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To those who care though not necessarily
understand



“There does not exist a category of science to which one
can give the name applied science. There are science and
the applications of science, bound together as the fruit
and the tree that bears it.”

—Louis Pasteur, 1871



Foreword

As we all know from our school years, George Washington Carver sought to
transform the U.S. agricultural sector of his day by paving the way for crop
diversity and bioproduct manufacturing, which allowed the American South to
move away from cotton monoculture.

Carver and his students developed more than 300 industrial uses for peanuts,
sweet potatoes, and other crops that could be grown in rotation with cotton and
corn. Carver’s inventions included plastics, glues, soaps, paints, dyes for cloth and
leather, medicines, and cosmetic ingredients. He was a prime mover in the early
twentieth century chemurgy movement, which created ways to replace petro-
chemicals with farm-derived bioproducts. Industrial biotechnology pioneers
restarted the movement in the late twentieth century and continue it today. The
discovery of the structure of DNA, the development of modern genetic engineering
methods and their application in industrial biotechnology accelerated the innova-
tions and transformed the chemurgy space.

In June 2008, The Economist magazine published an article, “Better living
through chemurgy,” directly evoking the “Better Things for Better Living”
branding campaign of a prominent traditional chemical manufacturer. The article
outlined the economic potential for agricultural feedstocks to replace petroleum in
everyday consumer products and the breakneck pace of industrial biotechnology
developments enabling this substitution. It also highlighted the efforts of a growing
breed of entrepreneurs to replace petrochemicals with renewable ones, boldly
stating, “[C]hemurgy is back with a vengeance in the shape of modern industrial
biotechnology.” This book’s title, “Quality Living through Chemurgy and Green
Chemistry,” further evokes that economic and technological potential.

In the 2008 Economist article, one pioneer of industrial biotech marveled that
genetic engineering “processes that once took five years now take just one.” Since
2008, the pace of technological development has accelerated still further. Synthetic
biology and other new genetic engineering techniques have increased the speed and
improved the precision of engineering biology. The processes that once took one
year can now be accomplished more quickly. In Chap. 6 of this volume, Chun You
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of the Chinese Academy of Sciences and Y.H. Percival Zhang of Virginia Tech
describe a proposed consolidated biomass to ethanol process, in which cellulose is
both hydrolyzed and fermented in the same vessel. Advanced enzyme engineering
and new methods for pretreating cellulosic biomass would enable this proposed
methodology, according to the authors.

Industrial biotech companies continue to accelerate the process of bringing
products to market as they expand the universe of renewable products available to
replace petroleum. In Chap. 3 of this volume, Liang Wu of the DSM Biotechnology
Center describes the successful commercialization of biobased succinic acid, a
precursor to polyesters and a replacement for fossil-based polyesters.
Commercialization of succinic acid paved the way for proof-of-principle fermen-
tation of adipic acid and caprolactam, nylon intermediates that can replace addi-
tional fossil-based polyesters, according to Wu. In Chap. 8, Jerald Lalman and
colleagues from the University of Windsor and Aberystwyth University review the
feedstocks and biofuels currently being produced and developed and find that
additional resources are needed to fully displace petroleum. They describe options
for fourth generation feedstocks, which could include genetically engineered
aquatic plants that are also designed for CO2 uptake and sequestration.
Biohydrogen may also be a biofuel of the future, they find.

The need for additional biobased resources continues to push companies toward
novel feedstocks, even as commercial development of cellulose, algae, solid waste
streams, and methane continues. In Chap. 5, Huimin Zhao and colleagues from the
University of Illinois at Urbana-Champaign provide an overview of the potential
use of macroalgae biomass as a feedstock for biofuels and renewable chemicals.
They also detail the advances in metabolic engineering that enable microorganisms
to metabolize algal biomass sugars to ethanol and possible chemicals. And in
Chap. 9, Jairo Lora of Lora Consulting LLC, describes the various uses of lignin—a
component of biomass—as a feedstock for polymers and carbon materials.
Companies have made progress in commercializing ingredients for consumer
products from lignin. In Chap. 10, Fanny Monteil-Rivera of the National Research
Council of Canada evaluates those green technologies including biocatalysis that
could possibly be commercialized to convert lignin to valuable aromatic chemicals.
She further identifies research gaps in the most promising approaches.

Renewable chemicals have made their way into consumer products, with some
brand name manufacturers actively seeking commercial-scale quantities of renew-
able chemicals. Back in 2008, the global management firm McKinsey & Co.
projected that the industrial biotech sector would capture $100 billion in value by
2010, primarily through biofuels and plant extracts. The focus of the sector has now
shifted as new technologies, applications and opportunities have come into view.
More recently, the business consultancy Lux Research examined the subsector of
renewable chemical production and found that it was experiencing the most rapid
growth within industrial biotechnology, potentially reaching 13.2 million metric
tons of annual capacity by 2017.

In addition to the economic potential of the sector, there is the promise of better
living. A 2007 report from EPA, “Bioengineering for Pollution Prevention,” noted
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that industrial biotechnology processes are naturally consistent with the principles
of green chemistry and cleaner than petrochemical processes, since they reduce
pollution at the source, save energy, and make use of renewable carbon. In the first
chapter of this volume, David Constable, director of the American Chemical
Society’s Green Chemistry Institute, examines in detail how biobased and renew-
able chemicals can fit into the principles of green chemistry. He notes that che-
murgy both influenced and continues to be influenced by the concept of green
chemistry. In Chap. 4, Dunming Zhu of the Chinese Academy of Sciences and Ling
Hua of DuPont Industrial Sciences expand on the unique benefits of using enzyme
catalysis to replace chemical reactions in industry. They provide several examples
of the positive environmental impacts—such as reduced chemical waste and pro-
duction costs as well as improved energy efficiency—achieved through enzyme
applications in chemical manufacturing.

There is also the promise of sustainably providing better living to people around
the world. The availability and affordability of petroleum-based products and
transportation has improved the standard of living of consumers in the United States
and many other countries. The imbalance in living standards is also reflected in
competition for natural resources. World population is expected to reach 9 billion
by 2050, according to UN estimates, with rapid growth in Asia and Africa. Growing
populations combined with economic growth will increase demands for food and
consumer goods; at the same time, changing climate conditions could exacerbate
resource constraints.

In Chap. 2 of this volume, Dongming Xie, Quinn Zhu and colleagues at DuPont
Industrial Biosciences describe progress in commercializing an omega-3 fatty acid
nutrition and feed supplement. The fatty acid is conventionally derived from fish,
which are a scarce natural resource. With industrial biotechnology, the nutritional
supplement can be produced in large quantities by yeast in a fermentation vessel,
reducing demand for fish. Further, the omega-3 fatty acid can supplement fish food
for farm raised salmon, further reducing demand for wild caught fish. And in Chap.
11, Baixue Lin and Yong Tao of the Chinese Academy of Sciences discuss progress
in using metabolic engineering for production of sialic acids, which have appli-
cations in medicine, including antiviral drugs, and as a nutraceutical. These
ingredients are traditionally derived from milk whey and egg yolks with typically
low yields, which make them insufficient to meet growing demand.

Jim Lane at Biofuels Digest put the challenge of providing economic opportu-
nity to growing worldwide populations in stark terms, saying, “Either we find a
second planet to provide the resources. Or we in the United States find a way to tell
the rest of the world that they can’t have the material lifestyle we enjoy.” The better
option is to transition to a biobased economy that can generate the food, material
goods and fuels needed to meet the demands of the world’s growing population
while providing new economic opportunities and creating a cleaner environment.
Chemurgy—the technology needed to build the biobased economy—can also
become the basis for manufacturing and economic growth, providing a means for
people around the world to achieve a quality living standard.
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In Chap. 7 of this book, Mingyu Wang and Jin Hou of Shandong University
review the economic and technical hurdles that the industrial biotechnology and
biorefinery industry must continue to address. Progress has been made in reducing
the cost of converting cellulosic biomass to fermentable sugars as feedstock for
biofuels and renewable chemicals; metabolic engineering provides tools for further
cost reductions as well as the ability to produce new and more cost-effective fine
chemicals. And in Chap. 12, Krista Morley of the National Research Council
Canada and Peter C.K. Lau of Tianjin Institute of Industrial Biotechnology
(Chinese Academy of Sciences) and McGill University map out the value chain for
new functional polymers, detailing the steps from biomass to phenolic acids to
monomers and finally proof-of-concept polymers. The biotech advances that
enabled the development of these new polymers include the discovery of new
enzymes.

In Chap. 13 of this volume, Manfred Kircher of CLIB2021 details how tradi-
tional chemical manufacturers can work with biomass producers to develop
infrastructure and value chains to build state and international bioeconomies. The
example of Europe’s leading chemical cluster straddling Belgium, the Netherlands
and Germany is presented as a bottom up approach to chemurgy. If George
Washington Carver were alive today he might be very pleased and gratified to see
how far chemurgy has come. Chemurgy has evolved to be modern-day industrial
biotechnology. The chemurgy story is far from finished and more innovation and
problem solving is in our future.

Brent Erickson

xii Foreword



Preface

Control of consciousness determines the quality of life.

Mihaly Csikszentmihalyi

The impetus to editing this book stemmed from the overarching needs to fuel the
fledgling bioeconomy or circular economy by realizing industrial and environ-
mental sustainability through knowledge-based solutions, innovation, and cleaner
production. The heart of this matter is promoting a greater awareness and
deployment of environmentally benign biological processes to achieve various
bioconversions by using naturally occurring or genetically improved enzymes,
whole cells and associated bioprocesses. Whenever possible, renewable bio-based
materials should be the feedstock of choice for the supply of chemicals and alter-
native energy sources to meet human societal needs.

This book, Quality Living through Chemurgy and Green Chemistry, is designed
to give a deep appreciation of what the future holds, empowered by the synergy of
two biomasses—a renewable feedstock and an infinite microbial biomass and its
diversity as “game changers” in value addition and creation. Biocatalysis is integral
to the 12 principles of green chemistry, an environmental priority and gateway to
sustainability. Putting green chemistry to work on renewable feedstocks besides the
conventional biomass is an extension of the original definition of chemurgy—
applying “chemistry” (chemi) to “work” (ergon—Greek) on agricultural residues or
simply on the farm.

I am deeply honored to have Brent Erickson writing a Foreword. He is Executive
Vice President of the Industrial and Environmental Section of the Biotechnology
Innovation Organization (BIO, formerly Biotechnology Industry Organization), and
recently his name made the upper 10 % list of the Biofuels Digest “Top 100 people
in the Advanced Bioeconomy,” a premier trade publication for the industrial
biotechnology sector. I am equally honored to have Dr. David Constable, Director
of the American Chemical Society’s Green Chemistry Institute to contribute a key
chapter on Green Chemistry and Sustainability.
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This book comprises 13 chapters and they have been written by scientists and
engineers who are experts in their own fields. I am most grateful to these authors
and colleagues who kindly accepted to undertake the charitable task of writing an
informative chapter beyond their call of duty. The contents of the book are orga-
nized as follows:

• Chapter 1 serves as an introduction to the concept and practice of green
chemistry and outlines the opportunities for applying sustainable (green)
chemistry to maximize biobased resource efficiency.

• Chapters 2 and 3 highlight the industrial needs and perspectives in the bio-
production of key commodity chemicals, e.g., dicarboxylic acids and omega-3
fatty acids.

• Chapters 4 and 5 are directed toward the development of a potpourri of bio-
catalysts to meet chemical and pharmaceutical needs, chiral building blocks, in
particular; and also specialized enzymes from underexplored feedstock such as
macroalgae for the production of biofuels and biochemicals.

• Chapters 6–8 focus on value creation from cellulosic and lignocellulosic
materials to produce starch and derivatives thereof, as well as to gain access to a
variety of biochemicals and biofuels including hydrogen, methane and butanol.
Novel approaches to fermentation, e.g., simultaneous enzymatic biotransfor-
mation and microbial fermentation are highlighted. In the latter two chapters,
various socioeconomic factors and technical bottlenecks that researchers and
industries face in the biorefinery of lignocellulosics are discussed.

• Chapters 9 and 10 are devoted to the depolymerization and valorization of
lignins from cleaner production (green approaches) point of view, and an
updated review on the wide range of polymeric products that can be derived
from this abundant aromatic feedstock. Notably, a great number of patents are
cited in Chap. 9.

• Chapter 11 discusses the production of a family of amino sugars, sialic acid and
its derivatives, and Chap. 12 presents a value chain in phenolic acids and
polymeric production from agricultural feedstocks as well as the development of
new enzymes and associated bioprocesses.

• Last but not least, Chap. 13 is considered a lagniappe—baker’s dozen. Without
an infrastructure and receptors any technology development will be futile.
Extrapolations of present day pillars of competitiveness in fossil- based econ-
omy to those of chemurgy and green chemistry in the bio- or circular economy
are discussed by Dr. Manfred Kircher using a European model.

All in all, this book provides invaluable insights and perspectives in biobased
economy and bioproduction from academia, national laboratories, health and
environment industries as well as consulting enterprises. Although there is no
shortage of books in the general context of biomass and nonbiological green
chemistry approaches, Quality Living through Chemurgy and Green Chemistry is
considered unique while adding knowledge to current advances in the literature.
Graduate and undergraduate students in various disciplines, aspiring “sustainability
scientists,” practitioners of industrial biotechnology and biobased industry,
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researchers and engineers, granting officers and policy makers, etc., are expected to
benefit from this book.

Started in the 1930s, a “chemurgic movement” was said to have taken place,
formalized by the 1935 “Declaration of Dependence upon the Soil and of the Right
of Self-Maintenance” and initiated by Dr. William J. Hale of Dow Chemical
Company, among prominent proponents like Henry Ford and George Washington
Carver: “When in the course of the life of a Nation, its people become neglectful
of the laws of nature…, necessity impels them to turn to the soil in order to recover
the right of self-maintenance.” Sustainability in either environmental or industrial
setting is the new framework in which we all have a role to play.

I will be remiss if I do not express my gratitude to June Tang of Springer Beijing
who first approached me for a project on Sustainable Development but agreed on
this alternative title. Support and assistance in contacting the authors, preparing and
realizing the final launching of the book came from the unyielding effort and
patience on the part of June Tang and her team, Heather Feng, in particular. The
interactions and exchanges of information with the Publisher, not forgetting the
timely cooperations of the authors, have been a most gratifying experience. Thank
you all. I hope readers will enjoy the book. Any suggestions or comments are
welcome.

Tianjin, China and Montreal, Canada Peter C.K. Lau
September 2016
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Chapter 1
Green Chemistry and Sustainability

David J.C. Constable

Abstract The idea of preparing industrial and commercial products from bio-based
and renewable materials is not a new one. Humans have relied on agriculture for
food, clothing, and shelter throughout human history. In the 1930s, United States
saw a resurgence of interest in producing a greater number of industrial and
commercial products from agricultural sources, although this interest did not sur-
vive much past the end of the Second World War and the growth of the petro-
chemical industry. In recent years, there has been another resurgence of interest in
obtaining chemical feedstocks from bio-based and renewable resources. This is
largely a result of society being confronted by the inherent lack of renewability of
petroleum and some of the large environmental impacts such as global climate
change that are associated with petroleum, especially for transportation fuels.
Turning these bio-based and renewable feedstocks into chemicals should be
undertaken in a more sustainable way than what is currently being practiced in the
chemical manufacturing enterprise. Sustainable and green chemistry are a way of
thinking about and practicing chemistry and should be a hallmark of the transition
to a bio-based, renewable and sustainable chemical manufacturing enterprise.

Keywords Green chemistry � Sustainable chemistry � Green engineering �
Bio-based � Renewable

1.1 Chemistry and Green Chemistry: The Need
for Change

It has been interesting to see recent publications pointing to the need for a change in
the application and practice of chemistry and chemical engineering [1, 2]. If one were
to compare the global chemistry enterprise (industry, academia, and government)

D.J.C. Constable (&)
American Chemical Society, Green Chemistry Institute, 1155 Sixteenth Street,
NW, Washington, DC 20036, USA
e-mail: D_Chichester-Constable@acs.org

© Springer-Verlag GmbH Germany 2016
P.C.K. Lau (ed.), Quality Living Through Chemurgy and Green Chemistry,
Green Chemistry and Sustainable Technology,
DOI 10.1007/978-3-662-53704-6_1
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of the post-Second World War era from the mid-1940s to the early 1980s with the
global chemistry enterprise that has evolved since the early 1980s into its current
form, there are many similarities, but perhaps a greater number of profound differ-
ences. As just one example of a profound difference, large chemical companies with
active research organizations working on basic or fundamental chemical knowledge
and/or the commercialization of transformative chemical technologies are a thing of
the past. Instead, companies are pursuing what they believe is greater shareholder
value by making small, incremental improvements or minor variations to existing
product lines to extract as much market share and profitability as they can from
known assets. Chemical and chemical technology innovation of the type routinely
undertaken in the post-war era is generally seen as being a too risky and compara-
tively longer term investment. Most companies are relentlessly driven to reduce risk
in all areas of the business, so research, development, and demonstration at scale is
seen as being too risky for any one company to undertake.

Toward the end of the 1960s and the beginning of the 1970s, a number of
environmental disasters led to the promulgation of comprehensive government
regulation. Governments sought to prevent releases of waste to the air, water, and
land that were leading to very noticeable decreases in environmental quality; i.e.,
rivers caught on fire, vehicles belched noxious fumes, cities were enveloped in
smog, and drinking water was being contaminated. Following the installation of a
considerable amount of costly end-of-pipe controls, and in response to an
ever-increasing array of environmental legislation that culminated in the U.S.
Pollution Prevention Act of 1990, a variety of people in industry, academia, and
government began to think about how pollution might be avoided and not just
treated to make it less “bad”, or to shift it from air to water or land, or vice versa. By
the mid-1990s, this thought process was codified and labeled as green chemistry.
Most people who are familiar with the term green chemistry usually understand it
through, or associate it with, the 12 principles of green chemistry published by
Anastas and Warner [3].

Since the publication of this first set of principles, there have been a variety of
attempts to further expand upon the ideas and concepts embodied in green chem-
istry and these have recently been summarized and simplified into 3 categories;
maximize resource efficiency, eliminate and minimize hazards and pollution, and
design systems holistically and using life cycle thinking [4]. Most people who talk
about green chemistry, as typified by the U.S. EPA, emphasize the elimination or
reduction of chemical hazards and pollution [5]. The addition of resource efficiency,
design, and systems or life cycle thinking is more readily associated with engi-
neering and less with chemistry. It is assumed that the reader is able to link the
concepts contained in the “eliminate and minimize hazards and pollution” category
to the bio-based and renewable context without further exposition.

It is worth taking a moment to consider two of these different categories and
draw out a subset of those concepts/principles in each area that are most relevant to
a sustainable and green chemistry and engineering evaluation of bio-based and
renewable chemicals production. It can be argued that as one undertakes life cycle
and systems level assessments or considerations, one more naturally is driven

2 D.J.C. Constable



toward sustainability considerations and the interplay between economic, envi-
ronmental and social impacts and benefits. The boxes that follow do not contain all
the concepts and principles in these categories, and it is not an exhaustive treatment
of the potential opportunities. What follows is offered as a limited illustration of
how one might think about the application of these concepts/principles to this
sector.

Maximize resource efficiency

Principle Bio-based and renewable opportunity

Design

Find alternatives: The use of auxiliary
substances (e.g., solvents, separation agents)
should be made unnecessary whenever
possible and innocuous when used [3]

Investigate nonsolvent separation options
(e.g., membrane-based, absorption or other
solid mass separating agent) that do not entail
distillation or other energy-intensive
separations technology

Use catalysis: Catalytic reagents (as selective
as possible) are superior to stoichiometric
reagents [3]

Actively avoid use of platinum group
catalysts (e.g., Pt, Pd, Ru, etc.) that are
actively being researched for use in, for
example, lignin conversion. Favor use of
biocatalysts (i.e., enzymes), base metal
organometallic catalysts, or organocatalysts

Measure

Mass balances: Establish full mass balances
for a process [6]

Gate-to-gate and cradle-to-gate mass balances
should be considered at all phases of R&D to
commercialization

Heat and mass transfer: Anticipate heat and
mass transfer limitations [6]

Energy and mass integration across a
biorefinery will be essential for making it cost
competitive

Conversion: Report conversions, selectivities,
and productivities [6]

Conversions: Biomass to sugar or to higher
value-added chemicals remains a major
challenge
Selectivities: The inherent selectivity of
genetically modified/evolved organisms to
produce enantiomerically pure and complex
molecules has yet to be realized to as great
extent as possible. As the technology evolves
and it becomes easier and less expensive, its
use will become more widespread
Productivities: Productivities, for example, in
fermentation remain challenging for many
bio-based chemicals and an opportunity for
continuing improvement

By-product formation: Identify and quantify
by-products [6]

Harness selectivity of living systems and
develop separations capability that will
enable continuous fermentations

Utilities: Quantify and minimize the use of
utilities [6]

Energy efficiency and use of low grade
energy (i.e., low temperature) will be key in a
fermentation facility and biorefinery.
Consider large volume of water in a fermenter
at 36 °C as an energy source

(continued)
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(continued)

Be efficient

Reduce: Separation and purification
operations should be designed to minimize
energy consumption and materials use [7]

The bio-based and renewable sector has an
opportunity to develop and implement
alternative separations technologies. The
industry is characterized by large,
water-based, and dilute systems, all of which
are challenging from a separation perspective

Minimize: Energy requirements should be
recognized for their environmental and
economic impacts and should be minimized.
Synthetic methods should be conducted at
ambient temperature and pressure [3]

The industry is characterized by processes
that may operate at close to ambient
temperatures and certainly do not require
higher pressures except for chemical
processing that takes place after fermentation

Optimize: Products, processes, and systems
should be designed to maximize mass,
energy, space, and time efficiency [7]

Biggest opportunity here is to move toward
continuous fermentation processes, or total
recycle/zero waste discharge

INTEGRATE: Design of products, processes,
and systems must include integration and
interconnectivity with available energy and
materials flows [7]

Biorefineries should work toward the same
level of heat and mass integration that is
found in petrochemical facilities

Be sustainable

Minimize: Minimize depletion of natural
resources [8]

The transition to bio-based and renewable
chemicals will require careful attention to
how this can be done in a way that protects
phosphorus and employs a sustainable
process for ammonia/ammonium production

Conserve and improve: Conserve and
improve natural ecosystems while protecting
human health and well-being [8]

Huge opportunity here to employ
conservation and improvement activities in
all parts of the biotech industry—from raw
material extraction to closing the loop on
products/waste

Design systems holistically use life cycle thinking

Principle Bio-based and renewable opportunity

Design

Holistically: Engineer processes and products
holistically, use systems analysis, and
integrate environmental impact assessment
tools [8]

Just as the modern petrochemical industry has
evolved over the course of the past 100 years,
so will the biorefinery. At the moment,
biorefineries have not achieved the level of
mass and energy integration that will move
them toward more sustainable processes

Use life cycle thinking: Use life cycle
thinking in all engineering activities [8]

End of use: Products, processes, and systems
should be designed for performance in a
commercial “afterlife” [7]

These concepts have more to do with moving
toward a closed-loop economy and thinking
about how waste can be better utilized rather
than disposing in air, water, or a landfillDurability: Targeted durability, not

immortality, should be a design goal [7]
(continued)
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(continued)

Principle Bio-based and renewable opportunity

Conserve complexity: Embedded entropy and
complexity must be viewed as an investment
when making design choices on recycle,
reuse, or beneficial disposition [7]

This is an area that is not being exploited
from a molecular perspective. It is interesting
to note that early assessments of bio-based
and renewable chemical opportunities were
from the perspective of harnessing framework
molecules that could be modified into various
end uses. Most recent assessments have
moved away from this toward delivering
drop-in replacements. The reader is referred
to Table 1.1 in this chapter

Be sustainable

Think locally: Develop and apply engineering
solutions while being cognizant of local
geography, aspirations, and cultures [8]

One of the potential benefits from the more
widespread use of bio-based and renewable
chemicals is that production can be more
distributed; i.e., production is possible in
many places and not constrained by
transportation of petroleum

Engage: Actively engage communities and
stakeholders in development of engineering
solutions [8]

Innovate to achieve: Create engineering
solutions beyond current or dominant
technologies; improve, innovate and invent
(technologies) to achieve sustainability [8]

The bio-based and renewable chemicals
industry is in its infancy and will require a
significant number of innovations in
chemistry, molecular biology, engineering,
and many allied disciplines to move the
industry to be more sustainable. At this point
in time, there are aspects of the industry that
are more sustainable than the petrochemical
industry and aspects that are not

Use renewables: A raw material feedstock
should be renewable rather than depleting
whenever technically and economically
practical [3]
Material and energy inputs should be
renewable rather than depleting [7]

The only addition here is that raw materials
should be both renewable and sustainable.
Once again, there is great potential for the
industry to live up to these
concepts/principles, but at present, it is not

It could also be argued that in the case of bio-based and renewable chemicals
production, there is a great opportunity for businesses to avoid many of the problems
of the existing global chemistry enterprise by choosing to develop chemical feed-
stocks that are not extremely hazardous to humans or the environment, and to
consider what can be done to minimize or eliminate adverse impacts across the life
cycle of the chemicals that are produced. It is naïve to think, although it is common
to hear this, that just because a chemical or product is derived from agriculture it is
automatically green, or at least greener, than a chemical or product derived from
petroleum or some other form of fossil carbon. The assessment of whether or not the
chemical or product is green, greener, sustainable, or more sustainable is beyond the
scope of this chapter, but it is important for the assessment to be carried out and there
are many examples of how this may be accomplished [9–12]. In general, what one
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finds in these comparisons of a bio-based renewable or related chemical, or product
with the same chemical or product made from a set of petrochemical building blocks
is that significant impacts are associated with each approach. The reality is that in a
comprehensive multivariate assessment, one set of impacts or another predominate,
and the question of whether one or more impacts are better or worse than others
ultimately comes down to the values and assumptions of the person or organization
doing the assessment.

Focusing more narrowly for a moment on the situation of green chemistry and
chemistry, it is generally true that chemists over the past 100 years have been trained
in an academic setting to think only about what happens to chemicals in a beaker or
flask, with little to no knowledge of, or regard to, where things come from or that
waste goes anywhere other than down the sink (and therefore, no longer a problem),
up the hood exhaust stack, or in the waste can in the lab. Energy is conveniently
delivered in the form of an oil bath, a heating coil, running water, dry ice, and liquid
nitrogen; and why should a chemist care where these conveniences originate or at
what cost? Green chemistry was an attempt to get chemists to start thinking about
these sorts of things, and while there has been progress over the past 20 years, there
remains a considerable amount of work to be done to integrate green chemistry
concepts and new ways of thinking about chemistry into the practice of chemistry.

For the purpose of this book, it is worth noting that in the original 12 principles
of green chemistry there is a strong association with the idea of Chemurgy in
principle 7 which is: “A raw material feedstock should be renewable rather than
depleting whenever technically and economically practical.” Those who read this
would assume the principle only refers to a chemical that is bio-based and
renewable, although from a sustainability perspective, one should also consider the
renewability of elements that are not, nor could they be sourced from agriculture or
some other living system. A variety of elements on the periodic table are critical to
chemical manufacturing regardless of feedstock source and to enabling modern
society. The problem is that the production and use of most of these critical ele-
ments is not currently sustainable. One other distinction to make here is that
feedstocks may be renewable and bio-based but not sustainably produced. For
example, one might argue that feedstocks like a vegetable, plant, or algae-based oil,
while bio-based and renewable, is not sustainably produced. It is beyond the scope
of this chapter to get into the details of this and is offered here only in recognition
that it is a very important issue to consider at some point. It is, however, worth a
little time to think about raw material feedstocks given the subject of this book.

1.2 Feedstocks

The broader global chemistry enterprise (industry, academia, and government as
funders and regulators) has been in the making over the past 250 years or so, and
now delivers an overwhelming number of chemicals with some of these being
delivered in very high volumes. There is now a large, complex, heavily capitalized
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petrochemical enterprise, and it is arguably a triumph of post-war creativity,
investment, and technological innovation. The petrochemical industry as it cur-
rently exists is very good at producing a relatively few key building blocks from
petroleum in very high volumes; e.g., alkanes, alkenes, olefins, aromatics like
benzene, aniline, terephthalic acid, etc., on the order of millions of pounds per year.
Petroleum-derived molecules are, in turn, used to build a much larger number of
compounds that are converted into the products used in all parts of our lives and
deemed by world markets to be essential to modern society. For the most part, these
molecules are straight carbon chains or aromatic compounds having varying
degrees of saturation and mostly composed of carbon and hydrogen with few hetero
atoms like nitrogen, sulfur, or oxygen. The carbon atoms in petroleum are in a
highly reduced state, and getting them to react usually requires extremes in tem-
perature and pressure in the presence of a large number of catalysts.

In the case of the high volume chemicals, these are produced with considerable
mass and energy efficiency with constant, incremental improvements in both mass,
and energy efficiency still being implemented. It has been recently reported that there
are about 120 molecules that account for a majority of the chemical frameworks or
building blocks used by chemists to make the more complex molecules that are
associated with industrial sectors like the specialty chemicals, agrichemical, and
pharmaceutical industries [13, 14]. This is arguably a surprisingly small number of
chemical framework molecules chemists work with, especially when one considers
the large number of chemicals that have been discovered in living systems, or what
chemical diversity might be available as one considers all the possible chemical
isomers as the number of C, H, N, O, S, and N atoms in a given molecule is increased.

Given the availability of a set of simple, relatively inexpensive building blocks,
chemists have over many years developed a vast array of reactions to effect a variety
of chemical transformations. Synthetic organic chemists, in particular, generally
have an encyclopedic recall of named reactions, methodologies, or protocols for
activating, functionalizing, and otherwise chemically transforming molecules or
basic organic chemical building blocks into more complex molecules. These
building block molecules are functionalized (adding hetero atoms like N, S, O, etc.)
or coupled with other building blocks in a specific order to produce molecules that
are in almost everything that humans need to produce not only the basics like food,
shelter, and clothing, but also the other things that make our lives so interesting; e.g.,
electronics, plastics, advanced composites used in transportation, etc.

1.3 Moving from Petroleum to Sugars, Lignocellulosics,
and Proteins: A Different Set of Chemical Building
Blocks

It is interesting to note that these simple framework molecules derived from pet-
roleum are not the kinds of simple or complex building blocks that are made by
plants and other forms of life. As the global chemistry enterprise begins its slow
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transition away from the types of petrochemical building blocks used today, a set of
building blocks like the ones you will read about in the remainder of this book, the
chemistries, methodologies, and protocols chemists use to effect chemical trans-
formations will also have to transition. The difficulty in doing this is that chemists
are not, in general, trained in a great degree to effect chemical transformations on
chemicals derived from plants or other organisms. They also do not have the
experience with the kinds of reactions and synthetic strategies required to construct
new molecules based on these types of building blocks, and as is the case with most
synthetic chemistry; the reagents used to effect chemical transformations are quite
hazardous from an environmental, safety, and health perspective. Moreover, the
chemical industry has a dedicated infrastructure for transforming and processing a
different set of molecules in different ways; e.g., a fermentation facility is very
different compared to a petrochemical facility.

This situation has therefore led start-up biotech companies to adopt commer-
cialization strategies for providing “drop-in” replacements from bio-based or other
feedstocks like methane or CO2. For example, a company identifies a micro
organism platform (i.e., a yeast, bacteria, algae, etc.) that may be genetically
modified or evolved to produce chemicals from sugar that are at a minimum cost
competitive to that same chemical if it was made from petrochemical feedstocks.
While this approach is enabling the implementation of a variety of technologies at
commercial scale, it is unfortunate that these drop-in replacements have a range of
known and well-understood undesirable properties and hazards. The tragedy of the
current growing availability of bio-based and renewable feedstocks is that chemists
are not rethinking the chemical building blocks they normally use, nor the solvents
and the products that are being made. This is an opportunity to design out unde-
sirable effects of chemicals, the chemistries used to undertake chemical transfor-
mations, and the processes that are used at scale, instead of just replicating the
undesirable chemicals and all their associated baggage.

Commercially, transitioning to biologically based and renewable carbon
framework molecules is not going to be easy, and there are a variety of strategies
that have been proposed over the past 10–15 years. There has been a tremendous
amount of research and development directed toward using many different types of
biomass and an even a greater number of chemical, thermal, and biological pro-
cesses. While many of these are under advanced development or in the early stages
of commercialization, it is difficult to develop markets and displace existing supply
chains. Table 1.1 contains the U.S. Department of Energy National Renewable
Laboratory’s top value-added chemicals derived from biomass as assessed in 2004,
2010, and 2016. It is quite interesting to see the changes to this list over time.

The vision for the biorefinery of the future is very similar to what is found in a
modern petrochemical refinery which contains a highly integrated infrastructure
that is highly mass and energy efficient [18–21]. Sugars, starches, proteins, and
other bio-based building block molecules are quite different than those obtained
from petroleum as they contain significant amounts of oxygen and in some cases,
N, S, and P atoms, but none of them have any aromaticity.
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As you will see in this book and others like it, there are a number of potential
biomass sources to consider and a variety of conversion strategies, but a few
sources and associated conversion strategies are more common than others. The
first type of biomass to be considered is represented by feedstocks from the forest
products industry or other parts of agriculture like sugar, starch, cellulose, hemi-
cellulose, lignin, pine chemicals, etc. The second type of biomass to consider is the
development of feedstocks from a marine-based polymer that is chemically similar
to lignin, and that is chitin. Chitin is found in many marine organisms like shrimp,
lobster, etc. The third is the development of chemical feedstocks or chemicals from
waste biomass like food wastes; e.g., citrus peels and pulp, potato skins, etc.

Within the forest products industry there are two general strategies for producing
useful chemical products. The first is comparatively recent and that is looking to
produce a variety of chemicals and materials from lignocellulosics and other
by-products of the paper pulping process other than paper, or burning lignin for its

Table 1.1 Bio-based chemical targets put forth by U.S. National Renewable Energy Lab in 2004,
2010 and 2016 [15–17]

2004 2010 2016

1,4-Dicarboxylic acids (succinic, fumaric
and malic)

Succinic acid Succinic acid

2,5-Furan dicarboxylic acid Furanics Furfural

3-Hydroxypropionic acid Hydroxypropionic
acid/aldehyde

–

Glycerol Glycerol and derivatives Glycerine

Sorbitol Sorbitol –

Xylitol/Arabinitol Xylitol –

Levulinic acid Levulinic acid –

Aspartic acid – –

Glucaric acid – –

Glutamic acid – –

Itaconic acid – –

3-Hydroxybutyrolactone – –

– Biohydrocarbons –

– Lactic acid Lactic acid

– Ethanol –

– – Butadiene

– – Butanediol

– – Ethyl lactate

– – Fatty alcohols

– – Isoprene

– – Propylene
glycol

– – p-Xylene
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fuel value to make steam for use in the paper-making process. Within the ligno-
cellulosic arena, there have been many advances in separating cellulose, hemicel-
lulose, and lignin, with lignin having great potential because of the many aromatic
compounds that compose its polymeric backbone.

While there are many research groups throughout the world working on pro-
cesses that will break lignin down into different chemical components, there is
currently no viable commercial process for turning lignin into useful chemical
products. Because the chemical composition of lignin is highly aromatic there is
great potential to use these lignin sub-structures as chemical building blocks for a
variety of end uses. Finding a nonfuel use for lignin is perhaps a similar situation as
finding a viable high value-added commercial use for glycerol produced as a part of
biodiesel production. Nonetheless, considerable efforts are made to valorize lignin
in ways that go beyond an old pulp and paper industry saying: “You can make
anything out of lignin except money.” See Chaps. 9 and 10 for possibilities. The
problem with lignin conversion is a common one for chemist’s as they work to
discover mechanisms to break and make new bonds precisely where it makes the
most sense while doing it in a mass and energy efficient manner.

Another part of the forest products industry that few people are aware of is the
pine chemicals industry, but this industry represents a good model for obtaining
increasingly higher value-added products from bio-based and renewable feedstocks.
While the pine chemicals industry is not new, it is a small part of the specialty
chemicals industry. It is interesting to note that useful non-timber products such as
turpentine and other materials like rosins and pitch have been produced from pine
trees for far longer than the modern chemical industrial era that rapidly expanded
throughout the twentieth century. As the pulp and paper industry has grown so has
the production of crude tall oil and crude sulfate turpentine. Crude tall oil may be
separated into a fatty acid fraction, a tall oil fraction, a tall oil rosin fraction, and a
tall oil pitch fraction. The crude sulfate fraction is separated into a variety of terpene
monomers that may be converted into a variety of terpene resins. All of these
streams can be used as raw materials for coatings, various specialty oil applications,
surfactants, adhesives, inks, etc. [22].

While the pine chemicals industry from a chemical engineering perspective is
not currently as large, integrated, and technically sophisticated an industry as the
petrochemical industry, it does use many similar unit operations such as the use of
distillation as the primary means of separating complex mixtures. It does, however,
represent a model for the integrated biorefinery of the future where various distillate
fractions are further separated and converted into useful framework molecules and
other more complex chemicals.

The second area within the forest products sector to mention is those businesses
seeking opportunities for higher value-added chemicals derived from the leaves,
roots, seeds, etc. of trees, bushes, etc. Substances like turpentine, linseed oil, rosins,
pitches, and similar materials have been productively used for hundreds of years,
while newer uses for various fatty acid fractions or other materials from Tall oil are
being sought. In other cases, structural building blocks for a variety of drugs, an
early example of which was taxol, although a genetically modified organism was
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eventually created to get around the variety of issues of sourcing the molecule from
such a large volume of plant material. A second example of this is artemisinin, an
important new anti-malarial treatment, where plant extracts were used until engi-
neered yeasts were developed to produce the compound at much lower cost and less
environmental impact.

1.4 Sugar: The New Oil?

One company achieving success in converting woody biomass to sugars is
Renmatix [23]. Renmatix has developed and is actively licensing a near-critical
water process that separates the woody biomass into streams of cellulose, hemi-
cellulose, and lignin, and then further decomposes the cellulose and hemicellulose
fractions into their component sugars. Lignin continues to be burned in the forest
products industry for its energy value (usually to produce steam for heating), but
this is clearly not the best use of this very complex and chemically interesting
naturally produced polymer. Once constituent sugar streams are separated, the
sugars may be used in different fermentation processes to produce fuels (ethanol or
biodiesel) or chemicals, depending on which microbial platform is used. Sugars in
their various forms (C5 and C6) are sometimes referred to as the next oil, i.e., a
readily available carbon source that can be converted to a variety of chemicals and
chemical building blocks through an expanding number of industrial fermentation
processes.

While there is great promise in using biotechnology to produce chemicals, there
are two recent commercial examples where companies proposing to use sugar as a
source for chemicals have struggled to do so because of the low cost of petroleum.
Both BioAmber [24] and Myriant [25] identified a market opportunity for succinic
acid, a 4-carbon chain molecule that is more cost effectively obtained via fer-
mentation than from petrochemical sources. Succinic acid is a useful building block
for a variety of commodity (e.g., 1,4-butanediol) and specialty chemical end use
applications, so market demand for succinic acid should be quite high. Sadly, these
companies are examples of the difficulty of building a market in the face of severe
competition from petrochemicals; Myriant has ceased production and BioAmber is
struggling. It is hoped that this is a relatively short phenomena, but it does point to
the difficulty of being an early entry into the market, and the uphill battle of
competing against an entrenched, well established supply chain.

1.5 Oils and Other Specialty Chemicals

Two additional companies working to develop markets for bio-based and renewable
chemical building blocks from sugar are Solazyme and Amyris; two of the winners
of the 2014 U.S. Presidential Green Chemistry Challenge Awards [26, 27].
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Solazyme has recently split into two different companies, Solazyme Industrials [28]
and Terra Via [29] and both are exploiting an algae platform to make either tailored
oils for a variety of industrial end use applications or consumer food products.
Because the basic genetic coding for making oils exists in algae and is conserved in
higher plants that make vegetable oils, it was possible to genetically modify the
algae to overexpress different oils containing specific fatty acid ratios. This tech-
nology allows Solazyme and TerraVia to exactly replicate vegetable oils like olive
oil, sunflower oil, soybean oil, or palm oil, or if they need to, they may develop
“tailored” oils having the exact ratio of fatty acids and triglycerides that a chemist
may convert to a higher value-added chemical. There are two interesting aspects to
this. First, there is a unique ability to create framework molecules that are not
currently available and which can be produced without the environmental footprint
of a petrochemical feedstock. Second, there are no geographic restrictions to
making these oils since one is not dependent on a climate that supports a palm or
olive tree, for example.

Amyris is perhaps best known for its work in developing a yeast-based platform
to produce artemisinin, a potent anti-malarial drug. However, Amyris is also a great
example of a biotech company that has diversified into several different commercial
directions [30]. In Amyris’ case, a yeast instead of an algae was modified to
produce a biodiesel drop-in replacement, although the molecule does not look like a
petrochemically or “typical” biodiesel molecule. The molecule in this case, known
as Farnesene, is a true drop-in replacement and it has the added advantage of not
having emissions like SOX or excessive NOX, and it burns more cleanly than
traditional biodiesel. Perhaps it is not surprising that Amyris is currently seeing
greater demand for a molecule like squalene which is used in cosmetics and per-
sonal care products. Competing against petroleum-derived diesel given current
prices for a barrel of oil is challenging, although there are a few airlines like United
that are interested in using greater amounts of bio-based diesel. However, the low
cost of oil is likely to push most companies in the biotech sector into higher
value-added compounds like squalene, or into compounds that are not easily syn-
thesized from petroleum. Competing on cost and performance is a must and pre-
sents a challenge for anyone trying to enter an existing market. While it is great to
have a sustainability benefit it in no way guarantees commercial success in the
short-term. This is an important point since the hurdle for sustainability, from a
commercial perspective, is higher than the hurdle for a company whose feedstocks
come from petrochemicals.

1.6 Plastics: PHA’s

Another example of using sugar to make a large volume commodity chemical is the
production of polyhydroxyalkanoates (PHA), the most developed example being
polylactic acid (PLA). While DuPont discovered this molecule in the 1950s, it was
not commercialized except for limited medical applications because it was difficult
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to produce from petrochemical sources. In the early 2000s, Dow and Cargill entered
into a joint venture to produce PLA and created a company known as NatureWorks
[31]. While Dow has had a long history of making plastics like polyethylene,
polystyrene, polyurethanes, etc., Cargill was a large diversified agricultural com-
pany that was looking to expand its corn milling operations beyond food and animal
feed into commodity chemicals. Dow eventually withdrew from the joint venture
because of the slow progress to realize commercial success, but Cargill proved to be
a more patient investor.

By enzymatically converting corn starch to sugar, NatureWorks obtained lactic
acid through a fermentation process, followed by polymerization of the lactic acid
to PLA. PHAs in general, and PLA in particular, are seen as desirable polymers
since they can be obtained directly from a variety of microorganisms or from
agriculturally derived sugar sources. PLA is also biodegradable, although the caveat
to PLA biodegradability is that it only degrades when the temperature of com-
posting can be maintained above 50 °C for an extended time, i.e., in industrial
composting facilities. If industrial composting facilities are not used, PLA will
biodegrade at about the same rate as many other plastics. A key to the commercial
success of PLA has been in the development of end uses where waste streams can
be tightly managed and PLA-containing wastes can be diverted to industrial
composting facilities. NatureWorks has carefully developed their PLA market into
food service and eating utensils at professional sports arenas where team owners
like to be seen as “going green” and the waste streams are largely food product
wastes.

Although lactic acid may be reliably obtained via fermentation from sugar and
PLA is biodegradable, it is not without a few problems. Polymers like polyvinyl
chloride, polyethylene, polycarbonate, polystyrene, or other polyesters have been
on the market and under continuous development for decades and have a variety of
commercial applications that are valuable to consumers. PLA, from a performance
and customer acceptability perspective is not seen as being as good as these other
already well established plastics. Despite the environmental benefits, it has still
taken over 10 years and the consistent financial backing of Cargill for NatureWorks
to make its production profitable and to develop a strong market for PLA.

1.7 Closing the Loop: Chemicals from Waste

In recent years, there has been increased attention given to the need for society to
become increasingly less mass and energy intensive; i.e., to make more things from
less stuff. This is quite a challenge for chemists since the idea of working with waste
to get something of value is not terribly appealing to most chemists. However, the
idea of using wastes from the food processing industry to produce a range of
value-added chemicals has been discussed as part of a broader discussion of
“closing the loop” on materials in our economy. One example of a company that
has found a way to make a range of specialty chemicals from food processing
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industry wastes is Florida Chemical [32]. In addition to obvious products like
flavors and fragrances that are extracted from citrus peels, the citrus industry has
been looking to expand into chemicals production by working to develop products
like extractable solvents, oils, and other chemicals. There are large volumes of
citrus wastes from juicing operations throughout the world (over 8 million tons per
year in Brazil, alone [33]), and these wastes represent a ready supply of chemicals.
About 14 % of the peel is a mixture of oils, terpenes, a variety of oils, waxes, and
other alkanes. While these materials may be isolated from citrus peels, the largest
marketed chemical is D-limonene. Limonene can be used as a building block for
plastics like polyethylene terephthalate (PET), or it may be converted into chemi-
cals like cresol or p-α-dimethyl styrene [34]. Citrus peels and other wastes are
unlikely to provide a sufficient amount of chemicals to displace all the supplies of
these chemicals currently required to support the market, but companies are
demonstrating that it is possible to obtain a variety of interesting and useful
chemicals from nonpetroleum, bio-based and renewable sources.

1.8 Final Words

Clearly this chapter has merely scratched the surface of what is currently happening
in the bio-based and renewable chemicals sector and is discussing briefly only the
opportunities for applying sustainable and greener chemistry. In many ways, the
resources put into the pursuit of bio-based and renewable fuels overwhelms the
resources being put into bio-based and renewable chemicals production and this
will inevitably slow the commercialization of bio-based and renewable chemicals.
There also seems to be a shift over the past 10 years or so from a focus on
producing bio-based and renewable chemicals that are unique and may perhaps be
used to make new and interesting materials and products to a focus on replicating
commodity chemicals currently produced from petroleum. This is a truly unfortu-
nate development, especially if these chemicals are inherently hazardous. Ideally,
we would want to bring to market much less hazardous chemicals.

It is also true that the price of petroleum will continue to dominate the devel-
opment of the sector until the cost per barrel is more than U.S. $100.00 in 2016
dollars. Some would argue that this represents an inherent weakness in the case for
bio-based and renewable chemicals, but I think it is more accurate to say that the
commercialization of bio-based and renewable chemicals is no different than the
commercialization of any new technology. In this sense, the global chemical
manufacturing enterprise has largely moved away from the type of commercial
innovation development that characterized the industry of the post-war era up until
the 1980s and is more a reflection of Wall Street dictating the supremacy of
shareholder value and short-term returns over the need for longer term investments
in chemical innovation.

Regardless of these Wall Street dictates, market forces and the technology being
developed that characterizes the industrial biotech sector is disruptive and it is only
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a matter of time before it achieves widespread, large-scale, commercial success. We
are poised to see the realization of what was once seen to be the way of the future in
the early part of the twentieth century. It is unfortunate that we had to wait so long
to see it happen.
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Chapter 2
Sustainable Production of Omega-3
Eicosapentaenoic Acid by Fermentation
of Metabolically Engineered Yarrowia
lipolytica

Dongming Xie, Edward Miller, Bjorn Tyreus, Ethel N. Jackson
and Quinn Zhu

Abstract The omega-3 fatty acid, cis-5,8,11,14,17-eicosapentaenoic acid (C20:5;
EPA) has wide-ranging benefits in improving heart health, immune function, and
mental health. Currently, the major source for EPA is from fish oil, which is subject
to challenges in its availability and sustainability due to the concerns of overfishing
and contamination in the ocean environment. DuPont has developed a sustainable
source of the omega-3 EPA through fermentation using metabolically engineered
strains of Yarrowia lipolytica. EPA biosynthesis and supporting pathways have
been engineered to accumulate high EPA content in Yarrowia biomass under fer-
mentation conditions. Many production strain candidates were generated in the
molecular biology group, and fermentation research was conducted to (1) identify
the best production strains by high throughput fermentation screening; (2) optimize
the fermentation medium and process conditions for the selected production strains
to achieve the highest EPA titer, rate, and yield; and (3) scale-up the developed
fermentation process for commercialization. This chapter summarizes the major
fermentation engineering work that has been accomplished at DuPont to achieve
large-scale production of Yarrowia biomass with high EPA content. This work led
to two commercial products, New Harvest™ EPA oil and Verlasso® sustainably
farmed salmon.
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2.1 Introduction

Fatty acids have two ends, the carboxylic acid (−COOH) end, which is considered
the beginning (alpha) of the chain, and the methyl (−CH3) end, which is considered
the tail (omega) of the chain. Omega-3 fatty acids refer to the long-chain polyun-
saturated fatty acids (LCPUFA) that contain the first C=C double bond at the third
carbon from the methyl (omega) end of the carbon chain. Many clinical studies
have shown a wide range of health benefits from two major omega-3 fatty acids, the
eicosapentaenoic acid (C20:5; EPA) and docosahexaenoic acid (C22:6; DHA)
[1, 2]. While most omega-3 products on the current market address only the
“omega-3” concepts in the labels, there are significant differences in health benefits
among different omega-3 fatty acids, even between EPA and DHA. Based on the
clinical studies, it is believed that EPA is able to improve cardiovascular health,
mental health, and immune function, while DHA tends to be better in improving
mental health and cognitive development in infants [2]. The Japanese EPA Lipid
Intervention Study (JELIS) suggests that EPA is a promising treatment for pre-
vention of major coronary events for people at risk of heart health issues [3]. In
addition, the AMR101 study by Amarin Pharma Inc. showed that pure EPA ethyl
ester significantly reduced triglyceride levels in adult patients with severe hyper-
triglyceridemia [4].

EPA and DHA are essential fatty acids in human health. However, the human
body cannot efficiently synthesize EPA and DHA de novo and as such, these fatty
acids are typically obtained from protein sources within the diet [2], especially the
cold water oceanic fishes [1]. Certain sea fishes (e.g., wild salmon, Pacific sardine)
accumulate significant amounts of EPA and DHA by consuming microalgae cells in
the ocean, which are capable of synthesizing EPA and DHA de novo.

Fish oil is the main source of EPA and DHA on the market. Farm raised salmon
accumulate DHA and EPA in their flesh and muscle when the oil from wild caught
sea fishes is included in the salmon feed (Fig. 2.1). Usually, 4 kg of sea fish are
required to raise 1 kg of salmon. The future availability and sustainability of current
fish oil sources of omega-3 essential oils have been questioned due to potential
overfishing and contamination issues in the ocean environment. To overcome these
challenges, biotechnology companies such as Martek (now a part of DSM) started
to produce DHA-enriched oil directly from microalgae in large-scale fermentation
processes [5]. There is still no large-scale land-based EPA production from
wild-type organisms due to the challenges in achieving high EPA productivity and
low cost targets essential for commercial viability.

To address this need, DuPont initiated a research program to develop a sus-
tainable EPA source by metabolic engineering of Yarrowia lipolytica, an industrial
fungal work horse (Figs. 2.1, 2.2). The first targeted product for commercialization
was EPA due to its unique health benefits and the lack of a land-based sustainable
supply. Yarrowia cells have been metabolically engineered to accumulate EPA up
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to 25 % of total biomass [6–8]. The purified lipids from these EPA producing
strains have been used to develop New Harvest™ EPA oil, a commercial human
nutritional supplement. The high EPA biomass of Y. lipolytica yeast has also been
used to raise sustainably farmed salmon, Verlasso®. Sustainability being driven by
the fact that only one kilogram sea fish is required to raise one kilogram of salmon
due to the use of the yeast biomass in the salmon feed (Fig. 2.1). In addition, the Y.

Fig. 2.1 Current major source of omega-3 from wild harvested ocean fishes and DuPont’s
sustainable land-based source of omega-3 from fermentation of Yarrowia lipolytica

Fig. 2.2 EPA and DHA production by Yarrowia lipolytica through both Δ6 (the Δ6-desaturase)
and Δ9 (Δ9-elongase and Δ8-desaturase) pathway engineering [7]

2 Sustainable Production of Omega-3 Eicosapentaenoic Acid by … 19



lipolytica metabolic engineering technology has been sufficiently developed such
that engineered strains were constructed to produce a variety of omega-3 and
omega-6 fatty acids [7, 9].

This chapter summarizes the fermentation engineering research efforts of the Y.
lipolytica metabolic engineering program to achieve successful commercialization
of omega-3 EPA production using this technology. The work has paved the way for
further improvement in omega-3 and omega-6 production for more specific
applications in future. The advanced Y. lipolytica biotechnology platform can also
be used for production of other high-value products.

2.2 Metabolic Engineering in Yarrowia lipolytica for EPA
Production

The nonconventional yeast Y. lipolytica was selected as the host for metabolic
engineering for a variety of reasons. Y. lipolytica is found primarily in foods such as
dairy products and meat. Y. lipolytica was first used to produce single cell protein
using cheap and abundant n-paraffins as the sole carbon source for animal feed [10].
It has also been classified as “Generally Recognized as Safe (GRAS)” for com-
mercial production of food grade citric acid (U.S. Food and Drug Administration
list of microbial-derived ingredients approved for use in food; Title 21, Part 173,
Sec. 165). Other applications include production of erythritol, wax esters,
2-ketoglutaric, 2-hydroxyglutaric, and isopropylmalic acids and secretion of
heterologous proteins, including several food enzymes [10, 11]. Forty different Y.
lipolytica strains from various public depositories all over the world have been
collected and screened as part of this effort. American Type Culture Collection
(ATCC) #20362 was selected as the starting point of the metabolic engineering
program largely based on its good fermentation performance: dry cell weight
(DCW) greater than 100 g/L and lipid productivity greater than 1 g/L/h.

Wild type Y. lipolytica strains such as ATCC 20362, do not make omega-3 fatty
acids naturally. The following strategies to engineer EPA producing strains were
employed:

1. Build an efficient EPA biosynthetic pathway by (a) using strong promoters;
(b) codon optimization of heterologous genes; (c) increasing/optimizing the
copy numbers of structural genes; (d) focusing on limiting steps in the EPA
pathway; and (e) pushing and pulling carbon flux.

2. Screen various strain libraries for high lipid and EPA productivities.
3. Generate mutants with increased lipid content by modification of the peroxi-

some and by disrupting certain genes in the ß-oxidation pathway.
4. Control fatty acid transport.
5. Manipulate global regulators.
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The fatty acid profile of the wild-type strain ATCC #20362 shows that it can
synthesize the omega-6 fatty acid, linoleic acid (LA, C18:2 n-6), but not any of the
omega-3 fatty acids [9, 12, 13]. There are different biosynthetic routes to make
EPA, the anaerobic polyketide synthase pathway [14] or an aerobic desaturase and
elongase pathway [15]. However the rate, titer, and yield from these organisms
could not meet the requirement for commercial production [16]. Recently, the
aerobic pathways including both Δ6 (the Δ6-desaturase pathway, found in algae,
mosses, fungi, and others) and Δ9 pathways (Δ9-elongase and Δ8-desaturase
pathway) [17, 18] have been well studied (Fig. 2.2). In the Δ6 pathway, the LA
and/or alpha-linolenic acid (ALA, 18:3n-6) is converted to gamma-linolenic acid
(GLA, 18:3 n-6) and/or steridonic acid (STA, 18:4 n-3) by the Δ6-desaturase.
Subsequently, the GLA and/or STA is converted to dihomo-gamma-linoleic acid
(DGLA, 20:3n-6) and/or eicosatetraenoic acid (ETA, 20:4 n-3) by a C18/20-elon-
gase. In the Δ9 pathway, the LA and/or ALA is converted to eicosadienoic acid
(EDA, 20:2n-6) and/or eicosatrienoic acid (ETrA, 20:3n-3) by a Δ9 elongase.
The EDA and/or EtrA is then converted to DGLA and/or ETA by a Δ8-desaturase.
The last two steps leading to EPA are the same for both pathways (Fig. 2.2)
employing Δ15- and Δ17-desaturases. The desaturation and elongation enzymes
carry out their reactions in the endoplasmic reticulum membrane [12, 15, 18].

Promoters for Y. lipolytica genes are no exception among various microbial
hosts in controlling the expression of foreign. A set of promoters from genes
expressing enzymes involved in glucose central metabolism that are at least as
strong as the TEF (translation elongation factor) promoter have been isolated [19].
In screening studies, each individual promoter was placed in front of the ß-glu-
curonidase (GUS) reporter and the signal strength recorded in quantitative fluoro-
metric assays [20]. Results showed that the FBA in promoter was the strongest
among the first set of six promoters. The GPM1 promoter was as strong as the TEF
promoter, a benchmark comparison; the GPD1 promoter was 2.5 times stronger
than the GPM1 promoter; and the FBAin promoter activity was 5.5 and 2.2 times
stronger than the GPD1 and GPM1 promoters, respectively [21]. In addition, the
YAT1 promoter activity increased by 35-fold when the fermentation was switched
from nitrogen-rich to nitrogen-limiting conditions [22], which provides a unique
advantage for application in the two-stage omega-3 fermentation process (see
Fig. 2.6). The relative strength of the promoters examined under nitrogen-limiting
conditions is as follows: FBAin > YAT1 > FBA > GPD,
EXP > GPAT > GPM = TEF. In addition, other new Y. lipolytica promoters could
be generated by random mutagenesis using a specific promoter as template [23].

Codon optimization is also critical for further improving the expression of for-
eign genes in Y. lipolytica. Hence, all genes used in the construction of various
strains which include the Δ6-desaturase, C18/20-elongase, Δ5-desaturase and
Δ17-desaturase, were codon optimized according to the codon usage pattern and
GC content of highly expressed genes of Y. lipolytica, which typically have a GC
content 52–54 % GC. In addition, they contain the consensus sequence (5′-
ACCATGG-3′) around the ‘ATG’ translation initiation codon with a built-in NcoI
site and a NotI site after its stop codon [7, 12] to facilitate cloning in conventional
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vectors. It was found that the substrate conversion was increased in almost all of the
codon-optimized genes except the Δ5-desaturase gene derived from M. alpine [12].

Another strategy to further improve EPA pathway activity is by increasing the
copy number of the overexpressed genes. In early engineering of the Δ6 pathway,
strain Y9027 was generated to produce EPA at 40 % of the total lipid fraction [12]
by increasing the copy number of the pathway genes. The “pushing” of carbon flux
into the engineered pathway was accomplished by overexpression of the C16/18-
elongase gene [24] and the Δ12-desaturase gene of Fusarium moniliforme [25]. The
in vivo substrate conversion catalyzed by the overexpressed Δ6-, Δ5-, and
Δ17-desaturases in strain Y9027 were about 86, 90 and 97 %, respectively, of the
total fatty acids entering the triglyceride pool. The strategy of increasing the
overexpressed gene copy number was further applied in the Δ9 pathway engi-
neering for generating more advanced EPA production strains.

One bottleneck to achieving high carbon flux in the initial engineering of the Δ6
pathway was the low efficiency of the C16/18-elongase, which led to high GLA
content in the lipid profile. To reduce GLA accumulation, genes encoding the
Δ9-elongases [26] and Δ8-desaturases [27] (Fig. 2.2) were isolated and character-
ized from Euglena gracilis, E. anabaena, and Eutreptiella, sp. CCMP389. Three
D9-elongase and D8-desaturase bifunctional fusion genes were also created [28],
which almost doubled the Δ8-desaturase activity while keeping similar Δ9-elongase
activity. In addition, three genes encoding Δ5-desaturases from E. gracilis, E.
anabaena, and Eutreptiella, sp. CCMP626 [29] and three genes encoding
Δ17-desaturases from Pythium aphanidermatum, Phytophthora ramorum, and
Phytophthora sojae were also isolated and studied for their activities and substrate
selectivity [13]. Several genes encoding different acyltransferases were also isolated
and used to improve fatty acid traffic in the endoplasmic reticulum [30]. “Pushing”
and “pulling” the carbon flux into the engineered Δ-9 pathway was achieved by
overexpression of the C16/18-elongase gene and the Δ12-desaturase gene [25] and
by using multiple copies of Δ17-desaturase genes [13].

One critical finding during engineering of the Δ9 pathway was the mutation of
PEX encoding genes that are involved in peroxisome biogenesis and matrix protein
import, such as PEX3 or PEX10. Mutation of these genes improved the EPA
content in the lipid fraction by two fold [9, 31]. Deletion of the pex10 gene in
engineered strains producing DGLA and ARA were also discovered to double
DGLA and ARA titers in the lipid fraction compared to the parent strains with a
wild-type pex10 gene [9]. In pex10 mutation strains, ß-oxidation was greatly
reduced and unidentified membrane-like structures, possibly deformed nonfunc-
tional peroxisomes, were also observed. By combining the above Δ9 pathway
engineering strategies, strain Z5567 [20] was generated that contains 41 copies of
19 different genes. Z5567 produced increased lipid fraction as high as 50 % of dry
cell weight (DCW) with an EPA content as high as 25 % of DCW under typical
fed-batch fermentation conditions.
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2.3 Selection of High EPA Production Strains

Fermentation research plays a critical role in converting the omega-3 metabolic
engineering research to commercial application. Both fermentation and strain
engineering research were conducted in concert from the beginning of the program.
The major fermentation research activities included (1) establishing high through-
put strain screening protocols at various scales of fermentation and selecting the top
producing strains using these protocols, (2) optimizing fermentation conditions for
selected promising candidate strains, and (3) fermentation process scale-up to
achieve high EPA production at pilot and commercial scales.

Figure 2.3 summarizes a typical process workflow for the omega-3 strain
screening. Tens of thousands of new candidate strains were generated yearly by the
metabolic engineering program. Candidate strains were first tested in 24-well plates
to identify the top strains based on the EPA content in the lipid fraction as deter-
mined by GC analysis [32]. Among them, thousands of high EPA strains were
selected for testing under shake flask conditions. Those strains with both high lipid
titer in biomass and high EPA content in the lipid fraction were selected for further
testing in the Micro-24 bioreactor system [33]. In the Micro-24 bioreactor experi-
ments, the titer and yield of both lipid and EPA were obtained to better evaluate
each candidate strain’s performance. Dozens of top strains identified from the
Micro-24 bioreactor experiments were further evaluated in lab-scale fermentors
(2–10 L), where the titer, rate, and yield of cell density (DCW or dry cell weight),
lipid, and EPA were carefully compared to identify the very top production strain
candidates. Some of the top strains (e.g., Y4305) were described previously in

Fig. 2.3 Typical process flow for screening and selection of high EPA production strains under
various bioreactor conditions
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details [9]. Those top candidates from the lab-scale fermentation experiments were
evaluated in pilot-scale fermentors using commercial medium and process condi-
tions. Then the cost to produce EPA by each candidate strain was evaluated to
determine the final production strain.

A key step in the strain screening process is evaluation in small scale bioreactors.
It is desirable to have a multi-bioreactor system with small working volumes to
allow testing of hundreds of candidate strains, yet each small bioreactor system
must have high-quality process controls so that the data obtained from these small
bioreactors predict the performance in lab- and pilot-scale fermentors. There are
many bioreactor tools available for strain screening. The 24-well blocks and test
tubes are the simplest bioreactors and can be easily operated. However, the data is
much less reliable due to the low controllability and insufficient sample volumes
available for both lipid and cell density analysis [34, 35]. Shake flasks are also
simple and easy to run at larger working volumes (10–100 mL), but they still do not
monitor and control pH values and dissolved oxygen (DO) levels. Besides that, they
are more labor intensive, especially for the two-stage omega-3 process [36].
Recently, some Microtiter plates/bioreactors such as the BioLector system have
been developed, which have a large number of small reaction wells (1 mL or less)
with each well’s pH value and DO level monitored [37, 38], but precise control of
pH and DO levels are still not available. The small working volume of each well
also limited the microtiter bioreactor’s application in the omega-3 project due to the
large sample size needed for DCW and lipid analysis.

Recently, EPA strain screening and fermentation optimization was performed in
a Micro-24 Bioreactor system [33]. The Micro-24’s ability to monitor and control
each reactor’s temperature, dissolved oxygen level, pH values, and potential for
real-time data acquisition made it amenable for performing scale-down experiments

Fig. 2.4 Comparison of process controllability, data quality, and work capacity between shake
flasks, Micro-24 bioreactor, and lab-scale fermentors
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of larger lab-scale fermentations in a high throughput manner (Fig. 2.4). Using this
system environmental conditions (T, pH, pO2, medium…) could be varied across a
wide range to examine impacts on end of run fermentation performance metrics,
including byproduct analysis, DCW, lipid content, EPA content in lipid, and EPA
conversion yield. These data significantly increased the predictability of each
individual strain’s performance in lab- or large-scale fermentation. As can be seen
in Fig. 2.5, the lipid and EPA data from the Micro-24 bioreactor experiments agree
well to those from the 2-L and 5000-L experiments though were operated at much
lower cell densities in the Micro-24 bioreactor experiments.

2.4 Two-Stage Fermentation Process for EPA Production

Optimal fermentation conditions are often different for production strains with
different genetic backgrounds. After selection of a top production strain from
thousands of candidate strains (Fig. 2.3), fermentation conditions including seed
culture, inoculation process, fermentation medium, substrate feeding and control,
other process parameters (e.g., T, pH, DO, etc.) were optimized for the given strain.
The goal of fermentation optimization is to maximize rate, titer, and yield of EPA
production and minimize by-product formation (e.g., organic acids). The omega-3
fatty acids are an intracellular product, thus maintaining both high cell density and
high EPA content in biomass is critical for fermentation optimization.

Fig. 2.5 Comparison of omega-3 fermentation data between the Micro-24 Bioreactor, 2-L
fermentor, and 5000-L fermentor experiments
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The omega-3 fermentation is a typical two-stage fermentation process (Fig. 2.6)
with oil and EPA produced under nitrogen-limiting conditions that is largely
non-growth associated. In the first stage of the fermentation, the Yarrowia cells are
grown on the carbohydrate substrate with nitrogen provided by both an organic
source (e.g., yeast extract) and an inorganic source (e.g., (NH4)2SO4) in the initial
medium. An alternative approach is to supply inorganic nitrogen in the form of
NH4OH used for pH control in the growth phase. After a certain period of time, the
residual nitrogen in the fermentation medium is consumed, cell growth stops, and
the Yarrowia cells start to accumulate lipids by converting the carbohydrate con-
tinuously supplied to the nitrogen limited culture.

While flasks and microfermenters gave general guidance around optimization of
the fermentation conditions, they are not sufficient for further optimizing the rate,
titer, and yield of a complete fermentation run due to limitations in process con-
trollability and low capacities for mixing and mass transfer that do not mimic larger
scale fermentor capabilities. For that purpose, the optimization work for a selected
production strain was mainly conducted in lab-scale fermenters. The optimized
fermentation conditions were further examined in pilot- or commercial scale fer-
mentors to test their scalability. Scale down and re-optimization experiments are
sometimes required when significant difference in fermentation performance is seen
between lab-scale and large-scale fermentors.

Fig. 2.6 Two-stage (growth and production) fed-batch fermentation process for EPA production
by metabolically engineered Yarrowia lipolytica
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2.5 Using Modeling to Guide Fermentation Optimization
and Scale-up

Optimization of lab-scale and large-scale fermentation is critical to achieve target
EPA production and guide decisions as to further strain engineering. In practice, it
was always a challenge to complete optimization experiments for each strain due to
the multitude of strains to be screened opposite time and resource limitations. Our
strategy was to use mathematical models to help analyze fermentation performance
under different conditions and then to design and predict optimal conditions.
Dynamic models were developed to describe fermentation behavior based on the
significant amount of fermentation data available and on the understanding of both
the strain and the process that had been accumulated. The model was established by
fitting to old experimental data, validated and modified by matching with more
experimental results under new conditions, and then used to predict new conditions
for improved fermentation performance (Fig. 2.7).

A set of unstructured kinetic equations were built from first principles, which
included the equations of cell growth, substrate consumption, nitrogen utilization,
oxygen uptake, lipid and EPA formation, and byproduct accumulation. The models

Fig. 2.7 A schematic diagram of establishing a mathematical model for omega-3 fermentation
based on experimental data. The model is then used to help guide experiments under new
fermentation conditions
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could predict cell growth, DCW, DO level, oxygen uptake rate (OUR), CO2 evo-
lution rate (CER), and other process parameters that were also measured during the
fermentation as a function of various medium and process conditions. When the
production strain or key process conditions were changed, only a few model
parameters needed to be adjusted to maintain the model’s predictability. The
changes were often associated with rate constants that were used to describe phe-
notypic changes as the result of certain genetic constructs. The dynamic models
were able to predict the key performance parameters (e.g., titer, rate, and yield of a
product) before and during the run, and further help to guide the fermentation
optimization and process scale-up. Examples of the dynamic model’s capability are
shown in Fig. 2.8.

2.6 Fermentation Scale-Up for Commercial Production

Achieving high titer, rate, and yield of EPA production in lab-scale fermentation
experiments marked the beginning of fermentation research efforts. The ultimate,
more challenging goal was to demonstrate similar or better fermentation perfor-
mance at large scale. Scale-up studies were necessary and became extremely
important in the latter stage of the R&D program. The general criteria used for
fermentation scale-up included key factors of geometry/size, power input per vol-
ume, mass transfer coefficient KLa, etc. [39]. Selected production strains were tested
in pilot-scale facilities to determine the best criteria for fermentation scale-up, and
to gather more information on strain performance, dynamic behavior, and scale-up
effects that could influence EPA rate, titer, and yield. During scale-up the set of
measured variables expanded beyond temperature, pH, feed rate, and DO levels,
and included agitation, aeration rate, and mass transfer characteristics. The latter
became specific focal points for scale-up.

Fig. 2.8 Examples of using mathematical model for process optimization (a) and scale-up (b). In
graph a, the model (solid lines) guided the fermentation experiments (symbols) to improve EPA
titers by changing conditions from #3 to #1 and #2. In graph b, the model was used to guide the
fermentation scale-up from 2L to pilot and commercial scale
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The benefits of highly predictive dynamic models became evident as the process
moved from lab scale to pilot plant and commercial production. The models were
used to study the mass transfer characteristics of the broth as a function of super-
ficial gas velocity and agitation power. The dynamic models were used to predict
the commercial scale fermentation performance taking into account the mass
transfer characteristics obtained from the pilot trials which were used to set specific
agitation and aeration rates. With the aid of the models a successful process
scale-up to commercial production was obtained using the least number of pilot
trials (Fig. 2.8b).

The major challenges encountered during the scale-up process were limitations
in either the medium/feed components or in the achievable process controls in
large-scale fermentors. For example, most commercial scale fermentation uses
complex media with commercially available raw materials. However, the complex
media may have some other minor components affecting the fermentation perfor-
mance. In addition, fluid dynamic behavior in large-scale fermentors is significantly
different from that in lab scale. When significant difference/inconsistency between
the fermentation performance in lab-scale and large-scale fermentors was observed,
a series of lab-scale “scale-down” experiments were designed to mimic the fer-
mentation medium and/or process conditions at commercial scale [40, 41]. The
scale-down studies elucidated a few important factors that affect the scale-up. The
identified scale-up issues were fixed by further engineering of the strain or by
modifying fermentation protocols to better follow lab-scale and pilot-scale
experiments.

2.7 Omega-3 EPA Oil Produced by Yarrowia lipolytica

The end result of this effort is the production of an omega-3 oil with a lipid profile
that has certain heart health advantages over other omega-3 oils on the market
(Fig. 2.9). The Yarrowia yeast oil has more than 50 % EPA as a fraction of total
lipid and around 5 % saturated fatty acids making the EPA oil unique among
omega-3 containing oils that have not been derivatized or fractionated. Saturated
fatty acids (C14:0, C16:0 & C18:0) are relatively high in most other oils, which was
believed to increase low-density lipoprotein (LDL) cholesterol, a risk factor for
heart disease [42]. Fish oil contains roughly 30 % omega-3 content largely as EPA
and DHA in an 18:12 ratio and is less desirable from a heart health point of view.
Algae oil has close to 40 % DHA content, and is also high in saturated fatty acids.
Flax oil has about 40 % ALA, but ALA has very low efficiency (5–10 %) for
further conversion to EPA and DHA in the human body. The Y. lipolytica tech-
nology platform provides an alternative route to high omega-3 content oil with low
saturated fatty acids levels that is obtainable without the need for further concen-
tration and purification using conventional distillation technology. The consistent
supply and high targeted specific fatty acid content also provides for downstream
purification advantages in applications where a single fatty acid is required. In this

2 Sustainable Production of Omega-3 Eicosapentaenoic Acid by … 29



latter case, the technology platform developed by DuPont is amenable to produce
tailored omega-3 (EPA, DHA) and/or omega-6 (ARA, GLA) fatty acid mixtures in
the cellular lipid profiles, which can meet more technical or customer needs in the
future [7, 9].

2.8 Conclusion

The nonconventional yeast Y. lipolytica was engineered in DuPont to produce a
high content of omega-3 EPA (C20:5) in biomass under commercial-scale fer-
mentation conditions. A combination of enzymes were overexpressed to synthesize
EPA via the Δ9/Δ8 pathway. The lipid metabolism was optimized to maximize total
lipid and EPA production. The expression levels of all other pathway enzymes were
also carefully balanced. A key finding during pathway engineering and evaluation
was that disruption of peroxisome biogenesis had a major positive impact on the
production of EPA and the metabolism of storage lipid, as well as reduction of the
major by-products. The result of the metabolic engineering effort produced a high
EPA production strain, Z5567, which is capable of producing a single fatty acid, in
this case EPA, to levels as high as 25 % of dry biomass.

Fermentation engineering played a critical role in helping to transition the
omega-3 research to commercial production. Research in both strain engineering

Fig. 2.9 Comparison of the lipid profiles between DuPont’s Yarrowia lipolytica oil and other
major omega-3 oil products on market
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and fermentation process development was initiated at the same time and carried
out in parallel. Close collaboration between strain engineering and fermentation
research was essential to success. An advanced microfermentor system with
well-controlled process parameters significantly improved the efficiency of strain
screening and the predictability of the selected strain’s performance in larger scale
fermentation. The omega-3 fed-batch fermentation process consisted of a growth
phase to maximize biomass production and a production (oleaginous) phase to
maximize EPA production while minimizing byproduct formation. Mathematical
modeling of the fermentation process was developed and used to guide fermenta-
tion optimization and scale-up. Two commercial products, NewHarvest™ EPA oil
and Verlasso® salmon were developed by using the sustainable EPA source from
Yarrowia lipolytica. The road to commercial success was made possible by the
power of modern biotechnology to combine both fundamental scientific research
and industrial engineering.
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Chapter 3
Toward Fermentative Production
of Succinic Acid, Adipic Acid,
and Caprolactam: An Industrial
Perspective

Liang Wu

Abstract Over a century, chemical building blocks have been produced from fossil
feedstocks by the petrochemical industry. However, there is a growing need for
more sustainable production processes based on renewable resources. Here, we
provide an industrial perspective on the development of fermentation processes for
the production of succinic acid, adipic acid and caprolactam. We describe up-front
choices for process configuration, microbial host, metabolic pathway, and strain
designs and show that this is critical to reach commercially attractive yield, titer and
productivity. For succinic acid, we demonstrate the successful development and
commercialization of a low pH yeast-based fermentation process. For adipic acid
and caprolactam, we show that systematic exploration of the pathway design space
led to the proof-of-principle biosynthesis of these non-natural Nylon-intermediates.

Keywords Bio-based building blocks � Succinic acid � Adipic acid �
Caprolactam � 6-Aminocaproic acid � Metabolic engineering � Pathway design �
Process design � Low pH fermentation process

3.1 Introduction

Chemical building blocks such as ethylene, propylene, terephthalic acid, adipic
acid, and caprolactam can be processed into a wide range of end products like
polymers, resins, solvents, and lubricants. These are currently produced mainly
from fossil feedstocks like oil, natural gas, and coal by the petrochemical industry.
Due to depletion of fossil feedstocks and associated climate change issues, there is a
growing need to produce these molecules from renewable feedstocks like biomass
and CO2. This provides a strong driving force to develop and commercialize
bio-based, sustainable production processes. In accordance, the production capacity
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of bio-based building blocks is expected to increase from 5.7 million tons in 2014
to nearly 17 million tons by 2020 [1]. Fermentation processes have been suc-
cessfully developed and scaled up for a range of bulk chemical building blocks,
e.g., 1,3-propandiol [2], farnesene [3], isobutanol [4], isoprene [5] and
1,4-butanediol [6], by various industrial players. Here, we address the direct fer-
mentative production of the chemical building blocks succinic acid, adipic acid, and
caprolactam.

Succinic acid (SA) is a versatile building block, potentially giving rise to a wide
range of products such as biodegradable polybutylene succinate (PBS), poly-
urethanes, resins, plasticizers, and 1,4-butanediol (Fig. 3.1). SA was listed as one of
the top value-added bio-based chemicals since the publication of the BREW report
[7] and its update [8]. The total market size (*40 kt/a in 2011) has so far been
limited, since petro-based SA is relatively expensive. Development of large-scale
cost-effective bioprocesses will reduce the cost price and open up a large market for
potential applications. The bio-based SA production capacity has increased over the
years to *39 kt/a in 2014 and is expected to increase further to*400 kt/a by 2020
[1]. Companies developing and commercializing bio-based SA include a.o.
Reverdia (joint venture between DSM and Roquette), BioAmber, Myriant, and
Succinity (joint venture between BASF and Corbion).

Adipic acid (AA) and caprolactam (CL) are among the most important com-
modity chemical building blocks worldwide, with a global production of 2.3 and
4.0 Mt/a, respectively [9]. AA is mainly used as monomer for polyamide 6,6
(Nylon 6,6) and produced by catalytic oxidation of petro-based KA oil (a mixture of
cyclohexanol and cyclohexanone). CL is solely used as the monomer for polyamide
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Fig. 3.1 Potential applications of bio-based succinic acid (http://www.reverdia.com/products/
markets/) used with permission from Reverdia
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6 (Nylon 6) and is produced from petro-based cyclohexanone. Both polymers have
a high global warming potential in terms of kg CO2 equivalent produced per kg
product as compared to a wide range of polymers [10]. There is a clear opportunity
to reduce the environmental footprint of this industry by replacing petro-derived
AA and CL with bio-based drop-in products. Drath and Frost first reported fer-
mentative production of muconic acid from glucose, which can be converted to
adipic acid by chemical hydrogenation [11]. Multiple routes have since been
developed to convert renewable feedstocks to AA and CL, i.e., by chemocatalytic
processes, by fermentation, or a combination of both [9]. Several companies have
adopted bio-based AA and/or CL in their R&D programs, e.g., BioAmber,
Rennovia, Genomatica, and Verdezyne. However, commercial production of
bio-based AA and CL is still in an early stage; so far only Verdezyne has
demonstrated pilot-scale production of bio-based AA [12].

For large-scale fermentation process to produce chemical building blocks such
as SA, AA, and CL, a set of three key performance indicators (KPI) largely
determine the cost price of the product, namely, close to theoretical conversion
yields of the product on raw material, volumetric productivity and product titer.
Optimization of these KPIs is typically achieved through extensive cycles of
microbial strain development and process optimization [13, 14], which involves
multi-million dollar R&D expenses and multiple years of development. It is
therefore critical to make up-front sound choices w.r.t. process configuration,
microbial host, as well as metabolic pathway and strain designs, to maximize the
chance of success. In this chapter, we review in detail the design considerations and
demonstrate how implementation of the designs led to a proof-of-principle of direct
fermentative production of AA and CL, and a cost-effective full-scale commercial
fermentation process for SA.

3.2 Succinic Acid

SA occurs naturally in cellular metabolism in the tricarboxylic acid cycle (TCA
cycle). Several microbes, in particular rumen bacteria, such as Actinobacillus
succinogenes, Anaerobiospirillum succiniciproducens, Mannheimia succinicipro-
ducens [15], and the recently identified Basfia succiniciproducens [16], are known
to produce significant amounts of SA. In addition, bacteria and fungi that are
non-native SA producers have been successfully engineered to produce SA, e.g.,
Escherichia coli [17], Corynebacterium glutamicum [18], Saccharomyces cere-
visiae [19], Yarrowia lipolytica [20], Aspergillus niger [19], and Issatchenkia
orientalis [21]. To achieve a sustainable business case, the engineered host com-
bined with an optimized process configuration must deliver the highest performance
on KPIs (yield, productivity and titer) with a reasonable R&D effort.
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3.2.1 Host and Process Considerations

The choice of the microbial host often dictates choices of the process configuration.
For example, bacterial hosts usually require a near-neutral pH fermentation process,
where SA is completely dissociated (Fig. 3.2). Eukaryotes such as yeast and fila-
mentous fungi are in general tolerant to low pH and high concentrations of organic
acids [21]. This allows a significantly lower pH (e.g., pH 3) in fermentation, where
most SA is undissociated. The process pH leads to different downstream process
(DSP) options for the recovery of SA from the fermentation broth, as reviewed in
[22]. A neutral pH process requires more unit operations in DSP, giving rise to
higher investment costs and increased yield loss. Furthermore, titrant use and salt
formation—inherent to a neutral pH process—will increase the variable costs. In
contrast, a low pH process allows for a more simple DSP, wherein undissociated
SA in the broth is recovered by direct crystallization. The latter offers a fundamental
cost-advantage, as well as significantly lower GHG (greenhouse gas) emissions and
NREU (nonrenewable energy use), as compared to neutral pH process variants or a
typical petrochemical process [23].

Besides a lower fermentation pH, eukaryotic hosts are in general insensitive to
bacteriophage infections, thereby increasing the robustness in long-term operation
of the fermentation process. Currently, Reverdia and BioAmber have both adopted
a low pH yeast-based fermentation processes, while Myriant and Succinity employ
a bacterial process at neutral pH.
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Fig. 3.2 Effect of pH on the distribution of different SA species. Solid undissociated acid (H2SA),
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3.2.2 Metabolic Engineering of Yeast for SA Production

Following the rationale of an attractive low pH process, we will further provide an
overview of approaches and challenges to genetically engineer yeast toward SA
production.

3.2.2.1 Pathway Design

Among the KPI’s, product yield is usually the most critical determinant for the
overall cost price of a bio-based building block. The maximum theoretical yield of
SA (C4H6O4) on glucose is 1.7 mol/mol, or 1.12 g/g (Eq. 1). At this theoretical
maximum, no oxygen consumption is required, implying the possibility to develop
an anaerobic fermentation process. This clearly provides advantages at large-scale,
where energy requirements for mixing, aeration, and heat removal are significantly
reduced. In addition, in the optimal case, a net fixation of CO2 takes place.

1 C6H12O6 þ 6
7
CO2 ! 12

7
C4H6O4 þ 6

7
H2Oþ 171 kJ/mol ð1Þ

In a typical cell, major pathways toward SA are the reductive TCA cycle (rTCA
cycle), the oxidative TCA cycle (oTCA), and the glyoxylate shunt (Fig. 3.3).
Table 3.1 summarizes the differences between these pathways in terms of yield,
CO2 fixation/production, and redox requirement. By combining the rTCA cycle
with either the oTCA cycle or the glyoxylate shunt, the maximum theoretical yield
of 1.7 mol/mol can be reached while maintaining the redox balance.

Engineering part of the rTCA cycle by overexpression of pyruvate carboxylase
(PYC), malate dehydrogenase (MDH), and a dicarboxylic acid transporter leads to
high-level production of malate, two-steps upstream of SA in the rTCA cycle [24].
A strategy combining the rTCA cycle and the glyoxylate shunt has been success-
fully applied in E. coli [25, 26] and has been described for yeast [27]. Strategies
employing one of the three pathways alone will likely not lead to a high yield, for
example, producing succinate via the oTCA [20, 28, 29], or coupling SA pro-
duction to growth via the glyoxylate shunt [30].

3.2.2.2 Compartmentation

In eukaryotic cells, proteins can be localized in the cytosol or targeted to various
compartments, such as mitochondria, peroxisomes, and vacuoles. When the
heterologous SA pathways are localized in the cytosol, the product can be directly
transported out of the cell by a suitable transporter protein. However, if succinate
would be produced by mitochondrial pathways, transport across the inner and outer
mitochondrial membrane, as well as the plasma membrane, will be necessary to
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Fig. 3.3 Pathways leading to SA. glc glucose, gap glyceraldehyde 3-phosphate, g3p glycerol
3-phosphate, pep phosphoenolpyruvate, pyr pyruvate, aa acetaldehyde, etoh ethanol, accoa
acetyl-CoA, oaa oxaloacetate, mal malate, fum fumarate, suc succinate, cit citrate, icit isocitrate,
akg α-ketoglutarate, succoa succinyl-CoA, H reducing equivalent. a pyruvate carboxylase, b PEP
carboxylase, c PEP carboxykinase, d malate dehydrogenase, e malic enzyme, f fumarase,
g fumarate reductae, h malate synthase, i isocitrate lyase, j citrate synthase, k aconitase, l isocitrate
dehydrogenase, m α-ketoglutarate dehydrogenase complex, n succinyl-CoA ligase, o dicarboxylate
transporter

Table 3.1 Comparison between different pathways leading to SA

Pathway Key
stepsa

SA/glucose,
mol/mol

CO2/glucose,
mol/mol

Hb/glucose,
mol/mol

rTCA cycle d, f, g 2 −2 −4

oTCA cycle j, k, l, m,
n

1 2 10

Glyoxylate
shunt

h, i 1 2 10

aKey steps are depicted in Fig. 3.3
bReducing equivalent

40 L. Wu



secrete the product. This might lead to secretion bottleneck and also adds com-
plexity to strain engineering. In addition, a cytosolic production pathway can
directly utilize reducing equivalents generated in the cytosol by the primary
metabolism. Pathway gene candidates can be modified to ensure cytosolic local-
ization in yeast, for example, putative mitochondrial targeting sequence was
removed from a Rhizopus fumarase [31]; peroxisomal targeting sequence was
removed from the malate dehydrogenase encoded by the yeast MDH3 gene [24];
putative glycosomal targeting sequence was removed from a Trypanosoma fuma-
rate reductase [19, 32].

3.2.2.3 Redox Balance

Reducing equivalents generated by the primary metabolism are needed for the
reduction steps catalyzed by MDH and fumarate reductase (FRD) in the rTCA
cycle. NADH- and NADPH-dependent MDHs are found widely in nature [33],
while this is not the case for FRD. FRDs are typically found as membrane-bound
protein complexes with quinones as cofactor, accepting electrons from NADH via
the membrane-bound NADH:quinone oxidoreductase [34]. It would be extremely
challenging to engineer both membrane-bound protein complexes and the quinone
biosynthesis pathway into a heterologous host like yeast. FRDs native to S. cere-
visiae are soluble proteins but strictly FADH2-dependent. Yeast FRDs are not
involved in reoxidation of excess cytosolic NADH under anaerobic conditions [35].
Rather, they have been associated with reoxidation of FADH2 during protein
folding in ER [36]. Either deletion or overexpression of yeast FRDs has not shown
any impact on SA levels under anaerobic, glucose excess conditions [37, 38].
Soluble NADH-dependent FRDs have only been reported in parasites such as
Trypanosoma brucei [39, 40], where they are responsible for succinate production
in glycosome and mitochondria. Indeed, overexpression of the truncated FRD that
originates from T. brucei in yeast and Aspergillus saccharolyticus leads to increased
accumulation of SA [19, 32].

3.2.2.4 CO2 Fixation

CO2 fixation, concomitant with the conversion of a C3-precursor (phospho-
enolpyruvate [PEP] or pyruvate) to a C4-precursor (oxaloacetate or malate), is a key
step in SA production. A variety of enzymes can catalyze this conversion, differing
in reactants involved, metabolic cost for CO2 fixation, as well as reversibility
(Table 3.2). PYC and PPC (PEP carboxylase) have been successfully applied for
SA production in bacteria, e.g., E. coli [17] and C. glutamicum [18]. In yeast,
overexpression of PYC, in combination with the rTCA cycle, leads to increased
titer and yield in a SA-producing S. cerevisiae (Fig. 3.4). The energy conserving
PEP carboxykinase (PCK) is responsible for CO2 fixation in natural SA-producing
bacteria, such as A. succinogenes and M. succiniciproducens. However, in
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S. cerevisiae it can only replace PYC as the sole anaplerotic enzyme after adaptive
evolution and under elevated CO2 partial pressure [41]. The same holds for
NADPH-dependent malic enzyme (ME) localized to the cytosol in yeast [42]. The
flux through PCK or ME after evolution is still much lower than what could be
achieved by overexpression of PYC, which indicates potential thermodynamic and
kinetic limitations.

To improve the thermodynamic and/or kinetic driving force for the carboxyla-
tion reactions, a higher CO2 partial pressure (pCO2) can be applied to the biore-
actor. This leads to an increase in intracellular concentrations of dissolved CO2 as
well as HCO3

−, the two major species of liquid phase CO2 at a cytosolic pH
between 6.5 and 7 [43]. Note that PCK and ME use dissolved CO2, while PYC and
PPC use HCO3

− as substrate (Table 3.2). The high pCO2 can be realized in the lab
by, e.g., sparging CO2 or adding carbonate [44]. For industrial scale fermenters, the
techno-economic implications of supplying large amount of CO2 gas has been
discussed in detail by Jansen and van Gulik [22].

Dissolved CO2 is spontaneously hydrated to carbonic acid, which subsequently
dissociates into H+ and HCO3

−. The spontaneous hydration can be dramatically
accelerated by the enzyme carbonic anhydrase, thereby increasing the availability of
HCO3

− for PYC and PPC [45–47].

3.2.2.5 Transport

SA, preferably produced in the cytosol, needs to be exported out of the cells. At a
cytosolic pH of 6.5-7, SA is almost completely dissociated and present as HSA−

and SA2− (Fig. 3.2). For these anions to cross cell membrane, a carrier protein is
needed. A dicarboxylate:proton symporter has been reported in fungi [48–51].
Overexpression of the S. pombe malate transporter encoded by SpMAE1 in S.
cerevisiae enabled reversible transport of the mono-anion of malate [52], which
implies that such proton-symporters can be used for dicarboxylic acid export.

Table 3.2 CO2 fixation enzymes for SA production

Enzyme Reaction Reversibility Metabolic
costa

PEP carboxylase
(PPC)

HCO3
− + PEP → OAA + Pi Irreversible 1 ATP

pyruvate carboxylase
(PYC)

HCO3
− + ATP + Pyr → OAA + ADP + Pi + H+ Irreversible 1 ATP

PEP
carboxykinase (PCK)

CO2 + PEP + ADP ↔ OAA + ATP Reversible None

Malic enzyme (ME) Pyr + CO2 + NAD(P)H ↔ MAL + NAD+ Reversible None
amol/mol CO2 fixed. Benchmark against the most energy efficient pathway from PEP to malate via PCK and
MDH, which produces 1 ATP and consumes 1 NAD(P)H
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Indeed, overexpression of SpMAE1 along with PYC and MDH in S. cerevisiae
leads to malate (*60 g/L) and succinate (8 g/L) accumulation [24].
Overexpression of an A. niger homologue of SpMAE1 (coded DCT02) in S.
cerevisiae, along with PYC and the complete rTCA cycle, leads to significantly
more SA, as compared to similar strains without a functional transporter (Fig. 3.5).
In addition, the A. niger DCT02 transporter fused with green fluorescent protein
(GFP) is shown to be localized to the cell membrane (Fig. 3.5).

Besides heterologous transporters, a sodium-dicarboxylate transporter has been
characterized for succinate uptake in a wild-type S. cerevisiae [53]. However, the
encoding gene has not been identified so far. This putative transporter seems to
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Fig. 3.4 Effect of PYC over expression in an engineered yeast strain. Filled squares SA, empty
squares ethanol, circles glycerol, pluses malate, crosses 2,3-butanediol.

3 Toward Fermentative Production of Succinic Acid, Adipic Acid … 43



DCT01

DCT02

DCT03

DCT04

DCT08

DCT09

no
 tra

ns
po

rte
r

em
pty

 ve
cto

r

SA
 y

ie
ld

 (g
/g

 g
lu

co
se

)

(a)

(b)

Fig. 3.5 a Test of putative dicarboxylate transporters in combination with the rTCA cycle.
b Localization of DCT02-GFP fusion protein

Table 3.3 Possible biological transport mechanisms for HSA−

Mechanism Stoichiometry Driving force ATP/SA

A HSA− [in] + H+ [in] ↔ HSA−

[ex] + H+ [ex]
−ΔS + Z ΔpH 0

Ba HSA− [in] ↔ HSA− [ex] −ΔS + ΔΨ 1

Ca HSA− [in] + ATP [in] ↔ HSA−

[ex] + ADP [in] + Pi [in]
−ΔS + ΔΨ + ΔGATP/
F

2

D HSA− [in] + H+ [ex] ↔ HSA−

[ex] + H+[in]
−ΔS + 2ΔΨ − Z ΔpH 2

ΔS is the chemical potential difference of the transported solute across the membrane, calculated as
Z�log10([HSAin

− ]/[HSAout
− ]), where Z is ln10�R�T/F and F is the Faraday constant. ΔΨ is electrical

potential difference across the membrane potential (Ψin − Ψout). ΔpH is the pH gradient across
the membrane (pHin − pHout). ΔGATP is the free-energy of ATP hydrolysis (J/mol)
aAdditional ATP needed to export cations, e.g., H+, to maintain electroneutrality. Assumed
ATP/H+ stoichiometry is 1
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allow low level malate and succinate export in strains where (part of) the rTCA
cycle is overexpressed [24].

To allow succinate export under process conditions (low pH, high extracellular
concentration of undissociated SA), the carrier protein needs to have a transport
mechanism with a downhill thermodynamic driving force (characterized by a
negative ΔG). Different transport mechanisms exist for weak acids, as reviewed in
[54]. Table 3.3 summarizes for example the possible biological transport mecha-
nisms of HSA−. Jamalzadeh et al. [55] concluded after a theoretical evaluation that
the thermodynamically feasible succinate export mechanism is proton:succinic
antiport (mechanism D in Table 3.3). However, such a transport mechanism has
never been reported for dicarboxylates. A proton symport (mechanism A), as
reported for SpMAE1, is thermodynamically infeasible according to Jamalzadeh
et al. [55] under process conditions. This indicates a profound knowledge gap of the
actual transport mechanism involved, as well as the thermodynamic determinants of
the dicarboxylate transport process.

At low pH, the majority of the produced SA outside the cell is undissociated and
can in principle diffuse back into the cell. Once inside the cell at a cytosolic pH
between 6 and 7, SA will dissociate, leading to intracellular acidification. To
maintain intracellular pH homeostasis, it is necessary to pump the protons out of the
cells again, either by the introduced proton:dicarboxylate symporter if this is
thermodynamically feasible, or at the expense of ATP by the plasma membrane H+-
ATPase. The rate of diffusion depends on the extracellular concentration of
undissociated acid, as well as the membrane permeability of SA. The latter has
shown to be highly pH dependent [50]. This so-called weak acid uncoupling effect
has two consequences for the low pH process. First, the product yield on substrate
will decrease as more substrate needs to be diverted for ATP generation; second, a
complete anaerobic process will likely be infeasible due to limited ATP generation,
hence supply of O2 might be required [56].

3.2.2.6 Gene Selection and Overexpression

It is essential to ensure sufficient expression of pathway enzymes in the host. This
can be achieved by proper design of expression constructs, e.g., choice of pro-
moters and terminators, as reviewed in [57], and optimized codon usage [58],
combined with careful selection of the genomic integration locus [59]. In addition,
protein variants subject to post-translational inactivation in yeast need to be avoided
or modified such that they remain active. For example, the first 12 N-terminal
amino acids in the S. cerevisiae MDH2 protein needs to be deleted to make the
protein less-susceptible to glucose-induced degradation [60]. The yeast endogenous
isocitratelyase is degraded upon glucose addition to derepressed cells [61]. Instead,
the K. lactis isocitrate lyase can be used as it is not subject to catabolite inactivation
in S. cerevisiae [62]. Figure 3.6 shows that with proper design of the expression
constructs and protein variants, all proteins in the rTCA cycle are stably expressed
in S. cerevisiae during a fed-batch fermentation.
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3.2.2.7 Byproduct Removal

Removal of byproducts, e.g., acetate and lactate, has been a successful strategy in
engineering prokaryotes for SA production [17, 18]. In yeast, ethanol and glycerol
formation have been reduced by targeted knockouts [19]. Ethanol formation can be
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Fig. 3.6 Abundance of rTCA cycle proteins during a lab-scale fed-batch fermentation. Filled
squares PYC, empty squares MDH, filled circles fumarase, empty circles FRD
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Fig. 3.7 Lab-scale fed-batch production of succinic acid at low pH by an engineered yeast strain
at DSM. Filled squares SA, empty squares ethanol, pluses malate
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completely prevented in a PDC-negative, C2-independent, and glucose tolerant
strain [63, 64]. However, a pyruvate decarboxylase (PDC) negative strain equipped
with the rTCA cycle still produced large amount of pyruvate [44, 65].

High-level SA production in yeast can be achieved by combining one or more of
the above-mentioned metabolic engineering strategies. Figure 3.7 shows that a
further optimized yeast strain is able to produce up to 96 g/kg of SA in a fed-batch
low pH fermentation running for 3 days.

3.3 Adipic Acid and Caprolactam

Both adipic acid (AA) and caprolactam (CL) are non-natural compounds, i.e., these
do not occur in known natural biosynthetic pathways. The challenge for a fer-
mentation process starts therefore with identifying enzymes that can be assembled
into a non-natural metabolic pathway toward the target compounds. This can be
done by the so-called ‘retrobiosynthesis’ approach, i.e., ‘walk’ backwards from the
target molecules through the known chemical transformation rules to identify
potential precursors in the cellular metabolism [66]. Pioneered by the BNICE
framework [67] and the UM-BBD database [68], several computational tools have
been developed to enumerate all possible pathways according to a predefined set of
biochemical transformation rules, and to reduce the vast amount of putative path-
ways by incorporating thermodynamic and yield constraints [66].

3.3.1 Synthetic Pathways Toward Adipic Acid
and Caprolactam

Figure 3.8 summarizes all reported biosynthetic routes toward AA, which have
been experimentally demonstrated, or comprise of individual steps with sufficient
biochemical evidence. The conversion sequence of each route is detailed in
Table 3.4 and will be discussed in detail below.

3.3.1.1 Reverse Beta-Oxidation Pathway

We took a retrobiosynthesis approach to identify non-natural pathways for AA
biosynthesis and started with the proposed AA degradation pathway. In bacteria
and fungi, AA can be degraded to acetyl-CoA (AcCoA) and succinyl-CoA
(SucCoA) (Fig. 3.8) via beta-oxidation [69–71]. Reverse beta-oxidation pathway
should therefore start with CoA-esters which are then condensed and transformed to
the corresponding fatty acid. Examples of such pathways in nature include, for
example, butyrate and butanol biosynthesis in Clostridium acetobutylicum,
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synthesis of wax-esters by Euglena gracilis [72], as well as synthesis of short chain
carboxylic acids (valerate, caproate) by Clostridium kluyveri [73, 74].

Reverse beta-oxidation pathway for AA biosynthesis has first been disclosed in
two patent applications filed independently by DSM and Genomatica [75, 76]. The

Table 3.4 Summary of reaction sequence of the identified adipic acid pathway variants

Product Pathway variant Reaction sequence1

– Adipate degradation ae-ad-c-b-a
f-ad-c-b-a

Adipic acid Reverse beta-oxidation a-b-c-d-e
a-b-c-d-f
a-b-c-d-g-h

α-Ketopimelate pathway via C1-elongation i-j-k-h

α-Ketopimelate pathway via pimelate l-m-n-o-p-k-h

Hexanoate pathway q-r-s-h
v-w-x-y-z-r-s-h

From renewable oils r-s-t-u

From adipyl-CoA g-ac

Caprolactam (6-ACA) From α-ketopimelate k-ac
aa-ab

From adipate semialdehyde ac
1Biochemical conversions are depicted in Fig. 3.8

b Fig. 3.8 Synthetic pathways toward adipic acid. Metabolites: 1. succinyl-CoA, 2. acetyl-CoA, 3.
3-oxoadipyl-CoA, 4. 3-hydroxyadipyl-CoA, 5. 2,3-dehydroadipyl-CoA, 6. adipyl-CoA, 7. adipate,
8. α-ketoglutarate, 9. α-ketoadipate, 10. α-ketopimelate (AKP), 11. adipate semialdehdye, 12.
malonyl-ACP, 13. malonyl-ACP methyl-ester, 14. Me-pimeloyl-ACP, 15. pimelate (or
pimeloyl-CoA/ACP), 16. 2-hydroxypimelate (or 2-hydroxypimeloyl-CoA/ACP), 17.
malonyl-CoA, 18. hexanoate, 19. 6-hydroxyhexanoate, 20. long-chain fatty acid, 21. ω-hydroxy
fatty acid, 22. ω-oxo fatty acid, 23. α,ω-dicarboxylate, 24. acyl-CoA (hexanyl-CoA), 25.
3-oxoacyl-CoA, 26. 3-hydroxyacyl-CoA, 27. trans-2,3-enoyl-CoA, 28. 2-aminopimelate, 29.
6-aminocaproate (6-ACA). Enzymes: a. 3-oxoadipyl-CoA thiolase, b. 3-hydroxyadipyl-CoA
dehydrogenase, c. 3-hydroxyadipyl-CoA dehydratase, d. 2,3-dehydroadipyl-CoA reductase, e.
adipyl-CoA hydrolase, f. acetate/succinate-adipate CoA-transferase, g. adipate semialdehyde
dehydrogenase (CoA-acetylating), h. adipate semialdehyde dehydrogenase, i. (R)-homocitrate
synthase, (R)-homocitrate dehydratase, cis-homoaconitate hydratase, and threo-isohomocitrate
dehydrogenase, j. (homo)2citrate synthase, dihomocitrate dehydratase, cis-(homo)2aconitate
hydratase and threo-iso(homo)2citrate dehydrogenase, k. α-ketopimelate decarboxylase, l.
malonyl-ACP methyltransferase, m. 2 successive cycles of fatty acid synthesis, n. pimeloyl-ACP
methyl-ester esterase, o. pimelate/pimeloyl-CoA 2-hydroxylase, p. 2-hydroxypimelate dehydroge-
nase, q. hexanoate synthase, r. fatty acid ω-hydroxylase, s. ω-hydroxy fatty acid oxidase, t. ω-oxo
fatty acid dehydrogenase, u. consecutive rounds of beta-oxidation, v. thiolase, w.
3-hydroxyacyl-CoA dehydrogenase, x. 3-hydroxyacyl-CoA dehydratase, y. trans-enoyl-CoA
reductase, z. thioesterase, aa. α-ketopimelate aminotransferase, ab. 2-aminopimelate decarboxylase,
ac. adipate semialdehyde aminotransferase, ad. acyl-CoA dehydrogenase (with FAD as electron
acceptor), or acyl-CoA oxidase (with O2 as electron acceptor, forming H2O2), ae. acyl-CoA
synthetase. Dashed arrows: reactions specific to the adipate degradation pathway.
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biosynthetic pathway shares several reactions (step a, b and c) with the degradation
pathway, which are readily reversible due to their close to zero standard ΔG values
(Table 3.5). However, two key steps in beta-oxidation are irreversible under
physiological conditions.

The first irreversible step converts adipate to adipyl-CoA (AdCoA) at the
expense of ATP (step ae) [77]. For the reverse reaction, three different routes can be
employed (e, f, g-h in Fig. 3.8). The first route involves a reversible
CoA-transferase implicated in adipate degradation [69], with succinate or acetate as
the CoA-group acceptor. The second route makes use of promiscuous
CoA-hydrolases (thioesterases) with reported activity on AdCoA [78]. The third
route comprises of two enzymatic reactions with adipate semialdehyde as an
intermediate. For the first reaction (step g), Turk et al. [79] identified a known
succinate semialdehyde dehydrogenase (CoA-acylating) with low activity on
AdCoA. A suitable candidate for the second reaction (step h) is NAD(P)
H-dependent adipate semialdehyde dehydrogenase, found, e.g., in cyclohexanol
degradation pathway [80].

The second irreversible step in adipate degradation concerns the oxidation of
AdCoA to trans-2,3-dehydroadipyl-CoA with O2 as terminal electron acceptor
(step ad). The reverse reaction, i.e., reduction of the trans-enoyl-CoA to AdCoA,
has not been reported. Several known biochemical conversions are similar to the
reverse reaction, e.g., reduction of crotonyl-CoA to butyryl-CoA in butanol
biosynthesis by butyryl-CoA dehydrogenase (bcd), or NADPH-dependent
enoyl-CoA reductases (ecd) acting on short/medium chain trans-2-enoyl-CoA’s
[81–84]. Wu et al. [75] screened 16 enzyme candidates and identified 4 ecd’s from
various sources able to convert trans-2,3-dehydroadipyl-CoA to AdCoA.

By overexpressing a selected set of genes in the proposed reverse beta-oxidation
pathway, a breakthrough of direct AA biosynthesis from glucose was demonstrated
by DSM in both E. coli and S. cerevisiae [85–87], with a titer of up to a few
hundred mg/L in shake flask cultures. Recently, Deng and Mao reported a native
occurring reverse beta-oxidation pathway toward AA in the soil bacterium
Thermobifida fusca B6, likely with a bcd-homologue for trans-enoyl-CoA reduc-
tion [88]. This indicates opportunities to further optimize the reverse beta-oxidation
pathway by exploring natural diversity.

The reaction sequence of the reverse beta-oxidation pathway resembles the KS
(ketosynthase), KR (ketoreductase), DH (dehydratase), ER (enoyl reductase) and

Table 3.5 Thermodynamic properties of reaction in the adipic acid degradation pathway [106]

Enzyme Reaction ΔG (kcal/mol)

3-Oxoadipyl-CoA thiolase SucCoA + AcCoA ↔
3-oxoadipyl-CoA + CoA

7.1

3-Hydroxyadipyl-CoA
dehydrogenase

3-Oxoadipyl-CoA + NADH + H+ ↔
3-hydroxyadipyl-CoA + NAD+

−1.1

3-Hydroxyadipyl-CoA dehydratase 3-Hydroxyadipyl-CoA ↔
2,3-didehydroadipyl-CoA + H2O

2.2
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TE (thioesterase) modules in a polyketide synthase. Recently, proof-of-principle of
in vitro AA production by an engineered PKS enzyme has been delivered [89].
A succinyl- and a malonyl-moiety are condensed in the initial step of the synthetic
PKS to form 3-oxoadipyl-ACP, releasing CO2. This is similar to the initial step in
fatty acid biosynthesis and provides a larger thermodynamic driving force as
compared to the non-decarboxylative condensation in the reverse beta-oxidation,
albeit at the expense of carbon and energy efficiency.

3.3.1.2 α-Ketopimelate Pathway via C1-Elongation

A second route toward AA starts by decarboxylation of α-ketopimelate (AKP) to
form adipate semialdehyde, which can be further converted to AA by aldehyde
dehydrogenases [90]. The L. lactis branched-chain 2-ketoacid decarboxylase (en-
coded by the KdcA gene) has been identified to be highly active on AKP [79]. AKP
can be derived from the biosynthetic pathway of coenzyme B in methanogenic
Archaea [91], which consists of three rounds of chain elongation from
α-ketoglutarate (C5, AKG) through α-ketoadipate (C6, AKA), AKP (C7) to
α-ketosuberate (C8, AKS). To avoid further conversion of AKP to AKS, the NifV
gene product from Azotobacter vinelandii can be used, which catalyzes selectively
the condensation of AcCoA with AKG and AKA, but not AKP [92].
Overexpression of a selected set of genes in the proposed AKP pathway in E. coli
led to direct production of AA from glucose, up to *700 mg/L in non-optimized
shake flask cultures [79]. Protein engineering of Kdc led to increased specificity
toward AKP as compared to other keto-acids in the pathway (e.g., AKA), which
allows for further decrease in byproducts and increase in yield [93].

3.3.1.3 α-Ketopimelate pathway via Pimelate/Pimeloyl-CoA

A variation of the AKP pathway has been disclosed in [94], where AKP is derived
from 2-hydroxypimelate by a 2-hydroxyacid dehydrogenase. The
2-hydroxypimelate precursor can be derived from pimelate via a putative pimelate
2-hydroxylase (pimelate 2-monooxygenase). Although such enzyme activity has
not been identified yet, similar reactions can be catalyzed by, e.g.,
ER-membrane-bound fatty acid 2-hydroxylases. In addition, phytanoyl-CoA
2-monooxygenase is found to have side activity on a number of straight chain
acyl-CoA’s with both even and odd chain length [95]. Pimelate or its CoA- or
ACP-thioester is an intermediate in the biotin biosynthesis pathway and can be
synthesized from malonyl-CoA [96], although other pathway variants may exist
[97].
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3.3.1.4 Hexanoate Pathway

Verdezyne disclosed in [98] a pathway toward AA via hexanoate, which is derived
from two molecules of malonlyl-CoA and one molecule of AcCoA. This conver-
sion is catalyzed by hexanoate synthase, a type I fatty acid synthase identified in
Aspergillus flavus aflatoxin B1 biosynthesis [99]. Alternatively, hexanoate can be
synthesized by reverse beta-oxidation from AcCoA [100]. Subsequent ω-oxidation
would convert hexanoate to AA. Although proof-of-principle of the complete
pathway in a single microbe has never been shown, all individual steps are bio-
chemically feasible.

3.3.1.5 Adipic Acid from Renewable Oils

Verdezyne has demonstrated AA production from fatty acids by engineered
Candida yeast [12, 98]. The fatty acids can be derived from vegetable oils, e.g.,
coconut oil, palm oil, or soapstock from edible oil processing. Fatty acids undergo
ω-oxidation to form the corresponding long-chain dicarboxylic acids, which is
converted to AA by consecutive rounds of beta-oxidation. To prevent further
beta-oxidation of the product, an acyl-CoA oxidase with broad chain-length
specificity (4-20 carbons) is deleted, leaving in the host only acyl-oxidase(s) with
negligible activity on substrates below 6 carbons. The engineered microbe is able to
produce *50 g/L AA in a fed-batch fermentation, the highest AA titer reported so
far [12].

3.3.1.6 Synthetic Pathways Toward 6-ACA

Caprolactam (CL) is the cyclic form of 6-aminocaproic acid (6-ACA), the actual
monomeric units in Nylon 6. In the CL degradation pathway, 6-ACA is converted
to adipate semialdehyde by an aminotransferase. Thus, all pathways toward AA,
where adipate semialdehyde is involved, can be used to produce 6-ACA. Suitable
aminotransferases active on adipate semialdehyde have been identified in [79, 90].
Connecting the aminotransferase with the AKP pathway (via C1-elongation) in
E. coli leads to, for the first time, direct fermentative production of 6-ACA from
glucose, up to 160 mg/L in lab-scale batch fermentations [79]. In [90], a slight
variation of the above-mentioned pathway has been disclosed, in which AKP is first
converted to 2-aminopimelate, followed by decarboxylation to 6-ACA. This irre-
versible final step might be favorable as compared to the reversible aminotrans-
ferase to maintain high flux through the entire pathway against increasing
production concentrations.
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3.3.2 Pathway Comparison and Process Considerations

There are more synthetic pathways toward AA disclosed in patent literature,
however, the pathways described above have either been demonstrated in the lab, or
have substantial biochemical evidence. Therefore, we will evaluate only these
pathways in terms of yield/carbon efficiency. By elemental and degree of reduction
balances, a maximal AA (C6H10O4) yield of 0.92 mol/mol can be achieved on
glucose (C6H12O6) anaerobically:

C6H12O6 ! 24
26

C6H10O4 þ 12
26

CO2 þ 36
26

H2O

Table 3.6 shows that this theoretical maximum can only be achieved by the
reverse beta-oxidation pathway.

All feasible pathways investigated so far have led to yield levels still far below
what would be required for commercialization. From the calculations above, the
reverse beta-oxidation seems most attractive in terms of carbon efficiency. For
commercial development, significant metabolic engineering efforts will be required
to optimize precursor supply, fine tune expression of each pathway step, as well as
identification and overexpression transport proteins to boost product secretion. The
precursors AcCoA and SucCoA for the reverse beta-oxidation pathway are mainly
generated in the mitochondria in eukaryotes. Thus, if the reverse beta-oxidation
pathway is localized in the cytosol in a eukaryote host, supply of AcCoA and
SucCoA needs to be optimized. To this end major efforts have been made to
improve the cytosolic AcCoA supply in, e.g., S. cerevisiae [101–103], as well as to
increase the SucCoA supply by overexpressing a succinyl-CoA ligase targeted to
the cytosol [85].

A eukaryote host could allow for a low pH AA process, which would be
advantageous as compared to a neutral pH process, for the same reason as SA
production. The low solubility of AA in water (24 g/L at 25 °C) is favorable for

Table 3.6 Carbon and oxygen yield of different pathways toward AA simulated using an E. coli
metabolic network

Pathway Yield (Cmol/Cmol-substrate) O2 demand
(mol/Cmol-substrate)

Reverse beta-oxidation 0.92 0

α-Ketopimelate via
C1-elongation

0.50 0.46

Hexanoate via hexanoate
synthase

0.67 0.38

Renewable oils 0.50a 0.88

Muconic acidb 0.74 0.32
aAssume starting from C12:0 fatty acid
bExclude further chemical hydrogenation of muconic acid to produce AA
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downstream processing of such a low pH process. Strain tolerance to low pH and
undissociated AA need to be addressed, both due to the weak acid uncoupling
effect, as well as AA toxicity.

Unlike AA and SA, 6-ACA is a non-natural amino acid, which can be poten-
tially produced in a neutral pH process, similar to industrial amino acid fermen-
tations by bacteria (e.g., glutamate, lysine, etc.). E. coli showed the best tolerance to
6-ACA as compared to B. subtilis and S. cerevisiae [79] and might be a suitable
host. 6-ACA produced by fermentation needs first to be cyclized to CL before
polymerization. This cyclization can be carried out directly using (pretreated) fer-
mentation broth, without the need of prior purification of 6-ACA, as disclosed in
[104]. Further purification of CL can be achieved by, e.g., distillation.

3.4 Perspective

Large-scale fermentation process is one of the promising alternatives to produce
chemical building blocks in a sustainable way. We have described that careful
considerations up-front of process configuration, host choice, metabolic pathways,
as well as strain designs, are critical to the success of such an endeavor. Significant
progress has been made in developing strain and process technology to produce SA
by fermentation. The challenge remains to further establish end user applications
toward creating a substantial market, justifying more large-scale operations that can
fully benefit from the economies of scale. Fermentative production of AA and CL is
still in an early phase, and might require a substantial R&D effort.

Novel engineering biology practices hold the promise of significantly reducing
the R&D effort and time needed between proof-of-principle and commercially
attractive KPI’s. Integrated design-build-test-learn cycles allow the much needed
efficient exploration of the multidimensional strain and process optimization space.
For example, a combined strain and process optimization driven by design of
experiments (DOE) and high-throughput experimentation has been shown for
6-ACA production in E. coli [105].

Next to engineering biology practices, fundamental biological knowledge will
always be required. For example, (synthetic) pathway enzymes should be charac-
terized by reliable and high-throughput enzyme assays to understand the bio-
chemistry, to diagnose potential bottlenecks, and to support protein engineering
efforts leading to improved biocatalysts. Moreover, biological transport mecha-
nisms and the associated thermodynamic driving force need to be better understood,
which might give rise to engineered transporters with higher energy efficiency and
specificity. If a eukaryote host is used, detailed understanding of metabolite
transport and flux distribution across different compartments should be obtained by,
e.g., high-resolution 13C-flux analysis and metabolomics.

In the future, these large-scale bioprocesses will likely be integrated into
biorefineries, which make use of second generation, non-food/non-feed raw
materials. Biochemicals would become part of the integrated biomass value chain,
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next to other biorefinery products such as biofuels, feed, power, and/or heat. An
integral optimization of the value chain calls for careful techno-economic feasibility
analysis to benchmark against alternative processes and products. Robust and
cost-effective technologies need to be developed for biomass pretreatment as well
as downstream product purification from these complex streams. In addition, stress
tolerant microorganisms that are able to feed on multiple available substrates need
to be engineered.
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Chapter 4
Specialty Enzymes for Chemical Needs

Dunming Zhu and Ling Hua

Abstract Chemical processes are vital for the manufacturing of goods that meet
the human’s growing needs; on the other hand, they have resulted in increasing air
pollution and environmental contamination. It is desirable to develop green
chemical processes for the sustainable development of chemical industry. In this
context, industrial biotechnology, which deciphers the secrets of nature’s engi-
neering and redesigns the biological systems for exploitation in the industrial
manufacturing, is becoming an exciting frontier in modern science and technology
that ensures sustainable economic development in a world facing increasing
environmental challenges and resource scarcity. The core of industrial biotech-
nology is enzyme catalysis, which possesses several advantages over traditional
chemical reactions, such as high chemo-, regio- and stereoselectivity, and mild
reaction conditions. As such, enzymes catalyze some reactions which are difficult to
be achieved by traditional chemical reactions. Enzyme catalysis can reduce reaction
steps by eliminating the protection and de-protection steps or redesign the synthetic
route. In this chapter, we first discuss the unique features of enzyme catalysis
compared to traditional chemical reactions. This is followed by several examples of
enzyme application in the production of important chemicals to show their positive
impacts in reducing chemical waste, energy consumption and production cost, thus
contributing to cleaner environment, industrial sustainability, and quality living.
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4.1 Advantages of Enzyme Catalysis

4.1.1 Chemoselectivity

Enzyme catalysis is usually highly chemospecific, thus the specific transformation
of some functional groups can be realized. For example, in the traditional chemical
hydrolysis of nitrile group to carboxylic acid that must be performed under strong
basic or acidic conditions at elevated temperature, it is almost impossible to realize
chemoselective hydrolysis of nitrile group in the presence of reactive functional
groups such as ester in the same molecule without hydrolyzing it. On the other
hand, nitrilases catalyze the hydrolysis of the nitriles to give the corresponding
carboxylic acids under neutral conditions, and this is particularly useful for the
transformation of compounds containing other acid- or base-sensitive functional
groups [1–3]. The hydrolysis of ethyl (R)-4-cyano-3-hydroxybutyate (Scheme 4.1)
proceeded smoothly with the recombinant E. coli cells harboring a nitrilase gene
from Arabidopsis thaliana (AtNIT2) at the optimized conditions of 1.5 mol/L
(235.5 g/L) substrate concentration, 6.0 wt% wet cells loading, pH 8.0 and 25 °C,
and 100 % conversion was achieved within 4.5 h with ester group remaining intact
[4]. Immobilization of the whole cells enhanced the substrate tolerance, stability,
and reusability of the biocatalyst up to 16 batches under the optimized conditions
(25 °C, 100 mmol/L Tris-HCl buffer, pH 8.0). Ethyl (R)-3-hydroxyglutarate, a key
intermediate for synthesis of rosuvastatin, was synthesized with the biocatalyst,
productivity and the space-time productivity were 55.6 g g−1 wet cells weight, and
625.5 g L−1 d−1, respectively.

Chemoselective biotransformation of nitriles can also be achieved by using whole
cells of naturally occurring microorganisms. The resting cells of Rhodococcus equiA4
catalyzed the chemoselective hydrolysis of methyl 3-cyanobenzoate and methyl
4-cyanobenzoate to produce mono-methyl isophtalate and mono-methyl terephtalate,
respectively.However, the presence of other enzymes in thewhole cellsmay deteriorate
the chemoselectivity of the biotransformation. For example, the use of dried immobi-
lized whole cells Rhodococcus equi A4 resulted in an increased formation of the
unwanted 3-cyanobenzoic and 4-cyanobenzoic acids, due to the activated lipase activity
in these dried whole cells [5, 6].

Reductions of aldehydes and ketones are common and fundamental chemical
transformation in organic chemistry. However, the chemoselective reduction of
either aldehyde or ketone by traditional chemical means is usually challenging and
needs careful selection of the reducing agent and control of the reaction conditions. In
contrast, many aldehyde reductases or ketone reductases have been found to reduce

NC CO2Et
OH

Free or immobilized
whole cells of nitrilase

HO2C CO2Et
OH

Scheme 4.1 Nitrilase-catalyzed chemospecific hydrolysis of ethyl (R)-4-cyano-3-hydroxybutyate
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aldehydes [7–9] or ketones chemospecifically to give the desirable alcohols.
A NADPH-dependent aldehyde reductase fromOceanospirillum sp. MED92(OsAR)
exhibited high activity toward a variety of aromatic and aliphatic aldehydes. This
enzyme catalyzed the chemoselective reduction of aldehydes in the presence of
ketones. For example, OsAR catalyzed the reduction of 4-acetylbenzaldehyde to
exclusively give 4-acetylbenzyl alcohol (Scheme 4.2), and for the reaction of a
mixture of hexanal and 2-nonanone, hexanal was reduced to hexanol but 2-nonanone
remained intact [7].

Reduction of carboxylic acids usually requires strong reducing agents such as
LiAlH4, NaBH4, or their derivatives [10, 11]. These reducing agent can also reduce
C=O, C=N and other functional groups. As such, it is difficult to achieve the
chemoselective reduction of carboxylic acid group without affecting other reducible
functional groups in the molecule. Furthermore, the reduction of carboxylic acid
usually does not stop at the first formation of aldehyde as the product, but further
reduction to the corresponding alcohol [12, 13]. On the contrary, enzymatic
reduction of carboxylic acids is a highly selective reaction under mild conditions
[14]. A few carboxylic acid reductases (CAR, E.C.1.2.1.30) have been biochemi-
cally characterized and found to convert a wide range of aromatic and aliphatic
acids into the corresponding aldehydes [15–18]. Other functional groups such as
keto groups and C=C double bonds remain unaffected [16].

4.1.2 Regioselectivity

Regioselectivity of chemical reactions is very important for organic synthesis and
enzymatic reactions are usually highly regioselective. A few examples of how
enzymes differentiate the same functional group at different positions in a molecule
are provided below. This often simplifies the synthetic route of a target compound.
Among the tested commercially available ketoreductases (KREDs), six KREDs
have been found to catalyze the reduction of trifluoromethyl keto group in the
methyl/trifluoromethyl diketones to give either the R or S enantiomer with >99 %
enantiomeric excess (ee), while one enzyme reduces the methyl keto group to afford
S-configurated alcohol with 98 % ee (Scheme 4.3) [19]. A mutant
11β-hydroxysteroid dehydrogenase (11β-HSDH) from guinea pig effectively cat-
alyzes highly regio- and stereo-specific reduction of the keto group at 11 position

H

O

O

H

OH

O

NADPH NADP+

OsAR

Scheme 4.2 The reduction of 4-acetylbenzaldehyde catalyzed by OsAR
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among three keto groups in the molecule of cortisone, generating
11β-hydrocortisone (Scheme 4.4) [20].

In some cases, enzyme can act exclusively on one of the two identical functional
groups.Many nitrilases catalyze the hydrolysis of oneCNgroup in dinitriles to produce
the corresponding cyanocarboxylic acids [21–24]. Scheme 4.5 shows the regio-specific
hydrolysis of dinitriles by a nitrilase(bll6402) from B. japonicum [24, 25]. This would
be impossible using traditional chemical hydrolysis. Furthermore, a few nitrilases have
been found to catalyze dissymmetric hydrolysis of prochiral 3-substituted glutaroni-
triles to produce optically active 3-substituted-4-cyanobutanoic acids that can serve as
important and versatile chiral intermediates for the synthesis of pharmaceutically
important GABA derivatives. 3-Isobutylglutaronitriles and 3-(4′-chlorophenyl)glutar-
onitriles are hydrolyzed to form optically active 3-(cyanomethyl)-5-methylhexanoic
acid and 3-(4′-chlorophenyl)-4-cyanobutanoic acid with high ee, respectively. These
intermediates can be converted into two currently marketed drugs, (S)-Pregabalin and
(R)-Baclofen by Curtius rearrangement followed by acidic hydrolysis (Scheme 4.6)
[26].
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Scheme 4.3 Enzymatic regiospecific reduction of the methyl/trifluoromethyl diketone
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4.1.3 Stereoselectivity

In 2006, a team from three leading pharmaceutical companies reported that of the
128 drug molecules analyzed, 69 (54 %) molecules contain at least one stereogenic
center [27]. As such, asymmetric synthesis is of great importance in the production
of chiral compounds as single enantiomers/diastereoisomers for pharmaceutical
applications. Although asymmetric reactions using metal catalysts and organocat-
alysts have secured extensive applications in the synthesis of single enantiomeric/
diastereoisomeric chiral chemicals, the exquisite stereoselectivities of some
enzymes outperform the traditional chemical catalysis, making enzyme catalysis an
alternative or complimentary toolbox for these transformations [28, 29]. High
enantioselectivity of ketone reduction is achieved only when the two substituents
flanking the carbonyl function are sterically different. The transition metal-catalyzed
hydrogenation of diaryl ketones usually requires an ortho-substituent on one of the

(CH2)n
CNNC (CH2)n

CO2HNCNitrilase bll6402

NC
CN

n

NC
CO2H

n

Nitrilase bll6402

n = 1, 2, 3

n = 2,3,4,5,6,8

Scheme 4.5 Nitrilase bll6402 catalyzing the regiospecific hydrolysis of dinitriles
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3-substituted glutaronitrile 3-substituted-4-cyanobutanoic acid

Scheme 4.6 Nitrilases catalyze desymmetric hydrolysis of prochiral 3-substituted glutaronitriles
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aryl groups to achieve high enantiocontrol in the products. The reduction of diaryl
ketones with only a para- or meta-substituent on one of the aryl groups affords the
diarylmethanol in low enantiomeric purity (ee often being less than 50 %) [30, 31].
On the contrary, diaryl ketones with a para-substituent on one of the phenyl groups
were reduced with high enantioselectivity (up to 92 % ee) by using commercially
available carbonyl reductases, and one from red yeast Sporobolomyces salmoni-
color AKU4429 (SSCR) and its mutant enzymes (Scheme 4.7) [32, 33].

Simple ketone tetrahydrothiophene-3-one is nearly spatially symmetrical and its
asymmetric reductions usually resulted in 23–82 % ee by chemical means. It was
originally prepared by multistep hazardous processes starting from the chiral pool
compound L-aspartic acid. Although the native ketoreductase from Lactobacillus
kefir catalyzed the reduction of tetrahydrothiophene-3-one to give (R)-
tetrahydrothiophene-3-ol in 63 % ee, the chiral alcohol was obtained in >99 % ee
by using a mutant enzyme [34]. (R)-Tetrahydrothiophene-3-ol is a key component
of insulopenem, a potent antibacterial prodrug developed by Pfizer.

Chiral amines are very important intermediates for the synthesis of pharma-
ceuticals, agrichemicals and other fine chemicals, and about 40 % of marketed
drugs contain a chiral amine moiety [35]. A straightforward method for the syn-
thesis of chiral amines is the asymmetric reductive amination of carbonyl com-
pounds. However, in traditional organic chemistry this reaction using ammonia as
the amino donor is still challenging. In contrast, Nature has developed amino acid
dehydrogenases for the reductive amination of α-keto acids using ammonia as the
amino donor to synthesize nature amino acids, which have been used in industry for
synthesis of natural and some unnatural L-amino acids [36, 37]. Recently D-amino
acid dehydrogenases (D-AADH) [38–40], β-amino acid dehydrogenases (β-AADH)
[41] and amine dehydrogenases (ADH) [42–44] have been discovered or evolved in
the laboratory, and their applications in the synthesis of optically pure D-amino
acids, β-amino acids and chiral amines have been explored by coupling
with D-glucose dehydrogenase (GDH) for co-factor regeneration (Scheme 4.8)
[41, 45, 46].

NADPH NADP+

D-GlucoseD-Gluconic 
     acid

SSCR
O OH

X = CH3, ee = 92%; 
       Cl, ee = 88%

X X

GDH

Scheme 4.7 SSCR-catalyzed reduction of diarylketones
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4.1.4 Mild Reaction Conditions

Enzymatic reactions not only are highly chemo-, regio- and stereoselective, but also
operate at neutral or close to neutral pH and mild conditions, under which the labile
functional groups in the molecule remain unaffected. Unlike chemical synthetic
methods, the protection/deprotection steps are avoided in the synthesis of the target
compounds, or the reaction can proceed much cleanly and efficiently without for-
mation of unwanted by-products. In the reduction of α-bromoacetophenones using
metal hydrides as the reducing agent, loss of the bromo group often occurs con-
comitantly, leading to low yield of α-bromohydrins and difficulty in product iso-
lation. Although whole cell biocatalysis also resulted in the loss of bromo group
[47], isolated carbonyl reductase from Candida magnolia have been used together
with a D-glucose dehydrogenase/D-glucose cofactor regeneration system in a
two-phase reaction medium to effectively prevent the side reactions in the reduction
of α-bromoacetophenones, and the optically pure α-bromohydrins have been
obtained in high yields [48].

Chemical hydrolysis of β-hydroxy nitriles often results in the undesirable
elimination of OH group, yielding unsaturated by-products, because strong basic or
acidic conditions and elevated reaction temperature are usually required [49].
Biocatalytic hydrolysis of nitriles can be performed at neutral pH condition and
room temperature, offering possibility of hydrolyzing nitriles bearing functionalities
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Scheme 4.8 Enzymatic reductive aminations of α-, β-keto acids and ketones
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that cannot tolerate harsh conditions. For example, nitrilases from B. japonicum
USDA110 (bll6402), cyanobacterium Synechocystis sp. strain PCC 6803
(NIT6803), and other sources effectively catalyzed the hydrolysis of β-hydroxy
nitriles to afford the corresponding β-hydroxy carboxylic acids in excellent yield
(Scheme 4.9; Table 4.1) [50–53].

4.2 Enzyme Applications in Chemical Production

Chemical products such as pharmaceuticals, agrichemicals, and cosmetics are
ubiquitously involved in our daily life. As the world population increases con-
stantly, there are ever-increasing demands for these products, which require
development of highly efficient and green synthetic technologies for the production
of these chemicals to address the resource and environmental issues that we are

CN
OH

CO2H
OH

X X
bll6402

CN
OH

CO2H
OH

X X
NIT6803

Scheme 4.9 Nitrilase-catalyzed hydrolysis of β-hydroxy nitriles

Table 4.1 Nitrilase-catalyzed hydrolysis of β-hydroxynitriles

X Yield (%)a ee (%)a Yield (%)b ee (%)b

4-H 90 99 (S) 85 98 (R)

4-F 93 99 (S) 86 99 (R)

2,4-F2 91 99 (S) 89 98 (R)

4-Cl 92 99 (S) 86 99 (R)

4-Br 89 99 (S) 85 99 (R)

4-CH3 91 99 (S) 85 98 (R)

4-CN 92 95 (S) 80 99 (R)c

4-NO2 87 97 (S) 88 99 (R)

3-NO2 88 99 (S) 87 99 (R)

3-CH3O 88 95 (S) 90 97 (R)

4-CH3O 91 99 (S)
aCatalyzed by bll6402
bCatalyzed by NIT6803
cThe product was 3-(4′-carboxyphenyl)-3-hydroxypropanoic acid
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facing. As illustrated in the previous section, enzyme catalysis usually has unpar-
alleled chemo-, regio-, and stereoselectivity and the reactions are often carried out
under mild conditions. Enzymes can catalyze some transformations which are either
difficult or cannot be achieved by traditional chemical synthetic methods.
Therefore, introduction of enzyme catalysis to the production of target compounds
can shorten the synthetic route by redesigning it, and facilitate product purification
by preventing by-product formation, thus making the process more efficient and
sustainable. Although enzymes have been used for human benefits since ancient
time, it was only in the last decade or two that organic chemists started to embrace
biocatalysis as an environmentally friendly alternative to conventional chemical
catalysis in organic synthesis. Modern advances in molecular biology and fer-
mentation technology are major contributing factors. All these developments
resulted in myriad industrial applications in the production of pharmaceuticals,
agrichemicals, and other specialty chemicals including some bulky chemicals when
high reaction selectivity on complex molecules is required. Some of these examples
are presented below and organized according to the enzyme type.

4.2.1 Lipases and Esterases

Lipase (triacyl glycerol acyl hydrolase, EC 3.1.1.3), which catalyzes the hydrolysis
of esters, esterification and transesterification of carboxylic acids and alcohols, is
one of the dominant enzymes extensively explored for their use in the synthesis of
important chemicals for pharmaceutical, agrichemical, flavor, fragrance, and other
industries. Currently, many lipases are commercially available and find applications
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Scheme 4.10 Lipase CAL-B catalyzed chiral resolution of the intermediate for the synthesis of
pelitrexol
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in numerous industrial processes including areas of detergents, food, leather and
paper processing. In the chemical industry, lipase-catalyzed reactions offer the
proven environmentally benign access to chiral alcohols and amines, which are
very important building blocks for synthesis of pharmaceuticals and agrichemicals.

In the synthesis of pelitrexol, a novel GARFT (glycinamide ribonucleotide
formyltransferase) inhibitor, lipase CAL-B was applied to the chiral resolution of the
molecule with a stereocenter in the tetrahydropterin moiety by hydrolyzing the
terminal ester group. The introduction of an oxalamic ester adjacent to the stereo-
center dramatically enhanced the enzyme’s enantioselectivity, and the desired S-acid
was obtained with high optical purity and yield (Scheme 4.10). The other enan-
tiomer was recycled via a dehydrogenation/hydrogenation strategy [54]. The (R)-
enantiomer of an indole-ethyl ester is the key intermediate of a prostaglandin D2
receptor (DP) antagonist targeted against allergic rhinitis. A research team at Merck
developed a resolution process using Pseudomonas fluorescens lipase to produce
this chiral compound with 99.75 % ee at 50 % conversion (Scheme 4.11) [55].

Using a commercially available lipase, rac-2-carboxyethyl-3-cyano-5-
methylhexanoic acid ethyl ester was resolved to give 2-carboxyethyl-3-cyano-5-
methylhexanoic acid, which was decarboxylated to generate (S)-3-cyano-5-
methylhexanoic acid ethyl ester, followed by hydrogenation to afford Pregabalin, the
active ingredient in antiepileptic drug Lyrica. Compared to the first-generation man-
ufacturing process, this chemo-enzymatic route dramatically improved process effi-
ciency (overall yield increased from 25–29 to 40–45 %), and resulted in substantial
reductions of waste streams corresponding to a fivefold decrease in the Environmental
(E) factor from 86 to 17 and energy use by 83 % [56]. E factor is defined as total waste
(kg) divided by-product (kg). The enzymatic process was scaled up to 10 ton scale, and
in 2006 Pfizer received the Astrazeneca Award for Excellence in Green Chemistry and
Engineering for developing this process.

Lipases are also used in the production of herbicides, where only one enantiomer is
biologically active. For example, only the (S)-enantiomer of indanofan exhibits
herbicidal activity against grass weeds in paddy fields. (S)-Indanofancan be efficiently
synthesized via lipase-catalyzed resolution and chiral inversion of the unwanted
isomer (Scheme 4.12), in 99 % yield and >99 % chemical and optical purity [57].
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Scheme 4.11 Lipase catalyzed resolution of an indole-ethyl ester
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Similarly, lipase-catalyzed enantioselective hydrolysis of the esters of
2-halopropionic acids afforded optically pure 2-halopropionic acids, which are
widely used as precursors for the production of optically pure(R)-
2-phenoxypropionic acids and their esters such as very selective weed killers,
dichloprop, mecoprop, and silvex [58]. Use of R-isomer (the biological active com-
ponent) of these herbicides instead of the racemic mixture greatly reduces the dosage
and side effects, thus exerting less impact onto the environment.

Other hydrolases/esterases were also effective biocatalysts for the chiral reso-
lution of pharmaceutically important building blocks. After screening various
hydrolases, Hu et al. [59] found that pig liver esterase (PLE) efficiently catalyzed
the enantioselective hydrolysis of 4,4-difluoro-3,3-dimethyl-N-benzyl-proline
methyl ester (Scheme 4.13), leading to a process for the production of (2S)-
4,4-difluoro-3,3-dimethyl-N-Boc-proline, a key intermediate for the synthesis of
HIV protease inhibitors. Compared to their previously used protease resolution
process, the space time yield was enhanced 57 fold and the production cost was
reduced to 5 % [59].
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4.2.2 Nitrilases, Nitrile Hydratases, and Amidases

Nitrilases catalyze the hydrolysis of organic nitriles under mild conditions and often
in a chemoselective, regioselective, or stereoselective manner. These enzymes have
been widely used as valuable alternatives to chemical catalysts for the synthesis of
carboxylic acids from nitriles. (R)-Mandelic acid is an important chiral building
block for the production of various pharmaceutical and agricultural products, and
also used as optical resolving agents. An industrial process based on the enzymatic
stereoselective hydrolysis of racemic mandelonitrile had been adopted by BASF to
produce (R)-mandelic acid in several hundred metric tons per year. Under proper
reaction conditions, racemic mandelonitrile was dynamically resolved to give (R)-
mandelic acid up to 100 % yield.

An efficient nitrilase-catalyzed desymmetrisation of 3-hydroxyglutaronitrile had
been achieved to give ethyl (R)-4-cyano-3-hydroxybutyrate (Scheme 4.14), a
potential intermediate in the synthesis of Atorvastatin (Lipitor). The nitrilase reaction
could be carried out at 3 M (330 g/L) substrate concentration with an enzyme
loading of 6 wt%, and 100 % conversion and 99 % ee product were obtained in 16 h
[60–62]. Nitrilases also catalyze the desymmetrisation of other 3-substituted gluta-
ronitriles, resulting in optically active 3-substituted-4-cyanobutanoic acids, which
can be converted to β-substituted γ-aminoacids such as (S)-Pregabalin and (R)-
Baclofen of pharmaceutical and therapeutic importance [26].

Immobilized Acidovorax facilis 72W cells with nitrilase activity was success-
fully employed in a chemo-enzymatic process for the preparation of
1,5-dimethyl-2-piperidone, in which the whole cells catalyzed the hydrolysis of
2-methylglutaronitrile to give 4-cyanopentanoic acid ammonium salt with >98 %
regioselectivity at 100 % conversion. Hydrogenation of 4-cyanopentanoic acid
ammonium salt produced 1,5-dimethyl-2-piperidone, which may be useful in
electronics, coatings and solvent applications [63].

Nitrile hydratase and amidase are two hydrating and hydrolytic enzymes
responsible for the sequential metabolism of nitriles. Nitrile hydratase catalyzes the
hydration of nitriles to their corresponding amides, while amidase catalyzes the
hydrolysis of amides to the carboxylic acids. In addition to the well-known
industrial production of acrylamide from acrylonitrile, and removal of nitriles from
wastewater, nitrile hydratases have also been employed in the synthesis of other fine
chemicals. Lonza has developed a biocatalytic process with Rhodococcus rhodo-
chrous J1 cells immobilized in polyacrylamide for the conversion of nicotinonitrile
to nicotinamide, an essential nutrient in animal and human nutrition. The process
has been used in the production of several thousand tons of nicotinamide per year
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CO2HNC
OH
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Scheme 4.14 Nitrilase catalyzed desymmetrisation of 3-hydroxyglutaronitrile

72 D. Zhu and L. Hua



[64]. Nicotinamide can be hydrolyzed to nicotinic acid by using amidase as the
biocatalyst [65].

A biocatalytic process for the regioselective hydration of adiponitrile to
5-cyanovaleramide has been developed with Pseudomonas chlororaphis B23 cells
immobilized in calcium alginate beads. The biotransformation was conducted for
58 consecutive batches to convert a total of 12.7 metric tons of adiponitrile to
5-cyanovaleramide (93 % yield, 96 % selectivity) with biocatalyst productivity of
3150 kg/kg (dry cell weight). 5-Cyanovaleramide is the starting material for the
synthesis of azafenidin, a broad spectrum herbicide. The chemical process for the
production of 5-cyanovaleramide is based on the hydration of adiponitrile using
manganese dioxide as the catalyst. The conversion of adiponitrile is only 25 % with
about 20 % of adipamide as by-product. The bioprocess generates significantly less
waste products than the chemical one, and avoids the difficulty in the purification of
the product [66].

4.2.3 Epoxide Hydrolases

Epoxide hydrolase converts epoxides to trans-dihydrodiols. Epoxides are cyto-
chrome P450 oxidase metabolites of unsaturated carbon–carbon bonds, and the
enzyme thus functions in detoxification during drug metabolism. Epoxide hydrolase
are found in bacteria, yeast, fungi, plants, and insects. The microbial enzymes
usually exhibit high enantioselectivity and activity, enabling the preparation of
enantiopure epoxides in a very simple way from easily available racemic epoxides.
The transformation of epoxides to chiral diols is also an important reaction in
organic synthesis. As such, epoxide hydrolases serve as highly appealing tools for
the preparation of fine chemicals [67]. Synthesis of the R- and S-enantiomers of
biologically active propranolol, a typical β-blocker, has been achieved in high
optical purity via an epoxide hydrolase-catalyzed resolution of racemic
α-naphthylglycidyl ether. Using a variant of Bacillus megaterium epoxide hydro-
lase (BmEHF128T) in a biphasic system (isopropyl ether/isooctane/aqueous), the
racemic epoxide was resolved to give enantiopure (S)-epoxide (>99 % ee) and (R)-
3-(1′-naphthyloxy)-propane-1,2-diol (>99 % ee) in 45.3 and 42.4 % yields,
respectively, which were subsequently converted to (S)- and (R)-propranolol
(>99 % ee). The enzymatic resolution of the racemic epoxide proceeded with a total
turnover number of 70,000 and high space-time yields [136 g L−1 d−1 for (S)-
epoxide and 139 g L−1 d−1 for (R)-diol] [68].

Coumarin derivatives possess various biological properties such as antifungal,
anticoagulant and anti-HIV properties, and are widely used in the field of medicine.
(R)-(+)-Marmin is a simple coumarin derivative isolated from the trunk bark of a
highly reputed Ayurvedic medicinal plant, Aeglemarmelos Correa, a sacred tree
dedicated to Lord Shiva. This compound was prepared in 95 % ee via the stere-
oselective hydrolysis of racemic trisubstituted terpenoidoxiranes by employing the
epoxide hydrolase activity of Rhodococcus or Streptomyces spp [69].
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Spiroepoxide is a strategic key building block allowing the synthesis of
11-heterosteroids, a family of compounds which are of substantial current interest
due to their high biological and medicinal potential. Two microbial epoxide
hydrolases from Aspergillus niger (AnEH) and Rhodococcus erythropolis (the
so-called “Limonene EH”: LEH) exhibited opposite enantioselectivity for the
hydrolytic kinetic resolution of rac-spiroepoxide, allowing isolation of the (R,R)-
(from AnEH) and the (S,S)-isomer (from LEH) of spiroepoxide in nearly enan-
tiopure forms (>98 %) (Scheme 4.15). In the case of AnEH, the biocatalytic
reaction could be carried out at the substrate concentration up to 200 g/L by using a
biphasic (water/isooctane) reaction medium [70]. This two liquid–liquid phase
methodology also allowed the AnEH-catalyzed resolution of trifluoromethyl-
substituted styrene oxide derivatives to proceed at a very high substrate concen-
tration of 360 g/L (1.8 M) [71]. These results clearly demonstrated that, the epoxide
hydrolase-catalyzed hydrolytic kinetic resolution of epoxides is a very mild, cheap
and easy-to-use “green chemistry” methodology applicable for cost effective
industrial preparation of optically pure epoxides and their corresponding vicinal
diols, two classes of important chiral building blocks in the synthesis of a wide
range of fine chemicals and pharmaceutical molecules.

4.2.4 Carbonyl Reductases

Chiral alcohols are important and valuable building blocks in the synthesis of
pharmaceuticals, agrichemicals, and other fine chemicals. A straightforward
approach to access the enantiometrically pure alcohols is the asymmetric reduction
of prochiral ketones, which can be achieved by using a variety of chiral metal
catalysts, organocatalysts, and biocatalysts. As in other enzyme catalyzed synthesis,
the biocatalytic reduction offers advantages such as mild and environmentally
benign reaction conditions, high chemo-, regio- and stereoselectivity, and void of
residual metal in the products. Therefore, great efforts and significant advances have

O

O

O

(R,R)

(S,S)

X

H H

OH

H

MeO

X

H H

OH

H

MeO

11-heterosteroids

AnEH

LEH

Scheme 4.15 Kinetic resolution of rac-spiroepoxide

74 D. Zhu and L. Hua



been made to develop biocatalytic ketone reduction processes in recent years.
Chiral halohydrins such as 2-chloro-1-phenylethanol and its analogs are valuable
synthetic intermediates for the preparation of a large group of antidepressants and
α- and β-adrenergic drugs. For example, 2-chloro-1-phenylethanol is the precursor
for the synthesis of fluoxetine, tomoxetine and nisoxetine, while 2-chloro-1-(3′-
chlorophenyl)ethanol has been used to synthesize AJ-9677, a potent and selective
β3 adrenergic receptor agonist. Various commercially available ketoreductases
were examined toward the asymmetric reduction of α-chloroketone and its ana-
logues, and both enantiomers of the product halohydrins could be obtained in
greater than 99 % ee with high to excellent yields (Table 4.2) [72]. These chiral
halohydrins can also be synthesized via hydrogen transfer reduction of
α-chloroacetophenones by using an alcohol dehydrogenase from the hyperther-
mophilic archaeon Pyrococcus furiosus in a coupled substrate approach using iso-
propanol as the hydrogen donor [73]. These results demonstrated yet another green
chemistry method to access enantiomerically pure α-chloro alcohols of pharma-
ceutical importance.

Another substituted phenylethanol, (S)-3,5-bistrifluoromethylphenyl ethanol,
which is a pharmaceutically important intermediate for the synthesis of NK-1
receptor antagonists, can also be synthesized via asymmetric enzymatic reduction
with an alcohol dehydrogenase from R. erythropolis. The poorly water soluble
ketone substrate was reduced at the substrate concentration of 580 mM with
excellent ee (>99.9 %) and a space time yield of 260 g L−1 d−1, and the product
alcohol was isolated with >90 % yield [74].

Table 4.2 Enzymatic preparation of both enantiomers of chiral chlorohydrins

OH
Cl

R

R Ketoreductase Yield (%) ee (%) (configuration)

H KRED112 72 >99(S)

H KRED130 94 >99(R)

3′-Cl KRED112 69 >99(S)

3′-Cl KRED130 99 >99(R)

4′-Cl KRED112 97 >99(S)

4′-Cl KRED130 81 >99(R)

3′,4′-Cl2 KRED112 79 >99(S)

3′,4′-Cl2 KRED130 88 >99(R)

4′-NO2 KRED107 87 >99(S)

4′-NO2 KRED130 76 >99(R)

4′-CH3SO2NH KRED113 96 >99(S)

4′-CH3SO2NH KRED130 89 >99(R)
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Chiral α- and β-hydroxyester moieties are widely found in natural products and
have been frequently used as building blocks for the synthesis of biologically active
chemicals. Ethyl (S)-4-chloro-3-hydroxybutanoate [(S)-CHBE)] is an important
precursor for the preparation of statin drugs such as atorvastatin. Asymmetric
reduction of ethyl 4-chloro-3-oxobutanoate offers a straightforward approach to
access this compound. As such, the bioreduction of ethyl 4-chloro-3-oxobutanoate
has been extensively studied, and many ketoreductases of diverse origins have been
found to be efficient catalysts for this reduction. The recombinant E. coli cells
co-expressing the carbonyl reductase (S1) gene from Candida magnolia and the
glucose dehydrogenase (GDH) gene from B. megaterium effectively catalyzed the
asymmetric reduction of ethyl 4-chloro-3-oxobutanoate to (S)-CHBE [75]. In an
organic solvent–water two-phase system, (S)-CHBE partitioned in the organic layer
at concentration of 2.58 M (430 g/L) with a molar yield of 85 %. In an aqueous
mono-phase system with continuous feeding of substrate, (S)-CHBE accumulated
only up to 1.25 M (208 g/L). However, the ee value of the product in both cases
was 100 %, thus leading to a simple and practical synthesis of the compound. Ethyl
4-chloro-3-oxobutanoate (COBE) could also be reduced by E. coli cells expressing
a reductase (ScCR) from Streptomyces coelicolor to afford enantiopure (S)-CHBE.
In this case, isopropanol was used as a co-substrate for regenerating NADH with no
added enzyme. The reaction was performed in a toluene–aqueous biphasic system
(1:1, v/v) on a pilot scale, producing (S)-CHBE in 85.4 % yield and 99.9 % ee,
with specific production of 36.8 gproduct/gdcw [76]. The ethyl (R)-
4-chloro-3-hydroxybutanoate [(R)-ECHB] enantiomer was produced via reduction
of ethyl 4-chloroacetoacetate using recombinant whole cells of E. coli expressing a
secondary alcohol dehydrogenase of Candida parasilosis as the biocatalyst [77].
Cofactor NADH was regenerated by using 2-propanol as the hydrogen donor. The
space productivity of (R)-ECHB reached 36.6 g/L (>99 % ee, 95.2 % conversion)
without addition of NADH to the reaction mixture.

Optically active ethyl 2-hydroxy-4-phenylbutyrate (HPBE) is an important
intermediate for the synthesis of angiotensin-converting enzyme (ACE) inhibitors,
such as Enalapril, Lisinopril, Cilapril and Benazepril, which are widely used as
antihypertensive drugs and in the therapy for congestive heart failure. Ciba com-
pany developed an industrial process for the production of (R)-
2-hydroxy-4-phenylbutyric acid [(R)-HPBE] in 91 % yield and 99.9 % ee from the
corresponding α-ketoester with an alcohol dehydrogenase from Staphylococcus
epidermidis [14]. A new reductase, CgKR2 was reported to reduce ethyl
2-oxo-4-phenylbutyrate to [(R)-HPBE] with >99 % ee [78]. The bioreduction
proceeded at 1 M substrate concentration without external addition of cofactors
with the use of recombinant E. coli cells containing CgKR2 and glucose dehy-
drogenase (GDH) as the biocatalyst, reaching a space-time yield of 700 g L−1 d−1.
Similarly, the S-enantiomer of this α-hydroxy ester was prepared from ethyl
2-oxo-4-phenylbutyrate using E. coli cells that coexpressed a β-ketoacyl-ACP
reductase (FabG) encoding gene from Bacillus sp. and that of GDH. As much as
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620 g L−1 of substrate were reduced to ethyl (S)-2-hydroxy-4-phenylbutyrate with
>99 % ee without external addition of a cofactor [79]. These results demonstrated
that both enantiomers of this important α-hydroxy acid/ester could be easily pro-
duced at large scale via enzymatic reduction.

Clopidogrel is marketed by Bristol-Myers Squibb and Sanofi under the trade
name Plavix, which is an oral, thienopyridine class antiplatelet agent. The drug has
been widely administered to atherosclerotic patients with the risk of a heart attack or
stroke caused by blood clots. Before the expiry of its patent, clopidogrel was the
second best-selling drug in the world and grossed over US$9 billion in global sales
in 2010. Methyl (R)-o-chloromandelate is the key chiral intermediate for the syn-
thesis of (S)-clopidogrel. Biocatalytic reduction of methyl o-chlorobenzoyl formate
offers an efficient method for the preparation of methyl (R)-o-chloromandelate. The
recombinant E coli cells co-expressing a carbonyl reductase (SCR) gene from
Saccharomyces cerevisiae (bakers’ yeast) and GDH gene served as an effective
biocatalyst for this reduction to afford methyl (R)-o-chloromandelate with >99 % ee
and space productivity of 178 g L−1 [80]. Recently, the bioreduction of methyl
o-chlorobenzoylformate was achieved by using E. coli whole cells co-expressing
both aldo-keto reductase from Bacillus sp. and GDH [81].

Chiral γ-amino alcohols are valuable precursors for the synthesis of selective
serotonin reuptake inhibitors, which serve as the key antidepressant drugs, such as
fluoxetine, tomoxetine, nisoxetine, and duloxetine. This has inspired considerable
efforts to search for methods of producing these γ-amino alcohols in optically pure
form. Among the various approaches, the enantioselective bioreduction of β-amino
ketones provides a straightforward method to access this class of chiral compounds.
However, there was no report addressing the biocatalytic reduction of β-amino
ketones, compounds such as 3-(dimethylamino)-1-phenylpropan-1-one and 3-
(dimethylamino)-1-(2-thienyl)-propan-1-one, until recently. In 2010, Codexis
reported in a patent that some engineered keto reductases catalyzed the conversion of
3-(dimethylamino)-1-(2-thienyl)-propan-1-one to the corresponding (S)-alcohol for
the synthesis of duloxetine. In a recent study, we found that a double mutant
M242F/Q245T of a carbonyl reductase (SSCR)from Sporobolomyces salmonicolor
AKU4429 catalyzed the reduction of 3-(dimethylamino)-1-phenylpropan-1-one to
the (S)-alcohol although with only 28 % ee. However, after combinatorial active-site
saturation mutagenesis of the enzyme two resulting mutants, P170R/L174Y and
P170H/L174Y, were found able to catalyze the reduction of 3-(dimethylamino)-
1-phenylpropan-1-oneand 3-(dimethylamino)-1-(2-thienyl)-propan-1-one, thus
generating the (R)-γ-amino alcohols with up to 95 % ee. The individual site satu-
ration mutagenesis of Pro170 and Leu174 revealed that Pro170 did not significantly
affect the enzyme enantioselectivity. Mutant L174 W led to the reduction of 3-
(dimethylamino)-1-phenylpropan-1-one and 3-(dimethylamino)-1-(2-thienyl)-
propan-1-one to the corresponding (S)-γ-amino alcohol with 96 and 65 % ee,
respectively. Mutant L174Y, however, exhibited an (R)-preference of the two
products with ee values of 88 and 95 %, respectively [82].
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Some aliphatic chiral alcohols are also important components in various agri-
cultural or antimicrobial products. (S)-Pentane-1,2-diol is the key intermediate of
triazole fungicide propiconazole with high biological activity. This diol is acces-
sible via asymmetric reduction of 1-hydroxy-2-pentanone catalyzed by a
self-sufficient whole cell biocatalyst containing a carbonyl reductase (CMCR) from
C. magnolia and GDH from B. subtilis for co-factor regeneration. This biocatalyst
also catalyzed the reduction of a series of α-hydroxy aromatic ketones to afford (S)-
1-aryl-1,2-ethanediols in up to 99 % ee [83]. Another interesting example is (R)-
tetrahydrothiophene-3-ol, which is a key building block for the synthesis of sulo-
penem, a potent antibacterial prodrug being developed by Pfizer. In Pfizer’s original
synthesis, this chiral alcohol was obtained from L-aspartic acid in five steps that
involved hazardous reaction conditions and reagents. The asymmetric reduction of
tetrahydrothiophene-3-one appeared to be the most straightforward approach to
prepare this compound (Scheme 4.16). However, reduction of the nearly spatially
symmetrical ketone to optically pure alcohol presented great challenge for both
chemical and biocatalytic methods. After several rounds of directed evolution of an
(R)-selective ketoreductase from Lactobacillus kefir, a mutant enzyme was found
capable of carrying out the reduction of tetrahydrothiophene-3-one to the corre-
sponding (R)-alcohol in a highly enantioselective manner (>99 % ee). This bio-
process allowed the production of this key component to a family of potent
antibiotics starting from a commodity chemical at 100 kg scale [34].

4.2.5 Ene-Reductases

Asymmetric C=C hydrogenation generates up to two stereogenic centers, thus is one
of the most widely used industrial reactions. Biocatalytic alkene reduction catalyzed
by NAD(P)H-dependent enzymes (‘ene’-reductases or ERs) has been extensively
explored in recent years. The FMN-containing Old Yellow Enzyme (OYE) family of
oxidoreductases and oxygen-sensitive FAD and [4Fe-4S]-containing NADH oxi-
dases have been used to catalyze these biocatalytic hydrogenations to afford optically
pure chiral compounds that are valuable in pharmaceutical, agricultural and other
industries. For example, enantiomerically pure (S)-2-bromobutanoic acid and the
corresponding methyl ester are useful key intermediates in the synthesis of
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Scheme 4.16 Reduction of tetrahydrothiophene-3-one
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therapeutic agents for the treatment of non-insulin-dependent type 2 diabetes mellitus
(T2DM). The methyl ester can be prepared in 97 % ee via the hydrogenation of
methyl (Z)-2-bromocrotonate catalyzed by ER of the OYE family. The bioreductions
of both (Z)- and (E)-diastereoisomers of α-bromounsaturated esters afford the same
enantiomer of the product [84]. The OYE3 from baker’s yeast effectively catalyzed
the hydrogenation of C=C bond in α-enol ether aldehydes to give the corresponding
S-configurated saturated aldehyde with 98 % ee and a productivity of 59.4 g L−1 d−1,
which can be converted to ethyl (S)-2-ethoxy-3-(p-methoxyphenyl)propanoate, an
important precursor of several PPAR-α/β agonists such as Tesaglitazar and
Ragaglitazar (Scheme 4.17) [85].

Dihydrocarvones are potential inhibitors of bacterial and fungal growth, as well
as prospective insect repellents. For example, they have shown insecticidal activity
against the rice weevil Sitophilus oryzae (L.), one of the most widespread insect
pests of stored cereals. Recently, dihydrocarvones are also used as important
renewable building blocks in the synthesis of functional materials such as shape
memory polyesters. ERs of various sources have shown high activity and stere-
oselectivity toward the C=C reduction of carvone, resulting in dihydrocarvone with
up to 98 % diastreomeric excess (de) [86–88]. A cascade reaction employing an ER
from Lactobacillus casei (LacER) and a carbonyl reductase from S. salmonicolor
(SSCR) or C. magnolia (CMCR) converted (R)-carvone or (S)-carvone to dihy-
drocarveols. For (R)-carvone, (1S,2R,5R)-dihydrocarveol was produced as the sole
product with >99 % conversion, while (S)-carvone was double reduced to
(1S,2R,5S)-dihydrocarveol as the major product with a lower de [89].
Dihydrocarveol is a fragrance ingredient widely used in cosmetics, fine fragrances,
and household products. Carvone is currently extracted from caraway, dill, and
spearmint seeds, providing a natural source for these valuable chemicals. While
transformations of carvone into dihydrocarvones and dihydrocarveol have been
extensively studied, the chemo-, regio-, and stereospecificity of these transforma-
tions still present a challenging task. (R)- or (S)-Carvone possesses three unsatu-
rated bonds and a C-5 stereogenic center, and 17 different hydrogenation products
are possible with no control over selectivity. This exemplifies the capability of
biocatalytic transformations to address such demanding selectivity problems.
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4.2.6 Transaminases

Transaminases (also known as amino acid aminotransferases) are pyridoxal-5′-
phosphate-dependent enzymes that catalyze the transfer of an amino group between
an amino acid and an α-keto acid. Transaminases usually show a broad substrate
spectrum, and amines and ketones can also be the amino donor or acceptor,
respectively. More profoundly, transaminases make optically pure primary amines
and amino acids became accessible from the corresponding ketones or keto acids in
one single reaction step. This is difficult by traditional chemical methods.
Therefore, these enzymes are very important biocatalysts in the synthesis of amino
acids and amines, which are key structural components widely found in numerous
natural products as well as pharmaceuticals, agrochemicals, and other fine chemi-
cals. The equilibrium constant of the aminotransfer reaction between an amino acid
and an α-keto acid is about 1, so that shifting the equilibrium to the product
direction is required to assure the efficiency of transaminase used in asymmetric
synthesis of α-amino acids. The amino transfer from α-amino acid to ketone is more
thermodynamically unfavorable with the equilibrium constant for the amino
transfer reaction between acetophenone and alanine being 8.8 × 10−4. As such,
transaminases have often been used in the kinetic resolution of racemic amines,
while the asymmetric synthesis of optically pure amines from the corresponding
ketones requires shifting the equilibrium to product formation. The equilibrium
shift can be achieved by coupling with a biocatalytic or chemical reaction to remove
the product α-keto acid [37].

(R)-2-Amino-3-(7-methyl-1H-indazol-5-yl)propanoic acid is a key precursor for
the antagonists of calcitonin gene-related peptide receptors, which are potentially
useful for the treatment of migraine and other maladies. This D-amino acid was
prepared in 79 % yield and > 99 % ee via amino transfer reaction to 2-oxo-3-
(7-methyl-1H-indazol-5-yl)propanoic acid by using a commercially available
transaminase as biocatalyst and racemic alanine as the amino donor. However, a
large excess of alanine (4.9 equiv) was needed to achieve high conversion. Although
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the conversion of the amino transfer reaction could be retained with a small excess of
alanine by addition of lactate dehydrogenase and a NADH regeneration system to
remove pyruvate produced during the reaction, the lactate dehydrogenase resulted in
a by-product hydroxyacid, causing an impurity problem. In this context, a D-trans-
aminase from Bacillus thuringiensis SC16569 was found to be less sensitive to
inhibition by pyruvate than a commercially available transaminase. The former
enzyme effectively catalyzed the conversion of 2-oxo-3-(7-methyl-1H-indazol-5-yl)
propanoic acid to (R)-2-amino-3-(7-methyl-1H-indazol-5-yl) propanoic acid at twice
the keto acid concentration, half the equivalents of racemic alanine and almost ten
times less of pyridoxal phosphate used for the commercial enzyme [90].
Furthermore, this amino transfer reaction could be cascaded with L-amino acid
deaminase-catalyzed reaction to convert racemic 2-amino-3-(7-methyl-1H-
indazol-5-yl)propanoic acid to the optically pure (R)-enantiomer (Scheme 4.18).

Enantiopure amines have broad spectrum of biological activities and also serve
as chiral building blocks for the synthesis of more complex structures. For instance,
ortho- and meta-halogenated 1-phenylethylamines are intermediates of potent
potassium channel openers, modulators of hypertension, calcimimetic agents to
treat hyperparathyroidism, or antiarthritic drugs. These substituted
1-phenylethylamines can be readily prepared in enantiopure form via amination of
the corresponding substituted acetophenones by employing commercial transami-
nases as biocatalyst and isopropylamine as amino donor [91]. Interestingly,
transaminases efficiently catalyze regio- and stereoselective mono-amination of
diketones without protecting group. A series of 2,6-diketones were regioselectively
aminated at 2-keto group to chiral amine with high ee values. The generated amino
group reacted with the other keto group to form cyclic imines, which were reduced
to give optically pure syn-2-methyl-6-substituted piperidine derivatives
(Scheme 4.19) [92]. Furthermore, the triketone could be regioselectively aminated
to afford either enantiomer of the cyclic imine by employing different transaminases
(Scheme 4.20) [93]. The cyclic imines were further transformed to synthesize (+)-
and (−)-enantiomer of the pyrrolizidine alkaloid xenovenine, a natural product with
various bioactivities.

A prominent transaminase-based industrial process is the recently implemented
biocatalytic synthesis of the antidiabetic drug sitagliptin. An R-selective transami-
nase from Arthrobacter sp., which lacked any activity toward the pro-sitagliptin
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ketone, was subjected to directed evolution and a variant was obtained to have a
broad substrate range and increased tolerance to high concentrations of iso-PrNH2

and organic solvents. Under optimal conditions, pro-sitagliptin ketone was aminated
to sitagliptin with >99.95 % ee (Scheme 4.21). The biocatalytic process had been
applied in a manufacturing setting to replace the previously used rhodium-catalyzed
process, resulting in the following benefits: 10–13 % increase in overall yield of
sitagliptin; 53 % increase in productivity (kg/L per day); 19 % reduction in total
waste; and reduction in total manufacturing cost. The enzymatic reaction eliminated
the use of heavy metals and high-pressure hydrogenation reactor [94]. This provided
a paradigm for transaminases enabling efficient, economical, and environmentally
benign processes for the manufacture of pharmaceuticals.

4.2.7 Amino Acid Dehydrogenases

L-Amino acid dehydrogenases catalyze the reversible aminations of α-ketoacids to
their L-amino acid products in the presence of NADH or NADPH. The equilibrium
for the amino acid dehydrogenase reactions lies far to the amination side with the
Keq values in the range 1014–1018. Thus the reactions are favorable for asymmet-
rical synthesis of amino acids from the prochiral oxo analogs and ammonia. Indeed,
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many of these dehydrogenases have been used in the production of non-natural
L-α-amino acids. The most prominent representative of amino acids prepared by this
method is L-tert-leucine (L-2-amino-3,3-dimethyl-butanoic acid), which is an
important building block for pharmaceutical industry and produced in tons
scale [95, 96]. Another similar L-amino acid of pharmaceutical interest,
L-neopentylglycine (L-2-amino-4,4-dimethyl-pentanoic acid), has also been syn-
thesized via a reductive amination of the corresponding α-keto acid catalyzed by
recombinant whole cells bearing a leucine dehydrogenase and formate dehydro-
genase. The reaction proceeded smoothly with >95 % conversion and >99 % ee at
substrate concentrations of 88 g/L [36].

D-Amino acids also serve as important components or building blocks in the
production of pharmaceuticals and other fine chemicals. The use of D-amino acid
dehydrogenase (D-AADH) should offer a straightforward access to D-amino acids
from the reductive amination of 2-keto acids. However, NAD(P)H-dependent
D-amino acid dehydrogenase is much less abundant in nature than its L-amino acid
counterpart and largely unexplored. The most-known D-AADH is meso-diamino-
pimelate dehydrogenase (meso-DAPDH), a key enzyme in the lysine biosynthetic

OH

O

O
OH

O

NH2

+ NH4Cl

NADPH NADP+

StDAPDH

GDH
GlucoseGluconic acid

H
N

O

NH2

O
N
HAlitame

O

HO S

OH

O

O
OH

O

NH2
+ NHCl4

NADPH NADP+

StDAPDH

GDH
GlucoseGluconic acid

H
N

O
O

OH
Nateglinide

Scheme 4.22 D-Amino acid dehydrogenase catalyzed synthesis of intermediates for alitame and
nateglinide

4 Specialty Enzymes for Chemical Needs 83



pathway. meso-DAPDH is NADP-dependent and catalyzes the reversible oxidative
deamination on the D-configuration center of meso-2,6-diaminopimelate (meso-
DAP) to yield L-2-amino-6-oxopimelate. However, most wild-type meso-DAPDHs
are generally specific toward meso-DAP and not applicable for the synthesis of
D-amino acids. The meso-diaminopimelate dehydrogenase (StDAPDH) from
Symbiobacterium thermophilum was recently reported to be the only wild-type
meso-DAPDH with a more relaxed substrate specificity and potential for D-amino
acid synthesis [38, 97]. This enzyme and its mutant were applied to the synthesis of
D-alanine and D-phenylalanine from the corresponding α-keto acids (Scheme 4.22)
[39], respectively. The dipeptide artificial sweeter alitame contains a D-alanine
moiety, and D-phenylalanine is the important chiral component of nateglinide, a
drug for the treatment of type 2 diabetes. Given the importance of D-amino acids in
the fine chemical industry and the advantages of D-AADHs in the synthesis of these
compounds, the meso-DAPDH gene from Corynebacterium glutamicum was sub-
jected to one round of mutagenesis targeted at the substrate binding site and two
rounds of random mutagenesis over the entire gene. As a result, a broad substrate
range and highly stereospecific D-amino acid dehydrogenase was obtained and
applied to the synthesis of D-cyclohexylalanine [40]. Similarly, a mutant D-AADH
was created by modification of the meso-DAPDH gene from Bacillus sphaericus
and employed as the biocatalyst for the production of (R)-5,5,5-trifluoronorvaline,
an intermediate for a γ-secretase inhibitor (BMS-708163) [98].

4.2.8 Aldolases

Stereoselective C–C bond formation is of utmost importance in organic synthesis.
Aldolase catalyzes the reversible aldol addition of a nucleophilic donor onto an
electrophilic aldehyde accept to generate a new β-hydroxyl carbonyl compound with
up to two new stereogenic centers. As such, aldolase is an important C–C bond
formation tool in building up complexity of organic molecules such as carbohy-
drates, amino acids, and their analogs. In reaction mechanism, aldolase first activates
the nucleophilic donor substrate to form an enamine or enolate, which then attacks
the carbonyl carbon of the acceptor to generate the new C–C bond. According to the
different activation mechanisms of the nucleophilic component, aldolases are clas-
sified as Class I and II. For Class I aldolases, a conserved lysine residue in the active
site forms a Schiff base intermediate with the donor component to generate an
enamine nucleophile. In Class II enzymes, a divalent metal ion promotes the eno-
lization of the donor substrate via Lewis acid complexation. While the acceptor of
aldolases can be a broad range of aldehydes, the nucleophilic donor is often struc-
turally limited to a few compounds. As such, aldolases are also grouped according to
their donor specificity into pyruvate/2-oxobutyrate aldolases, dihydroxyacetone
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phosphate (DHAP) aldolases, dihydroxyacetone (DHA) aldolases, glycine/alanine
aldolases, and acetaldehyde aldolases. These various aldolases allow assembly of
complex chiral molecules from smaller starting materials and diversity-oriented
synthesis of various structures and stereochemistries.

N-Acetylneuraminic acid and its analogs are involved in a number of physio-
logical functions and pathological processes, such as cellular recognition and
communication, bacterial and viral infection, and tumor metastasis.
N-Acetylneuraminic acid lyase (NeuA), a Class I pyruvate-dependent aldolase,
reversibly catalyzes the aldol addition of pyruvate to a variety of polyhydroxylated
aldehydes yielding α-oxo acids. This enzyme and its mutants have been extensively
exploited for the synthesis of N-acetylneuraminic acid and its analogs [99, 100].

D-Fructose-6-phosphate aldolase catalyzes the stereoselective reversible aldol
addition of DHA on D-glyceraldehyde 3-phosphate (D-G3P) to afford D-fructose
6-phosphate. This enzyme and mutants were found to be active toward a variety of
aldehyde acceptors, showing remarkable catalytic potential in the asymmetric
synthesis of polyhydroxylated compounds such as iminocyclitols and carbohy-
drates. Compared to DHAP-dependent aldolases, this DHA aldolase catalyzes aldol
additions of unphosphorylated DHA onto the acceptors, avoiding the use of
expensive DHA phosphate [101].

Threonine aldolase (ThrA) catalyzes the aldol addition of glycine to aldehyde to
afford chiral β-hydroxy-α-amino acid, a structural motif widely found in drug mole-
cules and their intermediates. For instance, (2R,3S)-2-amino-3-hydroxy-3-
(pyridin-4-yl)-propanoic acid is a key intermediate in the synthesis of a developmental
drug candidate, (2R,3S)-2-amino-3-hydroxy3-(pyridin-4-yl)-1-(pyrrolidin-1-yl)
propan-1-one. An efficient D-threonine aldolase-catalyzed synthesis of the
β-hydroxy-α-amino acid was developed, and the resulting product was used in the
production of an active pharmaceutical ingredient with a very high ee (>99 %) and de
(99.8 %, Scheme 4.23) [102].
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Scheme 4.23 Threonine aldolase catalyzed synthesis of precursor for a developmental drug
candidate
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4.2.9 Miscellaneous Enzymes

In addition to the above enzymes, there are others that have attracted considerable
attention due to their remarkable application potential in the synthesis of valuable
chemicals used in various industries.

Hydroxy nitrilelyases catalyze the reversible release of a cyanide group in the
form of HCN from cyanohydrin to give the corresponding aldehyde or ketone. The
reverse reaction has been used for the synthesis of enantiomerically pure
cyanohydrins of great importance in chemical industry, such as (R)- or (S)-man-
delonitrile [103].

An enantioselective amine oxidase can be used in combination with a nonse-
lective reducing agent to effect the stereo inversion of the S to R enantiomer via the
prochiral imine intermediate. The applications of a monoamine oxidase
(MAO) from Aspergillus niger, a bacterial cyclohexylamine oxidase (CHAO) from
Brevibacterium oxydans IH-35A, and their mutant enzymes have led to a series of
novel biocatalytic methods for the preparation of several optically active chiral
amines of pharmaceutical importance by deracemization of the corresponding
racemic mixture with borane-ammonia hydride complex, for example, as a reducing
agent [35, 104, 105, 106]. Similarly, deracemization and stereoinversion of DL-
α-amino acids was achieved by using D-amino acid oxidase (DAAO) and a hydride
reducing agent such as NaBH3CN–NaBH4 [107].

Recently, imine reductase (IRED) has become a hot topic in the field of bio-
catalysis [108]. The asymmetric reduction of imines provides an alternative method
for synthesizing chiral amines. Imine reductases are NADPH-dependent oxidore-
ductases that catalyze the asymmetric reduction of cyclic imines to amines with
excellent stereoselectivity. Both (S)- and (R)-imine reductases are available and have
been applied to the production of both (S) and (R) cyclic secondary amines. For
example, (R)-IRED from Streptomyces sp. GF3587 and (S)-IRED from Streptomyces
sp. GF3546 were shown to catalyze the enantioselective reduction of 2-substituted
cyclic imines to give enantio complementary 2-substituted cyclic amines [109–111].

4.3 Enzymatic and Chemoenzymatic Cascades to Green
Synthesis

4.3.1 Enzymatic Cascade

In the preceding section, some prime examples of individually enzyme-catalyzed
reactions for the synthesis of chemicals were presented. In order to develop more
environmentally benign and sustainable chemical processes, the biocatalysis com-
munity has paid increasing attention to “systems biocatalysis”, where more than one
enzyme from various organisms are put together to perform a cascade of reactions
that can produce structurally complex molecules from simple starting materials. The
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multienzyme reactions can proceed in two major approaches: the use of isolated
enzymes (in vitro) or the use of whole cells with the enzymes (in vivo).

A large number of important and versatile enzymes have been employed in
multienzymatic cascade routes to synthesize high-value chemicals that have great
potential of reducing production cost and wastes by avoiding time-consuming and
yield-reducing isolation and purification of intermediates. For example, an ER can
be used with ADHs in combination with a GDH in a one-pot consecutive
two-enzyme sequential cascade to concurrently reduce both C=C and C=O bonds.
By employing this process, chiral γ-butyrolactones were obtained in up to 90 %
yields and with 98–99 % ee from ethyl 4-oxo-pent-2-enoates, which are readily
accessible via Wittig-type reactions [112]. Similarly, (R)- or (S)-carvone had been
converted to (1S,2R,5R)-dihydrocarveol or (1S,2R,5S)-dihydrocarveol with high
efficiency and stereoselectivity [89], and the most odorous stereoisomers of the
chiral commercial fragrance Muguesia® [(2R,3S)-3-methyl-4-phenylbutan-2-ol)]
had also been prepared [113].

Ethyl (R)-3-hydroxyglutarate is a key intermediate for the synthesis of rosuvas-
tatin. An effective one-pot bienzymatic synthesis of ethyl (R)-3-hydroxyglutarate
from ethyl (S)-4-chloro-3-hydroxybutyrate was achieved using recombinant E. coli
cells expressing separately or co-expressing a mutant halohydrin dehalogenase gene
from Agrobacterium radiobacter AD1 and a nitrilase gene from A. thalian. In the
fed-batch process, a high accumulative product concentration of up to 0.9 mol L−1of
ethyl (R)-3-hydroxyglutarate was achieved in this one-pot process by fed-batch of
ethyl (S)-4-chloro-3-hydroxybutyrate and NaCN to get rid of their inhibition on the
nitrilase activity [114]. Nitrilase had also been combined with hydroxynitrile lyase
or carbonyl reductase to form biocatalytic cascades for the asymmetric synthesis of
chiral α- or β-hydroxycarboxylic acids [50, 53, 115].

A cascade biotransformation involving multiple reactions has been developed as
a synthetic biology tool for one-pot conversion of cycloalkanes to their corre-
sponding lactones (Scheme 4.24). The synthetic pathway consists of a cytochrome
P450 monooxygenase (CYP450) for initial oxyfunctionalization of the cycloalkane,
an ADH for ketone production and a Baeyer–Villiger monooxygenase (BVMO) for
lactone formation [116]. Poly-ε-caprolactone (PCL) is a biodegradable polyester
with various applications such as an additive for resins to improve their processing
characteristics and their end use properties. For example, it is widely used in the
manufacture of specialty polyurethanes to impart good water, oil, solvent, and
chlorine resistance to the product. This polymer also finds many applications in the
hobbyist market, and attracts increasing attention in biomedical applications
because of its compatibility with physiological conditions. ε-Caprolactone is cur-
rently chemically produced by using hazardous peracetic acid as an oxidation
reagent. BVMO would offer the enzymatic synthesis of ε-caprolactone (ε-CL)
directly from cyclohexanone with molecular oxygen, but the substrate and product
inhibitions to the enzyme activity are part of the contributing factors to their
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industrial application. ADH enabled an efficient in situ conversion of cyclohexanol
to cyclohexanone, removing the substrate inhibition. The apparent product inhibi-
tion was prevented by a subsequent direct ring-opening oligomerization of the
formed ε-CL by using lipase A from C. antarctica. Using this three-enzyme cas-
cade oligo-ε-CL at more than 20 g L−1was produced starting at 200 mM of
cyclohexanol [117]. ε-Caprolactone could also be hydrolyzed by lipase to liberate
the alcohol moiety to give 6-hydroxyhexanoic acid, which was then oxidized to
6-oxohexanoic acid. Following amination using an ω-transaminase as biocatalyst
and L-alanine as amino donor, 6-aminohexanoic acid was produced. This terminal
amino acid is the open-chain analog of ε-caprolactam, the building block of
polymer nylon-6 [118]. In principle, this study showed a tremendous application
potential of a multienzymatic process for the synthesis of chemicals like nylon for
our daily use.
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Scheme 4.24 Enzymatic cascades for the synthesis of poly-ε-caprolactone and Nylon-6 from
cyclohexane

88 D. Zhu and L. Hua



4.3.2 Chemo-Enzymatic Cascade

The chemo-enzymatic transformations are usually carried out in one of the three
modes: separate-pot-two-step, one-pot-two-step, and one-pot-one-step. By
separate-pot two-step, it means that the chemical reaction and biotransformation are
carried out in two steps and separate pots, and the intermediate needs to be isolated.
For example, enzymatic reduction of α-azidoacetophenone derivatives catalyzed by a
recombinant carbonyl reductase from C. magnolia (CMCR) or an ADH from S.
cerevisiae (Ymr226c) generated 2-azido-1-arylethanols with excellent optical purity.
The isolated (S)-2-azido-1-(p-chlorophenyl)ethanols were then subjected to react
with alkynes employing “click” chemistry to afford optically pure triazole-containing
β-adrenergic receptor blocker analogs [119].

In the case of one-pot-two-step mode, the chemical reaction and biotransfor-
mation are carried out sequentially in one pot without the isolation of intermediates.
The bioreduction of ketones and Cu-catalyzed “click” reaction can also be per-
formed in one-pot-two-step mode. Some chiral 1,2,3-triazole-derived diols were
synthesized in high yields and excellent enantio- and diastereoselectivities under
very mild conditions in aqueous medium by this one-pot tandem reaction [120].

The most efficient mode of chemoenzymatic cascade is one-pot-one-step, in
which the chemical reaction and biotransformation proceed concertedly without
high accumulation of the intermediate. An example is our recent report that der-
acemization of 2-methyl-1,2,3,4-tetrahydroquinoline was achieved by using a
mutant cyclohexylamine oxidase (CHAO) with reducing agent BH3�NH3. The
bio-oxidation of (S)-2-methyl-1,2,3,4-tetrahydroquinoline led to an imine inter-
mediate, which was immediately reduced by the chemical reducing agent, resulting
in the production of (R)-2-methyl-1,2,3,4-tetrahydroquinoline with 76 % isolated
yield and 98 % ee (Scheme 4.25) [106]. Tetrahydroquinoline is a “privileged”
scaffold or substructure in many biologically active natural products and therapeutic
agents used in cancer drug development.

Both chemical synthesis and biotransformation have their own features,
including advantages and disadvantages. Chemoenzymatic cascade reactions can
give full play to their advantages, and thus offer tremendous opportunity for
developing efficient and sustainable processes by designing novel synthetic routes
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Scheme 4.25 Deracemization of 2-methyl-1,2,3,4-tetrahydroquinoline
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from the starting materials to the products with retrosynthesis strategy, a discon-
nection approach that involves breaking down of the target molecule into simpler
structures which then become the new target structure by some backward (anti-
thetical) reactions. At same time, there are many challenges, such as the reaction
condition compatibility of chemical reaction with biotransformation, the inhibition
or inactivation of (bio)catalysts, and so on, which must be addressed before
industrial application. In this context, scientists and engineers are designing
chemical catalysts for use in aqueous reaction medium and evolving enzyme cat-
alysts with tolerance of organic solvents, so that these catalysts can work under the
same reaction conditions. Reaction engineering has also been carried out for
developing efficient and economical chemoenzymatic cascade processes [121].

4.4 Concluding Remarks

Nature has created and evolved a diversity of enzymes, which catalyze different
reactions in live organisms and show various advantages over traditional chemical
reactions. As our understanding of the enzymes’ properties and reaction mecha-
nisms have deepened and the technologies in molecular biology and fermentation
engineering have developed further, more and more useful enzymes have been
produced and utilized in various industries. In chemical industry, because of the
unparalleled selectivity and mild reaction conditions, enzymes can be expected to
continue to play an exciting role in the advancement of “green chemistry”.
Enzymatic and chemoenzymatic cascade strategies will continue to offer unprece-
dented opportunity for developing efficient and sustainable synthetic technology to
address the issues of health, environment, energy, and security that we face today.
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Chapter 5
Characterization and Engineering
of Seaweed Degrading Enzymes
for Biofuels and Biochemicals Production

Eva Garcia-Ruiz, Ahmet Badur, Christopher V. Rao
and Huimin Zhao

Abstract Exploitation of natural sources and increasing concerns of environmental
pollution are motivating a growing interest in renewable and sustainable feedstocks
for biochemicals and biofuels. Marine macroalgae have many advantages over
terrestrial plant biomass, including high carbohydrate content which converts sea-
weed in a cogent alternative feedstock. Algal carbohydrates show a diverse sugar
composition, which implies that specialized enzymatic systems are required for
their conversion into biofuels and chemicals. Discovery and characterization of
degrading enzymes and assimilating the relevant pathways is a key step in the
depolymerization of algal polysaccharides into fermentable sugars and their
metabolism by fermenting microorganisms. Current advances in metabolic engi-
neering have generated new microorganisms capable of efficiently metabolizing
macroalgal carbohydrates while producing ethanol, the target product. However,
more research is required to unlock the full potential of macroalgae biomass as a
feedstock for biochemical and biofuels production. This book chapter provides an
overview of seaweed polysaccharides properties, degrading enzymes, and their
application in the bioconversion of macroalgae into biofuels and biochemicals.
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5.1 Introduction

5.1.1 Next Generation Feedstocks

Current trends in the production of biofuels and biochemicals utilize feedstocks
from recalcitrant sources. So-called first generation feedstocks, including sugar
cane and corn, were easily metabolized by fermentative organisms. However, these
sources came with drawbacks; these drawbacks are sought to be answered by
second generation feedstocks, including lignocellulosic- and algal-based biomasses.

There is much work being done to engineer lignocellulosic feedstocks for the
production of biofuels and biochemicals. The perennial grass Miscanthus ×
giganteus has been reported as having high yields in moderate climates [1], an
attractive feature for large-scale cultivation. Other feedstocks, such as Opuntia
ficus-indica and Agave tequilana, have also been demonstrated as having high
yields for biomass with advantageous climate and water requirements [2].
Regardless of the particular lignocellulosic feedstock, these biomasses contain
polymers that cannot be directly utilized by most fermentative organisms. These
polymers, cellulose, hemicellulose, and lignin, form a complex network which
cannot be easily solubilized nor degraded [3, 4]. Additionally, these polymers often
contain constituent monomers which cannot be natively metabolized by common
fermentation strains [5]. Thus, before these lignocellulosic feedstocks can be uti-
lized at industrial scales, much work has to be done both in engineering the pre-
treatment process to degrade lignocellulosic polymers and in engineering
fermentative strains to metabolize non-native carbon sources.

5.1.2 Algal-Based Feedstocks

Algae are an exciting target for the production of biofuels and biochemicals. These
feedstocks have many advantages over current terrestrial biomass. As algae are
cultivated from marine environments, their use in a fermentative process would
avoid the conflict between food and fuel [6]. Additionally, algae are photosynthetic
organism, and therefore they convert sunlight into chemical energy which is used to
efficiently fix atmospheric CO2 into biomass. Algal photosynthetic efficiency
(6–8 %) is threefold higher than that of terrestrial biomass (1.8–2.2 %), which
makes algae one of the fastest growing organisms on the planet [7, 8]. This ensures
high productivity for their cultivation. As an example, brown macroalgae from
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Saccharina sp. can grow as much as 50 cm/day and reach lengths of more than
80 m [9]. Most importantly, algae contain low amounts of crystalline cellulose and
lignin [10, 11], which avoid the need of expensive pretreatment processes for their
removal. Thus, algae-based feedstocks have advantages over those of terrestrial
origin.

Carbon flux through an ecosystem is a useful measure to indicate how amenable
is the cultivation of carbon feedstocks. If an ecosystem has a large carbon flux
compared to potential feedstock cultivation, this ecosystem is expected to be less
affected by large cultivation than one in which carbon flux is similar to feedstock
cultivation. The carbon flux through algal bed, algal reef, and estuary ecosystems
has been estimated as 109 tons of carbon per year [12]. These systems make up two
thirds of all ocean carbon biomass, indicating that marine grasses and algae in these
ecosystems are an important component of global carbon flux. Additionally, these
ecosystems are dense stores of carbon, further exemplifying that algal-based
feedstocks are attractive targets for industrial cultivation.

Algae can be broadly divided into two groups: microalgae and macroalgae.
Microalgae are unicellular, photosynthetic microorganisms, whereas macroalgae are
leafy multicellular, photosynthetic plants. Microalgae have been targeted for pro-
duction of biofuels since they produce large quantities of lipids, oils, and other
storage polymers. Various microalgae have been shown to contain up to 40 % of
their dry cell weight in lipids and oils [13]. Additionally, microalgae can have low
nutritional needs compared to terrestrial feedstocks; however, special bioreactors
must be constructed to maximize growth rates and light penetration [14]. Microalgae
can also be engineered to produce heterologous biofuels and biochemicals. Work has
been done to engineer the cyanobacterium Synechococcus elongatus to produce
isobutyraldehyde and isobutanol [15]. Atsumi and coworkers were able to engineer
this microalgae to produce more than 6 mg l−1 h−1 of isobutyraldehyde and
3 mg l−1 h−1 of isobutanol by introducing a ketoacid decarboxylase gene, kivd, and
overexpressing other metabolic genes. Further work engineering Synechocystis
sp. has yielded ethanol production greater than 8 mg l−1 h−1 by introducing pyruvate
decarboxylase, pdc, and overexpressing other metabolic genes [16]. These works
indicate that microalgae are an achievable platform for the production of biofuels
and biochemicals.

5.1.3 Macroalgae-Based Feedstocks

As microalgae necessitate bioreactor design to maximize light penetration [17],
economies of scale found in typical fermentative processes are not expected in
microalgae-based biofuel and biochemical production. Macroalgae-based biopro-
cesses would provide a compromise, utilizing marine feedstock cultivation and
current industrial fermentation techniques. Macroalgae are primarily comprised of
polysaccharides and, as such, must be degraded to a monomeric form to allow for
metabolism by fermentative organisms. During this degradation, pathways and
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enzymes must be engineered to: (1) secrete polysaccharide degrading enzymes into
the extracellular environment; (2) degrade the algal polysaccharides into oligomers;
(3) transport the oligomers inside the cell; (4) degrade the oligomers into mono-
meric form; and (5) metabolize monomers into desired biofuel or biochemical
product through metabolic engineering.

This chapter will discuss macroalgal polysaccharides properties and focus on
biochemical and biophysical characterization and engineering of seaweed
polysaccharides degrading enzymes and their applications for synthesis of biofuels
and chemicals.

5.2 Properties of Seaweeds

They are especially abundant in coastal waters; however, due to their diverse
evolutionary origin, they can be found in a wide variety of habitats, show different
growth, and have varied chemical composition [18–22].

Marine macroalgae, referred as seaweeds, include a variety of multicellular
photosynthetic organisms with a diverse evolutionary origin. Traditionally, they are
classified in three different groups based on the color of their natural pigment
content: green macroalgae (Chlorophyceae), red macroalgae (Rhodophyceae), and
brown macroalgae (Phaeophyceae). Typical green, red and brown macroalgae-
species are Ulva sp. and Codium sp.; Gelidium sp. and Eucheuma sp.; and
Laminaria sp. and Sargassum sp., respectively.

Macroalgae as a photosynthetic organism convert sunlight into chemical energy,
which is used to efficiently fix inorganic carbon (in form of CO2 and/or H2CO3) into
carbohydrates, which can be exploited for biorefinery. However, to consider
macroalgae as a feedstock for biofuels and chemical production, it is essential to
understand the chemical composition of macroalgal biomass, and their available
content. Therefore, understanding the composition of macroalgal biomass helps to
determine the appropriate process and technology to produce the biochemical of
interest.

In general terms, macroalgae have low content of lignin, lipids, and proteins [19,
23–26]. However, they are rich in carbohydrates, the cell wall being the primarily
source. The carbohydrate content can account for more than 60 % of dry weight
[18]. Thus, the conversion of these carbohydrates is expected to be the main source
for biofuel and chemical production.

Carbohydrates in macroalgae show a diverse chemical composition, and some of
them are restricted to a certain group of macroalgae. For example, green seaweeds
have a sulfated polysaccharide named ulvan as major non-glucan carbohydrate.
Ulvan is a water-soluble sulfated polymer consisting of repeating units of L-
rhamnose, D-xylose, D-glucose, D-glucuronic acid, and L-iduronic acid with diverse
pattern depending on the species (Fig. 5.1). This type of carbohydrate can be found
in the cell wall representing up to 29 % of dry weight. Nevertheless, green
macroalgae also contain other common glucans as starch and cellulose. Starch is a
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linear molecule of α-1,4-D-glucose with α-1,6 branches which is produced as an
energy store. Cellulose is a water-insoluble linear chain of β-1,4-D-glucose that can
be found in the cell wall as a structural polysaccharide (Fig. 5.1) [27–29].

Red macroalgae contain a unique type of glucan, floridean starch, a highly
branched polymer of α-1,4-glucosidic linked D-glucose with α-1,6-branches
(Fig. 5.1), which green and brown algae do not have. Floridean starch can be
found as carbon reserve starch granules in the cytosol of red algae and represent up
to 80 % of the cell volume [30]. However, red seaweeds contain carrageenan and
agar as major non-glucan polysaccharides constituents in the cell wall, which can
account for more than 50 % of dry weight [19, 31].

Carrageenans are sulfated linear polysaccharides of D-galactose and
3,6-anhydro-D-galactose. These polysaccharides are traditionally divided into six
basic forms: Iota (ι)-, Kappa (κ)-, Lambda (λ)-, Mu (μ)-, Nu (ν)- and Theta (θ)-
carrageenan. The μ-, ν-, and λ-carrageenans consist of a repeating disaccharide
formed by 3-linked β-D-galactose (G-units) and 4-linked α-D-galactose (D-units),
and have one, two or three sulfate ester groups, respectively. They are the natural
biological precursor of κ-, ι-, and θ-carrageenans that consist of a repeating dis-
accharide formed by 3-linked β-D-galactose (G-units) and 4-linked 3,6-anhydro-α-
D-galactose (DA-units) (Fig. 5.1) [26, 32].

Agar consists of the combination of agarose and agaropectin. Agarose is a linear
polymer comprising of the repeating unit of agarobiose, which is a disaccharide of
3-linked β-D-galactose and 4-linked 3,6-anhydro-α-L-galactose, whereas agar-
opectin contains 3-linked β-D-galactose and 4-linked α-L-galactose (Fig. 5.1) [19,
26, 33–35].

Brown macroalgae contain alginate, mannitol and laminarin as major carbohy-
drates. However, other carbohydrates such as fucoidan and cellulose may also be
present. The alginate content in brown algae cell wall can represent up to 40 % of
dry weight. Alginate is a water-soluble, linear, unbranched polymer containing two
types of uronic acid units: 4-linked β-D-mannuronic acid (M-residues), and 4-linked
α-L-guluronic acid (G-residues) (Fig. 5.1). These units can be found forming
G-blocks (repeating G units), M-blocks (repeating M units), and MG-blocks (al-
ternating M and G units) [36, 37].

Laminarin is a water-soluble glucan carbohydrate produced as an energy store. It
is composed of 3-linked β-D-glucose with β-1,6-branches (Fig. 5.1), and represents
up to 35 % of dry weight of algae. There are two different types of laminarin chains

b Fig. 5.1 Scheme of the structure of macroalgae polysaccharides. Sugars and linkages between
them are represented. Main repeating disaccharide units are indicated between brackets. In
λ-carrageenan: D, denotes D-units (α-D-galactose); G, denotes G-units (β-D-galactose). In
ι-carrageenan: DA, denotes DA-units (3,6-anhydro-α-D-galactose). In alginate: M, denotes
M-residues (β-D-mannuronicacid); G, denotes G-residues (α-L-guluronicacid). Fucoidan polymer
is widely heterogeneous and composition of monosaccharides, sulphate positions, linkages, and
branching is highly variable, thus it is only represented a homopolymer of α-1,3-L-fucose where R
may be any of the following: sulfate, galactose, mannose, xylose, rhamnose, or uronic acid. For
more information refer to the text
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depending on the terminal end: “M” laminarin contains a mannitol residue as a
non-reducing end; “G” laminarin contains a glucose residue as a reducing end
instead [19, 38]. Mannitol is the sugar alcohol of mannose, and together with
laminarin, is the most readily accessible sugar in brown macroalgae.

Fucoidan is a sulfated polysaccharide composed chiefly of α-1,3-L-fucose
alternating with other monosaccharides as galactose, mannose, xylose, rhamnose,
and uronic acid (Fig. 5.1). Fucoidan structure is widely heterogeneous as the
composition of monosaccharides, sulphate positions, linkages, and branching is
highly variable [39–41].

The breakdown of macroalgae carbohydrate composition shows that the glucan
content is low (around 20–25 % dry weight) compared to that of terrestrial biomass
(30–45 % dry weight) [42], and hence use of these carbohydrates as a feedstock is
not enough to achieve high productivities by their conversion into a biochemical of
interest. Accordingly, the conversion of other macroalgae carbohydrates is needed
to attain industrial productivities. Whereas glucans are easily fermentable carbo-
hydrates, the uniqueness of non-glucan macroalgae carbohydrates makes them
difficult to use.

A number of microorganisms have developed specialized enzymatic systems for
the efficient utilization of these non-glucan carbohydrates as a carbon source. These
carbohydrate-degrading enzymes, which will be discussed below, can be imple-
mented in different biotechnological processes to make the macroalgae sugar
content accessible to fermentative microorganism that eventually can be engineered
to synthesize a biochemical of interest.

5.3 Enzymes Involved in Macroalgae Degradation

As the feedstocks found in macroalgae are polymers, degradation of these polymers
is necessary for their utilization. The enzymes which accomplish this degradation
can either be endolytic (acting within the fragment) or exolytic (acting from the
outside of a fragment). The resulting degradation products must then be transported
into the cell for metabolism. Here we present an overview of the proteins and
enzymes necessary for an organism to metabolize a polysaccharide from
macroalgae.

5.3.1 Alginate Lyases

5.3.1.1 Background and Families

Alginate lyases (EC 4.2.2.3 and 4.2.2.11) are enzymes that cleave the glycosidic
bonds of alginate. These enzymes accomplish the cleavage of alginate through
β-elimination. The cleavage of the glycosidic bonds occurs through a sequence of
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three reaction steps. First, the negative charge of the carboxyl anion is neutralized
via the amino acid residues arginine, histidine, glutamine, glutamic acid, or tyrosine
or a divalent cation. Second, the C-5 proton is abstracted from the sugar ring
by either an aspartic acid, cysteine, glutamic acid, histidine, or lysine residue. Last,
a tyrosine or arginine residue is used to accept the electrons from the C-4 and C-5
bond. The net result of these steps is the formation of a double bond between C-4
and C-5 in the cleaved guluronate or mannuronate [43, 44].

As alginate lyases are defined for their proclivity to degrade the bonds within
alginate, these enzymes can have different 3-D structures, indicating that alginate
lyases have evolved many times. Each of these structures can be classified into
polysaccharide lyases (PL) families. These families show a wide variety in their
structures, including β-helices and α/α barrels. There exist seven PL families typ-
ically associated with alginate lyases [44, 45], including PL5, PL6, PL7, PL14,
PL15, PL17, and PL18. The families PL5 and PL16 contain an (α/α)6 barrel
structure, wherein the α barrels form a tube-like structure [46–48]. The families
PL7, PL14, and PL18 contain a β-jelly roll with β-sheets in antiparallel, adjacent
configuration [49, 50]. The β-sheets are arranged to form a cleft shape. The PL6
family contains a parallel β-helix structure with a long repeated series of β-strands
forming a long tube [51]. The PL17 family has a structure with many α-helices
forming a barrel structure [52].

5.3.1.2 Enzymatic Mechanism of Alginate Lyase Degradation

Alginate lyases cleave the glycosidic bonds within alginate using β-elimination.
β-elimination is a reaction process wherein glycosidic bonds are cleaved by the
formation of a reducing end on one end and an unsaturated ring on the other end of
the broken bond [43]. This reaction mechanism differs from that of hydrolysis in
that water is not used to break the glycosidic bond. Most broadly, an alginate lyase
acts on the glycosidic bond at the C-4 position by first neutralizing the negative
charge on the carboxylic group on C-5. This neutralization is accomplished by the
action of a positively charged cation or amino acid residue. Once the neutralization
occurs, the C-4 proton is abstracted and an electron transfer occurs which cleaves
the glycosidic bond and forms a double bond between C-4 and C-5.

There are two general mechanisms for the neutralization of the positive charge
by an alginate lyase. The first mechanism utilizes a divalent cation (such as Ca2+) to
neutralize the negative charge on the C-5 carboxylic group. A lysine group is then
used to abstract the C-4 proton, while a lysine or arginine group accepts the
required electrons. This metal-assisted mechanism is found in the PL6 family of
alginate lyases [53].

The second catalytic mechanism employed by alginate lyases does not utilize a
divalent cation for neutralization, but rather uses an asparagine, arginine, glutamic
acid, or glutamine residue for neutralization. Independent of the amino acid residues
used for carboxyl-group neutralization, the members of PL5 [54], PL7 [55], and
PL15 [56] families of lyases utilize a histidine residue to abstract the proton from
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C-4 and a tyrosine residue to accept the electrons which cleave the glycosidic bond.
Interestingly, recent work has shown that the PL18 [57] family of alginate lyases
utilizes a tyrosine residue to both abstract the proton from C-4 and then donate the
same proton to the linked C-1 to cleave the glycosidic bond. Arginine and lysine are
used to stabilize the carboxyl group. A similar mechanism has been proposed for a
PL17 alginate lyase [52]. Two different tyrosine residues deprotonate the hydrogen
from C-4 and accept the electrons to cleave the glycosidic bond. Asparagine and
histidine residues were proposed to stabilize the carboxylic group.

The enzymatic mechanism for glycosidic cleavage of the PL14 family alginate
lyases has not been fully elucidated. A representative of the PL14 family has been
crystallized [50]. It was found that in this alginate lyase, mutagenesis of all the
amino acids within the catalytic pocket reduced enzymatic activity. In addition,
mutagenesis of K197A and S219A abolished enzymatic activity. These residues
were conserved from other alginate lyases. This suggests that these amino acid
residues might play a role in the cleavage of alginate.

(1) Oligoalginate Lyases
As alginate can contain up to 70 monomers within its structure, its degradation is

expected to occur in several steps. First, the full alginate polymer is degraded into
smaller fragments, called oligoalginate. These oligoalginate fragments are then
degraded into the constitutive monomers by oligoalginate lyases which can act
exolytically. The PL15 and PL17 families of alginate lyases are associated with the
degradation of oligomers of alginate. A PL15 alginate lyase, Atu3025, from
Agrobacterium tumefaciens has been crystallized [56] to understand how PL15
lyases act exolytically. Ochiai and coworkers found that this lyase contains a
pocket-like structure which can recognize the terminal monomer within alginate
[56]. Only when this terminal monomer is situated in the pocket, Atu3025 will
adopt a “closed form” wherein β-elimination can occur. The enzyme then adopts an
“open form” that releases the degraded monomer and a new alginate fragment can
approach the enzyme.

Recent work has sought to characterize the oligoalginate degrading enzymes of
Vibrio splendidus 12B01 [58]. This bacterium has three PL15 oligoalginate lyases
(OalA, OalB, and OalC). OalA was found to have high catalytic efficiency (kcat/Km)
on an alginate trisaccharide and less than 10 % catalytic efficiency on larger algi-
nate fragments. It was confirmed that OalA acts on alginate exolytically since only
monomers were released upon degradation of alginate. Other PL15 and PL17
oligoalginate lyases have also been expressed and characterized [52, 59].

(2) Specificity of Alginate Lyase Degradation
Since alginate contains different sequence combinations of L-guluronate and D-

mannuronate, alginate lyases have evolved the ability to target specific regions of
alginate. Alginate lyases targeting polyM [60], polyG [61, 62], and polyMG [63]
regions within alginate have been identified. The specificity of an alginate lyase can
be determined through multiple experimental techniques. Partial degradations of
alginate can be chemically generated [64, 65], which results in the formation of
polyG- and polyM-rich alginate substrates. The enzymatic activity towards these
substrates can be then compared to that of the full alginate polymer. Another means
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by which substrate specificity can be determined is through NMR analysis of the
enzymatically degraded alginate [66, 67]. In this procedure, the degraded products
are analyzed for the formation and destruction of NMR peaks which correspond to
specific linkages in alginate. Since alginate degradation is expected to target
specific dyads within the structure, the dyad specificity can then be determined.
This analysis has successfully identified the dyad specificity of four alginate lyases
within a single bacterium [68].

5.3.1.3 Alginate Transport and Metabolism

Since alginate is a large molecule, a microorganism must utilize a means of
transporting alginate or oligoalginate into the cell. The bacterium Sphingomonas
sp. strain A1 contains a periplasmic alginate protein-dependent ATP binding cas-
sette (ABC) transporter [69]. The overall transport mechanism contains three
components: a pit on the cell surface which transports the full alginate polymer into
the cell periplasm, proteins within the periplasm which bind alginate, and the
aforementioned ABC transporter which is found in the inner-membrane.
Sphingomonas sp. strain A1 then uses alginate lyases contained within the cyto-
plasm to degrade alginate into the constituent monomers.

Another mechanism by which degraded alginate is effectively transported into
the cell can be found in the bacterium V. splendidus 12B01. This bacterium con-
tains an outer-membrane porin KdgMN [70]. Long chain oligoalginate fragments
diffuse into the periplasm of 12B01 through KdgMN. These long chains are then
degraded into chains two to four units long within the periplasm by alginate lyases.
The two- to four-mers are then transported into the cytoplasm by the symporter
ToaABC. These short fragments are then degraded into monomeric form by
oligoalginate lyases. The two transport mechanisms described illustrate how algi-
nate must be carefully transported, either through assisted transport of the full
polymer or initial degradation outside the cell followed by diffusion of the degraded
oligoalginate.

Once alginate is degraded and transported into the cell, an organism must
metabolize the alginate monomers. An alginate lyase will cleave alginate using
β-elimination which results in an L-guluronate or a D-mannuronate and a
non-reducing end. The generated non-reducing end is 4-deoxy-L-erythro-hex-4-
enepyranosyluronate (DEH) [64]. L-Guluronate and D-mannuronate can also be
converted to DEH non-enzymatically, so DEH serves as an important step in
alginate metabolism. Once inside the cell, DEH is converted to 2-keto-3-deoxy-D-
gluconic acid (KDG) by the NADPH-dependent enzyme DEH reductase [71]. KDG
is then converted by the enzyme KDG kinase [70] to 2-keto-3-deoxy-6-
phosphogluconate (KDPG). KDPG enters the Entner–Doudoroff pathway to be
converted into pyruvate and glyceraldehyde-3-phosphate by the enzyme KDG-6-
phosphate aldolase [70]. The final product of alginate metabolism is ATP and
NADH.
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5.3.1.4 Alginate Lyase Engineering

Many different alginate lyases from diverse organisms have been characterized,
leading to a wealth of information on the enzyme kinetics and substrate binding of
alginate lyases to alginate. However, attempts at protein engineering to improve
alginate lyase enzymatic activity are less frequent. The alginate lyase, AlyVI, from
Vibrio sp. QY101 was altered to improve enzymatic function [72]. Cho and
coworkers built a homology model of this enzyme and modeled the binding of a
repeating α-L-guluronic acid, trimer GGG, to the enzyme. Based on this model, they
then mutated the amino acid residues within AlyVI predicted to be involved in
enzymatic function; mutation of these residues abolished activity, which confirms
their role in β-elimination. The authors also found that the double mutation
L224V/D226G in AlyVI increased catalytic activity almost twofold without
changing the binding affinity of GGG. Computational modeling of this double
mutant indicated that the β-sheets of this PL7 lyase were rearranged allowing for
increase in the enzymatic activity.

Another study unveiled the catalytic mechanism of the PL5 lyase Smlt1473
from Stenotrophomonas maltophilia k279a [73] to degrade polysaccharides. This
lyase can degrade the polysaccharide hyaluronic acid along with polyM and polyG.
Smlt1473 has optimal activity towards polyM at pH 9, while it has optimal activity
towards polyG at pH 7. The authors sought to understand how this lyase degrades
polyM and polyG preferentially by mutating non-catalytic residues within the
catalytic cleft of the enzyme. They identified two single mutations, H221F and
Y225F, which increased activity toward polyM twofold, and two other single
mutations, Y115F and R312L, which increased activity toward polyG twofold. As
polyM and polyG have different conformational structures, the authors concluded
that these mutations resulted in subtle changes in Smlt1473 which increase activity
towards either polyM or polyG.

These two mutational studies demonstrate that rational engineering of alginate
lyases can lead to significant changes in enzymatic activity and specificity without
sacrificing function. Other attempts at mutagenesis [74] have resulted in increased
activity at the expense of weaker alginate binding. Specificity appears to be a
parameter easily modified by rational design. However, random mutagenesis has
been also used to modify specificity [75], albeit coming at the expense of enzymatic
activity.

5.3.1.5 Multiplicity of Alginate Lyases

Alginate-degrading bacteria usually contain multiple putative lyases, thus some
studies have sought to understand the purpose of these seemingly redundant
enzymes. The marine bacterium V. splendidus 12B01 contains three oligoalginate
lyases and four alginate lyases. Each of these enzymes was characterized. The three
oligoalginate lyases, OalA, OalB, and OalC, were found to have optimal enzymatic
activity between 16 and 35 °C and pH 6.5 and 7.5 [58]. Additionally, OalA was

5 Characterization and Engineering of Seaweed Degrading Enzymes … 109



found to have both polyM and polyG specificity, while OalB and OalC were found
to have either polyMG or polyM specificity, respectively. These enzymes act
exolytically, cleaving the terminal moiety from alginate or oligoalginate. The four
alginate lyases, AlyA, AlyB, AlyD, and AlyE were found to be optimally active
between 20 and 25 °C and pH 7.5 and 8.5 [68]. Detailed NMR analysis identified
that AlyA and AlyB act on the G-M dyad, corresponding to polyMG specificity,
while AlyD and AlyE act on the G-G dyad, corresponding to polyG specificity.
AlyA, AlyB, AlyD, and AlyE were found to act endolytically, cleaving alginate to
an average degree of polymerization from 4 and 21. These alginate lyases also
degraded alginate much slower than the oligoalginate lyases OalA, OalB, and OalC.
Taking these two studies together, a picture of alginate degradation of V. splendidus
12B01 can be formed. AlyA, AlyB, AlyD, and AlyE degrade alginate to oligomers
of average length between 4 and 21. These fragments are then transported into the
cell and are degraded into monomeric form by OalA, OalB, and OalC with faster
kinetics than the alginate lyases. Since the 12B01 enzymes have polyM, polyG, or
polyMG specificity, these enzymes are expected to fully degrade alginate, since all
portions of the polymer can be targeted.

Another study characterized two of the seven alginate lyases from the marine
bacterium Zobellia galactanivorans [49]. One of these alginate lyases, AlyA1PL7,
was determined to act endolytically with a G-G dyad specificity. Conversely,
AlyA5 was found to act exolytically on DEH, G, or M-terminal ends. These
findings suggest that pairing of endolytic and exolytic alginate-degrading enzymes
is advantageous for heterologous alginate degradation outside of its native host.
Additionally, the pairing of enzymes with differing dyad specificities is expected to
allow full alginate degradation.

In summary, enzyme multiplicity in alginate-degrading organisms aims to pro-
duce a set of enzymes with a wide spectrum of biochemical properties to fully
degrade the alginate polymer.

5.3.2 Laminarinases

5.3.2.1 Background

Laminarinases (EC 3.2.1.6) are the enzymes capable of breaking the β-1,3- and
β-1,6-glycosidic linkages of laminarin. These enzymes belong to the wider class of
enzymes called glycoside hydrolyases (GHs) [76]. These enzymes are fundamen-
tally different than the previously discussed alginate lyases, in that, they cleave the
glycosidic bonds using water. More specifically, laminarinases cleave the bonds of
laminarin in either a one-step or two-step process.

The one-step process is an inversion mechanism [76]. In this mechanism, the
glycosidic linkage is simultaneously attacked by two amino acid residues, one
acting as an acid while the other acts as a base. Through transfer of electrons from
the basic amino acid residue to a water molecule, the water molecule attacks the
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anomeric center of the glucose residue. Simultaneously, the acidic amino acid
residue accepts electrons from the glycosidic oxygen. The net result of this
sequence is the cleavage of the glycosidic bond via hydrolysis. Since the newly
reacted hydroxyl group from the water attack exists in the opposite configuration of
the original β-glycosidic bond, the cleaved hemiacetal contains a 6C hydroxyl
group in an α-configuration, hence the inversion mechanism.

The two-step reaction mechanism is a retaining mechanism. First, in a glyco-
sylation step, one of the catalytic residues acts as a nucleophilic center by attacking
the anomeric center of the linked glucose residue. Simultaneously, the other cat-
alytic residue acts as an acid by protonating the glycosidic oxygen. The net result of
these steps is the cleavage of the glycosidic bond [77]. Following the glycosylation
step of laminarin cleavage, a complex is formed between one of the catalytic amino
acid residues and the cleaved laminarin molecule. In order to complete the overall
cleavage of the laminarin glycosidic bond, a second step must be performed:
deglycosylation. In this step, a molecule of water is used to attack the complex,
which frees the laminarinase catalytic residue from the cleaved laminarin [78].
Since the newly added hydroxyl group exists in the same β-configuration as the
original β-glycosidic bond, this mechanism is a retaining mechanism. In laminar-
inases, the catalytic residues used by either the retaining or inverting mechanism are
typically glutamic and aspartic acids [79, 80].

5.3.2.2 Laminarinase Characterization

Laminarinases from diverse organisms have been characterized. A laminarinase
from the archaeon Pyrococcus furiosus has been overexpressed and purified [81].
This enzyme was shown to be optimally active between pH 6.0 and 6.5 and at 100 °
C. As the glycosidic linkages found in laminarin are similar to other storage glu-
cans, Gueguen and coworkers sought to determine if this laminarinase would
degrade other glucans [81]. The authors found that the P. furiosus laminarinase had
maximal activity on laminarin and approximately 90 % less activity on lichenan
and barley β-glucan (both have β-1,3-1,4 glucose linkages). The laminarinase had
no activity on glucans with only β-1,4 glucose linkage.

Another laminarinase from the actinobacterium Streptomyces sioyaensis was
also characterized [82]. This laminarinase had optimal activity at pH 5.5 and 75 °C.
The laminarinase was found to be most active on the β-1,3-linked glucans curdlan,
laminarin, and pachyman, while the enzyme had fourfold less activity on lichenan
(a β-1,3-1,4 glucan). A fungal laminarinase from Phanerochaete chrysosporium
was purified from the secreted proteins and characterized [83]. This enzyme was
tested to degrade various glucans and found to degrade laminarin and lichenan,
β-1,3-1,6- and β-1,3-1,4-linkages, respectively. The laminarinase had no activity on
cellulose (β-1,4 linkage).
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5.3.3 Fucoidanases, Agarases, and Carrageenanases

Alginate and laminarin are the primary constituents of macroalgae; however, other
polysaccharides are found within macroalgae. Fucoidanases (EC 3.2.1.44) are
enzymes that degrade the glycosidic bonds within fucoidan. These enzymes have
been purified from bacterial species and have shown optimal activity between pH 5
and 8 and between 30 and 45 °C [84, 85]. Fucoidan degrading enzymes are also
found in marine invertebrates; an α-L-fucosidase from the marine mollusk
Pecten maximus has been purified [86]. This enzyme was shown to have large
enzymatic activity and high thermal stability. Additionally, the α-L-fucosidase was
shown to have low fucoidan linkage specificity.

Enzymes have evolved to degrade the polysaccharides carrageen and agar. An
agarase (EC 3.2.1.81) from Pseudomonas sp. was characterized and found to have
optimal activity at pH 9 and 35 °C [87]. The agarase also had exolytic degradation.
An agarase from the bacterium Rhodococcus sp. Q5 [88] was characterized and
found to be optimally active at pH 6 and 40 °C.

Enzymes which degrade κ-, ι-, and λ-carrageen (EC 3.2.1.83, 3.2.1.157, and
3.2.1.162, respectively) have also been identified and purified. An ι-carrageenase
was found to cleave ι-carrageen with a one-step inversion mechanism [89], in
contrast to κ-carrageenases, which employ a retaining mechanism [90]. This indi-
cates that enzymes have evolved to accommodate the specific degree of sulfation of
carrageen. A λ-carrageenase has also been purified and characterized [91]. This
enzyme was found to degrade only λ-carrageen and not κ- and ι-carrageen, again
indicating that different enzymes have evolved to target the different forms of
carrageen.

5.4 Gene Expression and Regulation

As polysaccharide degrading enzymes are expected to be expressed by their hosts in
response to the presence of their corresponding substrates, a macroalgae degrading
organism must be able to detect the presence of polysaccharides in the extracellular
medium. A previous study has sought to understand how the hyperthermophilic
bacterium Thermotoga maritime utilizes diverse carbon sources [92]. This bacterium
is capable of metabolizing many simple sugars along with complex polysaccharides
including β-1,3/1,4-glucan from barley, laminarin, and carboxymethylcellulose
(CMC). The authors demonstrated that upon growth on different carbon sources,
clusters of genes are overexpressed. Upon growth on laminarin, a laminarinase
(Lam16), an exoglycosidase (Cel3 which cleaves exolytically), and a XlyR-related
transcriptional regulator were overexpressed compared to the other growth condi-
tions [92]. Similarly, upon growth on β-1,3/1,4-glucan from barley (β-1,3-1,4-linked
glucose), β-1,4- and β-1,3-glucanases and Lam16 were overexpressed compared to
other growth conditions. Conversely, when T. maritime was grown on CMC
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(β-1,4-linked glucose), intra- and extracellular endoglucanases were exclusively
overexpressed. These findings indicate that T. maritimewas able to detect the precise
inter linkages of polysaccharides in the extracellular environment and then expressed
the corresponding enzymes for degradation. Since a transcriptional regulator was
identified upon growth on laminarin, a regulatory target exists for future genetic
manipulation.

The alginate regulatory mechanism has also been investigated in the marine
bacterium V. splendidus 12B01 [68]. This bacterium contains four alginate lyases
and the gene expression of each of these enzymes was investigated. Each of the
lyases was found to be conditionally expressed upon growth on alginate with higher
gene expression at higher alginate loadings. Between 0.1 and 1.0 % alginate in the
culture medium, the gene expression of three alginate lyases was found to increase
by more than twofold. These findings indicate that polysaccharide degrading
enzyme gene expression is often tied to detection of specific polysaccharides in the
culture medium. Subsequently, these enzymes will degrade the carbon sources
allowing the organism to metabolize the constituent monomers.

5.5 Carbohydrate Binding Modules

A common domain found within polysaccharide degrading enzymes is the carbo-
hydrate binding modules (CBMs). These modules are implicated with binding to
both monosaccharides and polysaccharides. A laminarinase, Lam16A, from
Thermotoga neapolitana was found to contain two CBMs surrounding the catalytic
domain [93]. By overexpressing and purifying the CBMs independently and with
the catalytic domain, Zverlov and coworkers demonstrated that each CBM was
bound to different glucans with different affinities [93]. One of the CBMs was
bound to laminarin and barley glucan (β-1,3/1,4-linked glucose), while the other
CBM was bound to curdlan (1,3-β-glucose), pustulan (1,6-β-glucose), and insoluble
yeast cell wall glucan. When the catalytic domain was incubated with the tested
glucans, no binding was found indicating that the CBM is essential for binding a
catalytic domain to the substrate for eventual lytic action.

A further investigation of a CBM-containing β-1,3-glucanase found similar
results [82]. This enzyme was cloned from S. sioyaensis and characterized. The
authors found that the CBM was not essential for enzyme activity toward laminarin,
but dramatically decreased activity toward curdlan and pachyman. They also found
that the CBM was directly bound to these glucans. Curdlan and pachyman are
insoluble glucans, so these findings indicate that the CBM of the S. sioyaensis
glucanase is used to bind insoluble glucans, which facilitates their degradation.

The CtCBM11 CBM from the Clostridium thermocellum Lic26A-
Cel5E glucanase was found to bind both β-1,4- and β-1,3-1,4-linked glucans
[94]. The CBM was found to bind to the tested glucans with an association constant
between 4.4 × 104 and 30.1 × 104 M−1. Additionally, through crystallization of the
CBM, the authors were able to identify the putative amino acid residues responsible
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for binding. By mutating several of these residues, three amino acid residues were
determined to independently abolish binding of the CBM to the tested glucans.
Results of investigations into CBM binding indicated that CBMs are critical for the
enzymatic activity of polysaccharide degrading enzymes, particularly toward
insoluble polymers. Interestingly, CBMs are not found in all polysaccharide
degrading enzymes.

5.6 Applications of Algal-Polysaccharide Degrading
Enzymes

Macroalgae have high potential as a feedstock due to their high carbohydrate
content among other advantages as mentioned above. As discussed in Sect. 5.2,
because macroalgae contain various types of glucans they can be easily hydrolyzed
to glucose for bioconversion into value added chemicals. However, due to the
relatively low glucan content in macroalgae compared to that of terrestrial biomass,
exploitation of glucan carbohydrates from macroalgae is not competitive enough for
its implementation in biorefinery. On the other hand, the high content of non-glucan
carbohydrates present in macroalgae makes the exploitation of seaweed feedstock
feasible for biofuel and chemical production.

Despite the potential shown by macroalgal carbohydrates for the industrial
sector, bioconversion of non-glucan polysaccharides into high value compounds is
still challenging, and it hampers the development of this field. Along these lines,
recent studies focused on harnessing specialized enzymatic pathways from those
microorganisms that naturally metabolize algal-carbohydrates to transform them
into energy metabolites and other biocompounds. For this purpose, different fer-
mentation microorganisms have been engineered to produce macroalgal polysac-
charides degrading enzymes. The action of these enzymes releases oligosaccharides
and/or monosaccharides that could be directly used by the central carbon meta-
bolism. However, due to the peculiarity of algal carbohydrates, the released
oligosaccharides and/or monosaccharides were occasionally found not to be
metabolized. So, further metabolic engineering of the appropriate microorganism is
necessary.

In the following section, recent advances in implementation of polysaccharide-
degrading enzymes and specialized metabolic pathways for biofuel and biochemical
production from macroalgae are discussed.

5.6.1 Biofuel Production

Currently there are a number of technologies for conversion of macroalgal biomass
into biofuels. Bioconversion, hydrothermal liquefaction (HTL), and pyrolysis have
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been developed for the production of biogas, bioethanol, biodiesel and bio-oil from
macroalgal feedstock. HTL and pyrolysis are thermochemical conversion processes
that require a high thermal treatment to decompose the biomass. These technologies
do not require the use of seaweed polysaccharide-degrading enzymes, and thus they
will not be discussed here. Readers are referred to various reviews on the subject
[18–21, 95].

On the other hand, bioconversion harnesses the microbial enzymatic machinery
to depolymerize macroalgal carbohydrates into sugars for production of liquid
biofuels by fermentative microorganisms. Consequently, the choice of appropriate
microorganisms for assimilation of these monomers is pivotal for successful fer-
mentation. For example, green and red macroalgae contain relatively high levels of
accessible fermenting sugars that can be fermented by common tractable
microorganisms such as Saccharomyces cerevisiae. Conversely, biofuel production
from brown macroalgae (with alginate as the main carbohydrate) is limited by the
availability of microorganisms that can metabolize alginate.

Prior to fermentation by an appropriate ethanologenic microorganism, S. cere-
visiae, for example, the carbohydrate fraction of macroalgae is usually released by
physical and chemical treatments. The most widely adopted pretreatment is
hydrothermal treatment with acid or alkali. These treatments release the polymers
from the algal cell wall. However, these methods usually lead to the formation of
fermentation inhibitors [96]. To reduce the toxicity of these treatments and also
favor the availability of sugars to the fermentative microorganism, some studies
have combined mild pre-treatments with enzymatic saccharification leading to
improved ethanol productivities. Adams and coworkers combined enzymatic sac-
charification of extracts derived from the brown macroalgae, Saccharina latissimi,
with fermentation by the ethanologenic S. cerevisiae. A laminarinase was also used
to hydrolyze laminarin into glucose which was fermented to ethanol by the yeast.
Ethanol yield obtained was 0.45 % (v/v) [97]. However, mannitol present in S.
latissimi extracts was not consumed by S. cerevisiae. A microorganism with a more
versatile sugar metabolism would allow more efficient conversion of the mixed
carbohydrates in seaweed extracts. Thereby, simultaneous fermentation of mannitol
and laminarin was performed by the yeast Pichia angophorae CBS 5830 in extracts
of the brown algae Laminaria hyperborean. The Pichia yeast is able to convert
mannitol and glucose into ethanol as well as hydrolyzing laminarin as it produces
laminarinase. In this study, the maximum ethanol yield obtained was 0.43 g
ethanol/g substrate [98]. In another study, extracts of Laminaria digitata were
fermented by P. angophorae as in the above example. However, the addition of
commercial laminarinase enzyme in the extract expedited the hydrolysis of lami-
narin and hence led to increase the ethanol yield to 0.89 % (v/v) [99].

Another microorganism capable of metabolizing mannitol and glucose is
Escherichia coli. An engineered ethanologenic E. coli KO11 (ATCC55124) that
contained the Zymomonas mobilis ethanol production genes [100] was used to
produce ethanol from brown macroalgae. The acid lysates of Saccharina japonica
(Laminaria japonica) treated with enzymes released high concentrations of glucose
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and mannitol, and thus simultaneous saccharification and fermentation
(SSF) resulted in a final ethanol yield of up to 29 g/L [101].

In these studies, the main fermentation sugars were mannitol and glucose
derived from laminarin, but in brown macroalgae the major carbohydrate content is
alginate, which is underused due to the lack of an efficient alginate saccharification
method. Jang and coworkers tried to increase the use of the macroalgae sugar
content by employing Bacillus sp. JS-1 for saccharification, a marine bacterium
isolated from seawater capable of degrading different seaweed polysaccharides such
as alginate, fucoidan and laminaran. In this study, extracts from S. japonica treated
with thermal acid hydrolysis were inoculated with Bacillus sp. JS-1 and
P. angophorae KCTC 17574. The combination of thermal acid hydrolysis with
saccharification by Bacillus sp. JS-1 increased the release of reducing sugars from
S. japonica by threefold compared to treatment of thermal acid hydrolysis alone.
Whereas, combination of thermal acid hydrolysis with enzymatic treatment using a
commercial α-amylase (Termamyl 120 L) gave a twofold increase of sugar release.
The maximum ethanol concentration obtained by SSF with Bacillus sp. JS-1 and
P. angophorae KCTC 17574 was 9.8 mL/L [*1 %, (v/v)] [102].

These studies revealed that the customization of saccharification methods
depending on the mixed carbohydrates from macroalgae together with the selection
of an appropriate fermentative microorganism would increase bioethanol produc-
tion. Pursuant to this goal, the most promising SSF approach is engineering the
fermentative microorganism to combine saccharification enzyme production, car-
bohydrate degradation and monosaccharides metabolism, and ethanol formation in
a single-process step.

Along these lines, Sphingomonas sp. A1 is an interesting candidate for metabolic
engineering. Sphingomonas sp. A1 is a Gram-negative alginate-assimilating bac-
terium that directly incorporates alginate into the cytoplasm through a periplasmic
alginate-binding protein-dependent ATP-binding cassette transporter. In the cyto-
plasm, alginate is degraded to monosaccharides by endo- and exotype alginate
lyases. The released monosaccharides are then metabolized to pyruvate. By intro-
duction of an ethanologenic pathway, pyruvate from alginate degradation can be
redirected to produce ethanol. Takeda and coworkers engineered an ethanologenic
Sphingomonas sp. A1 by introducing the pyruvate decarboxylase (pdc) and alcohol
dehydrogenase B (adhB) genes from Zymomonas mobilis under the control of a
strong constitutive promoter isolated from Sphingomonas sp. A1 [103]. Also, the
lactate dehydrogenase gene (ldh) was deleted to redirect the carbon flux to pro-
duction of ethanol. The combination of these modifications led to a maximum of
13 g/L of ethanol after 3 days of incubation [103].

One of the most remarkable breakthroughs in the field was the development
of consolidated bioprocessing (CBP) for production of biofuels from macroalgal
biomass by Wargacki and coworkers. In this work, an E. coli platform that can
degrade, uptake, and metabolize alginate to produce ethanol was constructed [70].

Initially, an alginate lyase (Aly) secretion system was created. A truncated Aly
from Pseudo-alteromonas sp. SM0524 (tSM0524 Aly) was fused to an engineered
portion of the antigen 43 (Ag43) which allowed the extracellular release of the
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functional tSM0524 Aly. This step enabled the degradation of alginate into
oligoalginate without the need of thermal and chemical pretreatment or enzymatic
saccharification before fermentation. The next step was the identification and iso-
lation of a putative alginate-metabolizing gene cluster from the marine bacterium V.
splendidus 12B01 that enabled oligoalginate transport and conversion into pyruvate
and glyceraldehyde-3-phosphate. The metabolic pathway was further optimized by
expression of auxiliary genes. The putative alginate-metabolizing pathway allowed
oligoalginates to pass through the outer membrane to the periplasmic space via
porin (KdgM-KdgN). Then, oligoalginates were further degraded into smaller
oligomers by alginate lyases (AlyABCD). The symporter (ToaABC) transported the
oligomers to the cytoplasm where oligoalginate lyases (OalABC) degraded
oligomers into monomers that were spontaneously transformed into DEH. DEH
reductase (DehR) reduced DEH into KDG which is phosphorylated by KDG kinase
(KdgK) into KDPG. Finally, KDG-6-phosphate aldolase (Eda) cleaved KDPG into
pyruvate and glyceraldehyde-3-phosphate (Fig. 5.2) [70]. The alginolytic E. coli
platform was further engineered to efficiently produce ethanol. To this end, the
pyruvate decarboxylase (pdc) and alcohol dehydrogenase B (adhB) genes from
Zymomonas mobilis were integrated into the genome. Additionally, pflB-focA,
frdABCD, and ldhA genes were deleted to avoid the synthesis of fermentation
by-products [70]. The E. coli strain and the copy number of the alginate-
assimilating cluster and the ethanologenic pathway were optimized to enhance the
microbial platform performance. E. coli ATCC8739 exhibited faster growth rates in
pre-degraded alginate media than other strains evaluated. Also, single copy of each

Fig. 5.2 Metabolic pathway for alginate degradation and ethanol production in an engineered
E. coli. Alginate lyase (Aly, endo-type) degrades the alginate polymer into oligoalginate. These
oligomers pass through the outer membrane (in black) to the periplasmic space via porin
(KdgM-KdgN) (in blue). Then, oligoalginates are further degraded into smaller oligomers by
alginate lyases. The symporter (ToaABC) (in red) transports the oligomers to the cytoplasm where
oligoalginate lyases (Oal, exo-type) degrade oligomers into monomers of uronic acid that are
spontaneously transformed into DEH (4-deoxy-L-erythro-5-hexoseulose uronic acid). DEH
reductase (DehR) reduces DEH into KDG (2-keto-3-deoxy-D-gluconate) which is phosphorylated
by KDG kinase (KdgK) into KDPG (2-keto-3-deoxy-6-P-gluconate). Finally, KDPG aldolase
(Eda) cleaves KDPG into pyruvate and G3P (glyceraldehyde-3-phosphate). G3P is converted into
pyruvate through the glycolysis metabolic pathway. Pyruvate can be redirected to be converted
into ethanol by the introduction of an ethanologenic pathway. G, guluronic acid; M, mannuronic
acid

5 Characterization and Engineering of Seaweed Degrading Enzymes … 117



pathway (alginate-metabolizing and ethanologenic) was found to produce higher
ethanol titers [104]. The resulting strain (BAL1611) was evaluated for its ability to
ferment S. japonica extracts. BAL1611 produced an average of 37 g/L of ethanol
from dry milled brown macroalgae, which represented a final titer of*4.7 % v/v of
ethanol [70, 104].

Similarly, Enquist-Newman and coworkers developed a yeast platform that can
simultaneously metabolize DEH and mannitol to produce ethanol [105]. Due to the
lack of the metabolic machinery for alginate and/or DEH assimilation, the yeast S.
cerevisiae cannot utilize either alginate or DEH. Therefore, several approaches
were needed to achieve an ethanologenic DEH-assimilating strain. To this end, the
DEH transporter AcDHT1 was identified from the alginolytic eukaryote
Asteromyces cruciatus. This transporter was highly induced when A. cruciatus was
grown on alginate. Also, yeast cells containing this transporter showed improved
growth on DEH-containing media. Another important development was the iden-
tification of essential mannitol catabolism genes. The expression of an NAD+-
dependent mannitol-2-dehydrogenase (M2DH) (encoded by yel070w/ynr073c) and
a mannitol transporter (encoded by hxt13/hxt17) were critical for mannitol assim-
ilation in yeast. Finally, the encoding genes for DEH reductase, KDG kinase and
KDPG aldolase, involved in DEH assimilation from different bacteria were studied.
Those with maximum specific activity were overexpressed in the engineered yeast.
Since the growth rate in DEH medium was low, the authors implemented an
adaptive evolution strategy for several months to enhance the efficiency of DEH
metabolism in aerobic and microaerobic conditions. BAL3215, the adapted strain
containing the Vibrio harveyi DEH reductase (VhDehR), which uses both NADH
and NADPH efficiently, stood out as the strain with improved ability to produce
ethanol from mannitol and DEH in microaerobic conditions. Ethanol titers of 4.6 %
(v/v) were obtained from fermentation of DEHU:mannitol 1:2 molar ratio, repre-
senting 83 % of the maximum theoretical yields [105]. This study also revealed the
relevance of the cofactor balance for efficient ethanol production from macroalgae
derived sugars. Contador and coworkers developed a genome-scale metabolic
model that simulated the cellular behavior of the engineered yeast platform under
macroalgal sugar fermentation to analyze the redox balance. The model pointed out
the NADH-NADPH bias of DehR as the main determinant factor for efficient
ethanol production. The model also detected other metabolic limitations that would
be difficult to determine by other means. The authors suggested that this sort of
metabolic model would help to improve the performance of the ethanol fermen-
tation from alginate and mannitol [106].

Recently, the metabolic pathway for assimilation of 3,6-anhydro-L-galactose
(AHG) has been elucidated. Red macroalgae contain high amounts of agar which is a
combination of agarose and agaropectin. The enzymatic treatment of agarose with
β-agarases and neoagarobiose hydrolase released β-D-galactose and AHG [107].
Galactose can be easily fermented by tractable microorganism, whereas AHG is an
unusual sugar that is not fermented. To harness the full potential of redmacroalgae for
biofuel production, it was essential to discover the key enzymes that allow the cat-
abolism of AHG. Yun and coworkers identified two essential enzymes for AHG
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assimilation from Vibrio sp. strain EJY3. A NADP+-dependent AHG dehydrogenase
(VejAHGD) oxidized AHG to 3,6-anhydrogalactonate (AHGA) which is
subsequently isomerized to 2-keto-3-deoxy-galactonate (KDGal) by a
AHG Acycloisomerase (VejACI). Then, KDGal can be converted to 2-keto-3-
deoxy-6-phosphogalactonate (KDPG), which is a key metabolite in the galactonate
metabolic pathway. The authors reconstructed the AHG assimilation pathway in an
ethanologenic E. coliKO11. This engineered strain was able to produce ethanol from
a lysate of agarose (containing galactose and AHG), and showed a 24 % increased
ethanol production than the control with an empty vector. Further optimization of the
metabolic pathway will increase the ethanol production from red macroalgal carbo-
hydrates [108].

Ethanol is not the only biofuel that has been produced by macroalgal carbo-
hydrate fermentation. The so-called ABE fermentation produces acetone, butanol
and ethanol by anaerobic fermentation of sugars. Bearing in mind the high content
of sugars that macroalgae contain, it is presumed that the ABE fermentation of algal
carbohydrates will produce acetone, butanol and ethanol. Thermal lysates of the
green macroalgae Ulva lactuca treated with cellulases released glucose, rhamnose
and xylose that were fermented by Clostridium acetobutylicum and Clostridium
beijerinckii producing 0.35 g ABE/g sugars. The authors also found that
1,2-propanediol was produced. A study in more detail unveiled that C. beijerinckii
produced 1,2-propanediol from rhamnose. The authors suggested that
rhamnose-rich seaweeds can be used as feedstock for 1,2-propanediol production
[109].

Anaerobic digestion (AD) is another approach that has been used to obtain bio-
fuels from macroalgae. AD comprises a bacterial consortium that performs a number
of sequential biological processes (hydrolysis, acidogenesis, acetogenesis and
methanogenesis) that convert a feedstock into methane and carbon dioxide. In the
first step, hydrolytic bacteria release sugars and amino acids. These are converted into
volatile fatty acids (VFA) as carboxylic acids and alcohol by acidogenic bacteria.
Then, acetic acid, hydrogen and CO2 are produced from VFA, and subsequently
converted in methane and CO2 by methanogenic bacteria [95]. The biomethane
yields reported from different macroalgae range between 0.12 to 0.48 m3 CH4/kg
volatile solids (VL) [21]. However, little is known about the bacterial communities
involved in the anaerobic degradation of macroalgal biomass. Recently, Kita and
coworkers unveiled the bacterial consortium structure and alginate-degrading path-
way in an alginate-assimilating microbial community obtained from sand from
Hiroshima Gulf in Japan [110]. The metagenome study revealed that almost 98 % of
the bacterial species were related to Clostridium, Citrobacter and Dysgonomonas
genera, and two species related to Clostridiaceae bacterium SK082 and
Dysgonomonas capnocytophagoides dominated the consortium followed by a third
one related to Citrobacter freundii. The authors also determined the presence of all
the genes involved in the metabolic pathway of alginate. They found 10 putative
alginate lyase genes, 9 putative KDG reductase genes, 6 putative KDG kinase genes,
and 6 putative KDPG aldolase genes which are the essential genes involved in the
degradation of alginate to glyceraldehyde-3-phosphate and pyruvate. Further
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elucidation of the role of each strain in the degradation and metabolism of alginate
was made. The Clostridium species seemed to contain alginate lyases, KDG
reductases, KDG kinases, and KDPG aldolases. Citrobacter species contained KDG
kinases and KDPG aldolases, so it was concluded that they were not involved directly
in the degradation of alginate. The contribution ofD. capnocytophagoides to alginate
degradation was unclear as only KDG reductase genes were confirmed, which barely
justify why it was a dominant strain in the consortium [110].

More studies of the metagenomic kind will uncover microorganisms and their
algal-carbohydrate-metabolizing pathways generating a wealthy source of options
for metabolic engineering of a tractable microorganism for efficient assimilation of
macroalgal carbohydrates, and eventually their conversion not only into ethanol but
also into value added chemicals.

5.6.2 Other Chemicals

Macroalgae biomass has great potential in the production of added value biochemical
other than biofuels. In a recent study, 2,3 butanediol and acetoin (BA) were produced
by an engineered E. coli from macroalgal biomass. S. japonica lysates treated with a
cocktail of commercial enzymes were fermented with an E. coli strain containing a
synthetic 2,3 butanediol pathway from Enterobacter aerogenes KCTC 2190. The
final yield of the fermentation was 0.43 g/g of BA [111].

The production of L-lactate from macroalgal biomass has been also reported. In
this case, the L-lactate dehydrogenase from Streptococcus bovis/equinus was
introduced in an E. coli strain where synthesis of the competing by-product was
blocked. S. japonica lysates treated with a cocktail of commercial enzymes were
fermented with the engineered E. coli to produce 37.7 g/L of L-lactate with 80 % of
the maximum theoretical yield [112]. Similarly, pyruvate was produced from
alginate by an engineered Sphingomonas sp. strain A where the D-lactate dehy-
drogenase gene (ldh) was deleted. The concentration of pyruvate was 4.6 g/L,
representing 18.6 % of theoretical yield [113].

Alginate lyases and oligoalginate lyases have been used to produce DEH that
can be converted into 2,5-furandicarboxylic acid (FDCA). FDCA has generated
great interest as it can be used as a precursor for the synthesis of polyethylene
terephthalate (PET), nylons, jet fuels, and otherdiol-, diamine-, or dialdehyde-based
chemicals [114].

On the other hand, algal carbohydrate degrading enzymes can be used to release
oligosaccharides. Some of these oligosaccharides have shown bio-activity with
applications in medicine and cosmetics. In this case, the use of enzymes is even
more relevant due to their high specificity, and also the mild reaction conditions
preserve the integrity of the native chemical structure (maintaining the bioactivity
of the oligosaccharide). Further, physicochemical treatments used to release
oligosaccharides lead to the formation of toxic by-products [96] that must be
removed prior to use in medicine or cosmetics. Thus, by employing enzymatic
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treatments, expensive and tedious purification steps to eliminate these toxins can be
avoided [40].

Fucoidanases or α-L-fucosidases can modify the algal polysaccharide fucoidan.
These enzymes preserve the sulfation pattern, and thus the bioactivity of fucoidans is
retained. It has been reported that fucoidan oligosaccharides obtained by enzymatic
digestion ofCladosiphon novae-caledoniaekylin inhibited invasion and angiogenesis
of tumor cells, showing a potential antitumor activity [115]. Also, fucoidan
oligosaccharides can generate plant immunity against virus as described by
Klarzynski and coworkers. The authors showed that fucoidan oligosaccharides pre-
pared from enzymatic digestion of Pelvetia canaliculata stimulated defense against
the tobacco mosaic virus (TMV) in Nicotiana tabacum plant [116]. Similarly,
κ-carrageenases have been used to produce κ-carrageenans oligosaccharides
that showed in vivo and in vitro anti-tumor and anti-angiogenic activity [117–119].

The application of algal-carbohydrate degrading enzymes to produce oligosac-
charides is still in the early stages. Many enzymes are not presently commercially
available thus making their implementation on an industrial scale not competitive
enough, in part due to the high enzyme cost.

5.7 Conclusions and Perspective

Marine macroalgae are attracting great attention as a promising feedstock for
production of both biofuels and chemicals, showing several advantages over ter-
restrial plant biomass feedstocks. Their potential in biorefinery lies in their high
content of carbohydrates. These carbohydrates are generally complex and show
diverse sugar composition, some of them exclusive to seaweed biomass. Thus, the
depolymerization of these carbohydrates needs specific enzymes capable of
releasing the uncommon sugars. Then, the transformation of these sugars into
biofuels and chemicals by a fermenting microorganism requires specialized meta-
bolic pathways that convert sugars into cellular metabolites. These specialized
enzymes and metabolic pathways are not evenly distributed in nature. Actually,
tractable microorganisms lack some of these assimilating mechanisms. Recent
studies elucidated the alginate and agarose metabolism of a few microorganisms.
However, more efforts are needed to discover the metabolism of agaropectin and
carrageenan to exploit the full potential of seaweed polysaccharides.

Metabolic engineering approaches allowed the development of fermenting
microorganisms that convert algal carbohydrates into biofuels. However, the lim-
ited number of known microbial mechanisms hinders further development.
Therefore, the discovery, isolation and characterization of new degrading enzymes
and pathways are key steps for the development of improved fermenting
microorganisms capable of converting efficiently macroalgal carbohydrates into
biofuels and biochemicals.

The exploitation of seaweeds, and hence their carbohydrates in biorefinery not
only depends on improved enzymes and engineered microorganisms, but requires
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improved seaweed farming and harvesting technologies. The biochemical compo-
sition, carbohydrate content and growth rate of macroalgae vary depending on the
species, the period of harvesting and growth temperature. Thus, the farming tech-
nology should consider these features to obtain maximal mass-cultivated produc-
tivities to sufficiently supply feedstocks for industry [19].

Despite the challenges to be overcome before industrial exploitation, current
developments mitigate key bottlenecks that hindered the practical implementation
of macroalgal carbohydrates-degrading enzymes and assimilating pathways. It is
envisaged that future efforts will make feasible the cost-effective exploitation of
these systems for biofuel and value added chemical production.
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Chapter 6
Ex Vivo Enzymatic Conversion
of Non-food Cellulose Biomass to Starch

Chun You and Y.H. Percival Zhang

Abstract To meet the world’s rising future food/feed needs, outputs of modern
agriculture must grow substantially while minimizing agriculture’s environmental
footprint and conserving biodiversity. In this chapter, we propose an ex vivo
synthetic enzymatic pathway to enable the transformation of non-food cellulose to
amylose, a high-value linear starch, meanwhile glucose released by enzymatic
hydrolysis of cellulose is used to produce ethanol and/or single-cell protein by yeast
fermentation in the same vessel. The strategy of simultaneous enzymatic bio-
transformation and microbial fermentation is the basis of new biomass biorefineries
that would address the food, fuels, and environment trilemma by coproducing
food/feed, biomaterials, and biofuels from the most abundant renewable biore-
source—non-food lignocellulosic biomass. Toward this development, new direc-
tions pertaining to pretreatment of lignocellulosic biomass and advanced enzyme
engineering are discussed to increase the efficiency of saccharification.

Keywords Bioeconomy � New biorefinery � Food and feed � In vitro synthetic
biology � Synthetic amylose � Food-energy-water nexus

6.1 Introduction

The continuing growth of population and food consumption per capita means that
the global demand for food could increase by 70 % by 2050 [1, 2]. In the developed
countries, starch provides at least 35 % of man’s daily intake, whereas, this value
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may go to 80 % in most developing countries, especially in Africa and the Far East.
Increase in the supply of starch food to fight against hunger is becoming a global
challenge. However, approximately 30 % of the world’s arable land and 70 % of
the world’s fresh water withdrawals are being used for the production of food and
feed to support seven billion people [3]. It is difficult to greatly increase arable land
to agricultural use due to its other use and increase freshwater withdrawals. Some
solutions were proposed to solve potential food crisis, like increasing agricultural
resource efficiency, closing yield gaps on underperforming lands, reducing food
waste, and developing genetically modified (GM) crops. However, long-term
impacts of GM cereals as staple food on human health are not clear and their wide
acceptance is in heated debates, especially in China and Europe [4, 5]. On the other
hand, modern agriculture is also environmentally destructive, because some forests
have been cut down and wetlands have been drained, more use of fertilizers and
pesticides have caused serious environmental problems, such as changes in
ecosystems, nonpoint water runoff pollution, climate changes, and decreased bio-
diversity [6].

Cellulose and starch are both anhydroglucose polymers, which are major
products derived from plant photosynthesis. Cellulose is the supporting material of
plant cell walls and the most abundant renewable bioresource on earth. It is a linear
glucan linked by β-1,4-glucosidic bonds. Annual production of cellulose is esti-
mated to be 100 billion tons [7]. It can be derived from a variety of sources, such as
wood, agriculture residues, perennial plants, and so on. Humans, unlike herbivores,
cannot utilize cellulose-containing biomass as a food source. Starch is the most
important diet component for humans because it provides more than 50 % calories
of healthy diets. It is a polysaccharide consisting of a large number of anhy-
droglucose units joined together primarily by α-1,4-glucosidic bonds and
α-1,6-glucosidic bonds. Three major crops for producing starch-rich seeds are
maize, rice, and wheat. However, dedicated cereal crops produce approximately 2.8
billion tons of starch-rich cereals annually, much less than annual cellulose pro-
duction (Fig. 6.1). Due to the same building block (i.e., anhydroglucose) of cel-
lulose and starch, the cost-effective transformation of non-food cellulose to edible
starch could drastically enhance food security, while revolutionizing agriculture
from cultivating annual seed-harvesting plants to perennial cellulose-rich plants,
maintaining biodiversity, minimizing agriculture’s environmental footprint,
decrease inputs of fertilizers and herbicide, lowering energy consumption of
farming machinery, and conserving fresh water [8]. This transformation cannot be
done efficiently by microorganisms because of inherent side-reactions of microor-
ganisms and cellular membrane that can prevent large molecular weight polymeric
compounds such as cellulose and starch to go through. However, ex vivo synthetic
enzymatic biosystems can implement this seemingly mission impossible task by
assembling cascade enzymes outside cell membranes. Such ex vivo systems have
many appealing advantages, like high product yield, faster reaction rate, great
engineering flexibility, and high tolerance to toxic compounds [9–15].
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Here we demonstrate simultaneous (ex vivo) enzymatic transformation and
microbial fermentation that can transform cellulosic materials to starch, ethanol, and
single-cell protein in one pot.

6.2 Transform Cellulose to Starch

An ex vivo enzymatic pathway has been designed to transform cellulose to syn-
thetic amylose in an aqueous solution (Fig. 6.2a) [16]. This enzyme cocktail has
two modules: (1) partial hydrolysis of cellulose to cellobiose by an optimized
mixture of cellobiohydrolase (CBH) and endoglucanase (Endo), and (2) amylose
synthesis by utilizing cellobiose phosphorylase (CBP) and potato alpha-glucan
phosphorylase (PGP). In this system, CBP converts cellobiose to glucose
1-phosphate (G1P) and glucose in the presence of phosphate ions; PGP adds one
glucose unit from G1P at the nonreducing end of amylose, and phosphate is
recycled to maintain nearly constant pH and phosphate levels (Fig. 6.2a). To
eliminate glucose inhibition, the ethanol-producing yeast Saccharomyces cerevisiae
is added to the vessel because the yeast cannot utilize cellobiose and G1P [17, 18].
This bioprocess called simultaneous enzymatic biotransformation and microbial

Fig. 6.1 The annual production of cellulose and starch on earth
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fermentation can transform pretreated biomass to amylose, ethanol, and yeast as a
single-cell protein in one bioreactor.

It is important to identify the right enzymes suitable for this ex vivo biotrans-
formation. Enzymatic cellulose hydrolysis usually requires synergistic action of
EG, CBH, and beta-glucosidase (BG) to yield glucose. But in our process,
beta-glucosidase is not allowed because this enzyme hydrolyzes cellobiose to
glucose, which cannot be added to starch chains. We tested the combinations of two
EGs [family 5 Bacillus subtilis EG (BsCel5) and Trichoderma spp. EG II
(TrCel5A)] and three CBHs family 7 Trichoderma spp. CBH (TrCel7A), family 9

Fig. 6.2 The enzymatic transformation of converting cellulose to starch by endoglucanases
(EGs), cellobiohydrolases (CBHs), cellobiose phosphorylase (CBP), and potato alpha-glucan
phosphorylase (PGP), and the residual glucose was taken up by yeast to produce ethanol (a).
Characterization of synthetic starch by iodine test (b), cross-polarization magic angle spinning
(CP/M AS) 13C-NMR (c) and FTIR (d). Tube 1: cellulose-suspended solution; tube 2: cellulose
solution plus iodine/potassium iodide; tube 3: water-soluble synthetic starch solution made from
cellulose mediated by the four-enzyme cocktail; tube 4: synthetic starch solution plus
iodine/potassium iodide; tube 5: precipitated starch by ethanol addition; and tube 6: precipitated
starch when the mixture was supplemented with glucose oxidase [16]
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Clostridium phytofermentans CBH (CpCel9), and family 48 C. phytofermentans
CBH (CpCel48). Based on cellobiose yield and the cellulose degradation, the best
cellulase combination on regenerated amorphous cellulose [19] (RAC, high surface
area, prepared from Avicel) to cellobiose was bacterial BsCel5 and fungal TrCel7A.
For starch synthesis, three combinations of the Clostridium thermocellum CBP
(CtCBP) and one of the three αGP (from potato, Solanum tuberosum and two
thermophilic bacteria, C. thermocellum and Thermotoga maritima) were tested for
the synthesis of amylose from cellobiose. Potato αGP (PGP) has the strongest
ability to generate amylose from low concentration of cellobiose (5 mM), while
αGP from T. maritima can only generate a little amylose from high concentration of
cellobiose (50 mM); and αGP from C. thermocellum cannot generate any amylose
from very high concentration (200 mM) of cellobiose. This study suggests the
importance of identification of right enzymes used in such ex vivo pathways.

One-pot biotransformation of RAC to amylose was performed by four enzymes,
Bscel5, TrCel5A, CtCBP, and PGP, in 0.5 ml of reaction volume (Fig. 6.2b).
The RAC slurry (Fig. 6.2b, tube 1) was completely hydrolyzed and then converted
into amylose (tube 3). The synthetic amylose exhibited a deep blue color in the
presence of iodine (tube 4), whereas the negative control (cellulose/iodine) was
yellow (tube 2). The soluble amylose was precipitated by the addition of ethanol
(tube 5). The amylose yield was 14.4 % (wt/wt) (i.e., 0.144 g of amylose per gram

Fig. 6.3 Homology structure comparison between PGP (green) and Clostridium thermocellum
alpha-glucan phosphorylase (purple and red), the circled regions represent cap structure of PGP
(a) and photos of starch-synthesizing ability (b) based on cellobiose mediated by CBP and
wild-type PGP (Tube 1), partially decapped PGP (Tube 2) or completely decapped PGP (Tube 3)
[16]
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of cellulose), and the number-average degree of polymerization (DP) was *150.
The addition of glucose oxidase to remove glucose, a strong inhibitor of CBP,
resulted in a yield increase of 30.0 %. And the formation of amylose was also
validated by 13C-NMR and FTIR (Fig. 6.2c, d).

Alpha-glucan phosphorylase from C. thermocellum and T. maritima were tested
for the negative production of amylose from cellulose. Comparison of the primary
sequences of these three αGP indicates that the residues involved in substrate
binding and catalysis are fairly conserved. However, homology modeling of the
structures of the three αGPs reveals that potato αGP has a special cap consisting of
residues from 478 to 561, which was absent in the other two bacterial enzymes
(Fig. 6.3a). This cap structure can be observed in many plant αGPs, e.g., from
sweet potato (Ipomoea batatas), spinach (Spinacia oleracea), rice (Oryza sativa),
and wheat (Triticum aestivum) but as yet reported in bacteria. We hypothesized that
the polypeptide cap on the catalytic site of PGP was responsible for driving low
concentration G1P toward the synthesis of amylose. We designed two PGP deletion
mutants—one had a part of the cap sequence removed and the other without the
entire cap. In the buffer containing cellobiose and CBP, the partially “decapped”
PGP (PGP-PDC) had decreased amylose synthesis ability compared to the
wild-type enzyme (Fig. 6.3b, tube 2), whereas, the completely decapped PGP
(PGP-CDC) lost all the activity (Fig. 6.3b, tube 3). The kinetic parameters, Km and
kcat values of PGP, PGP-PDC, PGP-CDC, C. thermocellum αGP and T. maritima
αGP are compared in Table 6.1. The complete removal of the cap of PGP decreased
the kcat/Km values from 3.33 to 0.43 mM−1 s−1 in the starch synthesis direction and
from 0.55 to 0.06 mM−1 s−1 in the starch degradation direction. Compared to the C.
thermocellum αGP, PGP has a higher kcat/Km value in the synthesis direction and a
lower kcat/Km in the degradation direction, suggesting that wild-type PGP has a
preferred function for starch synthesis to degradation.

These enzymes were used to produce amylose from pretreated natural biomass,
such as diluted acid-pretreated and cellulose solvent- and organic solvent-based
lignocellulose fractionation (COSLIF)-pretreated corn stover [20]. In those reac-
tions, nonutilized glucose units generated from the cellulase and CBP were
assimilated by the baker’s yeast; the baker’s yeast can produce ethanol or other
biochemical or single-cell proteins. Because typical baker’s yeast cannot utilize
cellobiose and G1P, adding yeast in this reaction system can increase the product
yield by removing glucose which is the inhibitor of cellobiose phosphorylase [17,
18]. Under the tested conditions, the amylose yields were 23 and 2 % for
COLISF-pretreated corn stover and dilute acid pretreated corn stover, respectively.
This data indicated that starch can be produced from pretreated natural
lignocellulose.
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6.3 Proposed Methods to Increase the Efficiency
of Converting Cellulose to Starch

The cost-effective transformation of non-food cellulose to starch could revolu-
tionize agriculture and the fledgling bioeconomy, while maintaining biodiversity,
minimizing agriculture’s environmental footprint, and conserving fresh water [8].
This transformation would not only promote the cultivation of plants chosen for
rapid growth rather than those optimized for starch-rich seed production, but it
would also efficiently utilize marginal land for the production of the biomass
required to meet the increasing needs of biofuels and renewable materials [21–23].
Therefore, increasing the efficiency of converting cellulose to starch could lead to
the sustainable agricultural revolution.

6.3.1 Increasing Cellulose Pretreatment Efficiency

The goal of biomass pretreatment is to improve the enzymatic digestibility of
pretreated lignocellulosic biomass. Many factors, such as substrate accessibility to
hydrolytic enzymes, lignin content, cellulose degree of polymerization, particle
size, and so on, are related to its recalcitrance [24, 25]. Among these factors,
substrate accessibility is the most important substrate property impacting the effi-
ciency of enzymatic cellulose hydrolysis [20]. Solvent-based biomass pretreatments
can greatly increase cellulose accessibility compared to conventional biomass
pretreatments, e.g., dilute acid, steam explosion and hot water [26]. Solvent-based
lignocellulose pretreatments by using concentrated phosphoric acid and ionic liq-
uids have the apparent advantages of: high glucan digestibility at low enzyme
loading; fast hydrolysis rate; and potential revenues from separated coproducts
(e.g., hemicellulose, lignin). In such case, an ideal solvent should be able to dis-
solve cellulose at modest temperature (i.e., low energy input and less sugar
degradation) and those of wet cellulose so that no biomass drying step is required.
In addition, the solvent should be highly recyclable nonvolatile or highly volatile
for easy recycling; thermostable and chemostable for an unlimited number recy-
cling; and nontoxic to the sequential steps of enzymatic hydrolysis and microbial
fermentation. High cellulose dissolution capacity (>10 wt% cellulose/vol) and fast
diffusion rate in solid lignocellulose composite are additional desirable properties of
such a solvent system [26].

6.3.2 Increasing PGP Thermostability

Because PGP loses its activity quickly above 45 °C, the reaction is better be per-
formed at 37 °C despite the other enzymes can work at about 50 °C, resulting in
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low reaction rate of the whole process. High thermostable αGP which favors starch
synthesis is required to increase the efficiency of this ex vivo enzymatic pathway.
Plant αGPs should have the best ability for starch synthesis compared to microbial
homologs. However, few plant αGPs can work at >50 °C. In lieu of using naturally
occurring enzymes, an option is to engineer current PGP to a thermostable one by
protein engineering via directed evolution or rational design. Accordingly, a mutant
library of PGP was generated by error-prone PCR, and the mutated plasmid library
was transformed in Escherichia coli BL21 (DE3). Screening for the more stable
PGP mutants at 50 °C on agar plates containing 0.05 % soluble starch had been
described by Yanase et al. [27]. Blue spots stained by iodine solution on the filter
indicated the presence of active PGP after heat treatment. Three mutations (F39L,
N135S, and T706I) combined together enhanced the thermostability of PGP sig-
nificantly without compromising activity, retaining almost all the activity after heat
treatment at 60 °C for 2 h while wild-type enzyme was completely inactivated.

6.3.3 Use of Commercial Cellulases

In our previous work, we used a bacterial cellulase, BsCel5 endoglucanase that was
expressed and purified from recombinant E. coli strain, and a purified Trichoderma
cellobiohydrolase (TrCel7A). Bacterial cellulase is not as good as the secreted
Trichoderma cellulase, because of its high production cost based on E. coli cell
culture. Novozymes and Genencor (Dupont) are selling less costly (e.g., $20/kg dry
weight of cellulase) cellulase mixture products, like CTec2, HTec2, etc., that are
highly efficient in converting amorphous cellulose to glucose. However, these
commercial cellulases contain β-glucosidase activities that are designed to hydro-
lyze cellobiose to glucose. Hence, it is important to selectively remove
β-glucosidase or produce β-glucosidase-free cellulase cocktail to meet our special
need here.

6.3.4 Engineering of Yeast

The yeast S. cerevisiae used in simultaneous enzymatic biotransformation and
microbial fermentation (SEBF) could be further improved by strain development. In
general, yeast has been engineered to produce ethanol from cellulose directly by the
expression of foreign cellulases including EG, CBH, and EG [28–33]. These three
enzymes could be assembled as an enzyme complex by the interaction between
cohesin and dockerin through synthetic mini-scaffolding that is displayed on the yeast
cell surface. Instead, we just need to replace BGwith CBP and PGP enzymes. So four
enzymes (EG, CBH, CBP, and PGP) and synthetic scaffolding can be expressed in
yeast, and displayed on the yeast cell surface. A cellulose-enzyme-microorganism
(CEM) complex is expected to enable more efficient cellulose hydrolysis, starch
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synthesis, and ethanol production [34]. However, before this is realized, many factors
should be taken into account to improve the efficiency of this ex vivo system, e.g.,
cellulase selection, the number of cohesions and their order in scaffolding, linker
length, and enzyme orientation.

6.4 The Application of Synthetic Linear Amylose

The only way to synthesize pure amylose is by means of phosphorylase-catalyzed
enzymatic polymerization [35, 36] because natural amylose isolated from seeds
always contains some small α-1,6 branches. The length of synthetic linear amylose
can be controlled by the concentration of primer oligosaccharides, G1P concen-
tration, and reaction time. Synthetic amylose could have a variety of application,
from low-value to high-value products (Fig. 6.4). (1) Top-quality synthetic amylose
with a well-controlled degree of polymerization can be used as a chromatographic
column matrix and drug capsule material in the pharmaceutical industry.
(2) Amylose can be used to make biodegradable plastics, where starch-based
plastics account for 50 % of the bioplastic market [37]. High-quality linear amylose
is suitable for producing clear, transparent, and flexible low-oxygen diffusion
plastic sheets and films [38]. (3) Amylose is an important thickener, water binder,
emulsion stabilizer, and gelling agent in the food industry. (4) Food-grade amylose
can be blended with regular cereals and processed to high-amylose tailored foods
for meeting special dietary needs [36, 39]. These lower glycemic load foods can
improve human health and lower the risk of serious noninfectious diseases (e.g.,
diabetes and obesity) [40]. Amylose can be processed to form a resistant starch,
which resists digestion and passes through to the large intestine, where it acts as a
dietary fiber [41]. Slowly digestible and resistant starch has some healthy benefits,
including the prevention and alleviation of metabolic diseases and the prevention of
colon cancer [42]. (5) Medium-quality amylose can be used as a high-density
hydrogen carrier for the enzymatic production of hydrogen, that could solve the
challenges associated with hydrogen production, hydrogen storage, infrastructure,
and safety concerns [13, 43, 44]. (6) Low-quality amylose mixed with yeast cells
can be used as animal feed for nonruminant animals, such as pigs and chickens,
where yeast cells are a protein source. (7) Amylose could be converted into other
food nutrients. To increase amylose digestion efficiency as food/feed, the addition
of the starch-branching enzyme converts linear amylose to branched amylopectin
[45] (Fig. 6.4) that is more water soluble and easily digested than amylose.

The production of the polysaccharides amylose and amylopectin rather than
glucose is essential as key food components because over-consumption of simple
sugars (e.g., glucose and fructose) is strongly associated with noninfectious dis-
eases, such as diabetes and obesity. It is why humans have to eat starch as a major
calories source instead of drinking simple sugar solutions. Starch may be an
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important carbon source to produce other food nutrients, such as in vitro meat,
single-cell proteins, and microbial oil. For example, slowly utilized starch is a better
energy source for cell-free protein synthesis than glucose [46, 47].

6.5 Conclusion

To meet the growing needs of biofuels and renewable materials, as well as food and
feed, we proposed an ex vivo enzymatic pathway along with microbial fermentation
to produce edible starch from cellulose and other value-added products. This
method provides a potential alternative to solve the potential food crisis because
cellulose resource is approximately 40 times the starch food produced by cultivated
crops, whose production requires large amounts of arable land, water, and energy.
Whereas, cellulosic crops like dedicated perennial bioenergy crops (e.g., switch-
grass, bamboo, poplar) can grow on low-quality arable land with higher produc-
tivity, higher water utilization efficiency and less energy-related inputs compared to
cultivated annual crops. So the cost-effective transformation of non-food cellulose
to starch could lead to sustainable agriculture and potentially shape the bioecon-
omy, while maintaining biodiversity, minimizing agriculture’s environmental
footprint, and conserving fresh water. New biorefineries based on this technology
could help address the food, biofuels, and environment trilemma; decrease the
negative impacts of growing food and feed consumption on the environment;
provide healthier food; and promote the bioeconomy. Because ex vivo synthetic

Fig. 6.4 The central role of synthetic amylose made from cellulose as new food sources (e.g.,
resistant starch, soluble amylopectin, in vitro meat, single-cell protein, microbialoil and
high-fructose syrup), biodegradable plastic, and a hydrogen carrier. Reprinted from Ref. [6],
Copyright 2015, with permission from Elsevier
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biosystems cannot duplicate themselves, the large-scale implementation of
cellulose-to-starch in new biorefineries would most likely not raise the questions
about ethics, biosecurity, and biosafety that often confront in vivo synthetic biology
projects.
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Chapter 7
Biorefinery of Lignocellulosics for Biofuels
and Biochemicals

Mingyu Wang and Jin Hou

Abstract Sustainable development of the world’s economy would require a
paradigm shift from the current fossil fuel-based energy and chemical production
model to that of a renewable supply-based model, where lignocellulosic biorefinery
has a great potential. In this chapter, we review and discuss the current knowledge
and progress on biorefinery of lignocellulosics for the production of biofuels and
biochemicals, along with the socio-economic and technical problems this industry
has to tackle. The chemical, microbiological, and technical aspects for the enzy-
matic conversion of lignocellulose to the platform sugars were examined in detail.
In particular, we addressed the cost reduction issue of lignocellulose degradation,
which is otherwise a major impediment of the biorefinery industry. We further
discussed the biotechnological and bioengineering efforts to convert lignocellulosic
sugars to biofuels and biochemicals. These include the predominant biofuel ethanol,
advanced biofuels such as butanol with better compatibility to current infrastruc-
ture, and bulk and fine chemicals such as organic acids and isoprenoids. Various
metabolic engineering strategies were also summarized to enable further develop-
ment of microbial strains for biofuel and biochemical production. We believe that
the renewable lignocellulosic biofuel and biochemical industry are critical con-
tributors to a sustainable future that is independent of the fossil fuels and their
derived products.
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7.1 Biorefinery of Lignocellulosics, a Promising Solution
to Potential Energy and Chemical Shortages

Two of the most significant events in human history are the industrial revolutions
that fundamentally changed the way mankind lives. In approximately 300 years, the
population of mankind increased by roughly ninefold [1], the life expectancy of
people more than doubled [2], and we as a species have evolved from a grounded
land animal to a species that frequently flies and even cruises outer space. These
astonishing achievements were obtained in less than 1 % of our history as an
intelligent species that uses tools and fire [3], which oftentimes amazes anyone who
finds interest in anthropology.

Although we are rightful in being proud of all these miracles we created, we
often mistakenly take these achievements for granted and assume they are
irreversible while we continue neglecting one key fact: these achievements were
almost entirely dependent on the use of fossil fuels, a resource that unfortunately is
nonrenewable and will sooner or later deplete. To date, the majority of our energy
sources are fossil fuels: analysis by experts from U.S. Energy Information
Administration projected over 75 % of our energy supplies are based on fossil fuels
from today to 2040 [4]. While this fossil fuel dependence of energy can be partially
relieved by utilization of other renewable energy sources, a bigger problem of our
society is that a major fraction of our chemicals, one of the pillars for modern life
style and industry, are synthesized from fossil fuels such as petroleum. Imagine the
day (projected between 2043 and 2116) when fossil fuels are depleted [5]
(Table 7.1), without proper and adequate solutions, the human civilization as we
know it will almost certainly collapse due to energy and chemical shortages.

To solve this sustainability problem for both energy and chemicals, we have to
find reliable and sustainable sources for each necessity. All the energy sources that
mankind can utilize now, including fossil fuels, solar energy, wind energy,
bioenergy, tidal energy, nuclear energy, etc., are fundamentally from either nuclear
reactions or the sun. Although nuclear energy is arguably clean, safe, and quite
mature at this stage, it is unfortunately nonrenewable and sooner or later we will
come across the same sustainability problem as the fossil fuels. On the other hand,
solar energy will be almost eternally available to mankind, at least for a few more
billion years. It would be reasonable to develop more efficient and reliable tech-
nologies for harvesting energy from the sun. Although there are many ways to trap

Table 7.1 Predicted fossil fuel depletion time. This table is redrawn using data from [5]

Model Klass model Shafiee model

Oil Coal Natural gas Oil Coal Natural gas

Available time (in years, from 2009) 34 106 36 35 107 37

Depletion time 2043 2115 2045 2044 2116 2046
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solar energy, these technologies do not address the need of chemical sustainability
for the ready supply of organic compounds.

A viable option is to source biomass that is renewable and in abundance. Of all
the available biomass resources on earth, lignocellulosics appear to be the ideal
candidates for both sustainable energy and chemical sources. Lignocellulose is the
primary component of plant cell wall and is therefore present in essentially every
plant, making it the most abundant biomass on earth [6]. In China alone, annually
700 million metric tons of lignocellulosics are available in just the agricultural
sector [7]. To make it even more appealing, unlike starch that is widely used in
first-generation bioethanol production, lignocellulose is unedible. Hence, usage of
this nonfood commodity would not impact food security.

The primary physiological function of lignocellulose is the protection of plant
cells, making it relatively more difficult to decompose and has consequently fewer
applications. On a positive side, this improves the availability of lignocellulosics,
because the majority of lignocellulosics remain unutilized. For instance, approxi-
mately 40–50 % of the straws, one of the best utilized lignocellulosic biomass,
produced in China (300 million metric tons each year) are either burned or wasted
[8, 9].

Unlike solar energy and wind energy that can only be stored in the form of
electricity and are therefore only suitable where a power grid is present, bioenergy
from lignocellulose is stored in the form of chemical bonds and therefore has
superior portability. Most importantly, lignocellulosics can be the source of
chemicals as they are essentially organic matter. This is an unusual attribute that no
other form of renewable resource possesses.

With these properties, lignocellulosics represent an excellent answer to the
forseeable depletion of fossil fuels. It needs to be noted, however, that the full
potential of lignocellulosic biomass can only satisfy approximately 30 % of the
world’s total energy need [10], and other forms of renewable energy need to be
developed in parallel to fully solve the energy sustainability issue. People may
argue that the refinery of lignocellulosics is not urgently needed as they are cur-
rently not economically competitive in comparison with fossil fuel-based energy
and chemicals. However, with the industrialization and modernization of devel-
oping countries, the exponentially increasing demand for energy and chemicals may
lead to a much quicker depletion of fossil fuels than the already short time frame
projected. It will be too late to start developing technologies to replace fossil fuels
when they are depleting, while it is never too early to invest on alternatives for a
forseeable sustainability issue. The consequence of not having an alternative may
be catastrophic. With the decrease of newly discovered oil reserves in recent years
[11], the impact of fossil fuel shortage may strike earlier than expected. Hence, the
whole world needs to take this issue with full seriousness.
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7.2 Key to the Biorefinery Technologies

7.2.1 Chemical, Biological, and Technological Basis
for Lignocellulose Degradation

Three polymeric substances, cellulose (40–50 %), hemicellulose (20–30 %), and
lignin (10–30 %), along with other minor components, e.g., pectin, comprise lig-
nocellulose [12, 13]. This complex substance is the primary structural component of
plant cell wall that gives plants the rigid physical property and protects plants from
external physical, chemical, and enzymatic damage [14]. Cellulose is a relatively
simple polymer composed of glucose moieties connected by b-1,4 glycosidic
linkages. It generally has a crystalline structure where fibers are organized in a
highly ordered manner, although amorphous regions are also present [13, 15]. In
contrast, hemicellulose has a more complicated composition. The backbone of
hemicellulose is composed of a variety of pentoses and hexoses, such as glucose,
xylose, mannose, arabinose, and galactose. Unlike cellulose, side chains are
widespread along hemicellulose fibers. These side chains are composed of sugar
moieties such as xylose, arabinose, and galactose, as well as other molecules
including acetyl groups, glucuronic acids, and ferulic acids [16]. As depicted in
Fig. 7.1, combinations of backbones and side chains lead to the formation of many
types of hemicelluloses including glucuronoxylan, glucomannan, xyloglucan,
galactoglucomannan, arabinoglucuronoxylan, arabinogalactan, arabinoxylan, and
b-1,3/1,4-glucan [16]. While cellulose and hemicellulose are primarily composed of
sugars, lignin is a polymer composed of aromatic building blocks guaiacyl, sinapyl,
and p-hydroxylphenyl units, abbreviated as G, S, and H, respectively (Fig. 7.1)
[17]. An additional significant difference between lignin and the aforementioned
carbohydrates is the versatility and variability of lignin that makes it a diverse and
nonlinear structure where a pattern of repeats is unavailable [18]. These three
polymers are not isolated entities, but rather interconnected with noncovalent and
covalent bonds [19]. These interconnections lead to the formation of a highly
complex and rigid structure in lignocellulose.

The entanglement and interconnection between component polymers lead to a
pervasive recalcitrance of lignocellulosic materials toward degradation by chemical,
physical, or biological means. Biodegradation of lignocellulose is particularly dif-
ficult because of the limit of enzyme accessibility to their substrates as a result of
the tight structure [20]. In nature, the cellulose component of lignocellulose is
degraded by a group of enzymes termed cellulases. These enzymes are glycoside
hydrolases that selectively and effectively degrade b-1,4 glycosyl bonds between
glucose moieties. They include endoglucanases that primarily target the amorphous
region of cellulose and break cellulose fibers into smaller fragments; cellobiohy-
drolases (also termed exoglucanases) that digest cellulose from either reducing or
nonreducing ends of the cellulose fiber and liberate cellobiose; and b-glucosidases
that degrade cellobiose to glucose [21].
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Hemicellulose is degraded in nature by hemicellulases that include a variety of
enzymes belonging to either superfamilies of glucoside hydrolases or carbohydrate
esterases targeting various chemical bonds. They are backbone-digesting enzymes,
such as endo-xylanases, b-xylosidases, b-mannosidases, endo-mannases,
b-glucosidases, and b-galactosidases, and sidechain digesting enzymes such as
a-glucuronidases, a-galactosidases, acetyl xylanesterases, and ferulic acid esterases
[22]. By and large, the degradation of hemicellulose is easier than cellulose because
of a looser structure of hemicellulose, although it requires a more complex enzyme
system.

On the other hand, lignin degradation is most difficult, even though the structure
of lignin is less ordered and linear. The rich aromatic content and the mesh-like
structure are major impediments for the biodegradation of lignin. Nature has pro-
vided oxidative enzymes such as peroxidases (lignin peroxidases, manganese
peroxidases, and versatile peroxidases) along with laccases, many of which come

Fig. 7.1 Structures and building blocks of lignocellulose components
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from brown-rot and white-rot fungi. However, none of these enzyme systems are
particularly robust [23, 24]. A summary of lignocellulosic degrading enzymes and
their target polymers is presented in Fig. 7.2.

Many other auxiliary enzymes also play key roles in lignocellulose degradation,
among which the two most important groups are hydrolases (esterases) that break
the interconnections between components of lignocellulose (e.g., Cip2 from
Trichoderma reesei) and oxidoreductases (e.g., TaGH61 from Thermoascus
aurantiacus) that catalyzes oxidoreductive degradation of lignocellulose [35–38].
The latter group is also termed lytic polysaccharide monooxygenases and classified
as Auxiliary Activity family proteins (AA9, AA10, and AA11) [39].

Fig. 7.2 Lignocellulolytic enzymes and their target polymers. Presented in this figure are the
following enzymes: Cellobiohydrolase I from T. reesei (PDB accession: 1CEL) [25];
Endoglucanase from Humicola insolens (PDB accession: 1DYS) [26]; b-Glucosidase 1 from
T. reesei (PDB accession: 3ZYZ) [27]; Xylanase I from T. reesei (PDB accession: 1XYN) [28];
b-Xylosidase from Thermoanaerobacterium saccharolyticum (PDB accession: 1PX8) [29];
a-Glucuronidase from Geobacillus stearothermophilus (PDB accession: 1K9D) [30]; Acetyl xylan
esterase from Clostridium thermocellum (PDB accession: 2C71) [31]; Ferulic acid esterase from
Aspergillus niger (PDB accession: 1USW) [32]; Lignin peroxidase from Trametes cervina (PDB
accession: 3Q3U) [33]; Laccase from Botrytis aclada (PDB accession: 3SQR) [34]. The red
patches indicate active sites
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The recalcitrance of lignocellulose indicates that it requires an unusually large
dosage of enzymes for degradation. A variety of microbes are known to secrete
enzymes for lignocellulose degradation, among which two groups are used in
industry: filamentous fungi such as T. reesei and Penicillium oxalicum that secrete a
very high level of enzymes—as much as 100 g/L for T. reesei, for example
[40, 41]; and anaerobic bacteria such as Clostridium thermocellum, which assemble
lignocellulases into highly efficient extracellular multimillion Dalton enzyme
complexes, termed the cellulosome, to improve lignocellulose destruction efficiency
[6].

Current lignocellulose decomposition technologies generally focus on the
deconstruction of cellulose and hemicellulose into carbohydrates, while ignoring
lignin due to the difficulties of its utilization [24]. Sugars such as glucose and xylose
thus produced play the role of a central platform molecule that can be further
utilized by various organisms for the production of a variety of products including
energy molecules and other chemicals. Beside this, an alternative is the
Consolidated BioProcessing (CBP) technology where a single microorganism
degrades lignocellulose directly into target products like ethanol. This technology
avoids the compatibility issue between cellulases and sugar-utilizing,
product-yielding organisms, and theoretically improves the efficiency of lignocel-
lulose conversion. For this purpose, there have been quite a few attempts in con-
structing engineered product-yielding organisms like S. cerevisiae that produces
cellulases [42], or the application of natural lignocellulose-utilizing,
ethanol-producing organisms such as C. thermocellum [43]. The former approach
has yet to result in engineered strains with good enough cellulase yields for prac-
tical use. The latter approach is suffering from byproduct issue that hampers target
product yields [44]. Therefore, there is still plenty of room for the improvement of
CBP for industrial applications.

Another promising route is to avoid making sugar as the platform molecule but
rather uses syngas (CO and H2), the product of lignocellulose pyrolysis, for the
production of fuels and chemicals by syngas-utilizing organisms such as
Clostridium ljungdahlii [45]. Although this technical route successfully avoids the
biodegradation recalcitrance issue for lignocellulose, it does not alleviate the
byproduct problem encountered by a related organism, e.g., C. thermocellum [46].
In addition, the byproduct of pyrolysis such as tars can inhibit bacterial growth and
product generation [47].

7.2.2 Technological–Economical Barriers
for Lignocellulose Utilization

Several major technological–economical barriers prevent today’s large-scale uti-
lization of lignocellulose. The most important one results from the aforementioned
lignocellulose recalcitrance toward degradation, which leads to a particularly high
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enzyme dosage and subsequently cost for the bioconversion of lignocellulosics to
sugars. When compared with amylases that degrade starch to glucose for the
first-generation starch-based bioethanol technology, the dosage of cellulases for the
conversion of cellulose to glucose for the second-generation lignocellulose-based
bioethanol technology is approximately 100-fold higher [21]. The cost for enzymes
is estimated to be around 0.2─0.5 US dollars for each liter of lignocellulosic
bioethanol [48–50]. In comparison, starch-based bioethanol technology only costs
approximately 0.01 US dollars on enzymes for each liter of ethanol produced [51].
Considering a 3 USD/gallon retail gasoline price, even at 20 cents/L enzyme cost,
lignocellulosic enzyme costs still take up over 25 % of the total acceptable pro-
duction budget. Therefore, either a major technology breakthrough in enzyme
technology takes place that reduces enzyme cost dramatically, or we will have to
wait for oil price to at least double for the economical production of lignocellulosic
bioethanol. While the latter scenario may be inevitable eventually, the former
solution can actually be achieved in a shorter timeframe by developing efficient,
inhibitor-free and cost-effective lignocellulose pretreatment technologies that are
compatible with downstream enzymatic digestion to decrease the demand for
enzymes, improving lignocellulase production so that the average enzyme price per
FPU (Filter Paperase Unit) is decreased, and improving lignocellulase efficiency so
that a lower dosage of enzymes may be used to efficiently degrade lignocellulose.

A second technological barrier for lignocellulose utilization is the simultaneous
utilization of pentoses and hexoses. The primary product of hemicellulose degra-
dation is xylose, a pentose. While there are numerous xylose-utilizing organisms in
nature, nearly all of them prefer glucose, the product of cellulose degradation, over
pentoses [52]. A common scheme is that organisms will first deplete any available
glucose in the environment before switching to consuming xylose [53]. This phe-
nomenon not only prolongs the production process, but also requires a dramatic
shift of metabolism between the glucose-utilization phase and the xylose-utilization
phase, thus resulting in energy waste and decreased efficiency. A glucose/xylose
simultaneously consuming co-fermentation strategy is therefore preferred, which
will be elaborated in Sect. 7.4.

A third technological–economical barrier for lignocellulose utilization relates to
the efficiency of various pretreatment processes and the associated costs. The effi-
ciency of cellulases digesting natural lignocellulose materials is quite low, therefore
requiring the materials to be pretreated by chemical, physical, or biological methods
to loosen the structure and improve enzyme accessibility [54]. These pretreatment
technologies, while significantly improve enzymatic lignocellulose saccharification,
elicit significant costs and lead to the production of inhibitory substances for
downstream processes [55]. It is estimated that the cost for pretreatment is over 0.2
USD/gallon of bioethanol, over twice of the saccharification and fermentation costs
[56]. This leaves plenty of room for optimization and improvement.

Finally, the availability and collection of raw materials is a major challenge in
large-scale lignocellulosic industries. Most of the lignocellulosic materials used
today are from agricultural, forestry, or urban wastes. Although a lot of them are
underutilized today and the prices are reasonably low, the availability of these
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materials may be challenged in a large-scale scenario, thus driving the cost
up. Additionally, these biomass materials are generally of lower densities, leading
to the increase of collection and transportation costs. There have been attempts to
grow crops that are specifically developed for lignocellulosic fuel and chemical
purposes in places where regular crops are difficult to grow [57]. These attempts
may alleviate or even solve the raw material problem.

The key to the improvement of lignocellulosic biorefinery technologies is to
overcome the above-mentioned technological–economical barriers thus decreasing
the average cost of lignocellulose- based biofuel and biochemical manufacturing.
The following Sects. 7.3 and 7.4 discuss the various improvements that may be
needed.

7.3 High-Efficiency, Low-Cost Production
of Lignocellulose-Degrading Enzymes

Reducing the cost of lignocellulose-degrading enzymes, as discussed in Sect. 7.2.2,
is undoubtedly the key for the reduction of production costs for lignocellulose-
based fuels and chemicals. One way to mitigate the problem is using acid
hydrolysis or pyrolysis for the degradation of lignocellulose, but neither of these
two approaches has yet to see the potential of enzymatic saccharification tech-
nologies. Further research effort is therefore needed on the improvement of
lignocellulose-degrading enzymes to increase efficiency therefore decreasing costs.
To tackle this problem, interdisciplinary efforts in the areas of microbial physiol-
ogy, genetics, protein biochemistry, metabolic/biochemical engineering, strain
mutagenesis and development, as well as process design are warranted, be it of
fundamental nature or applied. This makes the arena of lignocellulose-degrading
enzymes an exemplary project of cross-field collaboration where ideas and inno-
vations by scientists and engineers from all aspects of microbiology and biotech-
nology run into each other and shine when the job is done.

7.3.1 Cellulase-Producing Microorganisms and Their
Enzymes

7.3.1.1 Trichoderma reesei

Originally known as “Trichoderma viride”, T. reesei (syn. Hypocrea jecorina) has a
long history of development since World War II [58]. Today, it is regarded as the
most important cellulase-producing filamentous fungi, the best option for industrial
cellulase production and the model organism for research in cellulase synthesis and
production [59]. After many rounds of mutagenesis from various laboratories, the
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cellulase-producing ability of T. reesei has been improved by nearly an order of
magnitude [21, 40, 58]. The genomic sequence of T. reesei was obtained in 2008.
However, it was much surprising to find that fewer than expected lignocellulose-
degradation-related genes are present than most lignocellulose-degrading filamen-
tous fungi despite its effectiveness in lignocellulose degradation [60]. Key genes
that are involved in lignocellulose degradation include the cellobiohydrolase-
encoding genes cbh1 and cbh2, the endoglucanase-encoding genes eg1 and eg2, the
b-glucosidase-encoding gene bgl1, along with other less important glycoside
hydrolase coding genes [59, 60]. It came to an understanding that T. reesei achieves
the goal of effective lignocellulose degradation by its copious secretion rather than
the versatility of its enzyme cocktail composition. This conclusion was echoed by
the finding that T. reesei enzymes actually lack b-glucosidase activities, which
leads to accumulation of cellobiose and subsequently product inhibition for cellu-
lases [59, 61]. Supplementation with additional b-glucosidases and/or genetic
modification of T. reesei to improve b-glucosidase production had been carried out
to address this issue [62, 63].

7.3.1.2 Clostridium thermocellum

Enzymes from C. thermocellum represent high-efficiency complexed cellulases that
take a different lignocellulose degradation strategy from the quantity-based strategy
adopted by filamentous fungi such as T. reesei. C. thermocellum is a strictly
anaerobic thermophilic bacterium that produces cellulases and hemicellulases in the
form of a highly ordered protein complex-cellulosome [6]. It is the best
lignocellulose-degrading bacterium known to date [64]. Structural analysis has
revealed that the cellulosome of C. thermocellum is composed of cellulases and
hemicellulases attached to a scaffoldin protein CipA which is further attached on the
cell wall via interactions between Cip2 and cell wall proteins such as SdbA, Orf2p,
and OlpB [6]. These protein interactions are mediated by protein domains: Type I
dockerin domains on enzymes interact with Type I cohesion domains on CipA, and
Type II dockerin domains on CipA interact with Type II cohesion domains on cell
wall proteins. This highly ordered complexed form leads to the high lignocellulose
degradation efficiency—it is known that cellulosomes from C. thermocellum
degrade cellulose faster than enzymes from T. reesei [15]. This high catalytic
efficiency, along with its capability of directly converting cellulose to acids and
alcohols without the need to first converting cellulose to sugars, makes C. ther-
mocellum a promising candidate for industrial lignocellulose utilization.

7.3.1.3 Penicillium oxalicum

P. oxalicum (formerly known as Penicillium decumbens) is the only other fila-
mentous fungus whose cellulases were applied in large-scale lignocellulosic bioe-
thanol industry in practice. The wildtype P. oxalicum 114-2 strain was first isolated
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in China from decayed straw covered soil in 1979, and applied to industrial
applications for almost 20 years [65–67]. It has since received repeated mutagen-
esis, leading to a significant improvement of cellulase production level to over
10 g/L [68]. This fungus, in comparison with the more widely acknowledged T.
reesei, has a more diversified, balanced, and robust enzyme composition [66, 69].
In particular, it has a higher b-glucosidase component and is therefore free from the
cellobiose accumulation and product inhibition issue for T. reesei [70].

7.3.1.4 Other Fungi and Bacteria

A series of other fungi and bacteria also possess the ability to produce cellulases,
many of which have been investigated intensely. These fungi include members of
the Aspergillus genus, e.g., Aspergillus niger [71] and Aspergillus fumigatus [72],
members of the Trichoderma genus, e.g., T. viride [73] and Trichoderma harzia-
num [74], as well as members of the Penicillium genus like Penicillium jan-
thinellum [75] and Penicillium echinulatum [76]. Other widely investigated fungi
include Humicola insolens [77], Acremonium cellulolyticus [78], and Neurospora
crassa [79]. Research on cellulolytic bacteria generally focused on the cellulosomes
from Clostridium (such as Clostridium cellulolyticum and Clostridium celluluvo-
rans) and Ruminococcus species [15]. An exception that received attention in recent
years is the thermophilic Thermoanaerobacterium species that do not degrade
cellulose but rather hemicellulose, partly due to their interactions with cellulolytic
bacteria since the removal of hemicellulose can help exposing cellulose fibers for
more efficient degradation by cellulolytic bacteria [80].

7.3.2 The Biological Basis for Cellulase Production

Understanding the biological basis for cellulase production is the starting point for
making improvements to the enzyme technology and engineering more versatile
cellulase-producing organisms. However, our knowledge on the biological process
has been quite limited. While we do have some rudimentary knowledge on which
factors are involved in lignocellulase production, the detailed mechanisms and
pathways leading to their effects still need further work.

7.3.2.1 Induction and Inhibition Signals of Cellulase Production
and Activities

Fungi

Cellulase production in fungi is strictly regulated by carbon sources. The substrate
cellulose is a strong inducer of cellulase production and the product glucose is a
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strong inhibitor for cellulase production [81], neither of which is a surprise. The
glucose inhibition, in particular, is a carbon catabolite repression that has been
discovered in many organisms for many physiological processes [82]. What is
unique in cellulase production regulation in fungi is that many disaccharides also
act as inducers for cellulase production, including cellobiose that is a hydrolysis
product of cellulose, as well as sophorose and lactose that are not direct products of
cellulose degradation [81, 83–85]. On a first glance, these phenomena do not make
evolutionary sense as these disaccharides should be absent in the natural environ-
ment where fungi grow. However, they may serve as hints of a more fundamental
yet undiscovered mechanism that is involved in the induction of cellulase
production.

Light has also been shown to be an inducing signal for cellulase production in
fungi, particularly T. reesei [86]. Interestingly, this light-dependent induction has
been shown to be cross-linked with carbon source regulation [87]. The mechanism
of light regulation had been studied in detail, and this is discussed in Sect. 7.3.2.2.

Bacteria

Similarly with fungi, cellulases in bacteria are also regulated by carbon sources.
Cellulose and laminaribiose have been shown to be inducers for cellulase formation
in C. thermocellum [88–90]. However, in contrast, cellobiose is an inhibitor rather
than an inducer for cellulase formation in bacteria [91].

Growth rate has also been shown to be a key factor regulating cellulase for-
mation in C. thermocellum. With chemostats, scientists were able to conduct
steady-state kinetic studies with C. thermocellum, which led to the finding that
growth rate negatively regulates cellulase formation [88, 92, 93].

7.3.2.2 Transcription Regulation of Cellulase-Coding Genes

Fungi

A series of transcription factors are known to regulate the transcription of
cellulase-coding genes. These transcription factors include CreA, Xyr1, XlnR,
ACEI, ACEII, Clr2, and other less important transcription factors.

CreA (Cre1 in T. reesei) is a Cys2His2-type transcription factor that is involved
in carbon catabolite repression (CCR) [94, 95]. It is homologous (albeit with low
homology) to S. cerevisiaeMig1 whose role in CCR has been well established [96].
It has been shown that CreA is involved in the repression of cellulase-coding genes
in presence of glucose, an easier and better substrate in comparison with cellulose
[97]. Investigations on cellulase-hyperproducing T. reesei strains have shown the
loss of Cre1 function [58, 98] demonstrating that Cre1 is an ideal target of genetic
engineering for better cellulase production.

154 M. Wang and J. Hou



Xyr1 is the most important and primary activator for cellulase-coding genes in
cellulase-producing fungi. This protein is a Cys2His6-type transcription factor
whose loss-of-function leads to elimination of nearly all cellulase activities [99].
Strains lacking xyr1 had been shown to produce no cellulases while
Xyr1-overproducing strains showed elevated levels of cellulases, again suggesting
the critical role of Xyr1 in the induction of cellulases [100, 101].

Clr2 is a recently discovered transcription factor that is essential in the induction
of cellulase formation in N. crassa, Aspergillus nidulans, and P. oxalicum [41, 102,
103]. It is a fungal-specific zinc binuclear cluster containing transcription factor that
is shown to be essential in the expression of cellulase-coding genes. The wide-
spread presence of this protein in cellulase-producing filamentous fungi has been
demonstrated.

Besides these more important transcription factors, a series of other transcription
factors have been shown to regulate cellulase production. The Cys2His2 tran-
scription factor ACEI and the fungal-type zinc binuclear transcription factor ACEII
repressed and activated the transcription of cellulase-coding genes [104–106]. The
pH-dependent Cys2His2 transcription factor PacC (TrPac1 in T. reesei) is involved
in the activation of cellulase production [107]. The global nitrogen regulatory
transcription factor AreA is an activator of cellulase production in A. nidulans
[108]. The Hap2/3/5 complex binds to the promoter regions of cbh2 and exerts a
negative regulatory role in xyn3 transcription [109, 110].

The transcription factors involved in cellulase production have quite a complex
regulatory relationship among themselves. Cre1 is a phosphorylated protein of
which phosphorylation is required for the binding of Cre1 to its target sequences for
carbon catabolite repression [111]. In A. nidulans, CreA seems to be autoregulated
(autorepressed) by binding to the promoter region of creA [112]. Cre1 binds to the
promoter of xyr1 and represses xyr1 expression in T. reesei [97, 99, 113]. However,
the expression of xyr1 also requires the presence of Cre1 for full induction, which in
fact is an indication that Cre1’s function is not merely a carbon catabolite repressor,
but rather more complicated than originally hypothesized [101]. It is the same case
for ace2 whose full induction requires the presence of Cre1 [101]. ACEI represses
the expression of xyr1 [113], while Cre1 in turn represses the expression of ACEI
[101]. Both the regulation of Xyr1 and Cre1 was also shown to be impacted by
chromatin remodeling and nucleosome positioning that determines the binding
efficiency of the transcription factors with their target sequences [96, 114–116].
A brief summary of the transcription factors and their mutual regulations is pre-
sented in Fig. 7.3.

The regulation of cellulase-coding genes is initiated by external signals, and
executed by transcription factors and other DNA-interacting assemblies that are
intrinsically nuclear while functioning. Signal transduction systems are therefore
required for the passage of external signals to these proteins located in the nucleus.
These systems, however, are less understood than the transcription factors. While
cellulose is a strong inducer for cellulase production, it is unable to penetrate cell
membrane. The functioning cellulase-inducing compound therefore has to be a
product from cellulose hydrolysis and transformation. Our knowledge on this “true
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inducer” is still lacking. One possibility is that this “true inducer” is cellobiose that
is a product of extracellular cellulose hydrolysis. This cellulose–cellobiose induc-
tion pathway is backed up by the finding that deletion of b-glucosidases, both
extracellular and intracellular, stimulates cellulase induction from lactose and cel-
lulose [117–119], and that cellodextrin transporters are important in cellulase
induction [120]. However, cellobiose is merely a weak inducer and cannot lead to
the same level of induction as cellulose. One hypothesis is that cellobiose is con-
verted to sophorose, the strongest cellulose inducer, in vivo by transglycosylation
reactions. There has been evidence on both the wet-lab experimental level and the
omics level, however, that the induction patterns using cellulose, lactose, and
sophorose are different [104, 121], and a simple unified cellobiose/lactose–
sophorose scheme is unlikely. Additionally, the chemical property of the “true
inducer” has yet to be identified experimentally despite in vivo metabolomic efforts
[122], and downstream signal transduction pathways are yet to be connected to the
cellulose–cellobiose induction scheme. All these evidence points toward a diver-
sified induction mechanism possibly fine-tuned individually for each carbon source,
although each of them likely start with the import of disaccharides.

The membrane heterotrimeric G proteins have been shown to modulate cellulase
synthesis in filamentous fungi [123]. The G proteins are known to function in signal
transduction cascades by picking up signals from the membrane and passing them
downstream. The downstream target of G proteins has been shown to be the
cAMP-PKA (cyclic AMP-protein kinase A) pathway, in which adenylatecyclase
picks up the signal, produces the cellulase stimulating molecule cAMP, which
further binds to PKA to pass signals downstream for cellulase stimulation [124].
This pathway could potentially be hypothesized to be a second mechanism of cel-
lulase regulation by carbon sources other than the cellulose–cellobiose mechanism.

Fig. 7.3 Cellulase-regulating transcription factors and their mutual regulation in filamentous
fungi
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However, as summarized in Fig. 7.4, research on T. reesei by Monika Schmoll lab
clearly suggested that this pathway is part of the light signal transduction cascade in
which light is picked up by the photoreceptors Blr1 and Blr2, whose activation leads
to the transcription of env1, the product of which is a PAS/LOV domain containing
protein and the central light regulatory protein in T. reesei [87]. The Env1 protein

Fig. 7.4 Signal transduction for cellulase induction and repression in filamentous fungi. Dotted
lines indicate unclear pathways. Yellow ovals indicate protein kinases
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then transcriptionally controls the expression of a G protein alpha subunit Gna3
which in turn leads to the activation of adenylatecyclases for the production of
cAMP, as well as phosphodiesterases that degrades cAMP [125]. PKA then picks up
the cAMP signal for further passages. Downstream signal transduction cascades
remain obscure, although the involvement of a VelA/VeB/VeC/LaeA heterote-
trameric complex in light-dependent cellulase synthesis may hint its involvement in
this light signal transduction [126–128].

The understanding on carbon source signaling transduction pathways is still
preliminary. A clear link between external signals/cellobiose with transcription
regulation is still lacking. There are, however, several investigations that showed
promise in understanding this connection. Experimental and bioinformatic studies
have shown that transcription factors in T. reesei are phosphoproteins which con-
tain phosphorylation motifs of casein kinase II (CKII) and mitogen-activated pro-
tein kinases (MAPKs) [111, 129]. Further experimental evidence showed that CKII
and MAPKs are involved in transcription of cellulase-coding genes [129, 130]. In
particular, the role of Tmk3 (but not other MAPKs, unpublished data from our
laboratory) in cellulase induction and CKII in cellulase repression (unpublished
data from our laboratory) in T. reesei are clearly established [129, 131, 132]. These
investigations, pending on further illustration between upstream signals with these
pathways, may lead to revealing the carbon source signaling pathway in
cellulase-producing filamentous fungi.

Bacteria

Cellulolytic bacteria, most notably C. thermocellum, utilize a delicate r/anti-r
system for the regulation of cellulase production. The anti-r factors are membrane
proteins that sense external polysaccharide signals, upon receipt of which structural
transformation takes place, releasing r factors from the membrane. The r factors
further binds to the promoters of cellulase and hemicellulase genes for regulation of
their expression. This system has been well studied and documented in C. ther-
mocellum [133]. Other transcription factors such as GlyR3 are also shown to reg-
ulate cellulase expression [90].

7.3.2.3 Posttranslational Modification

Cellulases are heavily glycosylated proteins [134, 135]. Not only is glycosylation
critical in their activities, but they are also key to their affinities and production
[136–140]. A detailed study in Yinbo Qu lab clearly suggested that different gly-
cosylation forms with distinct activities synergistically coexist for the same protein
in P. oxalicum [141]. Glycosylation is therefore one key consideration in producing
fungal cellulases heterologously for the purpose of consolidated processing [142,
143], because glycosylation, unlike other aspects of the enzymes, are relatively
more difficult to harness.
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7.3.3 Improving Organisms for Better Cellulase Production

Two primary strategies are adopted for producing high-efficiency and low-cost
cellulases. One strategy is to produce more enzymes so that the cost for each unit is
brought down. The other strategy is to produce more active and efficient enzymes to
reduce loading. The former strategy focuses on improving the organisms that
produce cellulases, while the latter strategy focuses on improving the cellulases
themselves. Both of these strategies are discussed below and in the following
Sect. 7.3.4.

7.3.3.1 Mutagenesis

The conventional and the most effective method on improving organisms is the
mutagenesis-screening approach. This method relies on carrying out random
mutagenesis by chemical, physical, or genomic approaches and then developing
screening method (preferably high-throughput methods) to identify the best per-
forming organism. This approach has been successfully applied to both T. reesei
and P. oxalicum over the past decades resulting in at least an order of magnitude of
improvement in cellulase production ability [21].

Mutagenesis of T. reesei QM6a, the wildtype, was carried out by “bombing” the
fungus with high-energy electron streams in a linear accelerator leading to the
generation of T. reesei QM9123, the precursor of T. reesei QM9414, with double
the FPA (Filter Paperase Activity) [144]. UV radiation was applied to T. reesei
QM6a to generate T. reesei M7, which was further mutated chemically by
nitrosoguanidine to generate T. reesei NG14 that had a sixfold increase in FPA than
T. reesei QM9414 [145]. T. reesei NG14 was radiated by a second round of UV
light to generate the “legendary” catabolite derepressed T. reesei Rut-C30 strain
that produced approximately 20 g/L extracellular proteins, a strain widely used and
studied [58]. With similar methods, the FPA in the wild-type P. oxalicum 114 was
improved by 10-fold making P. oxalicum JU-A10-T an industrial strain [66].
Chemical treatment by ethyl methane sulfonate (EMS) on Ashbya gossypii, a
cellulase-producing filamentous fungus, led to the generation of a strain with 1.4–
2-fold increase in extracellular activities [146]. The same method was also applied
to T. reesei, improving enzymatic activity by 1.5–2-fold [147]. Nitrous acid was
used as a chemical reagent for mutagenesis of cellulase-producing Bacillus PC-BC9
to improve its cellulase production by 1.7-fold [148].

Besides these traditional chemical and physical mutagenic methods, more
advanced methods of random mutagenesis have been used. Disparity mutagenesis
is a genomic approach which artificially mutates DNA polymerase so that repli-
cation fidelity is damaged and therefore an increased mutagenesis rate is introduced.
Using this method, Iwakuma et al. recently constructed a glucose-derepressed T.
reesei strain [149]. Genome shuffling is another genomic method which basically
“shuffles” the DNA fragments between the genomic DNA of different mutants,
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therefore improving the chances of combining the advantages of these mutants in
one newly generated strain. With this new method, Cheng et al. were able to
significantly improve the cellulase production of P. oxalicum [150]. ARTP
(Atmospheric Room Temperature Plasma) is a recently developed physical muta-
genesis approach, which creates plasma for mutagenesis under room temperature
and atmospheric pressure. This method has been used on P. oxalicum, generating a
strain with 28.2 % improved FPA [151].

In addition to carrying out mutagenesis on strains, extensive site-directed
mutagenesis attempts have been carried out on cellulases, which aim to enhance
efficiencies of these proteins. After a library of proteins is constructed this way,
screening is performed to find the protein that best fits our anticipation. Nearly all
the major cellulases in T. reesei, namely CBHI, EGI, EGII, and EGII were engi-
neered with this approach, yielding more active enzymes [152–155].

Besides this mutagenesis-screening scheme, knowledge-based engineering has
also been carried out on cellulases. These engineering attempts use previously
known properties of cellulases and improve activity in a more rational manner.
These knowledge on which engineering is based include their structures [156],
posttranslational modification [157], and computational guidance [158]. Although
this approach seems more accurate and reliable, protein function-to-structure rela-
tionship is far from being clearly and fully understood. Therefore, successful cases
of this rational design technique are relatively rare in comparison with the
mutagenesis-screening approach.

One bottleneck of the mutagenesis approach in generating cellulase hyperpro-
ducing strains is the limited efficiency for screening. Therefore, high-throughput
screening methods have been used for the generation of cellulase hyperproducing
strains. This can be traditionally carried out by plate-based colorimetric/
morphological technologies, where cellulase-secreting colonies will show a dif-
ferent morphology on plates. For instance, cellulase-producing colonies can create a
clear zone around them on cellulase-containing plates and the size of the halo may
be used as an indication of cellulase-secreting capability [159]. Similarly,
b-glucosidase-secreting colonies can digest esculin in the plate, forming esculetin
that binds with ferric ions forming a black circle [160]. The size of this black circle
may be used as an indication of b-glucosidase-secreting ability for the colonies.
Modifications of these methods have taken place to include an additional microwell
plate activity assay step, which increases accuracies on cellulase activity determi-
nation but does not improve the level of throughput [161]. These traditional
plate-based techniques are generally very easy to execute, and the designs are easily
understood, but they rarely go above a throughput of 102/experiment. The solution
to this issue certainly needs further work that may include the combination of
microwell plate and robotic techniques [162].
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7.3.3.2 Rational Design, Genetic Engineering, and System Biology

Improved understanding on the physiology of cellulase-producing microbes toge-
ther with improved genetic manipulation techniques have led to more precise and
rational engineering approaches for the improvement of cellulase-producing strains.

Methodological improvement on genetic engineering technologies have led to
breakthrough in both cellulolytic filamentous fungi and bacteria in the last few
years. In filamentous fungi, disruption of the Non-Homologous End Joining
(NHEJ) pathway had dramatically improved the efficiency of homologous recom-
bination [163–165], which effectively leads to the possibility of large-scale genetic
manipulations such as the construction of a full transcription factor knockout strain
library in P. oxalicum [41]. The downside of this approach is that the construction
of multiple deletion mutants requires more than one genetic marker, which is
difficult in filamentous fungi. Techniques for reusing the same genetic marker such
as the Cre/loxP system [166] have since been developed to address this issue. Other
techniques aimed at improving transformation efficiency and to reduce expression
levels for essential genes have also been developed [167–169]. More importantly,
the development of the CRISPR-Cas9 systems, one of the most convenient and
promising gene editing technologies because of its extraordinary efficiencies, for
cellulolytic filamentous fungi has been under way [170, 171].

In cellulolytic Clostridium species, the bottleneck in genetic engineering has
long been the transformation efficiency. This problem has been successfully solved
approximately 5 years ago by adopting an electroporation protocol [172–174].

Other genetic modifications aim at making a better cellulase cocktail as well as
promoter replacement or other regulatory element to increase gene expression.
Because of the lack of b-glucosidases in T. reesei cellulase cocktails, a foreign
b-glucosidase-encoding gene, bgl1 was introduced in T. reesei to obtain a more
balanced enzyme cocktail [175, 176]. In both T. reesei and P. oxalicum, promoter
substitution for cellulase-coding genes for improved production of cellulases was
carried out [177, 178]. Work was also carried out on optimizing the main cellulase
regulators, Xyr1 and CreA, for better cellulase production. These efforts include:
changing the promoter for xyr1 to a copper responsive promoter Ptcu1 for deregu-
lation of xyr1 and removal of catabolite repression [179]; carrying out mutagenesis
on Xyr1 to deregulate cellulase gene expression regardless of the presence of
inducers so that constitutive expression is achieved [180]; disrupting creA so that
catabolite repression is lifted [98, 181, 182]; replacing the Cre1 binding motif in
cbh1 promoter with the binding motif of the cellulase activator ACEII for better
cellulase production [183]; and, combining constitutive expression of xyr1 with
downregulation of ace1 to enhance cellulase production by T. reesei Rut C-30
[184]. The most significant improvement on cellulase production by rewiring the
cellulase regulation network took place in P. oxalicum, when Yao et al. disrupted
bgl2 and creA while overexpressing the clr2 homologous clrB gene to achieve a
27-fold increase in secreted FPA [159]. Disruption of a variety of other genes
directly or indirectly related to cellulase formation had also been carried out. These
genes include the MAPK-coding Trime2 and tmk2 [131, 185], the ergosterol
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biosynthesis regulating SREBP pathway [186], and cre2 which encodes a ubiquitin
C-terminal hydrolase [187].

An alternative genetic engineering approach took place in glucose-consuming,
ethanol-forming microbes, aiming at producing cellulases in these microbes so that
they can perform cellulose hydrolysis and ethanol fermentation in one single cell.
Microbes that have been modified for this purpose include S. cerevisiae,
Saccharomyces pastorianus, and Yarrowia lipolytica, and the cellulases expressed
are from both fungi and bacteria [188–191].

With the maturation of genetic manipulation techniques and the availability of
high-throughput engineering options, systems biology has become a possibility to
engineer microbes at a more sophisticated level. Initial steps have already been
taken to develop the necessary tools [170, 171], and the modification of microbes at
a larger scale [41].

7.3.4 Process Improvements for Better and More Abundant
Cellulolytic Enzyme Preparations

Although improving cellulase-producing microbes is still the most prominent
approach in improving cellulase titers and activities, other approaches have also
been shown effective. These approaches include optimizing cellulase-producing or
lignocellulose-degrading processes to improve lignocellulose saccharification per-
formances, etc., in industrial applications. Both approaches aim at either improving
cellulase production or improving cellulase performance.

Supplementation of a variety of chemicals and proteins with different functions
has been shown to improve cellulase production and activities. Exogenous cAMP
has been shown to effectively improve cellulase production, because of its function
in cellulase induction signal transduction [192]. Addition of b-glucosidase
improved the activity of enzymes because it effectively removes additional cel-
lobiose in cellulose saccharification which may cause product inhibition for cel-
lobiohydrolases [193, 194]. Bacterial expansins, their fungal equivalent swollenins,
pectinases, a-L-arabinofuranosidases, and xylanases showed synergistic effects with
cellulases and their supplementation leads to improved saccharification perfor-
mance on lignocellulosic substrates [195–199]. This synergy is due to their function
in the destruction of interconnecting bonds and minor components, which lead to
the reduction of the recalcitrance of these substrates against enzymatic hydrolysis.
Finally, addition of surfactants such as Triton X-100 and poly (ethylene glycol)
effectively enhances cellulase production [200, 201], probably because they facil-
itated the cellulase secretion process.

Improvement of reaction systems also helped in cellulase production and
activities. Immobilization of cellulases was carried out in several systems, which
showed significantly better performance than free floating enzymes and potentials
in significantly reducing lignocellulose saccharification costs because the enzymes
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could be recycled [202, 203]. The simultaneous saccharification and fermentation
(SSF) process was applied, in which lignocellulose breakdown and end product
formation from sugars took place simultaneously, to avoid the inhibition of sugars
on saccharification, to reduce the amount of time needed for end product formation,
and ultimately to bring down the cost for saccharification. This strategy has been
shown to be effective in bioethanol production from waste fiber sludge [204].
Optimization of fermentation parameters such as agitation rate has been shown to be
effective in enhancing cellulase production [68, 205]. Kinetic modeling has been
performed on cellulase production processes to guide the improvement of cellulase
production [206, 207]. Finally, on-site cellulase production, which means to pro-
duce cellulase on the site of lignocellulose saccharification rather than purchasing
commercial enzymes, has been shown to be effective in bringing activities up and
bringing costs down, primarily because enzyme storage, preservation, and delivery
costs are drastically decreased [208].

7.4 Biofuel and Biochemical Production
from Lignocellulosic Biomass

By enzymatic or chemical digestion, lignocellulosics can be degraded to platform
molecules, the most important being sugars that can be utilized by a variety of
microorganisms for the production of biofuels and biochemicals. The production of
biofuels and biochemicals takes place in biorefineries, which integrates biomass
conversion processes and fuel, power, heat, and value-added chemical production
together. The key to biorefineries is the fermentation process whereby it is highly
desirable to develop efficient microbial cell factories catalyzing biofuel and
chemical production as discussed below.

7.4.1 Biofuel Production

7.4.1.1 Ethanol Production

Annually, 75 billion liters of bioethanol are produced worldwide, the majority is
derived from cornstarch or cane juice in a fermentation process commonly known
as the first-generation bioethanol. The utilization of food-based feedstock, however,
triggered a food/feed versus fuel debate that led to the use of lignocellulose, a
nonfood biomass as a preferred substrate. Biofuel thus produced has been referred
to as the second-generation bioethanol. Lignocellulosic materials such as corn
stover, wheat straw, grasses, sugarcane bagasse, wood chips, and other agricultural
residues, are of great interest as feedstock because they are abundant, inexpensive,
and renewable. However, the processes involved are much more complicated than
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those using cornstarch, and the costs of ethanol production from lignocellulosic
materials are higher.

Ethanol production from lignocellulosic materials includes the following main
steps: (1) lignocellulosic biomass pretreatment; (2) hydrolysis of cellulose and
hemicellulose to fermentable sugars (including hexoses and pentoses); (3) microbial
fermentation for ethanol production; (4) separation and concentration of ethanol by
distillation and dehydration [14]. The inhibitors derived from the lignocellulosic
material pretreatment often affect the growth of the fermentative strains. Therefore,
inhibitor tolerance and hexose and pentose co-fermentation are two main issues for
strain development.

Baker’s yeast (Saccharomyces cerevisiae) has long been used in industry to
produce ethanol from hexoses (six-carbon sugars). Due to the complexity of the
carbohydrates present in lignocellulosic biomass, a significant amount of xylose and
arabinose (five-carbon sugars derived from the hemicellulose portion of the lig-
nocellulose) is also present in the lignocellulosic hydrolysate. For instance, in the
hydrolysate of corn stover, approximately 30 % of the total fermentable sugar is
xylose. Therefore, the ability of the fermenting microorganisms to use both C6 and
C5 sugars available from the hydrolysate is very important to increase the economic
competitiveness of lignocellulosic ethanol.

Recently, metabolic engineering has been applied to microorganisms such as
S. cerevisiae, Zymomonas mobilis, and E. coli targeted for lignocellulosic ethanol
production [209]. S. cerevisiaeis especially attractive because it is a traditional
ethanol producer that has very high tolerance to ethanol and inhibitors, and can
grow at low pH values to reduce bacterial contamination. However, S. cerevisiae
cannot naturally metabolize xylose. Consequently, in the past few decades, the
introduction of xylose metabolic pathways into S. cerevisiae has been a focus of
research [210, 211].

Two pathways have been widely for the utilization of D-xylose. In fungi and
xylose metabolic yeasts, D-xylose is reduced to xylitol by NAD(P)H-dependent
xylose reductase (XR) encoded by XYL1. Subsequently, xylitol is oxidized to D-
xylulose by NAD+-dependent xylitol dehydrogenase (XDH) encoded by XYL2
[212–214]. The D-xylulose is converted to xylulose-5-phosphate by endogenous
xylulose kinase (XK). Alternatively, D-xylose can also directly convert to xylulose
via the xylose isomerase (XI) pathway which is cofactor independent in some
bacteria and fungi [215–217]. Both pathways have been successfully introduced
into S. cerevisiae, allowing the recombinant strains to produce ethanol from xylose
(Fig. 7.5). However, the xylose consumption rate and ethanol production from
xylose are still very low [212].

Introducing the Scheffersomyces stipitis XR-XDH pathway into S. cerevisiae has
enabled the yeast to effectively utilize xylose [213, 214, 218]. However, the dif-
ferent cofactor dependence of XR and XDH leads to cofactor imbalance and
accumulation of byproducts such as xylitol and glycerol. Therefore, much work has
been done to balance intracellular cofactor levels or on modifying the cofactor
specificities of XR or XDH to establish an oxidation–reduction cycle to decrease
byproduct accumulation [212, 219–223]. Several approaches have been
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implemented for balancing intracellular cofactors in recombinant S. cerevisiae,
including expressing the Kluyveromyces lactis GPD1 gene which encodes a fungal
NADP+-dependent D-glyceraldehyde-3-phosphate dehydrogenase, expressing the
gapN gene from Streptococcus mutants which encodes a non-phosphorylating
NADP+-dependent GAPDH, manipulating ammonia assimilation from being
NADPH dependent to NADH dependent by replacing GDH1 (encoding
NADPH-dependent glutamate dehydrogenase) with GDH2 (encoding
NADH-dependent glutamate dehydrogenase), overexpressing the truncated POS5
gene which encodes a cytosolic NADH kinase and expressing noxE gene which
encodes a NADH oxidase [212, 222, 224–226].

An alternative pathway for xylose catabolism is the isomerase-based pathway.
This pathway is cofactor independent, thus could potentially lead to higher ethanol
yields. However, only recently, a few xylose isomerase genes have been success-
fully expressed in S. cerevisiae, mainly derived from bovine rumen metagenomic
sequencing [227] as well as microorganisms such as Piromyces sp. [215, 228],
Orpinomyces sp. [229], Clostridium phytofermentans [230], and Prevotella
ruminicola [231].

Further engineering strategies, including overexpressing the endogenous xylulose
kinase genes (XKS1), overexpressing genes involved in the non-oxidative pentose
phosphate pathway and xylose transporters [232, 233], as well as adaptive evolu-
tionary engineering [233], have been implemented to improve xylose consumption
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and cell growth. The best reported industrial yeast strains can consume 80 g/L glu-
cose and 40 g/L xylose within 24 h at an initial OD600 of 1.0 and produce 53 g/L
ethanol [234].

Aside from glucose and xylose, lignocellulosic materials contain approximately
3–15 % L-arabinose. It is therefore necessary to construct L-arabinose fermenting
microorganisms to facilitate its utilization.

There are two L-arabinose metabolic pathways in fungi and bacteria. The fungal
L-arabinose metabolic pathway consists of the aldose reductase (AR),
L-arabitol-4-dehydrogenase (LAD), L-xylulosereductase (LXR), and D-xylitol
dehydrogenase (XDH) (Fig. 7.6). AR and LXR use NADPH as cofactor, while
LAD and XDH use NAD+ as cofactor. These reactions can also lead to cofactor
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imbalance. Similarly with the xylose metabolic pathway, xylulose produced in this
pathway is also phosphorylated and enters the pentose phosphate pathway (PPP).

In contrast to the fungal L-arabinose metabolic pathway, the bacterial pathway is
cofactor independent and comprises three enzymes, L-arabinose isomerase (AraA),
L-ribulokinase (AraB), and L-ribulose-5-phosphate 4-epimerase (AraD). The
D-xylulose-5-phosphate produced subsequently enters the PPP [235, 236].

Wild-type S. cerevisiae strains cannot metabolize arabinose. Therefore, the
fungal and bacterial L-arabinose metabolic pathways have both been engineered
into S. cerevisiae. Redox cofactor imbalance occurs in the recombinant S. cere-
visiae strain containing the fungal L-arabinose metabolic pathway, accumulating
high amounts of the byproduct L-arabitol.

The introduction of araA, araB, and araD genes from E. coli into S. cerevisiae
was insufficient for yeast to utilize L-arabinose. However, after replacing the E. coli
L-arabinose isomerase gene with Bacillus subtilis araA gene, the strain can grow on
L-arabinose through “adaptive evolution” [237]. Recently, the araA, araB, and
araD genes of L. plantarum were expressed in S. cerevisiae [238]. After further
overexpression of the genes in PPP including TAL1, TKL1, RPE1, and RKI1 and the
transporter gene GAL2, as well as additional adaptive evolution, the strain could
metabolize L-arabinose, resulting in an ethanol yield of 0.43 g/g consumed L-
arabinose.

Although many pentose and hexose co-fermentation yeast strains have been
constructed, the poor growth in hydrolysate of lignocellulosic materials poses a
continuous challenge. Different pretreatment strategies such as acid pretreatment,
alkali pretreatment, or stream explosion generate different inhibitors. For example,
the acetic acid is the main inhibitor in acid pretreatment process. In general, the
inhibitors can be divided into three categories: acids (e.g., acetic acid, formic acid,
and levulinic acid), furan aldehyde (e.g., 5-hydroxymethylfurfural and furfural),
and phenolics (e.g., vanillin). Attempts to improve the tolerance of inhibitors like
acetic acid through evolutionary engineering have been carried out [239]. The
evolutionary engineering has been done through sequential anaerobic, batch cul-
tivation (pH 4) at increasing acetic acid concentrations or prolonged anaerobic
continuous cultivation without pH control. After 400 generations, the strain can
grow on xylose at pH � 4 with 6 and 5 g L−1 acetic acid, respectively. However,
improving the tolerance to just one kind of inhibitor may not contribute much to
promote cell growth in the hydrolysate mixture. Therefore, strain evolutionary
engineering in real lignocellulosic hydrolysate is a promising approach to develop
robust strains.

7.4.1.2 Advanced Biofuels

Ethanol, as a traditional bulk chemical, is at present the main biofuel. However, it
has a number of limitations because of its high hygroscopicity, low-energy density,
and incompatibility with existing fuel infrastructure [240]. Therefore, advanced
biofuels having similar properties with current petroleum-based transportation
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fuels, such as butanol, isopentanol, terpenes, and fatty acid ethyl esters, have been
developed widely to overcome the problems of bioethanol [240]. Table 7.2 lists
some of the advanced biofuels and their production in engineered microorganisms.
As the first example of a commercialized product, we review the recent progress on
metabolic engineering of microorganisms on butanol production.

7.4.1.3 Butanol Production

n-Butanol (or butyl alcohol) is a four-carbon, straight-chained alcohol. It is an
important biofuel and chemical precursor for paints, polymers, and plastics. Butanol
as a fuel is superior to ethanol in many regards such as higher energy density, lower
volatility and hygroscopicity, and less corrosion to existing infrastructure.
Therefore, it has been considered as an advanced biofuel [240]. The global market
for n-butanol was estimated to be annually 3.8 million tons, with a worth of
approximately 7 billion US dollars.

Butanol is fermentatively produced by solvent-producing Clostridia. The fer-
mentative butanol production is usually called ABE fermentation because three
products, acetone, butanol, and ethanol are produced at a ratio of 3:6:1. However,
the fermentative butanol production pathway is not economically competitive
compared to the petrochemical route. Fortunately, rapid progress in biological
sciences and applied technologies provides us with more opportunities to improve
the product titer, butanol ratio, and feedstock selection, thereby enabling the
industrial fermentation of butanol (Fig. 7.7).

Similar to cellulosic ethanol production, cellulosic butanol conversion process
can be also summarized as: (1) lignocellulosic biomass pretreatment; (2) enzymatic
hydrolysis of the cellulose to monosaccharides (hexose and pentose); (3) sugar
fermentation to butanol; and (4) product recovery by distillation. Hexose and
pentose co-fermentation and inhibitor tolerance are also two main issues for effi-
cient solvent production derived from the hydrolyzed sugars.

Table 7.2 Representative advanced biofuels produced by engineered microorganisms

Biofuels Engineered organisms Titer References

1-Butanol E. coli 30 g/L [250]

C. saccharoperbutylacetonicum 32.8 g/L [264]

Isobutanol E. coli 20 g/L [265]

3-Methyl-1-butanol E. coli 9.5 g/L [266]

1-Propanol E. coli 3.5 g/L [267]

3-Methyl-1-pentanol E. coli 384.3 mg/L [268]

Fatty acid ethyl esters E. coli 1.5 g/L [269]

Fatty alcohols E. coli 1.725 g/L [270]

Alkanes E. coli 580.8 mg/L [271]

Farnesene S. cerevisiae Not available

Bisabolene S. cerevisiae 994 mg/L [272]
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Many solvent-producing clostridia such as Clostridium acetobutylicum are able
to utilize xylose, but its utilization rate is lower than that of glucose which represses
the xylose pathway. Ren et al. [241] disrupted the ccpA gene encoding the pleio-
tropic regulator ccpA which enabled the bacterium to metabolize D-xylose and D-
glucose simultaneously. In addition, co-overexpression of genes encoding D-xylose
symporter, D-xylose isomerase, and xylulokinase improved D-xylose utilization by
C. acetobutylicum [242]. Overexpression of the genes involved in PPP in C. ace-
tobutylicum also significantly improved xylose-utilizing ability in the recombinant
strain [243].

The inhibitors from pretreatment also impede the growth of strains and the
solvent production significantly. Therefore, detoxification processes are required to
remove toxic compounds. Otherwise, the processes using non-detoxified hydro-
lysates as the substrate will require higher levels of additional nutrients such as
yeast extract, buffers, minerals, and vitamins [244]. Increasing the robustness of the
strains to tolerate an array of inhibitors is therefore necessary to improve the
industrial lignocellulosic butanol fermentation process.

ABE fermentation normally produces acetone, butanol, and ethanol at a ratio of
3:6:1 with a total production of less than 20 g/L. Thus, it is necessary to improve
butanol yield, titer, and productivity. Strain selection is one strategy. A C. aceto-
butylicum strain EA2018 with a butanol- acetone- ethanol ratio of 7:2:1 instead of
6:3:1 was isolated in the 1980s from soil samples collected in a soybean field.
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When this was applied in ABE fermentation plants in China, 18.5 g/L total solvent
with a yield of 0.38 g/g sugar was recorded [246].

Metabolic engineering is a rational strategy to improve butanol production. For
example, the disruption of the acetoacetate decarboxylase coding gene adc in C.
acetobutylicum EA2018 blocked acetone formation and significantly increased the
butanol ratio from 70 to 80 % [247]. Engineering adhE1 and ctfAB genes to
facilitate the formation of acetoacetate and butyrate also improved butanol ratio
from 0.57 to 0.84 [228]. The disruption of pta and buk genes and overexpression of
the adhE1 gene can direct butanol production from acetyl-CoA by producing
butyryl-CoA, leading to the production of 18.8 g/L butanol [248].

Developing butanol-producing strains from nonsolvent-producing species such
as E. coli and S. cerevisiae can eliminate acetone and ethanol production [249].
These two organisms are therefore valid options besides clostridia. Two pathways
have been developed for butanol synthesis, including a fermentation pathway that
exists in solventogenic clostridia, and an a-ketovalerate pathway (Fig. 7.7).
Commercial isobutanol production using S. cerevisiae had been demonstrated by
Butalco, Butamax Advanced Biofuels (a joint venture of BP and Dupont), and
Gevo. Among various studies, the most successful work on engineering E. coli led
to the production of 30 g/L butanol [250]. In this study, a modified clostridial
1-butanol pathway was constructed in E. coli to provide an irreversible reaction
catalyzed by trans-enoyl-coenzyme A (CoA) reductase (Ter) and created NADH
and acetyl-CoA driving forces to direct the flux. The engineered strain produced
30 g/L butanol at a yield of 80 % of the theoretical maximum level [250].

Thus far the economics of fermentation processes is still not favorable compared
to the cost of petrochemical-based n-butanol production. However, given the
increasing attention from governments, bioproduction of n-butanol promises to
have a competitive edge. The only commercialized cellulosic biobutanol factory in
the world is the Lignicell Refining Biotechnologies Ltd. (formerly Laihe Rockley
Bio-chemicals Co. Ltd.). The economic benefits of cellulosic butanol, however,
remains to be proven in the long run.

Beside butanol, other advanced biofuels have also been developed recently. The
company Amyris produces the sesquiterpene biofuel farnesene in S. cerevisiae.
Farnesene can be used as diesel and jet fuel after saturation by hydrogenation. The
company LS9 is actively pursuing production of alkanes and fatty acid ethyl esters
(FAEEs) in E. coli [251, 252]. The production level of most of these biofuels is still
too low to be commercially feasible. Therefore, further research is needed to
develop efficient microorganisms for various advanced fuels production.

7.4.2 Production of Valuable Bio-Based Chemicals

Today, commodity chemicals are by far predominantly produced from fossil- based
resources. However, the petrochemical- based production leads to concerns of the
sustainability and negative environmental impact. Therefore, the bio-based
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chemical production from renewable carbon sources is a desirable alternative to
petrochemical-based production [253]. The chemicals produced through bio-based
processes include bulk chemicals and fine chemicals. There have been several
commercial examples, such as polylactic acid, polyhydroxyalkanoates, and
1,3-propanediol. With the development of biotechnology, more and more bio-based
chemicals produced from renewable resources via conventional or lignocellulosic
feedstocks will become cost competitive to replace petroleum-based chemicals. In
this section, we review the production of several representative biochemicals and
the metabolic engineering strategy used in their strain development.

7.4.2.1 Bulk Chemicals

With the development of microbial strains and downstream processes, the produc-
tion of some of the bulk chemicals like organic acids and alcohols from renewable
resources has already been commercialized (Table 7.3) The production of two
organic acids, succinic acid and 3-hydroxypropionic acid is described briefly here.

Succinic Acid

Succinic acid was identified as one of the top 12 building block chemicals by the U.
S. Department of Energy. It is a chemical intermediate in detergent/surfactant and
additive in food and pharmaceutical. The current global market for succinic acid is
about 30,000–50,000 tons per year with a market price of USD 2400–3000 per ton.

Three metabolic pathways have been implemented for bio-based succinic acid
production, including the reductive branch of the tricarboxylic acid (TCA) cycle,
the oxidative branch of the TCA cycle and the glyoxylate pathway (Fig. 7.8) [254].
Considerable efforts have been made to engineer microorganisms for succinic acid
production. For example, Jantama et al. [255] developed a recombinant E. coli
strain by rational design combined with adaptive evolution. The deletion of ackA,
focA, pflB, mgsA, poxB, and metabolic evolution with over 2000 generations of

Table 7.3 Representative bio-based fine chemicals

Chemical
category

Examples Function

Organic
acids

Succinic acid, lactic acid,
3-hydroxypropionic acid

Building block chemicals, food
additive, feed additive

Amino acids L-Tryptophan, L-valine, L-
Phenylalanine

Nutritional supplement, food additive,
feed additive

Sugar
alcohols

Xylitol, mannitol Nutritional supplement, flavoring
agent, food additive

Polymers Polyhydroxyalkanoates, polylactic
acid

Biodegradable plastics
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growth-based selection resulted in a strain capable of producing 87 g/L succinic
acid, with molar yields of 1.2–1.6 per mole of metabolized glucose. Engineered
yeast and filamentous fungi strains have also been developed for succinate pro-
duction, since they can grow at low pH which would benefit for downstream
processing. BioAmber developed Candida krusei to produce succinate, while
Myriant engineered E. coli to synthesis succinate. Reverdia, a company backed by
DSM and Roquette, has developed a low-pH yeast-based fermentation process to
produce succinic acid from glucose and carbon dioxide [254].

3-Hydroxypropionic Acid

3-Hydroxypropionic acid (3-HP) is a platform chemical that can be used to produce
a variety of specialty chemicals, such as acrylic acid, 1,3-propanediol, methyl
acrylate, propiolactone, malonic acid, acrylamide, and hydroxyamides. The bio-
logical production of 3-HP has gained considerable attention recently due to its
wide applications.

Glucose

Phesphoenolpyruvate

Pyruvate

Acetyl-CoA

OAA

Malate

Citrate

Fumarate

Succinate

Isocitrate

Aconitate

TCA cycle

α-KG

Glyoxylate
Glyoxylate pathway

Reductive Branch
of TCA cycle

Oxidative Branch
of TCA cycle

Fig. 7.8 The succinic acid production pathways [254]. Blue, the reductive branch of TCA cycle;
red, the oxidative branch of TCA cycle; and purple, the glyoxylate pathway
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No microorganism has been identified that naturally produces 3-HP as a major
product, thus a number of biosynthetic pathways have been suggested for 3-HP
production from renewable resource such as glucose and glycerol [256]. Among
these pathways, significant efforts have been made to develop recombinant E. coli
using the glycerol pathway. Heterologous glycerol dehydratase (DhaB), DhaB
reactivase, and alpha-ketoglutaric semialdehyde dehydrogenase (AbSadH) were
employed to construct the 3-HP biosynthetic pathway in E. coli, and 38.7 g/L 3-HP
was obtained from glycerol under aerobic conditions [257]. However, this process
requires the addition of vitamin B12 to the culture medium, making it unfeasible for
industrial applications.

With the consideration of the utilization of lignocellulosic sugars, the pathways
from glucose were also investigated widely in both E. coli and S. cerevisiae. S.
cerevisiae is an attractive host as it can grow at low pH and can tolerant high titers
of 3-HP. The biosynthetic pathways from intermediate metabolites malonyl-CoA
and b-alanine were, respectively, constructed in S. cerevisiae recently, and the best
strain with b-alanine pathway produced 13.7 g/L 3-HP in controlled fed-batch
fermentation [258, 259].

7.4.2.2 Fine Chemicals

Fine chemicals are valuable bio-based chemicals such as pharmaceuticals, nutri-
tional supplements, cosmetics, flavoring agents as well as additives for food, feed,
and fertilizer. Although many of them are present naturally, most of them are not
commercially available, because they are present in low abundance and very
expensive to purify. The production of fine chemicals from microorganisms can be
obtained through metabolic engineering. The advantage of fine chemical production
from microbial fermentation is the low cost of feedstock and high productivity. In
particular, coproduction of several fine chemicals from common carbon sources is
more economical. The production of some representative bio-based fine chemicals
is summarized in Table 7.4. Some recent advances in strain development for iso-
prenoids production are introduced here.

Table 7.4 Representative bio-based fine chemicals [273]

Chemical
category

Examples Function

Isoprenoids Artemisinic acid, geraniol,
miltiradine, taxadiene

Medicine, cosmetics, perfumes, flavoring
agent, food additive

Alkaloids Opioids, (S)-reticuline Medicine

Polyphenols Resveratrol, flavonoids Medicine, cosmetics, nutritional
supplement, flavoring agent, food additive

Aromatic
compounds

Vanillin, cinnamic acid, p-
hydroxycinnamic acid, caffeic acid

Medicine, cosmetics nutritional
supplement, flavoring agent, food additive
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Isoprenoids

Isoprenoids are a diverse group of natural compounds that have many different
biological functions, and they have found various applications in fields like
medicines, food additives, perfumes, and so on [260]. The production of iso-
prenoids has been limited by their low quantity in natural sources like plants.
Moreover, the diversity of isoprenoids is enormous, which means that novel
bioactive compounds can be produced by the use of new enzymes or chimeric
pathways. Therefore, developing microbial-based production of isoprenoids by
creating plant-like pathways in microorganism has become more and more
attractive.

Isoprenoid molecules are typically synthesized from two common C5 interme-
diates isopentenyldiphosphate (IPP) and dimethylallyldiphosphate (DMAPP). The
combination of them can generate bigger unit molecules such as geranyldiphos-
phate (GPP, ten carbons), farnesyldiphosphate (FPP, 15 carbons), and geranyl-
geranyldiphosphate (GGPP, 20 carbons), which are precursors for monoterpenes,
sesquiterpenes, diterpenes, and carotenoids (Fig. 7.9) [261].

There are two biosynthetic pathways for IPP and DMAPP: the
mevalonate-dependent (MVA) pathway that converts acetyl-CoA to IPP and the
deoxyxylulose-5-phosphate (DXP) pathway that converts glyceraldehyde-3-phosphate
and pyruvate to IPP andDMAPP.TheMVApathway is present in yeast,while theDXP
pathway is mainly found in bacteria. Higher plants have both pathways, with the DXP
pathway being present in plastid, and MVA pathway in the cytosol [260].

Considerable research efforts have been made by Jay Keasling’s research group
and Amyris to develop recombinant S. cerevisiae platforms for the production of
plant-derived antimalarial precursor artemisinic acid, along with other products
such as farnesene and squalene. To improve the flux of FPP, the promoters of all the
genes in the MVA pathway have been changed. An additional copy of tHMG1
expressing a truncated HMG-CoA synthase was expressed under the control of
strong promoter (pTDH3). The GAL expression system has been modified to
maintain constitutive strong expression in fermentation media containing glucose.
The downstream pathway was repressed by replacing the native promoter of ERG9
with the CTR3 promoter which is controlled by copper [262, 263]. These modifi-
cations allowed the large increase of FPP pool. The introduction and optimization
of artemisinic acid biosynthetic pathway resulted in 25 g/L artemisinic acid pro-
duction [262, 263]. The platform developed here has also been applied to produce
other plant sesquiterpenes from FPP such as farnesane, bisabolene, and santalene
which can be used as biofuels, perfumes, and fine fragrances.

Aside from sesquiterpenes, the production of other larger terpenes have also
been studied widely recently. Diterpenes such as paclitaxel precursors oxygenated
taxanes, tanshinone precursor miltiradiene, and ginsenosides are produced from
engineered E. coli or S. cerevisiae, and their production was improved significantly
through the co-culture of engineered organisms. The microorganisms were also
engineered to produce larger terpenes such as lycopene and carotenoids [249].
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Amyris had developed engineered S. cerevisiae strains and processes to convert
sugars to low cost and stable supplies of artemisnin antimalarial drug. In addition,
they have converted sugarcane syrup into farnesene, and the industrial manufac-
turing production facility has begun operations in Brazil since 2012. There are over
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Hydroxymethylglutaryl-
CoA

Mevalonate

Mevalonate-5-
phosphate

Mevalonate-
diphosphate

IPP DMAPP

GPP

Glucose

PyruvateAcetyl-CoA AcetaldehydeAcetate

MVA
pathway

GAP

1-Deoxylulose-5-
phosphate

4-Diphosphocytidyl-2-
methyl-erythritol

2-Phospho-4-diphosphocytidyl-2-
methy-erythritol

Methyl-erythritol-
2,4-cyclodiphosphate

1-Hydroxy-2-methyl-2-butenyl-4-
diphosphate

2-Methylerythritol-4-
phosphate

FPP

GGPP

DXP
pathway
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Sesquiterpenes
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Fig. 7.9 The isoprenoid synthetic pathway in yeast (red, mevalonate-dependent (MVA) pathway)
and in bacteria (blue, deoxyxylulose-5-phosphate (DXP) pathway) [249]. IPP isopentenyl
diphosphate, DMAPP dimethylallyl diphosphate, GPP geranyl diphosphate, FPP farnesyl
diphosphate, GGPP geranylgeranyl diphosphate
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30,000 known terpenoids in nature. With the development of synthetic biology,
more and more compounds will be produced by engineered microorganisms with
high yields.

7.5 Perspectives for Lignocellulosic Biofuel
and Biochemical Production

The development of technologies for the production of biofuels and biochemical
from lignocellulosics is driven by the ever increasing demand and the forseeable
depletion of fossil fuels on which the current fuel and chemical industries are based.
The shift of a fossil fuel economy to more sustainable and renewable resources is an
answer to maintain our lifestyle, and to a more broad extent, our civilization. To do
this, the renewable fuels and chemicals need to be produced in a bio-based route.
Although bioethanol production from lignocellulosic materials, along with quite a
few other bio-based chemicals, has been commercialized, the production of biofuels
and biochemicals is still in its commercial infancy. A lot of work still needs to be
done to increase the titer, yields, and productivities of the products. Advances in
synthetic biology, systems biology, and improvement of molecular tools for genetic
manipulation can further contribute to microbial strain engineering. With these
promising improvements, we believe that a more sustainable and environmentally
friendly fuel and chemical industry will be constructed to provide quality living for
everyone.
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Chapter 8
Biofuels Production from Renewable
Feedstocks

Jerald A. Lalman, Wudneh A. Shewa, Joe Gallagher
and Sreenivas Ravella

Abstract Predicted increases in greenhouse gas emissions, depleting fossil fuel
supplies, global conflicts, and energy security are major factors driving the search
for renewable energy supplies. Based on future energy demand projections, biofuels
production is expected to increase. However, this increase represents a small
fraction of this growing demand because the land area required to grow sufficient
biofuels crops is unavailable. Hence, fulfilling the growing energy demand after
attaining peak fossil fuel production will include using a combination of energy
sources such as renewables, wind, geothermal, nuclear, hydroelectric, solar, and
coal. Current and potential feedstocks include grains, grasses, root crops, oil seeds,
algae, and lignocellulosics. Grains, sugar crops, and lignocellulosics are the main
feedstocks used in full-scale first- and second-generation ethanol processes. While
first-generation biodiesel is produced mainly from corn, soybeans, canola oil,
rapeseed, palm oil, Jatropha, and coconut oil, second-generation fuels are produced
from lignocellulosics. Third-generation technology employs several processes to
produce a variety of biofuels from algae while fourth-generation technologies, a
developing concept, is intended to employ genetically modified terrestrial or aquatic
plants. In another concept, fourth-generation technologies can be configured with
CO2 sequestration and storage. First-generation biobutanol is produced from corn
or molasses and from sugar beet as well as sugarcane, while second-generation
production processes utilize lignocellulosics such as corn stover, rice straw, corn
fiber, switchgrass, alfalfa, reed canary grass, sugarcane bagasse, Miscanthus, waste
paper, dry distillers grain with solubles (DDGS), and soy molasses. A variety of
technologies, based on the enzyme systems, are currently under investigation for
producing biohydrogen. Biohydrogen production routes are divided into biopho-
tolysis (direct/indirect), dark fermentation, and photofermentation. Increasing
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global demand is expected to drive increasing bioethanol and biobutanol production
using food and nonfood feedstocks. At the same time, researchers are developing
technologies to produce biohydrogen and biodiesel. Biohydrogen and biodiesel
production technologies are in their developmental stages; however, with innova-
tion, these technologies are expected to mature into economical processes.

Keywords Global energy supply and demand � Annual biofuel feedstock pro-
duction � Biofuels production processes � first-, second-, third-, and
fourth-generation processes

8.1 Introduction

Predicted increases in the global population to approximately 8.3 billion by 2030 is
linked to issues such as climate change, depleting fossil fuel supplies, energy
security, and affluence. Population growth and increasing wealth per capita are key
drivers connected to growing energy demand. Developing renewable energy sup-
plies offers a mechanism to reduce carbon emissions and combat issues associated
with population growth. A primary driver for developing energy crops is the desire
to decrease the quantity of greenhouse gases (GHG) associated with utilizing fossil
fuels. Bioenergy production from renewable feedstocks could be a major mecha-
nism in reducing carbon dioxide emissions.

Despite increasing energy efficiencies, consumption is increasing globally
(Fig. 8.1). In 2012, the global biofuels industry was valued at approximately $95
billion U.S., a 14.4 % increase from 2010. The industry is expected to grow to
$145.6 billion U.S. by 2023 [1]. Global primary energy consumption is projected to
grow by 1.5 % per year from 2012 to 2035. This increase is expected to add 41 %
to the global energy consumption by 2035. Renewables (including biofuels) are the
fastest-growing fuels with growth averaging 6.4 % per year from 2012 to 2035.
Nuclear (2.6 % per year) and hydro (2.0 % per year) are both expected to grow
more than the total energy consumption [2]. As fossil fuel demand peaks around
2030, biofuels, hydroelectric, solar, wind, geothermal, and nuclear are expected to
fill the gap created by depleting fossil fuel supplies (Fig. 8.1).

The deployment of bioenergy technologies, if carefully and strategically man-
aged in a sustainable manner, could produce the following advantages [3]:

• provide a large contribution to the global energy supply;
• contribute to reducing GHG emissions;
• improve energy security and trade balances, by substituting imported fossil fuels

with domestic biomass;
• provide opportunities for economic and social development in rural communi-

ties; and,
• allow for the utilization of wastes and residues which subsequently result in

reducing waste disposal problems and allow for efficient utilization of global
resources.
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8.2 Biomass Feedstocks

Biomass generally refers to organic materials derived from living and nonliving
matter. After coal, oil, and natural gas, biomass is the fourth largest energy source.
Cultivation of terrestrial renewable energy crops across the globe is shown in
Fig. 8.2. The global map accounts for crop cultivated on lands suitable and poorly
suitable for first, second, and third-generation feedstocks.

First-generation biofuels are classified based on using commercially available
technologies and conventional feedstocks such as oil seeds and grains [6]. Corn,
sugarcane, wheat, and other grains plus rapeseed and palm oil are categorized as
first-generation feedstocks because they are readily fermentable. Second-generation
biofuels production processes utilize lignocellulosic materials feedstocks such as
wheat stalks, corn stover, wood, and energy crops such as Miscanthus and
switchgrass. Second-generation feedstocks (often referred to as lignocellulosics)
require pretreatment including the use of complex enzyme mixtures prior to fer-
mentation [6]. Second-generation biofuel technologies are used to produce hydro-
gen, ethanol, dimethylfuran (DMF), dimethyl ether (DME), Fischer–Tropsch
(FT) diesel, and mixed alcohols. These technologies, including both biological and
thermochemical, are not cost competitive with first-generation biofuels production.
Second-generation technologies with substantial energy/environment benefits when
compared to most first-generation biofuels is due primarily to greater biomass
usability per unit land area. However, these technologies are characterized by
greater capital intensity and lower feedstock costs when compared to
first-generation technologies. Third-generation biofuels are a new category for
classifying biofuels. Third-generation feedstocks include materials such as
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microalgae do not compete for land area [6]. Algae, the most significant feedstock
for this technology, is cultivated to produce biodiesel from triglycerides, a meta-
bolic product. Fourth-generation fuels have been classified based on synthetic
biology of algae and cyanobacteria [10–12]. Synthetic biology includes the design
and manufacture of biological components, devices and systems, and the reengi-
neering of existing, natural biological systems for producing biofuels [13]. In an
opposing concept, fourth-generation biofuel systems are proposed to be comprised
of processing methods such as thermochemical coupled to carbon capture and

Corn stover
Sugarcane
Corn
Red beet

First and third-generation 
feedstocks containing starch, 
sucrose and vegetable oil

Rice

Sugarcane bagasse

Wheat straw
Rice straw

Sweet sorghum
Cassava
Wheat
Potato

Second-generation 
feedstocks containing 
lignocellulose

Grasslands
Softwood

Vegetable oil

Land not suited for pasture or 
rainfed crops

Land very poorly suited for 
pasture or rainfed crops

Land poorly suited for pasture and at 
best suited for rainfed crops

Land suited for pasture and at best 
poorly suited for rainfed crops

Land suited for rainfed crops 
and pasture possible

Land well suited for rainfed 
crops and pasture possible

Land suited for pasture and at best 
poorly suited for rainfed crops

Inland water bodies

Fig. 8.2 Land suitability for pasture and rainfed crops. Notes Land suitability data map adapted
from van Velthuizen et al. [7]. Crop cultivation data adapted from Stöcker and Tschentscher [8].
Vegetable oil production data accessed from http://www.indexmundi.com/agriculture/?
commodity=soybean-oil&graph=production [9]. General cultivation locations are shown. The
circle size is not representative of quantity produced
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storage technologies which divert the CO2 generated into geological formations or
mineral storage as carbonates [13]. In the opposing concept, the technology ability
to sequester and store CO2 leads to the carbon negative concept.

Crop cultivation in various areas is dependent on factors such as irradiation time
and intensity, temperatures, rainfall, season length, and soil quality. Temperate
regions are associated with the cultivation of softwood while in arid regions, sweet
sorghum, and switchgrass are preferred crops due to the low water demand. The
annual global energy consumption is expected to increase with population and
economic growth. In 2013, approximately 4185 million tonnes of fuel was con-
sumed globally. Based on this consumption and assuming varying biomass yields
of 5–50 tonne biomass (ha year)-1 [14] and conversion efficiencies ranging from 25
to 75 % tonne biomass per tonne fuel, the land area requirement is expected to
range from approximately 110-3350 Mha (Table 8.1). Using biomass to produce
biofuels will partially meet this demand; however, the exorbitant area required to
grow sufficient terrestrial as well as aquatic plants is unavailable (Table 8.1).
Hence, fulfilling this global growing energy demand after attaining peak fossil fuels
production will include utilizing a combination of other energy sources such as
renewables, wind, geothermal, nuclear, hydroelectric, solar, and coal (Fig. 8.1).

Biomass feedstocks are the largest renewable energy option available for pro-
ducing energy and chemicals [15]. Major biomass feedstocks categories are shown
in Table 8.2 [16]. Climate change is attributed as the leading cause for varying
biomass yields. Depending on the models and input climate scenario as well as
assumptions, many global areas may experience significant decreases as well as
significant increases in crop yields [17]. The global primary biomass potential
forecast by numerous studies estimate annually over a 100-year timeframe is

Table 8.1 Estimated biomass conversion and land area requirement [14]

Yield (tonne biomass (ha
year)-1)

Proportion of biomass converted to
biofuel (%)

Land area
(Mha)

5 25 3348

50 1674

75 1116

10 25 1674

50 837

75 558

25 25 837

50 419

75 279

50 25 335

50 167

75 112

1 Mha = million hectare
2 Based upon 4185 million tonnes ⁄ year fuel consumption as of 2013 [14]
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expected to range from 50 to 1550 EJ [18] (equivalent to 8.2–253 billion barrels of
oil equivalent (Bboe) per annum). Other studies have reported an annual global
production potential of 30 EJ from forest and agricultural residues [19]. According
to Demirbas [20], the global biomass production is estimated at 146 giga tonnes
(Gt) per year. Klass [21] and Hall et al. [22] reported annual biomass yields range
from 170 to 200 Gt (equivalent to 500–599 Bboe assuming an energy yield of 18
GJ per tonne biomass).

The annual global production of selected crops is shown in Table 8.3. Corn,
sugarcane, and oilseeds are the major contributors for producing biofuels with corn
and sugarcane accounting for approximately 76 % of the total bioethanol produced
[23].

Table 8.2 Major biomass feedstock categories [16]

Biomass category Biomass feedstock

Forest products Wood, logging residues, trees, shrubs, and wood residues,
sawdust, bark, etc.

Biorenewable wastes Agricultural wastes, mill wood wastes, urban wood wastes,
urban organic wastes

Energy crops Short-rotation woody crops, herbaceous woody crops, grasses,
forage crops

Food crops Residue from grains and oil crops

Sugar crops Sugarcane, sugar beets, sorghum

Landfill Municipal solid wastes

Industrial wastes Food wastes, organic acid wastes, and vegetable oil wastes

Algae, kelps, lichens, and
mosses

Water hyacinth, mushrooms, etc.

Aquatic plants Algae, water weed, water hyacinth, reed, and rushes

Table 8.3 Annual
production of selected crops

Crop Annual production (Million tonnes year−1)

Wheat 725a

Rice, milled 480a

Corn 1000a

Barley 145a

Oats 23a

Rye 13a

Cassava 250b

Sorghum 70a

Sugar beet 160a

Sugarcane 1880c

Soybeans 280b

Oilseed 530a, 425d

aUSDA [24]; bFAO [25]; cKoo and Taylor [26]; dOECD/FAO
Agriculture Outlook [27]
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The global total crop biomass annual production is estimated at approximately
8950 million tonnes, of which 5570 million tonnes (62 %) is categorized as crops
and 3380 million tonnes (38 %) as above ground residues. Crops are produced for
food (69 %), feed (19 %), and energy and materials (7 %). A small fraction is used
for seed while another portion is waste (5 %). Of the estimated residues, 10 % is
used for feed (corn and straw) and 6 % for bedding (in developed countries) [28].
Most of the residues remaining in the field are burned or grazed by livestock.

Approximately 1000 million tonnes of corn is produced annually (Table 8.3 and
Fig. 8.3) with the U.S. and China accounting for approximately 60 % in 2014 [24].
Corn is utilized for feed (55 %), food (20 %), and also for producing biofuels while
corn stover is used for livestock feed. Oil is extracted from corn kernels for con-
sumption, cooking, and nonfood products. The average quantity of oil extracted is
approximately 15 % of the total crop. The leaves and straw are recycled into the
soil. Sugar beet is produced for food and biofuels. Annual wheat production as a
major food source is estimated at 725 million tonnes. Cassava is produced (250
million tonnes year−1) in tropical climates and mainly used for food. Global beet
production, mainly in the European Union, is approximately 160 million tonnes
year−1. Brazil and India account for approximately 60 % of the global sugarcane
production of 1880 million tonnes year−1 (Table 8.3). Sugarcane is cultivated for
sugar (sucrose) and ethanol production. Brazil is the largest producer, followed by
India and China. Sugarcane is a diversified crop used for producing food (sucrose,
alcohol, molasses), energy, and biofuels (ethanol) [29]. Approximately 50 % of the

Fig. 8.3 Global biofuels production. Source: OECD/FAO [27]. United States Environmental
Protection Agency [30]. United States Energy Information Administration [31]
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bagasse produced is used for energy production and the rest remains unused in the
environment [35]. Vegetable oils are produced (910 million tonnes year−1) mainly
for food products.

Biomass residues from fruits and vegetables, roots and tubers, and sugar beets
are limited in quantity but have potential for bioenergy production when available
in sufficient quantities. Their relatively high economic value makes these crops less
favorable for uses other than food. Sugar beet is comparable to sugarcane, and the
high sugar content makes the crop suitable for food, fuel, and energy.

Biomass sources include crops such as beet and sugarcane, woody and herbaceous
species, wood wastes, agricultural residues, waste paper, municipal solid waste,
biosolids, food processing waste, animal wastes, aquatic plants, bacteria, and algae.
Cellulose, hemicelluloses, lignin, proteins, and fats are the major organic constituents
of biomass. In the case of lignocellulosics biomass, themain constituents are cellulose
(35–50 %), hemicellulose (20–35 %), and lignin (10–25 %) (Table 8.4).

8.3 Biofuels Production

8.3.1 Overview

On a global scale, biofuel production from renewable biomass is projected to
continue increasing over the next decade [36]. Corn, sugarcane, beet and ligno-
cellulosics are major feedstocks for producing bioethanol while vegetable oil plus
oilseeds are utilized to produce biodiesel. The U.S., Brazil, the EU, and Argentina
are the largest biofuel producers while the world’s largest biofuel exporters include
Argentina, Brazil, and the U.S., with Argentina, Brazil, and the U.S. specialize in
producing soybean oil-based biodiesel, sugarcane-based ethanol, and corn-based
ethanol, respectively [36].

Table 8.4 Chemical composition of selected agricultural grains, residues, and brown kelp

Feedstock Cellulose Hemicellulose Mannitol Algin Starch Fat Ash Protein Lignin

Corna 2.0 7.6 76.0 5.7 1.6 11.4 1.0

Soyabeana 2.0 5.0 18.8 5.5 42.8

Wheata 8.0 4.0 70.0 2.2 1.6 12.3 2.0

Sorghumb 73.0 4.6 1.2 10.9

Switchgrassa 33.5 26.5 6.4 5.3 18.1

Brown ricea 1.0 2.0 74.4 2.6 1.6 8.5

Giant brown
kelpc

4.8 18.7 14.2 45.8 15.9

Bermuda
grassc

31.7 40.2 5.0 12.3 4.1

Poplarc 41.3 32.9 1.0 2.1 25.6

All data given in %w w-1

aAbbas et al. [32]; bLéder [33]; cKlass [34]
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Currently, the EU remains the world’s largest biofuels importer over a projected
period until 2024. Biodiesel accounts for the majority of the EU’s biofuel imports
with Brazil supplying a large fraction of the EU’s ethanol imports. The EU is also
projected to import, oilseeds and vegetable oils for biodiesel feedstocks mainly
from Ukraine, Russia, and Indonesia. Global trade for wheat, coarse grains plus
soybeans, and soybean products is expected to reach 175, 175, and 235 million
tonnes, respectively, by 2024 [36].

Wheat, coarse grains, soybeans, sugarcane, and beet feedstocks are employed to
produce a variety of chemical and fuels utilizing biological, physical, thermal, and
thermochemical processes. Currently, the major biofuels produced include
methane, ethanol, and biodiesel (Fig. 8.3). Other chemicals produced from biomass
include benzene/toluene/xylene (BTX), furans, organic acids, diols, alkenes, alka-
nes, and polyhydroxyalkanoates (PHAs) (Fig. 8.4). Producing biofuels and chem-
icals from renewable crops and residues is important from an energy security and
environmental perspectives. However, approximately 43 % of the total crop pro-
duced annually is used for food and only 5 % is converted into energy producing
chemicals [28]. The small fraction of the total global annual crop produced which is
converted into energy is due to limited factors such as the total annual production,
crop yield, climatic conditions, and the quantity used to produce food products.
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8.3.2 Biofuels Production Technologies

Biomethane, bioethanol, and biodiesel are produced in large quantities from a
variety of feedstocks. Production processes for these fuels are described in subse-
quent sections.

8.3.2.1 First- and Second-Generation Biomethane Production

Biomethane, a useful energy carrier, is derived from renewable feedstocks.
Biomethane under the first-generation category is produced by anaerobic digestion
while the second-generation production process is configured with biomass gasi-
fication, purification, and catalytic methanation. According to the European biogas
association (EBA), the 2010 total biogas production in Europe was estimated at
14.7 billion m3 [93.8 million boe (barrel of oil equivalent) or 20.6 billion m3

biogas] based on natural gas equivalents. The EBA projects the level of biogas
production will reach 28 billion m3 (based on natural gas equivalents) in 2020 [38].
Contradictory data by EurObserv’ER [39] reported the quantity of biogas produced
in 2013 reached approximately 25.7 billion m3. Major biomethane producing
countries in Europe include Germany, Sweden, the Netherlands, Austria, Finland
and the UK [39]. Germany is Europe’s largest biogas producer [40] with a total
capacity from biomass of 12.8 billion kWh [85.8 million boe (barrel of oil
equivalent)] in 2010 [41]. In the U.S., methane biogas from cow manure is suffi-
cient to produce 100 billion kilowatt hours (equivalent to 16.7 billion m3 biogas or
61.4 Mboe or 11.3 billion m3 natural gas equivalent). Methane biogas can reduce
99 ± 59 million tonnes of GHG emissions or approximately 3.9 ± 2.3 % of the
GHGs produced by the U.S. [42].

A vast selection of crops has been evaluated for their potential to produce
methane. The methane yield per hectare of selected sugar and starch crops are
shown in Table 8.5. Methane can be produced from lignocellulosic crops; however,
the methane yield from these crops is lower than that obtained from sugar and
starch containing crops. Even though the conversion of lignocellulosics into
methane faces an initial barrier related to the enzyme access to readily
biodegradable components, the process is more environmentally sound and sus-
tainable option for renewable energy production because lignocellulosic crops can
be cultivated on marginal and set-aside lands [43].

Converting agriculture feedstock into methane is accomplished sequentially by
various microbial populations during anaerobic digestion. These organisms which
include hydrolytic degraders, acidogens, acetogens, and methanogens, produce
monomers, organic acids, acetic acid, and eventually methane, respectively. Sugars
are easily degraded to methane by anaerobic microorganisms; however, the process
reaction rate is impaired significantly when the feed contains substrates such as
lignocellulosics and lipids.
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Biomethane production from a H2 plus CO synthesis is classified as a
second-generation biofuel. The production process involves four stages. In the first
gasification stage, lignocellulosics are converted into a synthesis gas which is rich
in CO and H2. The synthesis gas is purified to eliminate tars and inorganic com-
pounds in the second stage. Next, the synthesis gas is converted into biomethane
using a heterogeneous catalytic conversion process. Finally, the biomethane stream
is conditioned using gas separation processes in order to be compliant with standard
specifications for natural gas [44].

8.3.2.2 First- and Second-Generation Bioethanol Production

First-Generation Ethanol Production from Starch- and Sucrose-Based Crops

Bioethanol production in 2015 from sugarcane and corn was estimated at
approximately 84 billion liters (Fig. 8.3). By 2022, the global ethanol production is
projected to reach approximately 157.2 billion liters (Fig. 8.1). Based on the 2022
data, corn, sugarcane, and lignocellulosics account for 35, 25, and 40 %, respec-
tively, of the total first-generation biofuels produced. The 2022 ethanol production
(157.2 billion liters) accounts for approximately less than 1 % of the total annual
global energy utilized (Fig. 8.1). The 2022 data excludes production data for wheat,
beet, and cassava because of the low annual ethanol production levels for these
three feedstocks. Sugar beet bioethanol production accounted for approximately
0.83 billion liters in 2015 [45–47]. The annual low levels of bioethanol produced
from wheat and cassava is due to the small fraction available for processing. In the

Table 8.5 Biomethane yield
in function of methane
production and crop field
yield [43]

Crops Yield (m3 STP CH4 ha
-1)

Cocksfoot 2390

Corn 5300–12,390

Festlolium 2800

Giant knotweed 3800

Hemp 2840

Jerusalem artichoke 3100–5400

Reed canary grass 3800–4200

Rhubarb 800–1700

Sugarbeets 5400

Sunflower 4695

Tall fescue 2749

Timothy 1840–2335

Timothy clover grass 2900–4000

Triticale 1112–6600
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case of wheat, only 1.0 % of global wheat production is available while for cassava,
only 0.6 % is available for producing ethanol [46].

Approximately 76 % of the ethanol produced globally is derived from sugarcane
and corn with the remaining produced from beet, wheat, and other crops (Fig. 8.3).
The U.S. and Brazil are major ethanol producers with a market share of approxi-
mately 75 % in 2012 (Fig. 8.5). Ethanol yields for selected crops are shown in
Table 8.6. Sugarcane and coarse grains are the largest yielding ethanol producing
crops with lower yields derived from oats and cassava. Ethanol production based on
crop type is shown in Fig. 8.6. Sugarcane to ethanol production facilities are
located in Brazil while corn to ethanol are situated in North America and Asia. Beet
to ethanol production facilities are stationed in Europe.

Hydrolysis, the first reaction step in producing ethanol from cereal grains,
involves converting starch to glucose monomers using hydrolyzing enzymes. In the
second step, glucose and other sugar monomers are converted into ethanol using

Fig. 8.5 Percent ethanol
production based on
countries [23]

Table 8.6 First-generation ethanol yields for sucrose and starch with grains, terrestrial, and root
crops

Feedstock Moisture
(% wt)

Starch
(% wt)

Sugar
(% wt)

Crop yield
(tonnes ha-1)

Ethanol yield (L
dry tonne−1)

Sucrose 480g actual

Starch 100a 720a

Barley 9.7a 67.1a 399a

Beet 75b 17–18b,f 375c

Cassava 32d 35d 150d

Corn 13.8a 71.8a 407a,c

Oats 10.9a 44.7a 262a

Sweet
Sorghum

70e 13e 400g, 520g

Sugarcane 82f 15–16f 74g 460–654a,c

Wheat 10.9a 63.8a 375a

aSaskatchewan Agriculture and Food [47]; bAsadim [48]; cShapouri et al. [49]; dKuiper et al. [50];
eHöfer [51]; fCardona et al. [52]; gBonin et al. [53]
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yeast. The fraction of biomass converted into fuels and chemicals depends on the
availability of easily degradable sugars (Table 8.6). Starch, grain crops, root crops,
and grasses are easily fermented into ethanol with less pretreatment when compared
to ethanol production from lignocellulosics.

Ethanol production from grain crop such as corn and other starch rich grains is
classified as wet or dry milling. Major differences between the two processes are the
byproducts produced and the initial capital cost. In the wet milling process, corn is
converted into fuel ethanol and dry distillers grain with solubles (DDGS). DDGS
contains primarily protein and is sold as animal feed. The unit processes are con-
figured in the following sequence: [54] 1. Grain grinding into a meal using hammer
or roller mills; 2. Liquefying the meal using a-amylase at a 90 °C reaction tem-
perature; 3. The liquefied mash is cooled and pH adjusted to 4–5. Glucoamylase is
added to convert dextrins and oligosaccharides into glucose and maltose. Sugar
monomers are fermented at approximately 30 °C for 40–60 h to produce ethanol and
CO2; and 4. The fermented mash is distilled to separate the ethanol from solids and
water. After distillation, the residues are centrifuged into solid (grain residue) and
liquid (thin stillage) fractions. The liquid fraction is further concentrated by evap-
oration to produce wet distillers grain (WDG). The WDG is sold directly as animal
feed or concentrated to produce DDGS [16]. Almost all the industrially produced
ethanol fermentation processes utilizes Saccharomyces cerevisiae. Other microor-
ganisms include S. uvarum, Schizosaccharomyces pombe, and Kluyveromyces [55].

The wet milling process configuration is more complicated than the dry milling
process. The wet milling of grains such as corn and wheat are different because of
the gluten protein content. In general, the wet milling process consists of steeping,
degerming, defibring, starch/gluten separation, liquefaction, saccharification and
fermentation, distillation and dehydration [56]. Steeping involves a combination of
biochemical, chemical, and mechanical processes. Maize kernels are conditioned to
separate the germ, fiber, and gluten from starch. Separation is achieved by condi-
tioning the kernels at 50–52 °C with 0.12–0.2 % sulfurous acid for 24–28 h [57].
Steeping water is concentrated to a liquor containing 35–45 % proteins and sold as
fermentation nutrients or used to produce a gluten feed. During degerming, the
steeped maize kernels are broken apart to produce a mixture containing maize germ
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Other

Fig. 8.6 Percent ethanol
production based on crop
type [23]
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plus a starchy slurry. The maize germs, which are separated from the starch slurry,
are washed, dewatered, and dried. Oil is extracted from the maize germs and
subsequently, the spent germs is processed into germ meal or used to produce a
gluten feed. The starchy slurry from the degerming process undergoes washing,
grinding, and screening to produce a mixture containing fibers, starch plus gluten.
The fibers are separated and dried to produce a gluten feed. The stream containing
the remaining starch plus gluten is processed to produce a gluten-rich stream which
is concentrated to a gluten meal. After removing the gluten, the starch-rich process
stream is used to produce a series of starch products which are used to produce
ethanol [16].

Ethanol yields from corn fermentation are estimated at approximately 400–
425 L tonne-1 for first-generation production technologies [48, 58, 59] while for
lignocellusoics, the yield is approximately 300 L tonne-1 of sulfite pretreated
Douglas-fir forest residue (Table 8.6) [60]. The ethanol yield is not only feedstock
dependent but it is also affected by the process design configuration. For instance,
the yields for dry and wet corn milling processes are approximately 460 and 440 L
tonne-1, respectively [61].

The sugarcane to ethanol industry in Brazil evolved out of the 1970s global
energy crisis. Sugarcane cultivation in Brazil’s economy generates 2.5 % of its
gross domestic product with the ethanol industry contributing a further 1.1 % [62]
or $60 billion U.S. [63]. The sugarcane to ethanol first-generation process is con-
figured with a series of unit operations which involve physical and biochemical
processes [64]. In the first step, crushing and pressing releases the juice while
heating and clarification unit processes separate solids from the liquid fraction.
Evaporation, crystallization, centrifugation are used to concentrate and purify the
sugar stream. After producing ethanol by yeast fermentation, the liquid stream is
distilled and dried. The bagasse byproduct is used as an energy source.
Alternatively, after pretreating bagasse, glucose is recovered and subsequently used
to produce ethanol. The solids fraction from pretreating bagasse is utilized to
produce power and heat.

Beet sugar production facilities are configured with unit processes to produce
sugar which is subsequently converted to ethanol. Screening and washing are
employed to remove rocks and other unwanted fractions such as leaves and small
roots. The beet roots are chopped into 3 mm size fractions and processed to extract
the sugar using hot water fed to rotary drum screens, followed by dewatering. The
remaining solids are sold as animal feed. Liquid from the hot water treatment and
dewatering processes are combined for further processing. The liquid sugar stream
is clarified before fermentation to ethanol. Typical ethanol yield for beet is
approximately 375 L dry tonne-1 (Table 8.6).

Second-Generation Ethanol Production from Lignocellulosics

Currently, corn stover, cereal straws, and sugarcane bagasse are the primary feed-
stocks for producing second-generation lignocellulosic ethanol (Table 8.7).
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However, energy crops, such asMiscanthus, a relative of sugarcane which can grow
in cooler climates and switchgrass are considered as potential future lignocellulosic
feedstocks. Miscanthus yields in various European countries typically range from 4
to 44 tonne ha-1 while in the U.S., the yield (tonne ha-1) is typically 11–14.5 [74–76].
Typical switchgrass yields in the U.S. range from 5 to 11 tonne ha-1 [77].

The process design configuration for second-generation lignocellulosic ethanol
production generally includes pretreatment followed by fermentation [78]. The
initial pretreatment step involves deconstruction of the biomass using physical,
physicochemical, chemical, or biological treatments to render the complex carbo-
hydrates accessible to hydrolysing enzymes. These complex polysaccharides (cel-
lulose and hemicellulose) are then treated with enzyme cocktails which include
cellulases, xylanases, ferulic acid esterases, etc., to produce both hexose and pen-
tose sugars. The sugars are fermented to ethanol by a range of microorganisms [79].
Recent pretreatments methodologies have focused on the separation of the hemi-
cellulose fraction prior to enzymic digestion enabling a harsher treatment to be used
on the cellulose fraction. Following fermentation, the ethanol stream is concentrated
by distillation while lignin is recovered and used for energy production. Typical
second-generation lignocellulosic ethanol yields are shown in Table 8.7.

A lignocellulosic to ethanol process developed by Iogen was recently licensed to
Raízen Energia Participacoes S/A, a major sugarcane processor, in Brazil. The
Iogen process, which uses a bagasse feedstock, is configured with pretreatment,
enzymatic hydrolysis, lignin separation, and processing plus fermentation and
distillation. The high temperature pretreatment process is designed with a short
residence time and mild acid hydrolysis. Acid hydrolysis prepares the feedstock for
enzymatic hydrolysis. During enzymatic hydrolysis, cellulose is converted into
six-carbon sugars. The hydrolysis products are divided into solid and liquid frac-
tions. The solid portion is primarily lignin while the liquid fraction containing
sugars is converted to ethanol by fermentation. Five- and six-carbon sugars are
converted to ethanol using genetically modified yeasts. The dilute ethanol stream is

Table 8.7 Lignocellulosic biomass composition and ethanol yield

Crop Cellulose plus hemicellulose
content

Lignin Ash Ethanol yield
(L dry tonne-1)

dry wt%

Bagasse 59–761, 70.82 19–
241,2

4.5–
9.01,2

3003

Corn stover 634 17.54 6.64 3003,220–2555,10,
2386

Wheat
straw

594 254 64 3407

Miscanthus 698 138 38 165–2959

Switchgrass 598 188 58 22510

1Soccol et al. [65]; 2Canikha e al [66]; 3Somerville et al. [67]; 4Abbas et al. [32]; 5Tumbala et al.
[68]; 6Aden et al. [69]; 7Talebina [70]; 8Abramson et al. [71]; 9Lee and Kuan [72]; 10Ewanick and
Bura [73]
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concentrated into commercial-grade fuel ethanol. Other cellulosic ethanol facilities
operating in the U.S. include Abengoa BioEnergy (Hugoton, Kansas) and Ineos Bio
(Vero Beach, Florida) [80]. Facilities operational in Europe include Abengoa
(Spain), Chempolis (Finland), Clariant/Sud-Chemie (Germany), Inbicon
(Denmark), Mossi and Ghisolfi (Chemtex) (Italy), and St1 Biofuels (Finland) [81].

Saccharomyces cerevisiae and Zymomonas mobilis, genetically modified
microorganisms are useful ethanologens for converting biomass into ethanol. These
microorganisms have been used extensively in industry for producing ethanol using
starch or sugar-based feedstocks [82, 83]. However, they only utilize hexose
monomers and cannot consume pentose sugars [82, 83]. Bacteria such as
Escherichia coli and Klebsiella oxytoca can consume a wide range of substrates
including hexose and pentose sugars in cellulosic biomass hydrolysate. These
excellent microorganisms have been genetically modified to ferment sugars in a
hydrolysate from cellulosic biomass [82, 84, 85].

Second-Generation Ethanol Production Using a Hybrid
Thermal/Fermentation Process

Thermal treatment of biomass to biofuels is divided between gasification and
pyrolysis technologies. The Fischer–Tropsch three-step process combines coal
gasification or natural gas reforming in the first step to produce a CO plus H2

synthesis gas with a second-step heterogeneous catalytic step to produce a wide
range of gaseous and liquid fuels. In the third step, longer chain, waxy synthetic
hydrocarbons are hydrocracked to fuel grade fractions [86]. Coal gasification or
alternatively methane reforming or partial oxidation produces a CO and H2 rich gas
under limited oxygen conditions [87, 88]. The technology was initially developed
by Germany during World War II. The process was subsequently adopted by
SASOL, a South African company, after the 1970s global energy crisis. The
gasification and heterogenous catalytic processes are designed to operate under
typical conditions of 2–20 MPa [89] plus 125–1600 °C [89–90] and 0.2–1.5 MPa
[91] plus 125–325 °C [87], respectively.

Utilizing synthesis gas to produce bioethanol is a second-generation process
under development. The process configuration for producing ethanol from biomass
is simpler when compared to natural gas or coal processing to produce a CO plus
H2 rich synthesis gas. The hybrid biomass gasification plus fermentation process
produces ethanol from synthesis gas. The fermentation reaction is mediated by
anaerobic micoorganisms such as Clostridium ljungdahlii and C. autoethanogenum
[92, 93]. The technology is licensed to Coskata Warrenville, Illinois. In a typical
design configuration, the hybrid gasification fermentation pilot-scale technology is
configured with a Westinghouse plasma gasifier [94].
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8.3.2.3 Second-Generation Biofuel Production Using Thermal
Processing of Lignocellulosics

Biomass pyrolysis is an evolving second-generation technology used to produce
bio-oils, char, and gas. Pyrolysis is the thermal degradation of wood in the absence
of oxygen. The technology is generally categorized as “fast” or “slow” depending
on the reaction time for processing into byproducts. During fast pyrolysis, bio-oil
yield can reach 80 % of the product on a dry fuel basis. Bio-oil can be used as a
liquid fuel or as a feedstock for producing other chemicals. Biomass pyrolysis is
typically performed at a relatively low temperature range (300–650 °C). During
slow pyrolysis, the biomass is heated at a moderate rate to approximately 600 °C
with a residence time 5–30 min. Typically for fast pyrolysis, the residence time is
<2 s and the heating rate is high with a final temperature at 500 °C [95].

8.3.2.4 First-Generation Biodiesel Production from Vegetable Oils

Biodiesel production is mainly concentrated in the EU and the U.S. Approximately
60 % of the global total is produced in the EU. Biodiesel production is also
emerging in Brazil China, India, Indonesia, and Malaysia. In 2007, the total bio-
diesel produced was estimated at approximately 10 billion liters [96].

Acid Hydrolysis

First-generation biodiesel production technology is well developed with feedstocks
derived from corn, soybeans, canola oil, rapeseed, palm oil, Jatropha, waste frying
oil, and coconut oil. Biodiesel (long-chain fatty acid methyl esters (LCFAME)) is
produced by combining a vegetable oil with an alcohol (ethanol or methanol) and a
catalyst (usually NaOH or KOH). The transesterification reaction involves con-
verting the vegetable oil molecule into three LCFAME molecules plus one glycerol
molecule [97]. The reaction mixture process stream, after mixing the catalyst,
alcohol plus vegetable oil, is separated by centrifugation into methyl esters plus
glycerol. In the next stage, fatty acid esters are neutralized with acid and glycerol is
removed due to its low solubility. The centrate stream containing glycerol (50 %),
fatty acid soaps, and methanol, is acidified and subsequently, the free fatty acids are
phase separated and removed. Methanol is also removed and the glycerol stream is
concentrated to 85 %. Methanol removed from the neutralization and acidification
stages is combined and vacuum flash evaporated to separate methanol from water.
The LCFAME stream is washed and subsequently dried to produce the biodiesel
product [98].
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Enzymatic Hydrolysis

Lipase-catalyzed hydrolysis of triacylglycerol is utilized to produce free fatty acids
(FFA) plus glycerol. The enzymatic reaction is advantageous because glycerol is
easily recovered without complex processing. The FFA are completely converted to
methyl esters and wastewater treatment is not required [99]. Lipase-catalyzed
transesterification is performed at low temperature and ambient pressure and hence,
less energy intensive when compared to chemically catalyzed reactions. The
technology is underdeveloped because of constraints such as enzyme cost and
enzyme inhibition by methanol beyond a threshold level [99–102].

8.3.2.5 Third- and Fourth-Generation Biodiesel Production Using
Algae and Yeast

Algae have been considered as third- and fourth-generation biofuel feedstock
because existing processing routes can be designed to produce biodiesel. However,
microalgae can be potentially processed into other fuels such as methane, alcohols,
and distillate fuels [103]. Microalgae, which are high yielding, do not compete with
land use and as food crops and hence, they are excellent feedstocks. Cultivation of
any biomass requires water as well as nutrients. Terrestrial biomass cultivation
generally requires water sources with relatively low salt levels because of problems
associated with salt accumulation. Nutrients for terrestrial crop cultivation can be
supplied from fertilizers, treated effluents as well as stabilized microbial cultures
produced from wastewater treatment. In the case of algae cultivation, growth can be
accomplished in seawater and nutrients supplied from wastewater streams.

Oleaginous yeast is another feasible source of third-generation feedstock.
Glucose is the primary sugar used by yeast such as Saccharomyces cerevisiae.
However, using glucose as a carbon source is not economically feasible and
alternate electron donor carbon sources, especially waste material have received
more attention to produce microbial lipid. A comprehensive review summarizing
lipid analyses for 480 yeast strains has also reported 46 strains belonging to 14
species were oleaginous with yields reaching up to approximately 70 % oil (w w-1)
[104]. Many major species studied to date include Yarrowia lipolytica, Rhodotorula
glutinis, Rhodotorula graminis, Cryptococcus curvatus, Cryptococcus albidus, and
Rhodosporidium toruloides [105].

In the U.S., many algae strains have been identified by the Department of Energy
(DOE) Aquatic Species Program (ASP). Several promising algal species such as
Botryococcus braunni, Chaetoceros calcitrans, several Chlorella species,
Isochrysis galbana, Nanochloropsis, Schizochytrium limacinum, and Scenedesmus
species have been examined as potential biofuel feedstock sources [103, 106, 107].
The U.S. and Europe are the largest producers of algae biodiesel with the U.S.
accounting for 87 % of the total global industrial production [103]. Typical lipid
yields for a variety of algae and yeast species are provided in Tables 8.8 and 8.9,
respectively.
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Research and development activities as well as pilot-scale facilities development
for third-generation algae to biodiesel facilities are primarily located in the U.S.,
Europe, and China. The U.S. DOE has invested heavily in developing the tech-
nology [110]. Many U.S. companies as well as research institutions are major
players leading the technology development efforts.

The third-generation technology employs several processes to produce a variety
of biofuels from algae. The unit process configuration utilizes oil extraction,
transesterification, and subsequently, distillation. It is envisaged that future new
fourth-generation technologies will be developed that advances the process design
of third-generation technologies using a genetically modified feedstock, namely
those terrestrial or aquatic plants which can capture CO2 more efficiently. In

Table 8.8 Biomass composition of microalgae expressed on a dry matter basis [108, 109]

Strain Protein Carbohydrates Lipid

% dry w w-1

Anabaena cylindrica 43–56 25–30 4–7

Botryococcus braunii 40 2 33

Chlamydomonas rheinhardii 48 17 21

Chlorella vulgaris 41–58 12–17 10–22

Dunaliella salina 57 32 6

Euglena gracilis 39–61 14–18 14–20

Porphyridium cruentum 28–39 40–57 9–14

Prymnesium parvum 28–45 25–33 22–39

Scenedesmus dimorphus 8–18 21–52 16–40

Spirogyra sp. 6–20 33–64 11–21

Table 8.9 Typical lipid composition for yeasts [104]

Species Lipid content
(% dry w w-1)

TG FA Sterol SE PL

Percent composition

Debaryomyces hanseni 7 27 4 6 1 60

Hansenula anomala 13 77 Trace 3 15 17

Lipomyces starkeyi 16 60 22 3 1 9

Saccharomyces cerevisiae (agar plate) 7 7 4 4 22 62

Saccharomyces cerevisiae (batch culture) 9 40 6 – 20 30

Yarrowia lipolytica (Candida lipolytica) 36 52 5 – 4 9

Candida utilis 11 55 1 2 1 38

Rhodotorula rubra 15 63 6 2 1 25

TG = triacylglycerols, FA = nonesterified fatty acids, SE = sterol esters, PL = phospholipids
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addition, genetically modifying algae may be employed to increase CO2 utilization
with a subsequent increase in lipid production [103].

8.3.2.6 First- and Second-Generation Biobutanol Production

Microbially produced butanol can be utilized without blending with other fuels or at
any blend ratio in combustion engines. Butanol is produced together with other
solvents by Clostridia [111–114]. Acetone, butanol, and ethanol (ABE) are pro-
duced by fermentation of hexoses. C. acetobutylicum, C. beijerinckii, C. saccha-
robutylicum, and C. saccharoperbutylacetonicum are mainly utilized in industrial
production processes [115–119]. These microorganisms utilize mainly starch or
sugars. Corn (starch) or molasses from sugar beet and sugarcane (sugar) are used
for industrial ABE fermentations [112]. In addition, other substrates in wastes such
as microalgae-based biodiesel residues have been used with varying success [120].
Microbial butanol yield is affected by the cost for substrates such as glucose, corn,
sugarcane molasses, and whey permeate. An alternate approach to produce
second-generation biobutanol is reducing the production cost by utilizing ligno-
cellulosics such as corn stover, rice straws, corn fiber, switchgrass, alfalfa, reed
canary grass, sugarcane bagasse, Miscanthus, waste paper, DDGS, and soy
molasses [121]. Waste agriculture residues and lignocellulosics are complex
structures containing a mixture of cellulose, hemicellulose, and lignin. Because the
structure complexity does not permit direct fermentative microbial activity, pre-
treatment and coupled with hydrolysis are required prior to fermentation. During
pretreatment, inhibitor chemicals impair the reaction rates and hence, purifying the
hydrolysate is necessary before fermentation [121]. Microbial cultures such as C.
sacchrobutylicum P262 and C. beijerinckii P260 have been utilized to produce
hydrolysates containing toxic chemicals. Strains capable of withstanding chemical
toxicity will accelerate development of the technology [121]. Butanol is commer-
cially produced by companies such as GreenBiologics Ltd in the UK.

8.3.2.7 Biohydrogen Production

A variety of technologies have been under investigation for producing biohydrogen.
The technology type is based on the enzyme systems used to produce hydrogen.
Biohydrogen production routes are divided into biophotolysis (direct/indirect), dark
fermentation, and photofermentation. In the direct biophotolysis process, water is
converted into hydrogen plus oxygen via photosynthetic reactions in the presence
of solar energy (Eq. 1). A major disadvantage is that the Fe-hydrogenase activity is
oxygen sensitive. Chlamydomonas reinhardtii, a green algae, has been shown to
deplete the oxygen level during the oxidative respiration [122]. However, the
reaction is short-lived and the hydrogen production rate is approximately one-tenth
of other photosynthetic reactions [123].
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2H2Oþ light energy ! 2H2 þO2 ð1Þ

In the indirect process, enzymatic inhibition caused by O2 is resolved by sep-
arating O2 and H2 evolution (Eqs. 2 and 3) [123]. Carbon dioxide is fixed and
serves as the electron carrier between the O2 producing (water splitting) reaction
and the O2 sensitive hydrogenase reactions. Many green algae and cyanobacteria
are able to fix CO2 via photosynthesis (Eq. 3) and they also have the ability to fix
nitrogen and use enzymes which are able to catalyze the second H2 generation step
(Eq. 4) [123, 124].

12H2Oþ 6CO2 ! C6H12O6 þ 6O2 ð2Þ

C6H12O6 þ 12H2O ! 12H2 þ 6CO2 ð3Þ

In the photofermentaton process, H2 production by purple non-sulfur bacteria is
attributed to nitrogenases under O2 deficient conditions using light energy and
electron donors (organic acids). Rhodopseudomonas palustris is able to oxidize
organic electron donors in the presence of light energy to produce H2 [125].

C6H12O6 þ 12H2Oþ light energy ! 12H2 þ 6CO2 ð4Þ

Dark fermentation is mediated by a consortium of microorganisms consisting of
hydrolytic degraders, acetogens, acidogen plus methanogens. Carbohydrates,
mainly glucose, are the preferred carbon sources used to produce acetic and butyric
acids together with H2 (Eqs. 5 and 6) [124].

C6H12O6 þ 2H2O ! 2CH3COOHþ 2CO2 þ 4H2 ð5Þ

C6H12O6 þ 2H2O ! CH3CH2COOHþ 2CO2 þ 2H2 ð6Þ

Clostridiales and Enterobacteriaceae are recognized H2-producers during dark
fermentation. However, H2-consumers such as hydrogenotrophic methanogens and
homoacetogens reduce the H2 yield by producing methane and acetic acid,
respectively. In addition to environmental and engineering factors, chemical inhi-
bition of H2 consumers is able to increase the H2 yield. In general, factor are selected
to promote the growth of H2 producers and reduce the growth of H2 consumers.
Heat, pH adjustment, ethylene, and 2-bromoethanesulfonate (BES) have been used
to inhibit H2 consumers in mixed anaerobic cultures [126, 127]. Even though BES
and ethylene are effective inhibitors, storage as well as toxicity are major issues if
these chemicals are discharged into the environment. Long chain fatty acids
(LCFAs) are renewable chemicals and relative nontoxic because they are degrad-
able. LCFAs have been used effectively to inhibit H2 consumers and subsequently,
increase the H2 yield in mixed anaerobic cultures [125].
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Researchers have also employed genetic modification of pure cultures to control
the production of reduced products such as alcohols and selected organic acids
[128]. Kumar et al. [128] demonstrated that improving the H2 yield can be achieved
through redirecting the metabolic fluxes by blocking formation of alcohol and some
organic acids in Enterobacter cloacae IIT-BT 08. The double mutant with defects
in both alcohol and organic acid formation pathways was shown to yield 3.8 H2 mol
mol-1 of glucose. This yield is close to the theoretical H2 yield of 4 mol mol-1

glucose.
Microbial technologies for producing biohydrogen can be classified based on

substrate utilization and genetic modification. A large amount of work has focused
on optimizing the H2 yield using hexoses and pentoses feedstocks fed to mixed
microbial cultures. However, low H2 yields coupled with the production of reduced
carbon products (alcohols plus organic acids) and high substrate cost are major
factors preventing the development of utilizing carbohydrate feedstocks.
Employing lignocellulosics have been used to produce H2 using pure and mixed
cultures [129–132].

8.4 Conclusions and Perspectives

Ethanol, diesel, butanol, and methane are the major biofuels accounting for a large
fraction of the current renewable energy market. Currently, biofuels are produced
mainly from food-based crops such as corn, wheat, sugarcane, sugar beet, palm oil,
rapeseed, and soy. “Nonfood” feedstocks available globally for biofuel production
include energy crops (Miscanthus, switchgrass, Jatropha), wastes (waste oils, food
processing wastes), agricultural residues (straw, corn stover), forestry residues as
well as emerging feedstocks such as algae. Further technology development
includes converting lignocellulosics to ethanol, butanol, methane, and hydrogen
and algae to biodiesel and developing cost-competitive technologies is a large
component of this effort.

Although biofuels offer numerous benefits to society, a global debate over the
past several years has critically evaluated the impact on food production and prices.
Increasing global population growth is linked to increasing competition for land and
water, for woody biomass (e.g., timber for construction), and for bioenergy (heat
and power) as well as liquid biofuels. Biofuels are part of a growing global industry
which is driven by issues such as reducing our dependence on fossil fuels, decel-
erate climate change, and increase fuel security. However, growth of the industry
will be limited by the availability of suitable land and water resources.
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Chapter 9
Lignin: A Platform for Renewable
Aromatic Polymeric Materials

Jairo H. Lora

Abstract Lignin is the most abundant renewable aromatic material on Earth and is
a logical link in the sustainable supply chain of the chemicals and materials that
today we derive mostly from fossil-based benzene. In this chapter, we review
lignin’s industrial sources and the recent progress in developing polymeric mate-
rials that use lignin as a macromonomer, polymer blend, functional additive, and
precursor for advanced carbon materials. Several high-purity lignin production
facilities were installed recently at pulp mills in three continents. Additional lignin
availability is expected as second generation biofuel biorefineries realize that it
makes sense to add value beyond the energy content of the lignin-rich residues that
they generate. In the last decade, many lignin applications have seen significant
progress, including lignin use in thermoset resins, polyurethanes, polyesters,
polymer blends, elastomers, smart memory materials, antioxidants, functional
packaging, electrically conductive materials for energy storage, coatings, advanced
carbon materials, engineering plastics, ingredients for inks and varnishes, UV light
blockers, coatings, compostable plastics, foams, rubber products, insulation, sea-
lants, fiber composites, etc. Several of the applications highlighted here have
already entered commercialization, while many others are expected to do so within
the next few years. Increasing lignin use will result in environmental benefits and
products with reduced carbon footprint. Application to lignin of emerging tech-
nologies may open new routes for lignin valorization in the near future.
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9.1 Introduction

The generation of energy from fossil fuels is the main contributor to the increase in
carbon dioxide concentration in the atmosphere and the resulting damaging climate
change trends that planet Earth is currently experiencing and mankind is trying to
reverse. A smaller, but nevertheless important source of greenhouse gases is the
production of chemicals and materials used in virtually every aspect of daily life,
given that today’s chemical industry is primarily based on fossil feedstocks and
many of the goods that mankind uses have a significant carbon footprint.
Alternative sustainable approaches based on renewable feedstocks are required not
only for energy generation but also for the production of chemicals and materials.

There are already multiple renewable feedstocks and sustainable pathways to
generate the key aliphatic chemicals as exemplified by ethylene production from
bioethanol, a strategy that has already been implemented in Brazil on an industrial
scale [1]. Methane from anaerobic digestion may also be used to generate important
aliphatic intermediates which today are produced from natural gas. The aromatic
chemicals are primarily derived from benzene, a chemical with a 40 million
ton/year market for which sustainable production options are fewer and less
advanced.

Lignin—the biopolymer that holds fibers together in trees and other biomass—is
nature’s most plentiful renewable aromatic chemical. Given its abundance and
ubiquity, lignin appears to be the main logical sustainable platform for aromatic
chemicals. Progress in the development of renewable aromatic products from lignin
has been slow due to various factors including its natural complexity and limited
industrial supply chain of high purity, well-understood lignins. In addition, volatile
oil prices when low are a disincentive to renewable alternatives, particularly when
society has no established mechanisms to give financial credit for the value of
renewable carbon.

In this chapter, we provide an update on current and emerging industrial sources
of lignin. Then we review the state of the art of industrial applications of lignin in
polymeric materials as a macromonomer, as a blend with other polymers, as a
functional additive contributing specialized properties to other polymers and as a
precursor for advanced materials.

9.2 Industrial Lignin Sources

In nature, the main lignin building blocks are coniferyl, synapyl, and p-coumaryl
alcohols [2] (Fig. 9.1), which are formed from photosynthesis glucose, and through
a series of biochemical transformations in the plant cell become a complex polymer
of phenylpropane units functionalized with hydroxyl, methoxyl, carboxyl, carbonyl,
and double bonds interconnected by ether, ester, and carbon-to-carbon bonds.
Guaiacyl (G) units derived from coniferyl alcohol dominate softwoods lignins,
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while hardwoods in addition to G units contain syringyl (S) units derived from
synapyl alcohol, and annual plants have G, S as well as p-coumaryl units (H).

Traditionally, industrial lignins have been available in limited quantities as
co-products of the pulp and paper industry. Lignins are solubilized during the
manufacture of cellulose pulp from wood and other biomass. The vast majority of
this solubilized lignin is burned in a highly capital intensive recovery process,
which produces steam and regenerates pulping active chemicals. Out of more than
70 million tons/year of lignin separated in pulping operations worldwide, only less
than 2 % is recovered and used for non-energy applications.

Kraft, soda, and sulfite are the main types of chemical pulping processes prac-
ticed industrially at this time. The soda process is mostly used on annual fiber
feedstocks such as sugarcane bagasse, flax, or wheat straw, while kraft, and sulfite
pulping are predominantly used on wood. Lignin characteristics are affected by
several factors, including pulping process, intensity of pulping, and feedstock.

Sulfite pulping introduces sulfonate groups covalently bound to the aliphatic
chain of the lignin molecule. The resulting sulfite lignins (or lignosulfonates) are
highly water soluble under acid or alkaline conditions. Commercial lignosulfonates,
in general, may contain significant levels of impurities, such as hemicellulose
sugars and inorganic spent pulping chemicals. Such lignosulfonates may be enri-
ched in lignin content by fermenting the hemicellulose sugars or by membrane
filtration technologies. As illustrated in Table 9.1, sulfite lignins are the largest type
of lignin currently marketed for non-energy applications going principally into the
dispersants, surfactants, and binders markets [3].

During kraft and soda pulping, lignins are solubilized under alkaline conditions
as the corresponding ionized aromatic hydroxyl salts to form the stream conven-
tionally known as black liquor. Kraft and soda lignins may be recovered in rela-
tively high purity by controlled acidification of the black liquor, since these lignins’
water solubility decreases as the pH is lowered while hemicellulose sugars and ash
remain largely in solution. The isolated kraft and soda lignins have much lower
molecular weight and hydrophillicity than lignosulfonates (Table 9.2). Their prin-
cipal functional groups are aromatic and aliphatic hydroxyl groups, as well as
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Fig. 9.1 Lignin building blocks: guaiacyl (G), syringyl (S), p-coumaryl (H) alcohols
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carboxylic acid groups. Lignins obtained from annual plants (typically via soda
pulping) have higher amounts of carboxylic acid groups than lignins from wood.
Kraft lignins have higher sulfur content than soda lignins. Kraft pulping forms
mercaptans and introduces thiol groups in the lignin molecule, which also contains
elemental sulfur as an impurity.

For many decades one company (Ingenity, a recent spin-off from WestRock and
previously part of MeadWestVaco) was the only industrial producer of alkaline
lignin (kraft-type) and some derivatives including sulfonated and aminated prod-
ucts. During recent years alkaline lignin capacity has tripled. In 2005, a straw-based
soda lignin recovery plant was installed in India [3]. By 2016 installed annual
capacity of alkaline lignin had further increased by about 85,000 tons, as three
softwood kraft pulp producers in US, Canada, and Europe implemented lignin

Table 9.1 Major industrial producers of various types of lignin

Company Capacitya,
tons/year

Lignin type Country of
production

Borregaard
Lignotech

470,000 Sulfite Various

Tembec 570,000b Sulfite Canada/France

Aditya Birla Domsjo 120,000 Sulfite Sweden

Nippon Paper 70,000 Sulfite Japan

Stora Enso 50,000 Kraft Finland

Cartiere Burgo 40,000 Sulfite Italy

Ingevity 35,000 Kraft, sulfonated
kraft

USA

Domtar 25,000 Kraft USA

West Fraser 10,000 Kraft Canada

GreenValue 5,000 Soda India
aSolids content may vary according to producer
bTembec sells a lot less than this stated capacity, as it can process a significant portion of their
spent liquors through its recovery boilers

Table 9.2 Typical properties of industrially available lignins

Soda
(Straw)

Kraft
(Spruce)

Sulfite

Ash (%) <2 <1

Carbohydrates (%) <4 <2 Up to *35

Sulfur (%) <1 *2 4–8

Sulfonate Nil Nil 0.9–3.3

Weight average molecular weight (MW)
(dalton)

4000–
12,000

4000–
12,000

*150,000

Number average molecular weight(MN)
(dalton)

1000–2000 1000–2000 Not
available

Softening temperature (°C) 200 150-200 Decomposes

Water solubility Very low Very low Very high
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production systems [4–6]. This recent acceleration in alkaline lignin recovery
installations is a result of a debottlenecking strategy in which by diverting part of
the spent liquor from combustion to lignin extraction these pulp mills are able to
incrementally increase cellulose production. This option is claimed to be more
economically attractive than having to install a larger and very expensive recovery
boiler and associated systems used to generate energy and regenerate pulping
chemicals.

Potential industrial additions to the future supply of lignin could emerge along
with the large-scale implementation of biorefinery technologies in which ligno-
cellulosic biomass is used to produce biofuels or other chemicals and materials. In
the current technology practiced in the biorefineries already in operation in USA,
Brazil, and Europe biomass is pretreated with water, steam, or dilute mineral acid at
high temperature and pressure to facilitate enzymatic hydrolysis. Fermentation of
the enzymatic hydrolyzate produces a beer that upon distillation to recover the
alcohol leaves behind a lignin-rich residue. This is usually burned for steam and
power generation, but should be considered a potential source of higher purity
lignin products. As illustrated in Fig. 9.2, this can be accomplished by an extraction
and precipitation process, since the pretreatment normally generates significant
amounts of a highly reactive lignin fraction, which is soluble in aqueous alkali or
certain solvents [7]. We estimate that such a process could generate high purity
lignin equivalent to about 7–11 % by weight of typical non-wood feedstocks,
equivalent to more than 1/3 of the alcohol output.

Other potential source of lignin is its extraction from biomass with organic
solvents, which has been proposed as an environmentally superior way to produce
hardwood cellulose pulp or pretreat biomass for biofuels production. An
ethanol-based organosolv pulping technology (industrially known as the Alcell

Fig. 9.2 Scheme for lignin production integrated with a cellulosic alcohol biorefinery
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process) advanced up to semi-industrial scale in Canada in the 1990s [8, 9] and
permitted the production of high quality lignin with very high aromatic hydroxyl
content, low molecular weight, low polydispersity, low glass transition temperature,
and low levels of contaminants. Recently, this technology was acquired by one of
the largest Brazilian producers of hardwood pulp, but no plans for industrial
implementation are known. Organosolv processes based on other solvents such as
formic acid or glycerol are in pilot or pre-pilot scale [10–12]. Organosolv tech-
nologies, in general, offer the promise of exceptionally high purity lignin amenable
to utilization in a wide range of applications, but is not practiced on a full com-
mercial scale at this time. Other emerging techniques not discussed further here that
may lead to novel routes for lignin production and modification in the not too
distant future include the use of ionic liquids (ILs) and deep eutectic mixtures [13].
See Chap. 10 for a brief description on ILs.

As shown in Table 9.3, lignins from biorefinery processes that include aqueous
pretreatments prior to the production of bioethanol can also be obtained in high
purity, but relative to alcohol based organosolv lignins they normally have a higher
molecular weight, broader molecular weight distribution and higher softening
temperatures.

9.3 Lignin Applications in Polymeric Materials

The field of lignin applications is an evolving one that has been reviewed recently
by several authors [3, 14–16]. In this section, we give an update on lignin use as
polymer for industrial purposes. We pay significant attention to information on
applications that have recently entered or could soon be entering the commercial
arena. Traditional applications based on kraft or sulfite lignins are mentioned briefly

Table 9.3 Typical properties of lignins obtained by autocatalyzed alcohol organosolv process and
by extraction from the residue after fermentation when the pretreatment is an aqueous acid step

Alcohol organosolv Aqueous pretreatment

Feedstock Hardwood Straw

Lignin recovery Precipitation from alcohol
extract by dilution and
acidification

Alkaline extraction from fermentation
residue followed by precipitation from
black liquor by acidification

Ash (%) <0.2 <2

Carbohydrates
(%)

<1 <2

MW (dalton) *3000 10,000–40,000

MN (dalton) *1000 1000–3000

Softening
temperature (°C)

*120 >220

Water solubility Very low Low
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as they exemplify a variety of current uses for the limited range of lignins that have
been available. New applications that have become industrially established in the
last few years (in some cases as a consequence of the availability of new lignin
materials in industrial and semi-industrial amounts) are highlighted, as well as
novel promising uses that have been recently proposed. The subject of degradation
of lignin to simpler derivatives that may be used as platform aromatic chemicals to
produce other chemicals or polymers is not within the scope of this chapter.

9.3.1 Tensioactive Agents

Historically, the most important traditional lignin application has been the use of
lignosulfonates obtained directly from the sulfite pulping process as dispersants,
competing effectively against synthetic, petrochemical based alternatives. Provided
they meet purity and certain broad composition parameters, lignosulfonates perform
in a cost-effective and versatile manner to increase fluidity in concrete, gypsum, and
drilling muds for oil recovery, and as dispersants for agricultural chemicals, among
others [17]. Other applications, such as dispersion of dyes for textiles and of carbon
black in battery electrodes are more demanding and need to meet targets for purity,
molecular weight, and/or degree of sulfonation. Such specifications are best satis-
fied by kraft lignins that have been sulfonated after isolation, rather than by lig-
nosulfonates produced by sulfite pulping. The starting kraft lignin normally already
has very low levels of sugar and ash impurities and properties such as molecular
weight and content of sulfonate groups may be adjusted during the modification
process which is actually done in a sulfomethylation reaction. A few new appli-
cations for lignins modified in this way have been recently proposed. High purity
sulfomethylated kraft lignin with average molecular weight above 25,000 has been
claimed to be a suitable dispersant for the exacting requirements of inkjet formu-
lations [18] and sulfomethylated organosolv lignin has been proposed as super-
plasticizer for concrete, capable to perform competitively against petroleum-based
naphthalene sulfonate-based products [19].

Lignin products are also used as emulsifiers for asphalt. Sodium salts of kraft
lignin are used as anionic emulsifiers [20] and aminated lignins as cationic ones [21].
Alcohol organosolv lignin in combination with polymerized rosin and their sodium
salts have been used industrially as asphalt emulsifiers and as asphalt and concrete
air entrainers to increase durability under freezing-thawing conditions [22–24].

A promising alternative approach to tensioactive agents from lignin involves
modification by treatment with oxygen under alkaline conditions. Depending on the
conditions used, this treatment leads to oxidation (which introduces carboxylic acid
groups bound to the lignin, as well as lower molecular weight oxidized products)
and also to lignin condensation. The product obtained was superior to a commercial
lignosulfonate-based concrete plasticizer and approached the performance of a
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petroleum-based concrete superplasticizer [25]. This development is significant, as
oxidation is expected to have a much better environmental footprint than
sulfonation.

9.3.2 Applications in Asphalt

Most paved roads use asphalt, in which oil-derived bitumen is the binder. Annual
world consumption of bitumen is more than 100 million tons, with about 80 %
going to paving, followed by roofing products at about 10 %. Asphalt is a material
prone to gradual degradation not only from mechanical wear, but also through
bitumen oxidation.

Lignin could favorably impact the sustainability of roads and roofs by reducing
bitumen demand by at least two routes: Lignin hindered phenolic structure gives it
antioxidant properties and therefore can slow down asphalt oxidative deterioration
making replacement less frequent. In addition, certain lignins have similar adhesion
properties and dimensional stability as bitumen, which makes possible substitution
of substantial portions of fossil-derived bitumen with renewable lignin. Applied
research concerning inclusion of lignin and lignin derivatives in asphalt formula-
tions has recently advanced to larger scale testing. For instance, in The Netherlands
sections of a highway were paved in mid-2015 with asphalt in which 50 % of
conventional bitumen had been replaced with a modified wheat straw soda lignin
[26]. In the US, corn stover lignin pyrolysis oil is under testing as a component of
asphalt in a bike trail at 3 % inclusion level [27–29].

9.3.3 Macromonomer

The concept of using lignin as a reactive macromonomer that is present during a
polymerization reaction and gets incorporated in the architecture of the resulting
copolymer has been explored in the past and some progress has been made toward
its industrial implementation (Fig. 9.3).

Lignin functionality includes being a polyphenol and a polyol, and therefore the
polymer types in which the macromonomer concept has been explored most
include phenol formaldehyde (PF) thermoset resins and use as a polyol, particularly
in polyurethanes (PUs) and polyesters. This field has been reviewed recently [3, 30]
and here we give an update on developments of the last few years.

Lignin polyphenolic structure can be incorporated in phenolic resins either
during the synthesis of the resin or (depending on type and properties of the lignin
and on resin specifications) as a partial replacement for the final product. When the
lignin is incorporated during resin synthesis it is often desirable to preactivate the
lignin, for instance by pre-reacting with formaldehyde or with phenol [31]. Such a
preactivation is designed to get around steric hindrances that may cause the lignin to
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be a sluggish co-reactant. Lignin activation by enzymatic routes has also been
proposed [32, 33]. Other activation techniques that are under initial development
include the use of ILs and deep eutectic solvents. The latter have shown some
promise when applied to a wheat straw soda lignin, but a lot of work is still needed
before they become industrial realities [34].

In the 1990s, hardwood organosolv lignin from the Alcell demonstration plant
mentioned above was routinely used in industry as partial replacement of PF bin-
ders used for oriented strand board (OSB) panels, foundry sands, and brake pads.
The low molecular weight and low softening temperature of this organosolv lignin

Fig. 9.3 Lignin reactions as a macromonomer, the resulting lignin-modified polymers and their
areas of application
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made it particularly compatible with certain powder PF resins, permitting direct
partial substitution of the resin by the end user [8, 15].

Replacement levels up to about 25 % resin were possible while maintaining
strength properties, and in some cases improvements have been reported. For
instance, inclusion of lignin in formaldehyde-based thermoset binders has been
found to reduce formaldehyde press emissions during oriented strand board panel
manufacture and also during the life of the panel [35]. Particulate in the work place
was also reduced.

Soda lignins have been industrially used (particularly in India, where they are
industrially produced) as partial replacement for phenol during synthesis of resins
for plywood [36], foundry shell moldings, high pressure laminates, and molding
compounds. Soda lignins modified to have a lower softening point have been
reported to replace 20 % of a conventional petrochemical-derived OSB face resin
while improving resistance to moisture [37]. Kraft lignins (which recently have
become increasingly available in North America and Europe) are also being mar-
keted as raw materials for thermoset wood binders. Some of the kraft lignin pro-
ducers and/or marketers are also involved in wood panels manufacturing
operations, which may lead to enhanced integration and synergies [6, 38]. It should
be mentioned that commercial success in this and other similar markets is intimately
linked to oil price. At times in the last few years, volatility in oil and phenol pricing
has significantly curbed the extent to which lignins have been able to grow their
market penetration as replacement of phenol and other petrochemicals.

Recently, PF crosslinkers have been proposed for lignin-based coatings intended
for cans used in food packaging. The coatings are substantially free of bisphenol-A
(a suspected endocrine disruptor) and have been prepared based on soda, kraft, and
organosolv lignins. While soda lignins are preferred for aqueous-based formula-
tions, kraft, and organosolv lignins function well in solvent based coatings [39].

Lignin contains multiple aliphatic and aromatic hydroxyl groups and therefore
has potential to function as a polyol to react in PU and/or polyester chemistry, as
illustrated in previous reviews. Earlier work focused in alkaline catalyzed
hydroxypropylation with propylene oxide under pressure as a way to improve the
reactivity of the polyol [15, 30]. Recent studies have emphasized green chemistry
approaches such as the use of glycerol and its di- and tri-glycidyl ethers as reactive
solvents (that may also graft on the lignin), polypropylene glycol triol or castor oil
as chain extenders, and water as the blowing agent [40, 41].

Among other modifications, acid-catalyzed reaction of kraft lignin with cardanol
(a biobased product extracted from cashew nut shells) has been proposed as a way
to obtain a polyol that when reacted with 2,4 toluene-diisocyanate results in elas-
tomeric PUs with a range of glass transition temperatures and crosslink densities
that may be tuned by varying the cardanol to lignin ratio [42]. Solvent fractionation
followed by crosslinking with formaldehyde in a solvent system was used to
convert organosolv lignin into a high molecular weight polyol that has been used in
polyesters and PUs. Thus, base-catalyzed reaction of crosslinked organosolv lignin
with dicarboxy terminated polybutadiene (Mn 4200) in dioxane gave polyester with
hard and soft segments, capable of forming a free-standing film [43]. Similarly,
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reacting 65–80 % crosslinked lignin with telechelic isocyanate-terminated
polybutadiene (molecular weight about 2500) in anhydrous dioxane gave thermo-
plastic PU products capable of forming films and with properties acceptable for
many applications, in spite of high lignin content [44]. Another promising approach
involves direct reaction of the 2-methyltetrahydrofuran soluble fraction of kraft
lignin with toluene-diisocyanate to yield highly hydrophobic, thermal stable ther-
moset coatings [45].

Pre-modifying lignin or fractionating it to improve its polyol characteristics for
inclusion in PU and polyesters has not been practiced industrially, yet. Alternative
approaches in which unmodified lignin is pre-dissolved in a polyether or polyester
polyol have been proposed [46] and may offer a more ready route to industrial
implementation. For instance, a 30 % by weight solution of organosolv lignin in a
commercial polyether polyol was used to make rigid foams intended for automotive
applications when reacted with a commercial isocyanate [47]. More recently,
polyester resins have been prepared by the reaction at 200 C of an annual fiber
derived soda lignin with 2 methyl 1,3 propane diol, a mixture of polyacids, and
additives. When used in marine coatings these resins have been claimed to impart
superior corrosion resistance relative to polyester coatings without lignin [48].
Work on isocyanate binders for OSB-production carried out by ICI Polyurethanes
(now part of Huntsman Inc.) showed that the use of lignin in combination with
specific lignin solvents results in improved performance relative to lignin-free
isocyanates used at the same binder-level. As a result it was possible to reduce
isocyanate requirements to achieve equal or better mechanical properties. The use
of lignin also resulted in improved release of the product from the press platens,
alleviating a problem that has hindered the more widespread use of isocyanate
binders [49]. Functionalization of lignin with isocyanate has been used to improve
compatibility in PU chemistry. Thus, Kessler et al. have recently reported suc-
cessful incorporation of up to 30 % of lignin modified with octadecyl isocyanate in
vegetable oil based PU composites [50]. Similarly, blends of an isocyanate pre-
polymer and lignin functionalized with diphenyl methane diisocyanate have been
proposed as binders for lignocellulosic composites [51, 52]. Introduction of lignin
and hydrophobically treated nanocellulose in PU formulations based on 100 % soy
polyol resulted in foams with about 6 % higher density, lower open cell content,
higher mechanical properties, and less odor relative to formulations without lignin
and nanofibers [53].

Grafting polycaprolactone chains on lignin’s hydroxyl groups is a strategy to
modify lignin by chain extension while using a biocompatible and biodegradable
ingredient. A couple of decades ago, Oliveira and Glasser reported on star-like
polymers with a hydroxypropylated lignin core and polycaprolactone arms [54].
More recently, the reaction has been extensively studied by other authors.
Hatakeyama et al. [55] reported on the graft copolymerization of caprolactone and
hardwood organosolv or softwood kraft lignins and in the subsequent reaction with
isocyanate to form PUs. When the caprolactone/OH ratio was 5, the corresponding
graft copolymer was a flexible elastomer. At higher ratios crystalline and brittle
materials were obtained. Crystallinity was observed for the derived PU when the
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caprolactone to OH ratio was 10. Averous et al. [56, 57] produced copolymers of
straw soda lignin and caprolactone by ring opening polymerization in the presence
of stannous octoate and confirmed Hatakeyama’s reagents ratios required for
elastomeric and brittle lignin–caprolactone graft polymers.

Grafting acrylic acid groups on a lignin obtained as co-product of bioalcohol fuel
production and copolymerizing with butyl methacrylate and methyl methacrylate
resulted in a copolymer that in film form had excellent UV light absorbing prop-
erties, good transparency in the visible range, good mechanical properties, and
chemical resistance [58].

A recent development in lignin valorization is its proposed use in advanced
elastomeric copolymers by crosslinking low molecular weight lignin fractions with
a poly(ester amine) or poly(ester amine amide) prepolymer. The methanol soluble
fraction of industrially produced wheat straw soda or softwood kraft lignins has
been crosslinked in a one-pot melt copolymerization with prepolymers obtained
from the reaction between adipic acid (or other dicarboxylic acid such as dode-
canedioic acid) and triethanolamine and/or tris(hydroxy methyl) amino methane.
The resulting highly branched poly(ester amine) or poly(ester amine amide) have
high functionality, high molecular weight, and low viscosity/molecular weight
ratio. By taking advantage of the reactivity differences between dicarboxylic acids
and hydroxyl and amine groups, polymers with a tertiary amine core and amide
linkages along the backbone of the polymer were obtained. Lignin was used up to
50 % content level and the resulting copolymers were elastomers with a single glass
transition temperature, and improved young’s modulus, tensile strength and ulti-
mate strain. When adipic acid was the diacid, toughness was particularly enhanced
at lignin content around 40 % by weight [59, 60]. Use of dodecanedioic acid
improved the copolymers elasticity by increasing the distance between the branch
points. Materials with dual and triple shape memory effects triggered by tempera-
ture can be prepared and their properties can be tuned by changing the prepolymer
branching structure and the lignin content. These smart polymer systems could be
used in medical applications and consumer products where body temperature
actuation of the material is required [61–63]. The concept has been extended to the
preparation of shape memory elastomers with a high renewable content by starting
with a glycerol-based polyester prepolymer [64].

Another recent new development in the field of elastomers is the inclusion of
lignin in polysiloxane (silicone) formulations. Silicone is used in many applications
including foams, sealants, printing, and biomaterials. Silicones are expensive and
require fillers (typically fumed silica or other minerals) for enhancing some of their
mechanical properties. Stiubianu et al. first reported in 2009 on blends of soda
non-wood lignin and silicone and found comparable properties to silica-filled sil-
icone and projected that lignin inclusion could make silicone formulations more
cost competitive and expand the uses for silicone-based products [65, 66]. More
recently, Brook et al. have reported that softwood lignin can be incorporated as a
crosslinker as well as a reinforcer in silicone elastomers. Their approach is based on
the reduction of various functional groups in lignin by hydrosilane groups in the
silicone polymer in the presence of silicon hydride, and with B(C6F5)3
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(tris(pentafluorophenyl)borane) as catalyst [67]. The products have mechanical
properties tunable according to lignin content and molecular weight of the silicones
and within the range of commercial products. The elastomer exhibited excellent
resistance to high temperature aging and acceptable resistance to solvent extraction.
The principle has been used for the production of biocomposite foams and elas-
tomers [68].

Inherently conductive polymers (ICPs) such as polyaniline have significant
potential in antistatic fabric coatings, electrostatic dissipation, corrosion prevention,
shielding of electronic equipment and aircraft guiding systems, smart windows, and
radar invisible coatings. In their conductive form ICPs are water insoluble, which
makes them difficult to process. This has led to the use of soluble polymeric acids
(such as lignosulfonic acids) as templates for the polymerization of the ICP. When a
lignosulfonic acid derived from a commercially available, highly sulfonated,
ethoxylated kraft lignin was present during the aniline polymerization reaction, ICP
chains grafted on lignosulfonic acid were obtained. The graft copolymer is
cross-linkable and the pendant sulfonic acid groups not only make it highly water
soluble, but also act as dopants to enhance conductivity [69–74]. Ligno-pani can be
used as an ingredient in corrosion protection products [75, 76]. Applications for
Ligno-pani have also been reported in xerographic printing [77]. Highly conductive
composites of Ligno-pani with carbon black or graphite have been prepared and
could have use in electrodes manufacture, as primers for plastics in electrospray
coatings and as plastic additives [78]. The promising lignin polyaniline copolymer
originally developed by NASA was produced industrially in the US by Polyone in
the early part of this century [79] but was discontinued for reasons unknown to us.

Other recent developments in electrochemical applications of lignin include its
use in batteries for energy storage. It has been reported that a 50:50 lignosulfonate
polypyrrole interpenetrating composite obtained by the electrochemical polymer-
ization of pyrrole in lignosulfonate aqueous solution has been proposed as a low
cost energy storage material [80]. Testing of carbon nanotubes surface function-
alized with kraft lignin has shown that the reversible redox activity of the lignin
adsorbate can be utilized for charge storage, providing more than a 100 % increase
in the capacitance of lignin-modified carbon nanotubes compared with unmodified
ones [81]. The use of carbon nanomaterials derived from lignin in electrochemistry
is discussed in the Sect. 9.3.8 “Carbon Fibers and other carbon materials”.

The objective to incorporate lignin in high temperature stable engineering
plastics appears to get closer: softwood kraft lignin was recently copolymerized
with 4, 4′-diflourodiphenyl sulfone (DFDPS) to form lignin poly-(arylene ether)
sulfones, which exhibited high temperature resistant thermoplastic behavior. The
process requires solvent fractionation of the lignin and careful protection of the
aromatic hydroxyl groups in lignin in order to avoid gelation [82].

Lignin could potentially help the printing industry develop alternative strategies
to achieve products with a lower carbon footprint. Recently, it has been reported
that derivatives of wheat straw soda lignin were nitrated with concentrated nitric
acid and that the resulting nitrated lignin was used as a binder component in
flexographic ink and overprint varnishes, giving better heat resistance than the
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control [83]. Esterification prior to nitration allowed the use of ester solvents during
the nitration and the final esterified-nitrated lignin had enhanced solubility in
alcohol/ester blends, which are the solvent mixtures typically used in flexographic
or gravure inks. The nitrated lignin esters could partly or completely replace more
costly nitrocellulose [84].

It has been reported that lignin inclusion in inks may bring about significant
property and environmental improvements in the case of alkyd resins. For instance,
addition of hardwood organosolv lignin to alkyd resin-based commercial offset
inks, varnishes, and paints modifies their rheology in such a way that a very
significant and desirable reduction of misting in the printing press takes place,
without impact on drying or other properties [85]. Kraft lignin from a mix of
hardwood and bamboo has been reported to replace about 35 % of a specially
formulated alkyd resin for use in screen ink formulations. It is claimed that the
combination uses significantly less petroleum-based products (including lower
volatile organic compounds), at a lower cost and without negatively impacting
printing properties. In fact, properties such as hiding power improved with the
lignin formulation [86].

Past examples of lignin use in epoxy formulations have been discussed else-
where [15, 87]. Recently, steam explosion bamboo lignin (SEBL) was epoxidized
with epichlorohydrin and cured with unmodified SEBL, i.e., a completely
bisphenol-A-free system with a high renewable content. Flexural strength and
thermal properties were better than for epoxidized SEBL cured with the conven-
tional epoxy curing compound 1-(2-cyanoethyl)-2-ethyl-4-methylimidazole
(2E4MZ-CN) but fell short relative to the control, which was diglycidyl ether of
bisphenol-A cured with 2E4MZ-CN [88].

Epoxidation of soda herbaceous lignin or hardwood kraft lignin with epichloro-
hydrin followed by catalyzed addition of CO2 to the oxirane ring in an
imidazodium-based, reusable ionic liquid medium has been used to form cyclic lignin
carbonates [89]. Cyclic carbonates can be reacted with diamines to form polyhy-
droxyurethanes, which offers an isocyanate-free route to urethane products [90].

9.3.4 Lignin in Blends with Thermoplastic Polymers

Incorporation of lignin in thermoplastics has been seen for years as a potential
strategy to produce materials with modified properties and lower cost. This topic
has been reviewed in the past by others [87, 91–93] and here we just give an update
of some recent developments. Figure 9.4 summarizes some of the most significant
developments in this field in the last few years. The discussion in this section is
limited to blends with polymeric materials other than rubber and biopolymers,
which are discussed in separate sections.

When developing successful polymer blends a factor of paramount importance is
the compatibility between the components of the blend. Blends need to be pro-
cessed at temperatures sufficiently high for good flow but below the degradation
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point of the components or the point at which lignin may self condense. Good
solubility of the lignin in the other polymer(s) and favorable interactions (such as
hydrogen bonding or reactions) between the functional groups are conducive to
compatible blends. Pouteau et al. conducted a systematic image analysis of

Fig. 9.4 Examples of significant lignin-based polymer blends illustrating end products and
highlighting benefits derived from the use of lignin

9 Lignin: A Platform for Renewable Aromatic Polymeric Materials 235



extruded binary blends of 1 % softwood kraft lignin and various polymers, which
revealed that best compatibility was achieved with polyester amide, polystyrene,
unplasticized polyvinyl chloride, and poly(butylene succinate adipate). Blends with
low density polyethylene (PE), polypropylene (PP), and polyvinyl acetate exhibited
less compatibility as evidenced by higher amounts of lignin aggregates. Lower
molecular weight fractions obtained by solvent fractionation were more compatible
with PP [94]. It is also possible that the higher content of non-polar wood derived
resinous components in the dichloromethane soluble fraction improved compati-
bility with polyolefins. Kadla and Kubo have shown compatibility of lignin with
polyethylene oxide (PEO) but immiscibility with polyvinyl alcohol and PP [95].
These authors have illustrated the crucial role of hydrogen bonding for better
miscibility [96–98]. The quality of polymer blends may also be profoundly
impacted by the size and morphology of the lignin particles. A recent patent
application by the Fraunhoffer Institute in Germany claims that a high proportion of
particles of 5 microns or less with a round or slightly elliptical shape is desirable
[99]. Lignin particle size reduction to less than 100 nm was also effective for
making polyvinyl alcohol-lignin films with enhanced thermal stability [100].

To improve compatibility in blends of lignin with other polymers one common
strategy that has been tried is the use of compatibilizers such as an esterified version
of the matrix polymer. For instance, maleated PP [101], ethylene vinyl acetate
copolymer [102, 103], anhydride modified PE [104], and maleated polycaprolac-
tone [105] have shown to result in blends with better properties than when no
compatibilizer is used. Feldman et al. have shown that plasticizing lignin may
improve dispersibility during processing and lead to enhanced blend properties
[106]. Grafting on lignin chemical groups compatible with the matrix polymer is
another useful strategy. Alkylation and/or esterification have been extensively used
to increase lignin content significantly in blends with various polymers [107–118].
Graft copolymerization of 2-ethyl-2-oxazoline with lignin extracted with phenol has
also been proposed to increase thermal stability and improve compatibility [119].
Recently, sylanation has been proposed to make the lignin more hydrophobic, and
therefore more compatible with typical petrochemical polymers [68].

Unmodified softwood kraft lignin (which was the most industrially available
lignin with potential for polymer blending in the mid-20th century) has relatively
poor thermal flow properties, which presents significant challenges for polymer
blends. When hardwood organosolv lignins with high purity and better thermal
flow characteristics became available in pilot and semi-industrial quantities in the
late 20th century some lignin polymer blend applications advanced beyond the
laboratory. For instance, blends of PE and Alcell organosolv lignin were processed
in commercial film blowing equipment and the products were tested as degradable
plastic mulch. Furthermore, it was found that the presence of lignin also facilitated
the recyclability of the plastic, since the degradation temperature of the blend was
higher than for PE by itself [120, 121]. In a specialized application, separators for
lead acid batteries in deep cycle uses (such as those used in electric golf carts and
forklifts) were manufactured from blends of ultra high molecular weight PE and
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hardwood organosolv lignin and resulted in improved battery life relative to con-
ventional rubber leaf separators as antimony poisoning (a common problem in
batteries) was significantly reduced when lignin was present [122]. This technology
to prepare battery separators was later applied to soda herbaceous lignins [123].

The enhanced compatibility of lignins with polyester and polyamides has been
confirmed in extrusion studies. Thus, Nitz et al. [124] melt blended polyamide 11
(derived from castor oil), biodegradable polyester amide, and biodegradable aro-
matic polyester with hardwood organosolv lignin and sisal and abaca soda lignins
up to 50 % lignin contents. The blends of the polyester and any of the lignins at
30 % or lower exhibited elongation at break above 500 % and very high impact
strength. At higher contents sisal lignin was somewhat lower in strain and impact
strength relative to the other two lignins. Up to about 40 % lignin content the
materials had about the same or slightly higher Young’s modulus and yield stress as
the neat polyester. At 50 % lignin content modulus and yield stress were signifi-
cantly higher, particularly in the case of sisal lignin. For the polyester amide based
blends the Young’s modulus and yield stress generally decreased as lignin content
increased with the exception of slightly higher Young’s modulus for organosolv
lignin below 20 % content and higher yield stress for organosolv and abaca soda
lignin above 20 %. Blends of polyamide 11 with all lignins showed increase in
modulus up to 50 % lignin content and increase in stress up to 30 %, followed by a
decrease. Electron microscopy showed that better dispersions were achieved with
hardwood organosolv and abaca soda lignins within the polyester and polyester
amide matrices. A separate study by the same authors using polycaprolactone and
hardwood organosolv lignin showed an increase in Young’s modulus (particularly
when lignin content was 60–70 %), a moderate decrease in yield stress, a significant
decrease in impact stress, while maintaining high strain [105]. Recently, homoge-
neous single phase blends of up to 30 % wheat straw soda lignin and polyamide 6
(PA6) were prepared in a twin-screw extruder and the blends properties generally
followed the trends reported above for the PA11-lignin blends. FTIR analyses
revealed hydrogen bonding interactions between the two polymers. Young’s
modulus and yield stress of the blends were close to those for 100 % PA6.
Elongation at break was not negatively affected [125].

The morphology of single screw extruder prepared blends of polyethylene
terephthalate (PET) and up to 20 % lignin recovered from bagasse after steam
hydrolysis indicated good dispersibility and a significant increase of crystallinity
and crystal size of PET [126]. Lignin nanoparticles prepared by precipitation of
soda lignin from wheat straw from an ethylene glycol solution were added at a rate
of 1.5 % by weight to bio-poly(trimethylene terephthalate) by melt blending in a
rheomix and resulted in improvement in tensile and flexural properties (strength and
modulus) in the 8–16 % range, impact strength improved by 30 %. The presence of
the lignin nanoparticles enhanced biodegradability. Inclusion of vapor-grown car-
bon fibers at a level of 7 % resulted in further strength and biodegradability
improvements [127].

The US company Cyclewood Solutions appears to be approaching commer-
cialization of its blends of esterified hydroxypropyl lignin with thermoplastic
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polymers (such as the biodegradable polyester Ecoflex) to produce compostable
film and injection molded products for use in packaging, garbage bags, pet waste
bags, etc. [128–133].

Optical properties are affected when lignin is present in polymer blends. For
instance, UV absorbance, and light reflectance (gloss) increase [134, 135]. Recently
it was reported by Kimberly Clark that polyolefin blends with up to 30 % wheat
straw soda lignin cast into films with a twin extruder had optical polarization
(OP) properties. OP filters are conventionally made using iodine. They are used for
a range of applications from sunglasses to liquid crystal displays and the growth in
their demand is putting significant pressure on the supply of iodine, a valuable
micronutrient. Lignin was found as lamellae oriented in the machine direction of the
polyolefin films and this lamellar structure gave the films OP properties. With
additional optimization, lignin could become a sustainable alternative to iodine for
the production of OP films [104].

Among the most sought after properties when incorporating lignin in plastic
blends is protection against oxidative, ultraviolet, and/or thermal degradation.
Demonstration of the in vitro antioxidant properties of lignins is supported by a
large amount of research [136–143]. The antioxidant performance of
lignin-containing blends in plastic products has been studied for PP [144, 145].
Lignin UV protection effects have been demonstrated for blends with polyolefins
[146–148]. Similarly, effects on thermal stability have been shown for lignin blends
with PU [149, 150], virgin and recycled polystyrene [151] polyvinyl alcohol [152,
153] and polyolefins [146]. Furthermore, improvement on flame retardancy (at-
tributed to lignin’s char forming ability) has been shown for lignin blends with
polyolefins [117, 154–156] and polystyrene [157]. In the majority of studies, lignin
use led to improvements in all of the above properties. Some studies have shown
the existence of optimum inclusion rates and the importance of the nature of the
polymer being protected. As an example, Ciobanu et al. found deterioration of
thermal stability for PU-flax soda lignin films, particularly above 4.2 % lignin [150]
while Alexy et al. have reported stabilizing effects at low concentration in lignin-PP
blends, but not in lignin-PE blends [146].

9.3.5 Lignin in Rubber

Rubber reinforcement with kraft lignins and lignosulfonates instead of carbon black
was intensively researched at the time of World War II. As reviewed elsewhere,
earlier efforts showed little evidence of reinforcement by these lignins when used in
dry compounding, which was attributed to their tendency to form self-aggregates
during rubber processing [87]. Coprecipitation of kraft lignin and rubber from a
lignin latex liquid blend gave better results, but clearly not good enough to warrant
implementation on a significant scale at that time.

While recent attempts to use dry compounding to incorporate lignin as carbon
black replacement indicate some progress relative to efforts more than 60 years ago
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[158], most recent work has been directed toward finding ways to improve com-
patibility with rubber via functionalization and/or by reducing the particle size and
also toward the evaluation of lignins other than kraft and sulfite. Lignin modified by
treatment with benzoyl peroxide was evaluated as a replacement for carbon black in
nitrile rubber vulcanizates and gave better thermal stability and resistance to oil and
fuel, but the reinforcement characteristics were inferior to carbon black [159].
Modification of a commercial lignosulfonate (a very polar type of lignin) either by
esterification or silylation resulted in materials that compared well with carbon
black in rubbers according to a patent recently granted to tire company Goodyear
[160]. A patent application by Pirelli claimed that sulfur-free lignins functionalized
by etherification and esterification were successful partial replacements of carbon
black [161]. The tensile and strain at break of styrene-butadiene rubber
(SBR) compositions containing 30 parts per hundred rubber (phr) of commercial
calcium lignosulfonate modified with cyclohexylamine increased proportionally to
the quantity of cyclohexylamine used in the modification. This technique appears to
be promising, but no comparison with carbon black was published [162].
Evaluation of the effect of lignin nanoparticles prepared in the presence of poly-
(diallyldimethylammoniumchloride) on the properties of natural rubber confirmed
that particle size reduction enhances the efficiency of lignin as a reinforcing agent.
Much work, however, is needed on practical and economical protocols for the
preparation of such nanoparticles [163].

Among lignins other than kraft and lignosulfonate that have been evaluated in
this century, a sulfur-free lignin extracted from autohydrolyzed beech wood was
tested in SBR and was well dispersed and appeared to have reacted with sulfur and
other compounds in the vulcanization system. Properties such as stress at 100 %
elongation and tensile and elongation at break improved with increasing lignin up
to 50 phr, while curing behavior was little changed up to 20 phr lignin, but slowed
down at higher levels. The study did not provide a comparison with carbon black
[164]. A purified lignin extracted from a biorefinery residue did not perform well as
a 30 % replacement for carbon black in a natural rubber/SBR formulation.
Pre-reaction of this lignin with hexamethylenetetramine (HMT) brought the prop-
erties close to the formulation with the carbon black control. A modified com-
mercial soda lignin also pretreated with HMT was close in performance to the
control, but all lignin products showed poor dispersion, which may be improved by
particle size reduction [165].

Researchers at Oak Ridge National Laboratory in the US have recently studied
50–50 blends of various lignins (mostly softwood kraft and its methanol soluble
fraction) with nitrile butadiene rubbers having nitrile contents of 33–51 %. The
authors proposed that the new material is a compositional analog of acrylonitrile-
butadiene-styrene rubber (ABS), where the styrene fraction is completely replaced
with lignin. The elastomers obtained exhibit a range of properties that depends on the
type of rubber, lignin, and processing conditions. The compounding method used
leads to the formation of 5–100 nm lignin lamellae, which are smaller than previously
reported for lignin in a rubber matrix. The material has significantly higher toughness
than nonrenewable ABS copolymers and is highly recyclable [166].
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Recently a novel reinforcement with lignin-epoxy networks has been applied to
SBR and nitrile butadiene rubber. Initially, 50:100 lignin:latex coprecipitates were
produced and then were melt compounded with a novolac–epoxy resin (up to 20
phr). FTIR data substantiated ring opening reaction of the epoxy groups with the
OH groups of lignin. Dynamic material analysis and scanning electron microscopy
were consistent with the occurrence of a reaction. Hardness, modulus, tear strength,
crosslinking density, and thermal stability were significantly enhanced for the
lignin-novolac epoxy containing formulations [167, 168].

Carbon black replacement by a renewable product could lead to a very signif-
icant reduction of the carbon footprint of tires and other rubber goods given the
large quantities of carbon black that are used. The relatively low cost of carbon
black, however, may make it difficult for the higher purity lignins to compete
economically as reinforcing fillers, particularly if they have to be functionalized and
their particle size reduced. There are other examples of opportunities for lignin in
rubber formulations which are smaller markets in terms of volume, but may con-
tribute higher value functional properties. For example, kraft lignin coprecipitated
with tall oil pitch has been proposed as a rubber tackifier [169]. Hardwood
organosolv lignin has been reported to be a dual purpose (tackifier and antioxidant)
additive [170]. The antioxidant, photo-, and thermal-stabilizer effects of lignins in
various types of elastomers has been documented in several studies [171–174]
Flame retardancy effects for ABS rubber have been reported and are attributed to
the strong char forming ability of the lignin [175].

Lignosulfonates have been reported to be effective emulsifiers in water based
adhesive formulations that replace solvent-based adhesives used to join two dif-
ferent rubber tire portions together [176], and also as components of a non-aqueous
adhesive for the textile ply in tires [177]. Lignosulfonate has also been claimed to
be an effective dispersant for silica used as filler in tire rubber compounds [178].

9.3.6 Lignin Blends with Biopolymers

Biopolymers are alternative raw materials to conventional petrochemical polymers
that offer the promise of a lower carbon footprint, increase in renewable content and
potential for degradability and compostability. They include naturally occurring
polymers such as polysaccharides and proteins, and polymers such as polylactic
acid and polyhydroxyalkanoates, which are manufactured from biobased mono-
mers. Addition of lignin has been proposed as a way to improve water resistance,
modulus, antioxidant protection or other properties that the primary biopolymer
may be deficient in. Starch is a polysaccharide that may be processed by casting or
extrusion in the presence of a plasticizer to give films, and molded articles that are
biodegradable and compostable. Starch, however, is hygroscopic, has poor moisture
barrier properties and low tensile strength. Incorporation of lignin into the starch
matrix generally permits the production of materials with better water resistance,
antioxidant properties, thermal resistance, and tensile strength than starch on its
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own [179–185]. Electron beam irradiation appears to improve the water resistance
of starch–lignin films especially when the lignin is relatively rich in carbohydrates
and low molecular weight bioaromatic fractions [186, 187] Lignin esterification
improves further the effect on water resistance and strength [188]. Starch films
plasticized with glycerol had maximum stress and modulus of elasticity improve-
ments of 256–265 % and 1274–1478 %, respectively, when 5 % soda lignin and
1 % nano-crystalline cellulose were added [189, 190].

Starch foams are well known as biodegradable alternatives to foamed poly-
styrene. It has been reported that the addition of 20 % commercial kraft lignin did
not interfere with foam density or morphology, but resulted in improvements such
as reduced water absorption, thermally stabilized the starch and brought the strength
properties to a comparable range with polystyrene foams [191].

Starch–lignin, gelatin–lignin and starch–gelatin–lignin films have been tested as
materials for preparation of drug delivery systems [192, 193] Gelatin–lignin films
plasticized with glycerol have also been studied in the context of food packing.
Recent studies involving two herbaceous soda lignins (Protobind 1000 and
Protobind 2400) have shown that the resulting composite films were more elastic
than gelatin alone and gained in light barrier properties, which could be useful for
preventing ultraviolet-induced lipid oxidation of packaged foods [194]. Three
Eucalyptus lignosulfonates were also evaluated and relative to soda lignin had lower
film elasticity and antioxidant activity [195]. The films that were obtained with soda
lignin Protobind 1000 were tested in a high pressure packing system for ready-to-eat
cooked salmon which was used as an alternative to conventional thermal processing.
High pressure processing in combination with gelatin–lignin film showed that sal-
mon’s fresh appearance was preserved, protein quality was improved, levels of
carbonyl groups formed immediately after processing were reduced, and lipid oxi-
dation was prevented at advanced stages of chilled storage [196].

Lignin has also shown to improve moisture resistance, UV light and water vapor
barrier properties, thermal stability, processability and strength characteristics of
films made with other natural biopolymers that may be candidates for food pack-
aging and edible films such as agar [197], wheat gluten [198–200], and zein protein
[201]. Films based on lignin and natural polymers have been claimed to perform
well as controlled release matrices for bioactive compounds. For instance, bilayer
films containing 3 % essential oils (such as clove and citronella) in a matrix made
of soy protein isolate, herbaceous soda lignin, and formaldehyde exhibited sus-
tained antifungal and insecticidal properties. If an alternative to formaldehyde is
demonstrated, such films could be the basis of packaging systems capable of
protecting fruit and other food, while at the same time exhibiting UV light blocking
properties and being biodegradable [202, 203]. A recent patent application claims
that the incorporation of suitable bioactives in formulations based on chitin
nanofibrils and lignin have antioxidant and anti-inflammatory properties that are
useful in a wide range of consumer products [204].

Among polymers based on biobased monomers, polylactic acid (PLA) has
reached significant industrial scale. PLA is a crystalline polyester with relatively
good tensile strength but poor impact properties that has received significant

9 Lignin: A Platform for Renewable Aromatic Polymeric Materials 241



attention in recent years as a potential renewable plastic that could replace
petrochemical-derived polymers used in packaging and other applications. Blends
of lignin and PLA prepared in a twin-screw extruder exhibited good compatibility.
Antioxidant and oxygen barrier properties were enhanced. PLA plasticized with
PEG was more compatible with softwood kraft lignin than unplasticized PLA
[205]. It has also been reported that impact strength of PLA–lignin blends after
accelerated weathering is highly improved relative to PLA [206]. Furthermore,
PLA-graft lignin polymer blends and copolymers have been prepared by lignin
butyration followed by hot blending with PLA [207]. Lignin along with compati-
bilizers such as an oligomeric styrene-acrylic epoxide or polymeric methylene
diphenyl diisocyanate have been incorporated with some success in compostable
and biodegradables blends of PLA with other polyesters such as poly butylene
succinate, polyhydroxyalkanoates, or poly (butylene adipate‐co‐terephthalate)
[208–211]. Compatibility of lignin and PLA has also been improved by lignin
acetylation. Thus, blending PLA and acetylated softwood kraft lignin or acetylated
organosolv almonds shell lignin maintained properties close to those of neat PLA,
with the exception of elongation at break, which was increased significantly [212].
While preserving biodegradability is often a target when introducing lignin in
formulations based on degradable polymers, there have been reports of significant
slowing down of biodegradability for melt extrusion blends of sugarcane bagasse
soda lignin with a polyhydroxyalkanoate [213] and blends of hardwood organosolv
lignin with caprolactone [105].

9.3.7 Lignin as a Component in Cellulosic Fiber Composite
Products

Cellulose fibers are the basis of highly sustainable and recyclable products
including paper, specialty celluloses, and composites. In the case of paper goods,
additives may be added to improve performance characteristics. Often such addi-
tives are of nonrenewable origin and frequently interfere with the efficient recycling
of paper. There is scope for incorporating industrial lignins in the manufacture of
paper, particularly packaging grades made with weaker recycled fiber, where lignin
may enhance properties such as stiffness and resistance to humidity.

In an effort to improve the stiffness of paper under high humidity conditions,
linerboard was treated in a size press with a blend of styrene-acrylic and either
softwood kraft or hardwood organosolv lignin (ratio of lignin to synthetic polymer
2:1) resulting in a pickup of 13-20 % formulation solids based on paper. The treated
linerboard exhibited a 103–120 % increase in the Cross Direction Short Column
Test (an indication of stiffness) at 50 % relative humidity (RH), and 94–112 %
increase at 95 % RH [214]. It has also been proposed to saturate paperboard with a
lignosulfonate solution and to follow with a treatment with an amine polymer
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epichlorohydrin adduct that insolubilizes the lignosulfonate on the paper and
reduces lignosulfonate bleeding under humid conditions [215].

Lignin has also been tested to enhance the moisture barrier characteristics of
paper. Effective barrier properties require film forming formulations and one
strategy that has been proposed relies on the use of low molecular weight, low glass
transition temperature hardwood organosolv lignin. In an application that was
demonstrated using industrial equipment in the 1990s, this lignin was formulated as
a reduced particle size ammonia-based aqueous dispersion containing also a latex
binder and mica (lignin:latex:mica 55:17:28) and was used to coat paper. At a coat
weight of 44-54 g/m2 a water vapor transmission rate (WVTR) of 7.3 g/m2/day at
25 C 50 % RH was reported. Coated paper thus prepared was laminated and used to
wrap paper rolls produced in a large coated paper mill. The lignin-based wrapping
performed comparably to wax laminates and effectively prevented changes of
moisture and brightness of the paper rolls. The wrapping could be recycled by a
number of methods and was expected to be highly compostable [216]. In an
alternative approach studied more recently, kraft lignin reacted with octylamine in
the Mannich reaction had reduced particle size and was used to prevent excessive
stickiness in barrier coatings based on prevulcanized natural rubber [217].

Ammonia-based lignin liquid formulations have also been used in conjunction
with crosslinkers, sizing agents, plasticizers, and deodorizers followed by an acid
treatment of the coated paper to provide water resistant products [218, 219].

Another approach to implementation of barrier coatings has been to esterify kraft
lignin with long chain organic acids, such as lauric, palmitic, or tall oil fatty acid,
which increases lignin’s hydrophobicity and lowers its softening point. Best results
reported are for coatings based on lignin palmitate solutions in acetone, which at
10.4 g/m2 coating gave MVTR of 40 g/m2/24 h and oxygen transmission rates of
1750 cm3/m2/24 h. While the work discussed makes a case for the usefulness of the
lignin esters as moisture barrier products, significant additional work is needed
before implementation beyond the laboratory [220, 221].

In addition to the paper related applications mentioned above, lignin can be used
in fiber composite products, area in which commercial products have already been
introduced. One example are the products of German company Tecnaro, which are
made of lignin, cellulosic fibers, and natural additives, such as plasticizers, resins,
processing aids, and antioxidants. These composites are processed like plastic and
the end products are wood-like. They are used to make a large and diverse range of
injection molded products including enclosures for high performance acoustic
electronic equipment, coffee capsules (pods), coat hangers, and designer footwear,
among many others [222–224]. Another example of lignin-containing fiber com-
posites are biodegradable horticultural plant pots developed at University of
Toronto in which the lignin acts as a binder for recycled paper fibers. The plant is
planted without removal of the pot, which degrades in the soil without causing the
waste associated with gardening pots made of plastic or other materials. They have
been sold in Canadian garden centers since 2013 [225].

The recombination of cellulose and lignin to bring about composite products
with enhanced properties is bound to benefit from the use of the latest advanced
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techniques. For instance, in an application of nanotechnology, coatings made with
lignin and cellulose nanocrystals were shown to have excellent UV absorbing
properties while being transparent in the visible range [226]. From solutions of
lignin, starch and cellulose in the IL 1-allyl-3-methylimidazolium chloride, bio-
composite films were prepared by aqueous precipitation. The films were amor-
phous, had good transparency and a range of gas permeability rates, which could be
tuned according to composition [227]. Nanocellulose was made hydrophobic by
coating with lignin and has been proposed as a component for rubber tires [228].

9.3.8 Carbon Fibers and Other Carbon Materials

Having cost competitive carbon fibers would allow their increased use in motor
vehicles, leading to decrease in vehicle weight (without compromising safety), fuel
economy improvement, and greenhouse gas emissions reduction. Most of the cost
associated with the production of carbon fiber is associated with the cost of the
precursor, which in most cases is polyacrylonitrile (PAN). Significant attention and
government funding has been given to lignin as a precursor, because of lignin’s
abundance, ubiquity, and anticipated high carbon yield.

Manufacture of carbon fiber involves spinning the precursor into filaments,
followed by oxidative thermostabilization and carbonization in an inert atmosphere
[229]. Different types of spinning systems are used, including melt spinning or
spinning from a solution, either into a coagulating solvent, or into a drying atmo-
sphere, or into an electric field (electrospinning). For utilization in carbon fibers,
lignins need to meet very exacting purity specifications. Impurities result in defects
and may interfere with processing. The purest lignins are generally organosolv
lignins, but they are not truly commercially available, yet. Kraft and soda lignins
from existing pulping operations may be purified to the extent required for carbon
fiber by acid washing, solvent extraction [230] or membrane fractionation [231].

Early attempts to develop lignin-based carbon fiber were primarily focused on
melt spinning and on the ambitious goal of having very high lignin levels. It was
found that thermostabilization of extruded lignin fibers was necessary in order to
maintain a fiber morphology during carbonization. During thermostabilization
crosslinking occurs and lignin transforms from a thermoplastic to a thermoset-type
material. If lignin fibers are heated faster than the rate at which the softening
temperature increases due to crosslinking, they tend to soften and fuse [232–234].
Thus, for melt spinning, the thermal behavior of the precursor has to satisfy the
requirement to flow with temperature during spinning and the need for an
acceptable rate of thermostabilization. Various strategies have been proposed for
lignin to meet such demands, including:

• Chemical modification such as esterification [235–237]
• Increase of glass transition temperature by treatments such as thermal [238] or

solvent purification [239]
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• Blending with polymers such as PEO [233, 240], PET [241], or PLA [239, 242]
• Blending with other lignins or their fractions (for instance, blending hardwood

lignin as plasticizer for softwood lignin) [243]
• Addition of nanofillers to improve spinnability, such as carbon nanotubes [244]

or clays [245].

Lignin-based carbon fibers produced by melt spinning processes have made sig-
nificant progress. While they still have strength properties below the targets for
structural automotive use, in the short term they may find utilization in other
functional products.

Wet spinning is conventionally used for industrial PAN processing and intro-
duction of lignin in such a system could be a faster route to commercialization
relative to melt spinning. Bissett and Herriott claimed that adding acetylated soft-
wood kraft lignin at an inclusion rate of 10–45 % of the solids to a solution of PAN
in dimethyl formamide (DMF), dimethyl sulfoxide or dimethylacetamide (DMAc)
reduced the viscosity and permitted an increase in solids and as a consequence a
faster throughput rate [246]. Other researchers have shown that addition of soft-
wood kraft lignin to PAN has a favorable effect on the stabilization kinetics and
promotes PAN cyclization and crosslinking [247].

Since 2011, commercial manufacturer of carbon fiber Zoltek and its subcon-
tractor pulp company Weyerhaeuser have been collaborating under a US
Department of Energy sponsored project to demonstrate partial replacement of PAN
with softwood kraft lignin on commercial scale equipment. As of the last available
project update the partnership had achieved demonstration in commercial equip-
ment of spinning and carbonization at lignin contents of up to 25 % (Fig. 9.5).
Macrovoids in the carbonized fiber appeared at higher lignin content. These were
attributed to low solution viscosities. Attempts to use PAN with higher molecular
weight to increase the viscosities, have not given the desired results. Even at 25 %
lignin mechanical properties did not meet targets [248].

Fig. 9.5 Softwood kraft lignin:PAN (25:75) based precursor (left) and carbonized fiber (right)
produced in commercial spinning and carbonization equipment by Zelcor–Weyerhaeuser
collaboration. Reproduced from Husman [248]
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Lignin copolymerization with acrylonitrile has been proposed in order to
improve results in wet spinning. Products of copolymerization of hardwood kraft
lignin with acrylonitrile were processed by wet spinning and showed good carbon
fiber morphology, but no strength properties were reported [249]. Desalted and
esterified lignosulfonate was copolymerized with acrylonitrile and processed in wet
spinning system. Good morphology carbon fibers were produced and strength
properties were better for the copolymer relative to a solution blend of lignosul-
fonate and PAN [250] but were below targets achievable with PAN by itself.

Seydibeyoğlu [251] reported that uniform blends of PAN with several
non-acetylated annual fiber soda lignins can be prepared from a DMAc solution.
Cast films prepared with all of the lignins tested did not show phase separation. One
of the blends (70:30 PAN:Protobind 2400) showed significant increases in storage
and loss modulus relative to PAN precursor, suggesting that these blends could be
feasible carbon fiber precursors. Further to Seydibeyoğlu’s publication, Liu et al.
[252] successfully fabricated composite fibers by wet-spinning starting with 70:30
PAN:Protobind 2400 solutions in DMAc coagulated in a methanol bath. When
carbonized at 1100 °C, PAN/lignin carbon fiber exhibited at least as good
mechanical properties as PAN carbon fiber and exceeded U.S. Department of
Energy target mechanical properties for automotive composites, i.e., tensile strength
1.75 GPa, and tensile modulus 175 GPa. Addition of carbon nanotubes (CNT) at
3 wt% on lignin-PAN solids resulted in somewhat lower properties relative to
Protobind 2400:PAN due to the presence of microvoids and may improve if smaller
CNT are used.

Electrospinning is another technique to generate carbon fiber precursors that has
received renewed attention in recent years. Lallave et al. in 2007 were the first to
report successful production of nanofibers and nanotubes by electrospinning of an
ethanol solution of 50 % Alcell organosolv lignin without the use of added binders.
The surface chemistry of the fibers was characterized, but no mechanical properties
were presented [253]. Other researchers have reported that inclusion of very small
amounts of PEO facilitates electrospinning [254] and addition of multiwalled car-
bon nanotubes leads to higher conductivity of the final product [255].
Electrospinning has been used to prepare precursors with up to 50:50 PAN:kraft
lignin which if treated with electron beam radiation could be thermostabilized faster
and could result in carbon fiber with increased tensile strength [256].

In another example of a beneficial treatment to improve thermostabilization rate,
partially acetylated softwood kraft lignin processed by dry spinning from a 75 %
solids solution in acetone needed thermostabilization time as long as 40 h [257], but
if the precursor fibers are UV irradiated the thermostabilization time went down to
4 h [258].

Lignins have also been used in conjunction with carbon fibers precursors other
than PAN, such as cellulose and pitch. For example, solutions containing 20–60 %
lignin and 40–80 % cellulose or cellulose derivatives were dissolved in DMF. After
wet spinning and stabilization, the product was carbonized to produce carbon fibers
(no mechanical properties disclosed) or treated with steam to produce activated
carbon [259]. Hardwood organosolv lignin and cellulose acetate were electrospun
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and treated with iodine to improve the carbon structure [260]. Pitch with softening
point 70–105 ºC was added at 0.1–1 % by weight to phenolated lignin and was
processed by melt spinning [261]. A blend of hardwood kraft lignin and pyrolyzed
fuel oil (70:30) was melt spun. The resulting fibers ultimately produced consisted of
an amorphous core derived from lignin and a crystalline surface originating from
pyrolyzed fuel oil. Mechanical properties were below automotive targets [262].

Since satisfying automotive mechanical targets has proven challenging for
lignin-based carbon fibers, parallel attention has been given to functional, non-
structural applications. Carbon-based materials are highly versatile and in addition
to composites applications may be used in diverse areas such as energy storage and
generation, filtration, and catalysts support, among others. Interest in sustainable
carbon products is increasing and there are already several examples illustrating that
lignin may play a central role. For instance, wet spinning has been used to prepare
hollow fibers from PAN/lignin solutions in DMSO by manipulation of the com-
position of the coagulation bath. Reports concerning processing these materials to
carbon fibers are not available yet, but it is anticipated that they could be used as
adsorbents, microreactors, and in microfluidic applications [263]. Dallmeyer et al.
fractionated softwood kraft lignin by sequential solvent extractions and prepared
precursors with different ratios of F1–3 (methanol soluble fraction) and F4 (fraction
insoluble in methanol, but soluble in 70:30 methanol:methylene chloride) in the
presence of 0.2 % PEO. After electrospinning and thermostabilization different
morphologies were obtained depending on the ratios of the fractions used. These
included single fibers, bonded non-woven mats, porous films and eventually
smooth films. Furthermore, the film products were smart materials with moisture
memory shape properties [264]. Stabilized and carbonized bonded non-woven
products made with 70:30 F4:F1–3 exhibited higher electrical conductivity than
products prepared with PAN and are candidates for further study as potential
materials for flexible carbon electrodes [234]. Electrospinning of hardwood
organosolv lignin was used to produce submicron carbon nanofibers supports for
platinum catalysts and have also been proposed for hydrogen storage for fuel cells
[265]. Soda herbaceous lignin appears to be a good candidate for the production of
electrochemically active nanoshell-containing carbon materials which have been
proposed as surrogates for platinum to catalyze the oxygen reduction reaction in
proton exchange fuel cell membranes. The intrinsically somewhat higher nitrogen
content of the herbaceous lignin appears to be responsible for the higher oxygen
reduction reaction activity of the lignin-based product [266]. Recently, Choi et al.
demonstrated that carbon nanofibers prepared from DMF solutions of PAN and a
10,000 molecular weight lignin by electrospinning followed by stabilization and
carbonization had potential to be used as lithium-ion battery anodes due to their
high cycling performance. It was reported that increasing the lignin content resulted
in thinner fibers, but a practical limit for processability was found at 50 % lignin
[267]. Glass fibers functionalized with carbon product obtained from lignosulfonate
carbonization have been patented as filters for the removal of microorganisms by
Proctor and Gamble [268].
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The pursue of nonstructural applications has been the focus of the current
cooperation between the company Graftech and Oak Ridge National Laboratory in
the US. They already demonstrated that lignin-based carbon fibers from hardwood
organosolv lignin were a drop-in replacement for pitch used in a commercial line of
GrafTech’s rigid insulation products. In fact, lignin tends to form an isotropic fiber,
which is better suited for insulation and filtration applications than higher strength
fibers normally used. Ongoing work under the auspices of a US Department of
Energy cooperative agreement is focused on qualifying multiple lignin sources and
eliminating bottlenecks in melt spinning and stabilization. This work will also
evaluate the lignin in prototypes and commercial products [233].

9.4 Concluding Remarks

Being the most abundant aromatic biopolymer, lignin is the logical link in a green
supply chain aimed at the partial or complete replacement of petrochemical-derived
aromatics. The first years of the twenty-first century have seen the installation and
start-up of a few new industrial sources of high purity lignin, generated as a
co-product of cellulose pulp. The emerging biorefinery industry may eventually add
volume and diversity to the portfolio of available lignins, as side streams from
biofuels production may get upgraded to produce lignin. These new industrial
sources and the drive to find sustainable routes to produce the chemicals, materials,
and fuels we use today have catalyzed recent R&D work on lignin utilization.
Interestingly enough, this work has been done not just in the academic milieu, but
with industry and including not only big and small lignin producers but also lignin
users. Knowledge has significantly advanced in many polymer applications where
lignin may play different roles such as macromonomer, polymer blend ingredient,
additive with functional properties, or precursor for advanced materials. The partial
replacement of phenol and phenolic resins by lignin in thermoset resin applications
has long been established as technically feasible. Progress in commercial utilization
has been made in the last decade, but economic considerations, volatile oil prices,
and absence of a robust and diverse supply chain have curtailed the extent of wider
market adoption. New developments in polymeric uses of lignin are predicated by
lignin’s sustainability, ubiquity, and cost but more and more take advantage of its
unique properties, such as natural moisture resistance, antioxidant performance, and
thermal resistance, Furthermore, lignin use often brings about other benefits such as
reduction in use of and exposure to harmful compounds such as formaldehyde or
bisphenol-A. We discussed a multitude of examples of lignin industrial polymeric
products and applications that have been developed over the last decade in diverse
areas including:

• Fiber composites
• Component of bioasphalt
• Additive for conventional asphalt
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• Component in polymer blends, particularly with polyesters for compostable
products

• Polymer blends with polyamides in which lignin inclusion causes significant
mechanical properties improvement

• Renewable functional additive for rubber, petrochemical polymers, and bio-
based polymers, with antioxidant and flame retardant properties

• UV light blocker
• Component of moisture vapor barrier coatings
• Binder and rheology modifier in inks
• Precursor for carbon fiber and other carbon materials for structural as well as

nonstructural applications such as insulation, filtration, catalysts supports, and
energy storage

• Ingredient in anticorrosion coatings and specialty varnishes
• Ingredient in coatings for cans free of bisphenol-A
• Smart memory shape elastomers and flexible films that are triggered by tem-

perature or moisture
• Materials with enhanced optical properties such as optical polarization attributes

and UV absorbance
• Component of high sustainable content biobased functional packaging
• Lignin elastomers, such as copolymers with polyester amines, polyester amine

amides and silicones.

Several of the polymeric applications highlighted have already entered the
commercial phase, while many others are expected to do so within the next few
years. Environmental considerations will continue favoring lignin utilization, while
application to lignin of nanotechnology, ILs, green chemistry, biocatalysis, and
other emergent technologies may open new routes for lignin valorization.
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Chapter 10
Green Processes for Lignin Conversion

Fanny Monteil-Rivera

Abstract Lignin is a complex heterogeneous aromatic polymer consisting of up
to 30 % of plant material. Its aromatic structure suggests that it is a possible
renewable source for aromatic chemicals. However, the natural complexity and
high stability of lignin makes its depolymerization a highly challenging task. Many
efforts have been directed toward a better understanding of the structure and
composition of lignin in order to design more efficient and greener deconstruction
paths. This chapter aims at providing an overview of key advances in the field of
lignin depolymerization, with special emphasis on chemical catalysis, ionic liquids,
and biocatalysis. The various technologies are discussed and critically evaluated in
terms of potential for further industrial implementation. Research gaps that still
need to be addressed and the most promising approaches are highlighted.

Keywords Lignin structure and properties � Lignin depolymerization � Chemical
catalysis � Ionic liquids � Biocatalysis

10.1 Introduction

Together with cellulose and hemicellulose, lignin is an important component of
plant material constituting up to 30 % of the weight and 40 % of the fuel value of
biomass [1]. Lignin is a complex three-dimensional amorphous polymer consisting
of phenylpropanoid units of various types, which makes it the widest natural source
of bio-based aromatic chemicals.

Despite this singularly attractive chemical property, only few commercial
examples of lignin application exist besides its use as energy source [2]. Most of the
lignin markets are limited to low value products, e.g., dispersing, binding, or sta-
bilizing agents. Efforts have also been done to develop higher value applications of
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lignin in its macromolecular form, which includes using lignin in thermoplastics,
phenolic and epoxy resins, polyurethane foams, or carbon fibers. These polymeric
applications have been well summarized in several reviews and chapters [3, 4] and
are not discussed herein.

In this chapter we focus on the production of value-added low molecular weight
chemicals from lignin. Except for the production of vanillin and DMSO from lignin
sulfonate by Borregaard in Norway [5, 6], most commercial lignin depolymeriza-
tion routes are still in their infancy. Several reasons explain the limited commercial
maturity of these reactions. Among them are: (i) the recalcitrance of lignin toward
both chemical and biochemical attacks [7] and, (ii) the complexity of the reaction
media produced which imply high separation costs. Today, the valorization of
lignin into biochemicals represents a real challenge in terms of both sustainability
and environmental protection [5, 8, 9]. The need to develop high-volume produc-
tion of aromatics from lignin is an urgent matter considering the depletion of fossil
resources. To be advantageous against the currently available production of
petroleum-based aromatics, the new processes have to be efficient, economical, and
environmentally friendly. The present chapter aims at summarizing new promising
green approaches for the depolymerization of lignin.

10.2 Lignin Structure and Properties

Lignin is biosynthesized in plants by free-radical polymerization from three phe-
nolic monomers, namely p-coumaryl alcohol, coniferyl alcohol, or sinapyl alcohol
which correspond to the p-hydroxyphenyl (H), guaiacyl (G), or syringyl (S) units of
lignin, respectively (Fig. 10.1). The proportion of each unit varies with the type of
biomass, the part of the plant, the growing conditions, the geographical growing
area, the extraction process, and even sometimes with the analytical methods used
for characterization. Despite these heterogeneities, general trends have been drawn
for various families of lignin. Softwood lignin consists almost exclusively of G
units, while hardwood lignin contains a mixture of S and G units, and grass lignin
contains minor amounts of H units in addition to G and S units [1]. The additional
methoxyl groups on the aromatic rings of hardwood and grass lignins prevent
formation of resistant 5-5′ (aryl aryl) linkages, and thus cause hardwood and grass
lignins to form more linear and less condensed structures compared to softwood.

The phenylpropanoid units of lignin are bound together by ether bonds or C–C
bonds which play a major role in determining the reactivity of lignin. In native
lignin, ether bonds represent two thirds of the linkages or more, while the rest
corresponds to C–C bonds [10]. A generic schematic representation of lignin is
provided in Fig. 10.2 that includes the major functional groups and linkages known
to arise in softwood, hardwood, or grass lignins. Major linkages occurring between
the structural units of lignin are β-O-4 (β-aryl ether), 5-5′ (aryl aryl), β-5
(phenylcoumaran), α-O-4 (α-aryl ether), and 4-O-5 (diaryl ether) (Table 10.1), with
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the β-O-4 linkage being, by far, the most abundant. Other linkages, such as α-O-γ
(aliphatic ether), β–β (resinol), and β-1 (spirodienone) can also be found in lignin
[10–12]. The most abundant and “easy” to break β-O-4 linkage has attracted the
most attention in attempts to depolymerize lignin.
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The chemical structure of grass lignins is much less understood than that of
wood lignins, likely due to their more complex structural features, their wider
variability from species to species, and their more recent entry in the world of
biorefineries as byproduct of cellulosic ethanol production [15–17]. Nevertheless, it
has been recurrently observed that lignin in non-woody plants is naturally acety-
lated, coumarylated, and/or p-hydroxybenzoylated. Grass lignins are acylated by p-
coumaric acid at the γ-position of lignin side chains, usually on the S units [15, 18].
Ferulic acid can also be present in smaller amounts with linkage occurring through
either ether or ester bonds [19]. The content of ester groups in grass lignin is
strongly affected by the pulping conditions, with acid or alkaline reagents acting as
hydrolysis promoters.

Analyses of lignin chemical structure including its monolignol ratio, inter-unit
linkages and functional groups have advanced considerably over the two last
decades owing to the substantial progress of NMR technology. In particular,
two-dimensional (2D) NMR correlation experiments, such as heteronuclear single
quantum coherence (HSQC) spectroscopy, have contributed enormously to the
elucidation of lignin subunits and lignin carbohydrate complexes [20, 21]. 2D
NMR, however, has its limitations since it is not quantitative and it can lead to
various overlapping signals. A complementary, more quantitative, approach was
developed by Argyropoulos and his team, which consists of derivatizing all OH
groups of lignin with an appropriate phosphorous reagent and analyzing quantita-
tively the phosphorylated lignin by 31P NMR [18, 22]. Since the pioneering work of
Argyropoulos, quantitative 31P NMR has been widely used to quantify the aliphatic,
phenolic, and carboxylic OH groups of numerous wood and grass lignins
(Table 10.2). Knowledge of the content of various G, S, or H groups in lignin is a
predeterminant of the type of target chemicals that can be obtained by depoly-
merization of a specific lignin.

While the original distribution of phenolic groups in lignin is mainly governed
by the biomass, the absolute content of aliphatic, carboxylic, and in lesser extent

Table 10.1 Frequency of inter-unit linkages in different native lignins (number of linkage per 100
phenylpropanoid units, ppu) [11–14]

Linkage type (# in Fig. 10.2) Dimer structure Linkages/100 ppu

Softwood Hardwood

β-O-4 (1) Phenylpropane β-aryl ether 43–50 47–65

5-5′ (2) Biphenyl and dibenzodioxocin 18–25 2–12

β-5/α-O-4 (3) Phenyl coumaran 9–12 4–6

α-O-4 (4) Phenylpropane α-aryl ether 6–8 4–8

4-O-5′(5) Diaryl ether 4–8 6–9

β-1 (6) 1,2-Diaryl propane 3–10 1–7

β–β (7) β-β-Linked structures, resinol 2–4 3–12

Spirodienone (8) – 2 3–5

Dibenzodioxocin (9) Diaryl propane diether 5–7 1–2
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phenolic OH groups is largely dependent on the process applied for its isolation.
A full description of the production process, properties, and applications of various
commercial lignins, including sulfite, kraft, soda, or organosolv lignin has been
provided by Lora [2] and reader are referred to the preceding chapter of this book as
well. Milled wood lignin obtained by milling in water/dioxane is the lignin that is
the closest to native lignin [30]. It is generally rich in aliphatic OHs and poorer in
phenolic and carboxylic OHs. Heated alkaline or acid processes such as soda and
kraft processes or organosolv processes, respectively, induce a decrease in aliphatic
OH groups, and an increase in either carboxylic or phenolic OH groups.

In summary, with its unique structure and chemical properties, lignin represents
the only viable renewable source for the production of aromatic compounds.
However, its high complexity and variability imply that lignin needs to be well
characterized in order to target the desired chemicals from an appropriate source. In
addition, lignin heterogeneity also implies that transformation processes need to be
selective enough to limit the cost of product purification.

Table 10.2 Hydroxyl group contents (mmol g−1) of various lignins as determined by 31P NMR

Lignin typea Aliphatic
OH

Phenolic OH COOH References

C5-substituted Syringyl Guaiacyl p-Hydroxy
phenyl

Softwood,
MWL

4.13–4.57 0.08–0.50 – 0.57–1.18 0.03–0.12 0.02–0.22 [21]

Softwood,
EMAL

n.d. 0.41–0.63 – 0.79–1.06 0.10–0.16 0.11–0.19 [21]

Softwood,
EAL

4.92 0.30 – 0.72 0.06 0.09 [21]

Softwood,
OSL

4.70 1.80 – 1.20 0.10 n.d. [10]

Softwood,
Kraft

2.34–2.41 1.37–1.91 – 1.95–1.96 0.20–0.26 0.32–0.39 [23, 24]

Hardwood,
MWL

4.05–5.72 0.13–0.29 0.16–0.23 0.19–0.37 0.03–0.20 0.06–0.14 [21]

Hardwood,
EMAL

n.d. n.d. 0.62 0.35 0.02 0.15 [21]

Hardwood,
OSL

1.10 1.18 1.63 0.80 0.13 0.23 [23]

Non-wood,
MWL

2.83–5.54 0.18–0.35 0.09–0.22 0.38–0.46 0.10–0.64 0.07–0.33 [10]

Non-wood,
EMAL

n.d. 0.18 0.21 0.57 0.30 n.d. [25]

Non-wood,
OSL

1.19–2.95 0.11–0.49 0.39–1.53 0.79–1.20 0.02–0.94 0.01–0.33 [17, 26]

Non-wood,
Soda

2.12–3.1 0.03–0.52 0.24–0.82 0.35–0.79 0.07–0.55 0.07–0.97 [27–29]

aMWL milled wood lignin, EMAL enzymatic mild acidolysis lignin, EAL enzymatic acidolysis lignin, OSL organosolv
lignin
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10.3 Chemical Catalysis for Depolymerization of Lignin

Lignin can be depolymerized using technologies including pyrolysis [31–33],
homogenous acid/base-catalysis [12, 34–41], and thermal hydrogenolysis [32, 42,
43]. However due to harsh conditions used and a lack of selectivity, most of these
techniques give rise to a large number of monomeric products in addition to sub-
stantial amounts of unwanted side products such as char and light gases. Such a
broad product array requires dedicated separation efforts and a wide variety of
catalytic reforming in order to upgrade all the products into useful chemicals.
Chemical catalysis has thus been regarded as a key technology to tackle, in a more
efficient and selective way, the chemical and biological resistance of lignin. Many
catalytic pathways have been reported to depolymerise lignin or its model com-
pounds, e.g., β-ether dimers and oligomers, under oxidative or reducing conditions,
and several comprehensive reviews are available on the subject [7, 10, 11, 44].

10.3.1 Reductive Lignin Depolymerization

Most studies reported on reductive depolymerization of lignin have been focused on
the production and upgrading of bio-oils and fuels [11] that fall beyond the scope of
this chapter. Non-catalyzed thermochemical conversion of lignin into monomeric
phenols has also been well documented, as reviewed by Roy and coworkers [42]
and more recently by Pandey and Kim [32]. In this section, we focus on the
production of phenols or arenes from lignin using catalytic reductive reactions as
opposed to pure thermal processes.

Catalytic reduction of lignin or its model compounds normally occurs at temper-
atures within the range 100–400 °C and gives rise to aromatic compounds, such as
phenols, benzene, toluene, xylene, and even alkanes if hydrogen upgrading is
involved [10]. Reactions of a substrate with hydrogen, from H2 or from a hydrogen
donor, can be of three main types: hydrogenation, i.e., saturation of C=O, C=C, or
C≡C bonds; hydrogenolysis, i.e., cleavage of carbon–carbon or carbon–heteroatom
bonds; or hydrodeoxygenation, i.e., removal of oxygen from oxygenated substrates.
Hydrogenation generally occurs simultaneously with hydrogenolysis or
hydrodeoxygenation, and is largely dependent on the catalyst system and reaction
conditions. Since ether bonds constitute the most frequent linkages in lignin, many
examples of lignin hydrogenolysis can also be considered as hydrodeoxygenation
reactions. Table 10.3 gathers reported examples of hydrogenation and hydrodeoxy-
genation (or hydrogenolysis) applied to real lignins or whole biomass.

The first attempts to reductively depolymerize lignin have been conducted in the
1930s. Since then, many studies have been reported that consist of pressurized
molecular hydrogen and a monometallic or bimetallic catalyst either in a solubilized
or supported form (Table 10.3). The use of catalysts enhances hydrodeoxygenation
by suppressing the formation of char and increasing the yield of oil [32]. Nickel
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(especially nickel-molybdenum) catalysts have been the most studied catalysts in
lignin hydrotreatment. High partial hydrogen pressure (>1 MPa) and high tem-
perature (often >300 °C) have both been shown to favor higher lignin conversion
rates [51]. However, although conversion rates higher than 60 % have been
repeatedly reported in lignin hydrotreatment (Table 10.3) the actual yields of
individual phenols or arenes present in the resulting oils rarely exceed few tens of
mg per g of lignin (<1 wt% of lignin). In addition, in most of these studies the
stability and reusability of the catalyst have not been well documented.

A patent by Engel and Steigleder claimed that hydrocracking of Kraft lignin
gave rise to high yields of phenols and cresols using a supported Ni-tungsten
catalyst [47]. Nevertheless, the individual yields of phenolics were not provided,
and the reaction was carried out in phenol, which constitutes a major environmental
barrier to the industrial development of this process.

The use of fossil-fuel derived H2 for deoxygenation of lignin affects the carbon
footprint of the processes. Finding greener sources of H2 could therefore contribute
to reducing the negative environmental impact of lignin depolymerization. Tetralin
has been used as a source of hydrogen in various hydrocracking processes but it is
not renewable and it is often associated with phenol or cresol used as solvent [66].
A renewable source of hydrogen that has recently attracted growing attention for
depolymerization of lignin into phenolics is formic acid, obtainable from cellulose.
This first non-catalyzed method involves the treatment of lignin in a high pressure
reactor using formic acid as active H2 donor and alcohol as solvent [67, 68]. Upon
heating at 300 °C, formic acid decomposes into CO2 and H2, and the latter com-
bines with oxygen from the methoxyl groups of lignin to form water, thus reducing
the number of possible phenolic products. While promising, the method still
requires optimization in terms of yields, product isolation, and solvent recovery.
A second approach combines the use of formic acid with that of catalysts [7, 60, 62,
63]. Ni-based catalyst with formic acid was found to provide optimum depoly-
merization results as compared to noble metals including Rh, Ru, Pd, and Pt. The
use of aluminium-substituted mesoporus material (Al-SBA-15) as support was
advantageous due to its good (hydro) thermal stability, large surface area, and high
acidity which, like for formic acid, helps quenching aromatic radicals. Importantly,
Ni-catalysts supported on Al-SBA-15 were shown to be fairly stable and reusable
under the investigated reaction conditions [62, 63]. Formic acid thus appears as a
promising H2 replacement for the reductive depolymerization of lignin. In spite of
these positive results, the separation of a complex product mixture and the uti-
lization of an expensive formic acid reagent are key issues to be addressed in order
to bring this technology to industrial applications [7].

An alternative solution to the complex downstream processing of mixtures of
high boiling phenols is to proceed to the reduction of the resulting phenols into
arenes or diarenes, expected to be more volatile and hence more easily valorizable
using conventional refinery processes. Recently, Rinaldi and his group managed to
deconstruct organosolv lignin by combining transfer hydrogenation (using iso-
propanol), hydrogenolysis with a Raney-Nickel catalyst, and an acidic beta-zeolite
[69]. The proposed approach was conducted at relatively mild temperatures (150–
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240 °C) and preliminary results indicated the cleavage of ether linkages,
demethoxylation of phenol units, and dehydroxylation of phenol intermediates
resulting in 40 % conversion of lignin into oil mainly composed of arenes and
alkanes. Jongerius et al. [70] also applied a two-step approach consisting of
(i) lignin depolymerization over a 1 % Pt/Al2O3 catalyst at 225 °C in alkaline
ethanol–water, and (ii) subsequent hydrodeoxygenation of the lignin-oil obtained
using CoMo/Al2O3 and Mo2/Carbon nanofiber at 300 °C. Although encouraging,
these complex two-step processes still require an increase of yields and selectivity
before they could move to industrial scale.

In view of the difficulty to convert polymeric lignin into simple phenols in high
yield, researchers have started to investigate the possible deconstruction of lignin
directly from the lignocellulose matrix [64, 65, 71]. In a remarkable study, Song
et al. designed a Ni-based magnetically separable catalyst able to depolymerise
native birch wood lignin into monomeric phenols [64]. The proposed methodology
conducted in methanol, ethanol, or ethylene glycol, at moderate temperatures (200 °
C), and under argon (active H species were provided by the alcohol), achieved
conversions of ca. 50 % and lignin was selectively cleaved into propylguaiacol and
propylsyringol at >90 %. This is one of the first methodologies that allow con-
verting lignin selectively, in green solvent, under relatively mild conditions, and
with a catalyst that can be recovered and reused. Parsell et al. also reported a system
applicable to whole lignocellulosics, i.e., a Zn/Pd/C catalyst that convert lignin in
intact hardwood biomass directly into dihydroeugenol and 2,6-dimethoxy-4-propyl
phenol, leaving behind the carbohydrates as a solid residue [65]. Interestingly, the
system worked better for intact lignocellulose than for organosolv lignin and the
leftover carbohydrate residue was easily hydrolysable by cellulases. Finally, Van
den Bosch et al. reported a biorefinery process where a Ru/C catalyst was able to
yield carbohydrate pulp and lignin oil (50 % of phenolic monomers, mainly
4-n-propylguaiacol and 4-n-propylsyringol) from hardwood with a nearly complete
retention of cellulose in the pulp [72]. These “lignin-first” strategies demonstrate
that deconstruction of lignin directly from the lignocellulosic matrix could be done
more selectively and efficiently than from the isolated lignin. The new “lignin-first”
approach could possibly constitute the basis of new industrial developments for
lignin depolymerization.

10.3.2 Oxidative Lignin Depolymerization

In comparison to reductive depolymerization, oxidation of lignin-like material
occurs at milder temperatures (20–200 °C) and gives rise to polyfunctionalized
aromatic chemicals including aldehydes, ketones, and acids. Oxygen, air, hydrogen
peroxide, or peracids are oxidative agents that have been most investigated for this
purpose; nitrobenzene has also been used but mainly for analytical purposes.
Catalysts used for lignin oxidation comprise organometallics, metal oxides,
metal-free organics, acid/base, or metal salts [10].
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Among the reported oxidation methods, many use simple lignin model com-
pounds that lack key lignin structural features and properties; only few have been
devoted to lignin itself. Oxidative processes applied to actual lignin are summarized
in Table 10.4. When targeting aromatic fine chemicals, hydrogen peroxide is
normally avoided to prevent ring opening and retain the aromatic features of
products. Oxygen is almost always used as oxidative agent due to its abundance,
low cost, and environmental friendliness. It is often coupled with alkaline condi-
tions that are used to enhance lignin dissolution and to favor oxidation reactions of
ether bonds at the Cα and Cβ positions, C–C bond cleavage in the side chains,
quinone methide formation, and/or nucleophilic addition of hydroxide ion on
quinone methide [34].

Vanillin (or syringaldehyde) is generally obtained as the major product of oxi-
dation, depending on the lignin origin, but at individual yield that rarely exceeds
10 wt% (Table 10.4). Vanillate (syringate) or acetovanillone (acetosyringone) are
also formed in significant amount. At higher pH, the formation of aldehydes is
favored versus that of acids [86]. Compounds, such as guaiacol and syringol,
lactones, dimers, or organic acids are also formed although their miniscule amounts
are usually not provided in the literature.

The main drawback of oxidative processes resides in the production of radicals
that lead to partial re-polymerization and multiple reaction pathways associated to
low selectivity [84]. Industrially, the only aromatic chemical that has ever been
produced by oxidation of lignin is vanillin. Until the 1980s, vanillin was produced
via alkaline oxidation of lignosulfonates, the byproduct resulting from sulfite
pulping processes [5, 87]. However, with 160 kg of caustic liquids generated for
each kg of vanillin produced, these processes raised environmental concerns and
were largely abandoned in North America by the late 80’s. Today, Borregaard is the
only company that produces vanillin from Norway spruce lignosulfonates.
Although yields around 8 % have been reported in the literature for alkaline oxi-
dation of lignin [78], Borregaard claimed a vanillin yield of 1 % [6], thus leaving
plenty of room for the development of more efficient green processes that are more
selective, economically viable, and bypass potentially harmful byproducts.

Kraft processes are currently the most widely used pulping processes in the
world. Developing a depolymerization process that works well for Kraft lignin
could thus be the key to success. New oxidation processes of Kraft lignin involving
the use of polyoxometalates as reversible oxidants in combination with radical
scavengers to prevent lignin fragments from repolymerizing have been reported
[74, 75]. These new approaches that take place in alcohols and do not involve high
concentrations of alkali processes are very promising in terms of environmental
footprint. Another process was recently reported by Stahl and his group that
allowed fairly high yields of syringyl compounds and their guaiacyl analogues,
using a two-step process. This consists of (i) chemoselective aerobic organocat-
alytic oxidation of secondarybenzylic alcohols of lignin, and (ii) mild depolymer-
ization of oxidized lignin in aqueous formic acid [84, 85] (Table 10.4). The
metal-free process worked effectively for native hardwood (aspen) lignin. If
applicable to Kraft lignins, and more specifically to the more condensed softwood
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Kraft lignins, it could open the door to a highly effective and selective system for
the production of guaiacyl diketone and vanillin.

Oxidative depolymerization of lignin so far leads mainly to vanillin or
syringaldehyde, along with many other phenolic compounds and organic acids.
None of the metal-catalyzed lignin oxidation processes have been scaled up to an
industrial level due in part to high amounts of alkali needed, low yields and
selectivities, complex, and costly downstream treatments, as well as catalyst poi-
soning and reusability issues. Current processes lead to complex mixtures, which
are economically and technically hard to fractionate into pure compounds [88].
Developing new non-alkaline chemical processes for oxidative lignin depolymer-
ization as well as new technologies for vanillin/syringaldehyde isolation from the
reaction medium therefore appears to be prerequisites to a successful industrial
scale up of chemical production of vanillin or syringaldehyde from lignin.
Alternatively, a way to make the new processes economically viable is to
co-produce, along with vanillin, lignin fragments that are usable as macromonomers
for the production of bio-based polymers. Such an approach was reported by
Borges da Silva et al. where vanillin was co-produced with a polymer that is
suitable for the production of polyurethane foams [86].

10.3.3 Summary

Although many homogeneous and heterogeneous catalysts have been investigated
at the laboratory scale for lignin depolymerization, the industrial implementation of
these catalysts is still hampered by the associated harsh conditions, low yields, and
reusability issues. The usual products of lignin being either alcohols or aromatic
compounds, solid catalysts remain very susceptible to surface saturation and
deactivation by the coordinating products. New approaches aimed at depolymer-
izing lignin directly from lignocellulosic biomass appear to work under milder and
greener conditions and might just be the way to go.

10.4 Photocatalysis

Photocatalysis has been used as a clean oxidative technology leading to the total
mineralization of various organic pollutants including phenols and other aromatics
[89, 90]. In particular, photocatalysis was proven to permit decolourization of paper
mill effluents by completely degrading lignins and phenols into CO2 [91–98].
Titanium dioxide (TiO2) is generally considered to be the best photocatalyst for this
reaction due to its high photosensitizing power, chemical stability, and commercial
availability. In some cases, the photocatalytic activity of TiO2 can be enhanced by
doping it with a noble metal such as platinum [95] or nonmetal ions such as sulfur
or boron [99], or by adding ferrous iron in the medium [100]. Efforts have also been
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made to improve the separation of catalyst from the medium by immobilizing TiO2

on a support, such as sepiolite [97], carbon fibers [94], glass plates [99], or (CeO2,
La2O3, or C) nanotubes [101]. Zinc oxide (ZnO) is another semiconductor material
that was tested for lignin depolymerization and that appeared to be an even better
photocatalyst than TiO2 for degradation of Kraft wheat straw lignin [102].

Since most of these photocatalytic systems were developed to decolorize pulping
effluents, emphasis was usually put on the ability of the catalyst to decrease the
color or chemical oxygen demand (COD) in the solution. Various parameters (pH,
load of catalyst, temperature) effects were investigated but little effort was dedicated
to the identification of lignin products. Ksibi et al. first identified phenolics by gas
chromatography–mass spectrometry (GC-MS) when photodegrading soluble alfalfa
lignin using a TiO2/UV photocatalytic technique under aerobic conditions [93].
When replacing air with H2O2, Kamwilaisak and Wright confirmed the formation
of organic acids, namely acetic acid, malonic acid, and succinic acid, as main
products of lignin TiO2-catalyzed photodegradation [103]. The photodegradation of
phenolic compounds by TiO2 was suggested to occur via (i) �OH radical attack on
the phenyl rings producing catechol, resorcinol, and hydroquinone; (ii) phenyl ring
opening to give malonic acid; (iii) degradation of malonic acid (and lignin side
chains) to short-chain organic acids, such as maleic, oxalic, acetic, and formic acids;
and (iv) release of CO2 by decarboxylation of formic acid. Interestingly, under
certain conditions, succinic, and malonic acids were produced in significant
amounts and photocatalysis appeared as a potential process to produce organic
acids from lignin. The challenge for this reaction was to get a highly active pho-
tocatalyst that does not favor complete degradation of products into CO2. Keeping
this in mind, Tonucci et al. designed a mild photocatalytic TiO2 system working
under aerobic conditions, that showed low carbon consumption, good preservation
of aromatic rings, and that greatly reduced mineralization [104]. The system was
tested with lignosulfonates only. However, it would be interesting to see whether
positive results can also be obtained with water-insoluble lignin.

10.5 Electrocatalysis

Electrochemical oxidation has also been considered as a potential alternative in
lignin oxidative degradation. Various anodes ranging from simple ones (e.g., Pb, Ni
[105, 106]) to more complex ones (Ti/Sb-SnO2, Ti/PbO2, Ti/Ta2O5-IrO2, Ti/SnO2-
IrO2, Ti/RuO2-IrO2, and Ti/TiO2-IrO2) [107–109] have been used or designed for
the purpose. Among the various IrO2-based electrodes tested, Ti/RuO2-IrO2 elec-
trode exhibited the highest activity and stability [107]. Depending on the systems
and the advancement of reaction, vanillin/vanillic acid or organic acids were
identified as the main products. Vanillin and other low molecular weight phenolic
intermediates can undergo condensation by phenolic dimerization or condensation
of quinonic radicals [110]. Quinonic radicals can be decarbonylated and lead to
cyclopentadienes; quinones can undergo ring opening to form various dicarboxylic

10 Green Processes for Lignin Conversion 277



acids that further evolve to simpler diacids, such as maleic or oxalic acid [110]. The
production of phenolic compounds thus requires limiting secondary reactions. It can
be enhanced by stopping the reaction at the early stage of the reaction [106] or by
conducting continuous extraction to avoid further decomposition reactions of the
primary intermediate products [111].

Although electrochemical oxidation is a potentially promising technology for
lignin oxidation/modification, the high cost and the electrode fouling caused by
condensation of intermediate products limit its application [107]. Electrocatalysts
with high activity, long lifetime, and low cost have thus been the focus of the
newest research for lignin electrooxidation [107]. Nevertheless, the yields of the
products are still too low to make the overall process economically viable [10].

Various synergistic approaches aiming at improving the yield of depolymer-
ization have been explored. An electrochemical approach combining anode oxi-
dation and electrogenerated H2O2 oxidation has been recently developed for
converting lignin into aromatic chemicals [109]. Using GC-MS for the analysis of
reaction products, the authors confirmed that C–C and C–O–C bonds were cleaved
synergistically by direct anodic oxidation and indirect H2O2 oxidation, and the
macromolecules were gradually depolymerized into monomers and dimers. In
another synergistic example, a combination of photoelectrocatalysis using a Ta2O5-
IrO2 thin film as electrocatalyst, and TiO2 nanotube arrays as photocatalyst pro-
vided ca. 92 % lignin oxidation as compared to 66 % using a single electrochemical
approach under similar conditions [112]. Finally, the electro-oxidative cleavage of
alkali lignin was successfully conducted in a protic ionic liquid (IL), namely tri-
ethylammonium methanesulfonate, using a highly active Ru0.25V0.05Ti0.7Ox anode
[113]. Vanadium was identified as a crucial element in the electrode due to its
ability to promote single electron transfer. The protic IL, with its ability for proton
transfer from the acid to the base, provided a suitable medium for dissolution of
lignin, ensured electrolysis at higher potentials and promoted the oxidative lignin
cleavage mechanism. Interestingly, the product distribution was strongly affected
by the applied potential. That higher potentials resulted in the formation of mole-
cules of smaller molecular weights suggested the possibility of tuning the system
(electrode and IL) toward specific selected products.

10.6 Ionic Liquids

Ionic liquids (ILs) are salts composed of large organic cations and inorganic or
organic anions that exist as liquids at a relatively low temperature (<100 °C) [114,
115]. ILs tend to have good thermal and electrochemical stability, very low
volatility, implying ease of recycling with virtually no VOCs (volatile organic
compounds) release, and nonflammability, implying low or no risk of explosion
[116–118]. The vast number of possible ion combinations in ILs results in a wide
range of physical properties to choose from when selecting an IL for use as solvent
or catalyst. The greener properties of ILs compared to conventional solvents
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associated with the extensive diversity of tunable properties made ILs the center of
interest over the last few decades. Although most commercial developments
involving ILs have been dedicated to petroleum-based reagents [119], new tech-
nologies are emerging where ILs are applied to pretreat, fractionate, or convert
lignocellulosic materials.

10.6.1 Dissolution of Lignocellulosic Biomass in ILs

The transformation of lignocellulosic feedstocks has always been challenging due
to their low solubility in almost any solvent [116]. Manufacturing of cellulose and
its derivatives are normally conducted in environmentally undesirable media con-
sisting of polar organic solvents mixed with charged compounds, e.g., dimethyl
sulfoxide/tetrabutylammonium fluoride (DMSO/TBAF) or LiCl/dimethylacetamide
(LiCl/DMAc) [116]. With their unique chemical inertness and solvation properties
[120], ILs thus offer a promising greener alternative for the processing of biomass.

Interest in ILs for biomass dissolution started with the contribution of Rogers’
group who found that 1-butyl-3-methylimidazolium chloride, [BMIM][Cl], could
dissolve cellulose at concentrations as high as 25 % and who then demonstrated
that whole wood could be fully solubilized in 1-ethyl-3-methylimidazolium acetate,
[EMIM][OAc] [121, 122]. A high number of studies reporting the processing of
biomass in ILs then followed this pioneering work, with most studies being focused
on cellulose dissolution and processing.

The easy solubilization of polysaccharides in ILs has been exploited for the
development of pretreatment technologies aimed at increasing the enzymatic
hydrolysis of cellulose [116, 118, 123, 124]. Indeed, it appears that cellulose
obtained after reconstitution from IL solutions is less crystalline and therefore more
accessible to cellulase than the original material [123].

Several reviews are now available on the combination of ILs with cellulose and
lignocellulosic material that covered the dissolution mechanisms, the effect of ions
on solubility, the constituent regeneration or reconstitution, and the use of ILs in
pretreatment before cellulose hydrolysis [116–118, 125–129].

10.6.2 Dissolution of Lignin in ILs

Compared to the wide efforts dedicated to the understanding of dissolution of
polysaccharides in ILs, much less is known about the potential of ILs to dissolve
lignin. Several studies investigated the dissolution of whole biomass in ILs fol-
lowed by the addition of antisolvent, e.g.,water or water/acetone, to precipitate
cellulose-rich or lignin-rich fractions [122, 124, 130–132]. Solvents such as
[BMIM][Cl] and 1-allyl-3-methylimidazolium chloride, [AMIM][Cl], gave the best
results for both hardwood and softwood [123, 133]. [EMIM][OAc] also led to
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excellent results with complete dissolution of hardwood at 90 °C [122, 133] or
softwood at >150 °C [131]. Significantly more rapid dissolution of biomass and
more effective lignin removal were observed with increasing temperature, but
higher temperatures were found to degrade the ILs and therefore decrease their
recyclability [124, 131, 134].

Another approach makes use of ILs to allow dissolution of lignin while leaving
behind the undissolved polysaccharide material. Excellent lignin extraction yields
(>93 %) were achieved by Tan et al. using the aromatic alkylbenzenesulfonate
(ABS) anion with BMIM cation [135]. Unfortunately, few drawbacks arose when
using [BMIM][ABS] that include: (i) the relatively high extraction temperatures
(190 °C), (ii) the necessity to pretreat the biomass with steam, (iii) a considerable
loss of carbohydrate, and (iv) difficulties to recover the IL. Inspired by the initial
results of Tan et al. [135], Pinkert et al. studied the dissolution of lignin using
imidazolium acesulfamate ILs [136]. The authors’s choice was driven by three
reasons: (i) the low cost and nontoxicity of potassium acesulfamate ([K][ace] is
used as sugar substitute), (ii) previous studies suggested that large and bulky IL
anions with delocalized charge do not dissolve cellulose, and (iii) the aromatic
character of acesulfamate should allow a good interaction with lignin. Applying
imidazolium [ace] to lignin dissolution from wood led to a lignin extraction yield of
43 % under gentle extraction conditions (T = 100 °C, t = 2 h), a steadiness of
cellulose crystallinity, and a constancy of extraction yields over multiple sequential
recycling of the IL (up to 6 runs). However, before any commercial plan could be
realized for using [ace] IL to extract lignins from biomass some technical issues
such as the sensitivity of the system to water present in biomass and the need to
increase the recycling runs above 100 times, need to be addressed.

ILs were also used to dissolve isolated lignins. Different cations and anions
screened for this purpose are summarized in Table 10.5. The role of cation consists
in generating interactions between the IL and the biopolymer, whereas anion is
primarily responsible for the initial disruption of the inter- and intramolecular
hydrogen bonding that exist in the biopolymer. Imidazolium-based cations
appeared to be efficient for the dissolution of lignin. Kilpelainen et al. suggested
that π–π interactions exist between the imidazolium-based cations and the aromatic
compounds of lignin [141], a hypothesis that was confirmed by the increased
dissolution of softwood lignin when an allyl group replaced the butyl group of
[BMIM][Cl] [123]. When dissolving softwood lignin with the cation [BMIM]+ and
various anions, the solubility varies with the anions following the order: [OTf]− *
[OMs]− * [MeSO4]

− > > [OAc]− > [HCOO]− > [Cl]− * [Br]−> > [BF4]
− *

[PF6]
−, suggesting that the strongly hydrogen-bonding anions such as [OTf]− or

[OMs]− are efficient solvents for lignin, while the large non-coordinating anions,
such as [BF4]

− and [PF6]
− are inefficient [118, 137, 138]. Chloride anion was used

recently in combination with alkyl-diazabicyclo[5.4.0]undec-7-enium [DBUCn]
cation to dissolve softwood Kraft lignin but compared to imidazolium, these poorly
unsaturated cations exhibited a modest dissolution power [140].
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Table 10.5 Dissolution of isolated lignin in ILs

Ionic liquid Lignin type Solubility Conditions Reference

[AMIM][Cl] Softwood Kraft
lignin

>300 g/kg 90 °C, 24 h [123]

[BMIM][Br] Softwood Kraft
lignin

17.5 g/L 75 °C [137]

[BMIM][Br]/H2O Alcell lignin 225 g/kg 60 °C [138]

[BMIM][BF4] Softwood Kraft
lignin

40 g/kg 90 °C, 24 h [123]

[BMIM][BF4]/
H2O

Alcell lignin 20 g/kg 60 °C [138]

[BMIM][Cl] Softwood Kraft
lignin

13.9 g/L 75 °C [137]

Alkali lignin 88 g/kg 80–90 °C,
20 min

[139]

Softwood Kraft
lignin

>100 g/kg 90 °C, 24 h [123]

Softwood Kraft
lignin

100 g/kg 90 °C, 24 h [124]

[BMIM][OTf] Softwood Kraft
lignin

>500 g/kg 90 °C, 24 h [123]

[BMIM][OMs]/
H2O

Alcell lignin 475 g/kg 60 °C [138]

[BMIM][MeSO4] Softwood Kraft
lignin

312 g/L 50 °C [137]

[BMIM][OAc]/
H2O

Alcell lignin 450 g/kg 60 °C [138]

[BMIM][OTf] Softwood Kraft
lignin

>500 g/kg 90 °C, 24 h [123]

[BMIM][PF6] Softwood Kraft
lignin

1 g/kg 90 °C, 24 h [123]

[BMMIM][BF4] Softwood Kraft
lignin

14.5 g/L 70–100 °C [137]

[DMEA][HCOO] Softwood Kraft
lignin

280 g/kg 90 °C, 24 h [124]

[DMEA][OAc] Softwood Kraft
lignin

190 g/kg 90 °C, 24 h [124]

[CMIM][Br] Alkali lignin 95 g/kg 80–90 C, 20 min [139]

[EMIM][OAc] Softwood Kraft
lignin

>300 g/kg 90 °C, 24 h [123]

Softwood Kraft
lignin

300 g/kg 90 °C, 24 h [124]

[EMIM][OAc]/
H2O

Alcell lignin 300 g/kg 60 °C [138]

[HMIM][OAc]/
H2O

Alcell lignin 400 g/kg 60 °C [138]

(continued)
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Recently, it was demonstrated that adding an appropriate amount of water to ILs
(optimum ratio IL/H2O = 70/30) facilitated lignin dissolution, likely due to the
increased mobility and diffusion constant of ions in the presence of water [138]. The
addition of water promoted release of more ions from the IL stack, thus increasing
the interaction probability between lignin and ILs.

10.6.3 Conversion of Lignin in ILs

A number of studies reporting the modification of lignin during IL biomass
deconstruction have been published and recently reviewed by Brandt et al. [132].
Tan et al. reported that lignin extracted with [EMIM][ABS] had a lower molecular
weight and a narrower polydispersity than one obtained by aqueous auto-catalyzed
pretreatment [135]. Similarly, Kim et al. compared the characteristics of a lignin
extracted from poplar wood using [EMIM][OAc] with the properties of milled
wood lignin extracted from the same biomass and concluded that IL extraction led
to a less polydisperse lignin of smaller molecular weight [130]. George et al.
studied the impact of a range of ILs on several commercial lignins and demon-
strated an intense effect of anion on the fragmentation mechanism and degree of
depolymerization, while the cation did not play any significant role [142]. ILs
containing alkyl sulfate anions appeared to have the greatest ability to fragment
lignin and shorten polymer length. The order of molecular weight reduction was
sulfate > lactate > acetate > chloride > phosphate. The anion was believed to
undergo nucleophilic attack on the β-O-4 lignin linkages, thus reducing the average
molecular weight of lignin.

Table 10.5 (continued)

Ionic liquid Lignin type Solubility Conditions Reference

[HMIM][OTf] Softwood Kraft
lignin

275 g/L 70 °C [137]

[PrMIM][Br] Alkali lignin 62 g/kg 80–90 °C,
20 min

[139]

[DBUC4][Cl] Softwood Kraft
lignin

*200 g/kg 105 °C, 9 h [140]

[DBUC6][Cl] Softwood Kraft
lignin

*200 g/kg 105 °C, 11 h [140]

[DBUC8][Cl] Softwood Kraft
lignin

*200 g/kg 105 °C, 13 h [140]

[AMIM]+, 1-allyl-3-methylimidazolium; [BMIM]+, 1-butyl-3-methylimidazolium; [BMMIM]+,
1-butyl-2,3-dimethylimidazolium; [CMIM]+, 1-cyano-3-methylimidazolium; [DMEA]+, N,
N-dimethylethanolammonium; [EMIM]+, 1-ethyl-3-methylimidazolium; [HMIM]+,
1-hexyl-3-methylimidazolium; [PrMIM]+, 1-Propyl-3-methylimidazolium; [HCOO]−, formate;
[OAc]−, acetate; [OMs]−, mesylate, CH3SO3

−; [OTf]−, trifluoromethylsulfonate CF3SO3
−
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Besides the observations on lignin chemical properties after IL treatment, ILs
were also used as solvent for chemical transformation of lignin. Main research
efforts addressing the conversion of lignin in ILs have been dedicated to either its
acidolytic cleavage or catalytic oxidation. Moreover, most of the reported studies
involved homogeneous or heterogeneous catalysis [118].

ILs can be used for lignin acidolytic depolymerization due to their ability to act
as both an acidic catalyst and a solvent [7, 143]. For instance, 1-H-3-
methylimidazolium chloride was shown to promote acidolytic cleavage of β-O-4
linkages in lignin over relatively mild temperatures (110–150 °C) [144]. The
reaction was proposed to occur via protonation (or coordination) of the ether
linkages, followed by attack of water (or any other nucleophile present in the
system), similarly to the reactions taking place in conventional solvents.

ILs can also be used as solvent for the oxidative depolymerization of lignin, as
reviewed recently [9]. A few good examples that use ILs as solvents for the pro-
duction of aromatic chemicals from lignin are listed in Table 6 of Ref. [9]. Most of
the oxidative reactions in ILs were applied to either organosolv or alkali lignin and
were conducted using ILs based on phosphate or sulfonate anions due to (i) their
stability against oxidation and, (ii) their ability to dissolve lignin. The oxidation of
organosolv lignin in ILs in the presence of transition metals and molecular oxygen
or air has been demonstrated by Stärk et al. [145], Weckhuysen and his team [146,
147], and Liu et al. [148]. Under optimal conditions, 66.3 % of the lignin could be
converted into several monomeric units using Mn(NO3)2 in 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate [EMIM][CF3SO3] [145]. The pre-
dominant product was either dimethoxy-1,4-benzoquinone or syringaldehyde,
depending upon the conditions applied. Interestingly, the potential antitumor agent,
dimethoxy-1,4-benzoquinone, could be isolated in 11.5 wt% overall yield using a
simple extraction/crystallization process [145]. Similarly, Alcell and soda lignins
were oxidized under mild conditions (0.5 MPa O2, 80 °C) using CoCl2�6H2O and
NaOH in 1-ethyl-3-methylimidazolium diethylphosphate [EMIM][Et2PO4]. The
catalyst rapidly oxidized benzyl and other alcohol functionalities in lignin, but left
phenolic functionality, and 5-5′, β-O-4 and phenylcoumaran linkages intact [146].
In situ ATR-FT-IR, Raman and UV-Vis spectroscopy allowed demonstrating that
the reaction proceeded via the coordination of alcohol-containing substrates to
cobalt, followed by formation of a Co-superoxo species [147]. Finally, in another
very interesting study, under optimal conditions (2.5 MPa O2, 1.5 h, 175 °C), up to
100 % of the lignin could be converted into several monomeric units using CuSO4

in dimethyl phosphate-based ILs [148]. Using [MMIM][Me2PO4], a total yield of
29.7 % aldehydes (vanillin, syringaldehyde, p-hydroxybenzaldehyde) was
obtained, which was significantly higher than the yields usually obtained in aqueous
NaOH systems (see Table 10.4 for oxidation yields in aqueous systems). In contrast
to the previous studies which did not address the recycling of IL, Liu et al. con-
firmed that the products and IL phase were easily separated by solvent extraction,
allowing the recycling and reuse of the IL-CuSO4 phase up to six times without loss
of efficiency [148].
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10.6.4 Summary

Recent studies involving lignin and ILs demonstrate that ILs can be used (i) to
extract selectively lignin from lignocellulosic biomass, and (ii) to oxidatively
depolymerise lignin more selectively than in aqueous media. The possible control
of selectivity by changing the experimental conditions (IL nature, reaction tem-
perature, catalyst loading, extracting solvent, etc.) opens the door to new ILs-based
processes for the production of value-added chemicals from lignin [9]. Although the
conversion and depolymerization of lignin can be achieved in ILs, and even con-
trolled by changing the structure of the IL or conditions, bulk separation of the
products from ILs remains a formidable challenge that needs to be overcome [118].

10.7 Biocatalysis

The high selectivity and efficiency of enzymatic catalysts, the mild operating
conditions required, the broad range of substrates, and the ability of some enzymes
to react under adverse conditions (e.g., high temperatures, extreme pH values) are
all advantageous properties when considering the application of biocatalysis for
industrial processes [149]. Given the lack of selectivity observed when subjecting
lignin to chemical treatments, one could see biocatalysis as a suitable means to
depolymerise lignin in a selective, cleaner, and more environmental friendly way.
However to date, no biocatalytic system has been shown to be efficient enough to
access aromatics or non-aromatics from lignin in yields that could be
commercialized.

In a desire to combine both an easier access of enzymes to cellulose for biofuel
production and the valorization of lignin into value-added chemicals, there has been
recently a renewed interest in the microbial breakdown of lignin [150]. While
microbial degradation of lignin had been widely studied in white-rot and brown-rot
fungi [151–154], emphasis has recently been placed on lignin-degrading bacteria
which offer more opportunities for protein expression and genetic manipulation
[155–159]. The present section is focused on recent progress in ligninolytic green
biotechnology—either as microbes or enzymes—for the production of aromatic and
non-aromatic chemicals.

10.7.1 Microbial Lignin Degradation

Lignin was reported to be biodegraded only under aerobic conditions [151]. The
initial steps of lignin biodegradation consist in introducing new functional groups
into its macromolecular structure by oxidative enzymes, which render lignin more
susceptible towards its subsequent degradation by other enzymes [149]. Studies on
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the microbial degradation of lignin have focused primarily on white-rot and
brown-rot fungi, with Phanerochaete chrysosporium being by far the most studied
of all white-rot fungi [151, 152, 160]. White-rot fungi are much more active
lignin-degrader than brown-rot fungi. Although white-rot fungi (basidiomycetes) do
not use lignin as a carbon source for their growth, they have developed nonspecific
methods for the degradation of lignin [161]. The initial depolymerization of lignin
is thought to be promoted by extracellular oxidative enzymes (oxidoreductases)
whereas subsequent transformation of smaller molecular weight lignin fragments is
assumed to occur intracellularly [154]. The extracellular enzymes involved in lignin
depolymerization are lignin peroxidases (LiP), manganese peroxidases (MnP),
versatile peroxidases (VP) and phenol oxidases, also known as laccases.

Despite the extensive study of fungal lignin degradation since the mid-1980s,
there is still no commercial biocatalytic process for lignin depolymerization, in part
due to the practical challenges of fungal protein expression and fungal genetic
manipulation [157]. In the last decade, efforts have thus been focused toward the
breakdown of lignin by bacteria as indicated by the recent outbreak of reports on
the subject [157, 159]. Various bacterial strains identified to have activity for lignin
breakdown have been isolated from soils [158, 162–164] or from guts of termites
[165, 166]. Most of these strains fall within three classes: actinomycetes,
α-proteobacteria, and γ-proteobacteria [157]. Their activity is often less than that of
white-rot fungus P. chrysosporium, but comparable to other lignin-degrading fungi
[153]. Although the metabolic pathway of lignin-degrading bacteria is much less
understood than that of white-rot and brown-rot fungi, there are indications that
bacteria use similar types of extracellular enzymes found in fungi, i.e., peroxidases
and laccases [157]. The next section provides more details on the enzymatic
pathways involved in lignin degradation and transformation.

10.7.2 Enzymatic Pathways

10.7.2.1 Lignin Peroxidases (LiP)

LiP were the first lignolytic enzymes to be isolated from P. chrysosporium in the
mid 80’s. LiP are characterized by their high redox potential (*1.2 V), low pH
optima and molecular mass varying from 37 to 50 kDa for different white-rot
fungus strains [161]. Relatively non-specific to their substrates, LiP have been
known to oxidize phenolic and non-phenolic aromatic substrates by abstracting one
electron via a mechanism involving cation radicals. Its catalytic cycle is similar to
other peroxidase enzymes, in which the resting state of the enzyme contains ferric
heme, which reacts with H2O2 to form a compound I oxo-ferryl intermediate
(two-electron oxidized form), and subsequently a compound II intermediate
(one-electron oxidized form). Veratryl alcohol (VA), produced by ligninolytic
fungi, has been proposed to act as a redox mediator, or electron shuttle. LiP differ
from other peroxidases by the fact that the heme environment provides high redox
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potential to the oxo-ferryl complex, which allows oxidation of unusually high
potential sites, such as aromatic rings [150, 159]. LiP oxidize the substrates in
multistep electron transfers by forming intermediate radicals such as phenoxy
radicals and VA radical cations. Phenoxy radicals can undergo nonenzymatic
reactions such as repolymerization on the lignin polymer and/or Cα–Cβ breakdown,
yielding p-quinones [161]. LiP are active on a wide range of aromatic compounds,
such as VA, methoxybenzenes, and nonphenolic β-O-4 linked arylglycerol β-aryl
ethers with a redox potential up to 1.4 V in the presence of H2O2 [167].

The main drawback in using purified LiP for oxidative depolymerization of
lignin is the repolymerization reaction that occurs when the small phenolic products
are not removed or consumed [168, 169]. The preference of LiP for phenolic lignin
units favors the coupling of phenoxy radicals and increases the propensity to
polymerize rather than depolymerise lignin samples under in vitro conditions [167].
A second drawback comes from the difficulties associated with the fast decay of
H2O2, indispensable for LiP (and MnP) catalysis, and the inactivation of LiP (and
MnP) for certain amounts of H2O2 [170].

10.7.2.2 Manganese Peroxidase (MnP)

MnP is a heme-containing glycoprotein of *40–60 kDa, optimum pH of 4–7, and
temperature of 40–60 °C, which was also first discovered in P. chrysosporium. It is
produced and secreted by almost all basidiomycetes, including white-rot and var-
ious soil colonizing fungi [167]. Like LiP, MnP requires H2O2 as an oxidant, but in
contrast to LiP, it also requires the presence of Mn2+ and chelators (organic acids)
such as oxalate or malate. MnP catalyses the oxidation of Mn2+ to Mn3+, which in
turn can oxidize a large number of phenolic substrates. Complexed Mn3+ is widely
accepted as a diffusible oxidant, able to oxidize secondary substrates at a distance
away from the active site of MnP [150]. The Mn3+-chelate complex oxidizes
phenolic compounds (such as 2,6-dimethoxyphenol, guaiacol, 4-methoxyphenol
and phenolic lignin residues), but is inactive on VA or nonphenolic substrates
[167]. It is also small enough to diffuse into lignin or analogous structures, which
are not necessarily available to the enzymes [161].

The drawbacks associated to the broader usage of LiP, i.e., repolymerization and
inconvenient use of H2O2 apply to MnP.

10.7.2.3 Versatile Peroxidases (VP)

VP are glycoproteins which act in a bifunctional way by sharing typical features of
the MnP and LiP fungal peroxidase families. Like MnP they oxidize Mn (II), and
similar to LiP they oxidize both phenolic and non-phenolic aromatic compounds,
including VA, methoxybenzenes, and lignin model compounds [167].
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10.7.2.4 Laccases

Laccases (or benzenediol:oxygen oxidoreductase) are glycosylated blue
multi-copper oxidoreductases, produced by many fungi, bacteria, plants, and insect.
A comprehensive review on the ability of laccases to breakdown lignin is available
elsewhere [171].

In plant, laccases are thought to participate in lignin biosynthesis, while in fungi,
they are suspected to contribute to lignin depolymerization, though this last role is
still unclear and controversial [150]. Laccases subtract one electron from phenolic–
OH groups thus forming phenoxy radicals, which undergo polymerization via
radical coupling. As a consequence, the polymerizing or depolymerizing effect of
laccase treatment on native or technical lignin is ambiguous [171].

Laccase contains four copper ions of three different types: one type 1 (T1)
copper, which gives laccase its characteristic blue color; one type 2 (T2) and two
type 3 (T3) copper ions forming a trinuclear cluster. T1 is the site where substrate
oxidation takes place, whereas O2 reduction occurs at the trinuclear cluster site
[171].

Laccase alone is not able to break down nonphenolic units of lignin [171].
Indeed, laccases have low redox potentials (0.5–0.8 V) that restrict their action to
the oxidation of the phenolic lignin fragments [167]. The restriction of laccase
action to phenolic subunits can, however, be overcome by use of a small molecular
weight mediator that acts as electron shuttle [172]. Mediators are believed to
expand the reach of laccase thanks to their comparatively smaller size that helps
them diffuse into the plant cell wall or polymeric structures. In addition, they also
broaden the range of oxidizable substrates including non-phenolic units by having
higher redox potential than laccase. Natural compounds such as 4-hydroxybenzylic
alcohol, p-cinnamic acid, sinapic acid, or syringaldehyde can act as laccase
mediators. Synthetic compounds such as 2,2′-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 1-hydroxybenzotriazole (HBT),
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), or violuric acid can also be
co-added with laccases to increase the activity of the latter [171].

In contrast to ligninolytic enzymes LiP, MnP, and VP, phenol oxidases such as
laccases use O2 as the final electron acceptor rather than H2O2, which could be a
great advantage for industrial applications. The main drawbacks, however, in using
laccases for oxidative transformation of lignin are the non-fully elucidated action
mode of laccases on lignin, especially the ability of laccase to polymerise and
depolymerise lignin, and the low extracellular production of laccases in basid-
iomycete fungi.

10.7.2.5 Other Enzymes

The above ligninolytic enzymes are characterized by their technically unresolved
lack of specificity and their high predisposition to provoke the repolymerization of
previously released monolignols [173]. Bacterial enzymes may be superior to their

10 Green Processes for Lignin Conversion 287



fungal counterparts with regard to specificity, thermostability, halotolerance, and
mediator dependency [161]. New types of enzymes are therefore being investigated
to favor depolymerization of lignin into monomers. Various β-O-4 aryl ether
cleaving enzymes or enzyme systems have been isolated from microbes including
fungus 2BW-1 [174] and bacteria Sphingobium paucimobilis SYK-6 and
Novosphingobium sp. [173, 175–178], and biochemically characterized. Biphenyl
bond cleavage enzyme systems involving demethylation on one ring, followed by
dioxygenase-catalyzed ring opening of the resulting catechol, and C–C hydrolase at
the benzylic ketone site have also been reported [150]. A tetrahydrofolate-
dependent O-demethylase gene was also isolated from S. paucimobilis SYK-6 and
found to convert syringate into 3-O-methylgallate [179]. A review recently pub-
lished by Bugg and Rahmanpour describes recent developments in the under-
standing of bacterial enzymes for lignin breakdown [180]. The enzymes covered in
this review include dye-decolorizing peroxidases (DyP), bacterial laccases, and
beta-etherase enzymes. While the knowledge of microbial lignin degradation
pathways is still incomplete, the use of pathway engineering methods to construct
genetically modified microbes to convert lignin to renewable chemicals (e.g.,
vanillin, adipic acid) via fermentation seems a possible way to go [180].

10.7.3 Small Chemicals Obtained from Lignin Using
Biocatalysis

Oxidative breakdown of spruce wood lignin by P. chrysosporium was found to lead
to 28 low molecular weight products, 10 of which were aromatic carboxylic acids
obtained by Cα–Cβ cleavage, and 13 others were acyclic 2,4-hexadiene-1,6-dioic
acids (e.g., muconic acid) resulting from oxidative ring cleavage [181]. Many
similar phenolic compounds have been detected when treating lignin with bacterial
lignin degraders such as S. paucimobilis or Bacillus sp. [150, 157]. However, the
natural microbial systems tend to produce the aromatic chemicals as intermediates
which are further degraded into smaller molecules, and even down to CO2 in the
case of P. chrysosporium.

Recently, with the aim to produce vanillin in larger amounts and higher selec-
tivity compared to chemical catalysis, a targeted pathway engineering strategy was
applied to Rhodococcus jostii strain RHA1 [182]. When grown on minimal medium
containing 2.5 % wheat straw lignocellulose and 0.05 % glucose, the strain in
which the vanillin dehydrogenase gene had been deleted was found to accumulate
vanillin with yields of up to 96 mg/L after 144 h, together with smaller amounts of
ferulic acid and 4-hydroxybenzaldehyde. This pioneering work established that
vanillin could be produced from lignin using a predictive gene deletion and
demonstrated that lignin breakdown pathways could in principle be engineered for
the production of aromatics.
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Pathway engineering has also been used in Pseudomonas putida KT2440 to
accumulate cis,cis-muconic acid from degradation of aromatic ring, via blockage of
the protocatechuate cleavage pathway, and rerouting via catechol cleavage [183].
Using an alkaline pretreated liquor, muconic acid was obtained at a yield of 0.7 g/L
after 24 h and subsequently reduced into adipic acid by Pd/C hydrogenation [183].
Interestingly, muconic acid could be obtained at high purity (>97 %) after a
two-step purification. Given these two recent examples, metabolic engineering and
synthetic biology seem to offer a tangible way for obtaining reasonable yields of
chemicals from lignin via the reconstructed catabolic pathways.

10.7.4 Scale-up of Enzyme Production

Despite the potential industrial use of fungal peroxidases, the actual application of
these enzymes in industrial processes is hampered by (i) the limited availability of
the proteins in the natural hosts, and (ii) their rather low stability [170]. Efforts have
been made to produce LiP and MnP recombinant proteins, using either homologous
or heterologous host systems but those led to limited success [170]. Given the lack
of efficient microbial expression systems for peroxidases, a significant number of
studies have been carried out to express laccases genes in various fungal hosts. In
spite of the active secretion of recombinant laccase in several heterologous systems,
the levels of recombinant laccase were too low for industrial purposes [184]. The
lack of efficient microbial expression systems together with the large amount of
enzymes requirement constitute a serious bottleneck in the industrial application of
fungal enzymes.

Until recently, the enzymology of bacterial lignin degradation was not well
understood [180]. However, genome sequences of few lignin degraders, e.g., R.
jostii RHA1 and P. putida KT2440, have recently become available. A better
understanding of the metabolic pathway and their gene regulation should facilitate
the goals of synthetic biology to address the bottlenecks encountered with fungal
enzymes and hence engineer new routes for large scale production of lignin-derived
chemicals from renewable feedstocks.

10.7.5 Summary

A wide variety of lignin-degrading fungi and bacteria have been identified, among
which the white-rot fungi are the most active and the only ones that can completely
break down lignin to CO2 and H2O. Aromatic carboxylic acids and aldehydes
obtained by Cα–Cβ cleavage as well as acyclic 2,4-hexadiene-1,6-dioic acids
resulting from ring cleavage are the products that have been the most often
observed, usually as intermediates. The main extracellular enzymes participating in
lignin degradation are the LiP, MnP, and laccases. Attempts to produce these
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enzymes using either homologous or heterologous host systems led to limited
success. Efforts are currently centered on the elucidation of the enzymology of
bacterial lignin breakdown. Metabolic engineering has been successfully applied
recently to lignin degraders, allowing the production of chemicals like vanillin or
muconic acid from lignin at concentration of 0.096 and 0.7 g/L, respectively. These
promising results are encouraging signs for a great future for the biological
depolymerization of lignin.

10.8 Computational Approaches

At first sight, the natural structural complexity of lignin seems rather incompatible
with first-principles, computational approaches, which are limited with regard to the
size and complexity of molecules they can be used for. Significant computational
effort has been dedicated to understanding lignin model compounds reactivity. Few
research groups have used β-O-4 lignin models to investigate homolytic bond
dissociation energies [185–188], kinetic parameters [189, 190], and free-energy
pathways occurring under various reaction conditions [191–193]. However, com-
putational modeling of the heterogeneous lignin using the information gathered
with only dimers would not have been representative.

In a recent computational screening approach, Kulik and coworkers have
developed a chemical discovery technique to identify the chemically relevant
putative fragments in eight of the known polymeric linkages of lignin [194]. From
the identified cleavage pathways and resulting fragments the authors concluded that
(i) ether bonds cleave readily in lignin polymers; (ii) biphenyl linkages are more
recalcitrant; (iii) spirodienone linkages can fragment into many possible products
with a high frequency of cleavage; and (iv) breaking an “easy” to break ether bond
could also result in the spontaneous cleavage of harder to break biphenyl-like bonds
[194]. While the two first observations had been previously made by others, the
latter two were newly revealed by this theoretical approach. After the pioneering
work conducted by Kulik’s team with lignin oligomers consisting of up to six
monomers, one hopes to see environmentally friendly theoretical approaches
unraveling more mysteries of lignin in the near future.

10.9 Conclusions and Future Outlook

Currently, all aromatic chemicals are produced from petroleum-based sources.
Lignin is a complex heterogeneous aromatic polymer consisting of up to 30 % of
plant material. Its aromatic structure suggests that it is a possible renewable source
for aromatic chemicals. However, the natural complexity and high stability of lignin
makes its depolymerization a highly challenging task. Despite a strong renewed
interest for lignin depolymerization over the last decade, a very limited number of
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lignin reactions, e.g., production of vanillin from lignosulfonates, have been actu-
ally scaled up and commercialized.

On a general point of view, the majority of efforts dedicated to lignin conversion
have been done using simple model compounds that lack key lignin structural
features and properties. Efforts are therefore necessary to confirm the applicability
of promising processes to actual lignins which themselves offer another level of
challenge by being largely a heterogenous and poorly soluble material.

This chapter presents recent advances and challenges to be addressed in the field
of lignin depolymerization, with emphasis on chemical catalysis, ILs, or microbial
and enzymatic approaches.

Although many homogeneous and heterogeneous catalysts have been investi-
gated at the laboratory scale for lignin depolymerization, the industrial imple-
mentation of these catalysts was hampered by the harsh conditions, low selectivity,
low yields, and issues with the reusability of catalysts. Efforts have still to be done
to (i) increase the activity and selectivity of chemical catalysts; (ii) increase the
tolerance of catalysts to impurities, especially sulfur or water; (iii) increase the
separability and reusability of catalysts; and (iv) develop new technologies able to
isolate phenolic compounds efficiently and economically. The promising results
(50 % depolymerization, >90 % selectivity) recently obtained using reductive
catalyzed depolymerization of lignin directly from lignocellulosic biomass opened
the door to a new approach for lignin depolymerization, i.e., the “lignin-first”
processes. By involving milder and greener conditions than the depolymerization of
isolated lignin, this new approach gives rise to more environmentally friendly
reactions that are more selective and therefore less costly in product recovery.
Though all “lignin-first” experiments have been conducted at the lab-scale so far,
they are encouraging to demonstrate the technology on a larger scale, and more
efforts should be pursued towards the scale-up of “lignin-first” biorefinery pro-
cesses. Under oxidative conditions, continuous separation of products is an effec-
tive way to increase the reaction yields by limiting radical condensation of products.
Dedicating more effort to the engineering needs of the oxidative depolymerization
of lignin should allow producing aromatic aldehyde and acids in higher yields and
higher purity.

ILs are seen as another new green option for lignin conversion. Indeed, the use
of ILs is becoming more and more accepted in the chemical industry and recent
studies involving lignin and ILs demonstrate that ILs can be applied (i) to extract
selectively lignin from lignocellulosic biomass and (ii) to oxidatively depolymerise
lignin more selectively than in aqueous media. Despite the tremendous progress
done in the last few years on lignin depolymerization in ILs, bulk separation of the
products from ILs remains a major challenge that researchers should continue
dedicating their efforts to.

Finally, lignin can also be deconstructed biologically. Regardless of the strong
activity of fungal peroxidases for lignin depolymerization, the actual application of
these enzymes in industrial processes is yet to take place. Efforts are now being
pursued to elucidate the enzymology of bacterial lignin breakdown, and metabolic
engineering is underway to construct genetically modified microbes that can
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convert lignin into renewable chemicals. The recent case studies of vanillin pro-
duction (0.096 g/L) from lignin or muconic acid (0.7 g/L) from an alkaline pre-
treated liquor blaze the trail for a potentially great future for the biological
depolymerization of lignins.
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Chapter 11
Production of Sialic Acid and Its
Derivatives by Metabolic Engineering
of Escherichia coli

Baixue Lin and Yong Tao

Abstract Sialic acid and its derivatives have attracted considerable interest due to
their important biological functions, and are valuable resources with increasing
demand in many fields. Significant efforts have been made for the efficient pro-
duction of sialic acids. In this chapter, we review the achievements that have been
obtained in the development of microbial processes for the production of sialic
acids and its derivatives with an emphasis on the strategies of metabolic engi-
neering for the enhanced production of N-acetylneuraminic acid, polysialic acid,
and sialylated oligosaccharides, such as 3′ sialyllactose.

Keywords Metabolic engineering � Escherichia coli � N-Acetylneuraminic acid �
Polysialic acid � 3′ sialyllactose

11.1 Introduction

Sialic acids are a family of nine-carbon amino sugars that encompass over 50
naturally occurring and structurally distinct acidic sugars and they play a wide
variety of roles in nature [1, 2]. Sialic acids are frequently found as a terminal sugar
in cell surface complex carbohydrates and are known to play important roles in
biological, pathological, and immunological processes including cell adhesion, cell
signaling, glycoprotein stability, bacterial virulence, and tumor metastasis [1, 3–6].

N-Acetylneuraminic acid (Neu5Ac) is the most abundant and widely studied
sialic acid that undergoes extensive modifications to generate the diversity of the
sialic acid family [7, 8]. Neu5Ac and its analogs can effectively inhibit sialidase and
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therefore can be used as antiviral drugs (e.g., Relenza) to prevent virus infection and
release [9–11]. Neu5Ac is a major component of gangliosides that are notably
abundant in brain tissues [12]. It was reported that dietary Neu5Ac could increase
its concentration in brain gangliosides and glycoproteins, and enhance learning
during early development [13–15]. Therefore, Neu5Ac may be considered as a
potential nutraceutical. Neu5Ac is also a useful tool in bacterial pathogenesis
research, immunobiology and in the development of cancer diagnostic imaging
techniques [7, 9, 10].

In bacteria, sialic acids have been identified in extracellular capsular polysac-
charides and lipopolysaccharides as linear homopolymers of Neu5Ac. Polysialic
acid (PSA), a polymer of α-(2,8)- and/or α-(2,9)-linked Neu5Ac, has many excel-
lent characteristics, such as poor immunogenicity, biodegradability, and biocom-
patibility, and is regarded as an ideal material for use in the controlled drug release
and for scaffolds in biomedical applications [16]. Sialylated oligosaccharides,
especially sialyllactoses, are found in most mammalian milks from mice to humans,
and are believed to protect breast-fed infants from infections [17, 18]. By serving
sialylated oligosaccharides as an exogenous source of sialic acid, the concentration
of brain gangliosides and glycoprotein sialic acid increase thus promoting the brain
maturation in breast-fed infants [14]. Sialic acid and its derivatives, which have a
variety of biofunctions have attracted considerable interest, and have been a
valuable resource with an increasing demand in both medicine and biotechnology.

The availability of Neu5Ac is limited. Neu5Ac is traditionally isolated from
natural sources, such as birds’ nests [19], milk whey, and egg yolk [20] or by
hydrolysis of colominic acid [21–23]. However, the yields are typically low and the
procedures are not suitable for large-scale production. Chemical synthesis of
Neu5Ac is challenging because of the complexity of the molecule [6]. The enzy-
matic synthesis of Neu5Ac from N-acetyl-D-glucosamine (GlcNAc) and pyruvate
has attracted significant interest [24, 25]. Although a high efficiency can be
achieved in an enzymatic process, the tedious preparation of enzymes and the
requirement of adenosine triphosphate (ATP) make the process complicated and
costly.

The above stated methods for producing sialic acid are insufficient to meet the
large demand of medical and biotechnological industries. It is envisaged that
microbial processes can overcome this problem and serve as a viable alternative to
conventional methods. Based on the comprehensive understanding of the meta-
bolism of sialic acids and metabolic engineering strategies have been applied to
empower Escherichia coli into efficient microbial factories for sialic acid produc-
tion. In this chapter, we focus on the metabolism and the current state of
biotechnological production of sialic acid and its derivatives with a special
emphasis on metabolic engineering strategies for the enhanced production of sialic
acids using E. coli as a workhorse.
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11.2 N-Acetylneuraminic acid (Neu5Ac)

11.2.1 Biosynthesis and Metabolism of Neu5Ac

The metabolism of Neu5Ac in bacteria has been well characterized [2, 26]. The nan
operon (Fig. 11.1), which encodes the proteins for sialic acid catabolism is found in
hundreds of bacterial species [2, 26]. In E. coli, the sialic acid catabolic pathway
comprises sialic acid transporter (NanT), Neu5Ac aldolase (NanA),
ManNAc-6-phosphate epimerase (NanE), ManNAc kinase (NanK), and a tran-
scription factor NanR. NanT is responsible for Neu5Ac uptake [27]. NanA cleaves
Neu5Ac to pyruvate and ManNAc. ManNAc is phosphorylated by NanK and
subsequently epimerized by NanE to generate GlcNAc-6-P, which enters the amino
sugar metabolic pathways [2, 8, 28]. The nanR gene encodes a transcription factor
that represses the nan operon in the absence of sialic acid by interfering the binding

Fig. 11.1 Schematic presentation of the Neu5Ac metabolic pathway in engineered E. coli.
Reprinted from Ref. [34], with permission from Springer Science+Business Media. The genes for
AGE and NanA are overexpressed. Discontinued arrows represent the enzymatic activities that have
been eliminated. AGE, GlcNAc 2-epimerase, EC5.1.3.8; NanA, Neu5Ac aldolase, EC4.1.3.3;
NanT, sialic acid transporter; NanK, ManNAc kinase; NanE, ManNAc-6-P epimerase; NeuC,
UDP-GlcNAc2-epimerase; GlmS, L-glutamine:D-fructose-6-phosphate aminotransferase (isomer-
izing); GlmM, phosphoglucosamine mutase; GlmU, bifunctional UDP-N-acetylglucosamine
pyrophosphorylase/Glucosamine-1-phosphate N-acetyltransferase; NagA, N-acetylglucosamine-
6-phosphate deacetylase; NagB, glucosamine-6-phosphate deaminase; NagK, GlcNAc kinase;
NagE, GlcNAc-specific transporter; ManXYZ: mannose transporter
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of RNA polymerase to the nanA promoter [29]. The products of sialic acid cata-
bolism are GlcNAc and pyruvate, which are primary molecules of metabolism.

For the biosynthesis of sialic acid, Neu5Ac aldolase (NanA) (EC. 4.1.3.3) or
Neu5Ac synthase (NeuB) (EC. 4.1.3.19) are used to catalyze the conversion of
ManNAc to Neu5Ac [30–32]. NeuB catalyzes the energy-dependent reaction of
ManNAc and phosphoenolpyruvate (PEP) to form Neu5Ac [7, 31]. NanA catalyzes
ManNAc and pyruvate to produce Neu5Ac [33, 34]. Pyruvate is more readily
available compared to PEP, which makes NanA a promising target in the engineered
pathway for Neu5Ac synthesis.

Based on the comprehensive understanding of the sialic acid metabolic pathway,
metabolic engineering strategies can be applied to improve the microbial production
of sialic acid and its derivatives.

11.2.2 Microbial Production of Neu5Ac by Metabolic
Engineering

11.2.2.1 Whole-Cell Biocatalysis of Neu5Ac by Coupling Two Strains

Whole-cell biocatalysis is widely applied as an alternative to conventional chemical
methods for pharmaceutical synthesis because it is more efficient, cheaper, and
environmentally friendlier. Whole-cell biocatalysis is preferred because ATP that is
required for the activation of GlcNAc 2-epimerase can be supplied through the
cellular activities. Otherwise ATP is expensive, easily degraded, and cannot be
recycled in vitro [32, 35–37].

Whole-cell biocatalysis for production of Neu5Ac from GlcNAc was carried out
in E. coli strains expressing GlcNAc 2-epimerase (AGE) and NeuB/or NanA [32,
35–37]. Tabata et al. (2002) first developed this process by a combination of three
strains: recombinant E. coli expressing GlcNAc 2-epimerase (Slr1975), E. coli
expressing Neu5Ac synthetase (NeuB) and Corynebacterium ammoniagenes [36].
In this system, GlcNAc was transformed to ManNAc by GlcNAc 2-epimerase, and
then ManNAc and PEP were condensed to form Neu5Ac by NeuB. ATP and PEP
were supplied by the cellular activities of E. coli and C. ammoniagenes. After
reaction for 22 h, the Neu5Ac concentration reached 12.3 g/L with a GlcNAc
conversion rate of 5 % [36].

Lee et al. (2007) coupled two recombinant E. coli strains (one strain expressing
AGE from Anabaena sp. CH1 and the other strain expressing NanA from E. coli) for
Neu5Ac synthesis from pyruvate and GlcNAc [35, 38]. In the process, a high con-
centration (122.3 g/L) and a high productivity (10.2 g/L/h) of Neu5Ac was reported,
which might be attributed to the high concentration of cells (calculated to be 95.3 g
cell/L, about 300OD), and the high concentration of substrates (1.2 MofGlcNAc and
1.2 M of pyruvate) used in the system.
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The process of whole-cell biocatalysis by combining two or three strains is
complex because of the necessity to culture and concentrate the cells separately, and
that the intermediates has to pass through the cell membranes twice (once to exit
and a second time to enter). Although ATP is supplied by normal cell activity, mass
transfer resistance is another major obstacle. This translated to a low catalytic
efficiency of the process making it unsuitable for use on an industrial scale [30, 32,
37, 39].

11.2.2.2 Fermentative Production of Neu5Ac

Assembling a synthetic pathway for Neu5Ac production in one strain would reduce
the mass transfer shortcoming and simplifying its operations. Metabolically engi-
neered E. coli strains were constructed for the production of Neu5Ac from glucose
by fermentation [7, 33]. Boddy and Lundgren (2009) assembled a six-step pathway
for Neu5Ac production from fructose-6-phosphate by overexpressing genes of
glucosamine synthase (glmS), Neu5Ac synthase (EC 4.1.3.19, neuB), and
UDP-GlcNAc 2-epimerase (neuC) from Neisseria meningitides. The nanA and
nanT genes were then knocked out to abolish sialic acid catabolism. In this engi-
neered pathway, NeuB was responsible for converting ManNAc and PEP to
Neu5Ac. As a result, 1.5 g/L Neu5Ac was obtained with glucose as the carbon
source in a 98 h fermentation process [31].

In another study, the endogenous NanA of E. coli was used for converting
ManNAc and pyruvate to Neu5Ac in which GlcNAc-2-epimerase (Slr1975) and
glucosamine-6-phosphate acetyltransferase (GNA1) were introduced [33]. In this
case, accumulation of GlcNAc and pyruvate was increased by gene deletion of
△nagAB and △ackA△poxB△ldhA, and the catabolism of Neu5Ac was blocked by
△nanT. As a result, 7.85 g/L of Neu5Ac was obtained using glucose as the carbon
source in a 96 h fed-batch fermentation with the productivity of 0.08 g Neu5Ac/L/h
[33]. Samain (2008) overexpressed NeuB and NeuC from Campylobacter jejuni in
neuA, nanA, nanK and nanT knocked out E. coli strain, and 39 g/L of Neu5Ac was
produced in high cell density fermentation with glycerol as the carbon source [40].

Fermentative production of Neu5Ac simplified the procedure and reduced the
production cost. However, the pathway from glucose to Neu5Ac involved multistep
reactions, and complex gene regulation. Moreover, the resulting titers and pro-
ductivities of these strains are below values that are desired for cost-effective
industrial production.

11.2.2.3 Whole-Cell Biocatalysis for Production of Neu5Ac by One
Strain

Recently, the production of Neu5Ac has focused on whole-cell biocatalysis, where
the requisite enzymes were packaged in an efficient manner in one engineered strain
(Table 11.1). A two-step biosynthetic pathway of Neu5Ac consisting of AGE and
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NanA/or NeuB was assembled in E. coli (Fig. 11.1) [30, 34, 41]. A two-step
pathway would be simpler and easier to regulate.

Ishikawa and coworkers (2010) constructed a recombinant E. coli N18-14 strain
by overexpressing genes of GlcNAc 2-epimerase (slr1975) and NeuB resulting in a
yield of 53 g/Lof Neu5Ac (2.41 g/L/h) after 22 h [32]. Tao et al. (2011) and Sun
et al. (2013) expressed AGE and NanA-encoding genes in E. coli that resulted in
59 g/L yield of Neu5Ac in 36 h (1.64 g/L/h) [30] and 61.3 g/L yield of Neu5Ac in
60 h (1.02 g/L/h) [41], respectively.

Although the various engineered strains produced relatively high titers of
Neu5Ac and showed great promise, optimization of the heterologous pathways and
host strains was required to obtain higher titers. Lin et al. (2013) developed a
system for Neu5Ac production by assembling a heterologous biosynthetic pathway
in E. coli consisting of AGE from Anabaena sp. PCC7120 and NanA from E. coli
(Fig. 11.1) [34]. NanA was identified as the rate-controlling enzyme of the

Table 11.1 Production of Neu5Ac by metabolic engineering in E. coli

Strains Approaches
(enzymes
overexpression)

Pathway(s) blocked Substrate Titer
(g/L)

References

E. coli K12 NeuB and NeuC
from N.
meningitidis,
GlmS from E. coli

Catabolism of Neu5Ac:
NanA and NanT encoding
genes deleted

Glucose 1.7 [7, 31]

E. coli DH5α Slr1975 from
Synechocystis sp.,
GNA1 from
Saccharomyces
cerevisiae

Catabolism of GlcNAc:
nagA, nagB; pyruvate
accumulation: ackA, poxB,
ldhA genes; catabolism of
Neu5Ac: knockout of
nanTEK operon

Glucose 7.85 [33]

E. coli SI2 NeuB and NeuC
from
Campylobacter
jejuni

Catabolism of Neu5Ac:
genes encoding NeuA,
NanA, NanK and NanT
deleted

Glycerol 39 [40]

E. coli N18-14
(acetate-resistant
mutant)

Slr1975 from
Synechocystis
sp. and NeuB
from E. coli K-1

Catabolism of Neu5Ac:
nanA deleted

GlcNAc,
glucose

53 [32]

E. coli K12 Slr1975 from
Synechocystis
sp. and NanA
from E. coli

Transportation of GlcNAc:
nagE gene deleted

GlcNAc,
pyruvate

59 [30]

E. coli Rosetta
(DE3) pLysS

AGE from
Anabaena sp. and
NanA from E. coli
K12

– GlcNAc,
pyruvate

61.3 [41]

E. coli K12 AGE from
Anabaena sp. and
NanA from E. coli
K12

Catabolism of Neu5Ac:
knockout of nanTEK
genes

GlcNAc,
pyruvate

74.2 [34]
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engineered pathway [34]. Efforts had been made to alleviate the bottleneck of
catalysis by NanA in Neu5Ac biosynthesis by manipulating the amount of
recombinant NanA. With increased expression of NanA, a ninefold increase in
Neu5Ac production (65 mM) was observed [34].

Debugging the pathway by strain engineering usually resulted in the expected
flux and high titer of the product. It was reported that the removal of the nanA and
nanT genes abolished sialic acid catabolism [31]. The knockout of the nanK and
nanA genes improved the efficiency of sialylation by preventing ManNAc and
Neu5Ac from being diverted from the biosynthesis pathway [42]. The nanTEK
genes E. coli encoding sialic acid transport, ManNAc-6-phosphate epimerase, and
ManNAc kinase, respectively, were knocked out to block Neu5Ac uptake and the
competing pathway [34]. This enhanced the Neu5Ac production by threefold,
resulting in 173.8 mM [34]. Knocking out nanTEK genes improved the efficiency
of the system significantly due to the combined effects of the following: (1) the
competing catabolic pathway of ManNAc was disrupted by the deletion of nanK
and nanE, so ManNAc was channeled to Neu5Ac synthetic pathway. (2) Neu5Ac
transport into the cell was blocked by the nanT gene knockout. As a result, Neu5Ac
was sequestered outside of the cell, which contributed to shifting the equilibrium
toward Neu5Ac synthesis [34].

Multiple approaches were used to improve the efficiency of an engineered strain,
including enhancing production of rate-controlling enzymes, deletion of competing
pathways and promoting the substrate transport in Lin’s system [34]. The maximum
titer of 240 mM Neu5Ac (74.2 g/L) was obtained in 12 h, with a volumetric
productivity of 6.2 g Neu5Ac/L/h and conversion yield of 40 % from GlcNAc [34].
Besides, the engineered strain could be reused at least five times with a productivity
of >6 g/L/h [34].

11.2.2.4 Process Optimization for Improved Whole-Cell Biocatalysis

Mass transfer resistance is mainly caused by the membrane permeation of substrate
and product. GlcNAc, the precursor of Neu5Ac, is transported mainly by the
phosphotransferase system (PTS). To enhance the transportation of GlcNAc into
cells, surfactants [such as Triton X-100, Tween 80, and Hexadecyltrimethy
ammonium bromide (CTAB)] or organic solvents (such as xylene) were used as
supplements in the reaction mixture [30, 34, 36]. Addition of 0.03 % CTAB
increased the Neu5Ac yield by 1.54 times over the control without the surfactant
[30]. With 0.2 % Triton X-100, Neu5Ac was 1.65-fold higher than that without
[34]. These results demonstrated that detergents promoted substrate uptake resulting
in an improved yield of Neu5Ac [30, 34, 36]. In the other hand, GlcNAc was
transported by GlcNAc-specific PTS transport GlcNAc into cells as GlcNAc-6-P,
followed by entering the GlcNAc metabolic pathway to be utilized as a source of
carbon and nitrogen. The elimination of GlcNAc-specific PTS reduced GlcNAc
catabolism, thus increased Neu5Ac production by 1.28-fold [30].
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Equilibrium studies revealed that the epimerization of GlcNAc to ManNAc
catalyzed by AGE was reversible and E. coli Neu5Ac aldolase favored the cleavage
of Neu5Ac to ManNAc and pyruvate [43]. The effects of substrate concentration on
Neu5Ac production demonstrated that the amount of Neu5Ac increased with
increasing concentrations of GlcNAc and pyruvate in a considerable range [34].
A high concentration of GlcNAc could lead to a high concentration of ManNAc and
shifted the reaction to Neu5Ac synthesis, resulting in a higher titer of Neu5Ac. The
concentration of pyruvate played a more important role than that of GlcNAc in
driving the reaction to Neu5Ac synthesis [34]. To achieve the maximal conversion
rate, initial concentrations of 0.6 M GlcNAc/0.8 M pyruvate were used in Lin’s
process and 1.0MGlcNAc/0.5 M pyruvate were used in Tao’s process [30, 34]. The
activity of GlcNAc 2-epimerase was inhibited by excess pyruvate which in addition
increased the complexity of downstream processing. Therefore, a continuous
pyruvate feed other than the high initial concentration of pyruvate during the
process may be employed in large-scale production. By promoting substrate
transport and optimizing concentrations of substrates, performance of the system
was further improved.

The whole-cell biocatalysis processes are developed for efficient production of
Neu5Ac and the results are summarized in Table 11.1. The maximum titer of
240 mM Neu5Ac (74.2 g/L) was reported with a volumetric productivity of 6.2 g
Neu5Ac/L/h [34]. The high productivity of whole-cell biocatalytic process is
anticipated to make it a promising cost-effective resource for large-scale industrial
production of Neu5Ac.

11.3 Polysialic Acid (PSA)

11.3.1 Biosynthesis and Metabolism of Polysialic
Acid in E. coli

The biosynthesis of PSA in E. coli involves the synthesis of sialic acid monomers,
polymerization of PSA from sialic acid, and transportation of PSA to the cell
surface [28]. In E. coli, the kps gene cluster is involved in PSA biosynthesis,
modification, and transport of the bacterial PSA chains (Fig. 11.2) [28, 44]. The
neuDBACES region encodes the proteins that are involved in the biosynthesis,
activation, and polymerization of Neu5Ac [45]. NeuD, a Neu5Ac 7-O (or 9-O)-
acetyltransferase, acetylates Neu5Ac residues at carbon position 7 or 9 [46, 47].
NeuA, a bifunctional enzyme with both CMP-Neu5Ac synthetase [48, 49] and
O-acetylesterase activity [50], catalyzes a reaction with free sialic acid to form
cytidine 5′-monophosphate-sialic acid, thus generating the candidate donor form of
sialic acid for all known sialyltransferases. NeuA also converts most of the
CMP-O-acetyl-Neu5Ac to CMP-Neu5Ac before its incorporation into the poly-
mers, and only a small amount of CMP-O-acetyl-Neu5Ac is incorporated into the
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polymers [51]. NeuS, a α-Neu5Ac α-2,8-sialyltransferase, is responsible for poly-
merization of a homopolymer of α-2,8-linked Neu5Ac to form PSA [28, 47, 51].
The kps region 1 (kpsFEDUCS) and region 3 (kpsTM) genes participate in
translocation of the polysaccharide across the periplasmic space and onto the cell
surface [46, 52]. It was reported that KpsS could increase polysaccharide produc-
tion by several fold (approximately 10–15 times) [53].

11.3.2 Metabolic Engineering for PSA Production

11.3.2.1 Enhancement of the Biosynthetic Pathway of PSA
from Neu5Ac

Metabolic engineering strategies have been applied for improving PSA production
(Fig. 11.3). For the biosynthesis of PSA, NeuD, NeuA, and NeuS are required to
form PSA from free Neu5Ac [51]. To improve the efficiency of PSA production,
the key enzymes of the PSA synthetic pathway were overexpressed separately or in
combination. The strain that overexpressed NeuD (SA9/pDB1S-D) produced

Fig. 11.2 Organization of gene clusters for the metabolism of polysialic acids: the sialic acid and
polysialic acid biosynthesis cluster (kps cluster) and sialic acid catabolism operon (nan operon).
Reprinted from Ref. [58], with permission from Springer Science+Business Media.
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threefold more PSA (0.78 ± 0.04 g/L) than that of the wild-type strain (E. coli
SA9: 0.24 ± 0.10 g/L) [54]. Whereas, only a slight increase in PSA production
was observed in those strains with overexpressed NeuA or/and NeuS. On the other
hand, co-expression of NeuD and NeuA in the strain harboring pDB1S-DA pro-
duced the most PSA (0.97 ± 0.06 g/L) [54]. In terms of the efficiency, NeuD was

Fig. 11.3 Schematic presentation of the polysialic acid metabolic pathway in E. coli. Reprinted
from Ref. [58], with permission from Springer Science+Business Media. AGE, GlcNAc
2-epimerase; NanA, Neu5Ac aldolase; NanT, sialic acid transporter; NanK, ManNAc kinase;
NanE, ManNAc-6-P epimerase; Pgi, glucose-6-phosphate isomerase; GlmS, L-glutamine:D-
fructose-6-phosphate aminotransferase; GlmM, phosphoglucosamine mutase; GlmU, bifunctional
UDP-N-acetylglucosamine pyrophosphorylase/Glucosamine-1-phosphate N-acetyltransferase;
NagA, N-acetylglucosamine-6-phosphate deacetylase; NagB, glucosamine-6-phosphate deami-
nase; NagK, GlcNAc kinase; NagE, GlcNAc-specific transporter; ManXYZ: mannose transporter;
NeuA, CMP-Neu5Ac synthetase; NeuS, α-Neu5Ac α-2,8-sialyltransferase; NeuB, Neu5Ac
synthase; NeuC, UDP-GlcNAc-2-epimerase; NeuD, Neu5Ac 7-O (or 9-O)-acetyltransferase
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considered to be the most important factor. NeuA O-acetylesterase together with
NeuD are deemed the most critical components for the production of PSA from
Neu5Ac in E. coli.

11.3.2.2 Blocking the Competing Pathway

Neu5Ac is the precursor of PSA. In E. coli, the reactions catalyzed by NanA are
reversible. The Neu5Ac cleavage activity of NanA is much greater than the Neu5Ac
synthesis activity [34]. Knocking out the nanA gene blocked the competing cata-
bolic pathway of Neu5Ac. The nanA gene was knocked out in E. coli SA9. A high
yield of PSA (1.09 ± 0.05 g/L) was obtained with E. coli SA9ΔnanA/pbla-DA,
with 22.5 % improvement compared to E. coli SA9/pbla-DA (0.89 ± 0.05 g/L)
[54]. Blocking the Neu5Ac catabolic pathway by deleting NanA resulted in an
enhanced production of PSA [54].

11.3.2.3 Fermentation of the Engineered Strain

The metabolically engineered E. coli SA9ΔnanA/pDB1S-DA strain was con-
structed by overexpressing NeuD and NeuA in the nanA knockout strain and was
then used for PSA fermentation [54]. In the fed-batch cultivation, glucose limitation
was avoided by maintaining a constant glucose concentration of 1 g/L in the culture
broth. Feeding was started immediately after inoculation. The biomass of the strains
was approximately 20 g/L DCW. The production of PSA by E. coli SA9ΔnanA/
pDB1S-DA was increased by 85 % compared with the original strain, and
16.15 g/L PSA was obtained with a molecular mass of 113 kDa [54]. A number of
reports have described the production of PSA using the wild-type strains [23, 55–
57] and a maximal amount, 5.56 g/L, of PSA with molecular mass of 260 kDa was
obtained [57]. The results of PSA production by fermentation are summarized in
Table 11.2. The high productivity of the metabolically engineered strain provides
evidence for improvement of PSA production by metabolic engineering and process
engineering and makes it a promising cost-effective resource for PSA production.

11.4 Sialylated Oligosaccharides (3′ Sialyllactose)

Due to their important biological functions, sialylated structures have attracted
considerable interest and many methods have been developed for the synthesis of
sialylated oligosaccharides. Neu5Ac is the precursor for the synthesis of sialylated
oligosaccharide. CMP-Neu5Ac synthetase catalyzes CTP and Neu5Ac to form
CMP-Neu5Ac. Sialyltransferase adds sialic acid to oligosaccharide to form sialy-
lated oligosaccharides. The enzymatic synthesis of sialylated oligosaccharides using
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CMP-Neu5Ac synthetase and sialyltransferase fusion protein was developed, and
sialyllactose at 100 g scale was obtained starting with lactose, sialic acid, PEP, and
catalytic amounts of ATP and CMP [62]. Sialic acid, ATP and CMP are expensive
and not readily available in large quantities. This enzymatic process was not suit-
able for the cost-effective production of sialylated oligosaccharides.

Endo et al. described a system for the production of 3′ sialyllactose by com-
bining four bacterial strains [63]. Two recombinant E. coli strains overexpressing
the genes for CMP-Neu5Ac synthetase and CTP synthetase, respectively, were
responsible for CMP-Neu5Ac production. C. ammoniagenes was used to produce
UTP from orotic acid. The fourth strain used was E. coli overexpressing the α-(2,3)-
sialyltransferase from Neisseria gonorrhoeae. With this system, 3′-sialyllactose
accumulated to a concentration of 52 mM (33 g/L) after an 11-h reaction that began
with orotic acid, Neu5Ac, and lactose [63].

To simplify the system, Priem et al. (2002) assembled the biosynthetic pathway
in one E. coli strain by overexpressing the genes for α-2,3 sialyltransferase and
CMP-Neu5Ac synthase from N. meningitides to promote the production of sia-
lyllactose from the exogenous added Neu5Ac and lactose [64]. The nanA gene was
knocked out in order to accumulate Neu5Ac. The β-galactosidase gene (lacZ) was
knocked out to allow lactose to accumulate intracellularly upon induction of lacY
gene for β-galactoside permease. The engineered strain (lacY+, lac−, nanT+, nanA−)

Table 11.2 Production of polysialic acids by process engineering and metabolic engineering in
E. coli

Strains Description Molecular
mass
(kDa)

Chain
length

PSA
yields
(g/L)

References

E. coli K-235 Incubated in 250-mL shake
flasks. D-xylose and L-
proline were used as sole
carbon and nitrogen source

– – 1.35 [22]

E. coli
K235-WXJ4

pH control during fed-batch
fermentation

– – 2.61 [23]

E. coli K1 Multiple fed-batch
cultivation

– >130 0.95 [55, 59]

E. coli CCTCCM
208088

Lower level of initial
phosphate and pH control
during fed-batch
fermentation

16–50 – 5.2 [55]

E. coli K1 Fed-batch cultivation at a
constant glucose
concentration of 50 mg/L

– – 1.35 [60]

E. coli
CCTCCM208088

Dual-stage pH control and
fed-batch fermentation

260 890 5.65 [57, 61]

E. coli SA9 Strengthen the biosynthetic
pathway of PSA

113 – 16.15 [54]

Reproduced from Ref. [58], with permission from Springer Science+Business Media
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that was transformed with two plasmids expressing α-2,3 sialyltransferase and the
CMP-Neu5Ac synthase was cultivated on glycerol and the culture was supple-
mented with lactose and sialic acid at the fed-batch phase. After 22 h, 2.6 g/L of
sialyllactose was produced (1.5 g/L in the intracellular and 1.1 g/L in the extra-
cellular fraction) [64]. In the microbial process described by Endo et al. [63] and
Priem et al. [64], the activated sialic acid donor (CMP-Neu5Ac) was generated from
the exogenous sialic acid. Because Neu5Ac is expensive, a requirement for
exogenous Neu5Ac represents a major constraint for optimizing the microbial
production of sialyllactose.

Fierfort and Samain [42] circumvented the above problem by engineering an
E. coli K12 strain that was capable of generating CMP-Neu5Ac using its own
internal metabolism, a scheme shown in Fig. 11.4. Mutant strains devoid of
Neu5Ac aldolase and of ManNAc kinase were created and shown to efficiently
produce 3′ sialyllactose by co-expressing the α-2,3-sialyltransferase gene from
Neisseria meningitidis with the genes neuC, neuB, and neuA from Campylobacter
jejuni encoding GlcNAc-6-phosphate epimerase, sialic acid synthase and
CMP-Neu5Ac synthetase, respectively. These results demonstrated that the
over-expression of the neuABC genes confers on E. coli K12 the CMP-Neu5Ac
biosynthetic capacity to efficiently produce sialylated oligosaccharides, such as 3′

Fig. 11.4 Engineered metabolic pathways for the production of 3′ sialyllactose. Reproduced from
Ref. [42], Copyright 2008, with permission from Elsevier
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sialyllactose. The knockout of the nanK and nanA genes improves the efficiency of
sialylation considerably in the system by preventing ManNAc and Neu5Ac from
being diverted from the biosynthesis of the CMP-Neu5Ac pathway and by avoiding
the formation of energetically deleterious futile cycles [42]. The 3′ sialyllactose
production yield of 25 g/L was obtained after 70 h in culture with a continuous
lactose feed [42]. The results of the microbial production of 3′ sialyllactose are
summarized in Table 11.3, the highest yield being an order of magnitude higher
than that obtained by using an exogenous supply of Neu5Ac reported by Priem and
coworkers [42, 63, 64].

This high yield and the low cost of fermentation medium should facilitate the use
of sialylated oligosaccharides in new fields such as the food industry [42].
CMP-Neu5Ac synthetase can also be used to produce CMP derivatives of sialic
acid analogs. This economical and efficient system of sialyllactose production can
be extended to the production of a large number of sialylated oligosaccharides of
biological interest.

11.5 Perspectives

E. coli provides a perfect platform for metabolic engineering due to its well studied
genetic background, and highly advanced genetic engineering technologies for this
microorganism as well as a relatively well-developed fermentation process with
low-cost raw materials. Metabolic engineering approaches have contributed to the
efficient production of sialic acid and its derivatives in E. coli. Based on the current
results, we suggest the following focus areas of research for further improvement of
sialic acids production by microorganisms:

Table 11.3 Production of 3′ sialyllactose by metabolic engineering in E. coli

Strains Approaches (enzymes
overexpression)

Pathway
(s) blocked

Substrate Titer
(g/L)

References

E. coli α-2,3 sialyltransferase and
CMP-Neu5Ac synthase from
N. meningitides

lac− and
nanA−

Neu5Ac
and
lactose

2.6 [64]

Three E. coli
strains and C.
ammoniagenes

CMP-Neu5Ac synthetase,
CTP synthetase, and α-(2,3)-
sialyltransferase from
Neisseria gonorrhoeae

Orotic
acid,
NeuAc,
lactose

33 [63]

E. coli Coexpress
α-2,3-sialyltransferase from
Neisseria meningitidis with
the genes neuC, neuB and
neuA from Campylobacter
jejuni

nanK−and
nanA−

Glycerol,
lactose

25 [42]
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(1) Neu5Ac: Neu5Ac is the precursor of PSA and sialylated oligosaccharides.
Enhancing the Neu5Ac biosynthetic module should contribute to the improved
production of PSA and sialylated oligosaccharides. NanA is the
rate-controlling enzyme of Neu5Ac biosynthesis. Exploiting NanA from dif-
ferent species with high aldolase activities and low lyase activities would
improve the efficiency of bioconversion from GlcNAc to Neu5Ac. Further
studies should be conducted to improve the performance of the process by
NanA substitution or modification, deletion of PTS, and blockage of GlcNAc
catabolism, and improvement of pyruvate accumulation by reducing bypro-
duct formation.

(2) PSA: The combination of metabolic engineering and process engineering
strategies, including enhancing the precursor (Neu5Ac) supply, promoting
capsule polysaccharide exportation, and optimizing the fermentation process,
will lead to new approaches to further improve the production of PSA. These
strategies will make the bioprocess a promising cost-effective resource for
PSA production with higher titers, yields, and productivity, as well as with
regulated PSA chain lengths.

(3) Sialylated oligosaccharides: By extending the donor from sialic acid to its
analogs and the acceptor from lactose to other saccharides, a diverse range of
sialylated oligosaccharide analogs can be produced.
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Chapter 12
Phenolics Value Chain and L-Lactic Acid
Bioproduction from Agricultural Biomass

Krista L. Morley and Peter C.K. Lau

Abstract To make the quantum leap from conceptualization of an idea to possible
commercialization of a product, at first it would be desirable to have the opportunity to
showcase the potential of a given product stream, successes, and the challenges
involved. Using agricultural biomass as model feedstock, we feature in this chapter
the tasks that were carried out in our laboratory in the context of bioproduction of
vinyl phenols from two phenolic acids—vinyl guaiacol from ferulic acid and vinyl
syringol from sinapic acid—as value-added chemicals. As a proof of concept, these
monomers were polymerized to produce new biopolymers with improved properties.
Along a similar product line, direct fermentation by a Rhizopus fungus of a nonfood
feedstock to produce an optically pure L-lactic acid, a precursor to the well-known
polyester, polylactic acid (PLA) was also featured. Technological advances made in
these studies include the discovery and characterization of new enzymes viz. feruloyl
esterases that release phenolic acids from lignocellulosic biomass. Guided by the 3-D
structure of a phenolic acid decarboxylase (PAD), a novel sinapic acid decarboxylase
(SAD) was evolved to effect the biotransformation of sinapic acid to vinyl syringol.
Throughout the development, process optimization of various kinds was explored
that include in situ recovery of water-insoluble compounds exemplified by vinyl
guaiacol in a biphasic aqueous-solvent bioreactor system.We commented on some of
the recent advances made in related areas and the necessity to push the green
chemistry and innovation agenda forward for a sustainable future.
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12.1 Introduction

Worldwide, there is a heightened interest in the use of biomass to reduce the depen-
dence on dwindling supplies of fossil fuels as well as to reduce greenhouse gas
emissions [1, 2]. The switch to a biorefinery approach that uses biomass to produce
energy and to generate chemicals to replace petroleum-based materials has entered
center stage. In the framework of a sustainable biorefinery, an assortment of feed-
stocks and diverse arrays of downstream products that include green chemicals,
building blocks, and intermediates are in development [3]. Creation of high-value
coproducts can provide income to offset the overall processing costs. Chemocatalysis
[4, 5], biocatalysis [6], chemoenzymatic processes [7], and the integration of inno-
vative bioprocessing [8] technologies are critical requirements of this strategy.
Through advances in numerous disciplines including biotechnology, molecular
biology, andmetabolic engineering, great progress has beenmade in the development
and implementation of technologies for the preparation of small aliphatic carbon
building blocks and production of bio-based products from carbohydrates, for
example [9].

In our laboratory, a variety of agricultural feedstocks, triticale bran in particular,
was explored to demonstrate the potential value chain of an aromatic platform to
access chemicals as monomers for possible biopolymer formation (Fig. 12.1). In
addition, triticale starch and flour were used as a nonfood feedstock for the pro-
duction of optically pure L-lactic acid monomer of many applications.

12.2 Phenolic Compounds in Nature

Phenolic compounds are found in nature as esters, amides, and glycosides of
hydroxycinnamic acids (HC), glycosylated flavonoids, proanthocyanidins, and their
derivatives. They constitute a major class of the plant secondary metabolites that are
synthesized by plants via the shikimate/phenylpropanoid pathway or the polyketide
metabolic pathway [10]. Phenolic compounds are involved in plant defence

Fig. 12.1 A generalized scheme for value creation from agricultural biomass
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mechanisms against pathogens and microbial infections [11], and function as
antioxidants toward cancer and cardiovascular diseases [12]. Phenolic compounds
are generally either in the free form or bound form. Agricultural lignocellulosic
biomass is comprised of 40–50 % cellulose, 20–30 % hemicellulose, and 10–25 %
lignin. Cellulose and hemicelluloses are polysaccharides consisting of hexoses and
pentoses, and lignin is a polymer primarily made up of phenylpropane units derived
from guaiacol, p-hydroxyphenol, and syringol. Suberin and pollen sporopollenin
are other examples of phenolic-containing polymers.

12.2.1 Phenolic Acids/Hydroxycinnamic Acid Derivatives

Phenolic acids represent a significant fraction of the plant biomass and are con-
sidered as potential candidates for the replacement of aromatic compounds derived
from fossil fuels. In a biorefinery setting, lignin is considered to be the primary
source of aromatic chemicals because it is the only renewable feedstock that
comprises aromatic rings. However, economical production of aromatic platform
chemicals in acceptable purities and yields remains a challenge, mainly due to the
heterogeneous nature of lignin [13]. Possible valorization of lignin to useful
chemicals are discussed in two preceding chapters.

Phenolic acids which are esterified to polysaccharides and lignin represent an
alternative and valuable source of renewable aromatic compounds from biomass
feedstock [14]. Phenolic acids are divided into two main groups: benzoic acids,
containing seven carbon atoms (C6-C1), and cinnamic acids, comprising nine
carbon atoms (C6-C3). Examples of benzoic acids are salicyclic, gallic, p-hydro-
xybenzoic, protocatechuic, vanillic, and syringic acids. In plants such as soybean,
barley, and rice, the level of salicylic acid ranges between 0.1 mg and 3.7 mg/100 g
of biomass [15]. Gallic acid exists in plant material as the free acid, ester, catechin
derivative, and hydrolyzable tannin. Significant amounts of p-hydroxybenzoic acid
glycosides are found in raspberries (32–59 ppm, mg/kg of fresh fruit) [16].
Protocatechuic acid, vanillic acid, and syringic acids are active components of some
traditional Chinese herbal medicines [17–19] and also occur in various berries [20].

Caffeic acid, ferulic acid (FA), p-coumaric acid (p-CA), and sinapic acid
(SA) are the most common derivatives of cinnamic acid. The content of FA varies
from 0.5 % (w/w) in wheat bran [21] to 3.1 % (w/w) in corn bran [22]. Although
abundant in the plant biomass, FA is generally not found in free form, but cova-
lently linked to polysaccharides by ester bonds [23]. Releasing FA from its bound,
polysaccharides in the plant biomass can be carried out via chemical (sodium
hydroxide) hydrolysis or using a feruloyl esterase (FAE, aka ferulic acid esterase,
cinnamic acid or cinnamoyl esterases) as we will elaborate below. The many facets
of FA as a “renewable chemical feedstock” and its biocatalytic transformation
products had been the subject of a classical review by Rosazza et al. [24]. FA is
widely used as a food preservative due to its antioxidant property and it is an active
ingredient in sunscreens and also used as therapeutic agents [25, 26]. In addition,
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vinyl guaiacol (VG) and vanillin, both compounds of industrial importance in the
food industry and as flavoring agents can be produced from FA [24, 27, 28]. Thus,
it may not come to a surprise that FA was chosen as one of the top two aromatic
acid building blocks from lignocellulosic materials and biomass [29, 30].

12.3 Feruloyl Esterases and Approaches to Extracting FA
from Biomass

As key plant biomass degrading enzymes and having broader applications such as
the synthesis of feruloylate glycosides, in animal feed and the pulp and paper
industry, FAEs (EC 3.1.1.73) have been studied quite extensively and a topic of a
great number of reviews [31–37]. FAEs are members of the superfamily of α/ß
hydrolase-fold enzymes. Various classification schemes of FAEs have been pro-
posed based on substrate preference, specificity for HC acid methyl esters and
release of diferulic acid from model complex substrates as well as phylogenetic
clustering of their amino acid sequences [38, 39].

Table 12.1 shows a summary of some key properties of three new recombinant
FAEs with particular reference to the extraction of FA from triticale bran, wheat
bran and an aqueous fraction of steam-exploded wheat straw. First, a side note
about triticale. This is a nonfood crop, a man-made hybrid of wheat and rye grown
worldwide mostly for its grain and forage, and used primarily as animal feed [40].
About the enzymes: TtFAE is a monomeric 36-kDa protein that originated from a
thermophilic organism, Thermoanaerobacter tencongensis strain MB4T isolated
from a hot spring in China [41, 42]. The protein was found to be highly ther-
mostable by virtue of its long half-life at high temperatures—at 75 °C, the enzyme
retained at least 95 % of its original activity for over 80 min. Besides, TtFAE was
solvent tolerant, e.g., 50 % v/v DMSO [42, 43]. ScFAE1 and ScFAE2 are the first
of the kind of myxobacterium origin (Sorangium cellulosum So ce56) to be cloned
and characterized [44]. One general conclusion drawn about these enzymes is that
sequenced genomes provide a rich ground for potentially new biocatalysts. Finding
the right one requires first the characterization of its properties.

TtFAE was shown to be an active biocatalyst for the conversion of feruloylated
sugars to FA, the best yield was obtained after 5 h incubation of an autoclaved
triticale bran suspension (5 % w/v) with partially purified TtFAE (40 mU/mL) and
10 U of Trichoderma viride xylanase at 37 °C. The released phenolic compounds
were analyzed by HPLC. This represented 30 % of the total FA extractable by
sodium hydroxide, established to be 227.8 ± 8.9 mg/100 g, and representing
0.23 % (w/w) of triticale bran. The triticale straw contained more p-CA
(403.7 ± 19.3 mg/100 g) than FA (303.7 ± 12.7 mg/100 g).

ScFAE1 and ScFAE2 share only 30 % sequence identity with each other [42].
Comparison of their kinetic parameters indicated an apparent higher affinity of
ScFAE2 than ScFAE1 toward a number of feruloyl substrates. This property was
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reflected by the observation that ScFAE2 was capable of yielding up to 85 % of FA
from destarched triticale bran, an improvement over TtFAE. In this study, we also
used a steam-exploded wheat straw sample, where more than 85 % yield of FA or
p-CA was obtained by ScFAE2. The steam-exploded sample came from a pro-
prietary Vertical Linear Converter device, courtesy of BioVision Technology Inc.

An interesting and important highlight in this study came from the fact that
useful chemicals, viz. 5-hydroxymethyl furfural and furfural were not decomposed
as a result of enzymatic treatment but by alkali (Table 12.2). Lower concentrations
of ScFAE2 were also used that led to the same conclusion [42].

We next explored the use of whole cell biocatalyst for the release of FA from
wheat and triticale brans using mixtures of extracellular enzymes produced in
culture by a dark mold Alternaria alternata strain FC007, originally isolated from
Canadian wood log [45]. Conditions for the release of FA and reducing sugars from
the two brans were evaluated. The highest level of FAE activity (89 ± 7 mU/mL
fermentation culture) was obtained on the fifth day of fermentation on wheat bran as
growth substrate. Depending on biomass and processing condition, up to 91.2 or
72.3 % of FA was released from wheat bran and triticale bran, respectively, indi-
cating the proficiency of A. alternata extracellular enzymes in plant cell wall
deconstruction. The apparent high extraction of FA from wheat and triticale brans
signifies an advantage of using a whole fungal cell enzyme complement as previ-
ously seen in other systems, e.g., the filamentous fungus Neosartorya spinosa
NRRL185 was able to release 99.5 % FA from corn fibers [46], and the crude
enzyme extract from Penicillium brasilianum released over 70 % of the available
phenolic acids in a number of agricultural substrates [47]. The use of whole cell
enzyme complement versus an artificial assembly of enzymes likely offers the
advantage of low-cost processing.

The suboptimal enzymatic hydrolysis in the release of FA has been encountered
in other agricultural feedstocks, e.g., some 35 % recovery of FA from corn bran
[46] despite corn residues (bran and fibers) being the best possible source of FA

Table 12.2 Chemical content of initial aqueous steam-exploded wheat straw fraction: enzymatic
versus chemical treatment

Chemical Condensate 1 (ppm) NaOH-treated
55 °C, 5 h (ppm)

ScFAE2
90 mU/mL
24 h (ppm)

5-Hydroxymethylfurfural 77.5 (100 %) n.d. 71.9 (93 %)

Furfural 342.4 (100 %) 2.4 270.6 (79 %)

Vanillin 9.5 19.1 (100 %) 9.6 (1 %)

Syringic acid n.d. n.d. n.d.

Syringaldehyde n.d. 19.1 n.d.

p-Courmaric acid n.d. 14.0 (100 %) 13.2 (94 %)

FA 9.2 40.9 (100 %) 37.5 (89 %)

n.d. not determined (below 2 ppm). Sinapic acid and cinnamic acid were n.d. throughout. Adapted
from Ref. [42], with kind permission from Springer Science+Business Media
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(up to 3 % by weight). Factors limiting efficient extraction of FA by enzymatic
action on various biomasses include the complexity of the plant materials—com-
positional and linkage differences in the arabinoxylans—so that the right choice of
enzymes is important. Faulds et al. [48] reported that the source of xylanase is
important as well as the type of FAE used. For instance, family 10 xylanases with
specificity toward the substituted or decorated region of the arabinoxylan backbone
in conjunction with Aspergillus niger FAEA were more effective in releasing the
5,5′ form of diferulic acid from arabinoxylan derived from brewers’ spent grain. On
the other hand, family 11 xylanases cleaving the unsubstituted regions of the ara-
bionoxylan backbone preferentially released FA.

12.4 Vinyl Phenols Production and Its Value Chain

The decarboxylation of phenolic acids to the corresponding vinyl phenols is
commercially important since vinyl guaiacol (VG; 2-methoxy-4-vinyl phenol) for
example is a GRAS compound that has been extensively used as a flavoring agent
besides the fragrance and perfume industry. As a styrene-type molecule, VG can be
polymerized to biodegradable oligomer like poly(3-methoxy-4-hydroxystyrene)
[49]. This aspect of the work is elaborated in Sect. 12.7.1. (Fig. 12.2). VG is priced
some 40 times more than its precursor, FA, and it can be biotransformed further to
acetovanillone, ethylguaiacol, and vanillin [24, 50].

Although chemical decarboxylation of FA is the most widely used method for
preparing VG or other styrene-type compounds, a typical reaction involves heating
under reflux at 200–300 °C for 4–5 h in quinoline in the presence of copper powder
[51]. Microwave-assisted and base-catalyzed decarboxylation reactions of FA have
also been used [52, 53].

12.4.1 Phenolic Acid Decarboxylase (PAD)

A cofactor-free ferulic acid decarboxylase (Fdc; generic name, PAD) that effected
the biotransformation of VG from FA was first purified from Bacillus pumilus

Fig. 12.2 Aromatic acid value chain. Modified from Ref. [61]
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(formerly Pseudomonas fluorescens) strain UI-670 [24, 54]. The substrate speci-
ficity of PAD includes p-CA (4-hydroxycinnamic acid) but not other cinnamic acid
derivatives without a free hydroxy group para to the unsaturated side chain. Sinapic
acid (SA, 4-hydroxy-3,5-methoxycinnamic acid) was not a suitable substrate until
protein engineering as discussed in a later section. For the decarboxylation of FA to
VG, evidence for a non-oxidative mechanism involving an initial enzymatic iso-
merization of FA to a quinoid intermediate that spontaneously decarboxylates to the
vinyl derivative was provided by deuterium-exchange experiments [24, 55].

We cloned the B. pumilus strain UI-670 PAD-encoding gene and subsequently
the crystal structure of PAD was reported [56, 57]. The active enzyme is a dimer
both in the crystal and in solution; each polypeptide consists of 161-residues.
The PAD ß-barrel structure with two α-helices resemble those of the lipocalin-fold
proteins, which are generally not catalytic but transport or binding proteins of
hydrophobic ligands. When compared to structurally related proteins, a narrow cleft
or tunnel containing several conserved amino acids was observed as a potential
ligand-binding site for PAD. This structural feature implies that the substrate enters
and the product leaves through the same opening. Amino acid residues near the
surface of the cleft and those lining the bottom of PAD have been identified some of
which were chosen for protein engineering as seen below.

12.4.2 Sinapic Acid Decarboxylase (SAD)

SAD is actually a happy enzyme in the sense that this new enzyme has not been
found in nature according to the reported literature but now created in the labora-
tory. One amino acid substitution at position 85 of the PAD sequence, abbreviated
as I85A, conferred the enzyme the new ability to act on SA, a substrate that has an
extra methoxy group at the 5-position of the phenyl ring compared to FA. Ile85 was
one of the five amino acids in the predicted active site targeted for saturation
mutagenesis (Fig. 12.3). Ile85,Tyr19, Val38, Val70, and a few others were found to
line the tunnel of the enzyme, whereas Phe87 and Asn15, and His92 (latter two, not
shown) were found near the surface of the tunnel [57]. It is interesting that an I85G
replacement did not give as high an activity as I85A even though Gly is the smallest
amino acid and it keeps the micro-environment hydrophobic. Replacement of the
branched side chain of Ile to charged amino acids of Ser and Thr resulted in
one-third activity of I85A [58].

Table 12.3 shows that although the evolved SAD gained the ability to act on SA,
its catalytic competence toward FA was compromised by about sevenfold com-
pared to the native PAD, largely due to a reduction in Kcat. However, the affinity of
the native PAD and SAD toward FA, and that of SAD toward SA, are very close, in
the range from 2.7 to 3.2 mM.
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12.5 Bioprocess Development for Enzymatic
Decarboxylation of FA

Being water-insoluble and a light yellow clear liquid, VG is best isolated from a
solvent system if not eluted off from an appropriate resin matrix. Lee et al. [59]
carried out the decarboxylation of FA to VG by B. pumilus NRRL 14942 (DRV
52131) using hexane and a buffered phosphate system. The highest VG concen-
tration achieved was about 10 g/L. But the product was not recovered. Yang et al.
[56] investigated the in situ recovery of VG in a two-phase bioreactor system.
Using octane as organic phase, a molar yield of 70 % (13.8 g VG of 98.4 % purity
from 25 g of FA in a 2-L working volume) was achieved. In this two-phase system,
the aqueous phase contains the growth media and the biocatalyst, natural, or
recombinant whole cells [60].

Leisch et al. [61] revisited the use of the two-phase bioreactor system for the
PAD-catalyzed decarboxylation of FA exploring a great variety of parameters—
cell-free extract, whole cells, the use of resins (e.g., Amberlite XAD 4,
Amberlite XAD 8, Lewatit VP OC 1064, Dowex Optipore L493, Sepabeads SP850

Fig. 12.3 Model of FA in the PAD active site. Reproduced from Ref. [58] with permission from
The Royal Society of Chemistry

Table 12.3 Crude lysate activities of PAD and SAD and kinetic parameters of purified enzymes

Enzyme Substrate Specific activity
(U/mg)

Vmax
(U/mg)

Km
(mM)

Kcat
(s−1)

Kcat/Km
(s−1 M−1)

PAD FA 5.8 273.1 2.7 ± 0.8 182 ± 20 6.7 × 104

SAD FA 2.3 46.4 3.2 ± 0.3 31 ± 8 9.7 × 103

SAD SA 1.4 41.3 3 ± 1 28 ± 4 9.3 × 103

Less than 1 % conversion of SA was obtained with native PAD and so kinetic parameters could
not be obtained. For details refer to [58]
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and Diaion HP20), alginate beads and type of solvents, etc. To maximize the source
of starting material corn bran which contains the most amount of FA (3 % w/w)
was used.

Table 12.4 shows that the use of cell-free extract and a biphasic system involving
toluene was most productive among the various processes examined that included
the use of resins in an attempt to circumvent the usage of organic solvents. In brief,
nonionic resins such as Sepabeads SP850 gave the highest yield of VG (72 %),
followed by Lewatit VPOC1163 of 68 %. Amberlite XAD 4 and 8 rendered between
51 % and 54 % yield (not shown). Nonetheless, among the processes examined, the
use of resins as a possible green alternative to the use of toluene in a biphasic system
came out second (48.3 g/L) in terms of productivity/L cells (Table 12.4).

12.6 Bioprocess Development for Enzymatic
Decarboxylation of SA

Vinyl syringol (VS), the decarboxylated product of SA, aka canolol, has potent oxygen
radical scavenging activity like its precursor or FA. The term canolol was coined by
Wakamatsu et al. [63] when they first found it from roasting of canola seed. The
optimum temperature for VS formation (720 µg/g) in this process was 160 °C [64].
Besides roasting there are chemical methods or microwave-induced decarboxylation in
the presence of base. These methods include heating SA in quinoline/copper salt at
200 °C or thermal treatment in dimethylformamide at 130 °C using sodium acetate as a
catalyst. Microwave methods include irradiation in the presence of the base
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or irradiation in the ionic liquid [hmim]Br
using sodium hydrogen carbonate as a mild base. VS has also been synthesized from
syringaldehyde via Wittig olefination in hexane/tetrahydrofuran, or via simultaneous
condensation–double decarboxylation of syringaldehyde and malonic acid under
microwave irradiation. References cited in [58].

Table 12.4 Comparison of bioprocesses and their efficiencies in extracting VG from FA

Bioprocess FA
(g/L)

Time
(h)

Yield
(%)

Space time
yield (g/L h)

Productivity/L cells
OD 600 35 (g/L)

Whole cells—biphasic (toluene) 12.5 2 70 3.39 13.8

Alginate immobolized cells—
continuous reactor

8 96 49 0.03 40.3

Cell-free extract (2U/mL) 20 4 36 1.4 24.2

Cell-free extract (0.75 U/mL)—
biphasic toluene (4 h)

25 4 93 4.83 224.1

Cell-free extract (2 U/mL)—resin 20 4 72 2.78 48.3

Refer to [61] for details
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SA is the main phenolic acid in canola, a cultivar of rapeseed. In canola meal
(by-product after oil is extracted), SA esters (sinapine and glucopyransol sinapate)
make up 90–95 % of the total meal phenolics (10–12 mg/g), whereas the amount of
free SA is less than 10 % (0.3–0.4 mg/g). Sinapine and glucopyranosyl sinapate,
like SA all have significant antioxidative properties.

At first, preparative scale decarboxylation of SA with SAD in aqueous buffer
(100 mM sodium phosphate buffer; pH 7.0) in the presence of 10.6 U/mL of crude
lysate was carried out that resulted in 95 % conversion at a substrate concentration
of 5 g/L (Table 12.5). The product VS was easily isolated in high yield (75 %) and
purity (99 %) using ethyl acetate extraction of the aqueous medium at acidic pH,
and a slightly basic buffer (pH 8) wash of the combined organic extracts to remove
unreacted SA. The identity of VS was confirmed by 1H NMR spectrum in com-
parison to previously published spectra of VS.

In aqueous buffer, higher substrate concentrations (>5 g/L), or lower protein
concentrations resulted in incomplete reactions. At 1 g/L VG was inhibiting the
enzyme by about 66 %. In the case of VG even a lower concentration (0.25 g/L)
impacted the decarboxylation of FA.

Since the addition of toluene as an immiscible organic solvent for in situ product
removal significantly improved the efficiency of the FA to VG process, the
decarboxylation of SA catalyzed by SAD in biphasic reactions was also investi-
gated. Among the three solvents (Table 12.5) toluene was the best showing both
high-reaction conversion and isolated yield. A 97 % conversion was observed after
16 h and an 81 % isolation yield in the case of 50 g/L SA catalyzed by 4.0 U/mL
SAD. Although the biotransformation went to completion in ionic liquid (BMIM)
PF6 (1-butyl-3-methylimidazol-3-ium hexafluorophosphate), we could not evapo-
rate the solvent due to its viscosity. Also we were not able to isolate the product by
solvent extraction due to its high solubility.

Table 12.5 Decarboxylation of SA to VS in buffer and biphasic media

SA (g/L) SAD (U/mL) Cosolvent % Conversion % Isolated yield

5 10.6 None 95 75

25 2.0 None 37 30

25 2.0 Toluene 99 83

50 2.0 Toluene 50 45

50 4.0 Toluene 97 81

25 2 Ethyl acetate 42 n.d.

25 2 Hexane 30 n.d.

25 2 (BMIM)PF6 99.5 n.d.

Adapted from Ref. [58] with permission from The Royal Society of Chemistry
SAD was used as a crude lysate; Ratio of cosolvent to buffer was 1:1 (v/v); n.d. not determined.
% Conversion was determined by HPLC
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12.7 Scale-up Experiments

12.7.1 Extraction of FA and p-CA from Corn Bran

We wanted to showcase the utility of our technologies to the preparation of
polyvinylphenol derivatives from biomass directly (Fig. 12.2). Due to the relatively
high content of FA and p-CA compared to other feedstock, corn bran was chosen as
a starting material [24, 50]. At first, we investigated the action of PAD in a biphasic
reaction mixture on hydrolysates of corn bran prepared by alkaline hydrolysis
followed by adjustment of the pH. This procedure was meant to avoid the isolation
of phenolic acids thereby simplifying the reaction setup. But, it turned out that the
vinyl derivatives were isolated in low purity due to contamination with fatty acids
from the biomass. Hence, the purification of the desired vinyl phenols would be
difficult. Therefore, we resorted to a more classical approach, whereby the biomass
was treated with 2 N NaOH, centrifuged, extracted with ethyl acetate, acid–base
washed and recrystallized from ethyl acetate and hexanes This gave a mixture of
FA and p-CA in a ratio of 10:1 in high purity. Starting from 100 g of milled corn
bran, we were able to isolate 1.90 g of a mixture of phenolic acids which accounts
for 72 % of total alkali extractable phenolic acids (2.65 g/100 g corn bran).
Decarboxylation of the mixture of phenolic acids was achieved by applying the
optimized conditions for the enzymatic decarboxylation using a cell-free extract of
PAD (0.75 U/mL) in combination with toluene for in situ product recovery. After a
reaction time of 4 h, a mixture of VG and 4-hydroxy vinyl phenol in a ratio of 10:1
was recovered in good yield (0.99 g, 75 %) and in high purity (<95 %).

12.7.2 Extraction of SA from Canola Meal

Canola is the most profitable oilseed crop for Canadian farmers. The main canola
products are oil for human consumption and meal for animal feed besides a wide
variety of other by-products. Canada produces some 4 million tonnes of canola
meal annually [65].

To explore the potential of producing VS as a value-added product from canola
meal we investigated the enzymatic decarboxylation of canola meal extracts
(Fig. 12.4). Alkaline treatment of 100 g of canola meal with 1 M NaOH for 18 h at
25 °C extracted 780 mg of SA (7.8 mg/g) as determined by HPLC. We predicted a
maximum concentration of 8.8 mg/g based on previously reported concentrations
of sinapine, sinapoyl glucose and SA in canola meal [66]. As in the case of VG
production from corn bran an initial attempt using in situ enzymatic decarboxyla-
tion on the neutralized canola meal extracts rendered a low purity VS product that
was heavily contaminated with fatty acids. To remedy this, we purified the canola
meal extracts by defatting (washing) with hexane at pH 2 and then extracted the SA
with diethyl ether–ethyl acetate. The isolated SA was used without further
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purification and decarboxylation with SAD in a biphasic reaction yielded 340 mg
of VS in high purity (>90 %), which corresponded to an overall yield of 3.0 mg
VS/g of canola meal. This represents 42 % of the available SA under the extraction
conditions.

12.8 Polymerization of Vinyl Phenols to Polyvinylphenols
and Their Solid State Properties

Using conventional chemistry, both cationic and radical polymerization conditions
were set up to evaluate the possible polymers that could be obtained from VG and
mixtures of VG and p-CA (Fig. 12.5) [61, 62]. The radical reaction made use of
azobisisobutyronitrile (AIBN) and related compounds, whereas cationic polymer-
ization used boron trifluoride diethyl etherate [BF3�(Et2O)2] as well as other
derivatives.

Only the main results are summarized here. Boron trifluoride etherate gave a
smooth conversion of VG to PVG and at low temperature (−40 °C) and it allowed the
preparation of polymers with higher molecular weights (number average molecular
weight, Mw = 12,077; and weight average molecular weight, Mn = 27,149).

Cationic polymerization at low temperature also yielded a mixed polymer con-
sisting of VG and 4-vinylphenol (4-hydroxystyrene) in 97 % isolated yield. The ratio
of monomer units in the polymer was determined by 31P-NMR and was in close
agreement with ratio of the applied mixture indicating that the copolymerization of
VG and 4-hydroxystyrene proceeded smoothly. Size exclusion chromatography
confirmed the existence of a polymerwith aMnof 10,543 and a polydispersity of 2.15.

Fig. 12.4 Bioconversion of sinapic acid to canolol and their sources. Adapted from Ref. [58] with
permission from The Royal Society of Chemistry
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Following this success, cationic conditions were also carried out to polymerize
VS and explore the potential industrial applications of PVS. Treatment with boron
trifluoride yielded a polymer with a Mn of 10,764 and a polydispersity of 1.4 [58].

12.8.1 Thermal Properties

Thermogravimetric analysis (TGA) using differential scanning calorimetry
(DSC) observed that degradation of the two PVG polymers and the mixed PVG
polymer began around 350 °C which is a good thermal characteristic but slightly
lower than a commercial polystyrene (PS 1301; NOVA Chemicals) as a reference.
The additional methoxy and hydroxy groups on the three PVG polymers may lend
to the lower thermal stability since they show higher reactivity. DSC analysis
showed that these polymers are amorphous with Tg of 86–92 °C for PVGrad, 106–
112 °C for PVGcat, and 117–123 °C for PVGmixed. This Tg temperature range is
similar to that of the high molecular weight polystyrene and poly (methyl
methacrylate), PMMA. The PVGcat and PVGmixed polymers are similar in Mn and
polydispersity, however, the 9:1 ratio of guaiacol: 4-hydroxy phenol monomer units
in the PVGmixed polymer has contributed to a higher Tg.

Thermal analysis of the PVS polymer revealed a Tg range of 106–116 °C,
determined by DSC, and a thermal stability of up to 350 °C. Hatakeyama and
coauthors reported a Tg of 108 °C for a PVS polymer obtained via hydrolysis of
poly(4-acetoxy-3,5-dimethoxystyrene) [49]. The Mw and polydispersity of the
polymer were 9.9 × 104 and 3.7, respectively.
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Fig. 12.5 Schematic of polyvinylguaiacol formation (top) and mixed polyvinylguaiacol (bottom)

332 K.L. Morley and P.C.K. Lau



12.8.2 Indentation Hardness Tests

Nanoindentation characterization of the produced PVG and PVS polymers per-
formed on polymer films compressed at 150 °C following the CSM (continuous
stiffness measurement) is shown in Table 12.6. The two PVG’s displayed similar
hardness (H) and modulus (E) values that are significantly higher than that of the
commercial polystyrene, PS 1301 that was analyzed simultaneously for compari-
son. The presence of the methoxy and hydroxyl groups appeared to be responsible
for the improved performance. The mixed PVG polymer, containing a 9:1 ratio of
guaiacol:4-hydroxy phenol monomer units, had slightly lower modulus and hard-
ness than the two PVG polymers but significantly higher performance than the PS
1301 polymer.

The PVS polymer also afforded H and E values that were higher than the
performance measured on the commercial polystyrene but lower than those of PVG
polymers. It appeared that altering the number and location of ring substituents can
significantly influence the polymer properties.

12.9 Miscellaneous Related Work

In this section some related work to the enzyme system and value chain described
above or extension thereof are briefly discussed. This is not meant to be compre-
hensive and so we apologize to authors for any glaring omission.

From the known 3D-structure of a ferulic acid decarboxylase (FADase; PAD in
our nomenclature) from Enterobacter sp. Px6-4, a triple mutant FADase
(F95L/D112N/V151I) derived by random and site-directed mutagenesis was found
to have some 34-fold enhanced activity toward FA for the production of VG [67,
68]. No product was isolated except by HPLC analysis. By docking study (for
reason unknown the structure of a p-CA from Lactobacillus plantarum [69] was
used as model), the increased activity of the triple mutant was postulated to be due
to the formation of a more compact and stable binding mode in the active site
compared to that of the wildtype enzyme [68]. From the crystal structure of FADase
[67] and by site-directed mutagenesis it was found that during decarboxylation of

Table 12.6 Nanoidentation
tests of PVG and PVS
polymers

Polymer Modulus, E (GPa) Hardness, H (GPa)

PVGrad 6.66 ± 0.05 0.421 ± 0.003

PVGcat 6.75 ± 0.05 0.463 ± 0.006

PVGmixed 6.5 ± 0.1 0.384 ± 0.012

PVS 5.22 ± 0.05 0.283 ± 0.003

PS 1301 4.15 ± 0.02 0.249 ± 0.001

Adapted from Ref. [58] with permission from The Royal Society
of Chemistry
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FA, amino acids W25 and Y27 were required for the entering and proper orien-
tation of the substrate while E134 and N23 participated in proton transfer in the
proposed mechanism that involves the formation of a quinoid intermediate [24].

In a non-mutagenic way, a clone of PAD from Bacillus amyloliquefaciens
(BAPAD) in E. coli found most active toward p-CA by its conversion to p-
hydroxystyrene (p-HS) was assessed in a biphasic bioreactor system [70]. Among
various solvents and other parameters considered, 1-octanol:phosphate buffer
(50 mM, pH 7.0) in a 3:1 ratio rendered the most yield (88.7 %), and gave a
1.34 g/h/g DCW productivity at 300 mM p-CA substrate concentration. The latter
substrate concentration appeared to be the upper limit of solubility at the biphasic
interface. It is noteworthy that this study confirmed our previous report of the use of
1-octanol as the best organic solvent for the extraction of VG from FA in a biphasic
system that resulted in 70 % yield and a product of 98.4 % purity [56]. No
extraction of p-HS was reported in [70]. Moreover, although BAPAD was also
active toward FA (70 % relative to p-CA), its conversion to VG was not
investigated.

Salgado et al. [71] reported on a 45 % bioconversion of p-CA to 4-VP
(994 mg/L from 2223 mg/L) involving corn cob as starting material and an over-
expressed PAD from Lactobacillus plantarum CECT 748T as biocatalyst. In this
particular case, the hydrolysate obtained after “pre-hydrolysis/alkaline hydrolysis”
of corn cob was used as growth medium for the fermentation in a shaker format.
Whereas in a 2 L bioreactor system, after 30 h of fermentation of the same type of
hydrolysate, 878.4 mg 4-VP/L was achieved that translated to a 41.3 % conversion
of the starting material. In relation to the conversion of FA to 4-VG this product
was hardly produced although measurable. As in the previous study, the product of
interest was not isolated.

Recently, Hu et al. [72] made use of a recombinant BLPAD, a PAD from
Bacillus licheniformis CGMCC 7172, and reported high-conversion yields of 4-VP
(97–near 100 %) from p-CA, and 4-VG (71 % – near 100 %) from FA at initial
substrate concentrations of 200–500 mM in a biphasic system. In either case, an
equal volume ratio of solvent to aqueous buffer (toluene for p-CA and cyclohexane
for FA) was used. The organic solvent was chosen in comparison to a number of
others of different partition coefficients that gave the highest relative activity against
a control sample, i.e., without any added solvent. Similarly, the effect of various
organic solvents on stability of BLPAD was reported at concentrations ranging
from 20 to 50 %, v/v. This led to the purported conclusion that BLPAD is a highly
solvent-tolerant enzyme. We reckon that one would consider the use of a coun-
terpart “positive” control protein so as to provide a compelling piece of evidence for
the current results. It is also not clear on what basis the original CGMCC strain was
concluded as being solvent tolerant. One interesting notion of this work, however,
was that beside p-CA, FA and caffeic acid as suitable substrates, the recombinant
BLPAD was reported to be active toward SA with 0.3 % activity relative to that of
p-CA.

Over the years there have been a series of publications that investigated the
so-called “uphill” reaction of a number of PADs. This relates to the carboxylation
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side of the PAD reversible equation instead of the thermodynamically favored
decarboxylation process. For details, readers are referred to a couple of represen-
tative reviews on carboxylation at large [73, 74]. To expand the scope of the
usefulness of PAD, some recent progress on the subject are highlighted below.

In essence, in the presence of some 3 M potassium bicarbonate at pH 8.5 a
number of PADs are capable of catalyzing the ß-carboxylation of the vinyl side
chain of styrene derivative with yields of up to 40 % in the presence of 20 %
acetonitrile [75] (Fig. 12.6). PADs from Lactobacillus plantarum (PAD_Lp) and
Bacillus amyloliquefaciens (PAD_Ba) were the first two enzymes found capable of
producing p-CA and FA from substrates p-VP and 4-VG, respectively, although the
conversion rate was low and moderate (2–30 %) [76]. Subsequently, additional
biocatalysts from Methylobacterium sp. (PAD_Ms), Pantoea sp. (PAD_Ps),
Lactoccocus lactis (PAD_Ll) and PAD (FDC) from Enterobacter sp. (FDC_Es) but
not Mycobacterium colombiense (PAD_Mc) were found to be able to hydrate a
number of hydroxystyrene derivatives in an asymmetric and stereoselective manner
[76] (Fig. 12.6).

An overarching significance of these studies is in the context of using carbon
dioxide as C1 carbon source and development of a “green” method for the synthesis
of valuable organic compounds vis-à-vis the chemical Kolbe–Schmitt reaction that
uses high temperature and pressure to produce aromatic hydroxy acid, viz., salicylic
acid which also requires the use of sulfuric acid for its final production.

Kang et al. [77] assembled an artificial pathway in E. coli that introduced a
Bacillus amyloliquefaciens PAD gene in an overexpression format to the endoge-
nous L-tyrosine pathway, whereby the sequential phenolic acid intermediates viz. p-
CA, caffeic acid and FA were transformed to 4-HS, 3,4-dihydroxystyrene, and
4-VG, respectively. The yields of these HSs were 355, 63, and 64 mg/L,

Fig. 12.6 Enzymatic
carboxylation of
hydroxystyrene derivatives
using PAD. Selective data
from Refs. [74, 76]
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respectively, in shaking flasks after 36 h of cultivation. While this is interesting and
the fact that the carbon source came from a simple glucose medium, it appears that
the cytotoxicity of the products to the host that is not solvent tolerant needs to be
addressed.

In another whole cell format, Furuya et al. [78] constructed a decarboxylase/
oxygenase cascade system in an recombinant E. coli that involved a Bacillus
pumilus PAD for the conversion of FA to VG followed by an oxygenase Cso2 from
Caulobacter segnis to produce vanillin. Like PAD, Cso2 is coenzyme free.
However, for an enhanced activity it was necessary to add 1 mM FeCl2 to the
cultivation medium since Cso2 requires iron as a prosthetic group. In an optimized
system carried out in a 500 mL flask the E. coli cells expressing PAD was found to
completely decarboxylate 75 mM of FA to 4-VG within 2 h at pH 9.0. Cell-free
extract was then prepared by centrifugation, and following pH adjustment to the
optimal pH of 10.5 for Cso2, the solution was subjected to oxygenation by Cso2
that effectively oxidized 4-VG to vanillin. In this enzyme cascade system, the
concentration of vanillin was found to be 52 mM (7.8 g/L) in 24 h. To date this
apparently was the best yield for the biotechnological production of vanillin using
recombinant cells. It is noteworthy that a butyl acetate–water biphasic system was
also investigated. However, under the various conditions tested, the best yield of
vanillin was only 39 mM. These authors envisaged that an immobilized enzyme
cascade system would possibly address the scale up issue.

Whereas VG can be polymerized to homo- or hetero-PVGs as seen in Sect. 12.8
beside the other VG-derived products, Zago et al. [79] recently described an
epichlorohydrin-assisted glycidylation of 4-VG and canolol. Eugenol (4-allyl
guaiacol) was another substrate. Cross metathesis coupling reaction of the gly-
cidylated derivatives converted these phenolic compounds into a set of homo- and
heterophenolic dimers in good yields and with a high diastereoselectivity. These
diglycidylated diphenyl compounds that comprise two aromatic rings each bearing
a methyl oxirane group, apparently are good candidates for the substitution of
diglycidyl ether of bisphenol A, a notorious endocrine disruptor. A biobased
alternative to such class of compound is an interesting proposition.

12.10 Optically Pure L-Lactic Acid from a Nonfood Crop

As a biodegradable aliphatic polyester, PLA (polylactic acid or polylactide), has
spun considerable interest in the polymer industry and this momentum is increas-
ing. The PLA market is projected to reach US $5.16 billion by 2020, growing at a
compound annual growth rate (CAGR) of 20.9 %. The projected value of this
monomeric building block, lactic acid (LA), is estimated at US $3.82 billion by
2020, growing at an equivalent CAGR of 18.6 % [80]. Besides PLA production,
LA can be converted to commodity chemicals such as acetaldehyde, acrylic acid,
and propionic acid [81, 82].
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One of the trends driving PLA growth is an increased emphasis on sustainability,
especially for consumer packaging, and a desire for renewably sourced raw
materials. PLA is currently made from LA mostly derived from corn. Making PLA
requires some 30–50 % less fossil fuel than polymers synthesized from hydrocar-
bons. As the price of oil has increased, renewably sourced polymers that use less
fossil fuel have become economically attractive.

The growth of PLA shows that the market is ready for sustainable, economically
attractive polymers. There is opportunity for new sources of LA that are from
nonfood sources and have attractive costs to diversify the resource base and there is
a market opportunity as well for additional new renewably sourced polymers with
similar advantages of good physical properties, sustainability, and good economics.

12.10.1 L-Lactic Acid from Triticale Starch

Like its parent cereals wheat and rye, triticale is characterized by high starch and
other carbohydrate content. Triticale grain dry matter contains 62.4–70.9 % starch,
a content that is dependent upon cultivar and year. Triticale starch has the apparent
advantage of low phenolic acids content that otherwise negatively impacts starch
hydrolysis. In addition it has a lower gelatinization temperature, 65–68 °C, com-
pared to those of barley, wheat, and corn, in the range of 72–75 °C [83 and
references therein]. Triticale starch of high purity (<2.0 % w/w protein contami-
nation) was kindly provided by Alberta Agriculture and Rural Development and
University of Alberta. It was prepared from ground triticale grain flour using a
wet-milling procedure that was initially developed for gluten-containing wheat
grains. The isolation involved a “dough and wash” technology—preparing a dough
or slurry with deionized water, followed by dilute alkaline washing and separation
of the protein-enriched fiber fraction from starch milk by centrifugation, and then
water washing [84].

Fermentative production of LA by microbes has several advantages, most
importantly the production of optically pure L(+) or D(−)-LA instead of a racemic
mixture obtained by chemical route. This subject has been adequately reviewed [81,
85–88]. The L(+)-isomer is the biologically important isomer and is the preferred
substrate in most industrial applications [89]. Enantiomeric impurities even in minute
quantity can drastically change the properties of the polymer, hence the quality of the
monomers produced in the first place should be carefully controlled [89].

We explored the feasibility of LA production from triticale starch using a fila-
mentous fungus, Rhizopus oryzae sb NRRL 29086, originally isolated from a
dew-retted flax [90]. The Rhizopus genus together with Lactobacillus and Bacillus
genera are considered commercially viable strains although each has its advantages
and shortcomings. Rhizopus strains are known to generate L(+)-LA as a sole isomer
of LA which is a big bonus. Other advantages include: the innate production of
amylolytic enzymes for starch saccharification; requirement of few complex
nutrients and only a small amount of inorganic salts for growth; tolerance to low
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pHs; and simpler downstream processing due to ease of separation of fungal
biomass from the fermentation broth compared to bacterial biomass.

The inoculum size (1 × 104 spores/mL), temperature (28 °C), and correct timing
and dosage of the neutralizing or titrating agent, calcium carbonate, to be added to
maintain the pH of the medium at around 5 were all deemed important for the
production of LA in batch fermentations. The best yield of 0.74 g LA/g starch was
obtained in this direct fermentation. Under a set of optimized conditions in an
automated control system of the DASGIP parallel bioreactor, the production of LA
at a 2 L scale increased to 0.87/g triticale starch. Both yields are competitive with
the direct fermentation of other agricultural materials, e.g., sweet potato starch and
corn starch, where mycelia were used as inoculum and fermentations carried out in
airlift or stirred bioreactors [83].

12.10.2 L-Lactic Acid from Triticale Flour

As starch is prepared from flour, converting the latter directly to LA would elim-
inate the steps involved in the extractions as outlined in Sect. 12.10.1 above. This
also eliminates the use of hazardous or caustic chemical such as sodium hydroxide.
Combined with R. oryzae in a single-stage simultaneous saccharification and fer-
mentation process this feedstock is expected to be more economical than starch
based. An example of economic analysis of LA production from wheat flour is
provided by [91].

In a preliminary study, we conducted a 10 L working volume in a 14 L New
Brunswick Bioreactor (Bioflow 110 system) that contained Vogel’s medium at pH
5.0 and 6 % of triticale flour that was previously dissolved in hot water at 50 °C. To
avoid foaming, 2 mL of antifoam Mazu 204 was added to the reactor before
sterilization. Of special note: it appeared that foaming was a bigger problem when
flour was used instead of starch due to the protein content. The inoculum was
prepared with spores harvested from several plates and suspended in 5 mL sterile
water. One 2.8 L Fernbach flask containing 900 mL of Vogel’s medium with 3 %
starch was inoculated with 1 × 104 R. oryzae spores/L (final concentration). The
flask was incubated in a shaker for 43 h at 30 °C and 200 rpm. From this flask,
500 mL was used to inoculate the bioreactor.

The fermentation was performed at 28 °C. The dissolved oxygen was controlled
by fixing the agitation rate at 250 rpm and the inlet-gas flow rate of 0.1 vvm
(1 L/min). The pH was maintained at 5.0 ± 0.1 by addition of 28 % NH4OH.
Samples were taken twice a day, in the morning and at the end of the day for 72 h.
The LA concentration was measured by HPLC.

LA was isolated via solvent extraction under acidic conditions using ethyl
acetate. In total, 9 L of fermentation broth was extracted to afford 180 g of LA.
A chiral analysis was performed via GC to determine enantiopurity. LA from the
fermentation (as well as D, L-LA and L-LA standards from Sigma) were first
derivatized with silylating agent, N,O-Bis(trimethylsilyl)trifluoroacetamide with
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trimethylchlorosilane (BSTFA + TMCS). Based on the chiral GC analysis, the LA
produced was confirmed to be the L-enantiomer with >99.5 % ee purity.

A proposed L-lactic acid value chain from triticale starch or flour is shown in
Fig. 12.7.

12.10.3 Synthesis of L, L-Lactide

Noda and Okuyama’s procedure [92] for thermal depolymerization of L-PLA oli-
gomer with tin (II) ethylhexanoate was followed (Fig. 12.8). Some experimental
details are described below.

Solid L-LA (82.7 g, 0.918 mol) was slowly melted in a round bottom flask with
attached reflux condenser at a pressure of 40 mmHg. Thematerial was heated further to
150 °C for 8 h prior to cooling to room temperature overnight under a blanket of argon.
Tin 2-ethylhexanoate (909 mg, 2.24 mmol, 1.10 wt%) was then added to this dark
brown, viscous mixture, andwith stirring the mixture was subjected to reduced pressure
(0.15–0.20 mm Hg). The reaction was slowly heated and then the material was frac-
tionally distilled. Fraction one was a clear and colorless oil (9.63 g, 73–80 °C) and
fraction two ( L, L-lactide, 45.4 g)was collected over a wide range of temperatures (200–
420 °C) as a clear and colorless oil that crystallized upon cooling in the collection flask.
The crude lactide (45.4 g) was recrystallized from warm ethyl acetate to yield 32.22 g
(58 %) of white crystals: mp 84–86 °C (uncorrected, ethyl acetate); 1H NMR (CDCl3,
300 MHz) 1.64 (s, 3H), 1.67 (s, 3H), 5.04 (q, J = 6.64 Hz, 2H); > 99.5 % ee by chiral
GC analysis: Varian Chirasil-Dex CB column (25 m × 0.25 mm × 0.25 μm); 120 °C
for 5 min; 3 °C/min to 150 °C, 1 min at 150 °C, 10 °C/min to 200 °C, 2.5 min at 200 °
C: L-lactide = 12.2 min, D-lactide = 13.3 min.

The above reaction was carried out in batchwise, the best yield being 60 % that
was considerably lower than the 90 % reported in the literature. However, analysis

Fig. 12.7 Proposed L-lactic acid value chain from triticale starch

Fig. 12.8 Reaction
conditions of L, L-lactide
formation
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of the pooled and recrystallized L, L-lactide by chiral GC showed >99.5 % ee. We
have not carried out ring-opening polymerization (ROP) of the produced
L, L-lactide (Fig. 12.9). But with such optical purity the quality of the resulting
biopolymer is unlikely going to be disappointing [89, 93]. The challenge at hand is
to optimize the production of the optically pure L-LA, a monomer of diverse
applications other than the polymer industry [81].

Readers are referred to [94] for an analysis of “cradle-to-polymer-factory-gate
life cycle” of Ingeo® polylactides, a range of PLA biopolymers that are made
entirely from renewable resources, and produced since 2001 by NatureWorks LLC.
In addition, a recent review of PLA production, processing techniques and appli-
cations, methods to tailor PLA properties, analysis of end-of-life scenarios and the
environmental footprint is provided by Castro-Aguirre et al. [95].

12.11 Conclusion and Outlook

The type of value chain and creation presented in this chapter is just an example of
myriad of products and opportunities that can be harnessed from renewal feedstock
through the power and utility of biological methods that range from the use of
simple naturally occurring enzymes, whole cells included, to genetically evolved
ones even though by as few as one amino acid change to the polypeptide through
rational design, and finally to the development of fermentation processes as a form
of feasibility study. To make a more compelling case, isolation of the product and
its characterization are essential instead of mere evidence of detection by analytical
means.

The same approach applies to a given enzyme system. A priori in-depth
knowledge of an enzyme via structure determination opens the door to its possible
genetic improvement although directed evolution using approaches such as

Fig. 12.9 Optically pure L,
L-lactide from triticale flour
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error-prone PCR or iterative mutagenesis have been shown to fare very well [96,
97]. Is it possible that nature has already provided a biocatalyst of interest without
human intervention? Indeed this was the case when a naturally occurring ther-
mostable biocatalyst obtained via genome mining was found to outperform
experimentally evolved homologues of an enantioselective esterase that carried out
the same hydrolysis. The former candidate has a melting temperature (Tm) increase
of 10–12 °C compared to that of the mesophilic counterpart protein [98]. From that
study there are at least two other lessons that are useful to this day: (i) judicious
genome mining remains a fruitful strategy to discover new enzymes as illustrated
by TtFAE [42] and ScFAE2 [44] for example, in the extraction of FA from bio-
mass, and (ii) like the multistep synthetic pathway of the antibiotic levofloxacin
[98], a combination of chemoenzymatic approach would appear attractive in the
value chain of FA and SA extraction and transformation since this strategy com-
bines proven economics of some unavoidable chemical processes with environ-
mental care through biocatalysis. This echoes the call to “uninitiated” synthetic
chemists to take up and combine biology and organic synthesis in their design of
target compounds that would lead to increased efficiency in the overall process [99].

In a recent review of the use of FAE for biorefining of lignocellulosic biomass, a
number of agricultural by-products such as brewers spent grain, sugarcane bagasse,
rice bran, jojoba meal, etc., are listed as having significant potential for extraction of
phenolic acids [37]. However, availability of feedstock is not a limitation. Rather,
the bottleneck lies in the efficiency of a given method or combination of approaches
to enable an overall economical process. Clearly there are many research gaps that
need to be addressed by a multidisciplinary team and effort involving
state-of-the-art technologies and engineering of all kind. Process engineering and
system optimization at various stages of the value chain are key elements. By way
of biocatalyst development, more robust characteristics and recyclability property
of the biological entities need to be realized by immobilization technology, etc.
A systems biology approach involving metabolic engineering for the production of
various chemicals of interest is another consideration [100].

Whereas monomers like VG and SG are value-added chemicals in their own
rights, for the first time, we showcased the production of polyvinylphenols (PVG,
PVGmixed and PVS) primarily derived from a biobased feedstock and they dis-
played improved performance compared to a commercial polystyrene [58, 61]. The
various 4-HS derivatives may eventually be used for substituting significant
amounts of styrene in the current polymer industries, similar to the first and second
generation bioethanol to displace oil-derived fuels. The production of both VG and
VS monomers and their polymerized products is anticipated to add significant value
to a biorefinery setting by providing a biobased platform as well as addressing the
engaging sustainability issue [101, 102].

Finally, there is a great lesson to be learned from the first commercial success of
a “green” platform chemical, 1,3-propanediol (PDO) produced from glucose by
metabolic engineering [103]. Besides being a building block for polyethers and
polyurethanes, the best known PDO-based polyester is PTT (polytrimethylene
terephthalate) of tradename Sorona 3GT. It is known that the commercially
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attractive titer of PDO production in E. coli took some seven years to achieve. It is
little wonder that in a Perspective article by the Swiss Industrial Biocatalysis
Consortium (SIBC) the authors quipped in its opening sentence: ‘‘It takes 20 years
to become an overnight success.’’ The authors were referring to the slow uptake of
biotechnology in organic chemistry in general and in particular the use of bio-
catalysis in industrial organic synthesis considering the fact that enzymes have been
used since time immemorial in cheese making for example [104].

Timeframe aside, the seeds of green chemistry have been sown and it is a matter
of nourishing and nurturing in an appropriate field that will bear abundant fruits.
The quality of life in a chemurgic and environmentally conscious framework is
ensured.
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Chapter 13
Regional Pillars of Competitiveness
in Chemurgy and Green Chemistry

Manfred Kircher

Abstract The change from fossil- to bio-based chemical processing and value
chains is a tremendous challenge and if done right it provides a great opportunity
for established chemical clusters as well as biomass-producing regions. Both need
to adapt or develop pillars of competence which determine their regional compet-
itive position: Infrastructure, industries, science and education, public administra-
tion, public acceptance and cluster-building. While biomass regions benefit from
feedstock availability, established clusters are especially strong in further pro-
cessing along the value chain. Based on the example of Europe’s leading chemical
cluster Antwerp–Rotterdam–Rhine–Ruhr (ARRR), a bottom-up approach into
chemurgy and green chemistry is presented which combines strategies and activities
on county, state, and multi-national level.

Keywords Bio-based fuel � Bio-based chemicals � Bio-industry infrastructure �
Bio-based industries � Bio-based industry research and education � Bio-based
industry acceptance � Bio-based industry cluster � Bio-based industry region

13.1 Introduction

It is well known that our current way of living and our wealth is based on fossil
resources. Generating heat, power, and fuel for living and industrial purposes
depends very much on fossil carbon sources. And the very same is true for
chemicals starting from bulk platform chemicals such as ethylene up to lower
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volume specialty (food- and feed additives, agro-chemicals, adhesives, lubricants,
detergents, etc.) and fine chemicals (skin care actives, pharmaceuticals, etc.).

The processing chains leading from fossil resources to these product categories
have become so much integrated into public infrastructure and private industries,
science, education, and administration that their impact on these pillars has to be
brought to consciousness again. Their quality defines the position of a region in
attracting industries, generating jobs, and private as well as public wealth.

In turn, this means that if processing chains change fundamentally, specific
pillars of competitiveness need to be adapted. Otherwise regions lose their com-
petitive edge and new industries will generate jobs and wealth elsewhere.

This chapter presents regional pillars of competitiveness in today’s fossil-based
economy and discusses how to prepare and transform regions for chemurgy and
green chemistry in the coming bio- and circular economy.

13.2 What Are Regional Pillars of Competitiveness

Before entering the topics specific for chemurgy and green chemistry, the current
setting in the fossil-based economy should be discussed. Its basic pillars have been
developed and optimized since the beginning of the “fossil era” in mid-nineteenth
century, built its basis in the industrialized regions of the world and determined
their ranking and competitiveness.

13.2.1 Infrastructure

The logistic infrastructure to feed an industry very much depends on the charac-
teristics of the material to transport and store. Whether it is solid (coal), liquid
(oil) or gaseous (natural gas) most important are

• composition,
• energy density,
• carbon density,
• storage suitability.

All fossil energy and carbon sources are quite homogenous and consist essen-
tially of carbon and hydrogen (Table 13.1). The energy and carbon density is quite
high (Table 13.2) and all these materials are stable to store under regular transport
conditions. Therefore, it is technically easy and cost-efficient to use railway (coal),
freighter and tanker (coal, oil) and pipelines (oil, gas) to supply industries over large
distances. A cost-efficient global infrastructure using all these freight possibilities
has been built over the past 100 years. Being integrated into this system is a
decisive regional pillar of competitiveness.
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13.2.2 Industries

The combination of good transport, storage characteristics and a technically easy
and cost-efficient global logistics network are critical factors for processing
industries to decide where to settle. For example, crude oil refineries and chemical
plants prefer logistics centers such as sea ports and along rivers to reach impressing
capacities of 10–20 million tons of oil per year in order to fully play out the
economy of scale. These plants fractionate crude oil (Table 13.3) into its compo-
nents which either are commercialized directly (e.g., gasoline) or further processed
by subsequent industries.

The chemical industry, very much depending on naphtha [1] (Fig. 13.1), is an
integral element of these processing chains. Therefore, the quality of industrial sites
linking logistics and processing is another crucial pillar of competitiveness.

13.2.3 Science and Education

Since the first industrial use of crude oil in the late eighteenth century scientists
worked on technologies to produce and process coal, gas, and oil. Establishing
these materials as industrial feedstock even gave birth to what was known at the

Table 13.1 Composition of fossil feedstock (%)

C H N O S

Natural gas 75–85 9–24 Traces Traces Traces

Mineral oil 83–87 10–14 0.1–2 0.5–6 0.5–6

Black coal 60–75 6 Traces 17–34 0.5–3

Lignite 58–73 4.5–8.5 Traces 21–36 3

Table 13.2 Material, carbon and energy density of fossil resources (ton/m3)

Density Bulk density Carbon Energy (MJ/kg)

Natural gas 32–45

Mineral oil 0.8–0.9 0.68–0.77 43

Coal 0.4–0.8 0.32–0.64 25–33

Table 13.3 Oil refinery output (depending on refining temperature) and use

25 °C > > > > 350 °C

Refinery
gas

Gasoline Naphtha Kerosene Diesel oil Fuel oil Residue

Bottled
gas

Automotive
fuel

Chemical
feedstock

Aircraft-fuel Truck-fuel,
bus-fuel

Ship-fuel,
power
generation

Bitumen for
road
construction
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time “science of chemistry” that started an unprecedented innovation cycle in dyes,
polymers, and pharmaceuticals to name just a few categories. Since then science
continued to add value and functionalized chemical compounds for nearly all needs
in our daily life. Consequently, there is a direct correlation of science and
know-how invested in chemical functionalization and its commercial value
(Fig. 13.2). Successful regions are characterized by top research and development
facilities in chemistry and chemical engineering. In 2013 the share of total chemical
sales (2 billion $) in world trade (18.3 billion $) [2] has reached 11 %, thus proving
the central function of this sector in world economics.

The more sophisticated industrial processes and products become, the more
important it is to have an adequate staff of well-trained technical and academic
personnel. Excellent institutions for vocational training and education in chemistry
and chemical process engineering are added mandatory pillars of competitiveness.

13.2.4 Public Administration

Infrastructure, industries, science and education depend on public facilities like
transportation systems, production sites and research and educational institutions. In
addition, industrial activities interact with public goods and externalities. A prime
example is nature and climate protection that necessitate an efficient environment
policy by governments and its implementation by a properly functioning civil
service. Both, well-balanced policies and an efficient administration are strong
factors in regional competitiveness.
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Fig. 13.1 Feedstock mix in chemical industries (Germany 2011)

352 M. Kircher



13.2.5 Public Acceptance

Public acceptance is a very basic requirement. If social expectations (employment,
salaries), ecological requirements (nature and climate protection) and economical
output (profit, taxes) are not well-balanced an industrial sector or a specific tech-
nology will lose acceptance and finally its regional base.

Public acceptance is a real soft factor. It cannot be engineered and cannot be
achieved by administrative measures. However, it is the result of public commu-
nication with all stakeholders represented by academic and industrial associations,
political parties, unions, NGOs and more representatives of the civil society. The
specific culture of consensus finding with and among the public stakeholders is
therefore another pillar of competitiveness which incidentally is strongly connected
with education.

13.2.6 Cluster

“Clusters are geographic concentrations of interconnected companies, specialized
suppliers and service providers, firms in related industries, and associated institu-
tions (e.g., universities, standards agencies, and trade associations) in particular
fields that compete but also cooperate [3].” In order to attract top companies,
investors and specialists, cluster regions need to organize their infrastructure in
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Fig. 13.2 Correlation of chemical functionalization and commercial value in chemical categories
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logistics, in science and education, their governmental policies and administrative
measures for the benefit of a specific industrial sector. While cooperation is an
essential success factor, dynamic competition stimulating continuous advancement
in technologies and business models and the entry of new firms is another [4]. In the
chemical sector, the 5 leading global clusters are: Houston (USA), Shanghai
(China), Jurong (Singapore), Jubail (Saudi Arabia) and ARRR (EU; see below).
The crucial role of clusters is underlined by the fact that chemical clusters (pro-
ducing about 50 % of global chemistry value) generate 5 % (1 billion $) of total
world trade (Fig. 13.3).

Though all clusters provide the very same set of pillars of competitiveness, their
characteristics can be quite different. For example, the Near East cluster is strong
because it has direct and cost-efficient access to oil and gas wells thus offering
extremely beneficial conditions for bulk volume chemical production in the million
tons per year range. Seventeen percent of the world’s biggest platform chemical
ethylene (world production 140 million tons per year) are produced here. This
cluster is dominated by big multinational companies.

Another model is presented by the most important European chemical cluster
covering Flanders (Belgium), the Netherlands and North Rhine-Wesphalia
(Germany). This region is characterized by providing a multitude of fine and spe-
cialty chemicals in the 100,000 tons per year range by big players like Solvay, DSM
and Evonik. Hundreds of small- and medium-sized enterprises (SME) further
process these intermediates to consumer products such as plastic casings, adhesives,
skin care products, pharmaceuticals and more. Obviously such a cluster very much
depends on an excellent science and education landscape.
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Fig. 13.3 Share of cluster categories in world trade. Reprinted from Ref. [5] with permission from
author
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13.3 What Makes a Region Competitive in Chemurgy
and Green Chemistry

The very same pillars of competence making a successful fossil-based chemical
region are key to regions targeting bio-based prosperity. However, different char-
acteristics of the transforming regions would require adjustment or adaptation of
those pillars.

13.3.1 Infrastructure

As with fossil resources, composition, energy and carbon density as well as storage
suitability determine the logistic requirements. Bio-based industrial feedstock is
principally available from agricultural, forestry and marine sources. Plant biomass
is most relevant and commercially available in different processing states:

• crude biomass (wood, straw, empty fruit bunches, corn and rice husks)
• purified fruits and tubers (cereals, oleaginous fruits, potatoes),
• fractionated ingredients (sugar, starch, vegetable oil).

Today the chemical industry uses about 10–13 % bio-based feedstock, most of it
fractionated and purified from vegetable sources. The resulting products spread
(except bio-ethanol) mainly across low-volume specialty and fine chemicals
(Fig. 13.4) [6, 7].

Plant materials and most plant products are solid and need to be transported in
(compared to fossil carbon sources) relatively small batches by trucks, railways or

Fig. 13.4 Bio-based chemical feedstock, products groups and bio-based share. Reprinted from
Ref. [7], Copyright 2012, with permission from Elsevier
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ships. Only plant oil is liquid but the commercial volume does not justify cheaper
transport in pipelines. As agriculture and forestry areas are extensive bio-feedstock
regions need a close meshed logistic infrastructure and facilities to load and dis-
tribute solid materials.

The carbon content as well as carbon- and energy density of plant materials is
significantly lower than that of fossil resources (Tables 13.4, 13.5). Consequently, a
much bigger volume needs to be handled which has a direct impact on the cost of
transport.

Nevertheless, sugar, plant oil, cereals, fruits are shipped globally in bulk vol-
umes especially to supply food and feed markets where the chemical complexity of
vegetable protein, sugar and oil defines the nutritional value, thus satisfying the
demand of the market. If used in future bio-based processes to large volume
hydrocarbons and derivatives, however, only carbon is really relevant; the rest
(especially oxygen) is a byproduct.

This conflict becomes even more evident when it comes to transporting agri-
cultural and forestry biomass such as straw, corn husks, empty oil palm bunches, or
sugar cane bagasse. These materials are extremely bulky and demand relatively
wide shipping volumes. Extra-cost for transporting feedstock components which
are unsuitable in bio-based chemical operation need to be balanced by recycling and
generating revenue in other markets. Bio-feedstock producing regions should

Table 13.4 Composition (%) and heat value (MJ/kg) of vegetable biomass and biomass
compounds

C H N O S

Vegetable biomass (average) 45 6 2 42 Traces

Linoleic acid 77 12 0 11 0

Glucose 40 7 0 53 0

Sucrose 43 6 0 51 0

Starch 44 6 0 50 0

Lignocellulose 44 6 0 50 0

Wood 50 6 3 41 Traces

Table 13.5 Energy (MJ/kg), bulk and carbon density (t/m3) of biomass

Bulk density Carbon density Energy density

Vegetable biomass (average) 6.8

Corn (whole biomass) 10.8

Linoleic acid 39.1

Glucose 15.6

Starch 17.5

Lignocellulose 10–25

Wood 0.2–0.6 0.1–0.3 14.4–15.8

Straw bale 0.05–0.11 0.03–0.05

Cereal 0.4–0.48 0.2–0.24
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therefore not only provide facilities for transport but also for (pre-)processing in
order to reduce biomass volume and complexity.

In summary, whether a region is positioned as a bio-feedstock provider or as a
processor it needs to build up its logistics infrastructure.

13.3.2 Industries

The characteristics of bio-feedstock strongly influence the optimal capacity of a
biorefinery. To keep the cost of feedstock transport down it is located in the biomass
region and the capacity is adequate to the feedstock volume produced in an eco-
nomically accessible radius. An example is given by the world’s largest bio-ethanol
plant which has been put into operation in November 2015 by DuPont in Iowa
(USA) [8]. It is located in the midst of an agricultural area and feedstock supply of
375,000 dry tons of corn stover (containing around 45 % carbon) secured by
contracts with 500 farmers in a 30-mile radius. The plant has a production capacity
of 90,000 tons of bioethanol which is equivalent to 47,000 tons of ethanol-carbon.
In contrast, e.g., the largest German fossil-oil refinery has a capacity of 13.9 million
tons of oil-carbon (in 16.9 million tons of oil) which is equivalent to bio-carbon
fixed in 1 Brazilian sugar harvest [9]. Balancing the much smaller economy of scale
of biorefineries by other cost benefits is therefore a crucial pillar of competitiveness
in rural areas.

In the long range such biorefineries will put biomass-producing regions in the
position of evolving industry chains for the delivery of the product portfolio of
today’s fossil-based industries. A crucial prerequisite is building and attracting
companies active in versatile processing chains to various markets as it was suc-
cessfully demonstrated by the leading European integrated biorefinery,
Bazancourt-Pomacle (France) [10]. Biorefinery products begetting more products
are waiting for realization [11]. For the time being further processing is still the
special strong pillar and competitive advantage of established chemical clusters.

As discussed earlier, established fossil-based industrial clusters are characterized
by large-volume capacities. Although, for example, the European chemical cluster
mentioned before has significant plant-based feedstock within its region it is not
enough to feed large-scale plants and export-oriented industries. Importing
pre-processed bio-based feedstock, platform chemicals or intermediates will con-
nect biomass- and industrial regions.

Another alternative is using regional material flows in a cascade mode, thus
linking cross-sectorial carbon chains in a new way. This potentially improves the
carbon- and energy efficiency significantly and is therefore a competitive factor for
individual companies and also on the regional level. An example is the industrial
site of Frankfurt-Hoechst (Germany) where bio-based pharmaceuticals, chemicals
and fuel are produced and residue flows from private and public providers feed
Europe’s biggest biogas plant (20 MW) which delivers power to the Hoechst-site
and in parallel biogas into the public grid [12]. This scenario serves as a model for
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all graduations from biomass to industrial regions as to how to act beyond an
individual plant and benefit regional stakeholders.

13.3.3 Science and Education

Also in bio-based industries, chemistry remains a key discipline because most
bio-based production chains include chemical steps. For example, bioplastics start
with a bio-based monomer produced by biotechnology but polymerization and
further steps are pure chemistry (Fig. 13.5). In addition, other disciplines like
microbiology, enzymology, biochemistry, and bioprocessing that include fermen-
tation and enzymatic catalysis as well as mechanical and plant engineering are
mandatory. Combining and integrating biotechnological and chemical processes
will be a key factor in reducing investment and operating cost. Also, the growing
share of volatile renewable energy (e.g., hydrogen) needs to be considered when
developing bio-based processes. Especially the interfaces of traditional disciplines
and those gaining relevance in the bioeconomy become important and it goes
without saying that all these topics require a well-educated technical and academic
staff.

13.3.4 Public Administration

Readiness to adapt to a changing environment remains a key pillar of public
administration that is applicable to chemurgy. The need to prepare the logistics
infrastructure for more solid feedstock supply, recycling residue material flows and
balancing volatile renewable energy sources have already been mentioned. Another

Fig. 13.5 Combined bio- and chemical processing in producing the polymer poly-lactide (PLA)
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task is how to integrate the public sector into industrial material flows. Examples
are the cascade use of industrial and municipal waste as well as carbon emission
that become increasingly important as recyclable carbon sources. A public
administration realizing the innovative potential and preparing an administrative
framework for such options will become a decisive factor in green chemistry.

13.3.5 Public Acceptance

In general, bio-based products are well accepted especially by those brand-owners
who win customers by emphasizing the bio-based nature of their products. A model
example is Coca Cola’s PlantBottle® (partially bio-based PET) in the leading
bioplastics packaging sector (Fig. 13.6).

Fig. 13.6 Capacities and applications of bioplastics (2014). Reprinted from Ref. [13] with
permission from European Bioplastics
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Nevertheless, bioeconomical production lines are not without conflicts, espe-
cially bio-sourced fuels and chemicals are perceived not sustainable per se [14].
When it comes to plant-based raw materials the “food versus tank” topic has been
discussed all over the world. The acceptance of genetically modified (GM) crops is
a regional phenomenon. It is low in most of Europe but high in the Americas and
Asia. Also, the expansion of sustainable resources of energy is not without conflicts
as it comes with small scale power generating facilities in rural regions and unspoilt
countryside. Regions that are able to adequately shape the public opinion fulfil one
of the crucial preconditions for pioneering bioeconomy.

13.3.6 Cluster

There are 2 types of bioeconomy clusters:

• those evolving from established fossil-based clusters, and
• new clusters starting from bio-feedstock supply.

Established clusters on the one hand benefit from a proven industry, infras-
tructure, science landscape and administration, but on the other hand, running
structures and systems tend to come along with strong inertia. Such clusters already
comprise multi-faced industries for further processing which can build on estab-
lished competences whether their raw stock or semi-finished materials are fossil- or
bio-based. As it takes years and decades to evolve such a complex industrial
landscape this is a competitive advantage not to be underestimated.

Biomass regions have a clear advantage when feedstocks take a high share of
operating cost. An example is the Brazilian bio-ethanol industry which delivers
25 % of global bio-ethanol due its superior position in cultivating sugar cane. More
than 400 “usinas” (sugar-cane refineries) produced 23.4 billion liters of bio-ethanol
in 2014 [15, 16] and there are plans to expand the volume and product spectrum [17].

Another accumulation of biorefineries and ethanol fermentation is seen in the US
corn producing states. In 2013, 210 fermentation plants produced 40 million tons
(56 % of global production) of bioethanol [18, 19]. Together, Brazil and the US
account for more than 80 % of the global bioethanol capacity.

In Indonesia and Malaysia, which account for 85 % (60 million tons) of the
global palm oil production, hundreds of oil mills are running with further goals to
capture added value chains in the energy as well as the chemical fields [20–22].

All these examples show evolving clusters comprising feedstock production and
processing. Additional competencies in crop breeding and cultivation as well as
plant and equipment engineering are being developed in parallel. In the foreseeable
future both types of clusters offer good chances, but while the bioeconomy unfolds
globally, established industrial clusters will find a serious competitor in
feedstock-based clusters. Sustainability of these clusters will depend very much on
science, education and entrepreneurship that is driving innovation.
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13.4 Ways into Chemurgy and Green Chemistry Regions

There is no single roadmap to the fledgling bioeconomy. It depends on the starting
conditions in feedstock supply, existing industries, target sector, infrastructure and
other pillars as to how to transform a region into chemurgy and green chemistry.

For example, Malaysia is developing a renewable energy and chemical sector
based on its strong position in palm oil production and has published the Malaysian
Biomass Strategy in 2011 [23]. A special topic in this program is building industries
in the framework of the so far neglected resources such as empty fruit bunches and
palm oil effluents in the producing regions.

The US is using its leading position in corn production to build a renewable
energy and chemical sector with a special focus on 2nd generation fuel from
lignocellulosic sources. This strategy follows the National Bio-Economy Blueprint
published in 2011 [24].

Europe also produces a significant amount of biomass resources. It published its
bioeconomy vision back in 2007 [25], which was complemented by the European
Vanguard Initiative [26] aiming at regional competitiveness in general. Since 2014,
several developed nations, from middle- to south-east Europe along the river
Danube (among them Austria, Croatia, Czech Republic, Hungary, Slovakia,
Slovenia, Germany), run the project Danube-INCO.NET [27] which works on the
topic of bioeconomy in these regions beside others. The latest example is the 3BI
cluster project (Brokering Bio-Based Innovation) [28] where organizations from
The Netherlands, France, UK and Germany joined forces in 2015.

In Europe, key regions that can be transformed towards chemurgy and green
chemistry are in north-western Europe the directly adjacent regions of the Belgium
province of Flanders, The Netherlands and the German state of North
Rhine-Westphalia (NRW). This cross-border region starts from the sea ports of
Antwerp and Rotterdam and reaches south along Europe’s strongest logistics line
along the rivers Rhine and Ruhr. Because of these anchor points the region is called
the ARRR cluster; one of the 5 globally leading chemistry clusters generating 30 %
of European chemical sales. It owes its excellent global rank and reputation from
well-established and outstanding pillars in infrastructure, industries, science, edu-
cation and public administration supported by understanding civil societies. The
relevance of the chemical sector in this border-crossing mega-cluster is exemplified
by the world’s highest sales volume of chemicals per capita (Fig. 13.7).

Not only the essential role of chemistry in all three regions but also comparable
economical performance based on adequate regional pillars of competence make
this border-crossing chemistry cluster a model for well-balanced cooperation
(Table 13.6).

ARRR’s way into chemurgy and green chemistry follows the bioeconomy
strategy of the EU, Flanders/Belgium, The Netherlands and NRW/Germany
[31–35]. For many years bioeconomy initiatives are working separately at the
national and regional levels. In Germany, biotechnology initiatives started in the
1980’s [36] and in 2007 the Cluster Industrial Biotechnology e.V. (CLIB2021) was
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initiated by top-down official cluster policies [37] primarily to address bio-based
chemicals. Since then CLIB evolved to become a bottom-up cluster championed by
about 100 members from big industries (>1000 full-time employees), SME (50 %
of membership), academia, investors, industrial sites and associations. Thirty per-
cent are non-German members from all over the world (Fig. 13.8). These mem-
bership categories give CLIB both a critical mass and a well-balanced industrial,
academic, regional and cross-regional competence profile.

The special feature of CLIB’s strategy is to work with and connect world leading
technology owners, industries and bioeconomy regions by providing open inno-
vation platforms and actively acting as a value chain broker. Member industries are
especially interested in greening supply chains and adding functional value to
products. To strengthen the science base CLIB has run an academic technology
program at 4 academic institutions in NRW from 2009 to 2013 which stably
established the key disciplines of polyomics (genome and metagenome analysis),
expression, biocatalysis and DSP (downstream processing). Since 2009, the very
same institutions implemented Europe’s biggest graduate program for biotechnol-
ogists and (bio-)chemical engineers (CLIB GC) from all over the world [39]. So far

Fig. 13.7 Chemical sales volume per capita in different countries (2010; minus life sciences).
Reprinted from Ref. [29] with permission from author

Table 13.6 Key data of the ARRR mega-cluster and its regions [30]

ARRR Flanders
(Belgium)

The
Netherlands

NRW
(Germany)

Population (mio) 40.9 6.35 17 17.5

GDP (bn EUR) 1382 221 579 582

GDP/capita (EUR) 33,572 33,400 34,059 33,257

Industry (% of GDP) 25 19.5 29 25.4

Chemical ind. (bn
EUR)

168 43 60 65
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60 alumni entered academic or industrial careers. As CLIB’s home region NRW is
producing 30 % of Germany’s carbon emission especially from power generation
and heavy industries, the development of C1-based biocatalyzed value chains is of
special interest (Fig. 13.9).

The C1-based value chain is one of the topics in “RIN (Regional Innovation
Network) innovative and sustainable Material Flow” [41], a CLIB-project which
analyses and evaluates the regional green chemistry potential concerning feedstock
base, logistics, private and public stakeholders, administration, cross-sectorial
options in a specific county [Rheinland (NRW); Fig. 13.10] and looks for exchange
with the local population.

The next level of CLIB’s regional activities is partnering with its
ARRR-neighbors, the Netherlands and Flanders. Each of these has a strong foun-
dation. In the Netherlands, the Biotechnology Based Ecologically Balanced
Sustainable Industrial Consortium (BE-BASIC Foundation) has been working since
2010; and in Flanders essencia, the Belgian Association of the Chemical Industry
partnered with the Flanders Innovation Hub for Sustainable Chemistry FI-SCH.
Promoting cluster growth by exchange with other clusters [4] is a key element of
CLIB, BE-BASIC and FI-SCH. In a bottom-up initiative in 2013 [42], these and 11
more national and regional organizations took the initiative to form the
border-crossing Bio-Innovation Growth mega-cluster (BIG-C) with a clear focus on
transforming the ARRR mega-cluster into Europe’s leading chemurgy and green
chemistry region [42]. This initiative is backed by a critical mass of strong
industries, a crucial factor in cluster development [37]. Besides, the governments of
Flanders, the Netherlands and NRW/Germany have been involved from the very
beginning and supported the BIG-C’s strategy. According to the German support
strategy to “strengthen strengths” [43] the German Federal Ministry of Education

Fig. 13.8 Membership of
CLIB2021 (total 100;
non-German members
highlighted). Reprinted from
Ref. [38] with permission
from CLIB2021
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and Research (BMBF) announced recently its support of CLIB’s BIG-C activities
[44].

The BIG-C’s strategy meets the European strategy “Towards a Circular
Economy: A Zero Waste Program for Europe” [45] for making better use of
resources for the economic and environmental benefit of Europe and makes further
link with the Europe 2020 Strategy [46, 47] for smart, sustainable and inclusive
growth. Processing chains should valorize all industrial material flows, thus:

• increasing feedstock efficiency,
• reducing side streams, and
• climate damaging emission.

Specifically BIG-C aspires to develop and realize four complete value chains
from feedstock through intermediates and components up to consumer product
(F2P) [48]:

• F2P woody biomass (lignocellulose)
• F2P agro-based biomass
• F2P organic side streams
• F2P CO/CO2-containing gas

Fig. 13.9 Potential C1-based value chains. Reprinted from Ref. [40] with permission from
CLIB2021
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This ambitious and long-termed vision (Fig. 13.11) will rely on a largely inte-
grated infrastructure and a world-class complementary industrial as well as aca-
demic landscape in Europe’s economical center with two multi-purpose pilot
facilities (Bio Base Europe-Pilot Plant in Gent, Belgium and Bioprocess Pilot
Facility in Delft, Netherlands).

BIG-C’s work program (2014/2015) addresses the regional pillars of compe-
tence as discussed earlier. Logistics and raw materials potential are analyzed on
county level in the project Regional Innovation Network (RIN) [41]. In Gent
(Flanders) the connection of an industrial gaseous carbon source and gas fermen-
tation is investigated on production site level [49] and at the Port of Rotterdam (The
Netherlands) SkyNRG [50] works on producing biobased aviation fuel.
Corresponding to the industrial demand of biobased supply chains market-oriented
areas of work have been defined (biobased aromatics and aviation fuel, use of

Fig. 13.10 The Rheinland county in NRW (Germany) is evaluated concerning pillars of
competence in bioeconomy. Reprinted from Ref. [40] with permission from CLIB2021
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C1-feedstock). These topics are also addressed in BIG-C’s research and education
institutions in order to provide the necessary technologies and specialists. How to
deal with public expectations and adjustment needs is a horizontal topic which
includes communicating with private and public stakeholders.

Green chemistry will form regional, cross-regional and international/
intercontinental value chains. BIG-C seeks to address all levels and strives to
cooperate with global regions. Since 2009, CLIB has worked beyond Europe with
North-America, Brazil, Russia, Malaysia and China, sharing valuable contacts and
experiences with its BIG-C partners who are equally active especially in Brazil and
India.

The 2015 G7 Summit (Elmau; Germany) and the 2015 Climate Change
Conference (Paris; France) strongly called for decarbonization by the end of this
century which means the displacement of fossil carbon sources completely.
Accordingly, chemical industries, other than the energy sector that absolutely
depend on carbon sources, are most vulnerable. The future lies in bio- and circular
economy whose urgency has been confirmed by the 1st Global Bioeconomy
Summit in November 2015 in Berlin (Germany) [51]. Up to now more than 40
countries have adopted specific bioeconomy strategies (Fig. 13.12), all have been
developed along national and regional requirements [52, 53]. It is high time for
implementation of future chemurgy and green chemistry regions. In doing so it is
important to prepare the regional pillars of competitiveness the right way.
Especially in the coming transition phase from the fossil- to the bio-based economy
this is complex and difficult task. Nevertheless, those early receptors of the chal-
lenge and ability to adapt fast will obtain a real competitive advantage.

Fig. 13.11 Time and investment frame of BIG-C from R&D to commercialization. The map
shows BIG-C’s regions Flanders (Belgium), The Netherlands and NRW (Germany). Reprinted
from Ref. [29] with permission from author
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