrial biomass side-streams would be beneficial. A method was investi
gated to isolate hemicelluloses from process water from a thermomechanical
pulp mill. The method consists of three steps: removal of solids by microfil
tration, preconcentration of the hemicelluloses by ultrafiltration, and purifi
cation by either size-exclusion chromatography (SEC) or diafiltration. The
purpose of the final purification step is to separate hemicelluloses from small
oligosaccharides, monosaccharides, and salts. The ratio between galactose,
glucose, and mannose in oligo- and polysaccharides after preconcentration
was 0.8: 1: 2.8, which is similar to that found in galactoglucomannan.
Continuous diafiltration was performed using a composite fluoro polymer
membrane with cutoff of 1000 Da. After diafiltration with four diavolumes
the purity of the hemicelluloses was 77% (gram oligo- and polysaccharides/
gram total dissolved solids) and the recovery was 87%. Purification by SEC
was performed with 5, 20, and 40% sample loadings, respectively and a flow
rate of 12 or 25 mL/min (9 or 19 em/h). The purity of hemicelluloses after
SEC was approx 82%, and the recovery was above 99%. The optimal sample
load and flow rate were 20% and 25 mL/min, respectively. The process water
from thermomechanical pulping of spruce is inexpensive. Thus, the recovery
of hemicelluloses is not of main importance. If the purity of 77%, obtained
with diafiltration, is sufficient for the utilization of the hemicelluloses, dia
filtration probably offers a less expensive alternative in this application.

Index Entries: Galactoglucomannan; diafiltration; microfiltration; poly
saccharides; ultrafiltration; SEC; gelfiltration.
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Introduction
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Hemicelluloses and cellulose are among the most abundant renewable
polymeric materials on earth. Cellulose has become one of the most widely
used resources, but hemicelluloses, as such, have not the same utility in our
society. However, several potential applications have been described, e.g.,
the production of hydrogels (1) and barrier films (2,3), hydrolysis and fer
mentation to ethanol (4), and as a feedstock for xylitol production (5). Thus,
there is significant potential for the future utilization of hemicelluloses.
A prerequisite for the increased use of hemicelluloses is that cost-effective
methods of extracting hemicelluloses from different raw materials will be
developed.

Extraction of hemicelluloses from different raw materials has been
studied since the 1950s (6-11). The method used here to isolate hemicel
luloses from process water from thermomechanical pulping of spruce
(Picea abis) is membrane filtration followed by a final purification step of
diafiltration or size-exclusion chromatography (SEC). Earlier studies have
been performed with similar methods, e.g., membrane filtration (10,12)
and SEC (13,14).

Spruce wood is an important raw material for the Swedish pulp and
paper industry. The dominating hemicellulose in spruce is O-acetyl
galactoglucomannan (GGM). GGM is a complex, substituted heteropolysac
charide containing an O-acetylated ~-(1 ~4)-linked glucomannan backbone
with a-(l~6)-D-galactosylside groups attached to some of the mannosyl units
(15,16). GGM is partly dissolved in the process water during thennomechanical
pulping and has been isolated and shown to have good properties for
production of barrier materials intended for food packaging (3). The aim of
this study was to compare two purification techniques, diafiltration and
SEC. The purpose was to isolate the hemicelluloses from smaller-molecular
weight compounds such as small oligosaccharides, monosaccharides, and
salts. The purity, recovery, and size distribution of hemicelluloses after
diafiltration and SEC were studied.

Materials and Methods

Raw Material

The raw material used in this study was process water from
thermomechanical pulping of spruce, from Stora Enso Kvarnsveden Mill
AB, Sweden. The process water originates from the final dewatering step
of the pulp, using a disc filter. The total dissolved solids (TDS) of the pro
cess water were 3.8 giL and the pH was 4.7. The amount of hemicell
uloses, defined as oligo- and polysaccharides including acetyl groups,
was 1.5 giL. The process water was stored at 4°C and 0.2 mL/L of the bio
cide Nalco 7647 (Nalco, Leiden, The Netherlands) was added to prevent
biological activity.
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Fig. 1. Schematic illustration of the method used to isolate hemicelluloses from
process water from thermomechanical pulping of spruce.

Procedure

The method used to isolate hemicelluloses from the process water
involves three steps: removal of solids by microfiltration (Fig. lA), precon
centration of hemicelluloses by ultrafiltration (Fig. IB), and purification by
diafiltration or SEC (Fig. lC). All liquid streams were analyzed regarding
oligo- and polysaccharide content and acetyl-group concentration, to deter
mine the concentration of hemicelluloses. Monosaccharide content, ultra
violet (UV)-absorbance, TDS, ash, and conductivity were determined to
evaluate the purification efficiency.

Removal of Sol ids

Microfiltration was performed in a vibratory shear-enhanced process
ing unit (series L/~ New Logic, Emeryville, CA), which is used in a wide
variety of industrial separation and volume reduction (VR) processes (17-19).
The membrane stack consisted of 19 double-sided polytetrafluoroethylene
membrane discs. The membrane pore diameter was 1 J..lm and the total
membrane area was 1.57 m2. The pressure was measured before and after
the membrane stack. The pump was a displacement pump (G-03, Wanner
Engineering Inc., Minneapolis, MN) and the permeate flow was measured
with a flow meter (Promag 53, Endress+Hauser, Reinach, Switzerland).

Microfiltration was carried out at a transmembrane pressure of
200 kPa and a temperature of 22 ± O.soC. The vibration frequency was
49.9 Hz, which corresponds to an amplitude of 19 mm. The vibrations
cause high shear forces to arise on the membrane surface and thereby
prevents the formation of a filter cake, which otherwise would decrease
the flux. The membranes were cleaned with 0.3 wt% Ultrasill0 (Henkel
Chemicals Ltd., Dusseldorf, Germany) at 35°C for 45 min, and thoroughly
rinsed with deionized water before and after the study.
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Preconcentration by Ultrafiltration and Purification by Diafiltration

Ultrafiltration and diafiltration were performed in a DDS 20 LAB
module unit (Alfa Laval Corp., Lund, Sweden). The membrane stack con
sisted of six double-sided ETNA01PP membrane discs (Alfa Laval Corp.)
made of a composite fluoro polymer with cutoff of 1000 Da. The total
membrane area was 0.21 m2 and the pressure was measured with
diaphragm pressure transmitters (dTrans p02, JUMO, Fulda, Germany),
before and after the membrane stack. The pump was a displacement pump
(D-25, Wanner Engineering Inc.) and the circulation flow rate was mea
sured with a rotameter. The permeate flow was measured gravimetrically
with a balance (FX-3000, A&D Company Ltd., Tokyo, Japan).

The microfiltration permeate was preconcentrated by ultrafiltration
to 80% YR. Four temperature-equilibrated diavolumes of deionized
water were added at the same flow rate as the permeate flow during
diafiltration. The number of diavolumes corresponds to the ratio
between the volume of water added during diafiltration and the constant
volume of feed solution in the system (20,21). The average transmem
brane pressure was 1.0 MPa and the temperature was 60°C during both
preconcentration and diafiltration. The circulation flow rate was 5.2 L/min,
which corresponds to a cross-flow velocity of 0.5 m/s. The membranes
were cleaned with 0.3 wt% Ultrasil10 at 60°C for 45 min and thoroughly
rinsed with deionized water before and after the study. The pure water
flux was measured at 50°C and 1.0 MPa before and after the study, and
after cleaning.

Purification by SEC

SEC was performed on an INdEX 100/500 column (GE Healthcare,
Uppsala, Sweden) with a diameter of 10 em, packed with Superdex 30
chromatography media (GE Healthcare) to a height of 28 em. Blue Dextran
(GE Healthcare) was used to determine the void volume (684 mL), and
acetone (Sigma-Aldrich Co, St. Louis, MO) was used to determine the total
mobile volume of the column (1870 mL). Dextran TID (GE Healthcare),
maltose (Sigma-Aldrich Co.), and D-mannose (Fluka Chemie AG, Buchs,
Switzerland) were used to calibrate the column. To determine the elution
volumes for the standards, 6 mL of a 5 wt% solution was injected at a
flow rate of 12 mL/min. The column was connected to a WellChrom
high-performance liquid chromatography pump (K-1001, Knauer, Berlin,
Germany), refractive index (RI) detector (K-2401, Knauer), and Filter
Photometer (K-2001, Knauer). The system was controlled with ChromGate
computer software (Knauer).

SEC was performed on ultrafiltration retentate withdrawn at a VR of
80%. Six different SEC runs were performed in which the flow rates were
12 or 25 mL/min (9 or 19 cm/h) and sample volumes of 5, 20, or 40% of
the total column volume were applied, respectively. The productivity of
SEC is improved by increasing the sample volume or the flow rate of the
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mobile phase. However, these actions result in band broadening, and
hence, decreased separation (22). A larger sample volume contributes
greatly to a larger average retention volume, because of longer time
required to apply the sample. The influence of flow rate on band broaden
ing is well described by the van Deemter equation (23). The study was
performed at load-limiting conditions (22). Degassed Millipore water was
used as eluent and the column was washed with 4000 mL 2 wt% NaOH
before the first SEC run. Two fractions were collected from each SEC run
and the change of fraction occurred in the valley between the first and the
second peak. With non-Gaussian elution profiles it can be difficult to deter
mine the elution volume. Therefore, the center of each peak was used to
calculate the elution volume.

Analysis

The ash content and TDS were determined according to the standard
ized methods of the National Renewable Energy Laboratory (NREL, US
Department of Energy) (24/25). The absorbance at 205 nm in untreated sam
ples was measured with a spectrophotometer (UV-160/ Shimadzu, Kyoto,
Japan) to indicate presence of lignin (26). The conductivity was measured
with a digital conductivity meter (PW9527, Philips, Amsterdam, The
Netherlands) and calibrated with 0.01 M KCI (Merck, Darmstadt, Germany).

The monomer sugar composition and the concentration of oligo- and
polysaccharides were analyzed by acid hydrolysis according to the stan
dardized method of NREL (27). Monomeric sugars were analyzed before
and after acid hydrolysis and the oligo- and polysaccharide content was
calculated from the difference in monosaccharide concentration before and
after hydrolysis. Anhydro corrections of 0.9 and 0.88 were used for the
hexoses and pentoses, respectively.

High-performance anion-exchange chromatography coupled with
pulsed amperometric detection using an ED40 electrochemical detector
(Dionex/ Sunnyvale/ CA), was used to analyze the monomeric sugars. It
was equipped with a gradient pump (GP40/ Dionex)/ an autosalnpler (AS50/
Dionex)/ and a Carbo Pac PAlO guard and analytical column (Dionex).
Degassed Millipore water was used as eluent at a flow rate of 1 mL/min/
and the injection volume was 10 J.lL. D-Mannose/ D-glucose, D-galactose,
D-xylose/ and L-arabinose (Fluka Chemie AG) were used as standards.

The acetyl content of the samples was measured by freeze-drying
the filtrates and then redissolving them in 1% NaOH solution, to remove
the O-acetyl moieties. The samples were then treated at room temperature
overnight. The amount of acetic acid released was determined with high
performance liquid chromatography (GE Healthcare) using an Aminex
HPX-87H column (BIO-RAD, Hercules/ CA) at 65°C. Degassed 0.005 M
H2S04 was used as eluent, at a flow rate of 0.6 mL/min. Detection was
performed with a RI detector (Erc - 7512/ Erma Inc./ Tokyo/ Japan) and
acetic acid (Merck) was used as standard.
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Pretreatment by Microfiltration

Particles and suspended matter in the process water were removed
by microfiltration. The average flux was 78 L/m2h during concentration to
87% YR. The TDS were 3.8 giL in the original process water and 3.2 giL
in the permeate. Turbidity decreased from 960 nephelometric turbidity
units (NTU) in the process water to 4 NTU in the permeate. The oligo- and
polysaccharide concentration including acetyl groups was 1.5 giL in the
process water and 1.3 giL in the permeate. Hence, the recovery of oligo
and polysaccharides was 73%. A lower concentration in the permeate was
expected, because oligo- and polysaccharides in or adsorbed onto the sus
pended matter were included in the analysis of the oligo- and polysaccha
ride concentration.

Preconcentration by UItrafiItration

The average flux was 69 L/m2h during preconcentration by ultrafil
tration to 80% YR. The concentration of oligo- and polysaccharides includ
ing acetyl groups increased from 1.3 to 5.7 giL and the TDS from 3.2 to
10.0 giL in the retentate. The flux decreased from 90 to 60 L/m2h. The
initial flux decrease is probably because of fouling and reduction of the Zeta
potential of the membrane (28). Galactan, glucan, and mannan were
detected in a ratio of 0.8 : 1 : 2.8 in the ultrafiltration retentate, which is
similar to that found in GGM (15,29). No xylan or arabinan were detected.

Purification by Oiafiltration

In diafiltration the product is purified by removing permeable solutes
by dilution with water. Diafiltration can be carried out in two ways: dis
continuous or continuous, i.e., water is added in one batch or at the same
rate as permeate is withdrawn. Continuous diafiltration was used as one
of the methods to purify the hemicelluloses in the ultrafiltration retentate.
If the retention is constant during diafiltration, the concentration of a
solute (i) in the retentate can be expressed as (21):

(1)

where CO,i is the initial concentration of the solute, Vd is the number of
diavolumes, and Ri is the retention of the solute. The conductivity
decreased in accordance with Eq. 1 with a retention of 60%. Conductivity
was used to measure the content of ions in the retentate during diafil
tration, see Fig. 2. A small flux increase from 55 to 63 Ix/m2h during
diafiltration implies that the retention of the oligo- and polysaccharides
was high. Flux, purity, and recovery are important factors for the economy
of the separation process. The purity is defined as the ratio between the
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Fig. 2. Conductivity in the retentate during diafiltration of process water precon
centrated by ultrafiltration to 80% YR. The ash content in the ultrafiltration retentate
was 0.2 g/g TDS. The dashed line was calculated from Eq. 1 with R =60%.

mass of oligo- and polysaccharides and the TDS. The recovery during
diafiltration can be calculated from (17):

(2)

where mr is the mass of oligo- and polysaccharides in the retentate, mtds is
the total mass of dissolved solids, and ma is the original mass of oligo- and
polysaccharides. Purity increased from 57 to 77% during diafiltration, but
at the same time the recovery of oligo- and polysaccharides decreased by
16% compared with the ultrafiltration retentate. Figure 3 shows that the
purity continued to increase with the number of diavolumes and a purer
product was achieved as diafiltration progressed. However, as diafiltra
tion proceeds, the recovery decreases. Optimal conditions are defined
by 100% retention of the compound to be purified and 0% retention
of contaminants. Equation 1 was used to calculate the average retention
during diafiltration, presented in Table 1. The retention of oligo- and
polysaccharides was high, which agrees with the small flux increase
during diafiltration, whereas the retention of contaminants was smaller,
but still much greater than zero.

The ash retention was constant during diafiltration and similar to the
calculated retention of the conductivity (60%). The retention of lignin, on the
other hand, increased during diafiltration from 42 to 85%. This was owing
to the size distribution of the molecules. Both small carbohydrate degrada
tion products and large lignin molecules and lignin bound to hemicelluloses
in lignin-carbohydrate complexes (30,31) absorb UV-light at 205 nm. The
small molecules pass through the membrane during diafiltration whereas
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Fig. 3. Purity with respect to TDS (solid bars) and recovery of oligo- and polysac
charides (hatched bars) during diafiltration.

Table 1
Average Retention of Different Compounds During Diafiltration, Calculated

With Eq. 1

Oligo- and
polysaccharides Monosaccharides TDS Lignin Ash

Retention (%) 97 38 89 63 63

the large molecules are retained, which increases the average molecular
mass of the hydrophobic molecules and thus increases the retention. The
pure water flux was 197 L/m2h before ultrafiltration and 124 L/m2h after
preconcentration and diafiltration. After cleaning, the pure water flux was
204 L/m2h. This flux decrease implies that the membranes are fouled
during operation, but after cleaning, the original flux was restored.

Purification by SEC

SEC was used as an alternative method to purify the hemicelluloses
in the ultrafiltration retentate. The influence of different flow rates and
sample volumes was studied. The resolution between two solutes depends
on two effects, (a) increasing separation of band centers and (b) increasing
bandwidth as bands migrate along the column. The resolution of two
peaks is described by:
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Table 2
Resolution and Recovery in SEC

Flow rate (mL/min) 12 12 12 25 25 25

Sample volume (%) 5 20 40 5 20 40
Resolution 1.8 1.4 0.7 1.9 1.7 0.7
Recovery (%) >99 >99 >99 >99 >99 >99

The resolution was calculated from Eq. 3 and the recovery of GGM from Eq. 2, based on
mannose residues.

where LlVr is the difference in elution volume between two solutes and
Wav is the average width of the two peaks (22,32,33). Therefore, the flow
rate of an eluent should affect the resolution of the peaks, but no
significant difference was detected at the two flow rates investigated. At
flow rates higher than 25 mL/min the maximum pressure drop for the
column (300 kPa) was exceeded. Thus, higher flow rates could not be
studied. Larger sample volume demands a longer loading time, which
leads to increased peak width. Thus, the resolution of the peaks in the
chromatogram decreases with increasing sample volume, see Fig. 4 and.
Table 2. The recovery of GGM, based on mannose residues, was above
99% and independent of sample volume. The sample volume should not
be more than 20% of the total column volume, as a resolution better than
1.5 is desirable for efficient product purification (32).
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Fig. 5. Purity of oligo- and polysaccharides after primary filtration (white
bars), after diafiltration (hatched bars), and after SEC (black bars). PW is the orig
inal process water, MF is after microfiltration, and UF is after preconcentration.
The number of diavolumes during diafiltration and the eluent flow rate and sam
ple volume, expressed as percent of total column volume during SEC are shown
in the diagram.

Comparison Between Diafiltration and SEC

The purification efficiency during diafiltration and SEC can be com
pared by calculating the purity of the oligo- and polysaccharides after the
removal of low-molecular-weight compounds. Figure 5 indicates that
the purity is somewhat higher after SEC than after diafiltration.
However, the purity could probably be further increased during diafil
tration by increasing the number of diavolumes. When diafiltration is
used as the final purification step, the purity of the hemicelluloses is
dependent on the purity of the feed. If the feed is highly contaminated
with low-molecular-weight compounds, additional diavolumes are
needed to obtain a pure product. If instead, SEC is used as the purifica
tion step, the purity of the feed is not important for the purity of the
product, as long as the column is not overloaded. Separation is based
completely on size and is independent of the concentrations of oligo
and polysaccharides over the range studied. Measurements of the UV
absorbance also indicate a slightly higher purity of samples after SEC
(see Fig. 6: small, UV-absorbing, hydrophobic molecules are easily sepa
rated from the hemicelluloses by SEC, but because they are retained by
the ultrafiltration membrane, more diavolumes are needed to achieve
the same purity).
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Conclusions

Both purification methods have been shown to efficiently remove low
molecular-weight compounds from the process water and to have high
recovery of oligo- and polysaccharides. The two separation techniques
used have advantages and disadvantages. SEC gives both higher purity
and recovery than diafiltration. The purity of diafiltrated material could
probably be increased by adding more diavolumes or by using a membrane
providing better separation between contaminants and hemicelluloses.
However, increasing the number of diavolumes decreases the recovery.
SEC is preferably used when the raw material is expensive and there are
high demands on recovery, for example, in the purification of valuable prod
ucts such as pharmaceuticals. Process water from thermomechanical pulp
ing is an inexpensive raw material, and consequently, diafiltration is
probably the most cost-efficient purification method for the extraction of
hemicelluloses from this process water. Both techniques should be eco
nomically evaluated and further optimized by using different operating
conditions and materials to find the most suitable procedure.
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