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INTRODUCTION

This book is divided into two parts. The first part contains 22 chapters covering
different areas of chemical and bioprocess engineering. Selected articles from
the 2013 International Conference on Chemical and Biochemical Engineering
in India, held at the Chemical Engineering Department of the National Institute
of Technology, Warangal, are organized in two parts. The two parts cover a wide
variety of interdisciplinary topics from nanoscience with emphasis on particle
production to applications in wastewater treatment, energy materials, etc.

In Part I, we attempted to highlight recent trends in chemical and biochemi-
cal engineering, such as integration of processes syrup and concentrate, uniflow
cyclone design and its optimization, batch fermentation process and para mul-
tivariate statistical MCA model analysis, extended Kalman filter (EKF) based
state and parameter estimation for reactive batch distillation process, statistical
optimization, newer feedstock for ethanol production, and optimization of these
processes. Some of the reaction kinetics problems of aniline nitration reaction
are also addressed in Chapter 8. Detailed experimental rheological studies of
microbubbles and suspension are also reported as are several thermodynamics
studies of petroleum feed-stock butanol decomposition. A novel method devel-
oped to increase the cleavage efficiency of recombinant bovine enterokinase
using magnesium ion as cofactor is also included as part of the coverage of
biochemical engineering. A detailed study of the development of an optimum
condition for production of chitosan from fish scales is also reported in Chap-
ter 15. CFD study of mixing in shear thinning fluid in stirred tanks is also re-
ported in this book. Also included is heat transfer analysis, CuO in helical coil.
Homology modeling of a 3-D structure of L-asparaginase from Enterobacter
aerogenes KCTC2190 using Swiss-Model is also discussed. The hydrodynamic
behavior of mixing of binary mixture in a spout-fluid bed is strongly influenced
by the difference in properties of the respective particles and is also covered.
The effect of various parameters of continuous fluidized bed drying is reported
in Chapter 20. Flow behavior in microchannels by using CFD simulation and
velocity profile at outlet of the microchannels is also reported. Also in this book
the experimental study and work that involves mass transfer without chemical
reaction and mass transfer with chemical reaction is examined.

The second section of this book consists of chapters related to energy, the
environment, and nanotechnology and allied chemical engineering themes.
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Energy generationand storage is one of the important challenges today, and
chemical engineering will play an important role in this area; hence we felt it
was important to include some coverage of subject area of materials engineering
and energy. Chapter 23 reports on the finding of the use of proper equipment
and optimization of air fuel mixture that can save significant energy and can be
helpful for the environment also. Membrane technology is a very important area
in terms of clean drinking water, and separation technology is a concern, which
is explained in Chapter 24. Another chapter reports on the performance of the
hollow fiber (HF) membrane synthesized by using PVDF as a semicrystalline
polymer. Chapter 25 recounts a study on epoxidation of vegetable oil that can
be carried out in situ with formed or preformed peroxyacid in the presence of an
acidic catalyst. Chapter 30 deals with the removal of toxic heavy ions metals,
mainly copper and their ions from pollutant industrial wastewater.

The development of a kinetic model for the production of acetone, butanol,
and ethanol (ABE) by using fermentation of starch is also related in Chapter
27. In Chapter 28 vegetable biomass used for production of holocellulolytic
enzymes is examined. The removal of ammonium from wastewater by using
method of biological nitrification is reported in Chapter 29, and in Chapter 30,
the removal of chromium from aqueous solution by using sawdust, fly ash, and
bagasse as an adsorbent is reported. In Chapter 31 the preparation of PANI-
calcium zinc phosphate nanocomposite by ultrasound assisted in situ emulsion
polymerization of aniline is covered. The performance of 2K epoxy coatings in
presence of nanoclay filler is related in Chapter 32. In Chapter 33 the biosyn-
thesis of silver nanoparticles using natural reducing agents is described. Degra-
dation and adsorption of azo dye Malachite Green (MG) that is widely used in
textile dyeing by means of ultrasonic cavitation is also reported in Chapter 34.
Synthesis of nanoparticles of iron oxide is examined in Chapter 35. In addition,
a comparative study of the production of nanoparticles in microreactor and ad-
vanced flow reactor is presented in Chapter 36.

We trust that the varied chapters in this book will stimulate new ideas, meth-
ods, and applications in ongoing advances in this growing area of chemical and
biochemical engineering. Through this book we have provided an exploration
of the emerging areas in this field, such as water treatment, CFD simulation,
nanotechnologies, polymer engineering, drying,fluidization, mass transfer, bio-
chemical engineering, fermentation technologies, reactive distillation, microre-
actor, and more, that are poised to make the new revolution become a reality.



PART I

CHEMICAL AND BIOPROCESS ENGINEERING
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4 Chemical and Bioprocess Engineering: Trends and Developments

1.1  INTRODUCTION

Surfactants constitute an important class of industrial chemicals used widely
in almost every sector of modern industry. Present worldwide production of
surfactants is around 12.5 million tons per year worth approximately US$28
billion, growing at the rate of about 0.5 million tons per year. Around 60 percent
of surfactant production is used in household detergents, 30 percent in industrial
and technical applications, 7 percent in industrial and institutional cleaning, and
3 percent in personal care. Asia accounts for largest share of global detergents
consumption at 33 percent, whereas Eastern Europe’s soaps and detergents mar-
ket is reported to grow at a faster rate than Asia [1]. Almost all of these surfac-
tants are petroleum based and are produced by chemical processes, which often
damaging to environment are leading to significant ecological problems. Hence
interest in biosurfactants has been steadily increasing in recent years due to their
eco-friendly nature [2].

Microbially produced surfactants which are referred to as biosurfactants
must compete with surfactants in three aspects—cost, functionality, and pro-
duction capacity to meet the needs of intended applications [3]. Biosurfactants
like glycolipids, thamnolipids that are environmental friendly, nontoxic, and
active over wide range of temperature and pH, can be produced with reason-
able yields by microorganisms. One class of biosurfactants that is being cur-
rently produced industrially is glycolipids [4]. They are made up of disaccharide
sophorose linked to a hydroxy fatty acyl moiety. The hydroxy fatty acid itself
counts in general 16 or 18 carbon atoms and can have one or more unsaturated
bonds [5]. They possess good surface active properties and show excellent skin
compatibility, a property that is very important for cosmetic and personal care
applications [6, 7].

The cost of raw materials makes up approximately 40-50 percent of the
whole expense for biosurfactants production [8]. To overcome this problem,
processes should be coupled to utilization of waste substrates combating at the
same time their polluting effect which balances the overall costs [9]. Frying oil
is produced in large quantities for use in both food industry and at the domestic
scale. After usage, cooking oil changes its composition and contains more than
30 percent of polar compounds depending on the variety of food, the type of
frying, and the number of times it has been used [10]. In the present work along
with glucose, waste fried sunflower oil (WFSFO) has been used as carbons sub-
strate, to synthesize sophorolipids from Starmerella bombicola, with two objec-
tives. Earlier researchers have already studied the synthesis of sophorolipids
using glucose and sunflower oil from Starmerella bombicola and reported and
yield of 38.6 g/ [11].
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Starmerella bombicola a teleomorph of Candida bombicola is a less reported
species capable of producing sophorolipids (SLs). Sophorolipids fermentation
is a two-step process in which production occurs after growth when one of the
nutrients, such as the nitrogen source, has been exhausted [12, 13]. Any attempt
to increase the yield of a biosurfactants demands optimal addition of media
components and selection of the optimal culture conditions that will induce the
maximum or the optimal production [14]. Hence for maximizing the production
of sophorolipids, the concentrations of different media components are critical.
A very efficient way to enhance the value and quality of research and to cut
the process development time and cost is through statistically designed experi-
ments. The full factorial central composite design (CCD) consists of a complete
2% factorial design, where K is the number of test variables, n_center points (7 >
1) and two axial points on the axis of each design variable at a distance a (=2%)
from the design center [15]. A full factorial composite design is used to acquire
data to fit an empirical second-order polynomial model. For four factors, the
quadratic model takes the following form,

Y =6+ Bx+ Box, + Bx, + B, +ﬂ11x12 "'ﬂzzxz2 +ﬂ33x32 +ﬂ44x42 + L%, + fxx,
Buxix, + B,y + Boy,x, + Buxix,

where x,, x,, x,, and x, represent four selected factors, concentration of glu-

cose, WFSFO, yeast extract, and urea. Y is the response value, concentration of

sophorolipids produced at the end of incubation period. §,and 3, are the model

coefficient parameters estimated from regression results.

(1.1)

1.2 MATERIALS AND METHODS
1.2.1 MICROORGANISM

Starmerella bombicola MTCC 1910 was procured from Institute of Microbial
Technology, Chandigarh, India. The organism was maintained on dextrose—
peptone—yeast extract agar slants and subcultures every 4—6 weeks. Seed cul-
ture was developed from frozen Starmerella bombicola in 250 ml Erlenmeyer
flasks containing sterile 50 ml medium. The composition of the inoculum me-
dium was (g/l): glucose 100 and yeast extract 10. This was inoculated with one
loop of the strain from agar slant and incubated for 48 hr at 30°C on a rotary
shaker at 200 rpm [15, 16].

1.2.2 EXPERIMENTAL DESIGN

A 2% full factorial CCD with 7 replicates at the center point, 16 cube points and
8 axial points was used to optimize the production of sophorolipids. The upper
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and lower limits of range of variables covered in the present study are shown in
Table 1.1.

TABLE 1.1 Experimental range and levels of independent variables

-2 -1 0 1 2
Glucose (g/1) 0 50 100 150 200
WEFSFO (g/1) 0 50 100 150 200
Yeast extract (g/1) 0 5 10 15 20
Urea (g/1) 0 0.5 1.0 1.5 2.0

The details of the experimental conditions generated by the software are
shown in Table 1.2.

TABLE 1.2 F.F.C.composite design matrix of four variables in coded and natural units with
the observed responses

ONo x w w Ol WESO LU

(g (g
1 -1 -1 -1 -1 50 50 5 0.5 30.06
2 +1 -1 -1 -1 150 50 5 0.5 33.21
3 -1 +1 -1 -1 50 150 5 0.5 32.12
4 +1 +1 -1 -1 150 150 5 0.5 33.02
5 -1 -1 +1 -1 50 50 15 0.5 31.19
6 +1 -1 +1 -1 150 50 15 0.5 28.41
7 -1 +1 +1 -1 50 150 15 0.5 26.10
8 +1 +1 +1 -1 150 150 15 0.5 19.24
9 -1 -1 -1 +1 50 50 05 1.5 23.66
10 +1 -1 -1 +1 150 50 05 1.5 21.52
11 -1 +1 -1 +1 50 150 05 1.5 21.12
12 +1 +1 -1 +1 150 150 05 1.5 17.12
13 -1 -1 +1 +1 50 50 15 1.5 15.23
14 +1 -1 +1 +1 150 50 15 1.5 10.12
15 -1 +1 +1 +1 50 150 15 1.5 9.52
16 +1 +1 +1 +1 150 150 15 1.5 12.62
17 -2 0 0 0 0 100 10 1 13.24
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TABLE 1.2 (Continued)

ObsNo x, X, X, X, Gl(lglfl(;se W(l:;ll; 0 EYx't [(Jgr/?;‘ Psrl:)ii
(g (g

18 +2 0 0 0 200 100 10 1 17.25
19 0 -2 0 0 100 0 10 1 25.21
20 0 +2 0 0 100 200 10 1 18.25
21 0 0 -2 0 100 100 0 1 30.12
22 0 0 +2 0 100 100 20 1 24.85
23 0 0 0 -2 100 100 10 0 33.31
24 0 0 0 +2 100 100 10 2 15.92
25 0 0 0 0 100 100 10 1 33.12
26 0 0 0 0 100 100 10 1 33.52
27 0 0 0 0 100 100 10 1 32.14
28 0 0 0 0 100 100 10 1 32.56
29 0 0 0 0 100 100 10 1 33.29
30 0 0 0 0 100 100 10 1 32.92
31 0 0 0 0 100 100 10 1 33.10

All the experiments were carried out in duplicate and the amount of sopho-
rolipids produced was estimated based on the average value of two experiments,
which are also listed in Table 1.2. The optimal concentrations of the media com-
ponents were obtained by solving the regression equation which was developed
by fitting the process variables against the concentration of the sophorolipids
produced.

1.2.3 RECOVERY, QUANTIFICATION, AND
CHARACTERIZATION OF SOPHOROLIPIDS

The volume of entire culture medium after fermentation was measured and cen-
trifuged at 10,000 rpm at 4°C for 20 min. The supernatant was extracted twice
with equal volumes of ethyl acetate. Since the recovery and concentration of
biosurfactants from fermentation broth largely determines the production cost,
ethyl acetate was identified to be a better choice than the highly toxic chloro-or-
ganic compounds [17]. The pure sophorolipids were recovered from the hexane
by vacuum evaporation and then accurately weighed. Sophorolipids synthesized
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using glucose and WFSFO was characterized by Fourier transforms infrared
spectroscopy (FT-IR) and Fourier transforms nuclear magnetic resonance (FT-
NMR) techniques.

1.3 RESULTS AND DISCUSSION
1.3.1 RESPONSE SURFACE METHODOLOGY

The amount of sophorolipids (g/l) produced, under each of the experimental
conditions is listed in Table 1.2 and are related to the process variables using the
regression equation by surface response methodology as,

Y =3.65+0.37x, +0.21x, +1.3x, +7.77x, —0.002x7 —0.001x> —0.051x? —8.00x

—0.0005x,x, —0.002x,x, —0.06x,x, —0.003x,x, —0.006x,x, — 0.3 Lx,x, (1.2)

WhereY is the amount of sophorolipids and x , x,,x,, and x,are the coded values
of the test variables glucose, WFSFO, yeast extract, and urea concentrations
respectively. The significance of each coefficient was determined by student’s ¢
test and p values which are listed in Table 1.3.

TABLE 1.3  Analysis of variance for sophorolipids production

Degrees of  Sum of Adjusted  Adjusted

Source Sum of Mean of t Value p Value

Freedom Squares

Squares Squares

Regression 14 1,816.04 1,816.036 129.717 14.57 0.000
Linear 4 1,045.12 292.427 73.107 8.21 0.001
Square 4 745.16 745.163 186.291 20.93 0.000
Interaction 6 25.75 25.749 4.291 0.48 0.812
Residual 16 14244 142.439 8.902
error
Lack of fit 10 141.14 141.138 14.114 65.09 0.000
Pure error 6 1.30 1.301 0.217
Total 30 1,958.47

R?=10.927; adj R* = 0.864; and R = 0.96.

The p values were used as a tool to determine the significance of each of
the coefficients, which in turn, are necessary to understand the pattern of mu-
tual interactions between the test variables [18]. The larger of the magnitude
of the t-value and smaller of the value of p-value, the more significant is the
corresponding coefficient [15]. Based on the p-values, interactions of glucose-
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WESFO, glucose-urea, and WFSFO-urea are insignificant. After removing the
insignificant parameters, Eq. (1.2) can be simplified as,

Y =3.65+0.37x, +0.21x, +1.3x, +7.77x, —0.002x} —0.001x; —0.051x; —8.00x;
—0.002x,x, —0.003x,x, —0.31x,x, (1.3)

Ahigh R?value 0f 0.927 and R of 0.96 indicate the close proximity of the model
equation with the experimental data. Among the first order terms, glucose has
the lowest p value, which implies the first order effects of glucose is very sig-
nificant, and it has to be maintained at zero level for the maximum production
of sophorolipids. WFSFO has also got low p value (0.007). Increasing the con-
centration of oil resists the growth of microorganism as it creates stress to the
microorganism and retards the production of sophorolipids.

The quadratic main effects of glucose and sunflower oil are also more pro-
nounced than the others. This suggests that any minor change in these variables
from their zero level values would cause a second-order positive or negative
shift in the production of sophorolipids. The initial concentration of glucose is
very important as Starmerella bombicola grows by consuming glucose, while
the stress created by the presence of WFSFO after the depletion of glucose,
produces extracellular product sophorolipids. Sophorolipids produced acts as
emulsifier which facilitates the consumption of lipidic carbon source by micro-
organism. As concentration of the sunflower oil has to be maintained around
zero level, concentration of the yeast extract can be minimized which increases
the production of sophorolipids. Process economics favors such a reduction as
yeast extract is costlier than sunflower oil. It is also well known that sophorolip-
ids production occurs under nitrogen limiting conditions [12—16]. The summary
of the results of the ANOVA analysis of the quadratic response surface model is
presented in Table 1.4.

TABLE 1.4 The least squares fit and parameter estimates(significance of regression
coefficients)

Term Factor Errors Standard Errors t P

Intercept 3.650 8.760 0.417 0.682
X, 0.373 0.069 5377 0.000
X, 0.213 0.069 3.067 0.007
X, 1.304 0.069 1.880 0.078
X, 7.767 6.94 1.120 0.279
X, XX, —0.001 0.000 —7.784 0.000

X, X X, —0.001 0.000 —4.879 0.000
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TABLE 1.4 (Continued)

Term Factor Errors Standard Errors t P

X, XX, —0.051 0.022 —2.300 0.035
X, XX, —8.003 —8.003 —3.586 0.002
X XX, 0.000 0.000 0.002 0.999
XXX, —0.002 0.003 —0.801 0.435
x,+x, —0.006 0.030 -0.214 0.833
X, X X, —0.003 0.003 -1.039 0314
X, XX, 0.006 0.030 0.188 0.853
X, XX, -0.312 0.298 —1.044 0.312

Regression Eq. (1.3) was solved to get optimal design conditions. The opti-
mum levels of glucose, WFSFO, yeast extract, and urea were found to be 100
g/l, 87.6 g/1, 6.9 g/1, and 0.3 g/l respectively. Under the optimized experimental
conditions the model predicts a highest concentration sophorolipids correspond-
ing to 38.67 g/l. To ensure the repeatability of the optimum conditions, experi-
ments were conducted at the optimized conditions, which resulted in a sophoro-
lipids concentration of 37.44 g/l in close agreement with the model prediction.

'"H-NMR spectrum of the sophorolipid taken in chloroform is as shown in
the Figure 1.1.

"l B e

FIGURE 1.1 'H NMR spectra of sophorolipids synthesized from glucose and WESFO.
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It was assigned to a typical glycolipid type structure. The protons of glucose-
H-1'" and glucose-H-2" were resonated at 4.46 and 4.48, and 4.56 and 4.58 ppm
respectively. The other protons of two glucoses were resonated at 3.50-4.40
ppm. Multiple signals of protons at 1.23—1.32 revealed the existence of a fatty
acid chain moiety and signals at 5.35-5.36 revealed -CH=CH- group in the
fatty acid chain. A signal at 2.09 ppm revealed the presence of (~COCH,) group
in the sophorolipid.

1.4 CONCLUSIONS

In the present work mixed carbon source glucose and WFSFO was employed
for the synthesis of sophorolipids from Starmerella bombicola. It can be con-
cluded that sunflower oil can be replaced by WFSFO without any major reduc-
tion in the amount of sophorolipids synthesized. Gas chromatographic analysis
of WFSFO revealed that, there was an increase in the oleic acid level from 31.38
to 41.28 percent, which is desirable for the synthesis of sophorolipids. In the
present work culture media components were optimized for the maximum pro-
duction sophorolipids by using 2*—full factorial response surface model based
on central composite design. The regression model developed relates sophoro-
lipids produced to the process variables which enable to analyze the individual,
cumulative, and interactive effects of the medium components. The optimum
condition for maximizing the sophorolipids production was obtained by solv-
ing the regression equation. Based on the model the optimum concentrations of
glucose, WFSFO, yeast extract, and urea were found to be 100 g/1, 87.6 g/1, 6.9
g/l, and 0.3 g/l respectively, with the amount of sophorolipids produced being
38.67 g/l. The study identified the interaction between sunflower oil and yeast
extract to be critical for the maximum production of sophorolipids. FT-IR and
"H-NMR analysis confirmed the structure of glycolipid for the product formed.

KEYWORDS

¢ Biosurfactant

¢ Mixed carbon substrate

¢ Response surface methodology
o Sophorolipids

e Starmerella bombicola
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2.1 INTRODUCTION

The overall decline in the conventional oil production, emission of carbon mon-
oxide due to burning of fossil fuels and threatening global climatic change high-
lights the need for an alternative energy fuel [1]. Ethanol serves this purpose
well as it possesses the following advantages over conventional fuel: it reduces
CO emissions, it can easily blend with petrol, ensures cleaner environment, and
also renewable. Bioethanol can be produced from domestically abundant sourc-
es of biomass including agricultural and forestry residues, waste papers and
other sizeable portions of municipal solid wastes [2].

Cassava is cultivated in tropical and subtropical regions of Africa, Asia,
Latin America, and the Caribbean by poor farmers, many of them women, often
on marginal land. It is the third largest source of food carbohydrates in the trop-
ics after rice and maize—providing a basic diet for around 500 million people,
200 million of them in sub-Saharan Africa. The cassava plant gives the highest
yield of carbohydrates per cultivated area among crop plants, only surpassed by
sugarcane and sugar beets [3]. Cassava peel and waste are the wastes generated
during the processing of their tuber to starch. They pose serious threat to envi-
ronment because they are highly organic in nature [4]. Starch and total sugars
present in cassava peel and waste are hydrolyzed to fermentable sugars by amy-
lolytic yeast and then fermented to ethanol by yeasts or bacteria.

The objectives of the present study was to demonstrate the fitness of mixed
feedstock of cassava peel and cassava waste for ethanol production through one
step fermentation by employing one-factor-at-a-time (OFAT) and to optimize
the process parameters for maximum ethanol production.

2.2 MATERIALS AND METHODS
2.2.1 MATERIALS

Cassava peel and waste were collected from starch processing industry in Na-
makkal district, Tamil Nadu. Saccharomycopsis fibuligera NCIM 3161 was
received from National Collection of Industrial Microroganisms, National
Chemical Laboratory, Pune, Maharashtra and Zymomonas mobilis MTCC 92
was received from Microbial Type Culture Collection, Institute of Microbial
Technology, Chandigarh, Punjab. Saccharomycopsis fibuligera NCIM 3161
was grown on 100 ml sterile broth in 250 ml Erlenmeyer flask containing 3%
(W/v) cassava starch, 0.05% (w/v) yeast extract and 0.05% (w/v) peptone by
incubating at 28°C. Zymomonas mobilis MTCC 92 was grown separately on
100 ml serile broth in 250 ml Erlenmeyer flask containing yeast extract glucose
salt (YEGS) medium (20% (w/v) glucose, 1.11% (w/v) yeast extract, 1 g/10 ml
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MgCl,, 1 g/10 ml (NH,),SO,, 1 g/10 ml KH,PO,) by incubating at 30°C. Both
cultures were subcultured every fourth week.

2.2.2 BATCH FERMENTATION STUDIES

The batch fermentation studies were carried out in 250 ml Erlenmeyer flasks by
mixing substrate and inoculum providing optimum environmental conditions
for bioconversion. The flasks were kept on a thermostat incubated shaker for
different periods of time. The supernatant was used for measurement of ethanol
concentration.

2.2.2.1 EFFECT OF CASSAVA PEEL-TO-CASSAVA WASTE RATIO
ON ETHANOL PRODUCTION

In single-step fermentation, the effect of cassava peel-to-cassava waste ratio
was studied with different ratios of mixed feedstock of cassava peel-to-cassava
waste (1:1, 2:1, and 3:1) maintaining constant substrate concentration of 50 g/L,
4.5 pH, temperature of 37°C, inoculum size of 10% (v/v), and agitation of 100
rpm for 72 h. The quantity of ethanol produced was quantified using dichromate
method [5].

2.2.2.2 EFFECT OF SUBSTRATE CONCENTRATION ON ETHANOL
PRODUCTION

The effect of substrate concentration was studied by varying from 10 to 90 g/L
maintaining constant cassava peel-to-cassava waste ratio of 2:1, 4.5 pH, and
temperature of 37°C, inoculum size of 10% (v/v) and agitation of 100 rpm for
72 h in single-step fermentation.

2.2.2.3 EFFECT OF REACTION TIME ON ETHANOL PRODUCTION

Single-step fermentation was studied by varying reaction time from 72 to 168
h to study the effect of reaction time on ethanol concentration maintaining con-
stant cassava peel-to-cassava waste ratio of 2:1, substrate concentration of 50
g/L, 4.5 pH, temperature of 37°C, inoculum size of 10% (v/v), and agitation of
100 rpm.
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2.2.2.4 EFFECT OF TEMPERATURE ON ETHANOL PRODUCTION

In single-step fermentation, the effect of temperature was studied by varying
from 27 to 47°C maintaining constant cassava peel-to-cassava waste ratio of
2:1, substrate concentration of 50 g/L, 4.5 pH, inoculum size of 10% (v/v) and
agitation of 100 rpm for 120 h.

2.2.2.5 EFFECT OF PH ON ETHANOL PRODUCTION

The effect of pH was studied by varying from 3.5 to 5.5 using 0.1 N HCl or 0.1
N NaOH. The cassava peel-to-cassava waste ratio of 2:1, substrate concentra-
tion of 50 g/L, temperature of 37°C, inoculum size of 10% (v/v) and agitation of
100 rpm for 120 h were maintained constant in single-step fermentation.

2.2.2.6 EFFECT OF INOCULUM SIZE ON ETHANOL
PRODUCTION

Single-step fermentation was studied by varying inoculum size from 5 to 15%
(v/v) with Saccharomycopsis fibuligera to Zymomonas mobilis ratio of 1:1 to
study the effect of inoculum size on ethanol concentration maintaining constant
cassava peel-to-cassava waste ratio of 2:1, substrate concentration of 50 g/L, 4.5
pH, temperature of 37°C, and agitation of 100 rpm for 120 h.

2.2.2.7 EFFECT OF AGITATION SPEED ON ETHANOL
PRODUCTION

A mixed feedstock of cassava peel-to-cassava waste in the ratio of 2:1 with
concentration of 50 g/L was inoculated with 10% (v/v) of inoculum for 120 h at
a constant temperature of 37°C on shaker varying speed from 50 to 150 rpm for
bioconversion studies for 120 h with pH of 4.5.

2.2.3 ANALYTICAL METHODS

Cell growth was measured by measuring optical density at 660 nm [6]. The total
reducing sugars were determined in the broth after centrifuging at 5,000 rpm
for 10 min by 3,5-dinitrosalicylic acid method [7]. Starch concentration was
estimated colorimetrically by anthrone method [8].
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2.3 RESULTS AND DISCUSSION

2.3.1 EFFECT OF CASSAVA PEEL-TO-WASTE RATIO ON
ETHANOL PRODUCTION

Effect of various cassava peel-to-waste ratios on concentrations of biomass,
starch, TRS, and ethanol was studied with 50 g/L of substrate. The results are
shown in Fig. 2.1. The feedstock with cassava peel-to-waste ratio of 2:1 showed
the highest ethanol concentration. There was less amount of reducing sugar in
the feedstock with more cassava waste. So the mixed feedstock with more cas-
sava peel was suitable for maximum ethanol production. Hence the cassava
peel-to-waste ratio of 2 was used for further study.
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FIGURE 2.1 Effect of cassava peel-to-waste ratio on concentrations of biomass, substrate,
TRS, and ethanol.
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2.3.2 EFFECT OF SUBSTRATE CONCENTRATION ON
ETHANOL PRODUCTION

Effect of different concentrations of substrate on ethanol co-fermentation by
Saccharomycopsis fibuligera NCIM 3161 and Zymomonas mobilis MTCC 92
was investigated when the culture was grown at 37°C and shaking at 100 rpm.
Fig. 2.2 shows that the ethanol concentration increased with increase in the sub-
strate concentration from 10 to 50 g/L and then remains constant. From this
study, the optimum concentration of substrate for ethanol fermentation was 50
g/L.
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2.3.3 EFFECT OF TIME ON ETHANOL PRODUCTION

The results showed that increasing contact time from 72 to 168 h significantly
varied the amount of ethanol produced during seven days of cultivation (Fig.
2.3). Therefore, five days was selected for the further experiments.

2.3.4 EFFECT OF TEMPERATURE ON ETHANOL PRODUCTION

The impact of the temperature on the ethanol fermentation was conducted in
50 g/L of substrate by controlling the growth temperatures at 27, 37, and 47°C.
It was observed that the ethanol concentration increased as the temperature in-
creased from 27 to 37°C and then decreased at 47°C (Fig. 2.4). Hence, the opti-
mal temperature for this process is 37°C [9].
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2.3.5 EFFECT OF PH ON ETHANOL PRODUCTION

The effect of pH on the fermentation of ethanol was carried out in 50 g/L of
substrate at 37°C. Figure 2.5 shows that the highest ethanol production was
obtained with pH of 4.5. The optimal pH for ethanol fermentation was 4.5.
At pH of 3.5 and 5.5, the co-culture produced a lesser ethanol concentration
[10]. Current results revealed that feedstock ratio, substrate concentration,
pH, and temperature affected concentrations of biomass, starch, TRS, and
ethanol.



Optimization of Ethanol Production from Mixed Feedstock 21

wofp=TRS ==fp==Substrate ==m==EtOH

Concentrations of TRS and substrate (g/1.)
=
[
S
Concentrations of ethanol (g/1.)

40 - 15
30

L 10
20

L5
10
0 4 0

3 35 4 45 5 55 6
pH

FIGURE 2.5 Effect of pH on concentrations of substrate, TRS, and ethanol.

2.3.6 EFFECT OF INOCULUM SIZE ON ETHANOL
PRODUCTION

The results showed that increasing of the inoculum size from 5 to 15% (v/v)
significantly altered the amount of ethanol produced after five days of cultiva-
tion (Fig. 2.6). Therefore, the 10% (v/v) inoculum size was selected for the next
experiment.



22 Chemical and Bioprocess Engineering: Trends and Developments

=p=TRS i EtOH #—Substrate

0
[=]
]

1

25

=]
=]
1

=]
=]
1
T
]

Concentrations of TRS and ethanol (g/L)
-
© o
T
ks
n
Concentration of substrate (g/L.)

40 -
-1
30 A /*\,(
20 - L 05
10 A
0 T T T 0
0 5 10 15 20

Inoculum size (% v/v)
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2.3.7 EFFECT OF AGITATION SPEED ON ETHANOL
PRODUCTION

Effect of oxygen transfer rate was studied by varying shaking speed from
50 to 150 rpm. The result shows that the co-culture of Saccharomycopsis
fibuligera NCIM 3161 and Zymomonas mobilis MTCC 92 with the shaking
speeds of 100 rpm produced more ethanol than that cultivated at 50 and 150
rpm (Fig. 2.7). During oxygen limitation, the bacteria might consume less
sugar for growth. Hence, the co-culture produced maximum ethanol at 100
rpm [11].
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2.3.8 EXPERIMENTS UNDER OPTIMUM CONDITIONS

The optimal process conditions were cassava peel-to-waste ratio of 2, substrate
concentration of 50 g/L, pH of 4.5, temperature of 37°C, reaction time of 120 h,
inoculum size of 10% (v/v), and agitation speed of 100 rpm for mixed feedstock
of cassava peel and waste. Under these conditions, the highest ethanol concen-
tration achieved was 26.46 g/L for mixed feedstock (93.75% of the theoretical
yield).

2.4 CONCLUSION

The co-culture of Saccharomycopsis fibuligera NCIM 3161 and Zymomonas
mobilis MTCC 92 was demonstrated to be a potential feedstock for ethanol
production through one step fermentation. The optimized parameters of cassava



24

Chemical and Bioprocess Engineering: Trends and Developments

peel-to-waste ratio of 2, substrate concentration of 50 g/L, pH of 4.5, tempera-
ture of 37°C, reaction time of 120 h, inoculum size of 10% (v/v), and agitation
speed of 100 rpm was obtained to produce 93.75% yield of ethanol.

KEYWORDS

e Cassava peel

e (Cassava waste

¢ Ethanol

e Saccharomycopsis fibuligera
e Zymomonas mobilis

REFERENCES

e AN Y

10.
11.

Singh, A.; and Bishnoi, N. R.; Ind. Crop. Prod. 2012, 37, 334-341.

Mosier, N.; Wyman, C.; Dale, B.; Elander, R.; Lee, Y. Y.; Holtzapple, M.; and Ladisch,
M.; Bioresour. Technol. 2005, 96, 673—686.

Ekundayo, J. A.; Biotransformation of cassava peel in the Niger Delta area of Nigeria
using enhanced natural attenuation. In: J. E. Berry; and D. R. Kristiansen (Eds.), Fungal
Biotechnology. London: Academic Press; 1980, 244-270.

Jyothi, A. N.; Sasikiran, K.; Nambisan, B.; and Balagopalan, C.; Process Biochem. 2005,
40, 3576-3579.

Caputi, A. J.; Ueda, M.; and Brown, T.; Am. J. Enol. Vitic. 1968, 19, 160—165.
Maynard, A. J.; Methods in Food Analysis. New York: Academic Press; 1970.

Miller, G. L.; Anal. Chem. 1959, 31, 426-428.

Hodge, J. E.; and Hofreiter, B. T.; Methods in Carbohydrate Chemistry. New York: Aca-
demic Press; 1962.

Hostinova, E.; Biol. Bratislava. 2002, 11, 247-251.

Garg, S. K.; and Doelle, H. W.; MIRCEN J. 1989, 5, 297-305.

Sandhu, D. K.; Vilkhu, K. S.; and Soni, S. K.; J. Ferm. Technol. 1987, 65, 387-394.



CHAPTER 3

PURIFICATION AND
CONCENTRATION OF
ANTHOCYANINS FROM JAMUN: AN
INTEGRATED PROCESS

J. CHANDRASEKHAR and K. S. M. S. RAGHAVARAO*

Department of Food Engineering, CSIR-Central Food Technological Research Institute,
Mysore — 570 020, India; *E-mail: raghavarao@cftri.res.in

CONTENTS

3.1 INtrOQUCHION «..eouiiiiiiieiieieet ettt e 26
3.2 Materials and Methods ..........cceeverienieiieiicieciee e 26
3.3 Results and DiSCUSSION ......ccuervirierieriieieeie ettt 29
3.4 CONCIUSIONS ..ottt 34
KEYWOTAS ..ttt ettt ettt et e e sa e re e beebeenseesaesseenns 34

RETEIENCES ...ttt et e et e e e e e eaaaes 34



26 Chemical and Bioprocess Engineering: Trends and Developments

3.1 INTRODUCTION

Demand of consumers for natural food colorants is driving manufacturers to
find natural sources of colors and flavors. Anthocyanins is a group of water
soluble natural pigments found primarily in red-toned fruits and vegetables. An-
thocyanins have a limitation due to their relative instability, which causes loss
of color, particularly under processing conditions. Extraction methods of antho-
cyanins from plant material are nonselective and yield pigment solutions with
large amounts of other compounds such as sugars, sugar alcohols, organic acids,
and amino acids which are detrimental to the stability of pigments. Stability
of anthocyanins is strongly influenced by sugars, oxygen, pH [1], temperature,
light [2], UV-light [3] and concentration of colorant itself [4]. In this regard,
attention on the purification of these pigments has been on the rise. There are
a good number of sources rich in the anthocyanins content, jamun (Jambolao)
being one among them. Various medicinal properties such as stomachic, astrin-
gent, antiscorbutic, diuretic, antidiabetic, antioxidant, and antiproliferative have
been reported for jamun anthocyanins [5—8]. Inspite of having enormous me-
dicinal and food applications, there is a paucity of information regarding the pu-
rification and concentration of jamun anthocyanins. Hence, the objective of the
present work is to develop an integrated process involving purification of antho-
cyanins from jamun employing adsorption followed by membrane pertraction
(MP) and forward osmosis (FO) for the concentration of purified anthocyanins.

3.2 MATERIALS AND METHODS

3.2.1 CHEMICALS

Amberlite XAD7HP was procured from Sigma Aldrich, St. Louis, USA. Calci-
um chloride dihydrate (CaCl,. 2H,0) and sodium chloride (NaCl) were obtained
from Ranbaxy chemicals, Mumbai, India. Jamun fruits were purchased from
local market. All the chemicals used were of analytical grade.

3.2.2 MEMBRANES

Hydrophobic polypropylene (PP) membrane (Accurel, Enka, Germany) of pore
size 0.05 um was used for membrane pertraction. Hydrophilic membrane (Os-
motek, Inc., Corvallis, OR, USA), used for forward osmosis, is asymmetric,
which has a very thin semipermeable nonporous active skin layer of cellulose
triacetate and porous support layer.
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3.2.3 METHODS
3.2.3.1 PREPARATION OF CRUDE EXTRACT OF ANTHOCYANINS

Crude extract of anthocyanins was prepared according to the procedure men-
tioned briefly and details are given elsewhere [9].

3.2.3.2 ADSORPTION AND DESORPTION

Process parameters such as volume of feed and eluent, flow rate of feed, and
eluent were standardized for the purification of jamun anthocyanins employing
adsorption and the details are given elsewhere [10]. Purification of anthocyanins
from the crude extract was carried out using nonionic acrylic ester adsorbent
Amberlite XAD-7HP based on our earlier report [9]. Adsorption was carried
out using 20 ml of adsorbent in a glass column (2 cm % 12 cm length) at room
temperature (27 = 1°C). Anthocyanin solution was passed through the glass col-
umn at a flow rate of 1 ml/min. Fractions of 10 ml were collected and concen-
tration of anthocyanins was determined. After reaching adsorptive saturation,
the adsorbent in the column was washed thoroughly using deionized water and
desorption was carried out using acidified aqueous ethanol (50%, v/v) at a flow
rate of 1 ml/min.

3.2.3.3 EVAPORATIVE PERTRACTION AND FORWARD OSMOSIS

A polyester mesh (0.25 mm, on osmotic agent side), membrane, and a Viton
gasket (3.0 mm, on the feed side) were supported between two stainless steel
(SS 316) frames of a flat module having an area of 0.0116 m? as shown in
Figure 3.1.

Feed (anthocyanins solution) and stripping solutions were circulated on ei-
ther side of the membrane in co-current mode using peristaltic pumps (Model
72-315-230, Barnant Company, IL, and USA). The ratio of feed to stripping
solution was maintained as 1:3 for all the experiments. The transmembrane flux
was calculated by measuring the increase in weight of stripping solution at regu-
lar intervals of 1 hr. Double distilled water and sodium chloride solutions were
used as stripping solutions in MP and FO, respectively. All the experiments were
carried out at room temperature (27 £ 1°C).
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FIGURE 3.1 Flat membrane module for membrane pertraction/forward osmosis. (1) flat
membrane module (2) feed reservoir (3) osmotic agent reservoir (4) peristaltic pump. FO—
forward osmosis, MP—membrane pertraction.

3.2.3.4 THERMAL EVAPORATION

Crude extract of anthocyanins was concentrated by conventional process of
thermal evaporation in agitated falling film vacuum evaporator (Model no. 04-
012, Chemetron Corporation, USA) and used as control.

3.2.3.5 QUANTIFICATION OF ANTHOCYANINS

Concentration of anthocyanins (mg/L) was estimated according to the pH dif-
ferential method [11] using the following equation

. . AXMW xDFx1000
Concentration of anthocyanins = 3.1

EXL
where 4 = [(A530 — A700) pH 1.0 — (A530 — A700) pH 4.5], MW is the mo-
lecular weight of anthocyanins (cyanidin-3-glycoside — 449.2 g/mol), DF the
dilution factor, ¢ the extinction coefficient (26,900 L/cm mol) and L is the path
length (1 cm).
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3.2.3.6 ESTIMATION OF ALCOHOL, TOTAL SUGARS, SOLUBLE
SOLIDS, AND DEGRADATION CONSTANT

The percentage of ethanol present in the feed was estimated according to the
specific gravity bottle method, using water as a standard, at 25 + 2°C. The mea-
sured density values were compared with standard values obtained according to
AOAC method [12]. Soluble solid content, expressed as refractive index, was
measured using refractometer (ERMA, Japan). Estimation of total sugars pres-
ent in the solution was carried out using the Dubois method [13].

Degradation constant (K ) of the anthocyanins was determined considering
first-order degradation kinetics as per the following equation [14].

o[ )

0

Where, C, is the initial concentration of anthocyanins (mg/L), C, is concentra-
tion of anthocyanins (mg/L) at a specified time “¢.” The degradation studies
were carried out by measuring the concentration of anthocyanins at regular in-
tervals of one day, up to 15 days at room temperature (27 + 1°C).

3.3 RESULTS AND DISCUSSION

3.3.1 ADSORPTION AND DESORPTION OF ANTHOCYANINS
(DYNAMIC BREAK-THROUGH)

The dynamic break-through curve of anthocyanins on Amberlite XAD-7 resin
was obtained based on the volume of effluent liquid and the concentration of
solute therein and the results are presented in Figure 3.2.

It can be observed from the figure that anthocyanins were completely ad-
sorbed before the cumulative volume of the fractions reaching 130 ml (break-
through point). Above this point, the concentration of anthocyanins in the solu-
tion (fractions coming out of the adsorption column) increased until it reached
a steady plateau when the cumulative volume of 260 ml (adsorption break-
through) is reached.

Dynamic desorption curve was obtained based on the volume of the desorp-
tion solution required for complete recovery of anthocyanins and concentration
of anthocyanins therein and is given in Figure 3.2. It can be seen from the figure
that anthocyanins could be desorbed completely by approximately 80 ml of de-
sorption solution.
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FIGURE 3.2 Dynamic breakthrough curve of anthocyanins.

3.3.2 MEMBRANE PERTRACTION

In order to use the anthocyanins for the intended applications, removal of al-
cohol is necessary. Besides this, increase in concentration of anthocyanins im-
proves their stability through self-association [15]. Dealcoholisation of purified
anthocyanins was carried out using hydrophobic polypropylene membrane of
0.05 um pore size [16]. Feed (anthocyanins, 600 ml) and stripping (water, 1,600
ml) solutions were circulated at a constant flow rate of 50 ml/min. Transmem-
brane flux was calculated at regular interval of 1 hr and the results are presented
in Figure 3.3.

The transmembrane flux decreased with an increase in process time, which
can be attributed to the decrease in driving force, vapor pressure difference (gra-
dient), for alcohol transport through the membrane. The transport of alcohol to
the stripping side leads to an increase in vapor pressure of stripping solution,
which in turn decreases the driving force. In order to maintain the maximum
possible vapor pressure difference between the feed and stripping solutions,
fresh water was circulated once in every hour on stripping side. Transmembrane
flux was calculated at regular interval of 1 hr and the results are presented in
Figure 3.3. It can be observed from the figure that the transmembrane flux was
high in case of fresh water circulation on stripping side. However, decrease in
transmembrane flux was observed with an increase in process time. This can be
attributed to the decrease in alcohol content with respect to process time. The
concentration of anthocyanins was found to increase from 397.78 (8° Brix) to



Purification and Concentration of Anthocyanins 31

768.89 mg/L (13° Brix) with an increase in time during the dealcoholization.
Nearly complete removal of alcohol (from 50 to 0.25%) from the alcoholic ex-
tract of the anthocyanin was achieved in 8 hr using this process.

—e— Without fresh water circulation

g
Lh
1

—a— With fresh water circulation
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FIGURE 3.3 Effect of process time on transmembrane flux during membrane pertraction.

3.3.3 FORWARD OSMOSIS

After the removal of alcohol employing membrane pertraction, the anthocya-
nins solution was subjected to forward osmosis for further concentration. The
feed (nearly alcohol free anthocyanin solution) and stripping solutions (NaCl)
were circulated on either side of the membrane at a flow rate of 100 ml/min.
Transmembrane flux was calculated at regular intervals of 1 hr and the results
are presented in Figure 3.4.
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FIGURE 3.4 Change in transmembrane flux and brix during forward osmosis.

It can be observed from the figure that the transmembrane flux decreased
with an increase in time. This decrease is mainly due to the decrease in driving
force (concentration gradient) associated with the dilution of stripping solution
and concentration of feed solution. Dilution of osmotic agent solution leads to
the decrease in osmotic pressure difference, which in turn reduces the driving
force for water transport from feed to osmotic agent side trough the membrane.
The concentration of anthocyanins increased with an increase in process time,
reaching a value of 2,321.86 mg/L (34° Brix) in 7 hr.

3.3.4 PHYSIOCHEMICAL CHARACTERISTICS OF
ANTHOCYANINS

The anthocyanin concentrate produced by the integrated process (adsorption +
MP + FO) was compared with the conventional process (thermal evaporation)
and crude extract by evaluating the physiochemical characteristics of anthocya-
nins and the results are presented in Table 3.1.
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TABLE 3.1 Physiochemical characteristics of extract of anthocyanins concentrated by
different processes

Physiochemical Charac- Adsorption + Thermal Evapora-

Crude Extract

teristic MP* + FOf tion
Anthocyanin concentration 203.15 2.321.86 1,345.67
(mg/L)

Sugars (pg/ml) 190.35 0.23 761.88
Total soluble solids (°Brix) 2 34 20
Degradation constant (day™)  1.07 0.21 1.96
Nonenzymatlc browning 0.54 0.18 0.75
index ()

Color density (—) 0.52 7.88 2.31
Polymeric color (%) 0.36 7.16 4.13

*MP—membrane pertraction. TFO—forward osmosis.

It can be observed from the table that the highest concentration (2,321.86
mg/L) and brix (34° B) of anthocyanins were obtained in case of integrated
process. Concentration of sugars (which are the major cause for product deg-
radation) was observed to decrease from an initial 190.35 to 0.23 pg/ml after
purification. Evaluation of the colorant properties such as nonenzymatic brown-
ing index and degradation constant confirmed the high stability of anthocya-
nins in case of the anthocyanins obtained by integrated process. Nonenzymatic
browning index was found to be 0.18 and 0.75 for the anthocyanins obtained by
integrated process and thermal evaporation, respectively. Colour density was
found to increase from 0.52 to 7.88 and 2.31 in case of the integrated process
and thermal evaporation, respectively. Polymeric color was found to be highest
(7.16) in case of integrated process. Hence, it can be concluded that integrated
process involving adsorption followed by membrane processes is a potential
alternative for the purification and concentration of anthocyanins.
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3.4 CONCLUSIONS

An integrated process for purification and concentration of anthocyanins from
jamun was developed. Adsorption could be successfully employed using Am-
berlite XAD7HP for the purification of anthocyanins. Dealcoholization after the
purification was carried out employing membrane pertraction. Forward osmosis
was employed successfully for the concentration of dealcoholized anthocyanins
(2,321.86 mg/L, 34° Brix). Evaluation of the final product with respect to total
sugars, degradation constant, nonenzymatic browning index, and color density
indicated an increase in the stability of anthocyanins obtained by the integrated
process.

KEYWORDS

e Adsorption

e Anthocyanins

¢ Forward osmosis

¢ Integrated process
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4.1 INTRODUCTION

Cyclones have been widely used for separating air borne particles from gases in
a variety of engineering applications like mineral processing, petroleum refin-
ing, food processing, pulp and paper making, environmental cleaning, etc. A
Cyclone is relatively simple to fabricate and it requires low maintenance and
cost effective. Reverse flow cyclones have wide applications in industries as
dust collectors. The main drawback of this device is the large pressure drops and
requires a high energy. Uniflow cyclone, developed at the University of Western
Ontario and studied in detail by Sumner et al. [1], Vaughan [2], and Gauthier et
al. [3], which offer low pressure drops by restricting flow reversal. In uniflow
cyclone, the centrifugal energy is imparted to particles by guided vanes installed
at the entrance of the cyclone. It comprises of vortex finder, Annulus, Central
core, and Vanes. The vortex finder is kept concentric to the cyclone. The dust is
collected from the annulus and dust free air leaves the cyclone from the central
core. Akiyama et al. [4] experimentally correlated the design and operational
variables such as inlet velocity, density, cyclone diameter, radius, pitch etc. to
pressure drop and collection efficiency. Ramachandran et al. [5] pioneered an
attempt to arrive at a mathematical model that describes pressure drop and col-
lection efficiency as a function of design and operating variables. Ashwani Mal-
hotra [6] attempted the Studies on fine particle collection and pressure drop in
uniflow cyclone. Maynard [7] studied an axial flow cyclone under laminar flow
conditions and developed mathematical model for low Reynolds number. As
per this model the efficiency at the vanes is dependent on the dimensions and
the number of vane turns. Zhang [8] developed a model for a vane axial cyclone
to predict the particle separation efficiencies both under laminar and perfect
mixing flow conditions. The tangential air velocity, the diameters of the inner
and outer tubes, length of the separation chamber, and vane angle have been
considered in this model. Ramchaval [9] carried out experimental investigation
to understand the effect of vane angle on tangential velocity and pressure drop
in uniflow cyclones. However, the range of vane angles studied is very limited.
In the present study, vanes of different angles have been fabricated and devel-
oped a uniflow cyclone unit to predict the optimum vane angle for low pressure
drop, high tangential velocity and developed a methodology for measuring the
tangential velocity. The experiments were conducted for different inlet veloci-
ties ranging from 4 to 13 m/s and at different vane angles between 20° to 60°.

4.2 MATHEMAICAL MODELS

The following model equations have been used for calculating the pressure drop
and tangential velocity. Ramachandran et al. [5] developed expressions to cal-
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culate the pressure drop, tangential velocity across the cyclone with the assump-
tion of no radial component of velocity.

4.1

pV2|(Vave Y. ne 42)
AP ="— 1+—=2 /-1 :
2 v D,

1
Ashwani Malhotra [6] derived an equation for pressure drop based on the pres-
sure drop equation for reverse flow cyclone, leit and litch [1971]. This is given
below

V2.
AP =i P 4.3)
2gpy
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Maynard [7] studied an axial flow cyclone under laminar flow conditions and
the expression for tangential velocity is given below

% 27R Y,

0= 172 4.6
(P*+47°R?) *0)

The experimental tangential velocity is calculated by measuring the rpm of

vanes connected to the bearing which is placed in the radial flow of cyclone.

The rpm is measured by noncontact tachometer and the tangential velocity is

given by the expression below.

_2XTXR Xn 4.7)
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4.3 EXPERIMENTAL WORK
4.3.1 PROCEDURE

The unit of a uniflow cyclone has been designed and fabricated which is shown
in Figure 4.1. Vanes of different angles viz. 20°, 30°, 45°, 60° have been fabri-
cated with four grooves on the cylindrical core where the blades are fixed in the
groove by stick paste. One end of the cyclone is fixed with vanes and the other
end is connected to a vacuum pump. Tangential velocity is measured with the
developed Instrument. Inlet velocity is measured with anemometer. A valve is
connected between the cyclone exit pipe and vacuum pump with PVC pipes.
This valve can be used to control the air flow rate. Different inlet velocities were
obtained by adjusting the valve position. A digital pressure meter is connected in
between inlet and outlet across cyclone to measure the pressure drop.

|
N
i

Cyclone Diameter, D 44 mm

Cyclone Length, L 132 mm

Vortex Tube Diameter, Dy | 22 mm

Vortex Tube Length, L, 44 mm

Vane angle 20°,30°, 45°, 60°

—I '— Vane Blade 44mm, 17 mm, 1 mm

FIGURE 4.1 Experimental Setup of Uniflow Cyclone.

4.3.2 TANGENTIAL VELOCITY MEASUREMENT

Experimental setup shown in Figure 4.2 consists of an arrangement for measur-
ing the tangential velocity.
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FIGURE 4.2 Tangential Velocity Measurement.

It has been made with flat vanes fixed to a small bearing which is rotated on
a rod at center of cyclone. The vanes are rotated when there is swirl flow due
to fixed angular vanes at the inlet of the cyclone. One of the flat rotating vanes
is covered with reflected shining surface. The noncontact tachometer will focus
the light on the shining blade of the rotated bearing and counted the number of
revolutions per minute. The tangential velocity is then calculated by substitute
the rpm in Eq. (4.7).

4.4 RESULTS AND DISCUSSION

Experiments were conducted at four angles using different vanes which are
shown in Figures 4.3—4.7. The velocity is varied from 4 to 13 m/s and angles
between 20° and 60°. Figures 4.3 and 4.4 shows the experiments results
under different operating conditions. Figure 4.5 shows the effect of overall
efficiency with inlet velocity. Figures 4.6 and 4.7 shows the comparison of
experimental results with published model equations. Overall, the experi-
mental data herein agreed with models very well for all experimental condi-
tions. It has been observed from overall results the optimum vane angle for
the uniflow cyclone is 45° which gives reasonably high tangential velocity,
low pressure drop, and maximum efficiency for an inlet velocity of 12—13
m/s for all samples.
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4.4.1 EFFECT OF TANGENTIAL VELOCITY

The variation of tangential velocity with inlet velocity for different vane angle is
shown in Figure 4.3. The tangential velocity first increases then decreases with
increase in vane angle, that is, from 20° to 30° the tangential velocity increases
given the highest value at 30° but here the pressure is also high. Then from 30°
to 60° tangential velocity decreases to a low value and the pressure drop also
reduces. This is because of when the increase in inlet velocity increases the swirl
flow induces a centrifugal force. As the centrifugal force increases tangential
velocity increases, which increases the efficiency.

Vane (6°)

Tangential velocity, V; (m/s)
[
N
1

8 10 12 14
Inletvelocity, V; (m/s)

FIGURE 4.3 Variation of tangential velocity with inlet velocity for different vane angles.

4.4.2 EFFECT OF PRESSURE DROP

The effects of pressure drop with inlet velocity for different vane angle is illus-
trated in Figure 4.4. The pressure drop increases with increase in inlet velocity;
this is because of increasing swirl flow inside the cyclone. The pressure drop
increases with decrease in vane angle. It has been observed that when decrease
in vane angle induces a more number of peaks inside the cyclone. Therefore
the pressure is increases by the centrifugal force created from the no of turns of
swirl flow due to no of peaks. The pressure drops given a low value at 60° due
to least number of peaks and reduces the centrifugal force hence pressure drop
reduced.



Effect of Pressure Drop and Tangential Velocity 43

w
o
o

N
%))
o

N
o
o

150

100

Pressure drop, AP (mm water)

u
o

Vane (6°)

¢ 20
W30
A 45

> 60

8 10 12 14
Inlet velocity, V; (m/s)

FIGURE 4.4 Variation of pressure drop with inlet velocity for different vane angles.

4.4.3 EFFECT OF OVERALL EFFICIENCY

The effects of overall efficiency with inlet velocity for different powder sam-
ples, that is, flyash, cement, and granite is illustrated in Figure 4.5.
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FIGURE 4.5 Variation of overall efficiency with inlet velocity for different samples.
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The overall efficiency increases with increase in inlet velocity. This is so be-
cause as the inlet velocity increases the tangential velocity and centrifugal force
increases therefore particle separation efficiency increases. Figure 4.5 shows the
plot between overall efficiency and inlet velocity. In this figure the overall effi-
ciency increases with inlet velocity that reaches a maximum value at 12 m/s and
then starts to decrease. This happens because of the air velocity goes on increas-
ing and it carry some of the particles along with air without being separated.

4.4.4 COMPARISON OF EXPERIMENTAL RESULTS WITH
MODEL EQUATIONS

The experimental values of tangential velocity and pressure drops are compared
with the model equations available in literature. The tangential velocity values
are compared with Ramachandran et al. [S] and Maynard [7] and the pressure
drop values compared with Ramachandran et al. [5] and Ashwani Malhotra [6].
The results are illustrated in Figures 4.6 and 4.7. The Figure 4.6 shows the ex-
perimental tangential velocity compared with the model equations for different
inlet velocities. The values are well fitted for Maynard [7] with £1 percent er-
ror. Figure 4.7 shows the experimental pressure drop compared with the model
equation for different inlet velocities. The values are well fitted for Ramachan-
dran et al. [5] with £1 percent error.

30 +
@25
E @ Experiment
=0 4
é‘. M Maynard
;:3: 15 - Ramachandran
>
s ]
2 10 A ' =
o
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c
g 5 [
O T T T T 1
4 6 8 10 12 14

Ineltvelocity, V;(m/s)

FIGURE 4.6 Comparison of tangential velocity with model equation at 45° vane angle.
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FIGURE 4.7 Comparison of pressure drop with model equations for 45° vane angle.

4.5 CONCLUSIONS

A simple unit of Uniflow cyclone was designed and fabricated. A suitable meth-
odology was developed to measure tangential velocity. Several experiments
were carried out to understand the effect of vane angle on tangential velocity
and pressure drop by considering four different vane angles from 20° to 60°. It
is observed that reasonably high tangential velocity, low pressure drop thus high
efficiency are obtained at 45° vane angle.

The experimental values are validated with the model equations available
in literature. The pressure drop values are well matched with Ramachandran et
al. [5] model and tangential velocity values are well matched with Maynard [7]
model by reasonably good accuracy. The overall efficiency increases with inlet
velocity and achieved a maximum efficiency at an inlet velocity of 12—13 m/s
for all the three samples.

NOMENCLATURE

V. Inlet axial velocity [m/s]
Ve Average velocity of the gas in the helix [m/s]
V, Tangential velocity [m/s]
D, Hydraulic diameter of the cyclone [m]
f Friction factor -]
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L, Average length of path of gas in the helix [m]

P, Density of gas [kg/m?]
p, Density of particle [kg/m?]
P Pitch [m]

R, Cyclone radius [m]

A, Cross section area of vane core [m?]

A, Cross section area of cyclone body [m?]

D Diameter of cyclone [m]

D, Diameter of vane core [m]

n  Number of revolutions [rpm]
KEYWORDS

¢ Overall efficiency
e Pressure drop

e Tangential velocity
e Vane angle

¢ Vortex finder
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5.1 INTRODUCTION

Biological batch processes have been gaining increasing interest from both
industries as well as academia as they are found to be promising in provid-
ing alternative technologies which are greener and safer for the manufacture
of several industrial grade products including fine chemicals, pharmaceuticals,
polymers etc. However, maintaining consistent product qualities with minimum
batch to batch variation, while ensuring the sterile, safe, and optimal conditions
of a process is a daunting task. Therefore, it is essential to develop efficient on-
line process monitoring methodologies. The presence of significant nonlineari-
ties, complex growth dynamics of microorganisms of biological batch processes
makes the task of online monitoring more complicated.

Generally, the quality of any product can be monitored by studying certain
variables offline. But, offline monitoring generally involves the study of few
variables linked with the quality of final product, which may not always reflect
the true state of the process and mostly associated with time delays. Early detec-
tion and diagnosis of abnormal conditions is essential for avoiding the unsafe
operation and off-spec products. Though there are several approaches avail-
able in literature on batch process monitoring, the scope of the present work in
limited to process history based methods which uses the abundant multivariate
data collected in the form of measurements for process monitoring. Principal
Component Analysis (PCA) is a most popular multivariate method, used widely
in signal processing, factor analysis, chemometrics, and chemical process data
analysis. PCA has also been extensively applied for online monitoring of several
continuous chemical and biochemical processes [1]. Nomikos and MacGregor
[2]were introduced the concept of batch process monitoring using principal
component analysis (PCA) and further its application has been improved and ex-
tended by others [2,3]. Recently, correspondence analysis (CA) with improved
features over conventional PCA has been introduced for online monitoring and
fault diagnosis [4, 5]. More recently, the application of CA has been extended
to biological batch processes by Patel and Gudi [6] which involves the monitor-
ing of process by evaluating multivariate statistical process control charts such
as Hotelling7?and SPE statistics. In the present paper, an improved version of
MCA methodology which is computationally less intensive has been proposed
and applied to penicillin fed-batch fermentation process.

5.2 MATERIALS AND METHODS
5.2.1 BATCH PROCESS MONITORING—DATA UNFOLDING

The historic data for batch processes is represented as a three dimensional data
matrix X(/xJxk) where | represents the number of batch runs, s represents the
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number of measured variables in a single batch and x represents the sample
points or time indices of a particular batch. So as to apply MCA the data needs
to be unfolded such that an analysis could be carried out in two-dimensional rep-
resentative form. The unfolding of the data is an important step of batch process
monitoring which can be carried out in three basic ways. (i) time wise unfolding
provide the analysis of variables concerned to different batches with pertinent to
a single sample point (i1) batch wise unfolding provides the analysis of variable
profiles for each specific batch (iii) variable wise unfolding results in profiles of
each variable across different batches. In the present work, the data is unfolded
time wise, that is, into a data matrix x e R”* and subjected to correspondence
analysis so as to analyze variability among samples.

5.2.2 MCA METHODOLOGY

Correspondence analysis (CA)is a linear data dimensionality reduction tech-
nique which uses a measure of joint row column association as it’s metric to
form a lower dimensional representation of the data in contrast to PCA using
variance as it’s metric. CA assumes statistical independence so as to calculate
expectation values and constructs a metric based on the distance of original data
set from the expectation values and also employs a weight proportional to these
expectation values. This metric when subjected to singular value decomposition
decomposes into an uncorrelated subspace which classifies the data well.

5.2.2.1 SINGULAR VALUE DECOMPOSITION

The 7’ index is a representative measure of the deviation from the condition of
statistical independence and it can be constructed as follows:

o Xi~Ey .1
E1/2
p
The vectors obtained by SVD of C matrix can be transformed into these as,
A=D"L ; B=D"M (5.2)

where, L contains the eigenvectors of CCT and M contains the eigenvectors
of C"C such that C=LD,M"and D, =diag(u) ; where # contains the singular
value of C.
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5.2.2.2 DIMENSIONALITY REDUCTION

Since u quantifies the amount of inertia expressed along a particular principal
axis. The selection of appropriate number of reduced dimensions / which can
contribute up to a prespecified fraction of total inertia L can be done based on
the following criteria:

/
Z 4,
Ll _>] (5.3)

/El 'aj
5.2.2.3 FAULT DETECTION SING MCA

Fault detection is performed by evaluating multivariate monitoring indices 7°
and SPE as follows.

TzszD;Zf ; SPE:[Bf—(lx_c)] [Bf_(lx_cﬂ (5.4)
r r

The row coordinates and the column coordinates can be computed as,
F=D'AD, ; G=D;BD, (5.5)

In this work a new monitoring index for MCA has been proposed which can
be computed as,

T Y -\’
o o g (oD)DR(GD,) (1=B(eD)) ) (1-s(eny) )
g - o (5.6)
The confidence limits for all the above monitoring statistics can be calcu-
lated for given level of significance analytically from the normal operations
such that they represent normal behavior, or they can be also be estimated using
Kernel Density Estimation method.

5.3 PENICILLIN-FED BATCH FERMENTATION PROCESS

Production of secondary metabolites such as Penicillin can be done generally in
a fed-batch mode. The dynamic simulator was downloaded from http://simula-
tor.iit.edu/web/pensim/bground.html. Monitoring of such biological batch pro-
cesses is very crucial in order to ensure the sustained product quality in different
batches. The schematic of the process is given in Figure 5.1. More details of



Multivariate Statistical Monitoring of Biological Batch Processes 51

the simulator and the process can be found elsewhere [7]. The data required for
training and testing are generated using the simulator. The measurements of 11
variables are considered for multivariate statistical model development. They
are aeration rate, agitation power, substrate feed rate, substrate feed tempera-
ture, dissolved oxygen concentration, culture volume, CO, concentration, p",
bioreactor temperature, generated heat and cooling water flow rate.

FIGURE 5.1 Schematic of penicillin fed-batch fermentation process.

5.3.1 DATA GENERATION

A set of 40 normal operating batch data consisting of measurements of 11 vari-
ables at every 200 sampling intervals has been considered for developing the
model concerned to normal operating conditions (NOC) based on MCA. For
testing purpose, data corresponding to faulty conditions are considered. The
faulty batch data was simulated by introducing the disturbance at 50th hr and
allowed to persist till the end of the batch duration, that is, 400 hr. Two types of
faults are considered for the analysis whose details are given in Table 5.1.

TABLE 5.1 Fault definitions

S. No. Variable Disturbance Type  Disturbance Magnitude

Fault 1 Substrate feed flow rate Ramp —0.005

Fault 2 Agitation power Step —25%
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5.3.2 MEASURES FOR PROCESS MONITORING

The ability of the given monitoring methodology can be quantified in terms of
false alarm rates (Type-I error) and missed detection (Type-II error) rates. There
is always a trade-off between the missed detection rates and false alarm rates.
False alarm rates signify the ability of the monitoring method during normal
operation whereas the missed detection rate signifies the ability during faulty
batch operation.

5.4 RESULTS AND ANALYSIS

An offline multivariate statistical MCA model has been developed and consid-
ered as reference normal operating model for online process monitoring using
the data generated from Penicillin fed-batch fermentation process. The detection
results of proposed MCA method are compared with conventional PCA method.

The data generated from the simulator representing the normal batch op-
eration is of dimension 40 x 11 % 200 and it is considered for offline model
development. After unfolding time wise, the resulted data matrix is of dimen-
sion 40 x 2200. Data scaling for PCA is done such that all the variables are
mean centered and scaled to unit variance, whereas for CA, the variables are
scaled between 0 and 100 of their operating range. At every sampling instant,
local PCA and CA models are developed considering the respective data from
all batches, thus resulted in 200 reference NOC models. The resulted reduced
dimensions in case of CA are seven explaining about 86.1 percent inertia, and
the reduced dimensions in case of PCA are six explaining about 75 percent
of total variance. Ninety-five percent confidence limits were considered for all
the monitoring statistics and their confidence limits are evaluated using kernel
density estimation method. The false alarm rates exhibited by all the statistics
both in case of MCA and MPCA methods are found to be zero. The missed
detection rates of different statistics are presented in Table 5.2. From the com-
parison results, it is clearly noted that the fault detection ability of the proposed
MCA method is much superior to that of conventional MPCA method. In case
of Faultl, considering the performance of 7*statistic, the proposed MCA method
has shown an improved detection ability of 85 percent over the 62 percent abil-
ity of conventional MPCA method. Similar trend is observed in the performance
of SPE statistic. Moreover, if we compare the results of individual statistics of
MCA method, CI statistic has shown better detection performance than that of
T* and SPE or Q statistics, which ensures the ability of the new CI proposed in
this paper. These results are shown in Figure 5.2.
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TABLE 5.2 Comparison of missed detection rates

SN MPCA Method Proposed MCA Method
. INO.
T SPE(Q) CI T SPE(Q) Cl
Fault 1 0.38 0.17 0.1 0.15 0.13 0.04
Fault 2 0.98 0.59 0.79 0.89 0.49 0.48
10 X le 800 91 1!)l
() ® ©
9 700 1 8
’ . 60 e !
7 . -
, : w0 ’
o s s
e : o 5,
4 . 0 - U,
5 s —— 3 i
2 o 2
‘ J " J | J
o 50 100 150 200 o 00 150 200 % 50 200

50 100 50
Sampling time (hr) Sampling time (hr) Sampling time (hr)
FIGURE 5.2 Detection results of MCA method for Fault 1.

5.5 CONCLUSIONS

In this paper, a novel online method based on multi way correspondence analy-
sis has been proposed for biological batch process monitoring. Further an im-
proved monitoring index for CA has been proposed. The application results
on Penicillin fed-batch fermentation process revealed that the proposed MCA
method outperforms over conventional MPCA method by exhibiting improved
detection ability. In addition, it has also been proved in the paper that the pro-
posed combined monitoring index for CA has shown improved performance
over conventional 72 and SPE statistics. Further the application of the proposed
monitoring method can be easily extended to any other batch process.

KEYWORDS

o Correspondence analysis
¢ Fault diagnosis
¢ Fed-batch fermentation

¢ Multivariate Process monitoring
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6.1 INTRODUCTION

State estimation techniques have been well developed for dynamic processes
described by ordinary differential equations. Among them the Kalman filter
(KF) is an optimal estimator for linear dynamical systems in the presence of
state and measurement uncertainties [ 1, 2]. Many techniques have been reported
for inferential estimation of compositions in continuous distillation columns [3—
6]. State estimator design for batch distillation has to deal with the time varying
nature of the batch column. Quintero-Marmolet al. [7] applied an extended Lu-
enbergerobserver to predict compositions in multicomponent batch distillation
from temperature measurements. In order to compensate for limited state vari-
able measurements, the extended Kalman filter (EKF) has been extensively em-
ployed to estimate the unmeasured states and unknown parameters from mea-
sured states. Composition profiles and operating conditions may change over a
wide range of values during the entire operation and the state estimators must be
designed to deal with the time-varying nature of the batch columns [8, 9].

Reactive batch distillation (RBD) is an intrinsically dynamic process, in
which the composition profiles and the operating conditions can change over a
wide range of values during the entire operation. In this process, the composi-
tions on all stages, the product and the slop cut compositions define the state
variables. In the present study, an EKF-based state and parameter estimation is
used in a continuous time framework with models incorporating a hybrid model
which includes reduced-order model and data-driven model.

6.2 PROCESS DESCRIPTION

In the present study, production of butyl acetate from butanol and acetic acid
has been considered as a simulation case study as this system involves typical
complexities. Venimadhavanet al. [10] showed that reactive distillation in batch
columns can be applied successfully to the esterification of butanol to butyl
acetate, a powerful solvent that is mainly used in coatings. The four-component
reactive system considered in the present study exhibitsone maximum-boiling
homogeneous binary azeotrope at a temperature of 118.28°C (Acetic acid-Buta-
nol), one minimum boiling homogeneous binary azeotrope at a temperature of
116.95°C (Butanol-Butyl acetate), two heterogeneous minimum boiling binary
azeotropes (Water-Butanol, 92.83°C and Water-Butyl acetate, 91.18°C) and one
minimum boiling heterogeneous ternary azeotrope at a temperature of 90.92°C
(Water-Butanol-Butyl acetate). The ternary azeotrope, which has the minimum
bubble point, is distilled overhead, butyl acetate and reaction water being thus
separated from the reacting mixture.
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The simulation is based on the first principles model ofthe RBD column
consisting of unsteady state mass and component balance equations under the
following assumptions: the column has N trays, excluding the condenser, de-
canter, and reboiler; the volumetric liquid holdup on all trays, the condenser,
and the decanter is constant; the vapor holdup is neglected; the vapor and liquid
phases on each tray are in equilibrium; the vapor flow is constant on all trays;
chemical reactions occur only in the liquid phases. The reaction is considered
to occur on 20 trays above the reboiler. The model equations including material
and component balance equations are reported by Patel et al. [11], whereas the
reaction kinetics is reported by Venimadhavan et al. [10]. A simplified method
for vapor-liquid-liquid equilibria (VLLE) for this system is reported by Swapna
and Rani [12].

In this study, the esterification of butanol and acetic acid is simulated with a
binary feed of molar composition x, ,,=0.51 and x,,,, =0.49 in a RBD column.
The distillation column and operational details Venimadhavan et al. [10] are
reported in Table 6.1.

TABLE 6.1 Distillation column details and operational data

Number of trays 31

Number of trays on which reaction occurs 20

Initial mixture composition of acetic acid and butanol 0.49, 0.51
Initial hold up of the reboiler 2.475 kmol
Condenser hold up 0.1 kmol
Internal plate holdup 0.0125 kmol
Vapor boil-up rate 3 kmol. h™!
Column operating pressure, P 1 atm

For the condenser-reflux drum system, the total mass balance and compo-
nent-wise mass balance are

4 =L0+D+0;—1i0—A02R0J 6.1)
i-1
dx, , 14

g Z(J’u ~Xo,i ) R (i=1 0 ¢) (6.2)




58 Chemical and Bioprocess Engineering: Trends and Developments

Where V= vapor boil-up rate, L =liquid rate, and 4 =holdup in the condenser
R, . is the rate of reaction for each component in the condenser, x, , is the liquid
composmon in the condenser, and y , is the vapor composition leavmg the first
tray.

For an arbitrary plate j (1 <j < N) in the column, the total mass balance, the
component-wise mass balance, and the component balance yield respectively

dA, .
L=V +L_ V"_dtj (j=1toN) (6.3)

%= Vj+1(yj+1,r _xf,f)"'Lf—l(x/—l;_xf,f) V/.(yj)‘ —xj,i)+AjRj_i (=loNi=ltod)  (6.4)

J

where V:=vapor boil-up rate, Lj=1iquid rate, and Aj=h01dup on the jth tray, R, is
the rate of reaction for each component on the jth tray, x; ; is the liquid composi-
tion and Vi is the vapor composition leaving the jth tray

S1m11ar1y for reboiler, the total mass balance, the component-wise mass bal-
ance, and the component balance yield respectively

dAN+1 — L

N (6.5)
dt

-V

N+l

deH,[ _ LN (xN,i Xy ) - VN+1 (yN+1,i T Xy ) + AN+1 ( N+l,i) (i ~1to C) (6.6)
dt Ay

For each tray, the VLLE is described using UNIQUAC model. Therefore,
for 31 trays with four components on each tray, the model consists of 124 dif-
ferential equations, that is, material and component balance equations and 31
algebraic equations, that is, thermodynamic equations for VLLE.

6.3 HYBRID MODEL

The hybrid model considered in this study includes a reduced-order model part
and a data-driven model part. Reduced-order model consists of mass balance
and component balance equations for three components in the condenser and
reboiler along with the kinetic expression and VLLE model. Data-driven model
consists of time dependent composition profiles as piecewise constant poly-
nomials, which are generated using the data obtained for the base case using
the first principles model of the RBD process. In this study the first principles
model of RBD process, that is, Egs. (6.1-6.6) are considered as the plant and
the hybrid model, that is, reduced-order model part, data-driven model part and
measurement model part, is considered for state estimation.
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6.3.1 REDUCED-ORDER MODEL PART

The reduced-order model considered in this study is:
For the condenser-reflux drum system, the component balance

dx,, vV .
d(;» :Z(@_xo’i>+R°’[ (i=1t03) (6.7)

Similarly for reboiler the component balance

dxy,; _ L(63+i _xN+l,i)_V(yN+1.i _'xN+1,i)+AN+1 (RN-H,i) (i=1t03) (6.8)
dt AN+1
Where V' = vapor boil-up rate, L=liquid rate, 4 =holdup in the condenser,
A\, =holdup in the reboiler. The parameters 0 in the above equations denote the
vapor compositions of three components on the top tray, and the liquid composi-
tions of three components on the tray just above the reboiler. The reduced-order
model has the same assumptions as the first principles model.

6.3.2 DATA-DRIVEN MODEL PART

Data-driven model incorporated into the hybrid model includes time dependent
parameter profiles as piecewise polynomial functions as follows:

np mk )
6,1)=Y.0.(t,)D, a,t! (i=1,..,6) (6.9)
k=1 j=0
¢ (1,)=1 ife, | <t <t
=0 otherwise

where ¢ denotes the scaled time, #,_, and ¢, denote the lower and upper scaled
time limits of kth interval, np denotes the number of intervals for the ith param-
eter, mk denotes the degree of polynomial for the kth interval, and a,, represents
the polynomial coefficient for the ith parameter, kth interval, and jth term in the
polynomial.

6.3.3 MEASUREMENT MODEL PART

The measurement model incorporated into the hybrid model consists of two
temperature measurements, that is, thermodynamic vapor liquid equilibria equa-
tions calculated using UNIQUAC method.
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Thus, in the hybrid model we have six states, that is, component balance
equations in the condenser for three components (Acetic acid, Butanol, and Bu-
tyl acetate) and component balance equations in the reboiler for three compo-
nents, six parameters, and two temperature measurements as mentioned above.

6.4 RESULTS AND DISCUSSION

The complete first principles model equations for the production of Butyl ac-
etate in a RBD column are used to carry out simulation studies. In the present
work, reflux ratio is taken as the ratio of liquid flow rate through the column
to the total vapor flow rate at the top (RR = L/V)), where 0 denotes condenser
and 1 as top tray. Thus reflux ratio lies between 0 and 1. Hybrid model incor-
porating reduced-order model and data-driven models described above is used
in the EKF-based state and parameter estimation. Model equations consisting
of component and material balance equations are considered as the states and
time dependent parameter profiles developed from first principles model as the
parameters in the EKF.

In this study we considered a base case study for reflux ratio of 0.880547
and vapor boil-up rate 3 kmol. h™! for developing time dependent parameter pro-
files for condenser and reboiler using Eq. (6.3). The composition profiles in the
condenser are divided into six intervals and into three intervals in the reboiler.
Anew variable is defined as a scaled time, £ based on the the switch time, 7,
that is, the time until which the first product (water) withdrawal is carried out
corresponding to a given reflux ratio and vapor boilup rate and is given by the
following equation:

dt tswilch, ref

s _switch ref (6.10)
dt tswilch
where ¢ represents the switch time for the base case of reflux ratio and

switch,ref

vapor boil-up rate, whereas ¢, . denotes the switch time for any V' or 7 values.
The switch time mainly depends on reflux ratio and vapor boil-up rate and can
be approximated for any reflux ratio and vapor boil-up rate by the following
equation:

_ 2.475%0.49%0.995

MRy x(1-rr)
where V= vapor boil-up rate, r= reflux ratio. The basis for this equation is
the approximate quantity of pure butyl acetate product produced based on 99.5
percent conversion with respect to the limiting reactant (represented by the nu-
merator) and the denominator representing the distillate flow rate, and the ratio

(6.11)
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of these represents the time for which the top product composition remains con-
stant at its azeotropic composition.

The detailed formulation of EKF is reported by Rani and Swetha [13]. Ini-
tially the covariance matrices for state and parameter estimation (P, Q, and R)
are assigned as diagonal matrices and in this study different tuning parameters
for covariance matrices have been studied. A conservative choice of covariance
matrices (P, Q) of the order of 107® is chosen, whereas for R matrix, a value
between 1 and 10 resulted in the best performance. In this study the EKF state
estimator performance is evaluated by cumulative integral square deviation
(ISE) between the process and estimated temperature measurements for range
of reflux ratio and vapor boil-up rate and are reported in Table 6.2.

TABLE 6.2 Performance evaluation of EKF by ISE

S.No. Reflux Ratio Vapor Boil Integral Square Error Integral Square Error

Up Rate  for Condenser for Reboiler
L. 0.880547 3 0.03814842 0.000315646
2. 0.880547 4 0.06720225 0.000433268
3. 0.9 3 0.04175612 0.007658897
4. 0.9 4 0.0847097 0.001653304
5. 0.92 3 0.04820368 0.023576266
6. 0.92 4 0.10365635 0.008780123

The composition profiles obtained using EKF-based state and parameter
estimation with different reflux ratio and vapor boil-up rate are shown in the
Figures 6.1-6.5. The states and parameters based on EKF are in accordance
with the actual process. In order to evaluate the suitability of the proposed
hybrid-model-based state estimation in the closed-loop control implementa-
tion, a time-varying reflux ratio and vapor boil-up rate resembling closed-
loop operation are considered. The composition profiles are shown in Fig-
ures 6.6 and 6.7 which show that with time-varying reflux ratio, and vapor
boil-up rate, the estimated states are in accordance with the actual process.
This ensures that the hybrid model can be used in the closed-loop control
operation.
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FIGURE 6.1 Estimated and actual condenser and reboiler composition profiles for base
case values: reflux ratio 0.880547 and vapor boil-up rate 3 kmol. h™'.
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FIGURE 6.2 Estimated and actual top tray and bottom tray time dependent parameter
profiles for reflux ratio 0.880547 and vapor boil-up rate 3 kmol. h™.
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FIGURE 6.3 Estimated and actual temperature profiles for reflux ratio 0.880547 and vapor
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FIGURE 6.4 Estimated and actual condenser and reboiler composition profiles for reflux
ratio 0.9 and vapor boil-up rate 4 kmol. h™'.
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FIGURE 6.5 Estimated and actual top tray and bottom tray time dependent parameter

profiles for reflux ratio 0.9 and vapor boil-up rate 4 kmol. h™".
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FIGURE 6.7 Estimated and actual condenser and reboiler composition profiles for time-
varying reflux ratio and vapor boil-up rate.

6.5 CONCLUSIONS

In the present study, EKF-based state and parameter estimation has been used
for RBD process for butyl acetate production with the help of a hybrid model.
The state and parameter composition profiles generated using EKF are in ac-
cordance with the actual process, that is, first principles model. The perfor-
mance of the EKF is evaluated by the Integral square deviation values and the
obtained values describe the efficacy of the EKF by considering the hybrid
model. The key contribution of this study is the flexibility of the data-driven
model in estimating the states and parameters for any reflux ratio and vapor
boil-up rate. The evaluation of the proposed hybrid model for time-varying
reflux ratio and vapor boil-up rate ensures that this approach can be used in
inferential composition control based on available temperature measurements
in the real time context.

NOMENCLATURE
4, molar holdup on jth plate (mol)
D distillate flow rate (mol/s)

BuAc  butyl acetate
BuOH  butanol
HAc acetic acid
HO water
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L, liquid flow rate from jth plate (mol/s)

N number of stages excluding reboiler and condenser = 31
0, heat duty on condenser-reflux drums (J/s)

0., heat duty on reboiler (J/s)

R, rate of reaction of ith component on jth plate(s™)

t time (s)

Vv vapor flow rate (mol/s)

x; molefraction of ith component in liquid phase on jth plate
Vi molefraction of ith component in vapor phase on jth plate
KEYWORDS
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¢ Reactive batch distillation
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7.1 INTRODUCTION

Solid liquid equilibrium (SLE) studies are essential to the industrial areas such
as the safe operation of pipe lines and the design of crystallizers. The solubil-
ity of a solid in a liquid solvent is determined from a knowledge of the heat
of fusion (AH_), melting point (7 ) and the activity coefficient, y* at any tem-
perature, T (in K). Of the several methods of estimating y*(such as Wilson and
NRTL models), the UNIFAC model based on group contributions is the most
commonly used. However, the approaches used in the calculation of solubili-
ties such as molecular dynamic simulations, equations of state and UNIFAC,
although provide reasonable estimates for individual binary mixtures, are too
complicated for the development of a generalized method, using larger SLE data
bases. Our present work is a step in this direction.

7.2 METHODOLOGY

A survey of literature on the various methods of estimating solubilities of solids
in liquids revealed the important role played by the properties dependent on
the attractive interactions, group contributions constituting the molecular struc-
tures, and the electron charge distribution within the atoms and molecules. In the
present work, we selected molar refraction, R_, which depicts the dispersive (at-
tractive and repulsive) forces, dipole moment, p, and charge transfer functions
(CTF) calculated from the elemental contributions of electronegativity (c) and
chemical hardness (1) as input properties needed in the calculation of solubili-
ties. The charge transfer function for a solute (A) — solvent (B) binary system
is defined by:

CTF:M (7.1)
2(n,+ns)

The numerator of the Eq. (7.1) denotes the driving force needed for the elec-
tron exchange between the solute (A) and solvent (B); the denominator denotes
the maximum stability condition of the binary described as the addition of the
chemical hardness terms.

The term P_ (termed as polar or orientation polarization) is defined as:

2
p = 60965,[!1, (7.2)
P T
where p, is the dipole moment expressed in Debyes, and T is the temperature
in K.
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The electronegativity (c) and chemical hardness () of an element is defined
by:

x=0.5 (IP+EA) (7.3)

n=0.5 IP-EA) (7.4)

where IP and EA are the ionization potential and electron affinity. The values of
IP and EA are reported in CRC Handbook [1].

The electronegativity of solute (A) or solvent (B) molecule is calculated
from the elemental contributions using the equalization method by means of the
equation:

__ N (15)
2(C./N,)
where N, is the total number of atoms in the molecule and C, and N, are the con-
tribution and the number of atoms of the type i.

The solubilities (X) of solids in binary solutions (in the dilute region) are
obtained using a simple method of using pure compound molar refractions (R,,),
dipole moments () and charge transfer functions (CTF) for a number of binary
systems at 282 data points and at various temperatures.

The proposed method is based on the following equations for the calculation
of the solubility

X

Iny” =64.137log R, + 4.6482 R + 9.415938 log P, —1.65579 P
—236.75 log (CTF)+20.40981 (CTF)?

Iy~ —41.323518| 2n [ Ty )10.79691
RT | T,
0.06459| A T _1|_0.851767 (7.7)
RT | T,

where X'is the solubility, AH_is the heat of fusion, T'is the temperature in K, 7 _
is the melting point, and y*is the activity coefficient at infinite dilution. Equa-
tion (7.7) is an explicit approximation for the following implicit equation for X
interms of AH_, T, and y*.

(7.6)

InX =
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m 1—1 —InX
LR 7,
ny =
(1_)()2 (7.8)

7.3 RESULTS AND DISCUSSION

The inputs used in the present method, namely R, P (containing the value of
dipole moment, p ) and the CTFs using the elemental values of electronega-
tivity (y) are extensively used in property correlations by chemical engineers
and chemists. The data consisting of temperature, solubility, R,,, Pp, CTF, and

%[i_lj and In(y”) at 282 data points is reported in Table 7.1, and comprises
RT (T,

m

of 20 solutes and 31 solvents.

After evaluating different combinations of the variables considered, Eq.
(7.6) has been obtained as a form with minimum number of coefficients and
exhibiting reasonable accuracy. Calculation of solubility from the knowledge
of y*using Eq. (7.8) requires an iterative procedure for each data point. There-

. AH, (T L
fore, within the range of —= {7—1J, v*, and X values, an approximation has

been developed for Eq. (7.8), and is reported as Eq. (7.7), which has resulted in

coefficient of determination (R?) as 0.999. The approximation is not based on
the actual data. But on the basis of the equation structure, and therefore, percent
absolute deviation for this relation is not reported.

TABLE 7.1 Calculations for various solutes with different solvents at various temperature

ranges
Solutes & Corre- Temp. X*10°  ,y (7 msol” P .- CTF .
sponding solvents Range Mol.frn. TTM T -1 msolv ooty TANZE Iny
°K range " range range of
range solute
range
Pthalic Anhydride 298.15 6.9-630 -2.48 -2.58-5.44  564.60- 0.15-  4.8-
Solv.: Cyclohexane, 54747  -0.21 0.32

Hexane, Heptane,
i-Octane, Decane, Do-
Decane, Hexadecane,
Tri chloro-methane
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TABLE 7.1

(Continued)

71

Solutes & Corre-
sponding solvents

Temp.
Range
°K

X*10*
Mol.frn.
range

A, (T R
RT \T,

‘m,solv
range
range

P

pasol

pisolv

range

CTF
range

Iny”
of
solute
range

Carbazole

Solv.: Cyclohexane,
Hexane, Heptane,
i-Octane, Decane, Do-
Decane, Hexadecane,
Tri chloro-methane

Picric acid

Solv.: Cyclohexane,
Hexane, Heptane,
i-Octane, Decane, Do-
Decane, Hexadecane,
Tri chloro-methane

2-Hydroxy benzoic
acid

Solv.: Cyclohexane,
Hexane, Heptane,
i-Octane, Decane, Do-
Decane, Hexadecane,
Trichloro-methane,
Tetra chloro-methane,
Benzene.

3-Hydroxy benzoic
acid

Solv.: Trichloro-
methane, Tetrachloro
methane, Benzene,
Cyclohexane

4-Hydroxy benzoic
acid

Solv.: Trichloro-
methane, Tetrachloro
methane, Benzene,
Cyclohexane

TetraDecanoic acid
Solv. : Nitromethane

Hexadecanoic acid
Solv.:Ethylacetate,
Heptane, Nitrometh-
ane, Diethylether,
Acetone

298.15

298.15

298.15

298.15

298.15

323.15
-293.15

333.15-
243.15

1.8-37

0.44 - 44

3.8-169

1.9-0.001

0.82-0.04

124.1-
18.6

0.19-
96.7

-5.04 -23.18

-31.48

-1.7 -29.74-

24.92

-2.45

-3.33 10.95-

293

-3.65 10.95-

293

-0.21- -1.93 5591

-0.15--7.33 43.09-

65.14

-44.9-9.76

83.43-
66.29

46.01-
21.27

143.59-
118.85

116.8-
92.06

131.02-
155.76

-214.67-
-236.64

12.48-
-238.19

0.09-
-0.27

0.2-
-0.15

0.08-
-2.25

-0.28-
0.08

-0.28-
0.08

-0.02

-0.01-
0.01

3.58-
0.56

8.45-
3.76

5.31-
1.69

5.24-
12.79

5.76-
10.17

428
44

0.07—
4.59
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TABLE 7.1 (Continued)
Solutes & Corre- Temp.  X*10* AH (T msol” P .- CTF .
sponding solvents Range Molfrn. — ]l" (7 - 1] ol P,  range Iny
°K range " range range of
range solute
range
9-Octadecenoic acid  273.15- 0.11-28  -4.56--9.37 48.76- 67.78— -0.03— 2.95-
Solv.: Ethylacetate, 223.15 -67.14  -155.63 0.02  -0.02
Heptane, Methanol,
Diethylether, Acetone,
Toluene
Oleic acid 253.15- 190-0.34 -2.18--6.86 52.26— 50.93—  -0.03— 3.36—
Solv.: EthylAcetate, 213.15 67.14 -175.27  0.02 0.47
Methanol, Diethyl-
ether, Acetone, Toluene
Stearic acid 333.15- 257.7-0.1 -0.6--7.59 78.64— 74.6— -0.04 6.08—
Solv.: Acetonitrile, Di- 253.25 4.37 -246.03 -0.02 0.16
chloromethane, 2,2di-
methylbutane, Ethanol,
Ethyl acetate, Heptane,
Methanol, Toluene,2-
Methylbutane,
Methylcyclo hexane,
i-Octane, i-Hexane,
Nitroethane, Nitro
methane, Diethylether,
Acetone, Pentane
O-Chloro Benzoic 336.75- 631-91  -1.71--2.89 10.28 108.67- 0.06  1.21—
acid 298.2 122.72 1.84
Solv. : Benzene
2-MethylBenzoic acid 331.85- 855-128 -0.84—-1.58 8.15 53.09- 0.06 1.94-
Solv.: Hexane 298.1 59.1 2.85
4-Methyl Benzoic 340.15- 473-71 -1.97--3.16 12.87 75.32—  0.01 1.19-
acid 295.65 86.66 1.82
Solv.: Benzene
4-Methoxy Benzoic 330.85- 67-14 -2.92—-4.09 12.24 103.5— 0.01 2.12—
acid 297.65 115.05 2.48
Solv.:Benzene
6-Octadecenoic acid  273.15- 46-0.071 -4.3—-10.24 75.07— 10.27-  -0.03— 4.29-
Solv.: Ethylacetate, 223.15 48.76 -206.02  0.02  -1.62
Heptane, Methanol,
Toluene, Ethylether,
Acetone
6-Octadecenoic acid  263.15- 23-0.32 5.31--10.24 75.07— 10.27- -0.03— 1.50-
Solv: Ethylacetate, 223.15 48.76 -21526  0.02  -3.13

Heptane, Methanol,
Toluene, Diethylether,
Acetone
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TABLE 7.1 (Continued)

Solutes & Corre- Temp.  X*10* AH (T msol” P .- CTF .
sponding solvents Range Molfrn. — ]l" (T - 1] ol P,  range Iny
°K range " range range of
range solute
range

Eicosanoic acid 338.65— 262-5.0 -0.68--3.98 63.49- -046—- -0.16- 5.09—

Solv:Dilodomethane, 298.55 70.06 5.64 -0.68 1.58

Freon-113

Docosanoic acid 283.15- 10-0.01  -6.49--8.96 74.3-89.18 42.41- -0.01- 4.86—

Solv:Ethylacetate, 263.15 -146.62  0.02  -0.15

Methanol, Toluene,

Diethylether, Acetone

Heptadecanoic acid 303.15- 975.7- -5.97--1.55 50.48- -1.35— 0.01 0.53—

Solv.: Acetone, Isopro- 278.55 10.6 66.09 -154.93 2.74

pylether

The proposed method consisting of a combination of Eqgs. (7.6) and (7.7)
yields a relative deviation (AX/X) of 0.6675 where AX is the average absolute
deviation in X and X is the average value of the solubility and R? value of
0.50.These values are compared to that reported by Ksiazczak and Anderke [2]
(0.745 for relative deviation and 0.28 for R?) who used a more complicated ap-
proach over a narrower range of 42 data points. It is observed that the present
method yielded lower relative deviation and a much higher R?.

7.4 CONCLUSION

The solubilities of solids in dilute solutions are modeled by a simple method
proposed using properties such as pure component molar refraction, dipole
moment and charge transfer functions. This method yielded average absolute
deviations comparable to more complicated methods reported in the litera-
ture. The obtained results point out the predictive significance of the present
method as a simple alternative for complex methods using pure component
properties.
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8.1 INTRODUCTION

Aniline has numerous commercial applications. The largest application of aniline
until September 2007 is for the preparation ofmethylene diphenyldiisocyanate
(85 percent), an intermediate material in the production of rigidpolyurethane
[1]. Other application of aniline is in rubber industry (9 percent), agrochemicals
(i.e. herbicides, 2 percent), dye making and pigments manufacturing (2 per-
cent) [2]. The principal use of aniline is in the dye industry as an intermediate
component for producingazo dyes. NH, group in aromatic amines is one of the
chromophore groups in the dye formulation; and NH, is also the member of
auxochrome group which is necessary to impart the solubility and to increase
the adherences property [3]. Preferable methods for nitroaromatic reductions are
catalyst hydrogenation and Bechamp process.

The Bechamp reduction process was first described by Antoine Bechamp
for reducing nitrobenzene to aniline in 1854 [3]. In Bechamp process, hydrogen
ions for the reduction are produced by the reaction of acid and water along with
zero-valent iron. These hydrogen ions react with aromatic nitro compound on Fe
surface to convert into aromatic amines. Also, the side reaction in the Bechamp
process is the oxidation of Fe to Fe(OH), and other hydroxides. Further, the
overall Bechamp reaction is an exothermic reaction and hence, it is quite crucial
to control the temperature during the process for better yield of the aromatic
amine compounds. Bechamp process and the quality of amine product from
this process are sensitive to parameters such as physical state of iron, amount of
water used, amount and type of acid used, agitation speed, reaction temperature,
and the use of various catalysts or additives [4]. Thus, the quality of the aromatic
amine can be controlled by the above mentioned parameters. The Bechamp re-
duction can be summarized as follows.

8.1.1 BECHAMP REACTION

H* Generation:

6HCOOH +6H,0 — 6HCOO™ +12H" + 60H" 8.1
Overall Reaction:

4ANO, +4H,0 +9Fe’ — 4ArNH, +3Fe,0, (82)

Bechamp process is the oldest commercial process for preparation of amines,

but in more recent years it has been largely replaced by catalytic hydrogenation.
Nevertheless, the Bechamp reduction is still used in the dye industry for the
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production of small volumes of aromatic amines and for the production of iron
oxide for pigments [1]. Few problems found in catalytic hydrogenation can be
avoided in Bechamp process. For example, using Bechamp process we can pro-
duce pure aniline from nitrobenzene without any trace of the catalyst. Hence,
pharmaceutical grade of aniline is usually produced by Bechamp process.
Though, due to the slow reaction rate in Bechamp process and costly down-
stream separation methods, their applications are limited to batch process [5].
Further, Bechamp process is more economical alternative process. For example
small volumes amine production, catalytic regeneration and catalyst losses lead
to a costly process compare to Bechamp process. For large volumes Bechamp
process loses its edge over catalytic reduction. Other applications of this process
involve treatment of groundwater, degrading non-biodegradable nitrobenzene to
quite less hazardous, and biodegradable aniline at low concentrations. Hence,
Bechamp process is used to convert aromatic nitro to aromatic amine in ground
water and making them easily biodegradable [6].

The kinetic study in the literature [6] have the following limitations, (1) the
kinetic study was carried out at only one temperature 15°C, (2) the application
was for very dilute nitrobenzene concentration in ground water, and (3) the ef-
fect of rpm was studied in the range of 4-50. We have attempted to address
these three issues and present the effect of temperature, initial composition and
rpm at high value (200—600) in this work. Reduction of nitrobenzene to aniline
by Bechamp process is carried out in a 500 ml batch reactor in this work. Gas
Chromatograph (GC) is used for the sample analysis. A GC method has been
developed with toluene as the solvent for determining the compositions of vari-
ous reaction components.

8.2 REACTION MECHANISM

Reduction mechanism for aromatic nitro compounds can be explained by con-
sidering it as a three step process, namely (1) generation of H ions by water-
acid reaction, (2) reaction of H* with Nitrobenzene, and (3) oxidation of Fe by
H". These reactions [6] are explained in the following section,

H*Generation:

First step in the Bechamp process is the production of hydrogen ion, which
is produced by reaction between acid and water. Different acids have been used
for this purpose in the literature [7], but most popular used acids are formic acid
and hydrochloric acid. Since, halogen group in hydrochloric acid is quite reac-
tive and hence may react with the aromatic ring, formic acid is more popular
than HCL
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8.2.1 ACID—WATER REACTION

6HCOOH + 6H,0 — 6HCOO™ +60H™ +12H" (8.3)

6H" + 6HCOO™ — 6HCOOH (8.4)

Overall Reaction:
6H,0 — 12H" + 60H" (8.5)

The overall reaction constitutes the decomposition of water molecule sug-
gesting little amount of acid is sufficient to carry out the reaction. It is reported
in the literature that amine is not detected in the strong acidic conditions. Fur-
ther, it is also suggests that 5-6.9 is the optimum pH in the Bechamp process [6].

8.2.2 REDUCTION OF NITROBENZENE

Reduction of Nitrobenzene can be summarized as a three step process, adsorp-
tion of PNT from bulk phase to iron surface, reaction of the same on iron sur-
face, and desorption of the reaction products from iron surface to the bulk phase.

8.2.3 ADSORPTION OF NITROBENZENE ON THE FE°
SURFACE

Nitrobenzene is adsorbed on zero-valent iron — ArNO, + Fe’ (8.6)

8.2.4 REACTION BETWEEN NITROBENZENE AND HYDROGEN
ION ON FE SURFACE

This is a complex reaction, a result of series and parallel reactions, with genera-
tion of one or more intermediates and byproducts.

AINO, +Fe’ +H" — ArNH, +Fe®’ ®8.7)

The reduction of nitrobenzene to aniline is truly a nonelementary reaction.
Several authors had proposed reaction mechanism for this reduction reaction
involving the following steps. Firstly, Nitro benzene reduces to nitrosobenzene
followed by nitrosobenzene reduction to phenylhydroxylamine, and finally the
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reduction of phenylhydroxylamine to Aniline. Reduction of nitro benzene can
be summarized in three steps as follows,

ArNO, +Fe” +2H" — ArNO + Fe** + H,0 (8.8)
ArNO+Fe’ +2H" — ArNHOH + Fe** (8.9)
ArNHOH + Fe’ + 2H" — ArNH, + Fe** + H,0 (8.10)

First reaction corresponds to two electron reduction of Nitrobenzene to ni-
trosobenzene; the second one corresponds to four electron reduction of nitroso-
benzene to phenylhydroxylamine and third corresponds to two electron reduc-
tion of phenylhydroxylamine to aniline.

8.2.5 OXIDATION OF FF°

Above mentioned all the three reactions result in the oxidized state of Fe, that
is, Fe*". This in turn reacts with OH™ ion that was produced from water dissocia-
tion and produces ferrous hydroxide, Fe(OH),. This Fe(OH),can still provide
free surface for adsorption of p-nitrobenzene, that is similar to zerovalent iron
surface. Further, on the surface of ferrous hydroxide, p-nitrobenzene reduces to
the amine counterpart with further oxidation of Fe(OH), to Fe(OH),. This can
be summarized as follows [6, 7]

3Fe” +60H™ — 3Fe(OH), (8.11)
AINO, +6Fe(OH), +4H,0 — 6Fe(OH), + ArNH, (8.12)
Fe(OH), +2Fe(OH), — Fe,0, +4H,0 (8.13)

Though, the above mechanism results into only two Fe compounds, namely
Fe(OH), and Fe,0,, a mixture of different iron-oxide reactions are reported in
the literature [6, 7]. Composition of iron-oxide depends on the reaction condi-
tions, though not significant experimental results have been demonstrated to
support this claim.

An overall reaction including nitro reduction and Fe oxides generation can
be shown below:

4H,0+4ArNO, +9Fe’ — 4ArNH, +3Fe,0, (8.14)
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8.3 CHEMICAL AND EXPERIMENTAL SET-UP

Nitrobenzene (yellowish oily liquid), aniline (colorless liquid), formic acid and
toluene having high purity of more than 99.5 percent were purchased from Mer-
ck. Iron powder with purity 99.5 percent and having 6-9 p size ranges was pur-
chased from sigma-Aldrich. Double RO water was used in all the experiments
which is free from dissolved solids and impurities. Toluene of HPLC and/or GC
grade was used as a solvent for Gas chromatography analysis. The experimental
setup consists of a five- neck conical flask reactor, electrical heater, agitator, and
a reflux condenser.

8.4 MATHEMATIC MODEL

Reduction of Nitrobenzene (NB) by Bechampprocess under several operating
conditions gives aniline along with certain amount of intermediates/byproducts.
Our GC results of liquid phase compositions show only three peaks of NB,
nitrosobenzene, and Aniline, with RTD of 4.78 min, 3.048 and 3.67 min, respec-
tively. Hence, to ignore the complexity in modeling we avoid the intermediates/
byproducts. The liquid form compositions of aromatic compounds were found
using GC making assumption that there is no accumulation on the surface of
iron.

It is believed that the conversion from NB to Aniline is a result of the follow-
ing three steps in series: (1) adsorption of NB on the iron surface followed by,
(2) reaction on iron surface, and (3) desorption of the product [8].

However, in the reduction of aromatic nitro compounds the adsorption step
is a limiting step. Hence we make a hypothesis of adsorption as the limiting step
for NB to Aniline reduction. The hypothesis is verified with the help of experi-
mental results, failure leads to change in the hypothesis.

With adsorption as the rate limiting step,

_rA = km (CAb - CAS ) (815)

where, —r, is the rate of adsorption of A(NB), k_ is mass transfer constant, C,
is the concentration of A in Bulk liquid, and C,_is the concentration of Aon the
iron surface. According to the hypothesis of adsorption being the slowest step,
((; Asl (5:'()1n be assumed to be very small compare to C,,. Thus, ignoring C, in Eq.

-r, =k, (C,,—0) (8.16)

Hence,
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dC,
7 kX Cy (8.17)
Or upon integration
in| Cao =k xt (8.18)
CA

Where, C, ; is the initial concentration in the bulk phase. Thus, if adsorption
is the limiting step, Eq. (8.17) or (8.18) should be satisfied. Please note that a
first order of reaction with reaction being the limiting step may also satisfy the
above Eq. (8.17). Hence, to confirm the mass transfer being the limiting step,
we conducted experiments at different rpm in the range of 200—600. Further,
Frossling correlation [9] of rpm and the rate constant shown in Eq. (8.19) can
be fitted in the case of mass transfer as the limiting step.

Sh=2+0.6Re"*Sc"”? (8.19)

Where, Sh is the Sherwood number (kd /D, ), Sc is Schmidt number (v/D,),
k is the mass transfer constant, a!p is the iron particle diameter, D, is the diffu-
sivity coefficient, V' is angular velocity, and v = kinematic viscosity. As can be
observed from the above Frossling equation, rate constant is proportional to the
square root of rpm at constant temperature and particle diameter.

1/2

k o< (rpm) (8.20)

8.5 RESULT AND DISCUSSION

The experimental study was carried out considering the effect of RPM and tem-
perature.

8.5.1 EFFECT OF RPM

Experiments were performed with nitrobenzene having initial compositions of
0.5 g in 300 ml of water. Reaction Temperature and pH were fixed at 100°C,
5-5.5, respectively and rpm ranging from 200 to 600. These experiments were
performed to study the effect of rpm on nitrobenzene reduction at high tempera-
ture, 100°C and high concentrations.
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We had observed only two peaks in GC chromatogram, indicating no inter-
mediate/by product in the bulk phase in measurable quantity. Thus, the overall
reaction can be represented by,

C,H,NO, + Fe—*L 5 C H,NH,

Where, CHNO,: nitrobenzene

C,H,NH,: aniline

For the operating conditions mentioned above for nitrobenzene reduction,
the GC analysis results in the nitrobenzene and aniline compositions graph
shown in Figure 8.1

1.2
@ Aniline
1N M Nitrobenzene
||
*
08
g . .
Q
- 05 *
F .
=
8 =
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§° m
*
|
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*
0 T T T T
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FIGURE 8.1 Reduction profile with an initial composition of 0.5 g of NB in 300 ml of
water with 2 g of iron at 200 rpm.

Figure 8.2 shows a plot of In(C,,/C,) vs. time the slope of which gives the
mass transfer coefficient, . It has been observed from the temporal plot of Fig-
ure 8.2 that it follows rate of adsorption discussed in Section4.4 with the best fit
found at mass transfer coefficient £ = 0.0894 min™' and the R? value of 0.9867.
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FIGURE 8.2 Temporal plot of composition of nitrobenzene for the first order kinetics.

The reaction kinetics shows that the reaction time for 85 percent conver-
sion of nitrobenzene is 20 min. Rate constant was computed by the method of
integration.

The data fit with R* value of 0.9867 suggests that mass transfer controlled
reaction is a valid hypothesis. Please note that a hypothesis of first order of reac-
tion with reaction being the limiting step may also be justified with the above
fit. Though, if that is true, there should not be an effect of rpm on the overall rate
of reaction. Thus, to assure that the adsorption rate is the limiting step, we carry
out a study of the effect of rpm on the overall rate.

Figure 8.3 summarizes the effect of rpm on the overall rate of reduction of
nitrobenzene at three different rpms, 200, 400, and 600. As can be observed,
increasing rpm from 200 to 600, an increase in the rate of conversion was found
indicating the adsorption being the rate limiting step.

Thus, increase in the agitation speed enhanced the supply rate of the reactant
on the solid surface for the reaction to occur.

Further, the graph of mass transfer coefficient & vsipm should be straight
line according to Eq. (8.20). We conducted experiments at three different rpm
200, 400, and 600 and get the rate constant 0.0894, 0.118, and 0.1479 min™".
The least square fit of the above model for these data is shown in Figure 8.4.

We found an equation for graph: k£ = 0.005,/rpm +0.006 with an R? fit of 0.995.
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Thus, a satisfactory fit of the Frossling correlation was obtained to represent the
experimental data. Thus, it can be stated that the reduction of nitrobenzene to
aniline is a mass transfer controlled reaction.
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FIGURE 8.3 Effect of rpm on the reduction rate ofNB for rpm range 200-600 at 100°C.
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FIGURE 8.4 Kineticconstant k vs y/rpm for rpm range of 200-600.
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8.5.2 EFFECT OF TEMPERATURE

To study the effect of temperature on reaction Kinetics, we carried out experi-
ments from 30 to 100°C with initial nitrobenzene compositions of 0.5 g in 300
ml of water. The rpm was fixed at 400 and pH was maintained at 3 by adding
formic acid. The experimental results of NB reduction at 100, 90, 80, 60, and
30°C are shown in Figures 8.5-8.9. Here, we had observed one additional peak
for nitrosobenzene with the retention time of 3.048 min including nitrobenzene
and aniline. This is an intermediate in the Bechamp reaction also suggested by
Agrawal and Tratnyek [6]. Please note that we had observed negligible reaction
conversion at a pH value of 5 at 30°C. Hence, in this subsection, we have low-
ered the pH value to 3 for obtaining comparable reaction conversion.

12

1 A A A A
A
— 08  Nitrosobenzene
S A
ey - W Nitrobenzene
R AAniline
e
K
o
S

0 10 20 30 40
Time (min)

FIGURE 8.5 Effect of temperature at 100°Cwith 0.5 ml acid and 0.5 g NB in 300ml water
at 400 RPM.
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FIGURE 8.6 Effect of temperature at 90°Cwith 0.5 ml acid and 0.5 g NB in 300 ml water
at 400 RPM.
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FIGURE 8.7 Effect of temperature at 80°C with 0.5ml acid and 0.5 g NB in 300 ml water
at 400 RPM.
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FIGURE 8.8 Effect of temperature at 60°Cwith 0.5ml acid and 0.5 g NB in 300 ml water
at 400 RPM.
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FIGURE 8.9 Effect of temperature at 30°Cwith 0.5 ml acid and 0.5 g NB in 300 ml water
at 400 RPM.

Except nitrosobenzene no other intermediate/byproduct was observed in this

temperature range. This fact is consistent with the results of Agrawal andTrat-
nyek [6]. At 30°C we see that intermediate nitrosobenzene is highly stable and
higher in composition in comparison to one that is observed at 100°C. The mass
transfer coefficient values at various temperatures considered in this subsection
are summarized in Table 8.1.

TABLE 8.1 Summary of rate constants for Temperature range of 30-100 °C
S. No Temperature (°C) k (min™")
1 30 0.00432
2 60 0.0471
3 30 0.0612
4 90 0.2309
5 100 0.5752
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8.6 CONCLUSION

Experimental study of Bechamp reduction is carried out in acidic medium for
the reduction of nitrobenzene to aniline in this work. The experiments were
conducted for the temperature range of 30—100°C and agitator speed of 200—
600 RPM. Nitrobenzene reduces to aniline with different by products depending
upon the reaction conditions. In nitrobenzene reduction, we had found higher
selectivity of aniline or higher production of aniline compared to negligible pro-
duction of other side products.

The overall conversion of nitrobenzene to aniline is best described by three
steps in series, adsorption of nitrobenzene on iron surface, reaction of nitroben-
zene to aniline on Fe surface, and desorption of aniline from the Fe surface to
the bulk liquid phase. Among that Adsorption of nitrobenzene from the bulk
liquid to the iron surface was found to be the controlling step of the overall re-
duction rate in the operating conditions considered in this work. Experimental
results show that reduction of nitrobenzene to aniline was mass transfer con-
trolled. The rate constants are found for three different RPM values in the range
of 200-600 and five different temperature values in the range of 30—100°C.
Higher RPM and higher temperature were favorable for the reduction on NB.
Though, in a separate study a reverse trend was observed at 800 RPM (results
not shown here), where the centrifugal force dominates. The rpm effect on the
rate constant was satisfactorily verified using Frossling correlation in this work.
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9.1 INTRODUCTION

Recently microbubble has gained a lot of attention. Microbubbles are the bub-
bles having diameter in the order of 50 um. They possess a lot of spectacular
properties which makes them superior over the conventional bubbles. Accord-
ing to Young-Laplace equation the excess pressure inside a bubble is inversely
proportional to its size [1]. The internal pressure depends on the intermolecular
and molecule-wall interactions. If the diameter of the bubble increases, the in-
termolecular interaction and the molecule-surface interaction decrease whereas
it increases as the size of the bubble decreases. The microbubble, due to their
small size exhibit high pressure and thus provides a high gas dissolution rate.
They are also beneficial as they provide large gas liquid interfacial area. They
experience a low degree of buoyance force, due to their small size, which gives
them a long residence time in the liquid as compared to micro- and macrobub-
bles. They find a large number of applications in engineering as well as medical
field. Microbubbles can increase the efficiency of gas—liquid contacting devices
for various applications in chemical, petrochemical, and biochemical processes
[2-5]. Despite of such extreme uses, the flow behavior of microbubble-liquid
mixture has not been analyzed properly. During the simultaneous flow of micro-
bubble-liquid mixture through a device, various hydrodynamic characteristics
such flow behavior, pressure drop, friction factor, interfacial stress have to be
analyzed. In the present chapter the rheological behavior and friction factor of
microbubble-liquid mixture is studied in pipe.

9.2 EXPERIMENT SETUP AND PROCEDURE

The experimental setup mainly consists of a tank, a pump, microbubble gen-
erator, pressure transducer with data logger system, one rotameters, valvesas
shown in Figure 9.1. Pressure drop is measured in straight horizontal pipe hav-
ing diameter of 6x107° m. The length of pipe is taken about 2.5 m. The length
taken is sufficient enough, so that accurate measurements of the pressure drop
could be acquired with the pressure transducers as well as fully developed flow
obtained throughout the pipe. The test section is also designed well to minimize
any losses due to contraction and expansion. The working fluids werewater with
different surfactant (Sodium dodecyl sulfate) concentrations and air. The den-
sity of the fluid is calculated by specific gravity bottle and the surface tension is
measured by tensiometer (KRUSS GmbH Co., model- K9-MK1, Germany). All
the experiments were carried out at room temperature. The detail of the physical
property of the system is given in Table 9.1.
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FIGURE 9.1 Schematic representation of experimental setup. Legend: A.: Air inlet; CP:
Pump; DL: Data logger; L;: Liquid inlet; MBG: Microbubble generator; MS: Microbubble
suspension; P ,:Pipes; R: Rotameter; S: Self angle support; T, ,: Pressure transducers; TS:
Test section; T : Microbubble suspension tank with cooling jacket; T : Thermometer; V|
Flow control valve; W.: Water inlet; W : Water outlet.

TABLE 9.1 Physical properties of system at 25+1°C

Liquid Density (kg/m®) Surface Tension
(mN/m)

Water without microbubbles 999.68 71.20

Microbubble-liquid mixture without sur- 998.00 71.20

factant

Microbubble-liquid mixture at 3 ppm 998.09 69.00

surfactant

Microbubble-liquid mixture at 7 ppm 969.15 65.17

surfactant

Air 1.18 -

9.3 THEORETICAL ANALYSIS

The rheological behavior of a real fluid can be analyzed by using Ostwald—de
Waelepower law [6] relationship. It can be expressed mathematically as:

Tw ::ueffya :KV\Z (91)

where T, v , and y, represents wall shear stress, wall shear rate, and apparent
shear rate respectively. p . is the effective viscosity of fluid. K and n are flow
consistency index and flow behavior index respectively.
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The wall shear rate and apparent shear rate for a circular pipe can be calcu-
lated by using Egs. (9.2) and (9.3) respectively [7]

DAP
R Th 9.2)
— 8Uf
%= (9.3)

where U, is average velocity of fluid mixture in pipe. The friction factor (f) for
microbubble-liquid mixture can be calculated as:

2z,
pU;

f= (9.4)

9.4 RESULTS AND DISCUSSION

In this section the experimental results obtained are discussed in detailed. The
variation of wall shear stress with apparent shear rate of a fluid shows its rheo-
logical nature. The typical primary experimental data with estimated properties
is shown in Table 9.2. The effect of apparent shear rate on wall shear stress on
log-log plot in the present system is shown in Figure 9.2. It is observed that the
shear stress vs shear rate for the microbubble-liquid mixture shows a power law
dependency. It is also observed that the flow behavior index of microbubble-lig-
uid mixture is less than unity (~0.945) indicating that microbubbles-liquid mix-
ture behaves as non-Newtonian fluid. The rheology of suspension can mainly
be affected by the gas holdup but other factors such as size of bubble, presence
of other particles, presence of electrical charge and physiochemical properties
of liquid. The addition of surfactant further increases the non-Newtonian behav-
ior of the fluid [8]. The variation of effective viscosity of microbubble-liquid
mixture with shear rate is shown in Figure 9.3. The surface tension of mixture
decreases on addition of surfactant which increases gas holdup of system.This
increase in gas holdup affects the pressure difference of system, due which the
shear stresses changes, causing the effective viscosity of the system to decrease.
The effect of Reynolds number on friction factor is shown in Figure 9.4. In the
present work it observed that the friction factor of microbubble-liquid mixture
is lower than single phase fluid without microbubble. Microbubble significantly
decreases the friction factor. The addition of surfactant in microbubble-liquid
mixture further decreases the friction factor. There are many studies available
in literatures [9, 10] which showed that friction factor decreases in presence of
microbubble however the extent of reduction of friction may depends on Reyn-
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olds number, bubble size, and gas holdup. In the present study in entire range
of Reynolds number the friction factor found to be decreased with increase in
Reynolds number as well as surfactant concentration in the liquid. The depen-
dency of friction factor with Reynolds number for microbubble-liquid mixture

can be presented by developing correlation based on present experimental data
as:

15-0.021C? —0.031C,
Remb

b

9.5)

where C is the concentration of surfactant in liquid and Re_, is the Reynolds
number of fluid of microbubble suspension. The correlation coefficient of Eq.
(9.5) is found to be 0.97. To test the validity of correlation proposed for fric-
tion factor (f), the experimental and predicted value of friction factor is plotted
as shown in Figure 9.5. It is observed that the developed correlation is good in
agreement within the range of variables.
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FIGURE 9.2 Variation of shear stress with shear rate.
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FIGURE 9.3 Variation of effective viscosity with apparent shear rate.
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TABLE 9.2 Primary experimental data 25+1°C

Average Fluid  Pressure Drop Surfactant Flow Behav-  Flow Consis-
Velocity (AP) Concentration ior Index tency Index
() (<) (n) (k)

0.149 312.498 3 0.965 0.0010
0.298 516.666 3 0.965 0.0010
0.447 866.666 3 0.965 0.0010
0.596 1100.000 3 0.965 0.0010
0.149 291.666 7 0.945 0.0011
0.298 463.333 7 0.945 0.0011
0.447 800.000 7 0.945 0.0011
0.596 1050.000 7 0.945 0.0011




98 Chemical and Bioprocess Engineering: Trends and Developments

9.5 CONCLUSIONS

The present chapter mainly emphases on the rheological behavior of microbub-
ble suspension in horizontal pipe. The following conclusions can be drawn from
the experimental data. The effective viscosity and wall shear stress of micro-
bubble-liquid mixture found to be decreasing with apparent shear rate. Friction
factor found to be decrease inversely with the Reynolds number. A correlation
has also been developed to analyze the effect of surfactant and Reynolds number
of friction factor of microbubble-liquid mixture. It is also observed from experi-
mental results that the presence of microbubbles reduces the frictional resistance
and the flow of microbubble-liquid mixture shows the non-Newtonian behavior
during flow.

NOMENCLATURE

C Concentration of surfactant (ppm)

D Pipe diameter (m)

K Consistency of fluid (Pa.s")

L Length (m)

n Flow behavior index (—)

AP Pressure drop (N/m?)

Re Non-Newtonian liquid Reynolds number(—)
U. Fluid velocity (m/s)

p; Density of fluid (kg/m?)
T, Wall Shear stress (Pa)
Y, Wall shear rate (s™')

Y, Apparent shear rate (s™)
KEYWORDS

¢ Microbubble

e Pressure drop
¢ Rheology

¢ Friction factor
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10.1 INTRODUCTION

The depletion of fossil fuels and growing demand for energy generation dictates
the production of simple fuels by using bio-renewable feedstocks. Butanol is
produced by fermentation process of feedstocks such as sugar beets, sugarcane,
corn, wheat, ligno-cellulosic biomass, and more recently by micro-algae. Hence,
recently butanol has been proposed as an alternative feedstock to produce fuel.
Methane is produced from various renewable sources such as methanol, ethanol,
glycerol, etc. It is the simplest alkane and the main component of natural gas.
The relative abundance of methane makes it an attractive fuel. Methane is used
in industrial chemical processes as fuel (Natural gas, liquid methane rocket fuel,
and chemical feedstocks) [1-4].

Butanol as a higher member of the series of straight chain alcohols con-
tains 4-carbon atoms. Butanol has many advantages including higher content
of hydrogen (13.51 wt%) as compared to ethanol (13.04 wt%) and methanol
(12.50 wt%), better safety aspects because it is combustible but not flammable
like ethanol, lower vapor pressure, greater tolerance to water contamination [5].
Besides, butanol is used as potential biofuel with 85 percent strength in an I.C.
engine, as a solvent in various organic synthesis, coating, chemical and textile
processes, and as a component of hydraulic and brake fluids. The isomers of
butanol and their applications [6] are listed in Table 10.1.

TABLE 10.1 Applications of butanol isomers

Butanol isomers Applications

Additives of gasoline
Chemical intermediate- for butyl ethers or butyl esters, etc.

n-butanol ..
Plasticizers

Solvents-for paints, resins, dyes related items, etc.

Solvent

Industrial cleaners- paint removers, etc.
sec-butanol o )

Chemical intermediate- for butanone, etc.

Cosmetics like perfume, or in artificial flavors, etc.
Additives of gasoline
Ink ingredient

iso-butanol

Industrial cleaners—paint removers, etc.

Solvent and paint additives
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TABLE 10.1 (Continued)

Butanol isomers Applications

Solvent
Composite for ethanol

tert-butanol Industrial cleaner-paint removers, etc.

Additives of gasoline for octane booster and oxygenated intermedi-
ate for methyl fert-butyl ether, ethyl terz-butyl ether, tert-butyl hy-
droperoxide

10.2 THERMODYNAMIC ANALYSIS

The thermodynamic equilibrium calculations are usually performed via two
approaches: stoichiometric approach and non-stoichiometric approach. In stoi-
chiometric approach, the system is described by a set of stoichiometric reac-
tions and the equilibrium analysis is based on equilibrium constants for these
reactions. While, in non-stoichiometric approach, the equilibrium compositions
of products are derived by the direct minimization of Gibbs free energy [7]. In
present research work, thermodynamic analysis of butanol decomposition has
been performed to produce mainly methane by using non-stoichiometric ap-
proach. In this approach, the chemical species resulting in atomic combinations
of constituent elements of feed species which may coexist as potential products
at equilibrium are defined.

10.2.1 REACTIONS NETWORK

The possible reactions of butanol decomposition are given below [8]:

CHO =  CMH,+CH,+CO+H,
C,H, =  CH,+H,
CO+3H, =  CH,+H,0
CO+H,0 =  CO,+H,

CO+H,

1

C+H,0
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CO+2H, =  C+2H,0

CH, =  2H,+C

10.2.2 MINIMIZATION OF GIBBS FREE ENERGY

In present research work, the method of direct Gibbs energy minimization is
used to determine the equilibrium concentrations of reaction species. In case of
butanol decomposition, eight products namely H,, CO, CO,, H,0, CH,, C,H,,

C,H,, and carbon are considered. The equilibrium compositions of the products
are estimated by minimization of Gibbs free energy using R-Gibbs reactor in

Aspen Plus (Version 2006.5) software.

10.3 RESULTS AND DISCUSSION
10.3.1 EFFECT OF TEMPERATURE AND PRESSURE

The thermodynamic equilibrium investigations have been carried out for pres-
sure ranging from 1 to 10 atm and temperature 300—1,200°C. The butanol flow
rate of 1 kmol/s has been taken in the feed. The simulation results show the
complete conversion of butanol is achieved at all temperature and pressure con-
ditions.

Figure 10.1 (a)-(f) illustrate the effect of pressure and temperature on equi-
librium flow rates of the products. It is clear from Figure 10.1 (a) that at all
pressure conditions the production of CH, is maximum (2.02 kmol/sec) at tem-
perature between 300 and 700°C. Above 700 °C, temperature does not favour
the production of CH,. On the contrary, higher pressure favours the production
giving minimum at 1 atm.

Similar trends has been found in case of C,H, production [Figure 10.1 (b)].
The maximum C,H, flow rate (0.5 kmol/sec) has been obtained upto tempera-
ture of 500 °C at all pressures. The production trends of C,H, and H, are found
to be identical [10.1(c) and 10.1 (d)].At the temperature < 600 °C, no produc-
tion of these gases has been found at all pressure conditions. The higher tem-
perature (> 600 °C) and low pressure promote the production of C,H, and H,.

The Figure 10.1 (e) depicts that the flow rate of CO, becomes negligibly
small at temperature = 700 °C at all pressure conditions. Higher pressure and
lower temperature favour the CO, production.
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Reverse trends have been found in case of CO production [Figure 10.1 (f)].
Maximum flow rate of CO (1 kmol/sec) is achieved at temperature > 700 °C.
Lower temperature and high pressure suppresses CO production.
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Profiles of product flow rates with temperature at various pressure conditions

Table 10.2 summarizes the results of CH, formation at various temperatures
and pressure conditions with percent increase in its value with respect to 1 atm.
This table clearly indicates that percent increase in CH, production with respect
to 1 atm is significant at 3 atm or higher pressure and temperatures above 700°C.
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TABLE 10.2 CH, formation by butanol decomposition and its percent increase (PI) with
respect to latm pressure

Pressure 1 atm 3 atm 5 atm 7 atm 10 atm

Temperature Flow Flow PI Flow PI Flow PI Flow PI

(°O) Rate Rate (%) Rate (%) Rate (%) Rate (%)
(kmol/s) (kmol/s) (kmol/s) (kmol/s) (kmol/s)
700 2.02 2.01 —0.50 2.01 —0.50 2.01 —0.50 2.01 —0.50
750 2.01 2.01 0.00 2.01 0.00 2.01 0.00 2.01 0.00
800 1.99 2.00 0.50 2.00 0.50 2.00 0.50 2.00 0.50
850 1.94 1.98 2.06 1.99 2.58 1.99 2.58 1.99 2.58
900 1.87 1.94 3.74  1.96 4.81 197 535 198 5.88
950 1.76 1.88 6.82 191 852 193 9.66 195 10.80
1,000 1.60 1.79 11.88 1.84 15.00 1.87 16.88 1.90 18.75
1,050 1.41 1.67 18.44 1.75 24.11 1.79 26.95 1.83 29.79
1,100 1.19 1.52 27.73 1.63 36.97 1.69 42.01 1.74 46.22
1,150 0.96 1.34 39.58 1.48 54.17 1.56 62.50 1.63 69.79
1,200 0.74 1.15 5541 1.31 77.03 1.41 90.54 1.50 102.70

10.4 CONCLUSION

The thermodynamic analysis of butanol decomposition was carried out by us-
ing Gibbs free energy minimization method to produce methane. The effect of
temperature and pressure on CH, production was analyzed. The thermodynamic
analysis results revealed that most favorable conditions for butanol decomposi-
tion is 300°C and 1 atm pressure at which 1 kmol/s of butanol had the capacity
to produce 2.02 kmol/s of CH, and 1 kmol/s of CO. Methane (CH,) with carbon
monoxide (CO)can be used as a fuel for Molten-Carbonate Fuel Cell (MCFC)
and Solid-Oxide Fuel Cell (SOFC) applications.
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11.1  INTRODUCTION

Enterokinase is the protease of choice for N-terminal fusions, since it specifi-
cally recognizes a five amino-acid polypeptide (D-D-D-D-K-X1) and cleaves at
the carboxyl site of lysine. Sporadic cleavage at otherresidues was observed to
occur at low levels, dependingon the conformation of the protein substrate [1].
Biochemical analyses haveshown that the cleavage efficiency depends on the
aminoacid residue X1 downstream of the D4K recognition site [2]. Recombi-
nant hybrids containing apolypeptide fusion partner, termed affinity tag, to fa-
cilitatethe purification of the target polypeptides are widelyused. Many different
proteins, domains, or peptides canbe fused with the target protein. The advan-
tages of usingfusion proteins to facilitate purification and detection ofrecombi-
nant proteins are well-recognized [3].All tags, whether large or small, have the
potential to interfere with the biological activity of a protein, impede its crystal-
lization, or otherwise influence its behavior.Consequently, it is usually desirable
to remove the tag [4]. Therefore various proteases like factor Xa, recombinant
bovine, enterokinase, etc., were used for tag separation.Protease activity is also
regulated by metal ion cofactors that reversibly bind to proteases and affect their
final activity, often in an allosteric manner [5]. Most of the first row transition
metals (the only exceptions being scandium, titanium, and perhaps chromium)
as well asmolybdenum; tungsten and magnesium are known to function as co-
factors in enzymatic catalysis. Typically, these metal-ionic cofactors are bound
to the enzyme viacoordination of amino acid side-chains. Enzymes with more
looselybound metal ion cofactors, commonly called metalactivatedenzymes, re-
quire the presence of the appropriatemetal ion in the buffer in order to observe
maximalcatalytic activity [6]. The metal cofactors, Mg?* and Mn*", appear to
stabilize two distinct conformational states of the enzyme which differ in re-
sponse to varying substrate and effector concentrations [7]. The aim of the pres-
ent investigation is to study the effect of cofactor Magnesium ion (Mg?*) ion on
the activity of recombinant bovine enterokinase.

11.2  MATERIALS AND METHODS

Fusion protein CBD-PTH (1-34), Trizma Base (Sigma), Sodium Hydroxide
(Merck India), recombinant Bovine Enterokinase (USV Limited-Mumbai),
Acetonitrile (Merck India), Trifluoro Acetic Acid (Merck India), Magnesium
sulfate (SRL Laboratories, Mumbeai), Terrific broth (Sigma), D(+) Glucose, Iso-
propyl thiogalactoside (IPTG) (SRL Laboratories, Mumbai), Protein estimation
reagent (Bio-Rad, USA), and Capto MMC cation exchange resin-GE Health-
care, USA.
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11.2.1 RECOMBINANT ESCHERICHIA COLICULTURING AND
PRODUCTION OF FUSION PROTEIN CBD-PTH(1-34)

One milliliter of recombinant E. coli stored at —70°C with aexpression gene of
fusion protein Parathyroid Hormone,PTH (1-34) with a fusion tag Chitin bind-
ing domain (CBD) and a recognition sequence for protease enzyme recombinant
bovine enterokinase {(Asp),-Lys}in theplasmid pET24a was inoculated into
500ml of presterilized terrific broth media with 2 percentdextrose in 1L conical
flask. The inoculated flasks were incubated at 37°C in orbital shaker at 250 rpm.
After 3—4 hr of incubation when the optical density (OD,) reaches 0.8-1.0,
the culture is induced with 1mM IPTG and the incubation was continued for
another 6-8 hr until the OD, reaches 2.5-3.0.The culture was centrifuged at
10,800¢g for 15min and the supernatant was discarded. The cells were lysed us-
ing high pressure homogenizer at 1,200 bar pressure. The lysate was centrifuged
and the supernatant containing fusion protein was subjected to Cation-Exchange
chromatography using the resin Capto MMC for the initial isolation of fusion
protein. The fusion protein so obtained is of 60—70 percentpure.

11.2.2 SEPARATION OF FUSION TAG CBD FROM PTH(1-34)
USING RECOMBINANT BOVINE ENTEROKINASE

The total protein obtained in the elution was determined using protein estimation
kit. The pH of the solution was adjusted to 8.0 using 10 percent Sodium hydrox-
ide solution. Various concentrations of recombinant bovine enterokinase enzyme
were added per milligram of total protein after lysis and clarification containing
fusion protein in soluble form and the incubation was carried out at different tem-
peratures and durations. Magnesium sulfate was added at different concentrations
to enhance the cleavage efficiency and the percentage of cleavage or PTH (1-34)
liberated was checked using RP-HPLC.Details were furnished in Table 11.1.

TABLE 11.1

Recombinant Bovine Incubation  Incubation Tem- % PTH Re- MgSo,
Enterokinase (IU/mg) Time(hr) perature (°C)  leased by Area  (mM)

2 6 22 12.1 0

2 10 22 26.2 0

1 5 22 17.38 0

1 5 24 26.69 1

1 5 24 26.55 5

0.2 30 24 11.16 0

0.2 16 24 28.21 5

0.05 16 24 31.19 5
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11.2.3 ANALYSIS OF CLEAVAGE/PERCENTAGE OF RPTH(1-34)
LIBERATED BY RP-HPLC

This method uses a gradient high-performance reversed-phase liquid chroma-
tography (HPLC) separation procedure coupled with UV absorbance detection
for determining the purity of rPTH(1-34). Purity determination of rPTH(1-34)
is based on a peak area vs.total area calculation. Mobile phase A contains 10
parts of acetonitrile and 90 parts of 0.2M sulfate buffer (pH 2.3) and mobile
phase B contains 50 parts of acetonitrile and 50 parts of 0.2M sulfate buffer (pH
2.3). The run time is of 55 min with any of the following gradient profiles.

PROFILE 1
Time (min) A (%) B (%) Time (min) A(%) B (%)
0.01 100 0 45 0 100
5 65 35 45.01 100 0
35 60 40 55 100 0
PROFILE 2
Time (min) A (%) B (%) Time (min) A (%) B (%)
0 100 0 45 10 90
5 65 35 45.01 100
35 50 50 55 100

11.3 RESULTS AND DISCUSSION

11.3.1 OPTIMIZATION OF THE CLEAVAGE EFFICIENCY OF
RECOMBINANT BOVINE ENTEROKINASE

Purification of the proteins expressed in recombinant E. coli is a challenging
task for the reason that the lysate contain large number of impurities and the
percentage of the protein of interest is very small. To ease the purification pro-
cess various fusion tags were used to express along with the protein of interest
which allows the purification by affinity chromatographybased on the specific
interaction between immobilized ligand and target proteins [8]. These affinity-
tag systems share the following features: (a) one-step adsorption purification;(b)
a minimal effect on tertiary structure and biological activity; (c) easy and spe-
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cific removal to produce the native protein; (d) simple and accurate assay of
the recombinant protein during purification; and (e)applicability to a number
of different proteins [3]. At the same time, the removal of the fusion tag to get
the pure protein of desired activity employs enzymes to cleave the affinity tag.
But, the enzymes remarkably add to the cost of process. To increase the cleav-
age efficiency of the bovine enterokinase,two samples were taken Initially and
recombinant bovine enterokinase was added at a concentration of 2IU/mgof the
total protein and incubated while stirring at 22°C for 6and 10 hr, and the per-
centage of rPTH (1-34) liberated after cleavage was found to be 12.1 and 26.2
(Figure 11.1). But to reduce the cost of the process, increase in the efficiency
of the enzyme is necessary. Hence different approaches were adopted.The con-
centration of the recombinant bovine enterokinase/mg of the total protein was
reduced to half, that is, 1IU/mg and incubated at 22°C for Shr and the percentage
of rPTH(1-34) liberated after cleavage was found to be17.38. To increase the
cleavage further,magnesium sulfate (MgSO,) was added to the concentration of
ImM which supplies Magnesium ion (Mg*") to the sample containing recom-
binant bovine enterokinase of 11U/mg of total protein that is expected to act as
cofactor,incubated while stirring at 24°C for 5 hr. The percentage of rPTH(1-
34) liberated after cleavage was found to be 26.69 which is nearly equivalent to
the yield at 2IU/mg for 10 hr. Keeping the recombinant enterokinaseconcentra-
tion at 11U/mg of the total protein,the concentration of magnesium sulfate was
increased to 5SmM and the cleavage experiment was conducted by incubating at
24°C while stirring for 5 hr,the percentage of rPTH (1-34) liberated after cleav-
age was found to be 26.55 which is not much different from that of Imm mag-
nesium sulfate. Continuing the optimization, the concentration of the enzyme
was reduced by 10 times,that is, 0.21U/mg of total protein; the concentration of
the (Mg?*") was increased to 5mM from Imm and was incubated while stirring
at 24°C for 16hr. This was done to give enough time for the cleavage to happen.
The percentage of the cleavage was found to be 28.21 (Figure 11.2) which was
higher than any of the above. When the same experiment was repeated without
(Mg?) ion,the cleavage percentage did not increase more than 11.16 (Figure
11.3) even after 30hr. This clearly indicates the role of (Mg*") as cofactor for
recombinant bovine enterokinase. Now the IU of the enterokinase per milligram
of total protein containing fusion protein CBD-PTH (1-34) was further reduced
to 0.05 and was incubated at 24°C for 16hr with Smm Magnesium Sulphate and
the percentage of rPTH (1-34) liberated after cleavage was found to be 31.19
(Figure 11.4) which is highest. Therefore the addition of (Mg?") increased the
efficiency and recovery of the protein of interest rPTH (1-34). Now the concen-
tration of the recombinant bovine enterokinase required for the cleavage of the
fusion protein had decreased from 21U/mg to 0.051U reducing the input cost of
the enzyme by 40 times. Results were summarized in Table 11.1.
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FIGURE 11.1 Cleavage of fusion protein CBD-PTH (1-34) using recombinant bovine
enterokinase, 2 IU/mg of total protein, 10 hr of incubation at 24°C.
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FIGURE 11.2 Cleavage of fusion protein CBD-PTH (1-34) using recombinant bovine
enterokinase, 0.2 IU/mg of total protein, 16 hr of incubation at 24°C.
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FIGURE 11.3 Cleavage of fusion protein CBD-PTH (1-34) using recombinant bovine
enterokinase, 0.2 [U/mg of total protein, 30 hr of incubation at 24°C.
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FIGURE 11.4 Cleavage of fusion protein CBD-PTH (1-34) using recombinant bovine
enterokinase, 0.05 IU/mg of total protein, 16 hr of incubation at 24°C.
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11.4 CONCLUSION

A novel method was developed to increase the cleavage efficiency of recombi-
nant bovine enterokinase using magnesium ion as cofactor. Recombinant bovine
enterokinase is very often used in the process of protein purification to cleave
the fusion tag which is also a protein from protein of interest. But the cost of the
enzyme is so high that the cost of the enzyme alone accounts for 30—40 percen-
tof the total purification cost. Studies were done to reduce the cost by increasing
the efficiency of the enzyme to do the same work at low concentration.Magne-
sium sulfate which supplies (Mg*") ion that can act as cofactor was added to the
concentration of SmM and the results show that the yield/efficiency had doubled
and the enzyme concentration had decreased by 40 times.
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12.1 INTRODUCTIONS

Cesium-137 is one of the important fission products from the nuclear fission of
uranium. The removal of radioactive cesium from radioactive liquid waste is
important from the point of view of their biotoxicity and therefore has been of
interest for radioactive waste management.

Ammonium molybdophosphate (AMP) has been extensively investigated
and found to be highly effective for the removal of cesium from acidic liquids
[1]. Ammonium molybdophosphate becomes soluble in solutions with pH >4,
and therefore, is only suitable for application to acidic solutions. Ammonium
molybdophosphate (AMP) immobilized on polyacrylonitrile (PAN) is an engi-
neered form of the cesium ion selective material developed at Czech Technical
University [2-5].

In the present study, AMP-PAN is used for uptake of cesium from acidic so-
lution in column experiments. Many models were proposed for the prediction of
breakthrough curves, such as Thomas model, Clark model, Yoon-Nelson model,
etc., This paper examines the application of the Thomas model on experimental
break through curves in order to evaluate its use in prediction of shape and posi-
tion of breakthrough curves for the chosen experimental conditions.

12.2 MATERIALS AND METHODS

12.2.1 AMP-PAN

AMP-PAN is obtained from M/s. THERMAX Ltd., Pune, India. The properties
of AMP-PAN are listed in Table 12.1.

TABLE 12.1 Properties of AMP-PAN
Properties of AMP-PAN

Trade name AMP-PAN
Nature Cationic resin
Particle Size 0.4 mm
Shape Spherical
Pore type Macro porous
Bulk density 1.5 g/em®
AMP loaded on resin 65%

Moisture content 55%
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12.2.2 COLUMN EXPERIMENT

The column made of glass tube of 2 cm inner diameter and 50 cm height is used
for the study. The schematic of experimental setup is shown in Figure 12.1.

Peristaltic pump
ﬂk Q

AMP-PAN —>
in column

= §

Sambling bottle

Feed solution tank

FIGURE 12.1 Experimental set-ups for the measurement of breakthrough curve.

A fixed bed of 14.5 ml (20g) of AMP-PAN was packed in the column with a
layer of glass wool at the bottom. The column performance of Cs ion exchange
on AMP-PAN was studied at different Cs concentration (500—1,000 mg/l), bed
height (14.5-21.5¢m) and flow rate (5—16 ml/min). The bed depths taken were
14.5cm (20 g), 18.2cm (25g), and 21.5 cm (30g). The Cs solution was pumped
to the column in a down-flow direction by a peristaltic pump. Samples were
collected at regular intervals and its concentrations were analyzed by Atomic
Absorption Spectrophotometer (AAS).

12.2.3 THOMAS MODEL

For the successful design of a column ion exchange process, it is important to
predict the breakthrough curve for different parameters. Various kinetic models
have been developed to predict the dynamic behavior of the column. Thomas
model [6-8] is based on the assumption that the process follows Langmuir ki-
netics with no axial dispersion; the rate driving force follows second order re-
versible reaction kinetics. The expression of Thomas model for a column opera-
tion is given as follows:

C 1

G B 1+exp [KTh/Q(%X_Co V;ff)]
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where K, is the Thomas rate constant (ml/min mg); ¢, is the maximum solid-
phase concentration of solute (mg/g). X is the amount resin in the column (g);V_
is the effluent volume (1); Q is the flow rate (ml/min); C is effluent concentration
(mg/1); and C, is influent concentration (mg/1).

The linearized form of the Thomas model is as follows:

ln(&—l): K9,X _ Ky Co Ve
0 0

A plot of In(C/C— 1) versus V . gives a straight line with a slope of (K, C,/Q)
and an intercept of (K, ¢ X/Q).

12.3 RESULTS
12.3.1 EFFECT OF FEED INLET CONCENTRATION

The breakthrough curves obtained by the initial cesium concentration from 500
to 100 mg/l at 5 ml/min flow rate and 14.5 cm bed depth are given in Figure
12.2.

1  ==Model-500 mg/1
==Model-700 mg/l
0.8 - = Model-1,000 mg/1
@ Exp-500 mg/l
X Exp-700 mg/l
A Exp-1,000 mg/l

0.6 -

C/Co

0.4

0.2

0 100 200 300
Time/ mins

FIGURE 12.2 Comparison between experimental and model breakthrough curves for
different inlet concentrations.

As expected, a decrease in cesium concentration gave a later breakthrough
curve; the treated volume was greatest at the lowest transport due to a de-
creased diffusion coefficient or mass transfer coefficient. Breakthrough time
(C/C=0.05) occurred after 200 min at 500 mg/1 initial cesium concentration
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while the breakthrough occurred after 130 and 90 min for 700 and 1,000 mg/1
respectively. At higher concentration the availability of the ions for the ion ex-
change sites is more, which leads to higher uptake of Cs at higher concentration
even though the breakthrough time is shorter than the breakthrough time of
lower concentrations. The breakthrough time decreased with increasing cesium
concentration as the binding sites became more quickly saturated in the column.

12.3.2 EFFECT OF FEED FLOW RATE

The effect of feed flow rate on breakthrough was found by passing 700 mg/1 of
Cs in 4N HNO, with different flow rates (5, 10, and 16 ml/min) until no further
cesium removal was observed. The breakthrough curve for a column was deter-
mined by plotting the ratio of the C/C against time, as shown in Figure 12.3.
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FIGURE 12.3 Comparison between experimental and model breakthrough curves for
different velocities.

The column performed well at the lowest flow rate (5 ml/min). Earlier
breakthrough and exhaustion times were achieved, when the flow rate was in-
creased from 5 to 16 ml/min. The column breakthrough time (C/C;=0.05) was
reduced from 150 to 10min, with an increase in flow rate from 5 to 16 ml/min.
This was due to a decrease in the residence time, which restricted the contact of
cesium solution to the AMP-PAN. At higher flow rates the cesium ions did not
have enough time to diffuse into the pores of the AMP-PAN and they exited the
column before equilibrium occurred.
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12.3.3 EFFECT OF RESIN BED HEIGHT

The uptake of cesium in a fixed-bed is dependent on the quantity of resin inside
the column. In order to study the effect of bed height on cesium retention, three
different bed heights, viz. 14.5, 18.2, and 21cm, were used. A feed solution of
fixed concentration (700 mg/l) was passed through the fixed-bed column at a
constant flow rate of 5 ml/min. As depicted by Figure 12.4 the breakthrough
time varied with bed height.
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FIGURE 12.4 Comparison between experimental and model breakthrough curves for
different bed heights.

It can be seen that the breakthrough time and exhaustion times increased
with increasing bed height. The variation in bed height was proportional to
the surface area available per each bed depth. At higher bed depth of 21.5 and
18.2cm, more mass of resin was residing in the column thereby providing larger
service area for ion exchange of the solute to the resin. At low bed depth, the
cesium ions do not have enough time to diffuse into the surface of the resin, and
a reduction in breakthrough time occurs.

12.3.4 APPLICATION OF THE THOMAS MODEL

Thomas model has been used by many researchers to study packed bed ion
exchange kinetics [9—11]. Application of the Thomas model to the data at C/
C, ratios higher than 0.01 and lower than 0.99 enabled the determination of the
kinetic coefficients and maximum uptake capacities in the system. The kinetic
rate constant, K, and capacity of the bed, ¢, were determined from the plot of



Application of the Thomas Model for Cesium lon 123

In[(C,/C) — 1] against V_ and the results of K, R*, and ¢, are given in Table
12.2.

TABLE 12.2 Parameters of Thomas model for Cs exchange onto AMP-PAN

Flow rate Q initial conc. C, bed height Thomas constant q, R?
(ml/min) (mg/L) H (cm) (K,,) (ml/min.mg) mg/g

5 500 14.5 9.350 x10? 31.82 994
5 700 14.5 7.385x102 36.12 993
5 1000 14.5 5.535x10 40.88  98.7
10 700 14.5 9.605 x10? 34.51 99.8
16 700 14.5 9.910 x102 3299  99.6
5 700 18.2 7.701 x1072 37.06  98.1
5 700 21.5 8.107 x102 38.12  99.1

Figures 12.2—12.4 illustrate both experimental breakthrough curves and pre-
dicted breakthrough curves from the Thomas model at all operation stages of the
packed bed column. It was observed that when the feed concentration increased
from 500 to 1,000 mg/l, Thomas rate constant decreased from 0.0935 to 0.0553
ml/min.mg and capacity of the resin increased from 31.8 to 40.88 mg/g.

The Thomas model gave a good fit of the experimental data, at all the flow
rates examined, which would indicate the external and internal diffusions were
not the rate limiting step. The rate constant (K ;) increased from 0.07385 to
0.0991 with increasing flow rate (5—16 ml/min) which indicates that the mass
transport resistance decreases. The capacity of the resin decreased from 36.22
to 32.99 mg/g due to the less contact time as explained above. The Thomas
constant remained almost constant when the bed height was increased from14.5
to 21.5 cm and capacity of the resin increased from 36.12 to 38.12 mg/g. As
indicated in Table 12.2, the Thomas model was found in a suitable fitness with
the experimental data (R*> 0.98).

12.4 CONCLUSIONS

The effect of different operational parameters such as initial concentration, feed
flow rate, bed height on break through curves of cesium ion exchange on AMP-
PAN were examined in a packed column. It revealed that by increasing the feed
concentration, flow rate and decreasing the bed height the breakthrough time
decreased. Thomas rate constant, K, is dependent on flow rate, initial ion con-
centration and bed height. The maximum ion exchange capacity, g, increased
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with increase in initial ion concentration and bed height but decreased with in-
crease in flow rate.
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13.1 INTRODUCTION

In agriculture, citrus fruits suffer from postharvest deterioration due to the fungi
rot caused by Penicilium spp., Aspergillus spp., and Fusariumspp. and dehydra-
tion process [1]. This process subsequently causes weight losses, color changes,
softening, surface pitting, browning, loss of acidity, and microbial spoilage in
citrus. Among factors which contribute to the deterioration rate are intrinsic
characteristics of the product and storage conditions, for example, temperature,
relative humidity, and storage atmosphere composition [2].

Currently, development of the active packaging on the basis of mixing plant
derivatives with Modified Atmosphere Packaging (MAP) is introduced with the
use of eco-friendly materials to decrease the amount of fruit quality deterio-
ration in storage after harvest [3]. Several researchers have already employed
plant-based products as substitute for synthesis fungicide to control soft-rot in
plant [2, 4-6]. The use of pure and eco-friendly derivatives from plant extract
is a good substitute for synthetic fungicides on fruits, particularly for highly
perishable ones with reduced shelf life [7].

Basically, bioactive packaging technique is a technique employing eco-
friendly biodegradable materials in packaging that can increase the shelf life
postharvest [8, 9] and has the potential for commercial application in posthar-
vest. The present study explores the antifungal activity concentration of plant
extracts that is incorporated in fruit wrapping with biodegradable materials to
minimize postharvest damage in citrus.

13.2 MATERIALS AND METHODS
13.2.1 PLANT MATERIALS
13.2.1.1  PREPARATION OF PLANT EXTRACT

Sea mango (Cerberaodollam L.) and Neem (Azadirachtaindica L.) leaves were
collected from trees growing by the river side park at Kangar, Malaysia. Hot
chilli fruits (Capsicum frutescene L.), leaves, and stem of Lemon grass (Cymbo-
pogonnardus L.) and Ginger (Zingiberofficinale L.) stem were purchased from
wet market at Kangar. They were washed under running water to get rid of
dirt. The samples were dried overnight in oven at 40°C. Dried materials were
then pulverized using electric mixer and preserved in sterile sealed glass bottles.
The technique used was modified from Ruch and Worf’s method [10]. Later,
the powder materials were treated with 500ml of 95 percent alcohol. The solu-
tions were filtered twice; once through cheese-cloth gauze and later through
Whitman’s No.2 filter paper before being evaporated using rotary evaporator
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at 60°C. Dark spongy materials were dried in oven at 37°C for two days. Dried
materials were stored in sterilized 10ml screw-capped glass bottles and were
kept in the refrigerator at 4°C until further usage.

13.2.1.2 PREPARATIONS OF PLANT EXTRACT DILUTIONS

Powder extracts from plants were removed from refrigerator and brought to
lab for the preparation of extract dilution. Dilutions were prepared by dissolv-
ing (0.5, 1, 2, 3, 4, 5g) from each plant powder in Dimethyl sulfoxide (DMSO
95.5 percent/1ml/1g) and topped up to 1 1 of distilled water in volumetric flask
to obtain the concentrations required (500, 1,000, 2,000, 3,000, 4,000, and
5,000ppm).

13.2.1.3 PATHOGENS

Penicilium digitatum L., Aspergillus niger L., and Fusarium sp. were identified
using taxonomic and morphological reference. Highly aggressive, single spore
isolates of these fungi were isolated from soft-rot damaged citrus fruits obtained
from the market. These isolates were propagated in sterilized 10cm-Petri dishes
containing PDA media at 25°C for seven days.

13.2.1.4 IN VITRO SCREENING OF MYCELIUM INHIBITION

PDA media was incorporated into 50 ml glass flasks and autoclaved for 20 min
at 121°C. After cooling down, 5 ml of each plant extract (500, 1,000, 2,000,
3,000 ppm) was added to the flasks using pipette and were gently agitated for
2 min. Media cultures were amended into 10-cm Petri dishes and 250 mg of
Chloramphenicol [4] was added to prevent bacterial growth. Later, 1 ml of fun-
gal spore suspensions was added by pipette onto the center of the amended PDA
extracts and the inoculated plates were incubated at 25°C for 10 days. Petri dish
inoculated without extract concentration (water) was used as negative control.
Colony diameter was determined by measuring the average radial growth. The
inhibition zone was measure by the formula below [11]:

Mycelial growth (control) — Mycelial growth(treatment) <100

%Mycelia inhibition = -
Mycelial growth(control)

13.2.1.5 LONGEVITY STUDY OF PLANT EXTRACTS

The best concentration obtained from the in vitro mycelium inhibition by the
five plants was selected to study the longevity effectiveness of the antifungal
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activity weekly until the fourth week (W4). Fresh sample from each extracts
was used as control for stored samples. Samples were stored at 25°C and 65-70
percent RH for four weeks. Fungal inhibition zone (%) was analyzed using in
vitro screening mention above.

13.2.1.6  CYTOTOXICAL SCREENING (LC50) FROM CRUDE
EXTRACTIONS (BRINE SHRIMP TEST)

The eggs of the brine shrimp were collected from a fish shop in Kangar, Malay-
sia. 5 mg of Artemiasalina (Leach) eggs were added into conical flask contain-
ing 50 ml of sea water. The flasks were kept under inflorescent bulb for 48 hr
to allow the eggs to hatch into shrimp larvae. 6.4 mg of each dried crude plant
extract was treated with 0.1 ml of DMSO and mixed with 5 ml of water into a
10 ml volumetric flask. The flasks were stirred manually for 5 min to get a fully
dissolved homogeneous state of the extract (640pg/ml). A series of dilution (us-
ing equation M V =M_,V) was prepared to obtain concentrations of 5, 10, 20, 40,
130, 260, 390, and 520pg/ml. DMSO and fungicide (Guazatine) were used as
negative and positive controls. The concentration treatments were then transfer
into the conical flasks containing hatched larvae. After 24 hr, the numbers of
dead larvae were counted and collected data analyze using Excel Word 2007.

13.2.2 FRUIT WRAPPING WITH BIODEGRADABLE MATERIALS
AND PLANT EXTRACT

Healthy freshly citrus fruit were washed with tap water, air dried and then ster-
ilized by immersion in 70 percent ethanol for 1 min before spraying [8]. The
replication consists of 15 fruits with 5 fruits for each treatment. The fruits were
randomly divided into nine equal groups and all the groups were wounded in
depth of 5.0mm with a 1.25mm diameter needle at the equator. All treatments
were inoculated by spraying in suspension of P. digitatum, A.niger, and Fusar-
ium sp. 1 x 106 spores ml™! and left for about 1 hr to stabilize the spores. After
that, the fruits were sprayed with treatments and wrapped separately. The treat-
ments were carried out with spraying 5000ppm of plant extract and 1000ppm of
Guazatine on fruits. The untreated fruits were used as healthy control. After that,
fruits were wrapped with polylactic acid, pectin, and newspaper under room
conditions. Treated fruits were packed and stored in carton boxes and incubated
at 25°C £2 (RH 65-70 percent) under room conditions. Evaluations of the treat-
ments were done after four weeks of data collection.
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13.3 RESULTS AND DISCUSSION

13.3.1 EFFECT OF PLANT EXTRACTS ON DEVELOPMENT
MYCELIUM GROWTH OF POSTHARVEST FUNGI IN VITRO

The study showed significant difference between treatment and control (P<0.05)
for the three fungi, Pdigitatum, A.niger, and Fusarium sp. (Table 13.1). Sea
mango showed complete inhibition of P.digitatum (almost 100 percent inhibi-
tion) when applying crude plant extracts concentration at 3,000ppm.This result
agrees with previous studies [4, 12] regarding the effectiveness of plant extracts
as antifungal against the fungi, P. digitatum, besides showing better result than
when compared with Behnazet al. [5] (reduced fruit contamination up to 17
percent) in fungal inhibition’s percentage.

TABLE 13.1 Effect of plant extract (ppm) on inhibition colony diameter (cm) of Penicilium
digitatum, Aspergillus niger, Fusarium sp. compare with control (Guazatine and DMSO) in
PDA media inoculated at 27°C for seven days

Comparisons(Concentrations
Treatments

ppm)
500 1,000 2,000 3,000 Mean  Remarks
Colony Diameter (cm)
Peniciliumdigitatum
Cerberaodollam L. 276 199  146*  0.00 1.55° Significant

Capsicum frutescence L. 2.90° 296" 2.10° 0.63*  2.14° Significant

Azadirachtaindica L. 3.90¢  2.90° 233¢  1.33 2639 Good
Cymbopogonnardus L. 3.90¢ 296" 2.33¢ 1.33¢  2.63¢ Good
Zingiberofficinale L. 416"  2.67° 2.23¢ 1.38  2.61¢ Good
Aspergillusniger

Cerberaodollam L. 3.06° 207 1.77° 0.73*  1.90° Significant

Capsicum frutescence L. 296>  2.16°  1.95* 0.86* 1.98 Significant
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TABLE 13.1  (Continued)

Comparisons(Concentrations

Treatments ppm)

500 1,000 2,000 3,000 Mean  Remarks

Colony Diameter (cm)

Azadirachtaindica L. 4.00¢ 3.03¢  2.73¢ 253 307 Moderate
Cymbopogonnardus L. 4.04¢ 3.06°  2.59¢ 2.38  3.0I° Moderate
Zingiberofficinale L. 4,534 2.94¢ 2594 226°  3.08° Moderate
Fusariumsp.
Cerberaodollam L. 2.06* 2.02*  1.92° 0.71*  1.76* Significant

Capsicum frutescence L. 2.76°  2.10°  1.98  0.86° 1.92° Significant

Azadirachtaindica L. 299 2,63 244> 235 2.60° Moderate
Cymbopogonnardus L. .11 2.63> 2,59 2.40% 2.85¢ Moderate
Zingiberofficinale L. 3.53¢  2.83° 2.64* 240%° 2874 Moderate

Guazatine 2.20* 1.90¢  1.86° 2.00¢  1.99° Good
Control
DMSO 8.55¢ 9.00f  8.55" 8.55! 8.668 No effect

* Alphabets different in the same column show significant difference using Duncan’s Multiple
Range test (P<0.05) and average is calculated from three replicates.*% inhibition = CD
CD /CD__ % 100, where colony diameter (CD) (cm).

treatment control

control

13.3.2 EFFICACY STORED PLANT EXTRACT ON FUNGAL
INHIBITION ZONE UNDER FRIDGE CONDITION

Fungal inhibition zones (%) were calculated for four weeks after contact with
3,000ppm extraction solutions (shown in Figure 13.1). Each extracts tested
maintained their efficacy (<60 percent inhibition zone) until third bioassay. This
is because storage at 4°C could decrease the rate of biological reactions compare
to higher temperature. Result of current study agreed with previous studies by
Fernando et al. [13], and Wang et al. [14], that storage cool condition had bet-
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ter quality for longer storage. Statistical analysis (ANOVA, P < 0.05) showed
significant difference between Sea mangos with other plants.

Wi w2
w3 W4
FIGURE 13.1 Percentage of fungal inhibition zone (%) against Penicillium digitatum,

Aspergilius niger,and Fusarium sp. at 3000ppm for five crude plant extracts stored at 4°C
and 85-90 percent RH for four weeks.

13.3.3 BIOTOXICITY OF PLANT EXTRACT ON BRINE SHRIMP
TEST (LC,,)

From Figure 13.2, all the extracts showed positive results indicating that the test
samples are biologically active. Among the five plant extracts, Sea mango and
chilli recorded toxic values of 5 pg/ml and 20 pg/ml and is nontoxic to human
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[15] (22 pg/ml is safe to human).Results of this study agree with the studies of
Meyer et al. [16] which also utilizing brine shrimp for natural product research.
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FIGURE 13.2 Brine Shrimp Test (BST) toxicity (ug/ml) of crude plant extracts under study.
Guazatine (PC) is 326 pg/ml; DMSO (NC) is >1000 pg/ml; toxicity level reference—high =
0.2 pg/ml, medium = 0.2-2 pg/ml, low = 2-20 pg/ml, safe =>20 pg/ml [15].

13.3.4 EFFECT OF PLANT EXTRACTS ON FRUIT DECAY IN
VIVO

Results presented in Figure 13.3 showed almost complete inhibition (0 percent
or Clean) on fruit decay after 21 days of storage using 5,000ppm of plant ex-
tracts, which statistically outperformed other treatments. Sea mango, chilli, and
Neem extract recorded 0 percent decay when compared with average 7.4 per-
cent decay on fruits treated with synthetic Guazatine. This result appears to be
among the first to use spraying method to determine the activity of plant extracts
against P. digitatum, A. niger, and Fusarium sp.
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d d

Fruit Decay (%)
Fruit Decay (%)

Pong-pong  Chili ~ Neem Lemongrass Ginger Guazatine Water Pong-pong  Chili ~ Neem Lemongrass Ginger Guazatine Water
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FIGURE 13.3 Effect of spray plant extracts at different concentrations (2,000-5,000
ppm) on the development of mycelium growth Penicilliumdigitatum, Aspergiliusniger, and

Fusariumsp. on the orange surface during storage for 21 days at 25°C=2 and 6570 percent
RH.
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13.3.5 DEVELOPMENT OF FUNGI ROT IN FRUIT WRAPPING

ANOVA statistical analysis (Figure 13.4) showed fruits sprayed with plant ex-
tract in the current study and wrapped materials (Polylactic acid, Pectin, and
Newspaper) decreased fungal decay for stored fruits at £30°C. They recorded a
lower average value (<11.97 percent damage) when compared with the untreat-
ed fruits (17.02 percent damage) in controlling infection of Green mold, Black
rot, and Fusarium rot. Polylactic acid plus Sea mango, chili, and Neem was
better (0 percent damage) when compared with Pectin and Newspaper wrap-
per. Treatments (extract + wrappers) tend to reduce oxygen and carbon dioxide
levels during storage and did improve the MAP, thereby decrease citrus rot by
fungi. This result is in agreement with studied carried out by Serrano et al. [9]
who used plant derivatives to MAP during storage fruits after harvest.

Polylactic acid

c €

T 2 T3 T4 T5 T6 T7 T T2 T3 T4 TS5 T6 17

Plant extracts Plant extracts

24
AL
Plant extracts
T1

T3 T4 T5 T6 T7
Plant extracts

FIGURE 13.4 Treatment of fungal decay (%) using three type of the biodegradable
materials (Polylactic acid, Pectin, andnewspaper) on the orange surface at 27°C and RH 65—
70 percent for 21 days. T1: Sea mango; T2: Chili; T3: Neem; T4: Lemon grass; T5: Ginger;
T6: Guazatine; T7: Untreated fruit.
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13.4 CONCLUSION

The plants extracts in the current research showed antifungal property on
post-harvest fungi (Penicilium digitatum L., Aspergillus niger L., and Fu-
sarium sp) and recorded safe Lc, values. Wrapping the citrus fruits with bio-
degradable polylactic acid (PLA), pectin and newspaper incorporated with
plant extracts inhibited post-harvest fungal infection. This trend showed that
plant extracts have a great potential in the post-harvest fungal spoilage tech-
nology. Future work on the isolation characterization of active fungal bio-
compound from Sea mango is in progress.
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14.1 INTRODUCTION

Vitex Negundo Linn (Verbenaceae family) is an important medicinal plant usu-
ally found in the south east Asian countries. The extract from leaves and roots
has important applications in the field of medicine. Decoction of leaves is con-
sidered as tonic and vermifuge [1]. The leaf extract has seen application in
Ayurveda and Unani [2] medicine. Its mosquito repellent [3], antiarthritic [4],
analgesic [5], hepatoprotective [6], anti-inflammatory, and antiallergic [6, 7]
activities are commendable. The plant has insecticidal [1, 8], antibacterial, and
antifungal activities [9] also. A long series of compounds,for example, essential
oils [10], vitamin-C, carotene [11], b-sitosterol, iridoid glycosides [12], flavo-
noids, flavone glycosides [13, 14], and triterpenoids-ursolic acid and betulinic
acid [6] are also identified from the leaves and seeds of this plant.

Ursolic acid is one of the important pentacyclic triterpenoids useful in me-
dicinal applications. It is known to have anti-inflammatory, antitumor, antimi-
crobial, antibacterial, and antifungal activity [6]. The structure of ursolic acid is
as shown in Figure 14.1.

H,C CH,

FIGURE 14.1 Structure of ursolic acid.

An efficient method for separating these compounds from natural sources
is warranted in view of the beneficial effects of the active components of Cor-
tex fraxinus. The conventional extraction methods, such as ethanol heat reflux
extraction [15—17], methanol ultrasonic-assisted extraction [18-20], surfactant-
ultrasonic-assisted extraction [21], and ethanol maceration extraction [15], are
laborious, time-consuming, discommodious, and usually require large volumes
of toxic, flammable organic solvents. It is necessary to find a rapid and effective
method to alternate the traditional techniques in consideration of environmen-
tal protection and economy. In recent years, environment friendly techniques
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become more attractive with the development of the Green Chemistry. Ionic
liquids have been proposed as greener alternatives to volatile organic solvents.
Lei Yang et al. [22] proposed a method for optimization of the process of ionic
liquid-based ultrasonic-assisted extraction of aesculin and aesculetin from Cor-
tex fraxini by response surface methodology.

The aim of the present paper is development of a rapid and effective meth-
od, ionic liquid-based ultrasonic-assisted extraction, to extract ursolic acid from
leaves of Vitex Negundo Linn (Nirgudi).

14.2 MATERIALS AND METHODS

14.2.1 MATERIALS

The leaves of Vitex Negundo Linn were collected locally. Leaves were washed
with water and shade dried (at 30°C for 168hr) and powdered. The powdered
mass was then sorted using screening technique and 0.106—0.42, 0.42—-0.60, and
0.60—0.85 mm sizes were prepared. Standard ursolic acid (90 percent) was ob-
tained from Fluka, USA, were used for calibration. Solvents used for extraction
study and UV analysis were of AR grade from Merk. The ionic liquid 1-Butyl-
3-methylimidazolium bromide (>97 percent) was obtained from Fluka.

14.2.2 BATCH EXTRACTION EXPERIMENT

Batch experimentation was directed toward estimation of extraction kinetics
and to analyze influence of the operating parameters. Sgm leaves were taken in a
four baffled 150 ml stirred borosilicate glass vessel (5 cm ID, and 9.5 cm height)
along with 100 ml solvent. Four bladed turbine type agitator (2 cm diameter)
was used to stir the mass at 700 rpm and the revolution was monitored through
an online speedometer. All experiments were conducted at 30°C (£1°C) unless
otherwise stated to minimize evaporation losses of solvent. Figure 14.2 shows
the schematic of batch extraction setup.

Effect of speed of agitation (500, 700, 950 rpm), particle sizes (0.106—0.42,
0.42-0.60, 0.60-0.85 mm), percent solid loading (5, 7.5, and 10 percent), and
temperature (30, 40, 50, and 60°C) were investigated to select the optimum
conditions for each parameter. Samples were collected at various time intervals
and extraction was carried out for 120 min to ensure no further improvement in
yield of ursolic acid.
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FIGURE 14.2 Schematic of batch extraction setup

14.2.3 IONIC LIQUID BASED EXTRACTION

The ionic liquid 1-Butyl-3-methylimidazolium bromide with 0.5 percent solu-
tion in methanol was used as solvent for extraction of ursolic acid from leaves
of Vitex Negundo Linn. The same procedure was carried out as discussed in
previous Section14.2.2.

14.2.4 ULTRASONIC EXTRACTION

The ultrasonic extraction of ursolic acid from leaves of Vitex Negundo Linn was
carried out in ultrasonic bath (capacity 3.5 L and frequency 50 Hz) with metha-
nol as solvent and in presence of ionic liquid.

14.2.5 ANALYSIS

Standards and all unknown samples of ursolic acid concentrations were mea-
sured using bauble beam UV spectrophotometer (Thermo 2700) at 210 nm
wavelength.

14.3 RESULTS AND DISCUSSION

14.3.1 EFFECT OF AGITATION SPEED

The extraction of ursolic acid was studied with methanol as a solvent at room
temperature (30°C) at varying speeds of agitation 500, 700, and 950 rpm and
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Figure 14.3 shows that percentage extraction increases with increase in speed.
The rise is considerable from 500 to 950 rpm. Increased turbulence reduces
interface mass transfer resistance and attains a limiting value at and beyond 950
rpm, indicating thereby pore diffusion controls, and there is no further increase
in mass transfer. Therefore, speed of agitation was selected at 950 rpm for all
subsequent studies. Rakotondramasy-Rabesiaka et al. [23] had investigated the
effect of speed of agitation (100, 200, 400, 600 rpm) and reported that at lower
rpm because of sedimentation of particles extraction rate of protopine is slow
while between 200 and600 rpm no difference in extraction rate occurs.
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FIGURE 14.3 Influence of the speed of agitation on the extraction of ursolic acid at 5
percent solid loading, 30°C, particle size 0.106—0.42 mm and methanol as a solvent.

14.3.2 EFFECT OF PARTICLE SIZE

Batch extractions with methanol as solvent, 950 rpm speed, and 30°C tem-
perature were performed using different particle sizes (0.106-0.42, 0.42-0.60,
0.60—0.85 mm). As particle size is reduced, the rate of extraction for ursolic
acid increased (Figure 14.4). For smaller particles, diffusional resistance path
decreases, and surface area increases, both of these help in increased recovery
of ursolic acid. Similar observations were reported by Wongkittipong et al. [24]
while investigating effect of particle size (0.1-0.3, 0.45-0.6, 0.6—0.8 mm) on the
extraction of andrographolide.
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FIGURE 14.4 Influence of particle size on the extraction of ursolic acid at 5 percent solid
loading, 950 rpm, 30°C and methanol as a solvent

14.3.3 EFFECT OF SOLID LOADING

Influence of percentage solid loading (g/ml) on extraction of ursolic acid was
investigated in methanol at 950 rpm speed, and 0.106—-0.42 mm particle size at
30°C (x1°C). Figure 14.5 shows that, ultimate value (at 120 min) of extracted
ursolic acid (%) increases with decrease in solid loading. Initial 30 min percent-
age extraction is very similar for all types of loading, this is because at the be-
ginning the solvent is free of any solute thus acid molecules experiences a large
driving force difference to come out and get dissolved in solvent and slowly
the concentration difference decreases. Therefore, release is quite rapid initially,
and then slows down and tries to attain saturation equilibrium. The extracted
equilibrium concentration of acid while compared with maximum amount of
acid (0.19 percent dry basis) present in the dry solid taken, the yield is found to
decrease with higher loading. As time increases beyond 50 min the percentage
recovery becomes distinct. At higher solid loading, concentration gradient at
the solid liquid interface decreases with time as the amount of solvent remains
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unchanged. Therefore, after 120 min the percentage of ursolic acid recovered
reaches minimum for the 10 percent loading and gradually increases for 7.5 and
5 percent.
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FIGURE 14.5 Influence of solid loading on extraction of ursolic acid with methanol as
solvent at 950 rpm agitation speed and 0.106—-0.42 mm particle size at 30°C (£1).

14.3.4 EFFECT OF TEMPERATURE

Effect of temperature on recovery of ursolic acid was investigated from 30 to
60°C with methanol as solvent at 950 rpm and 0.106—0.42 mm particle size. Fig-
ure 14.6 shows that with increase in temperature percentage recovery of ursolic
acid increases with respect to time. This increase may easily be attributed to
higher solubility of ursolic acid in methanol at higher temperature. The kinetic
energy as well as diffusivity of solvent molecules increases with increasing in
temperature, and thus solvent penetrate better inside the cellulose matrix leading
thereby easy release of the acid molecules.
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FIGURE 14.6 Influence of temperature on extraction of ursolic acid with methanol as
solvent at 950 rpm agitation speed and 0.106—0.42 mm particle size

14.3.5 EFFECT OF IONIC LIQUID

The effect of ionic liquid on extraction of ursolic acid is studied with 0.5 percent
concentration of ionic liquid in methanol as solvent. Figure 14.7 shows the ef-
fect of ionic liquid for extraction as compared with without ionic liquid. The
ionic liquid with methanol as solvent shows increment of extraction than that of
methanol only. This increase extraction may be due to increase in solubility of
ursolic acid in presence of ionic liquid.

70
-]
5 60
©
(3]
3 * L 2 L 2 ¢
[

*

340 . .
o
S 30
2
Q
© 20 .
% 4 Batch Extraction
w
x 10 lonic liquid

0

0 20 40 60 80 100 120 140
Time (min)

FIGURE 14.7 Effect of ionic liquid on extraction of ursolic acid with methanol as solvent
at 950 rpm agitation speed and 0.106—0.42mm particle size.
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14.3.6 EFFECT OF ULTRASOUND

The effect of ultrasound on extraction of ursolic acid has investigated. Figure
14.8 represent the effect of ultrasound on extraction compared with batch ex-
traction. The ultrasonic extraction enhances the rate of extraction and reduces
the extraction time significantly.
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FIGURE 14.8 Effect ultrasound on extraction of ursolic acid with methanol as solvent at
950 rpm agitation speed and 0.106 — 0.42 mm particle size.

14.4 CONCLUSION

The present study shows that effect of operating parameters on extraction of
ursolic acid from leaves of Vitex Negundo Linn. Presence of ionic liquid in sol-
vent attributes increase in extraction is more interesting. The use of ultrasound
enhances the extraction efficiency and reduces the extraction time.
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15.1 INTRODUCTION

Chitin is usually distributed in marine invertebrates, insects, fungi, and yeast.
Chitin is a bio polymeric substance derived from crustaceous shell a homopoly-
mer of B (1—4) linked N- Acetyl-D-glucosamine[1]. In spite of the presence of
nitrogen it may be regarded as cellulose with hydroxyl at position C-2 replaced
by an acetamido group [2]. Like, cellulose functions a structural polysaccha-
rides (Figure 15.1).Commonly, the shell of selected crustacean consists of 30—
40 percent protein, 30-50percent calcium carbonate and calcium phosphate and
20-30 percent chitin [3]. The prime source is shellfish water such as shrimps
crabs and crawfish [4]. It isalso obtained naturally in a few species of fungi.
Chitin is formed a linear chain of acetylglucosamine groups while chitosan is
recovered by removing enough acetyl groups (CH,-CO) from chitin therefore
the chitin molecule and the resultant product is found to be soluble in most
diluted acids. The actual variation between chitin and chitosan is the acetyl
content of the polymer. Chitosan having a free amino group is the most useful
of chitin [5]. Chitosan is a non toxic biodegradable polymer of high molecular
weight. Chitosan is a one of the promising renewable polymeric materials for
their broad application in the pharmaceutical and biomedical industries for en-
zyme immobilization [6]. Chitosan is used in the chemical wastewater treatment
and food industrial for food formulation as binding, gelling, thickening, and
stabilizing agent [7].
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FIGURE 15.1 Chemical structures of chitin, chitosan, and cellulose
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Commonly, isolated of chitin from crustacean shell waste consists of three
basic steps: demineralization (calcium carbonate and calcium phosphate sepa-
ration), deproteinization (Protein separation), decolorization (removal of pig-
ments) and deacetylation (remove acetyl groups). These three steps are the stan-
dard procedure for chitin production [7]. The subsequent conversion of chitin
to chitosan (deacetylation) is generally achieved by treatment with concentrated
sodium hydroxide solution (40-50%) at 100°C or higher temperature to remove
some or all acetyl group from thechitin [8—9]. Earlier studies by several authors
have proved that the physicochemical characteristics of chitosan affect its func-
tional properties which also differ due to crustacean species and preparation
methods [10-11].

Several methods have been developed and proposedby many researchers
over the years for preparation of chitosan from different crustacean shell wastes.
Some of these formed the basis of acid and base concentration for industrial
productionof chitosan. But most of the reported processes werecarried out at
100° C or higher temperature with autoclaving [12—13]. Therefore, the specific
objectives of this work were to develop an optimum condition for production of
chitosan from fish scales [14—15].

15.2 MATERIALS AND METHOD
15.2.1 RAW MATERIALS AND CHEMICALS

Fish Scales were taken from the local fish market for this project. Acid (HCL,
36.5g/mol) 1 percent solution of HCL was prepared for demineralization. So-
dium hydroxide (NaOH, 40g/mol) 0.5 N solution of NaOH was prepared for
Deproteinization. pH meter and distilled water were also used in the experimen-
tal process. All chemicals used were of laboratory grade.

15.2.2 EXPERIMENTAL PROCEDURE FOR THE PRODUCTION
OF CHITIN AND CHITOSAN

Preparation of chitosan from fish scales was performed using the general meth-
od comprising of demineralisation, decolourisation and deacetylation. Raw fish
scales were washed thoroughly with water, dried in oven and soaked in Ipercent
HCL solution for 36 hrs. It was then washed dried in oven and kept in 2N NaOH
solution for 36 hrs for demineralisation. Fish scales were then kept in Potassium
permanganate solution (having composition 1g of KMnO, in 100ml water) for 1
hr, followed by keeping it in Oxalic acid (having composition 1g of Oxalic acid
in 100ml water) for the process of decolourization of the experimental sample.
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These processes resulted in chitin as the product which was further treated with
50 percent w/v NaOH for the process of deacetylation resulting in chitosan as
the end product (Figure 15.2).

Fish Scales

Fish Scales reduced size
Chitin + CaCO;:+ Proteins + Pigments
1% HCL, 36 hr atroom
temperature

Demineralization
Process

(-CaCOs3)

Demineralization fish scales
Chitin + Proteins + Pigments

0.5N NaOH . 18 hr at room temperature

Deproteinization Process

l(—Proleins + Pigments)
Chr_m 50% NaQH, 2 hrat
80 °C with oil bath
Deacetvlation Process —.I I

Chitosan

FIGURE 15.2 Overall Processes for preparation of chitin from fish scales

15.2.3 DEGREE OF DEACETYLATION

The DA of chitin/chitosan is the most important parameter that influences their
various properties including biological, physicochemical and mechanical prop-
erties. The effectiveness and behaviours of chitin/chitosan and its derivatives
has been found to be dependent on the DA. The expansion and stiffness of the
macromolecular chain conformation and the tendency of the macromolecule
chains to aggregate depend strongly on the DA. The determination of the DA for
the two copolymers is essential for studying their chemical structures, proper-
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ties, and structure-properties relationships. Knowledge on the DA is very impor-
tant to maximize chitosan applications. The DA is known as many properties
and applications can be predicated [16].

15.3 CHARACTERIZATION OF CHITIN AND CHITOSAN

15.3.1 FOURIER-TRANSFORM INFRARED SPECTROSCOPY
ANALYSIS

Infrared spectra of KBr chitin or chitosan mixtures were obtained over the fre-
quency range of 400 to 4,000 cm™' at resolution of 4 cm™ using Prestige-21,
FTIR Spectrometer Shimadzu. The sample was thoroughly mixed with KBr,
and the dried mixture was then pressed to result in a homogeneous sample disk
[17].

15.3.2 X-RAY DIFFRACTION (XRD) ANALYSIS

The X-ray diffraction pattern of chitosan was recorded at room temperature. The
data were collected in the 20 range 2—70° with a step size of 0.02° and a count-
ing time of 5 s/ step [18].

15.4 RESULTS AND DISCUSSION

15.4.1 DEGREE OF DEACETYLATION

Chitosan (0.2 gm) was dissolved in 20 ml 0.1 M hydrochloric acid and 25 ml of
deionized water. After 30 min of continuous stirring additional 25 ml of deion-
ized water was added and stirring was continued for next 30 min. When chitosan
was completely dissolved solution was titrated with 0.1 M sodium hydroxide
solution. Degree of deacetylation (DA) was calculated using formula.
DA (%) =2.03 X (V,-V,)/ [m+0.0042 (V,-V )]
=98

15.4.2 FTIR

FTIR spectroscopic analysis of chitosan is shown in Figure 15.3.The absorption
bands of experimentally prepared chitosan were identical to those of standard
chitins. Different stretching vibration bands were observed in the range 3,425—
2,881 cm™ related to v (N-H) in v (NH,) assoc. in primary amines (Dilyana,
2010). The band at 3,425-3,422 cm™' could be assigned to v (N-H), v(O-H) and
V(NH,) which present in chitosan in different amounts among which NH, groups
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being the least. The presence of methyl group in NHCOCH,, methylene group
in CH,OH and methyne group in pyranose ring was proved by the correspond-
ing stretching vibrations of these groups in the range 2,921-2,879cm !(Figure
15.3). The band at 1,597 cm™ has a larger intensity than at 1,655 cm™', which
suggests, effective deacetylation. When chitin deacetylation occurs, the band
observed at 1,656 cm™! decrease, while a growth at 1,597cm™! occurs, indicating
the prevalence of NH, groups. When the same spectrum is observed, in which
the band from 1,500-1,700 cm™' is stressed, indicated that there was an inten-
sification of the peak at 1,597 and a decrease at 1,656 cm™!, that suggests the
occurrence of deacetylation [19].
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15.4.3 XRD

The X-ray diffraction patterns of the obtained chitin and the corresponding
hydrolyzed chitosan are present in (Figure 15.4). All chitin samples exhibited
strong reflections at 20 value of 9—10° and minor reflections at higher 26 values.
Generally, the sharpness of the bands is higher in the chitin samples than in their
chitosan analogue with slight decrease in the crystalline percent [20].
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FIGURE 15.5 Comparison of X-ray power diffractograms of chitosan and fish scales
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The XRD pattern of thefish scales sample is shown in Figure15.4. Five crys-
talline reflections were observed in the 20 range 10 to 80°. The peak intensity
was 6.46, 24.42, 33.58, 37.42, 53.3, and 56.75 at 20. Chitosan sample crystal-
line reflections were observed in the 20 range 10 to 80°. The peak intensity was
14.45, 20.02, 26.70, 37.32, and 54.32, respectively [20]. Figure 15.4 shows that
fish scales are amorphous region in structure and Figure 15.5 chitosan is crystal-
line.

15.5 CONCLUSION

The chitin obtained from thewaste fishery scales hasbeen used in the variety of
application especially, for waste water treatment. Chitosan is prepared from-
Rohu fishery scales by chemical treatment withvarious concentration like 1
percent HCI and 0.5N NaOH. In deacetylation process15 to 50 percent NaOH
concentration has been varied. However by FTIR analysis it is identified that
50 NaOH concentration is more effective to find out all the functional groups
in chitosan macromolecules than other NaOH concentration. XRD analysis re-
veals that fishery scale is amorphous but chitosan is crystalline in structure.
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16.1 INTRODUCTION

Mixing operation in which the rheological properties of the medium change
over the course of the mixing process are common in the chemical industries
[1]. A standard stirred tank which equipped with the impeller is commonly used
as mixing system. Also, the baffles are mounted on the tank wall to avoid circu-
latory motion of the fluid and to destroy surface vortices. Viscosity is one of the
most important rheological properties that have great significance in the process
[2]. For low viscosity non-Newtonian fluids, the high speed blade turbines such
flat blade turbines, pitched blade turbines and hydrofoils etc. are commonly
used for mixing system. The selection of good impeller is depended on the mix-
ing duty requirement like the operating speed, discharge characteristics and the
power draw. But for high viscosity fluids mixing, the close clearance impellers
like helical ribbon impeller are preferred [3]. Hence, the mixing tank perfor-
mance is depending on an appropriate adjustment of the reactor hardware and
operating parameters like reactor and impeller shapes, aspect ratio of the reactor
vessel, degree of baffling, etc., which provide effective means to control the
performance of stirred reactors [4].

Many researchers have studied mixing phenomena in stirred tank using CFD
by varying geometrical parameters and impeller shapes. Montante et al. [S] have
done CFD simulation to calculate mixing time in stirred tank agitated with 45°
pitched blade turbines for fluids characterised by either Newtonian or non-New-
tonian rheological behaviour. Javed et al. [6] has carried out CFD modelling of
turbulent batch mixing of an inert tracer with Newtonian liquid in a baffled ves-
sel stirred by a Rushton turbine impeller. They have injected a tracer from the
top surface of the vessel and mixing times are measured at 32 different locations
in the vessel. Ochieng et al. [7] has investigated the effect of the impeller clear-
ance position on the velocity flow field and mixing using CFD simulation. They
have found that the standard double loop flow pattern is reduced to a single loop
due to which axial velocity is increased and mixing time is decreased. They
have also used draft tube with low clearance impeller, and the mixing time is de-
creased by 50 percent. Visuri et al. [8] have analysed mixing time by using novel
digital imaging technique in stirred tank. Rushton turbine, EKATO Phasejet and
EKATO Combijet impellers are used with three different xanthan gum solutions
with three different mixing intensities. CFD simulations are carried out to study
the effect of impeller geometry and effect of viscosity on mixing. Shekhar and
Jayanti [9] have carried out number of CFD simulation of mixing of pseudo-
plastic with helical ribbon impellers to study the relation between shear rate and
the rotational speed of impeller. They have shown that the shear rate near the
impeller region varies linear with the rotation speed of impeller.
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From the foregoing discussion, it can be concluded that no simulation work
have been carried out to study the effect of baffles off wall mounting position on
mixing behavior. Hence, the objective of this study is to investigate the effect of
a distance of baffles mounting position from wall on mixing of non-Newtonian
shear thinning fluid in stirred tank using CFD simulation. The predicted velocity
profiles calculated for baffle mounted on the tank wall are compared with avail-
able literature data [10]. The CFD simulation is used to predict mixing time for
different baffle mounting positions.

16.2 PROBLEM STATEMENT

A flat bottom standard stirred tank with four baffles installed on the tank wall
is considered for simulation of non-Newtonian fluid as shown in Figure 16.1.
The diameter of tank (7) is 0.627 m and the fluid is filled up to level H which is
equal to tank diameter, 7. A Six blades Rushton turbine impeller with diameter,
D = T73, is placed at an off bottom clearance of C, = D. The width of baffle is,
W, = T/10. To simulate the effect of baffles position, the baffles are mounted
at distance 1/10" and 1/5" of baffle width from the tank wall. The used shear
thinning fluid is Carboxymethylcellulose (CMC). The flow index (n) of CMC is
0.85 and consistency index (K) is 0.0132 kg s"2? m!. The simulation is carried
out at 180 rpm of the impeller which correspond to Reynolds number of 16900
and simulated velocity profiles are compared with the data from Venneker et al.
[10]. The mixing time is measured at different points which are placed axially in
between two baffles near to tank wall.

Wb
i

H=T

1 ]
— "
- T

FIGURE 16.1 The geometry of baffled stirred tank.
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16.3 CFD METHODOLOGY
16.3.1 GOVERNING EQUATIONS

The CFD simulation is performed using commercial CFD code, ANSYS-FLU-
ENT 13. The realizable k-¢ model is used to model turbulence flow and the
Reynolds averaged Navier-Stokes equations are solved to obtain a velocity field
inside stirred tank. The continuity equation for an incompressible fluid can be
written as [11]:

=, FV-(pD)=0 (16.1)
t
where, v is the velocity vector.

The conservation of momentum equation is given by [11],

%(p?))+V.(pDD)=—Vp+V.(?)+p§+F (16.2)

where, p is the static pressure and 7 is the stress tensor. € and £ are the gravi-
tational body force and external body forces respectively. The stress tensor 7
is given by

= . o 2
T:Iu[(VU+VUT)—3V.U[:| (16.3)
where, 4 is the molecular viscosity, / is the unit tensor.

The turbulence kinetic energy, £, and its rate of dissipation, &, are calculated
by the equations [11],

;(pk)+V~(pkﬁ)=V-|:(y+5_’)V~k:|+Gk—p£ (16.4)
k
and
a R 2
at(pe)+V~(pev)=V-Hu+§']Vf}qg,f@—cupi (16.5)

where, G, represents generation of turbulent kinetic energy and y is the turbu-
lent or eddy viscosity computed by combining k and ¢ as follows:

w=pC, K/ (16.6)
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where, C, is a constant.

The model constant C,C,C y ok, and o, have the following default val-
ues:

C,. =144,C,, =1.92,C, =0.09,0, =1.0,0, =1.2

For non-Newtonian fluid, the power law is used to model viscosity, is given
as

=K (16.7)

where, 7 is effective viscosity, K is consistency index, # is flow index and ¥ is
average share stress.

The Reynolds number for shear thinning fluid is calculated using the
Metzner-Otto method [12],

NZ-}’IDZ
Re= 7 %ks"'l (16.8)

where k_is Metzner-Otto constant with k£ = 11.5.

16.3.2 SIMULATION PROCEDURE

The stirred tank domain is discretized into a number of grid points where, Reyn-
olds averaged Navier-Stokes equation is solved. The computational domain is
meshed with approximately 800000 fine unstructured tetrahedral cells. A very
refined mesh near the impeller region is done to capture the flow dynamics.
While the inflation layer meshes, at the tank wall, is made to capture the bound-
ary layer.

The transient Sliding mesh (SM) approach is used to model the impeller-
baffles interaction. For this approach, the tank is divided into two domains. First
is the rotating domain which engulfed the impeller and rotated with the same
rotation of the impeller. The other is stationary domain which included baffles
and remaining part of the tank, and is remained stationary. The both domains
exchange values of flow parameters such as pressure, momentum etc., through
common face known as interface. On the interface, the sliding mesh algorithm
is applied which have taken into account for the relative motion between two
domains [4].

The impeller is rotated (N) at 180 rpm which correspond to Reynolds num-
ber of 16900. The rotating zone around the impeller is also set to rotation at 180
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rpm. The impeller blades and the shaft, which is outside rotating domain, are
modelled as rotating walls. The baffles and the tank wall are kept stationary.
The no-slip boundary condition is applied on the baffles and the tank wall. On
the top wall of the tank, a symmetry boundary condition is applied. The second
order transient solver is selected in fluent solver with second order upwind dif-
ference discretization scheme for all transport equations. A pressure-correction
method, SIMPLE (Semi-Implicit Method for Pressure Linked Equation), is
used to couple pressure and momentum equations. The realizable k-¢ turbulence
model is used for the turbulence prediction with initial condition of the turbulent
intensity 10 percent. A turbulent Power Law is used to model a shear thinning
non-Newtonian fluid behavior in the tank. For simulation, the time step is taken
as 5 x 107 second and there are 30 iterations per time step which is enough
for the simulation to converge at each time step. The simulation is run for 30
seconds to mix the tracer evenly. The root mean square residuals criteria for all
discretized transport equations are set to 1073,

16.4 RESULTS AND DISCUSSION
16.4.1 FLOW FIELD

Let’s consider three configuration of stirred tank, configuration 1 is a tank with
baffles on wall, configuration 2 and 3 is tank with baffles mounted at distance
of 1/10" and 1/5" of baffles width from wall respectively. The velocity compo-
nents data are taken at impeller disk level, that is H = 0.209 m, along the non-
dimensional radial distance, /R, where r is a radial distance and R is a radius
of the impeller. The predicted velocity components are made normalized with
respect to the impeller blade tip velocity, V1ip =aND.

From Figure 16.2, it observes that the predicted velocity components, in
configuration 1, show overall reasonable agreement with literature data [10].
But near the impeller region, a simulation under predicts the value of all three
velocity components. This might be due to under-prediction of turbulent inten-
sity by k-¢ turbulence model. The axial velocity component correctly predicts
the change of flow direction that is the fluid movement in a downward direction
near about /R = 2.4. Thus, the change in direction of axial velocity plays an
important role in determining a mixing time.
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FIGURE 16.2 Comparison of predicted velocity components of configuration 1 with
literature data [10]; (a) axial velocity, (b) radial velocity and (c) tangential velocity.
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Figure 16.3 shows, the comparison of the radial profiles of axial velocity
at all three stirred tank configurations. The predicted axial velocity at all axial
position, for configuration 2, shows the higher value than the other two tank
configurations near the tank wall. This increase in axial velocity in configura-
tion 2 may help to minimize the local mixing time.
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FIGURE 16.3 Comparison of radial profile of axial velocity at different axial position for
three tank configurations.



Study of Mixing in Shear Thinning Fluid 165

16.4.2 MIXING TIME

In batch stirred tank, the mixing time or blending time is used as a key parameter
for characterizing turbulent mixing. It is the time taken by a tracer between an
instant when a tracer is released into the tank and when it reaches a specified
degree of homogeneity. Experimentally, the mixing time is estimated by giving
an input of tracer at a certain location in the tank and monitoring the change in
concentration with time at some other location [13]. The mixing time, at the
particular location, is considered as the time required reaching the concentra-
tion of tracer within 95-99 percent of the final steady state concentration at that
location. A unit mass fraction of tracer concentration at zero time is taken at the
center of the bottom surface of the tank. The concentrations at the remaining
cells are initialized as zero.

Figure 16.4 shows, the CFD simulation predicted response curve of a tracer
concentration at different axial point’s positions on a plane midway between
two baffles for different baffles mounting position inside a stirred tank. The di-
mensionless mixing time, N, is defined as N, = N-t and C, and C is instantaneous
and steady state concentration of a trace respectively. The dimensionless mix-
ing time for 95 percent level of homogeneity is determined for all stirred tank
configurations. From a tracer response profile, it is clear that the configuration
1 requires more recirculation loop than configurations 2 and 3. The height of
tracer response curve for configuration 1 is larger than other two configurations.
Thus, the rate of breakup and dispersal of a tracer in configuration 1 is less than
other two configurations. It also observes that as a move away from the bottom
to top of the tank, the mixing time is increases. This is due to less movement of
fluid in the upper region of the tank.
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FIGURE 16.4 (Continued)
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FIGURE 16.4 CFD simulation predicted tracer response curve at 5 different axial positions
near tank wall.

TABLE 16.1 Mixing time for 95 percent homogenization

Position of points Mixing Time, N,

Configuration 1 Configuration 2 Configuration 3
H=0.05m 15.84 16.02 31.065
H=0.209m 11.235 11.13 29.685
H=0.3135m 12.27 13.125 29.820
H=0.45m 20.49 17.175 18.6
H=0.62m 23.73 25.56 23.085

Table 16.1 shows, the local minimum mixing time required for all three tank
configurations to achieve 95% of homogenization. At position H equal to 0.05,
0.209 and 0.3135 m, the local minimum mixing time for configuration 1 and 2
is almost equal. But for configuration 3, the mixing time is nearly double than
configuration 1 and 2. This may be due to a trap of tracer in lower circulation
loop. At position H = 0.45 m, the mixing time for configuration 2 and 3 requires
16% and 9% less time than configuration 1. This may be due to increasing in
axial velocity and quickly breakup and dispersal of tracer near the tank wall.
While at position H = 0.62 m, the configuration 3 requires less time to reach the
top of the tank. The average mixing time for configuration 1, 2 and 3 is 16.713,
16.602 and 26.451 respectively. The average local mixing time for configura-
tion 2 requires less time, by 0.1, than the configuration 1 which is very small in
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magnitude than configuration 1. Thus, the choice of the selection of the baffles
mounting position in tank purely depends on the amount of the power consump-
tion by impeller to mix the fluid in stirred tank.

16.5 CONCLUSIONS

The CFD simulations for stirred tanks with different baffles mounting position
configurations are done at fully turbulent flow regime. For validation purpose,
the predicted velocity components of configuration 1, that is baffles mounted on
the wall, are compared with literature data and found in good agreement with
it. The predicted axial velocity in configuration 2 is more than other two tank
configurations near the wall. The minimum mixing time is determined at five
different axial positions near the wall. At position H = 0.42 m, the configuration
2 and 3 required 16 percent and 9 percent less time than configuration 1 respec-
tively and to reach the top of tank configuration 3 required less mixing time. The
configuration 2 required less average local mixing time, N, = 16.602.
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17.1 INTRODUCTION

With the advantages of high efficiency in heat transfer and compactness in
structure, helical coils are extensively used in engineering applications such
as heat exchangers, steam generators and chemical reactors. For these reasons,
heat transfer from fluids flowing in helical pipes has become a research subject.
As fluid flows through a curved pipe, secondary flows occur in planes normal to
the main flow by the action of centrifugal force [1], resulting in a high increase
in friction factors and heat transfer coefficients compared with that in an equiva-
lent straight pipe [2].

Rajasekharan et al. [3] have reported higher friction factors and heat-trans-
fer coefficients for non-Newtonian fluids in coiled pipes compared to straight
pipes. The addition of nanometer-sized solid metal or metal oxide particles
to the base fluids shows an increment in the thermal conductivity of resultant
fluids. Nanofluids are important because they can be used in numerous applica-
tions involving heat transfer, and other applications such as cooling is one of the
most important technical challenges facing many diverse industries, including
microelectronics, transportation, solid-state lighting, detergency and manufac-
turing [4],[5].

Xin and Ebadian [6] reported an experimental study on laminar natural con-

vection heat transfer from helicoidal pipes in air in vertical and horizontal orien-
tations. They developed two correlations for the overall average Nusselt number
for the coils oriented vertically or horizontally. Taherian and Allen [7] investi-
gated the natural convection heat transfer on shell-and-coil heat exchanger. In
their experiments, the effects of tube diameter, coil diameter, coil surface and
shell diameter on the shell-side heat transfer coefficient of shell-and-coil natural
convection heat exchanger were studied. Nusselt number was correlated with
the Rayleigh number based on the hydraulic diameter of the heat exchanger
and the heat-flux on the shell-side. Ali [8] reported experimental investigation
of laminar and transition free convection heat transfer from the outer surface of
helical pipes with a finite pitch oriented vertically in a 57 percent glycerol-water
solution. The solution had a Prandtl number range of 28-36. Prabhanjan et al.
[9] presented results of an experimental investigation of natural convection heat
transfer from helical coiled tubes in water. They used different characteristic
lengths to correlate the outside Reynolds numbers to the Rayleigh number.
Ho et al. [10] experimentally investigated natural convection heat transfer of a
nanofluid in vertical square enclosures with different sizes. They reported that
usingby nanofluid containing particle fraction of 0.1 vol.%, heat transfer en-
hancement of around 18 percent compared with that of water was obtained.

In the present work, helical coil and nanofluids have been used for studying
natural convection, and to show such a combination of helical coil and nanofluid



Natural Convection Heat Transfer Enhancement in Shell 173

has a unique practicality in enhancing the heat transfer in natural convection.
The study is carried out at two concentrations of nanofluid, Rayleigh numbers,
and the Nusselt number.

17.2 MATERIALS AND METHODS

17.2.1 EXPERIMENTAL SETUP

The schematic diagram of the experimental set-up is shown in Figurel7.1.
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Distance between turns (mm) 20 Feed tank

Inside diameter of the tube (mm) 9.82

External diameter of the tube (mm) 12.62 Heatgrs

Coil pitch (mm) 328 r‘
Length of the coil rube (m) 6 > o)
Number of turns 10

C1,C2 & C3 - Control Valves Pump

XLX2X3,X4,X5,X6,X7.X8,X9Xin adn Xout - RTD Sensors

FIGURE 17.1 Schematic diagram of the Experimental set-up.

Helical coil is made of copper tube and has 10 turns. The length of the coil
is 6 m. The inner diameter and outer diameter of coil tube i are 0.00982 m
(9.82 mm) r and 0.01262 m (12.62 mm) respectively. The tube pitch is 0.0325
m (32.5 mm) and pitch circle diameter (PCD) of the coil is 0.165 m (165 mm).
The coil is housed in a stainless steel cylindrical shell. The height and diam-
eter of the shell are 0.42 m (420 mm) and 0.275 m (275 mm) respectively. Two
electrical heaters (3 kW each) are used to heat the coil-side liquid in feed tank.
Coil side temperature is maintained using a temperature controller. The shell
is insulated with glass wool. Temperature measurements were made using PT-
100 type RTD sensor (Arrow Instruments, INDIA). Nine sensors are placed at
different locations in the shell to measure the shell-side fluid temperature. Hot
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water from feed tank is pumped through the coil using a magnetic drive pump
(0.5 HP, Taha, INDIA). Flow rate of the water through the coil is measured us-
ing rotameter (range: 0.5 to 5 Ipm; made of glass, SS-316 float, accuracy + 2%,
Make: CVG Technocrafts India). The set-up is provided with a data acquisition
system (accuracy: 0.3%; Make: Ace Instruments, INDIA, model: AI-800D) to
record all temperatures (inlet and outlet temperatures of water, shell-side fluid
temperature). As water flows through the coil, heat is transferred from the coil-
side fluid to fluid in the shell.

17.2.2 PREPARATION OF NANOFLUID

CuO/waternanofluid (particle size 40 nm; Sisco Research Laboratories Pvt Ltd.
India) is prepared by dispersing required amount of nanopowder in ultra-pure
water (Millipore). The SEM image of the nanopowder is shown in Figurel7.2.

1 pm EHT = 20.00 kV Signal A = SE1 Date :23 Apr 2013 DMRL w

WD = 5.5 mm Mag= 9.79KX Time :16:57:54 EMG

FIGURE 17.2 SEM image of CuO nanopowder.

The nanofluid is subjected to ultrasonic pulses using an Ultrasonicator
(Hielscher, UP200H, Germany) for 3 h to get the uniform dispersion and stable
suspension. The nanofluid with CuO nanoparticles of concentrations 0.3 per-
centand 0.6 percent by weight are prepared.
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17.2.3 EXPERIMENTAL PROCESS

The shell of the exchanger was filled with ultra-pure water, and the initial water
temperature was set at 25°C. Feed tank temperature (40°C) was maintained con-
stant using temperature controller. Magnetic drive pump was switched on, and
the flow rate of water through the helical coil was set at 0.5 Ipm using rotameter.
The experiment was allowed to run till the steady state was established (as indi-
cated by the constant outlet temperature of the coil-side fluid). The procedure
was repeated up to 5 Ipm in the increments of 0.5 Ipm. The experiments were
repeated for feed water temperatures of 50 and 60°C, and for the nanofluid of
different concentrations on shell-side.

17.2.4 EXPERIMENTAL STUDIES

The effect of the following on heat transfer has been investigated.
1. Effect of concentration of CuO nanoparticles in nanofluid (0%, 0.3%
and 0.6% wt.).
2. Effect of coil-side fluid flow rate.
3. Effect of coil-side fluid temperature (40, 50 and 60°C).

2.5 Estimation of thermo-physical properties of CuQO/water nanofluid:

The density is calculated from Pak and Cho [11] using the following equation:

Pnr = (1_ (p)pBF + @Pnp (17.1)

The specific heat capacity of nanofluid is estimated by using the equation
given by Xuan and Roetzel [12]:

(pCP)NF = (1_(p)(pCP)BF +¢(pCP)NP (17.2)

Einstein [13] model has been proposed to correlate viscosity data:

Hyp = Hpr (1 * 2-5(0) (17.3)

The effective thermal conductivity is estimated by using the model proposed
by Maxwell',

kNP + 2kBF + ¢(kNP -

BF) k
kNP + 2kBF - ¢(kNP

k
o) BF (17.4)

NF —
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17.2.6 DEAN NUMBER

Dean number is calculated using the following equation:

De=Re(d, /2R.)"’ (17.5)

Re=dyvp/u (17.6)

where, R is curvature radius of the coil, di is inner diameter of the coil tube, v
velocity of the fluid through the coil. Density and viscosity (i) of the fluid were
evaluated at the average of inlet and outlet temperatures of the coil-side fluid..
In the present study, laminar flow is obtained for flow range 0.5 —2.5 lpm (340
<De < 1,900) and turbulent flow for 3—5 Ipm (2100 <De < 4,824).

17.2.7 RAYLEIGH NUMBER AND NUSSELT NUMBER

Rayleigh number is calculated using the following equation

3
Ra = 8B ATL (17.7)
nNFaNF

AT =0.5*(T ., +T,,..)— Ty where, Tgs shell-side bulk fluid temperature, L is
length of coil tube'.
Prabhanjan et al.” suggested the following relation to determine the Nusselt

number for the range of Rayleigh number is 2x10°to 3x10°.

Nu = 2.0487 * (Ra*'"™**) (17.8)

17.3 RESULTS AND DISCUSSION

Natural convective heat transfer in a shell and coil heat exchanger has been
studied using ultra-pure water, 0.3% and 0.6% weight concentration of CuQO/
waternanofluid. The effects of concentration of CuO nanopowder, feed tem-
perature of coil-side fluidand coil-side fluid flow rate (Dean number) on heat
transfer have been studied. As no agitation has been employed on the shell side,
heat transfer from coil-side to shell side takes place by natural convection. The
temperature of the surface of the coil has been measured at three different loca-
tions along the along the length of the coil. The temperature difference
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(driving force) between coil surface and nanofluid (shell-side) has been calcu-
lated at three different locations, and the average driving force has been used in
the calculation of Rayleigh number.

17.3.1 STEADY STATE TIME

In any continuous operation, start-up time (time required to reach steady state) is
crucial. In the present work, the time taken to reach steady state (as indicated by
the constant outlet temperature of the coil-side fluid) has been experimentally
determined, for various conditions.
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60 - 0.3wt% of CuO NF

={fii—Nater

50 1 —0—0.6wWt% of CuO NF
40
30 A
20 -
10

Steady state time, minutes

0 1000 2000 3000 4000
Dean nubmer

FIGURE 17.3 Variation of time for steady state with Dean number atdifferent CuO
nanofluid concentrations (Feed temperature at 40°C)

,, 100 -
% —f—Water
£ 804
E 0.3 wt% of CuO NF
g 60 -
S =4=0.6 wt% of CuO NF
2 40 |
3
w
=)
S 20 -
[
&
0 . T )
0 2000 4000 6000

Dean number

FIGURE 17.4 Variation of time for steady state with Dean number at different CuO
nanofluid concentrations (Feed temperature at 50°C)
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FIGURE 17.5 Variation of time for steady state with Dean number atdifferent CuO
nanofluid concentrations (Feed temperature at 60°C)

Figures 17.3, 17.4, and 17.5 present the variation of time required to at-
tain steady state with Dean number at different concentrations of CuO/water-
nanofluid (0.3—0.6 percent weight). It can be observed from the results, that the
steady state time has been found to be decreasing with increase in concentra-
tion of CuO/waternanofluid. This can be attributed to better heat transfer due to
the use of nanofluid. Maximum reduction in time to reach steady state, when
nanofluid is used instead of water, is 10.3 percent corresponding to 0.6% wt
nanofluid concentration, 40°C and Dean number of 1383.

17.3.2 RAYLEIGH NUMBER VS NUSSELT NUMBER IN
UNSTEADY STATE CONDITION

Rayleigh number and Nusselt number havebeen calculated using equations?
and8 respectively for the conditions prevailing after 15 and 30 min of the
start of the experiment. These times correspond to unsteady state heat trans-
fer condition. The results arepresented in Figures 17.6, 17.7, 17.8. 17.9,
17.10, 17.11.
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FIGURE 17.6 Variation of Nu with Ra at feed temperature at 40°C and different CuO
nanofluid concentrations (at 15 mins from the start)
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FIGURE 17.7 Variation of Nu with Ra at feed temperature at 50°C and different CuO
nanofluid concentrations (at 15 min from the start)
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FIGURE 17.8 Variation of Nu with Ra at feed temperature at 60°C and different CuO
nanofluid concentrations (at 15 min from the start)
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FIGURE 17.9 Variation of Nu with Ra at feed temperature at 40°C and different CuO
nanofluid concentrations (at 30 min from the start)
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FIGURE 17.10 Variation of Nu with Ra at feed temperature at 50°C and different CuO
nanofluid concentrations (at 30 min from the start)
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From the resultsit can be observed that with increase in Rayleigh number,
Nusselt number has been found to be increasing. Similar trend was reported
previously [16, 17]. Lower values of Nusselt number have been obtained at 30
min of operation compared to those at 15 min. This is due to less driving force
(AT) available at 30 min of operation. Corresponding to flow rate of 1 Ipm and
0.6% wt. nanofluid concentration highest increase of Nu is 2.25 percent and
3.58 percent at 15 and 30 min respectively.

17.4 CONCLUSIONS

The effect of CuO/waternanofluid concentration, feed (coil-side) temperature
and coil-side fluid flow rate (in terms of Dean number) on natural convection
heat transfer has been studied in the shell and helical coil heat exchanger. It was
observed that on increasing the nanofluid concentration and Dean number, the
heat transfer rate increased, leading to steady state was reached in shorter time.
Use of nanofluid resulted in higher Rayleigh number and Nusselt number com-
pared to pure water.

NOMENCLATURE
A area of heat transfer (m?)
C specific heat (kJ kg' K!)
d diameter (m)
De Dean number
g gravity (m/s?)
k thermal conductivity (W m™ K!)
L length of coil tube
Nu Nusselt number
Ra Rayleigh number
R, curvature radius of the coil (m)
Re Reynolds number
temperature (K)
v velocity (m/ s)

GREEK LETTERS

AT temperature difference (K)
viscosity (kg m! s!)
density (kg m™)

volume fraction

~ T
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B thermal expansion coefficient (K')
a thermal diffusivity (m*/s)
h kinematic viscosity
SUBSCRIPT

BF basefluid

Cin Feed inlet temperature
Cout Feed outlet temperature
crit critical

i inside

NF nanofluid

NP nanoparticle

0 outside

S shell

KEYWORDS

e Dean number

e Helical coil

¢ Nanofluid

e Natural convection
¢ Nusselt number
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18.1 INTRODUCTION

L-Asparaginase (EC 3.5.1.1) a wide spread enzyme can be found in many mi-
crobes like Aerobacter, Bacillus, Pseudomonas, Serratia, Xanthomonas, Pho-
tobacterium [1], Streptomyces [2], Proteus [3], Vibrio [4], and Aspergillus [5],
etc., The medically important enzyme hydrolyze L-asparagine (an essential
amino acid) to aspartic acid and ammonia. For protein synthesis in many types
of cancer cells L-asparagine is essential and they are deprived of L-asparagine
in presence of L-Asparaginase, thus resulting in cytotoxicity of tumor cells. All
L-Asparaginase do not possess antitumor properties which seem to be related to
the affinity of the enzyme for the substrate and factors affecting the clearance
rate from the system [6]. Particularly against acute lymphoblastic leukemia L-
Asparaginase from E. coli and Erwinia carotovora possess antitumor activity
[7]. But, administering such enzyme protein for long duration generally pro-
duces the corresponding antibody in the tissues, resulting in anaphylactic shock
and may neutralize the drug effect. So, there is a need for the search of new
serologically different L-Asparaginase with similar therapeutic effect is highly
desired. The present study is aimed at homology modeling of 3-D Structure of
L-Asparaginase from Enterobacter Aerogenes KCTC2190 using Swiss-Model
[8-10]. The constructed model was further validated by Ramachandran plot.
The model was again refined and subjected to energy minimization using CHI-
RON server and evaluated for quality assessment. Chiron performs rapid energy
minimization of protein molecules using discrete molecular dynamics with an
all-atom representation for each residue in the protein.

18.2 MATERIALS AND METHODS

18.2.1 SEQUENCE RETRIEVAL AND PROTEIN STRUCTURE
PREDICTION

3D-Structure of L-Asparaginase was performed using Swiss-Model server. The
amino acid sequence for L-Asparaginase enzyme was retrieved from the results
of GENSCAN for the nucleic acid sequence of asnA gene from Enterobactor
Aerogenes KCTC2190 (NCBI accession number: NC_015663). Swiss-Model
is a fully automated protein structure homology-modeling server. The Swiss-
Model is a web-based integrated service dedicated to protein structure homol-
ogy modeling. Building a homology model comprises four main steps: iden-
tification of structural template(s), alignment of target sequence and template
structure(s), model building, and model quality evaluation. These steps can be
repeated until a satisfying modeling result is achieved. The backbone confor-
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mation of the modeled structure was calculated by analyzing the phi (o) and psi
(y) torsion angles using Rampage [12].

18.2.2 MODEL ASSESSMENT AND MOLECULAR DYNAMICS
SIMULATIONS

Model assessment and molecular dynamics simulations were done by using the
ANOLEA, QMEAN and DFire & GROMOS respectively.

The atomic empirical mean force potential ANOLEA !? is used to assess
packing quality of the models. The program performs energy calculations on a
protein chain, evaluating the “Non-Local Environment” (NLE) of each heavy
atom in the molecule. The y-axis of the plot represents the energy for each ami-
no acid of the protein chain. Negative energy values (in green) represent favor-
able energy environment whereas positive values (in red) unfavorable energy
environment for a given amino acid.

QMEAN is a composite scoring function for both the estimation of the glob-
al quality of the entire model as well as for the local per-residue analysis of
different regions within a model. The global QMEANG scoring function is a
linear combination of six structural descriptors using statistical potentials. The
local geometry is analyzed by a torsion angle potential over three consecutive
amino acids. Two distance-dependent interaction potentials are used to assess
long-range interactions: the first is a residue-level implementation based on C-
beta atoms only and the second an all-atom potential which is able to capture
more details of the model. A solvation potential investigates the burial status of
the residues. QMEANG is a reliability score for the whole model which can be
used in order to compare and rank alternative models of the same target. The
quality estimate ranges between 0 and 1 with higher values for better models. In
addition to the raw scores, Z-scores of the QMEAN composite score as well as
all terms are provided relating the quality estimates to scores obtained for high-
resolution reference structures solved experimentally by X-ray crystallography
[13]. The QMEAN Z-score represents the measure of the absolute quality of
a model by providing an estimate of the degree of nativeness of the structural
features observed in a model and by describing the likelihood that a given model
is of comparable quality to experimental structures. Models of low quality are
expected to have strongly negative QMEAN Z-scores (i.e. the model’s QMEAN
score is several standard deviations lower than expected for experimental struc-
tures of similar size). The analysis of the Z-scores of individual terms may
help identifying the geometrical features responsible for an observed negative
QMEAN Z-score.
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GROMOS [14] is a general-purpose molecular dynamics computer simula-
tion package for the study of bio molecular systems and can be applied to the
analysis of conformations obtained by experiment or by computer simulation.
The y-axis of the plot represents the energy for each amino acid of the protein
chain. Negative energy values (in green) represent favorable energy environ-
ment whereas, positive values (in red) unfavorable energy environment for a
given amino acid.

DFire [15] is an all-atom statistical potential based on a distance-scaled fi-
nite ideal-gas reference state. DFire is used to assess nonbonded atomic interac-
tions in the protein model. Pseudo energy for the entire model is provided which
reflects the quality of the model and can be used for ranking alternative predic-
tions of the same target. A lower energy indicates that a model is closer to the
native conformation. Then it was energy minimized using CHIRON tool (The
energy after minimization is 300.007 Kcal/mol).

18.2.3 PROTEIN ACTIVE SITE PREDICTION

SCF Bio (Super Computing facility for Bioinformatics and Computational Biol-
ogy IIT Delhi) [16] server was used to predict the structure-based protein Active
Sites.

23.3 RESULTS AND DISCUSSION

23.3.1 SEQUENCE RETRIEVAL AND PROTEIN STRUCTURE
PREDICTION

The Swiss-Model is a web-based integrated service dedicated to protein struc-
ture homology modeling. The server searched for structural homolog for L-
Asparaginase using Gapped-BLAST, and the domains with structural homo-
logs follow a template model (2p2d). The final structure prediction was done
using 2p2d as template model (Figure 18.1).

The modeled L -Asparaginase enzyme was further subjected for optimiza-
tion and validation. Geometric evaluations of the modeled 3D structure was
performed using Rampage to get Ramachandran plot (Figure 18.2).
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FIGURE 18.1 Modeled structure of L-Asparaginase
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FIGURE 18.2 Ramachandran plot for model

The plot shows that 97.0 percent of residues were found in the favored and
2.7 percent allowed regions and 0.3 percent were in the outlier region. Presence
of 99.7 percent of residues in favored and allowed regions confirms our model
as a relatively good one.
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18.3.2 MODEL ASSESSMENT AND MOLECULAR DYNAMICS
SIMULATIONS

Molecular dynamics aimed to explain protein structure and function problems,
such as, structural stability, folding, and conformational flexibility which in-
cludes, study of bio molecular systems by GROMOS. The model assessment is
done by assessing packing quality of the models by ANOLEA, monitoring the
local quality of the modeled enzyme by QMEAN, and the assessment of non-
bonded atomic interactions in the model by DFire. As Models of low quality
are expected to have strongly negative QMEAN Z-scores, results of the mod-
eled enzyme support our modeled structure as a relatively good model as the
QMEAN Z-score is 0.09.

folea

-

T

FIGURE 18.3 ANOLEA, Qmean and GROMOS plots for the modeled enzyme
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As the DFire energy is very low (i.e., —2091.25), this indicates that a model
is closer to the native conformation. The y-axis of the GROMOS plot represents
the energy for each amino acid of the protein chain. Much of the portion in the
plot is in green color (Negative energy values) representing us the favorable
energy environment for a given amino acid and the same is the case even with
ANOLEA, QMEAN plots (Figure 18.3).

18.3.3 PREDICTION OF ACTIVE SITES

Active site prediction in the modeled L-Asparaginase enzyme was done by SCF
Bio (Super Computing facility for bioinformatics & Computational Biology IIT
Delhi) “Active Site Prediction of Protein server” computes the cavities in a giv-
en protein. All together the server detected 79 putative active site cavities along
with their amino acid residues in the modeled enzyme (Table 18.1).

TABLE 18.1 Active Sites present in the modeled L-Asparaginase

Cavity Aminoacids Cavity Aminoacids Cavity Aminoacids

No. No. No.

1 RLHIGVFEPQA- 28 EPRHLYQASM 55 LREQMIPF
YDSNT

2 AERYN- 29 DFHVIYQET- 56 FATRVYLINPE
GFLIQTDSH MAGPS

3 VPTEMAHFD- 30 GHNIPEQALRV- 57 GDKSQMYT-
KLSYNGQCIR DYSF FEAPHI

4 DHYGRNA- 31 SVEFARYQLH- 58 NAKRFTYSPL
MEITQFVPKSLC NPIGK

5 GNMHTALYKDQ- 32 YLISGNVPFER- 59 IGYPLRF
VIRPFESC TAKH

6 GNFMHTKDSI- 33 ILFG- 60 DALR-
ACQYRPEV PQENAVDSYTK GIQVSKP

7 QIMEDNFG- 34 DTFLKRGQNS- 61 LTGRNAYPSF
PLARSVYH MVHPC

8 YIHREGVLQFAD- 35 KHGNPERAYLTIVS 62 KGYLP-
SNM DRVAIF

9 YINLMREGP- 36 SYKDTAPFEVMIL- 63 PRNGTALIEY
FASQD HQ

10 NTSPHFCAM- 37 DTFYAVIHQELRGS 64 YIPSAFN-

RQVELYGD LQVGM
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TABLE 18.1
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(Continued)

Cavity Aminoacids

Cavity Aminoacids

Cavity Aminoacids

No. No. No.

11 FMSRTENKVGDA- 38 TASNFVLQYIRG- 65 ANDLGIR-
LIPHYCQ PHEK SKQVP

12 ITQPWDEFYVMG- 39 ALVGTINQSMRFD 66 GNKPEI-
SANL RAYLV

13 QINDSPGEMY- 40 TKQPEVDWSNG- 67 SFGHIDN-
ATFH MYAIF LTVA

14 IHYTMGDL- 41 VFMGLANSIQDR 68 SPHNG-
PASKQVN ALRDTK

15 QRFIDSGMAVNT- 42 EHYITVDF 69 AVLTN-
LYKP FGIMDS

16 VTFRCYGQMAD- 43 SRIELGYHN 70 THAIDFR
HESILPNK

17 GNTMLSPV- 44 TASWVEPFMYKIR- 71 QIFPYSVLH
CAERKQFHYID GQDCN

18 REPYQLMVIHASF 45 LPTVEFAMKRQ- 72 ATIYVM-

GYHCDSI HLSGD
19 ELQAPMRSHIVY 46 YVPIRQLTKMS- 73 VFALN
GNDA

20 KANYPVEIMRLH- 47 QAFLMEIHVTRD- 74 RLIVFTNY
FGSQ PKYS

21 HLQAEMPRGIDT- 48 PNIAEMGYTSDV- 75 HEQITDFP-
SY LHQK SRV

22 YAITPMQNVDKS- 49 GMAQNSITVLDP 76 DYSPMTHI
GLFEH

23 TYINPSDMVL- 50 VGINSLAEPRTY- 77 PILVNTRY
GAHE DKH

24 HAREGIFNQST- 51 LRYDHVIAGT 78 AQVEIRL
DLY

25 PEDWTSMGYAIN- 52 TSHMDGNPKLVRF 79 VKGLI
FQL

26 GKENILH- 53 ELHAQNYIRF
PYRAVFS

27 QMRLGAIYHFE- 54 NQFRGMISAVL

VTKPDS
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18.4 CONCLUSION

The three-dimensional model of L-Asparaginase enzyme has been generated
using Swiss-Model server. The model generated by using the template 2p2d
proved to be the best model generated as compared to the other templates.
The modeled L-Asparaginase enzyme was further validated using Rampage
by calculating the Ramachandran plot. The plot (Figure-18.2) of our model
shows that 97.0 percent of residues were found in the favored and 2.7 percent
allowed regions and 0.3 percent were in the outlier region. The low DFire en-
ergy, positive QMEAN Z-Scores, plots of ANOLEA & GROMOS indicate that,
as expected, the 3D structural model of L-Asparaginase enzyme represents a na-
tive conformation. In future the present study would aid in detailed molecular
mechanism of L-Asparaginase enzyme in cancer therapy.
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19.1 INTRODUCTION

In many industrial applications of dense gas—solid fluidized beds, mixing and
segregation phenomena play a very important role [1]. The hydrodynamic be-
havior of binary fluidized beds is strongly influenced by the difference inproper-
ties of the respective particles, especially in density and size [2]. However, in
industrial solids mixing, it is often required to mix particles differing widely in
physical properties viz., size, density and/or shape.Rice et al. [3], Hoffmann et
al. [4], Wu et al. [5], Sahoo et al. [6] and Bokkers et al. [7] investigated the mix-
ing and segregation of the narrowsize distribution of binary particlesin fluidized
beds.

Combining the features of both fluidized and spouted beds Chatterjee [8]
proposed a novel gas-solid contactor known as spout fluidized bed or spout-flu-
id bed to overcome the limitations and drawbacks of individual systems. For a
size-variant, equal-density system of particles, mixing index hasbeen proposed
by Fan et al. [9], using two more system parameters such as, the bed aspect ratio
and the ratio of the height of theparticles layer in the bed (from where sample is
drawn) to column diameter. The model proposed by Fan et al. has been modified
by Sahoo et al. [6] as follows Eq. (19.1) for static bed and Eq. (19.2) for fluid-
ized bed condition). Equation (19.3) is used for spout-fluidization condition to

calculate the mixing index [10].
0.1596 03111
* v 19.1)
U-U, (9.

di 0.144 -0.1322
I, =0.7554%| —2 *( ] *(
dF el

! \ﬁ
G@ ‘V}m

di 0.3679 —0.4864 0.8258 0.5084
1. =03725%| —& % h73 * i * u (19.2)
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X*
I, =—— (19.3)
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19.2 EXPERIMENTATION

A mixture of glass beads of density 2,600 kg/m? having particle sizes of 0.0017
m and 0.00075 m is fluidized in a Perspex column (Figurel9.1) of 0.094 m in-
ternal diameter, 0.1 m outer diameter and 1.217 m height.
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1. Top section
2. Test Section
3. Gas Distribution Section
4. sampling Ports
5. Rotameter
6. Air Compressors:

a. ForSpouting

b. For Fluidization

FIGURE 19.1 Experimental setup

The above-mentioned two particle sizes have been mixed in the weight
ratio of 50:50 (total 1,000 g) with different initial particle bed arrangements
(well-mixed, segregated). The static bed heights for particle sizes 0.0017 m and
0.00075 m are 0.04 m and 0.05 m respectively. The gas distributor section is
attached to the test section, at the bottom and is designed in such a manner that
uniformly distributed gas enters the test section. The cylindrical gas distributor
section is made of Perspex and is 0.302 m in height, 0.094 m in internal diameter
and has an outer diameter of 0.1 m. A perforated plate (distributor) made of SS
and covered with a 50 mesh (BSS) stainless steel screen with 112 holes of 0.002
m diameter intriangular pitch of 0.008 m (for obtaining fluidization), is placed
between test and distributor sectionslocated just below the screen.The gas dis-
tributor plate has a spout inlet diameter of 0.012 m located at the centre of the
plate with spout armlength 0.076 m. The top section of the column is a cylinder
with 0.18 m internal diameter and 0.202 m height. The top section allows gas to
escape and is used to collect particles carried over when high velocities are used.
The three sections are connected to each other with flange type arrangement.

Three types of experiments were carried out to determine the mixing index
across the column with different initial particle bed arrangements (well-mixed,
segregated). In segregated particle bed arrangement, layer wise (small over
large and large over small) arrangement (Figure19.2) was employed with (i)
only spouting, S (allowing only spout gasand no background gas (for fluidiza-
tion)), (ii) only fluidization, F (background gas supply, no spout gas), and (iii)
spout-fluidization, S-F was considered.
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FIGURE 19.2 Schematic representation of different particle bed arrangements: (a) small-
large (b) large-small (c) well-mixed

The samples drawn at different heights for both the static and fluidized bed
conditions have been analyzed for the distribution of particle sizes across the
columnat different axial positions (which are equispaced along the length of the
test section with 0.025 m distance) for the bed arrangements mentioned above.
One study by Roy and Sahoo® used horizontal ports for withdrawing samples
from the column. For easy flow of particles from the column, in the present
study, ports were provided at an angle of 45° to the column.

19.3 RESULTS AND DISCUSSION

All the experiments were conducted for three different flow conditions (S, F and
S-F) witha gas velocity of 20.9 m/s with different particle bed arrangements.
Mixing index was calculated using Eqs. (19.1) and (19.2) for only spouting and
only fluidization conditions and Eq. (19.3) is used for spout-fluidization.Figures
19.3, 19.4, and 19.5 indicate the bed mixing index as a function of sampling
time at first port.

; Only Spoutin
0.385 yop g = Well Mixed
0.38 1 - Large-Small
_GE 0.375 - == Small-Large
=
= 0.37 -
20365 | "N\
E 0.36 -
0.355 A
0.35 T \ \ )
0 100 200 300 400
Sampling time (s)

FIGURE 19.3 Mixing Index as a function of time for different bed arrangements (Only
Spouting)
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FIGURE 19.4 Mixing Index as a function of time for different bed arrangements (Only

Fluidization)
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FIGURE 19.5 Mixing Index as a function of time for different bed arrangements (Spout-

Fluidization)

In case of only spouting (Figure 19.3), mixing index decreases and then
increases as time proceeds for all the three bed arrangements.Mixing index is
found to be highest for well-mixed condition, because the samples are already
well-mixed. Large-small arrangement is having high mixing index as compared
to small-large bed arrangement, because the bottom layer of small particles
fluidizes and mixes well with the upper layer of particles as the upper layer
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quickly interchanges the position because of their weight.In case of only fluidi-
zation (Figure 19.4), mixing index fluctuates with time.It is high in case of well-
mixed condition. Large-Small arrangement haslow mixing index as compared
to small-large bed arrangement, as the bottom layer of large particles fluidizes
and mixes well with the upper layer of particles and settles down as time pro-
ceeds because of their weight.In case of spout-fluidization (Figure19.5), mixing
index increases and then starts decreasing as time proceeds.The mixing index is
high in case of small-large condition at higher sampling time and large for well-
mixed condition at lower sampling time. In this case, large-small arrangement
shows low mixing index, as the bottom layer of large particles fluidizes and
mixes well with the upper layer of particles and settles down as time proceeds
because of their weight. The small-large bed arrangement shows high mixing
index value as time proceeds because the particles in the layers start interchang-
ing their positions where as in the other two bed arrangements particles starts
segregating.

Figure 19.6 indicates the mixing index as a function of sampling time. This
is plotted for the samples collected at first port for well-mixed bed arrangement.
Similar profiles were obtained in the case of small-large and large-small bed ar-
rangements. Mixing index is high for the case of only fluidization, low for the
case of spout-fluidization for all bed arrangements.This is due to the segregation
of particles, which was observed in case of spout-fluidization at any sampling
time. Segregation was less (better mixing) in only fluidization condition when
compared to other flow conditions.

0.6 - Well-Mixed (Port1)

e
(9]
1

=== Only Fluidization

=== Only Spouting

e
~
|
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3
3
b
3

Spout-Fluidization

Mixing Index
(=]
W

0.2 1
0.1
0 T T T 1
0 100 200 300 400
Sampling time (s)

FIGURE 19.6 Mixing Index as a function of time for different flow conditions for well-
mixed bed arrangement
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Figures 19.7, 19.8, and 19.9 shows axial variation of mixing index as a func-
tion of sampling time for only spouting condition. Mixing index fluctuates as
time proceeds at all sampling locations. Mixing index is high at port 3 at smaller
times.

0.43 4 Only Spouting (Small-Large)
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FIGURE 19.7 Mixing Index as a function of time for Only Spouting conditions for Small-
Large bed arrangement at different Axial positions
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FIGURE 19.8 Mixing Index as a function of time for Only Spouting conditions for large-
small bed arrangement at different axial positions
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FIGURE 19.9 Mixing index as a function of time for only spouting conditions for well-
mixed bed arrangement at different axial positions

The Figures 19.7 and 19.8 have been plotted for the case of layer-wise
(small-large or large-small) bed arrangement. In this arrangement, the interface
of the two layers is close to the port 3, because of which the sample from the port
would contain particles of both sizes, giving rise to better mixing. Ports 1 and
2 shows same index at higher sampling time. In case of well-mixed condition
(Figure 19.9), mixing index is found to be very less as compared to other two
bed arrangements (Figure 19.7 and 19.8), this is mainly because the samples are
already well-mixed and the particles started segregating.Similar behavior was
observedin case of only fluidization.

Figure 19.10 shows mixing behavior for spout-fluidization condition. This
was plotted for two different axiallocations (port 1 and 2). In case of large-small
bed arrangement, mixing index is increasing at port 2 but it is fluctuating at port
1 as time proceeds. This is mainly because of the reason that at port 1 the particle
density is high and particles start segregating as time proceeds. VA

Figures 19.11, 19.12, and 19.13 indicate mixing index as a function of axial
position for static bed condition (after the experiment) for different experimen-
tation times (5 min (Figure 19.11), 3 min (Figure 12) and 1 min (Figure 19.13).
The bed is divided into three equal parts and the particles are collected using
respective collection ports provided. For all bed arrangements, it is observed
that the mixing index is high for only fluidization condition for long time experi-
mentation and for shorter time of experimentation the spout-fluidization gives
good mixing.
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FIGURE 19.10 Mixing index as a function of time for spout-fluidization conditions for
large-small bed arrangement at different axial positions
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FIGURE 19.11 Mixing index as a function of axial location for different flow conditions
for small-large bed arrangement (5 min of experimentation)
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FIGURE 19.12 Mixing index as a function of axial location for different flow conditions
for small-large bed arrangement (3 min of experimentation)
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FIGURE 19.13 Mixing index as a function of axial location for different flow conditions
for small-large bed arrangement (1 min of experimentation)

19.4 CONCLUSIONS

As the time proceeds mixing index increases in case of only fluidization condi-
tion where as it is high at smaller times for spout-fluidization condition. The
well-mixed bed arrangement shows high mixing index in case of only spouting
and only fluidization conditions. Only spouting condition withlarge-small bed
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arrangement and in only fluidization condition with small-large bed arrangement
gave high mixing index values. For spout-fluidization condition, small-large
bed arrangement showed higher mixing index values.For all bed arrangements
in static bed condition, it is observed that the mixing index is high for only flu-
idization condition for longer time of experimentation whereas for shorter time
of experimentation the spout-fluidization gives good mixing.
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NOMENCLATURE

d, : Diameter of the flotsam particle [m]

: Average particle size of the mixture [m]

: Diameter of the column [m]

: Height of particles layer in the bed from the distributor [m]

: Initial static bed height [m]

: Mixing index, dimensionless

: Superficial velocity of the fluidizing medium [m/s]

: Minimum fluidization velocity of the flotsam particles [m/s]
: Percentage of jetsam particle in any layer

: Percentage of jetsam particle in the bed
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20.1 INTRODUCTION

Drying, generally occurs due to heating of moist material and with the surround-
ing air humidity being less compared to its saturation level. Heat can be supplied
to the material to be dried by conduction, convection, and radiation [1]. Most
of the drying equipments fall in the category of the conduction and convection
type. In convection type, the heating medium, usually air or the flue gas of
combustion comes in direct contact with the wet material. In conduction type,
heat is transmitted indirectly by contact of the wet material with a hot surface.
In radiation, heat is transmitted directly and solely from a heated body to the wet
material by radiation of heat.

The present study involves fluidized bed drying in convection and conduc-
tion type mainly. Heat to the flowing air is supplied through the wall surface of
the fluidized bed dryer. This heat can be transferred to the wet material by con-
vection and conduction effectively across and along a flowing air medium [1].

Continuous fluidized bed drying is the most difficult operation in process-
ing of large amounts of solids in all types of process industries. Continuous
drying behavior has a many influencing parameters such as, air velocity, tem-
perature, initial moisture content of solids and solids flow rate. It is necessary to
investigate the minimum operating conditions to get a desired uniform product
with respect to various parameters. The minimum fluidization velocity has been
found from equation suggested by Kunni and Levenspiel [2] for uniformly sized
particles of size 2.6 mm which belongs to Geldart group D according to Geldart
classification [3]. In the present study air at above minimum fluidization veloc-
ity ranging from 2.13 to 2.98 m/s with varying initial moisture content from 4
to 10 percent at three different temperatures ranging from 40 to 60°C at three
different solids flow rates ranging from 4 to 12 kg/h.

20.2 EXPERIMENTAL SETUP AND PROCEDURE

A schematic experimental setup is shown in Figure 20.1. Air at room tempera-
ture has been collected in a compressor and with the help of rotameter air at
known velocity has been passed in to the fluidized bed drying zone through
calming section.
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FIGURE 20.1 Experimental setup.

Known solids flow rate from the top of fluidized bed zone has been initiated
after initiating the air velocity from the bottom of the column. The solids flow
rate has been monitored wit vibratory feeder DR100 (Retsch India). Tempera-
ture has been measured at different locations in the fluidized bed using tempera-
ture sensors of PT100. The heat to the drying zone has been supplied from the
hot inner surface of the column. The drying zone has been wound with electrical
heater (Strip) and the surface outside the heater has been thoroughly insulated
with glass wool and fiber glass tape. A downcomer has been provided in the flu-
idized bed drying zone to draw continuously solids from the drying zone. Alu-
minum funnel support has been provided at the top of the fluidized bed column
and belowof the vibratory feeder tofacilitate flow of solids into the fluidized bed
drying zone without any disturbances. The solids feed rate has been controlled
by vibratory feeder (DR100).

20.3 RESULTS AND DISCUSSION

In general the drying curve will exhibits the different drying rate regimes such
as, warm up period, constant drying rate period and falling rate period one and
two.Figure20.2 presents the drying rate with respect to moisture content with
time at air velocity of 2.13 m/s with initial moisture content of 5 percent at for
12 kg/h solids feed flow rate and the temperature used is 40°C. From the Fig-
ure 20.2 it can observed clearly that three different drying rate regimes namely
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constant drying rate period and falling rate period one and falling rate period
two have been exhibited. The solids have been introduced after attaining the
required wall temperature and hence there is no warm up period in the present
study.

0.0001 -
0.00009 -
0.00008 - Ealling rate Falli_ng raeé Constant drying
0.00007 1 periodtwo | PE"04 9P rate period
0.00006 -
0.00005 -
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Drying rate (kg water/kg dry
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0 001 002 003 004 005
C®

FIGURE 20.2 Different drying rate regimes in drying rate curve.

20.3.1 EFFECT OF AIR VELOCITY

Experiments have been conducted at three different air velocities ranging from
50 to 70 kg/h for uniformly sized solids of size 2.6 mm with initial moisture
content of 5 percent. Figure 20.3 presents the results of drying rate variation
with varying air velocity. It has been observed from the experimental results
that increasing the air velocity the drying rate has been found to be increasing
and the equilibrium moisture constant has been found to be decreasing slightly.
It has been also observed that from the experimental results that with increase
in air velocity the critical moisture content has been found to be decreasing
slightly and the drying rate under constant drying rate period has been found to
be increasing with increase in air velocity.
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FIGURE 20.3 Effect of air velocity on drying rate.

20.3.2 EFFECT OF TEMPERATURE

Experiments have been carried out at three different temperatures ranging from
40 to 60°C at air velocity of 2.13 m/s with initial moisture content of 5 percent
and with solids flow rate of 15 kg/h. Figure 20.4 presents the results of drying
rate at different temperatures. It has been observed from the results that increase
in temperature the drying rate has been found to be increasing and the outlet
solids equilibrium moisture content has been found to be decreasing. It has been
also observed from the results that with increase in temperature, the critical
moisture content has been found to be approximately same for all temperatures
and the drying rate under constant drying rate period has been found to be in-
creasing with increase in temperature.
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FIGURE 20.4 Effect of temperature on drying rate.

20.3.3 EFFECT OF SOLIDS FLOW RATE

Experiments have been conducted at three different solids flow rate ranging
from 5 to 15 kg/h with initial moisture content of 5 percent at an temperature of
40°C with air velocity of 50 kg/h. Figure 20.5 presents the results of drying rate
with varying inlet feed solids flow rate. It has been observed from the results
that increase in solids flow rate, the drying rate has been found to be decreas-
ing and the equilibrium moisture content has been found to be increasing in the
outlet solids. It has been also observed from the results that the critical moisture
content has been found to be approximately same for all inlet solids feed flow
rates and the drying rate under constant drying rate period has been found to be
increasing with decrease in inlet solids feed rate.
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FIGURE 20.5 Effect of inlet solids flow rate on drying rate.



Effect of Various Parameters on Continuous Fluidized Bed 213

20.3.4 EFFECT OF INITIAL MOISTURE CONTENT

Experiments have been carried out at four different initial moisture content of
solids ranging from 4 to 10 percent with an air velocity of 2.13 m/s at tempera-
ture of 40°C for 4 kg/h solids feed flow rate. Figure 20.6 presents the results at
different initial moisture content of solids. It has been found from the experi-
mental results that increase in initial moisture content of solids the drying rate,
has been found to be decreasing and equilibrium moisture of outlet solids has
been found to be increasing. It has been also observed from the experimental re-
sults that with increase in initial moisture content of solids, the critical moisture
content has been found to be increasing.
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FIGURE 20.6 Effect of initial moisture content on drying rate.

20.4 CONCLUSIONS

Experiments have been carried out in a continuous fluidized bed with varying
air velocity, temperature, initial moisture content, and solids feed rate. From
the results it has been observed that have been exhibited. Three drying regimes
such as, constant and falling rate one and two periods. It has been observed that
with increase in air velocity the drying rate has been found to be increasing and
the equilibrium moisture content has been found to be decreasing. The critical
moisture content has been found to decrease slightly with increase in air veloc-
ity. It has been observed from the results that with increase in temperature the
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drying rate has been found to be increasing and the equilibrium moisture content
has been found to be decreasing and the critical moisture content has been found
to be constant. It has been observed from the results that with increase in inlet
solids feed rate the drying rate has been found to decreasing and equilibrium
moisture content in the outlet solids has been found to be increasing and it has
been also observed that the critical moisture content has been found to be nearly
constant with increase in inlet solids feed rate. It has been observed from the
results that increase in initial moisture content of solids the drying rate has been
found to be decreasing and the equilibrium moisture content in outlet solids has
been found to be increasing and it has been also observed that with increase in
initial moisture content of solids the critical moisture content has been found
to be increasing. The present results were found to be in line with literature
reported results [4, 5, 6].
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21.1 INTRODUCTION

The microdevices utilized in engineering for process intensification and are be-
coming effective platforms for liquid-liquid or gas—liquid mass transfer [1, 2].
It is the science of designing, manufacturing, and formulating devices with an
internal diameter in the range of um, with volumetric flow rate in the range of
pl/min. The equivalent hydraulic diameters of the microfluidic devices are up to
a few hundreds of micrometers which can provide large surface-to-volume ratio
and short mass transfer distance [3]. Microfluidic technology has also demon-
strated its advantages such as, lightweight, compact, inherent miniaturization
and portability, intensification of heat and mass transfer [4] and less reaction
time, high throughput and low consumption of reagents, and stable laminar
flow, even at high shear rates. It is reported that, the mass transfer coefficient in
microscale dispersion extraction process can be 10—100 times larger than that
in conventional extraction columns [5]. Mass transfer process can be completed
in several seconds [6]. Due to the small diameters of the channels and the high
specific surface area, high mass transfer performance can be achieved in the
microchannels.

21.1.1 SINGLE-PHASE FLOW

Several researchers devoted growing effects to improve understanding of physi-
cal phenomena occurring in flows at small length-scale geometries, with char-
acteristic lengths varying from 1to 1,000um, and to develop their technologi-
cal applications. Bayrktar and Pidugu [7] established velocities below 100 mm/
swhich are characteristics of fluid flows at such scales and defined the driving
forces as pressure gradients, applied electrical fields, capillary forces and free
surface phenomena, like gradients in the interfacial tension as in marangoni
flows. Campbell and Kandilkar [8] studied the effects of entrance conditions on
microchannel and minichannel pressure gradient and laminar to turbulent tran-
sition in a circular pipe. They observed, fully developed, friction factor times
Reynolds number had an increasing value with increasing Reynolds number,
even for low Reynolds numbers, for both tubes. Peng and Peterson [9] stud-
ied microchannels with hydraulic diameters of 133-367 um. They showed that
the transition to turbulence occurs at Reynolds numbers as low as 200-700.
Furthermore, they showed that this holds truly only for liquid flow in micro-
channels with identical microchannel dimensions. Barajas and Panton [10] de-
termined the flow patterns visually in 1.6 mm horizontal channels of four dif-
ferent contact angles for an air-water system. Different flow patterns, such as
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wavy-stratified, plug slug, annular, bubbly, rivulet, etc. were observed in their
experiments for closed channels.

21.1.2 TWO-PHASE FLOW

Two-phase microfluidic systems have been attracting increasing research inter-
est for applications such as separations, mixing, encapsulation and chemical
and biological analysis among others. Serizawa et al. [11] investigated the vi-
sualization of the two-phase flow pattern in circular microchannels. The flow-
ing mixture of air and water in a circular microchannel of 50um in diameter
were conducted experimentally. Two-phase flow patterns obtained from both
air-water and steam-water flows were quite similar and their detailed structures
were described. The study confirmed that the surface wettability had a signifi-
cant effect on the two-phase flow Patterns in very small channels. There have
been a number of studies involving the application of u-PIV on gas—liquid flows
[12, 13], but only limited ones for liquid-liquid systems [14]. The objective of
this study is to characterize the behavior of single-phase liquid flow in straight,
U-shaped and Y-shaped microchannels and also two-phase liquid-liquid flow in
Y-shaped microchannels.

21.2 EXPERIMENTAL

Particle Image Velocimetry (PIV) is a nonintrusive optical technique used to
measure the kinematic parameters of fluid flows. With this technique, the flow
velocity is determined by measuring the displacement of a collection of seeding
particles between two recorded images separated by a known period of time. A
schematic illustration of typicalp-PIV system is shown in Figure 21.1. The sys-
tem consists of a CCD camera, a microscope equipped with fluorescent filters,
an experimental light source, and appropriate optics such as optical fibers,beam
expanders, etc. The fluid inside the transparent glass microchannel was seeded
with nine red fluorescent particles of size 1um, which were illuminated by the
light source and imaged through the microscope objective onto CCD array of
the camera.
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FIGURE 21.1 (a) Schematic diagram of Micro PIV setup and (b) experimental set up for
p-PIV.

21.2.1 SINGLE PHASE

Channel was arranged in such a way that the flow was due to gravity. The wa-
ter was seeded with fluorescent (dye) particles. The images were captured and
analyzed through Dantec Dynamicsp-PIV system. The flow was modeled using
Fluent and Gambit software applying the basic laminar flow and energy equa-
tions.Experiments were conducted in Straight, U-shaped and Y-shaped micro-
channels. The fluid used in all the experiments was deionized water. Respective
microchannel was mounted on the working table overthe objective lens.

21.2.2 TWO-PHASE FLOW

Extraction of acetic acid from water using ethyl acetate as solvent was per-
formed in microchannels. In order to determine the fluid flow behavior in the
organic (ethylacetate ) slugs, the extraction operation was performed in 0.73mm
microchannel operating with solvent and feed flow rates of 0.04 ml/min each us-
ingPostnova PN1610 high precision syringe dosing pumpsand the fluid
flow behavior inside the microchannel was determined using micro-PIV. In this
operation the laser was allowed to fall on the microchannel, which was taken in
a beaker containing glycerol solution to match the refractive index of glass to
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getclarity in the images. The flow rates of both the liquids were maintained and
operated at 0.04 ml/min. After some timeuniform slugs formed was seen clearly
on the computer screen. During the flow, several images were recorded by the
camera provided for determining the flow sense of the liquid inside the channel
and the time gap between each image was 0.25 s. The image contents were fur-
ther analyzed using cross-correlation and adaptive correlation techniques.

21.3 RESULTS AND DISCUSSION
21.3.1 SINGLE-PHASE FLOW

Based on the cross-section obtained with pu-PIV a similar geometry was gener-
ated using Gambit with the mesh generator code used in the present CFD study.
The numerical simulations were performed with Fluent and the flow field was
modeled as steady and laminar. In all the Figures 21.1, 21.2, and 21.3 obtained
using CFD, the color indicator indicates the intensity of the velocity. The veloc-
ity increases from blue to red and zero to maximum respectively. In these three
different kinds of microchannels the velocity profile obtained at the outletap-
pears to be parabolic. From the Figures 21.3.1(a), (b) and 21.3.2 (a), (b), it can
be seen that the velocity is maximum at the center of the microchannel forboth
the experimentally captured profile and the profile obtained by CFD and is al-
most zeroat the walls of the microchannels. In Figures 21.3.3(a), (b), it can be
seen that the mixing of two fluids occurs at the junction of the two legs of ‘Y’
and expands as a single fluid in the straight channel.

.-

21.2.1(a) (b) (e) (d

FIGURE 21.2 (Continued)
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21.2.2(a) (b) (d)

21.2.3(a) (b) (c) (d)

FIGURE 21.2  21.1,21.2.2, and 21.2.3 Velocity profile for water flowing in straight, U and
Y-shaped micro channels: (a) Gambit geometry, (b) contour display of velocity profiles, (c)
contour display of velocity profiles at inlet and outlet, and (d) vector display of the velocity
profile respectively.

21.3.1(a) 21.3.1(b)

21.3.2(2)

21.3.3(2) 21.3.3(b)

FIGURE 21.3 Velocity profile for water flowing in straight, U-, and Y-shaped micro
channels using (a) CFD (b) p-PIV instrument respectively.
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21.3.2 TWO-PHASE FLOW

Flow patterns were observed by micro-PIV set up as mentioned in experimental
section. Due to the hydrophobic wall properties, aqueous phase distributed as a
film and also, the size of the ethyl acetate bubbles decreased. This increased the
surface between the organic phase and the aqueous phase, which promotes fast-
er mixing and higher extraction efficiencies. Not only high surface-to-volume
ratio in microchannels but also the internal circulation of fluid in the slug and
diffusion of solute from aqueous phase to organic slug provide better mixing
and hence higher mass transfer in microchannels. Another advantage of slug
flow is the secondary flow pattern within the slug, which provides faster mixing
due to surface renewal. After obtaining the flow sense image contents as seen
in a Figures 21.4 (a), (b), a flow sense at a particular time was selected for the
analysis. For the analysis by p-PIV the flow sense image selected was at 8.5s
and the image was gridded and then a particular portion of the slug was selected
for analysis and it was analyzed using cross-correlation and adaptive correlation
methodologies. The results of cross-correlation and adaptive correlations are
shown in Figures 21.5 (a), (b) and Figures 21.6 (a), (b) respectively. From the
cross correlation the direction of fluid flow is obtained inside the slug and it is
observed that the direction of the vectors inside the channel is random. From the
adaptive correlation the directions as well as the magnitude of velocity vectors
corresponding to the fluid flow inside the slug were obtained and a great chaos
was observed in the direction of vectors inside the slug. The volumetric mass
transfer coefficient, K a, Reynolds number, N, Weber number, N and Capil-
lary number, N, were evaluated and are given in Table 21.1. The Solvent to
Feed ratio,S/F was maintained equal to one.

(a) (b)

FIGURE 21.4 Flow pattern of Micro- PIV for water-acetic acid-ethyl acetate system at
different time intervals (a) 5.5 s and (b) 8.25 s (micro channel diameter =0.73 mm, flow rate
of Ethyl acetate=0.04ml/min and 20% acetic acid percentage in the water=0.04 ml/min).
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(b)

FIGURE 21.5 Vector map of flow using crosscorrelations using (a) 32 x 32 pixel size and
(b) 64 x 64 pixel size.

[~ R aR A A s 4> am — [y = 2 T e i - R T
FIGURE 21.6 Vector map using Adaptive Correlation for (a) 32 x 32 pixel size and (b) 64
x 64 pixel size.

From Table 21.1 it is evident that the increase in K a with N, is the con-
sequence of the increase in the surface renewal velocity and increase in the
interfacial mass transfer area due to interface disturbance of the two immiscible
phases,as the mass transfer distance becomes short, the mass transfer process is
intensified. For a particular channel as N increases the percentage extraction
has decreased. This may be due to increase in N, and so slug linear velocity,
which in turn causes less residence time in microchannels. K a increased with
increase inthe N in the three different microchannels. Interfacial forces have
more influence than the inertial forces. It can also be seen that this effect of
interfacial forces is more in the small channel diameters than in the larger di-
ameters. Same reason can be assigned to this as above. For a particular channel
as N, increases, percentage extraction decreases whereas microchannels with
constant volume, a decrease in diameter gave higher N , which in turn gave
higher percentage extraction when compared to channels with higher diameters.
This may due to interfacial forces have more influence than the inertial forces. It
can also be seen that this effect of interfacial forces is more in the small channel
diameters than in the larger diameters. The shape of the interface between the
immiscible liquids was controlled by a competition between the viscous forces
and the local interfacial tension. For a particular channel a decrease in diameter
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gave higher N numbers which in turn gave higher K a values. For the value of-
N, between 0.0001 to 0.0006, the N, value varies between 1 to 8. This implies
that interfacial forces have more influence than viscous forces. It can also be
seen that this effect of interfacial forces is more in the small channel diameters
than in the larger diameters, that is interfacial forces have more influence on
flow, than viscous forces. Though the value of N _is less than 10 in slug flow
in microchannels, from p-PIV it was observed that there is a random motion of
vectors inside the slugs. From the results of u-PIV it is observed that because of
chaosin the movement of vectors inside the organic slug and leading to higher
internal recirculation of liquid inside the slug, and hence every time may be a
new surface is being created resulting in the diffusion of acetic acid from the
aqueous phase in to the organic slug and hence high mass transfer and percent-
age extraction in microchannels were obtained.

TABLE 21.1 Dimensionless analysis: 20% acetic acid, V_=0.1708 cm®, Cm,i =0

D Q, Q, SF N,  new N, NN, Ka  %E
(mm) (ml/ (ml/ ratio (sec™!)
min) min)

0.08 008 1 305 276x10% 9.04x10° 3381637 8.98x10° 57.14
L8 006 006 1 229 1.55x10% 6.78x10° 33820.05 7.74x 107 64.28
004 004 1 152 691x10° 452x10° 349557 5.6x10° 68.57
0.08 008 1 611 221x10° 3.61x10* 1693628 9.49x10° 60.0
09 006 006 1 458 124x10° 271x10* 16918.81 921x10° 72.85
004 004 1 305 553x10% 181x10* 16889.5 6.97x 103 78.57
0.08 008 1 753 414x10° 549x10* 1372859 1.08x 102 66.66
073 006 006 1 565 233x10° 4.12x10% 13720.87 1.04x 102 78.57

004 0.04 1 376 1.04x10° 2.75x10* 137054 7.75x10° 82.85

21.4 CONCLUSIONS

From the CFD simulations, velocity profile at outlet of the microchannels ap-
pears to be parabolic and was maximum at the center and almost zero at the walls
of the respective microchannels. The CFD simulations were in good agreement
with experimental results obtained through p-PIV for single-phase flow in all
the microchannels. From the two-phase flow results obtained in p-PIV, it was
observed that, because of chaos in the movement of vectors inside the organic
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slug and lead to higher internal recirculation and every time a new surface was
being created for the diffusion of acetic acid from the aqueous phase in to the or-
ganic slug and hence high mass transfer and percentage extraction in the micro-
channels. Interfacial forces play major role than the inertial and viscous forces.
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22.1 INTRODUCTION
22.1.1 MOLECULAR DIFFUSION IN LIQUIDS

Molecular diffusion is concerned with movement of individual molecules
through a substance by virtue of their thermal energy, the kinetic theory of gases
gives an idea about visualizing molecular diffusion and what exactly happens
and indeed the success of this theory is quantitatively helpful in describing dif-
fusional phenomena due to which it is widely accepted. Thus the phenomenon
of molecular diffusion leads to completely uniform concentration of substances
in a solution that may initially be in uniform concentration, however it is nec-
essary to differentiate between molecular diffusion and more rapid mixing as
molecular diffusion is a slow process, rapid mixing can be done by mechanical
stirring and convective fluid movement. Mechanical stirring generally results
in rapid movement of large eddies of fluid which is a characteristic of turbulent
motion.

Rates are described in terms of molar flux or mol/ (area) (time), where area
is measured generally in a direction normal to diffusion. The diffusivity or dif-
fusion coefficient, D, , of a constituent A in solution B, which is a measure of
diffusive mobility, is then defined as ratio of its flux J, to its concentration gra-
dient.

J,=-D 9,

A AB a 7
X,
AB 97

which is known as Fick’s first law written for Z-direction. The negative sign
emphasizes that the diffusion occurs in the direction of a drop in direction. The
diffusivity is a characteristic of a constituent and its environment (Temperature,
Pressure, Concentration, Water in liquid, gas or solid solution, and nature of
other constituents).

=—CD

22.1.2 AGITATION OF LIQUIDS

Agitation may be defined as induced motion of material in a specified way, usu-
ally in circular pattern inside some sort of container.

22.1.3 AGITATION EQUIPMENT

Liquids are often agitated in some kind of vessel, usually cylindrical in form
and with a vertical axis, the top of vessel may be open to air or closed, the liquid
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depth is nearly equal to diameter of tank. An impeller is mounted on a one hung
shaft, driven by a motor. Impeller creates a flow pattern in system causing liquid
to circulate through the vessel and return to the impeller, type of flow in agitated
vessel depends on type of impeller, characteristics of fluid, the size and propor-
tions of the tanks, baffles, and agitator.

22.1.4 SUSPENSION OF SOLID PARTICLES

Particles of solids are suspended in liquids for many purposes, to produce a ho-
mogeneous mixture. Agitation generally creates fluid flow in horizontal flow as
well as upward and downward flow. To keep the solids suspended in tank, much
higher velocities are required. When solids are suspended in agitated tank, there
are several ways to define condition of suspension, they are: (i) Nearly complete
suspension (ii) complete particle motion (iii) complete suspension or complete
off-bottom suspension.

22.1.5 CINNAMIC ACID (C,H.CHCHCOOH)

Cinnamic acid is a white crystalline organic acid, which is slightly soluble in
water. Saturation solubility is of 0.004 k-mol/m [3].It is obtained from oil of
Cinnamon or Balsams such as Storax. Cinnamic acid is used in flavors, synthet-
ic indigo and certain pharmaceuticals, though its primary use is in the manufac-
turing of the methyl, ethyl, and benzyl esters for the perfume industry. Cinnamic
acid has a honey-like odor. Cinnamic acid is freely soluble in benzene, diethyl
ether, acetone and it is insoluble in hexane.

Cinnamic acid is also a kind of self-inhibitor produced by fungal spore to
prevent germination.

22.2 EXPERIMENTAL WORK

The procedures employed in the present work are detailed here in four parts: (1)
Preparation of Cinnamic acid Moulds,(2) mass transfer without chemical reac-
tion, (3) mass transfer with chemical reaction, and(4) range of variables studied.

22.2.1 PREPARATION OF CINNAMIC ACID MOULDS

The solute used was pure “Cinnamic acid” and liquid used was distilled water.
Since, Cinnamic acid is generally obtained in powdered form; it is taken into
a steel kettle and heated to a temperature around 130°C, where it melts. The
molten Cinnamic acid is poured into a brass mold specially designed, a brass
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shaft held in center of mold. The shaft held the solidified solute in form of a 3.9
and 2.8 cm long smooth and strong cylinder. All the cast cylinders so made are
freed from surface dust, washed with water and dried in desiccators before being
used for the actual run, care is taken so as to prevent inhalation of Cinnamic acid
vapors which can cause health hazards and also care is taken so that Cinnamic
acid moulds are free from moisture.

22.2.2 MASS TRANSFER WITHOUT CHEMICAL REACTION

Cinnamic acid moulds are mounted tightly in center of vessel which was filled
with measured volume of distilled water. The rotation of cylinder was then
started at a preset speed; 5 ml samples of solution were collected after every
10 min and titrated against standardized Sodium hydroxide. The experiment is
continued until there is a constant titer value. Initial and final length, diameter
is determined before and after the experiment. Diameter measurements of each
cylinder were taken at four different positions, the mean of these were used in
calculations. The experiment is repeated with different speeds, 200, 300 and 400
rpm respectively with two different mold sizes.

22.2.3 MASS TRANSFER WITH CHEMICAL REACTION

A known amount of sodium hydroxide solution is taken in cylindrical vessel.
To this solution 3—4 drops of “phenolphthalein” indicator is added so that the
color of solution turns pink, the solution is thoroughly mixed before starting the
experiment, then rotation of Cinnamic acid laden stirrer is continued until there
is a color change in solution that is, pink to colorless, time taken for run is noted.
The solvent used was standardized Sodium Hydroxide at concentration 0.01.
Initial and final diameter and length of cylinder are taken before and after the
experiment. The experiment is run at speeds of 200, 300, and 400 rpm respec-
tively. Care is taken so that the mold is supported at the center of vessel and it
does not touch the bottom of vessel and is properly dipped in solution.

22.2.4 RANGE OF VARIABLES STUDIED

The range of variables studied is as follows.
With and Without Chemical Reaction
(1) Three different speeds
(1) 200 rpm (ii) 300 rpm (iii) 400 rpm
Concentration of NaOH 0.01 N
(2) Two different lengths and diameters
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(1) 4.2 and 2.8 cm (ii) 2.5 and 3.8 cm

Experimental set up

22.3 RESULTS AND DISCUSSIONS

The experimental study undertaken in the present work involves mass transfer
without chemical reaction and mass transfer with chemical reaction. Specifi-
cally dissolution of Cinnamic acid from two different size moulds at three dif-
ferent speeds into water and also the dissolution of Cinnamic acid at uniform
speed into two different concentrations of water-sodium hydroxide system are
examined.

The information collected in mass transfer without chemical reaction is all
presented in table numbering.

22.3.1 MASS TRANSFER WITHOUT CHEMICAL REACTION

Mass transfer studies in absence of chemical reaction were undertaken using
solid Cinnamic acid in different moulds into water and results are discussed
below:
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22.3.2 EFFECT OF SHAFT SPEED

Variation of Cinnamic acid concentration with time is shown in Figure22.1 for
small mould at three different stirring speeds

Mass Transfer without Chemical Reaction
Small Mould
0.005
=
s 0.004
2 0.003
S —e—200r.p.m
£ 0.002
5’ 0.001 —=—300r.p.m
0 —4—400 r.p.m
0 20 40 60 80 100 120 140 160
Time (min)

FIGURE 22.1 Variation of Cinnamic acid concentration with time for small mould at three
different stirring speeds.

and in Figure 22.2 for big mould at three different stirring speeds.

Mass Transfer without Chemical Reaction
0.0035 Big Mould

0.003
%0.0025
Fi 0.002

s ——200r.p.m
hE°0.0015

& 0.001 —=—300r.p.m

0.0005 —4—400 r.p.m
0

0 20 40 60 80 100 120 140
Time (min)

FIGURE 22.2 Variation of Cinnamic acid concentration with time for big mould at three
different stirring speeds.

It is observed that the acid concentration increases with time for a fixed
stirrer speed. The rate of mass transfer observed to be decreasing with increase
in time; this is due to decrease in driving force due to increase in acid concen-
tration, which in turn decreases the flux. In both cases, it is observed that the
increase in stirring speed increases the rate of dissolution; this is due to decrease
in mass transfer resistance as stirrer speed.
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Figure 22.3 shows that the variation of Cinnamic acid concentration with
time at constant speeds for two different sizes of mould.

Mass Transfer without Chemical Reaction
400 r.p.m
0.004
0.0035
£ 0.003
$ 0.0025
E 0.002 )
& o0.0015 —o—Big Mould
S o0.001 —&—Small Mould
0.0005
(i}
0 20 40 60 80 100 120
Time(min)

FIGURE 22.3 Variation of Cinnamic acid concentration with time at constant speed for two
different sizes of mould.

It is observed that the time required for the dissolution of the big mould is
less than the small mould. Further, observed that the concentration of the big
mould is always greater than the smaller one. The reason for this is that the sur-
face area is more in case of big mould.

22.3.3 ESTIMATION OF MASS TRANSFER COEFFICIENT

During solid dissolution the flux is proportional to driving force and proportion-
ality constant given by mass transfer coefficient.
The molar flux is given by

1dc4

A a dt
=K AC,

=K(C*-C,) 2.1)

where C* = solubility of Cinnamic acid in water
Integrating Eq. (22.1) gives
%k

C*—CA

In ( ) =K, at (22.2)
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C *
Equation (22.2) shows that In ( ) versus time is a straight line and hav-

ing a slope of K a, Figures 22.4, 22.5, 22.6, and 22.7 show the variation of In (

C*
v ) with time for two types of molds at a stirring speeds of 300 and 400

rpm respectlvely, the data is well fitted by straight line and from the slope of
these lines the mass transfer Coefficient “K a” is calculated.

Mass Transfer Without Chemical Reaction
(300 r.p.m Big Mould)

2R
RPN RO ®

Ln(C*/(C*-C))
o o
o o

== [s.a =0.11

e o
N &

(-]

o

20 40 60 80 100 120
Time(min)

FIGURE 22.4 Variation of In(C*/( C*-CA) ) with time for big mould at 300 r.p.m.

Mass Transfer Without Chemical Reaction
(300 r.p.m Small Mould)
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* 1
*% —o—Ks.a=0.129
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o0&
()} 20 40 60 80 100 120
Time(min)

FIGURE 22.5 Variation of In(C*/( C*-CA)) with time for small mould at 300 r.p.m.
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Mass Transfer without Chemical Reaction
15 (400 r.p.m Big mould)
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FIGURE 22.6 Variation of In(C*/(C*-CA)) with time for big mould at 400 r.p.m.

Mass Transfer without Chemical Reaction
(400 r.p.m Small mould)
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FIGURE 22.7  Variation of In(C*/( C*-C,) )with time for small mould at 400 r.p.m.

Further it is also observed that mass transfer coefficient decreases with in-
crease in cylindrical mold diameter.

22.3.4 COMPARISON OF CINNAMIC ACID AND BENZOIC
ACID CONCENTRATIONS AT 400 RPM (BIG MOLD)

We observed that, both Cinnamic acid and Benzoic acid dissolution rate increas-
es with increase in time. And when we compare both it is seen in Figure 22.8
that benzoic acid dissolution is more than that of Cinnamic acid dissolution.
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Comparision of Cinnamic & Benzoic acid at 400rpm

0.035
0.03
0.025
0.02
0.015 =4-cinnamic acid

Concentration

0.01 =@=Benzoic acid
0.005

0 50 100 150
Time(min)

FIGURE 22.8 Comparison of C, V_time between cinnamic and benzoic acid moulds (big)
at 400 r.p.m

22.5 CONCLUSIONS

The research work covered the Reynolds number range 4,500-37,000.The re-
sults are expressed in terms of Sherwood number (Sh), Reynolds Number (Re)
and diameter of mould to that of diameter of Vessel (d/D,) and found that the
coefficients on the RHS is 0.55, the power of Re is 0.49 and the power of d/D, is
-1.78. Increase in shaft speed increases the rate of dissolution. Increase in mould
size decreases the time for dissolution. The mass transfer coefficient decreases
with increase in mould diameter.
The correlation obtained is for mass transfer without Chemical Reaction

Sh =0.55Re* (/D)7

For Mass Transfer with Chemical Reaction, reaction factor (F,) is the ratio
of Sherwood number with chemical reaction to the Sherwood number with-
out chemical reaction is calculated and is found to be independent of Reynolds
Number.

The scope for future work can be, considering different temperatures and
the work with different combinations of solids (Benzoic acid, Barium chloride,
Naphthalene) liquids (Water, benzene, methanol) in cylindrical vessels fitted
with a four bladed propeller attached to a vertical shaft.
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23.1 INTRODUCTION

India is the 10th largest Steel producer and 6th largest energy consumer in the
world and annually consumes about 3 percent of the world’s total energy [1].
Energy consumption and economic growth are interlinked. The energy con-
sumption appears to be directly related to the level of living of the population
and the degree of industrialization of the country [2]. In addition to global im-
balances energy resources becoming scare. This made the all-round efforts to
reduce energy by optimizing energy usage at all sectors and bring awareness of
the importance of the conservation and development of new energy resources.
It is the responsibility of the scientists, engineers, and technicians to locate the
development and exploit these new sources and should have an intimate knowl-
edge of the various energy forms, sources, conservation methods, conservation
techniques along with their limitations, and inherent problems. Energy conser-
vation programs often start from energy audits. Today the engineers must be
concern with the 3 “E”’s—Energy, Economy, and Ecology. Thus the modern en-
ergy engineers must try to develop systems that produce large enormities of en-
ergy at low cost with less impact on the environment. Energy audit co-ordinates
the effect among various departments for conservation of energy, optimization
of available energies and minimization of losses.

Walking beam reheating furnace is an improved modified version of the
reheating furnace and is heated by gaseous fuels by capturing waste heat energy
though recuperators by balanced draft control of continuous furnace and gases
coming from LD Converter, Blast Furnace and Coke Oven gases [3]. That is a
device to move the slab in the furnace by lifting it, moving it in forward direc-
tion lowering it down and then again returning to its original position. Reheating
furnace comprises of three sections namely slab charging system, furnace prop-
er and slab discharging [4]. The main function of reheating furnace is to raise the
temperature from 600 to 1,400°C until it is plastic enough to be pressed or rolled
to desired shapes and sizes. In walking beam reheating furnace excellent surface
condition of the product is achieved and bottom firing of the entire length of the
furnace, thereby ensuring a higher specific production rate per square meter of
the hearth and the controlling of heating system is easy.

23.2 METHODOLOGY

The System Boundary for the purpose of carrying out the Thermal Energy Audit
of the Reheating Furnace was first defined. The Furnace, the Air Recupera-
tors and the Gas Recuperators, were considered as different system boundaries.
Next, based on each of the system boundaries defined—the input and output
enthalpies of all the three systems were considered. The input enthalpy was the
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heat input given by the fuel gas entering the furnace where combustion with air
takes place. The output enthalpy were useful heat absorbed by the steel billets
and the balance being heat loss through flue gases, skid cooling water, radiation,
and conduction losses through walls and openings. The methodology contains
preparation of heat balance, identification of loss streams, quantification of loss-
es and reasons for losses and measures to minimize losses.

The efficiency of a furnace may be obtained from a heat balance [5], which
is a comparison between the sum of the items that contribute to the heat supplied
to the furnace and the sum of the items representing the heat leaving the furnace.
By performing a heat balance it is possible to determine the following:

(a) The thermal energy efficiency of the process.

(b) The way in which the heat supplied is used.

By comparing the data with known standards based on experience or design
data, any wastage of heat can be located and corrective measures taken to coun-
teract this heat loss and showed in sankey diagram.

23.3 DATA COLLECTION

The TOSDIC control system is a Microprocessor based system for control-
ling [6] the various flow and temperature parameters of fuel gas, air, flue gas,
cooling water, Oxygen content, rolling rate, etc. Contents of Oxygen at various
points in flue duct were taken manually through a special arrangement and then
measured using ORSAT apparatus. Temperatures of stock (bloom) and furnace
openings were taken using noncontact Optical Pyrometers. The calculations of
combustion and thermal equations derived at on MS EXCEL worksheets, which
would help in representing graphical curves of various parametric relationships.

23.3.1 THERMAL ENERGY AUDIT—CALCULATION
PROCEDURE

23.3.1.1  ANALYSIS OF MIXER GAS

Ratio proportion calculation [7]:
Basis: 1 mol — 1 m*/hr.
B.F. calorific value = 700 kcal/nm?
Co gas calorific value = 4,200 kcal/nm?
Our required mixer gas ratio cv is 2,400 kcal/nm?
B.F. gas = 1 nm?, co gas = x nm’.
B.F. gas x CV + co gas x CV =2,400 (B.F. gas + co gas).
(1 x700) + (4,200 xx) = 2,400 (1+x)
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700 + 4,200x = 2,400 + 2,400x.

x=0.94

B.F. gas: co gas:: 1:0.94.

Now, B.F. gas calorific value = 700 kcal/nm?

Co gas calorific value = 4,200 kcal/nm?

LD gas calorific value = 1,800 kcal/nm®

Our mixer gas calorific value = 2,400 kcal/nm?

(B.F. gas x cv) + (co gas x cv) + (LD gas x cv) = 2,400 (B.F. gas + co gas
+ LD gas).

(700xA) + (4,200xB) + (1,800xC)/(A+B+C) = 2,400.

A:B: C=0.05:0.2:0.4 =2,453.

Stoichiometric calculations (Table 23.1) [7, 8, 9]:

TABLE 23.1  Stoichiometric calculations of required O,

S. No Stoichiomet- Composition Stoichio- Basis 1 nm? of Flue Gas
ric Reactions metric O, Givesl Gives2 Required Required
Composi- O,
tion
1. CO+1/20,= 1mole CO 0.5 1 mole — 0.2554 0.1277
Co, of CO,
2. H,+1/20,= Imole H, 0.5 1 mole — 0.1756 0.0878
H,0 of H,0
3. CH,+20, Imole CH, 2.0 I mole 2mole 0.0817 0.1634
=CO, +2H,0 of CO, ofH,0
4, H,S+3/20,= 1mole H,S 1.5 1 mole 1mole 0.0011 0.0016
H,0 + SO, of H,O of SO,
5. CH,+30,= 1moleCH, 3.0 2 moles 2 moles 0.006 0.018
2CO, +2H,0 of CO, ofH,0

23.3.1.2 THERMAL ENERGY AUDIT

The energy audit can be done in many ways like thermal energy audit, com-
mercial energy audit, power energy audit, industrial energy audit etc. Here the
thermal energy audit of a reheating furnace is done by using the below following
procedure [3, 10].
Total heat input:
1. Heat consumption of the flue gas = volume of flue gas x calorific value
= [(m*/hr) x kcal/hr*/1,000]Mcal/hr
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2.

Heat of oxidation = [material oxidized x conversion factor]/1,000 Mcal/
hr

(i) Conversion factor =—> ton=1,350,000 kcal
Material oxidized = (total weight of blooms) x (% oxidized)
Total weight of blooms = No. of blooms x conversion factor
(ii) Conversion factor =—=> 1 bloom=2.78 ton.

Total heat output:
Heat loss by stock = total weight of blooms X specific heat of flue gas x (door
discharge temp — charging temp)

1.

(@)

(i)

= tons/hr x Mcal/ton x (°C— °C) [3, 11, 12].
Heat loss by waste flue gas = heat consumption of flue gas x specific
heat of waste flue gas x (gas recuperator discharge temp — surrounding
temp) Mcal/hr
= Mcal/hr x Mcal/hr (°C—°C)
Heat loss by water vapor = (mass of water vaporx [584 + 0.45 x (temp
of flue gas at exit — surrounding temp)])/1,000 Mcal/hr
Mass of water vapor= kg/hr
Latent heat of vaporization = 584 kcal/kg
Specific heat of water vapor = 0.45 kcal/kg °C
Structural heat loss:
Loss through skin: Q = a x (T, — T,)’*+ 4.88 E [(T,+273/100)*~
(T,+273/100)*]
a = factor regarding direction of the surface of natural convection
E = emissivity factor = 0.88 (emissive of external wall surface of the
furnace)
T, = temperature of external wall surface of the furnace (°C)
T,= temperature of air around the furnace (°C)
a, = 2.8 =ceiling
a,=2.2 = side walls
(a,—sidewalll; a,—sidewall2; a,—discharge door; a,—charging door)
a, = 1.5 = hearth
Heat loss by radiation = ¢ x (7/100) x area of opening * time of opening
c, = emissivity of black body = 4.96 kcal/hr
T = temperature of furnace
Area of opening = 13 x 0.7 m?
Time of opening = time of discharge/hr
During charging time= area x time of opening = 13 x 0.5 m?x time
During normal time = 13 x 0.25 m? X time

(ii1) Heat loss through indirect cooling water = Mcal/hr
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Mass of cooling water x specific heat of water x raise in temp x density
of water vapor

Mass of cooling water = m*/hr

Specific heat of water = Mcal/kg °C

Raise in temperature = °C

Density of water = kg/m?

(iv) Heat loss through evaporative cooling system = (vol of feed water x

™)

change in enthalpy)/1,000 Mcal/hr

Volume of feed water = mass of feed water/1,000

Structural heat loss = loss through skin + loss through radiation +loss
through cooling water + loss through ECS

Moisture loss:

Moisture loss through air = [density of air x total air flow x specif-
ic heat x humidity factor x (temp before air recp — ambient tempera-
ture)]/1,000,000 Mcal/hr

Density of air=1.16

Total air flow = m*hr

Specific heat = 0.45

Humidity factor = 0.024

Moisture loss through fuel = density of fuel x total gas flow x specific
heat (temp before air recuperator — surrounding temp)/1,000,000 Mcal/
hr

Density of fuel = 0.904

Humidity factor = 0.06

Total output loss = heat loss by stock + heat loss by waste flue gas + heat
loss by water vapor + structural heat loss + moisture loss.

Total heat account:

TABLE 23.2 Heat account model table [8].

S.No Input Term Heat (Mcal/hr) Output Term Heat (Mcal/hr)
1. Heat consumption Heat loss by stock
of flue gas
2. Heat of radiation Heat loss by waste
flue gas
3. Heat loss by water

vapor

Heat loss through
skin
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TABLE 23.2 (Continued)

S.No Input Term Heat (Mcal/hr) Output Term Heat (Mcal/hr)
5. Heat loss by radia-
tion
6. Heat loss through
moisture
7. Heat loss through
ICS
8. Heat loss through
ECS
Total Total

Energy audit results:

The total input given to the furnace = 173,990 Mcal/hr

The total output or losses from the furnace = 121,918 Mcal/hr
That is, efficiency = 45-55 percent
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FIGURE 23.1 Change in efficiency w.r.t. change in rolling rate.
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FIGURE 23.4 Gas recuperator temperature w.r.t. rolling rate

From the Figures 23.1-23.4, we can state that efficiency of the furnace in-
creases when the rolling rate of beam is operated at high blooms, heat from the
gas recuperator and air recuperator involve more in the combustion reaction
therefore the more release of gas from the recuperators may lead to heat escape
and waste of energy and more scale up and more losses. So, operation of the re-
heating furnace at optimum temperature leads to reduce wastage of energy and
heating time and therefore obtains good quality products.
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3DESIGN CALCULATIONS: THE DESIGN OF THE

REHEATING FURNACE IS DONE BY REFERRING [13] AS SHOWN
IN THE TABLE 23.3.

TABLE 3 Design Calculations

Productivity (cffictivdG 50000|Kg/hr Total metal emissivity _|Em 08 e e 532.5|des C
Bottom tonnage capadHa 500[Kg/m2.1] co 57 Heating time.sect| T (ph-3)
The area of the botto] Fa 100|m2 tsection | |Calm(ph-1)| 3795 W/m2K4 Gas temp Ty 1125deg C 1094.28
Furnace Dimensions Coefficient of radient heafar(ph1) | 93.834|W/m2K metal temp Tm(ave) 995|deg € 378.72
|Beignt h 5|m heat conductivity h 48.4|W/m Deg metal temperatur| Tm(out) 1120[deg C 085
pre heating zone _[ph 15|m Specific heat cp 0.542[Ki/ke deg g Eco, Eco, 0.12(from grapl] 1173.57
welding zone w 22|m s s 0.1|m EHzo EHzo 0.14|(from graph)
soaking zone s 13|m Bi(ph) Bi(ph) 0.194 missivi{ Eg 02712
Breadth B 13[m L L 4|m cocfficient Catm(ph-3)| _4.360
length L 217[m B B 02|m Cocfficient of radar(ph-3) |473.999
Degree of developm|W H H 02|m heat conductivity| 30.2|W/m Deg (]
Wph Wph 4|m Density of bloom.m__|m 7800 |kg/m 2.17|Kgm2 he| [Specific heat _|Cp 0.637[Kikedeed] 637
W Wi 435[m Productivity (effictive are|G 1248 |Bicph-3) |Bi(ph-3) 1570
3.9|m specific heat of bloom __|Cp 0.542|Kikgdeg (| 542|VKgdegC [Temp eriterion of s 0.020
preheating area of furnace| Fa 16 Fo Fo 0.2|for the given Bi &TE
09 Time (ph-1) Tph-1) 0.486 | hr Density o 7800[kg/m3
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23.3.1.4 ENERGY MANAGEMENT TECHNIQUES

1.

From the analysis, it is observed that the major heat loss is through flue
gases.
(i) Oxygen enrichment of combustion air [14]:
Air is mainly composed of 21 percent oxygen (by volume) and rest 79
percent of nitrogen. When combustion takes place, the oxygen combines
with the carbon and hydrogen of the fuel and liberates heat. The inert
gases of the air absorb heat from the combustion and carry it out of
the furnace resulting in loss. It reduces flame temperature by absorbing
heat and thus reducing the rate of heat transfer to the stock. The fuel
input may be decreased when enriched air is used, to maintain the same
production rate as obtained with more fuel using ordinary air. The use
of pure oxygen reduces the stack losses of fuels. Use of oxygen enrich
combustion air offers a method of achieving a measure of stack loss
reduction when using oxygen to combust the high calorific value fuels
with the technical disadvantages associated with the use of pure straight
oxygen.
(i1) Change in Calorific Value by Changing Mixture Gas Ratios and Gas
Temperature:
On increasing the calorific value of the fuel gas the temperature of the
fuel gas increases simultaneously, this leads decrease in volume of the
furnace and increase in productivity.
One of the most important factors influencing the efficient use of the
fuels is their stack loss, that is, that proportion of the fuel energy which
is carried out of the operating furnace as the sensible heat of the flue
gases. The important factors governing this parameter are normally the
temperature of the flue gases leaving the furnace and their oxygen con-
tent. So those are to be maintained in proportion.
The excess air required for the combustion of fuel in the furnace should
be exactly of 10, more or less excess air should be strictly prohibited.
High furnace pressure causing leaking out of flames, damaging furnace
parts. This could be due to air ingress from water seals and also there
exists air inflation from the water blocks at the bottom of the furnace
results in cooling the furnace and thereby increasing fuel consumption.
Hot charging is a method in which steels of high temperature are directly
charged to a reheating furnace to conserve energy.



252 Chemical and Bioprocess Engineering: Trends and Developments

23.4 RESULTS

1. It is observed that increase in calorific value of mixed gas from 2,000 to
3,000 kcal/Ncum has impact on furnace heating time and productivity.
By increasing the calorific value of gas flame temperature increases,
therefore the heat transfer to steel material also increases rapidly. From
Figures 23.5 and 23.6, it is observed that increasing calorific value from
2,000 to 2,878 kcal/Ncum reduces the heating time of the steel reheat-
ing from 2.11 to 1.85 hr. This result in increasing furnace efficiency by
18 tons/hr and the specific fuel consumption reduces significantly with

higher rolling rate.
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FIGURE 23.5 Rate of change of rolling rate with respect to change in calorific value
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FIGURE 23.6 Rate of change of time with respect to increase in calorific value

1. It is also observed that charging hot steel blooms in to reheating fur-
nace reduces steel reheating time. The steel reheating time reduces from
2.106 to 2.04 hr. This has increased the output of the furnace by 4 tons/
hr and reduced specific fuel consumption marginally is shown in Figure
23.7.
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FIGURE 23.7 Rate of change of productivity w.r.t. change in metal temperature.

1. If we combine these two options and implement, there is greater pos-
sibility of reducing fuel consumption significantly up to 28 tons/hr.
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2. On preheating air temperature before passing it into air recuperators we
can reduce the flue gas consumption.

3. By increase in gas temperature in gas recuperator the flue gas consump-
tion reduces.

4. By increasing flame temperature and by intake of preheated air to the
recuperator, higher heat transfer rate can be obtained.

5. Usage of ceramic air recuperator by metallic air recuperator can increase
the heat transfer rate more efficiently, as the ceramic air recuperator can
hold temperatures beyond 650°C.

6. Sankey Diagram: The energy audit ( thermal energy audit) is best show
in sankey diagram (Figure 23.8) and well described in Table 23.4.
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FIGURE 23.8 Sankey Diagram
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TABLE 23.4 Heat component of sankey diagram (from Table 23.3)

Legend Heat Output Component M.Cal/t %
0 Heat input 490 100
1 Through heating billets 195 39
2 Scale formation 4 1.0
3 Heat carried by moisture 17 4.5
4 Loss by Cooling water 35 9.5
5 Loss through wall-conduction 9 2.5
6 Loss through wall-convection 3 0.8
7 Loss through wall-radiation 3 0.7
8 Loss through discharge side 1 0.1
9 Loss through charging side 2 0.5
10 Carried by dry flue gas 96 26.1
11 Recovery from air recuperator

12 Recovery from gas Recup
KEYWORDS

(o Thermal Energy audit N

¢ Energy conservation
e Energy consumption
¢ Inflation
e Mixer gas

\° Oxygen enrichment J

REFERENCES

I.

Lynch, R.; An Energy Overview of India. Washington, DC: U.S. Department of Energy,
Office of Fossil Energy; 2002.

. M.; J. Environ. Stud. Policy. 1998, 1(2),89-96.
. Sharma, B. K.; Engineering Chemistry, 14" Edition, Goel Publishing House, Meerut

1960.

. Vishal, D; Energy Efficiency Office. A Practice Guide-77, Continuous Steel Reheating

Furnace: Operation & Maintenance; 2010.

. Kern, D. Q.; Process Heat Transfer, Mc Graw-Hill, International Edition, ISBN 0-07-

085353-3, 1965.



256 Chemical and Bioprocess Engineering: Trends and Developments

6. Vishal, D; Energy Efficiency Office. A Practice Guide-76, Energy Efficient Operation of
Continuous Steel Reheating Furnace: Specifications, Designing of Equipments, 2010.

7. Gupta, O. P.; Elements of Fuels, Furnaces and Refractories, Khanna Publishers, 1998.

8. Reedy, T. S.; Impact of Energy Expenditure on Total Cost. AGM, Steel Authority of India
Limited.

9. Hougen, O. A.; Watson, K. M.; Ragatz, R. A.; Chemical Process Principle: Material &
Energy Balances. CBS Publishers & Distributors, New Delhi, Part I, Second Edition,
Reprinted in 2004.

10. Rao, K. R.; Energy and Power Generation Handbook: Established and Emerging Tech-
nologies. New York: ASME Press; 2011.

11. Saunders, E. A. S.; Fundamentals of Heat & Mass Transfer, 4" Edition, John Willey &
Sons.

12. Incropera, F. P.; De Witt, D. P.; Fundamentals of Heat and Mass Transfer. 4" edition, wil-
ley, New York.

13. Krivandin, V.; Markov, B.; and Afanasyev, V. V. (trans); Design of Metallurgical Fur-
nace.

14. Ebeling, C.; Axelsson, C. L.; and Coe, D.; Oxy-Fuel Applications for Steel Reheating
Furnace (AISE Iron and Steel Exposition & Annual Convention; 1999. Cleveland, OH).

15. Murphy, W. R.; McKay, G.; Energy Management. Butterworth-Heinemann, New Delhi,
Reprinted 2001.



CHAPTER 24

SYNTHESIS AND CHARACTERIZATION
OF PVDT/PAN HOLLOW FIBER BLEND
MEMBRANES FOR PURIFICATION OF
SURFACE WATER TREATMENT

K. PRANEETH'"?, JAMES TARDIO', SURESH K. BHARGAVA',
and S. SRIDHAR*

'Royal Melbourne Institute of Technology (RMIT), School of Applied Sciences,
Melbourne, VIC-3001, Australia

?Membrane Separations Group, Chemical Engineering Division, Indian Institute of
Chemical Technology (CSIR-IICT), Hyderabad, India — 500007;
*E-mail: sridhar11in@yahoo.com

CONTENTS

o T 1313 (o1 10175 10 3 USSP 258
24.2 EXPEriMENtal ......cccuivuieriieiiieieeiieriieieete ettt 259
24.3 Results and DIiSCUSSIONS ........eceeriierieriiriieniieiieieseeseeseeete e 262
24,4 CONCIUSIONS ....ovviiieiieieeiiecieecie et eteetresteesteeeaeereesteeteesessaeseeesaensennnens 267
K@YWOTAS ..ttt sttt et e e ense s 267

RETEICIICES ... et e e eeeeens 267



258 Chemical and Bioprocess Engineering: Trends and Developments

24.1 INTRODUCTION

The field of membrane separation technology is presently in a state of rapid
growth and innovation. While new membrane processes are being conceived
with remarkable frequency, existing processes are under constant improvement
to enhance their economic competitiveness. Significant progress is currently be-
ing made in many aspects of membrane technology for the development of new
membrane materials with higher selectivity and permeability [1].

A Hollow Fiber (HF) is a capillary having a diameter of less than 1mm,
whose wall functions as a semi-permeable membrane. To produce wastewater
of a quality superior to the minimum effluent disposal standards, the standard of
membrane modules must be state of the art. Membrane technology pertaining to
HFs belongs to the category of pressure driven filtration, mainly ultrafiltration
(UF) and microfiltration (MF) [2]. HF membranes are commercially utilized by
integrating them into compact packages/modules. Each module contains a bun-
dle of numerous fine fibers capable of withstanding a pressure gradient across
the fiber wall. HF modules can be operated with feed flowing in either the tube-
side (lumen side) or shell-side and permeate may flow in either a countercurrent
or co-current direction relative to the feed. Variation in fiber inner diameter
and fiber properties such as permeability and selectivity are critical factors gov-
erning module performance [3]. PVDF is a semi-crystalline polymer suitable
for synthesis of HF membrane with high chemical resistance, besides thermal
and mechanical stability. However, the hydrophobicity of PVDF remains an is-
sue and limits its application and thus, inducing hydrophilicity to PVDF mem-
brane is an area of focus in UF. Blending is often used to alter polymer material
properties. PAN is one of the well-known polymeric materials for making UF
membranes and possesses considerable hydrophilicity with added advantages
and was hence chosen in this study for blending with PVDEFE. Although both
miscibility and morphology of PVDF/PAN blends have been studied earlier, the
effect of blending with PAN on the separation properties of PVDF hollow fibers
is not reported.

In the current study, a manual spinning machine was designed and fabricated
indigenously along with the critical spinneret component used for extrusion.
PVDF/PAN HF blend membranes were synthesized by the dry-wet spinning
method and characterized by scanning electron microscopy (SEM), pure water
flux and Bovine Serum Albumin (BSA) rejection. Effect of different parameters
such as flow rate of polymer dope, bore liquid and polymer pump speed on
specific macroscopic and microscopic properties of the hollow fibers was evalu-
ated. These membranes were further fabricated into different modules, based
on permeate collection mode, by equipping them with single or twin permeate
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outlets. Flux and turbidity rejection of the fabricated modules was studied for
the clarification and disinfection of surface water.

24.2 EXPERIMENTAL
24.2.1 MATERIALS

Dimethyl formamide (DMF) procured from s.d. Fine Chemicals, Mumbai was
used as the solvent for preparing the polymer blend solution. Poly(vinylidene
fluoride) (PVDF) and Poly(acrylonitrile) (PAN) polymers were supplied by
Permionics Membranes Pvt. Ltd., Vadodara, India. Water is usually chosen as
the nonsolvent owing to economic reasons to bring the polymer solution close
to the two-phase unstable region on the ternary phase diagram, such that rapid
phase inversion of the polymer occurs when the dope is immersed in the quench
bath. Deionized water for bore fluid was prepared in-house using the laboratory
reverse osmosis system. Tap water was used for gelation of the hollow fiber
membranes.

24.2.2 HOLLOW FIBER MEMBRANE SPINNING PROCESS

HF membranes were spun at room temperature (25-30°C) employing the dry-
wet spinning technique. The spinning solution was prepared from 10 wt%
PVDF + 10 wt% PAN in DMF by continuous stirring at approximately 60°C
for about 12—15 h which ensured complete dissolution of the polymers. The
prepared polymer dope was observed to be transparent and homogenous at room
temperature and the solution was then degassed overnight. Further, the polymer
solution was loaded into a reservoir and forced into the spinneret using pressur-
ized nitrogen. The dope solution and the internal coagulant liquid were forced
through a tube-in-orifice spinneret, in such a manner, that the polymer solution
flowed through an outer ring nozzle while the coagulating fluid was fed through
the inner tube [2]. Figure 24.1 reveals the methodology of hollow fiber spinning
employed in this study. The polymer solution was directly extruded into a co-
agulation bath after an air gap of 13 cm. The fibers were collected in a take-up
drum and immersed in ethanol solution for about 24 h to replace water in mem-
brane pores with ethanol that possess lower surface tension [4, 5].

The dimensions of the annular spinneret opening, the polymer to bore volu-
metric flow rate ratio, and the draw ratio are the primary factors that determine
the final fiber dimensions. The ultimate outer to inner fiber radii ratio is deter-
mined by the polymer to bore volumetric flow rate ratio. The membrane struc-
ture in terms of pore diameter and pore size distribution is determined by some
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factors like air gap length, quench air temperature, viscosity of dope and type

of solvent used [6].
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FIGURE 24.1 Schematic view of hollow fiber spinning machine process

24.2.3 MODULE FABRICATION AND FEATURES

The membrane module is the most vital part in a membrane separation system.
Separation occurs in the membrane module in which the HF membranes are
systematically packed to maximize the membrane area per unit volume, also
known as packing density.

A bundle of HFs were introduced into the poly(vinyl chloride) (PVC) tube
or housing of 2.54 cm diameter and 30.48 cm length. Either ends of the mod-
ule were potted using epoxy resin. A nylon rod was used for making end caps
with provision of openings for feed inlet and reject outlet flow. This forms
a tube-side flow configuration as the permeate flows through the shell side.
The PVC housing based HF membrane modules are shown in Figure 24.2(a).
The internal diameter and wall thickness of the synthesized UF HF membrane
were found to be 0.9 and 0.4 mm, respectively. The effective area of the mem-
brane module was 0.07 m?. Standard solutions of known molecular weights of
Dextran were used to determine the molecular weight cut off (MWCO) of the
membranes. The MWCO of 20 wt% PVDF/PAN HF membranes was found to
be around 40 kDa.
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24.2.4 EXPERIMENTAL SETUP AND PROCEDURE

A bench scale system was built to incorporate a manually fabricated HF mem-
brane module made of PVDF/PAN blend. The feed input to the system was
given through a feed tank of 5L capacity. The feed tank also had a provision
for recycling of the reject. The feed passed through a prefilter before reaching
the membrane module to prevent clogging of the HF membrane by sediments,
silts, and sand present in the feed water. Feed then finally flowed through the
HF membrane module to separate the pyrogenic bacteria, virus and turbidity as
retentate with purified water coming out through the membrane pores as perme-
ate. The required pressure was maintained by adjusting a needle valve arranged
in the reject line. In this study, surface water was sourced from Uppal Cheruvu
lake, Hyderabad, India. 5 L of feed containing 230 FAU turbidity, 92 mg/L
suspended solids, 1.3 x 103> (MPN/100ml) E. coli and 7.2 pH was introduced
into the UF system using a diaphragm pump at a moderate hydraulic pressure
(0.2—2bar). The flow sheet of the experimental setup for surface water purifica-
tion is shown in Figure 24.2 (b).
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FIGURE 24.2 (a) Pictorial view of PVC hollow fiber membrane modules and (b) flow
sheet of laboratory ultrafiltration setup used in surface water treatment

24.2.5 MEMBRANE CLEANING AND MAINTENANCE

At the end of the operation back flushing is carried out for 10 min with raw
water to displace the impurity or solid particles deposited within the membrane
pores or in the form of scales on the barrier surface . A 1.0 percent solution of
citric acid prepared in 5L of deionized water was circulated for 10 min with
complete recycle of permeate, every alternate week to restore flux and rejection
properties. Backwashing was done on alternate days with tap water to remove
pore clogging. To prevent biological fouling and irreversible destruction, the
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membrane was stored in 0.5 percent solution of sodium metabisulfite (Na,S,O,)
during shut down.

24.3 RESULTS AND DISCUSSIONS
24.3.1 SCANNING ELECTRON MICROSCOPY (SEM) STUDIES

The morphological characteristics of surface and cross-section of the HF mem-
brane were explored using SEM. Figure 24.3 presents the cross-section and sur-
face SEM images of PVDF/PAN HF membrane. Figure 24.3(a) shows a typical
asymmetric structure of HF with a tight skin layer and a more porous substruc-
ture. The formation of porous substructure and voids near both inner and the
outer edges of the membrane can be observed. This can be attributed to the pen-
etration of bore fluid and external coagulant from the inner and outer surfaces
of the membrane during the phase inversion process. The surface morphology
of membrane exhibited by Figure 24.3(b) reveals the presence of fine pores that
are much tighter and appear to be distributed uniformly across the membrane.

FIGURE 24.3 (a) Cross-sectional view and (b) surface view of PVDF/PAN membrane

24.3.2 EFFECTS OF SPINNING PARAMETERS ON HF
MEMBRANE STRUCTURE

24.3.2.1 EFFECT OF POLYMER EXTRUSION RATE

Spinning speed determines the productivity of HF membrane manufacturing.
Any variation in speed of extrusion directly affects the flow chemistry of the
dope flowing through the spinneret and subsequently the structure of fiber and
its separation behavior. The effect of dope extrusion rate on outer diameter and
wall thickness of the HF membrane at constant bore flow rate (8 mL/min) and
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speed of pulling motor (30 rps) is graphically represented in Figure 24.4. In-
crease in dope extrusion rate resulted in enlargement of the outer diameter and
wall thickness of the fibers due to a rise in shear rate, which in turn leads to
decrease in viscosity of the polymer solution. Low viscosity of the polymer so-
lution leads to a loose membrane structure bringing about greater wall thickness
and outer fiber diameter.
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FIGURE 24.4 Effect of dope extrusion rate on outer diameter and wall thickness of HF
membrane

24.3.2.2 EFFECT OF BORE FLUID FLOW RATE

During the dry/wet phase inversion process, the use of bore fluid as an internal
coagulant not only influences the stress to open the HF but also offers the non-
solvent, water in bulk for exchange with the DMF solvent from the inner wall
of the nascent fiber. Figure 24.5 (a) shows the effect of bore flow rate on fiber
dimensions at constant dope extrusion rate of 270 rps and pulling motor speed of
30 rps. As expected, an increase in the bore flow rate increased liquid pressure
in an axial direction. Therefore, the inner diameters of the HF would enlarge
without any change in the outer diameter.

The bore fluid can be used to fine-tune the structure of the HF, which has an
impact on the membrane permeability. The solvent—nonsolvent exchange at the
interface between polymer solution and the nonsolvent begins after the nascent
fiber leaves the spinneret and contacts the internal coagulant in the bore side of
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the fiber. An increase in internal coagulant flow velocity enhances the rate of
solvent—nonsolvent exchange and further accelerates pore formation.

24.3.2.3 EFFECT OF PULLING MOTOR SPEED

Figure 24.5 (b) describes the effect of take-up speed on the outer diameter of
fiber at constant dope extrusion rate (270 rps) and bore fluid flow rate (8 mL/
min). The curve indicates that the outer diameter of the HF decreases with an
increase in the take-up speed. This can be attributed to the orientation of the
polymer molecules. The molecular chains in the HF are more oriented when
the fiber take-up speed is increased but the volume between the polymer chains
decreases, which results in HF with smaller diameters. However, it is observed
that there is no considerable change in the wall thickness of the fiber. A higher
take-up speed will tend to stretch the fibers, leading to more porous morphology
and lower outer and inner fiber diameters.
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FIGURE 24.5 (a) Effect of bore fluid flow rate on membrane wall thickness and (b) effect
of pulling motor speed on membrane outer diameter

24.3.3 TESTING HF MEMBRANE PERFORMANCE

Permeation characteristics of pure water and rejection of Bovine serum albumin
(BSA) were studied with the indigenously developed HF membrane modules
by varying the feed pressure from 0.2 to 1.5 bar at ambient temperature. Effect
of applied pressure on pure water flux and BSA rejection for PVDF/PAN HF
membranes is depicted in Figure 24.6 (a). At a pressure of 0.2 bar, the membrane
exhibited a flux of 59.3 L/m? h. Increase in pressure to 1.5 bar further enhanced
the flux to 218.5 L/m? h. Rejection of 95.6 percent of BSA was obtained at 0.2
bar pressure.
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Effect of time on permeate flux at a constant pressure of 1 bar and feed tur-
bidity of 230 FAU for 20 wt% PVDF/PAN HF membrane is shown in Figure
24.6 (b). Flux lowered with filtration time due to concentration polarization and
gradual fouling of the membrane. High initial flux followed by a rapid decline
is characteristic of operations carried out at constant trans-membrane pressure
(TMP) gradient. High initial flux causes rapid deposition of rejected solute mol-
ecules which results in the buildup of a boundary layer at the membrane surface
causing resistance to solvent, water. Flux declined from 77.2 to 71.8 L/m? h after
120 min of continuous operation at 1 bar pressure. However, initial flux was
restored to 76.9 L/m? h after 10 min of backwashing.
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FIGURE 24.6 Pure water flux and BSA rejection of membranes at (a) varying feed pressure
and (b) effect of operating time on flux at 1 bar pressure.

The effect of pressure on flux and turbidity rejection for surface water feed
processed through PVDF/PAN HF membranes are described in Figure 24.7(a)
and (b). At 0.5 bar, a flux of 46.3 L/m? h was obtained with a turbidity rejec-
tion of 95.6 percent. An enhancement in flux up to a value of 91.2 L/m? h was
achieved with 99.2 percent rejection when the applied pressure was increased to
1.2 bar. Further rise in flux was observed with pressure but resulted in decreased
turbidity rejection indicating that these HFs should preferably be operated at
lower pressures (~1bar) to achieve optimum results. In addition, these mem-
branes have shown an E. coli reduction of 5 log, falling in the desirable 4-6 log
reduction range at 1 bar, which exhibits acceptable quality of water obtained in
permeate.
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A comparison of performance was made between 20 wt% PAN HF mem-
branes and 20 wt% PVDF HF membranes with that of 20 wt% PVDF/PAN 1:1
blend HF membrane as depicted in Figure 24.8 (a) and (b). From these experi-
mental observations, it is clear that blend HF membranes have shown peculiar
behavior with respect to flux and turbidity rejection when compared to pris-
tine PAN and PVDF HF membranes. The flux at 1 bar for PAN and PVDF HF
membranes based on the individual polymers were determined to be 49.1 and
47.2 L/m? h, respectively. On the other hand, PVDF/PAN blend HF membrane
exhibited much higher flux of 73.9 L/m? h with 99.1 percent turbidity rejection
revealing that blending enabled utilization of the important properties of both
the polymers.
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FIGURE 24.8 Comparison between PAN, PVDF, and PAN/PVDF blend membranes: (a)
variation of flux with time and (b) turbidity rejection at 1 bar pressure
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24.4 CONCLUSIONS

Hollow fiber ultrafiltration membranes provides an effective and economical
platform for purification of surface water using physical barrier filtration through
remove of pathogens and turbidity at low applied pressures. Most of the current
water treatment technologies are based on chlorination, boiling, or adsorption
which get affected by sudden spikes in turbidity or pathogen concentrations.
The membrane filters out turbidity and disinfects the water in a single step and
avoids presence of dead microbes in the treated water. Indigenous hollow fiber
ultrafiltration blend membranes based on PVDF/PAN were synthesized using a
dry/wet spinning process using forced convection in the dry air gap. Tap water
was chosen as the external coagulant and deoinized water was used as the bore
fluid. Membrane modules were manually fabricated and their performance for
purification of surface water was investigated. The membrane exhibited a tur-
bidity rejection of 99.1 percent at a low hydraulic pressure of 1 bar with a high
flux of 73.9 L/m? h. An overhead tank pressure (0.5—1 bar) could be sufficient to
treat surface water at desirable flux of pure water without using electric power.
The large surface area per unit volume and self-supporting structure makes hol-
low fiber systems very compact, reliable, and back washable.
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25.1 INTRODUCTION

Vegetable oils are sustainable and renewable resources that can be treated chem-
ically or enzymatically to produce bio-based materials that can often act as re-
placement for materials derived from petroleum [1]. Epoxidation of vegetable
oils is a commercially important reaction, because the epoxides obtained from
these renewable raw materials have wide applications in different areas such as
for making plasticizers and polymer stabilizers [2]. Epoxidation of soybean oil
for the synthesis of plasticizers and polymer stabilizers has already been suc-
cessfully implemented at plant scale [3—5]. Epoxide serves as a plasticizer and
as a scavenger for hydrochloric acid liberated from PVC when the PVC under-
goes heat treatment. Okieimen et al. [6] have studied the epoxidation of rubber
seed oil by peroxyacetic acid (PAA) generated in situ. Industrially, various per-
oxyacids such as peroxyformic acid, peroxyacetic acid, and peroxybenzoicacid
are used for the epoxidation reaction. Out of the above mentioned peroxyacids,
peroxyacetic acid is widely used due to its easy availability, lower price, high ep-
oxidation efficiency, and reasonable stability at ordinary temperatures. Dindaet
al. [7] have studied the kinetics of epoxidation of cottonseed oil by peroxyacetic
acid generated in situ from hydrogen peroxide. The epoxidation of vegetable
oil can be carried out with in situ formed or preformed peroxyacid in presence
of an acidic catalyst. The in situ process is widely used because the preformed
concentrated organic peroxyacid is unstable. The acidic catalyst may be a homo-
geneous or heterogeneous one. The main drawback of a homogeneous catalyst
is that, it helps the oxirane cleavage reaction. The use of heterogeneous acidic
catalyst for the epoxidation of vegetable oils was found to minimize the side
reactions and to improve selectivity. Goudet al. [8] have studied the epoxida-
tion reaction of karanja (pongamiaglabra) oil catalyzed by acidic ion exchange
resin. The epoxidation kinetics of anchovy oil with partially preformed PAA
in the presence of a resin catalyst has been reported by Wisniak and Navarrete
[9]. Petrovicet al. [10] and Jankovi¢and Sinadinovic—Fiser [11] have studied the
reaction kinetics of epoxidation of soybean oil and the extent of side reactions
with in situ formed PAA and peroxyformic acid and in the presence of an ion
exchange resin as catalyst.

The cost effectiveness of the route greatly depends upon the local and cheap
availability of the raw material. Both edible and nonedible vegetable oils such as
rice—bran, cottonseed, groundnut, sunflower, rapeseed, coconut, linseed, castor,
neem, karanja, and nahor oil are easily available in India. Epoxidation of edible
oils may not be cost effective for the manufacture of epoxides. Hence, it would
be always better to target large number of nonedible vegetable oils to study
the epoxidation reactions. To the best of our knowledge, there is no literature
available on the epoxidation of nahor oil. Therefore, the objective of the pres-
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ent work was to study the epoxidation of nahor oil (Mesuaferrea Linn) with in
situ generated peroxyacetic acid, with a view of obtaining value-added products
from locally available renewable natural resources.

25.2 EXPERIMENTAL DETAILS
25.2.1 MATERIALS

Glacial acetic acid (CH,COOH) (99-100%), aqueous hydrogen peroxide (H,O,)
(50%), were obtained from Merck (India) Limited. Acidic ion exchange resin
Amberlite IR 120 (20-50 mesh) was procured from LobaChemie. All other
chemicals for analytical purpose were obtained from Merck (India) Limited and
Sd fine-chem Limited. Nahor trees are common in tropical parts of India, Sri
Lanka, southern Nepal, Burma, Thailand, Indochina, the Philippines, Malaysia,
and Sumatra, where it grows in evergreen forests, especially in river valleys.
Nahor seed kernel contains about 70 wt% oil with an unpleasant pungent odor
[12]. For the present study, refined nahor oil was obtained from a Mudar India
Export.

25.2.2 EXPERIMENTALPROCEDURE

The reactions were carried out in a mechanically agitated batch reactor. The
reactor assembly was immersed in a thermostatic water bath, with a temperature
control +1°C. A suitable amount of nahor oil was taken in the reactor. Calculated
amount of acetic acid (AA) and ATER were added to the reactor and the mixture
was stirred for about 15 min. Then, the required amount of 50 percentaqueous
H,O, was added dropwise at a rate such that the addition was completed in half
an hour and the reaction was continued further for the desired time duration.
Samples were withdrawn intermittentlyandthe collected samples were then ex-
tracted with ether, washed with water and then analyzed for iodine value, oxi-
rane content and o—Glycol content.

25.2.3 ANALYTICALTECHNIQUES

Iodine value was determined according to Wijs method [13]. The percentage
oxirane oxygen was determined by direct method using hydrobromic acid solu-
tion in glacial acetic acid [14]. o—Glycol content was determined by the method
reported by May [15]. From the oxirane content values, the relative percentage
conversion to oxirane was calculated using the following expression:
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Relative percentage conversion to oxirane =(00,,,/00,,,)x100 (25.1)

where, 00, is the experimentally obtained and OO, is the theoretically ob-
tainable maximum oxirane oxygen.

The relative percentage conversion to o—glycol was calculated from the fol-
lowing expression:

Relative percentage conversion to a-glycol=(G,,,/G,,.)*100 (25.2)

where, Gexp is the experimentally obtained and G, is the theoretically obtain-
able maximum glycol.

25.3 RESULTS AND DISCUSSION

Epoxidation was carried out with the parameters varied in the following ranges:
stirring speed 500-2000 rev/min.; temperature 30-75°C; H,O,~to—ethylenic un-
saturation (EU) mole ratio 1.25-2.0; AA-to—EU mole ratio 0.3—0.6. The AIER
used as catalyst for epoxidation was Amberlite IR 120. The catalyst loading was
expressed as weight percentage with respect to “oil phase” and was 5-20 per-
cent for Amberlite IR—120.The properties of oil, as experimentally determined
were as follows: specific gravity 0.95 at 30°C; iodine value 90+1 (g 1,/100 g oil);
saponification value 198+2 (mg KOH/g oil) and acid value 5+0.5 (mg KOH/g
oil). Some of the experiments were repeated under identical conditions to find
out the percentage deviation between two same set of experimental results and
it was found that the deviation lies within =4 percent.

25.3.1 EFFECT OF STIRRING SPEED

To investigate the effect of stirring speed on catalytic epoxidation rate under
tri-phase conditions, 0.25 mole oil was treated with H,O, (H,0,~to-EU mole
ratio 2), AA—to—EU mole ratio 0.5, and 15 percent solid catalyst at 75+1°C. The
experiments were performed in the range of stirring speeds 500-2000 rev/min.
Figure 25.1 shows that, the oxirane formation rate increased with an increase
of stirring speed up to 1500 rev/min and beyond 1500 rev/min epoxidation rate
was not substantially affected by stirring speeds, and hence, it was assumed that
the reaction was free from mass transfer resistance beyond 1500 rev/min under
the given conditions. However, all subsequent experiments were performed at
a stirring speed of 20004100 rev/min to ensure that the reaction was kinetically
controlled.
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FIGURE 25.1 Effect of stirring speed on oxirane conversion.

25.3.2 EFFECT OF RESIN PARTICLE SIZE ON OXIRANE
CONVERSION

To find the effect of particle size on the epoxidation rate (i.e., intraparticle dif-
fusional resistance), the experiments were conducted by using two widely dif-
ferent sizes of resin particles under otherwise similar conditions. The particle
sizes used were greater than 610 um and less than 110 pm, and the results are
shown in Table 25.1. The results show that both particle sizes gave nearly the
same oxirane conversion even though the particle sizes differed nearly by a
factor of over 5. Therefore, it can be concluded that the intraparticle diffusional
resistance was practically absent under the experimental conditions considered
for the present study. Hence, the commercial AIER (particle size = 600 um) was
used for subsequent experimentation.

TABLE 25.1 Effect of resin particle size on oxirane conversion

Time (hr)
Particle size (um) Parameter
1 5 9
>610 Relative % conv. to OO 19.5 48.4 67.1
<110 Relative % conv. to OO 20.2 47.3 68.9

Conditions: temperature = 75°C; H,0,~to-EU mole ratio = 2; AA-to—EU mole ratio = 0.5;
AIER loading = 15%; stirring speed = 2000+100 rev/min.



274 Chemical and Bioprocess Engineering: Trends and Developments

25.3.3 EFFECT OF TEMPERATURE

To study the effect of temperature on epoxidation rate, calculated amount of
H,0,, CH,COOH, and AIER Amberlite IR 120 were added with nahoroil under
a stirring speed of around 2000 rev/min and the runs were taken at different
temperatures in the range of 30—75°C.The conversions of oxirane oxygen at
different temperatures are shown in Figure 25.2. The oxirane content increased
monotonically with reaction time in the temperature range 30-60°C. But, at
75°C the extent of epoxidation initially increased and reached a maximum val-
ue, after which it decreased with the reaction time. It was found that as tempera-
ture increased, the epoxidation rate increased. The decrease of oxirane content
after a certain time, at high temperature may be due to the hydrolysis ofoxirane
to a—glycol. The iodine value conversions, o—glycol value of the final product
at the corresponding temperatures are shown in Table 25.2. These results sug-
gested that an optimum level of epoxidation could be attained at moderate reac-
tion temperature of about 75°C at which epoxide degradation would be minimal
and the thermal stability of resin catalyst would be quite good.

75
Conditions
% - H,0,-to-EU mole ratio: 2 )4
= 60 |- AA-to-EU mole ratio: 0.5
5 - AIER loading: 15 %
8 - stirring speed: 2000 rev/patn
g 45+
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FIGURE 25.2 Effect of temperature on oxirane conversion.
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TABLE 25.2 Effect of temperature on iodine value, and a—glycol conversion
Temperature (°C)  Parameters Time (hr)
5 7 9 11
30 % conv. of [V 13.1 14.9 18.2 21.6
relative % conv. to 0—G 1.7
45 % conv. of IV 16.8 20.2 23.3 27.1
relative % conv. to 0—G 2.2 2.5
60 % conv. of IV 27.3 37.1 42.0 50.9
relative % conv. to 0—G 2.9 33
75 % conv. of IV 522 60.8 66.4 71.3
relative % conv. to 0—G 3.1 4.9

Conditions: H,0,~to—EU mole ratio = 2; AA~to—EU mole ratio = 0.5; AIER loading =

15%; stirring speed = 2000+100 rev/min.

25.3.4 EFFECT OF H,O0,-TO-EU MOLE RATIO

The effect of H,O,~to—EU mole ratio on the conversion to oxirane and a—glycol
was studied in the mole ratio range 1.25-2. Figure 25.3 shows that the epoxida-
tion rate increased as the concentration of H O, in the system increased from
1.25 to 1.75 and after which it had no significant effect on extent of oxirane for-
mation. Although the maximum conversion to oxirane was obtained for a mole
ratio of 2.0, the stability of the oxirane ring was comparatively less at this high
mole ratio. On the other hand, at low concentrations of H,O,, oxirane ring was
quite stable. Almost negligible difference was observed in the final conversions

attained for mole ratios of 1.75 and 2.0.
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FIGURE 25.3 Effect of H,O, concentration on oxirane conversion.

25.3.5 EFFECT OF AA-TO-EU MOLE RATIO

To investigate the effect of AA concentration on the epoxidation rate and gly-
col formation of nahor oil, the mole ratio was varied in the range 0.3-0.6. In
situ epoxidation of nahor oil, catalyzed by AIER is a heterogeneous reaction
process. The PAA is generated in the aqueous phase and must be transferred
to the oil phase to effect epoxidation. The mass transfer process may be dif-
fusion controlled. For a reaction mixture containing a fixed amount of double
bonds, there may be a concentration of AA required for optimum epoxidation,
beyond which oxirane cleavage may become important. Figure 25.4 shows
that the extent of epoxidation increased as the concentration of AA in the
system increased but at high mole ratio of AA, the stability of the oxirane ring
decreased. It has also been observed that, the a—glycol content in the final
product increased by 4 percent, as the AA mole ratio increased from 0.5 to 0.6.
Therefore, to obtain the maximum oxirane, the optimum level of concentra-
tion of AA should be used where both the effects are optimized. Hence, within
the experimental conditions, the most favorable concentration of AA appeared
to be 0.5 mole ratio.
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FIGURE 25.4 Effect of CH,COOH concentration on oxirane conversion.

25.3.6 EFFECT OF CATALYST (AIER) LOADING

The active cites present on the surface of solid catalyst might play an increased
contributory role with an increase in catalyst concentration. It was expected
that an increase of catalyst concentration might increase the rate of in situ PAA
formation. Hence, to investigate the effect of AIER catalyst concentration on
the epoxidation reaction, concentration of catalyst was varied from 5 to 20
wt% of Amberlite IR—120. Figure 25.5 shows that, when the catalyst loading
was increased from 5 to 15 wt% the oxirane conversion increased and after
which its effect was insignificant specifically after 9 hr. Therefore, the catalyst
loading for the subsequent experiments were fixed to 15 wt% of Amberlite
IR-120.
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25.4 CONCLUSIONS

The epoxidation of nahor oil using in sifu generated peroxyacid could be carried
out at moderate temperature of about 75°C. Higher temperature and higher acid
concentrations reduced the reaction time needed to reach the maximum conver-
sion to oxirane value; however, it simultaneously increased the extent of oxirane
ring cleavage to glycols. The reaction was kinetically controlled beyond a stir-
ring speed of about 1500 rev/min. These optimum conditions include a tempera-
ture range 0f60-75°C, H,0,~to—EU mole ratio range 1.75-2.0, AA—to—EU mole
ratio of about 0.5 and catalyst loading of about 15 percent. It was possible to
obtain more than 67 percent (Fig. 25.2) relative conversion to oxirane at 75°C
under the present experimental conditions.
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26.1 INTRODUCTION

Water pollution due to toxic heavy metals has been a major cause of concern
for environmental engineers. The industrial and domestic waste water is respon-
sible for causing several damages to the environment and adversely affecting
the health of the people. Several episodes due to heavy metal contamination in
aquatic environment increased the awareness about the heavy metal toxicity.
Metals can be distinguished from other toxic pollutants, since they are nonbio-
degradable and can accumulate in living tissues, thus becoming concentrated
throughout the food chain. A variety of industries are responsible for the release
of heavy metals into the environment through their wastewater. These include
iron and steel production, the nonferrous metal industry, mining, and mineral
processing.

Copper is very common substance that occurs naturally. Copper metal and
alloys have been used for thousands of years. In the Roman era, copper was
principally mined on Cyprus, hence the origin of the name of the metal as Cypri-
um, “metal of Cyprus,” later shortened to Cuprum. There may be insufficient
reserves to sustain current high rates of copper consumption. Some countries,
such as Chile and the United States, still have sizable reserves of the metal
which are extracted through large open pit mines. Copper in our diet is nec-
essary for good health. You eat and drink about 1,000 pug of copper per day.
Drinking water normally contributes approximately 150 pg/day [1]. Immediate
effects from drinking water which contains elevated levels of copper include
vomiting, diarrhea, stomach cramps, and nausea.

In recent years, various removal methods have been developed for the treat-
ment of heavy metal containing wastewaters. Chemical precipitation, solvent
extraction, reverse osmosis, ion exchange, evaporation, fixation/solidification,
filtration, adsorption, oxidation, reduction, dialysis/electro dialysis etc. are than
most widely employed techniques for the removal of metal ions from industrial
wastewaters [2]. In spite of their common usage for the removal of heavy met-
als from water and wastewater, they have some disadvantages, for example,
they may be expensive, ineffective for low metal concentrations (around 1-100
ppm), produce toxic sludge, or other waste products that require the uses of high
reagent and energy. Among these methods, adsorption has especially been ap-
plied as an efficient method for removal of present heavy metals at low concen-
trations [3]. Nowadays, activated carbon is also used as a common adsorbent for
the metal removal from waste and wastewater. Although a variety of activated
carbons are available commercially, very few of them are selective for heavy
metals. Also, they are very costly. Therefore, the use of new and inexpensive ad-
sorbents for the removal of metals from wastewaters seems necessary. In recent
years, several low-cost and nonconventional natural materials, industrial by-



Biosorption of Copper from Aqueous Solution 283

products, and agricultural wastes have been examined for the removal of metal
ions from water systems [4]. The results obtained showed that these adsorbents
were employed efficiently in the removal of copper ions from aqueous solutions
[5]. In the present work, the biosorption of copper ions by oscillatoria splendida
was studied by investigating the influence of different process variables on cop-
per uptake, such as contact time, adsorbent dosage, adsorbent size and metal
concentration. The adsorption isotherms constants were obtained and modeled
according to both Langmuir and Freundlich models.

26.2 MATERIALS AND METHODS
26.2.1 MATERIALS AND METHODS

The Oscillatoria Splendida used in this study was collected from freshwater
(rivers, wells, etc.). The collected material was washed for several times then it
was kept drying in sunlight for nearly 15 days. The dried material was powdered
using domestic mixer. In the present study the powdered material is separated
into four different fractions using sieves were then directly used as adsorbent
without pretreatment.

By taking 3.92 g of copper sulfate in 1,000 ml Volumetric flask and make
up with the distilled water gives 1,000 ppm metal stock solution. We prepared
20, 40, 60, 80, and 100 ml from 1,000 ppm metal stock solution in five different
1,000 ml volumetric flasks and make up these flasks with distilled water.

26.2.2 ADSORBENT CHARACTERIZATION

They occur in island saline lakes, and a few species tolerate temperatures up
to 56-60°C. Some species are mat-formers in streams and a number are plank
tonic in freshwater lake and warmer marine waters. A few species occur in ter-
restrial habitats subjected severe drying or in a shallow ephemeral freshwater in
Polar Regions where freeze-drying accompanies winter. Oscillatoria Splendida
species have been associated with toxic blooms. Oscillatoria Splendidaspecies
have a worldwide distribution in fresh-water, marine, and brackish waters.

These genera are considered members of the order Oscillatoriales which all
filamentous cyanobacteria that only produce vegetative cells. They do not pro-
duce Heterocyst’s (nonphotosynthetic cells that fix nitrogen) or akinetes (resting
cells that later reproduce). It is Gram-negative and its size is Trichome is 1.0
— 100+ pm in diameter. Production of hepatotoxins and neurotoxins has been
observed in some species of these genera.
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26.2.3 MECHANISM OF ADSORPTION
26.2.3.1 QUANTITATIVE ANALYSIS BY ATOMIC ABSORPTION

In the atomic absorption process light at the resonance wavelength of initial in-
tensity I is focused on the flame cell containing ground state atoms. The initial
light intensity is decreased by an amount determined by the atom concentration
in the flame cell. The light is then directed on to the detector where the reduced
intensity I is measured. The amount of light absorbed is determined by compar-
ingltol.

The atomic absorption spectrometer used for present study consists of back
ground connection accessory. It is designed for the use with flame absorption,
flame emission techniques. An efficiency burner system offers both spoiler and
impact head for optimal performance with all sample types with built in gas
controls.

Standards required for analysis of the metal required were prepared accord-
ing to the data given under how spoiler conditions.

Before switching on the instrument the pressure reading of air and acetylene
were checked. Then lamp of the required metal was placed in proper place and
parameters viz., lamp current, integration time, number of replicates, liner or
non liner mode, and number of standards with concentration were entered.

26.3 RESULTS AND DISCUSSION
26.3.1 THE EFFECT OF CONTACT TIME

Effect of contact time on percentage adsorption of copper onto Oscillatoria
Splendida was studied over an agitation time of 1-60 min, using 0.1 g of Oscil-
latoria Splendida 50 ml of 10 ppm solution of individual metal concentration at
pH 6, temperature 303°K and 180 rpm shaking speed. The data obtained from
adsorption of copper ions on to the Oscillatoria Splendida showed that the con-
tact time of 45 min was sufficient to achieve equilibrium and the adsorption did
not change significantly with further increase in contact time it is shows in Fig-
ure 26.1 and Table 26.1. Hence, the uptake on adsorbed copper concentrations
at the end 45 min is given as the equilibrium value.
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FIGURE 26.1 Effect of contact time on the percentage removal of copper.

TABLE 26.1 Range of variables covered in the present study

Variables Minimum Maximum  Max/Min
Time of contact (min) 1 60 60

Initial metal ion concentration (mg/L) 20 100 5
Average size of the adsorbent (um) 85 200 2.35
Adsorbent dosage (g) 0.1 0.5 5

26.3.2 EFFECT OF METAL ION CONCENTRATION

Experiments were under taken to study the effect of initial copper concentration
on the copper removal from the solution. From the data the copper metal uptake
increases and percentage adsorption of the metals decreases with increase in
the driving force, that is, concentration gradient. However, the percentage ad-
sorptions of copper ions on Oscillatoria were decreased from 84 to 70 percent.
Though an increase in metal uptake was observed, the decrease in percentage
adsorption may be attributed to lack of percentage adsorption at higher con-
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centration levels shows a decreasing trend whereas the equilibrium uptake of
copper displays an opposite trend which is shows in Figure 26.2 and Table 26.1.
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FIGURE 26.2 Effect of concentration on the percentage biosorption of copper.

At lower concentration, almost all the copper present in solution could in-
teract with the binding sites and thus the percentage adsorption was higher than
those at higher initial copper ion concentrations. At higher concentrations, lower
adsorption yield is due to the saturation of adsorption sites. As a result, the pu-
rifications yield can be increased by diluting the wastewaters containing high
metal ion concentrations.

26.3.3 EFFECT OF ADSORBENT SIZE

The effect of different adsorbent particle sizes (85-200 pm) on percentage re-
moval of copper on Oscillatoria Splendida was investigated and showed in Fig-
ure 26.3 and Table 26.1. It reveals that the adsorption of copper on Oscillatoria
Splendida decreases from 84 to 75 percent with the increases in particle size
from 85 to 200 with 20 mg/L copper of concentration in solution. It is well
known that decreasing the average particle size of the adsorbent increases the
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surface area, which in turn increases adsorption capacity. A marginal decline
was also observed in uptake of copper with increases in size of the particle.
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FIGURE 26.3 Effect of adsorbent size on percentage biosorption.

26.3.4 EFFECT OF ADSORBENT DOSAGE

The amount of copper adsorbed increased with an increase in adsorbent dosage
from 0.1 to 0.5 at an initial concentration of 20 mg/L. The percentage copper
removal was marginally increased from 84 to 94.66 for an increase in adsorbent
concentration from 0.1 to 0.5 g. These shows that very small dosage of adsor-
bent, that is, 0.1 g is sufficient to treat about 50 ml of 20 mg/L copper concentra-
tion solution effectively which is shows in Figure 26.4 and Table 26.1.
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FIGURE 26.4 Effect of adsorbent dosage on percentage biosorption.

26.4 CONCLUSIONS

The biomass of the Oscillatoria Splendida demonstrated a good capacity of ad-
sorption, highlighting its potential for efficient treatment processes. The data
obtained from the aqueous solution of copper ions on the Oscillatoria Splendida
showed that a constant time of 45 min was sufficient to achieve equilibrium and
adsorption did not change with further increase in contact time. From the data
the copper metal uptake increases and percentage adsorption of the metals de-
creases with increase in the driving force, that is, concentration gradient. How-
ever, the percentage adsorptions of copper ions on Oscillatoria were decreased
from 84 to 70 percent. It was observed that the metal uptake increase and per-
centage adsorption of the metals decrease with increase in the initial metal ion
concentration. The adsorption of copper on Oscillatoria Splendida decreases
from 84 to 75 percent with the increases in particle size from 85 to 200 with 20
mg/L copper of concentration in solution. It reveals that the effect of different
adsorption particle on the adsorption of copper is significant. The adsorption of
the metal is decreased with increase in particle size for Oscillatoria Splendida.

The percentage copper removal was marginally increased from 84 to 94.66
for an increase in adsorbent concentration from 0.1 to 0.5 g The amount of cop-
per adsorbed increases marginally in adsorbent dosage of Oscillatoria Splen-
dida.
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The experimental data gave good fit with Langmuir isotherm and the adsorp-
tion coefficient agreed well with the conditions of favorable adsorption which is
shown in Figures 26.5 and 26.6 and also shown in Table 26.2.

1.6
14
1.2

0.8

loga,

0.6
0.4
0.2

0 0.5 1 1.5 2
logc,

FIGURE 26.5 Freundlich isotherm.
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FIGURE 26.6 Langmuir isotherm.
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TABLE 26.2 Equilibrium constants for copper onto Oscillatoria Splendida

Isotherm Constants Copper
Langmuir Qmax (mg/g) 32.36
b (L/mg) 0.0618
R2 0.9964
Freundlich Kf (mg/g) 3.162
N 0.5663
R2 0.9654
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27.1 INTRODUCTION

Second generation biofuels from lignocellulosic biomass or agricultural wastes
have many advantages over the first generation biofuel produced from food
crops. For instance, most second generation biofuels are considered to be able
to deliver substantial greenhouse gas emissions reductions when compared with
petrol [1, 2]. Acetone, butanol, and ethanol (ABE) are produced from several
biomass wastes such as palm oil waste, domestic waste, abundant agriculture
crops by fermentation process [3—5]. Considering the important effect of sub-
strate cost on economic feasibility of ABE production, efficient utilization of
lignocellulosic wastes instead of costly food-based substrates like corn and mo-
lasses has been suggested to make the ABE production economical [5—8]. In the
literature, experimental studies have been reported on the production of ABE by
using bacterial culture [4, 9, 10]. The mathematical modeling studies describing
the kinetics of the production are very few [11]. In the present study, it is pro-
posed to develop kinetic model for the production of ABE from fermentation of
starch and starch-based packing peanuts by Clostridium beijerinckii.

27.2  MATERIAL AND METHODS

In order to develop the kinetic model the experimental studies of Jesse et al. [9]
have been considered. Jesse et al. conducted the experiments in a batch reactor
at pH 6.8 and temperature 36 + 1°C. The pH was adjusted to approximately 6.8
by the addition of buffer solution. Two substrates pure starch and starch-based
packing peanuts which contain 85 percent starch were used as substrates for fer-
mentation. The concentrations of ABE products were measured at different time
intervals using gas chromatograph and the starch concentrations of the samples
were determined using a modified method of Holm et al. as described by Jesse
etal. [9].

27.2.1 KINETIC MODEL

A simple reaction network containing four parallel fermentation reactions for
the production of ABE is considered [12]. In the present work, power law model
is proposed for each reaction to describe the rate of reaction by assuming the
non inhibiting effect of substrates and products on the rate of fermentation. The
proposed kinetic model equations and their solutions with boundary conditions
are given in Table 27.1.
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TABLE 27.1 Kinetic model and its solutions

Substrate/Products Models Solution
Starch dc, _ e C, =Cye™
dt
Acetone ,
dC, =k C C, - kCay (l—e’“"")
dt k.,
Butanol .
dCB — k an CB =ﬂ(]_e—wn;)
dt 278 kyn,
Ethanol dc .
E _ k3Cs"s C, = @ (1_ e*/qm})
dt C ok,

Initial conditions at /=0; C;=C; C,=C, =0; C,=C, =0; C.=C_ =0.

Here, C,, C,, C,, and C, are the concentrations of substrate, acetone, buta-
nol, and ethanol at any time respectively. n , n,, n,, and n, are the order of reac-
tion with respect to acetone, butanol, ethanol, and substrate respectively. &, k,,
k,, and k, are the rate constants, for production of acetone, butanol, and ethanol,

and consumption of substrate respectively.

27.3 RESULTS AND DISCUSSION

The values of kinetic parameters (k, n) are estimated by performing nonlinear
regression analysis in MATLAB (R 2012 a) software [13] and are compiled in
Table 27.2. Tt is clearly seen from the value of correlation coefficient R?, that
the kinetic model predictions are in good agreement with the experimental data.
The reaction orders vary between 0 and 1 which support the fact discussed by
Levenspiel [14] for non inhibited fermentation reactions.

TABLE 27.2 Estimated values of rate constants and order of reactions

Substrates C Acetone Butanol Ethanol Starch

SO0
& k, n, Rk n Rk n R Kk n, R

2 2 3 3 4 4

Starch (100%) 60 0.14 —0.08 0.99 0.072 0.37 098 0.001 0.87 098 0.03 1 0.98

Packing pea- 48 0.07 —032 0.92 0.194 —0.28 0.94 - - - 002 1 095
nuts containing
starch (85%)

The fermentation of pure starch is considered to be carried out with 60 g/l
starch in feed. After 72 h of fermentation, 89 percent of starch is converted
to acetone, butanol, and ethanol. The concentration of acetone, butanol, and
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ethanol are estimated by solving the proposed kinetic model. The model predic-
tions for concentrations are 7.95 g/l of acetone, 16.13 g/l of butanol, and 1.11 g/I
of ethanol. Likewise, the fermentation of 48 g/l of starch-based packing peanuts
(85 percent starch) converts 90 percent starch in 115 h resulting in 3.44 g/l of
acetone, 10.59 g/l of butanol, and negligibly small amount of ethanol.

Figures 27.1a,b and 27.2a,b demonstrate the concentration time profiles of
products ABE and substrates starch and starch-based packing peanuts respec-
tively as observed by experiments and predicted by models.
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It is clearly seen from these figures that the model predictions agree well
with the experimental results. Based on the above determined values and con-
sidering four parallel steps of fermentation reactions, it is reasonable to con-
clude that proposed kinetic model can be successfully used to describe the fer-
mentation process.

27.4 CONCLUSIONS

The kinetic model scheme to represent the fermentation of starch and starch-
based packing peanuts (85 percent starch) by Clostridium beijerinckii for the
production of ABE was proposed. The kinetic parametric studies on the basis
of experimental data were carried out by doing nonlinear regression analysis. In
all cases the correlation coefficient R*was found to be close to unity and order
of reaction was in between 0 and 1. Further, the model was used to predict the
concentrations of products, and percent conversion of substrates. In case of pure
starch, 89 percent conversion was achieved in 72 h yielding maximum produc-
tion of butanol (16.13 g/I) and minimum production of ethanol (1.11 g/1). The
waste starch-based packing peanut was 90 percent converted in 115 h to prod-
ucts giving negligibly small amount of ethanol and again maximum produc-
tion of butanol (10.59 g/1). These computations agreed well with experimental
results indicating correctness of the proposed model. Hence, the proposed ki-
netic model represents the kinetic behavior of fermentation of starch and waste
starch-based packing peanuts quite well for the production of ABE. These mod-
els may be used for obtaining the optimal performance of other reactors and also
for devising appropriate control strategies to control such processes.
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e Kinetic model
e Starch
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28.1 INTRODUCTION

Lignocellulosic biomass is the most profuse plant material available on the
earth, which is a potential feed stock for the production of food, energy, and
various biochemical products. Majority of lignocelluloses includeagriresidual,
industrial and municipal solid wastes. In recent decades, due to the depletion of-
fossil oil reserves, lignocellulosic biomass has been established into an alterna-
tive bioenergy resource [1]. Lignocellulose is a composite material comprising
of cellulose, hemicellulose, and lignin among cellulose and hemicellulose con-
tribute over 65 percent dry weight of the agriresidues [2]. Enzymatic hydrolysis
has been considered as the most strategic method for generating fermentable
sugars from holocellulose [3, 4].

Cellulases and xylanases are industrially important enzymes which can be
employed in various fields including biofuels production, biobleaching of kraft
pulp, cloths finishing, and clarification of fruit juices etc. [5]. In general, sub-
merged fermentation is employed for industrial scale enzyme productions [6].
The sort of fermentation employed is chiefly reliant on the physiological adapta-
tion of employed organism [7]. These days, solid-state mode of cultivation has
been considered as an attractive and inexpensive route for enhanced produc-
tionof holocellulolytic enzymes [8—11].

Among a number of microbes, fugal species have more potential in the deg-
radation of lignocellulosic materials [12]. India is an agricultural country and
approximately 200 million tons of lignocellulosic biomass is generated annu-
ally from variousagro-processing industries, vegetable market places, and ag-
ricultural fields of urban areas etc. [13]. The aim of the present investigation is
to study the holocellulolytic enzymes production by Cladosporium cladospo-
rioides under submerged and solid-state cultivations using vegetable waste as
carbon source.

28.2 MATERIALS AND METHODS
28.2.1 MATERIALS

Bovine serum albumin (BSA), D (+)-xylose, D (+)-glucose Di-nitro salicyl-
ic acid (DNS), Birch wood xylan, Carboxymethyl cellulose (CMC), Sodium
potassium tartarate, Citric acid, Potato dextrose broth, Agar—Agar type I, Pep-
tone, KH,PO,, MgSO,, FeSO,.7H,0, MnSO,.2H,0, CaCl,.6H,0, NaOH, Na-
,CO,were obtained from HiMedia, Mumbai, India.
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28.2.2 VEGETABLE BIOMASS

Cabbage, spinachand cauliflower residual wastes were procured from local veg-
etable market and chopped into a size of 5-6 cm followed by washing with
saline solution. Then the biomass was dried in an oven at 60°C to a constant
weight. The dried material was pulverized using laboratory mixer and then
sieved at a mesh size of 2mm. The resulted biomass was used as substrate for
enzymes production.

28.2.3 MICROORGANISM MAINTENANCE AND INOCULUM
PREPARATION

Cladosporium cladosporioides was isolated from agricultural fields of pea cul-
tivation and identified by its morphological, cultural, and biochemical charac-
teristics at Indian Type Culture Collection (ITCC), Indian Agricultural Research
Institute (IARI), New Delhi and its ID No.7530. The culture was maintained on
Potato Dextrose Agar (PDA) slants andstored at 4°C. These slants were used
for inoculum preparation. To prepare the inoculum, the spores were scraped out
from six days old slants and dispersed in sterilized Potatodextrose broth and
incubated at 28°C and rpm of 180 for 24h to get optimal hyphae for inoculating
the production media.

28.2.4 SUBMERGEDFERMENTATION(SMF)

Cladosporium cladosporioides was grown on production medium contain-
ing carbon source (vegetable waste) 40gL™', KH PO, 1gL™", Peptone 10gL™",
MgSO,.7H,0 0.1gL™', FeSO,.7H,O 0.5mgL”', MnSO,2H,0 0.15gL™,
CaCl,.6H,0 2mgL™", pH 7.0. 100 ml of this medium was placed in 250 ml
Erlenmeyer flasks and sterilized at 121°C for 15 min. After sterilization the
medium was allowed for cooling to room temperature and inoculated with 5
percent inoculum consisting of spore suspension at 2 x 10°ml™". Then the flasks
were incubated in an orbital shaker (JSSI-300 C, JS Research Inc., MA, USA)
at 28+1°C and 125 rpm for eight days.

28.2.5 SOLID STATE FERMENTATION (SSF)

Solid state fermentation was carried out using vegetable waste (carbon source
4 percent) mixed with other nutrient supplements mentioned above in 250 ml
Erlenmeyer flasks. The flasks were autoclaved, cooled, and shaken thoroughly
to split the solid mass. Five percent inoculum consisting of spore suspension at
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2 x 10° ml™! was added to the flask and the final moisture content was approxi-
mately 70 percent. Then the flasks were incubated in incubator at 28+1°C, for
eight days.

28.2.6 ENZYME ACTIVITIES AND PROTEIN CONCENTRATION

The enzyme was extracted from the production flasks for every 24h. The solid-
state flasks were extracted with sterile water (S/L 1:6ratios). The solid particles
and fungal spores were removed by centrifugation at 4°C, 10,000 rpm for 20
min. The clarified supernatants were used for checking the enzyme activitiesas
well as protein concentrations.

28.2.6.1 XYLANASE ASSAY

Xylanase activity was determinedby incubating 0.5ml of 2 percent (w/v) Xylan
(substrate), 0.4ml of 50mm Citrate buffer (pH 5) and 0.1ml of culture filtrate
at 50°C for 10 min. The amount of reducing sugar released was determined us-
ing DNS method of Miller [14]. One unit of xylanase activity is defined as the
amount of enzyme (xylanase) that produces 1 pm of xylose/min.

28.2.6.2 ENDO CELLULASE (CMCASE) ASSAY

CMCase activity was determined by incubating the assay mixture comprising
of 0.5mL of 1 percent (w/v) Carboxyl Methyl Cellulose (CMC) substrate, 0.4ml
of 50mM citrate buffer (pH 3.5) and 0.1ml of culture filtrate at 50°C for 10
min. The amount of reducing sugar released was determined by DNS method
of Miller [14]. One unit of CMCase activity is defined as the amount of enzyme
(CMCase) that produces 1pum of glucose/min.

28.2.6.3 EXOCELLULASE (FPASE) ASSAY

FPase activity was determined by incubating the assay mixture consisting of
50mg of what man no.1 filter paper units, 0.5mL of 50mM citrate buffer (pH
3.5) and 0.5ml of culture filtrate at 50°C for 10 min. The released reducing
sugars were estimated by DNS method of Miller [14]. One unit of Exocellulase
activity is defined as the amount of enzyme (FPase) that produces 1pm of glu-
cose/min.
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28.2.6.4 PROTEIN CONCENTRATION

Protein concentration was determined by Bradford’s method [15]. In brief, 1 ml
of Bradford’s reagent was added to appropriately diluted protein samples and to
the protein blank. The absorbance was read at 595 nm within Smin. The protein
concentration was calculated from the standard bovine serum albumin (BSA)
plot.

28.2.7 PH AND TEMPERATURE OPTIMIZATION

The effect of temperature and pH on the enzymatic activity was determined by
measuring the activities at varying pH 2.5-8.5 by employing buffers such as 50
mM sodium citrate buffer for pH 2.5, 3.5, 4.5, and 5.5; 50 mM sodium phos-
phate buffer for pH 6.5 and 7.5; and 50 mM Tris-HCL buffer for pH 8.5, and
temperatures ranging from 20 to 80°C, respectively.

28.3 RESULTS AND DISCUSSION
28.3.1 COMPOSITIONAL ANALYSIS

The prime components of any lignocellulosic-based biomass are cellulose, hemi-
cellulose, and lignin, and perhaps they account for 34—50, 19—34, and 11-30
percent, respectively [16]. Cellulose and hemicelluloses are polymeric carbo-
hydrates which are targeted entities for biofuels generation by converting them
into soluble fermentable sugars through various physicochemical treatments [2].
Whilst, lignin is the major obstacle for bring out the polymeric carbohydrates
from lignocellulosic composite and its degraded products could be responsible
for hindering fermentation process [17]. After procuring the vegetable biomass,
it was analyzed for cellulose, hemicellulose (Table 28.1) and lignin contents and
the same were found to be 41+1.7, 28+1.6, and 11.5+0.2 percent, respectively.
The presence of significant amount of holocellulose 69+3.3 percent offers veg-
etable as a potential feedstock for the production of various bioproducts.

TABLE 28.1 Compositional analaysis of vegetable waste

Component (% wiw)
Cellulose 41+1.7
Hemicellulose 28+ 1.6
Lignin 11.5+0.2
Ash content 39+1.1

Extractives 16.7+1.0
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28.3.2 PRODUCTION OF HOLOCELLULOLYTIC ENZYMES IN
SUBMERGED AND SOLID STATE FERMENTATIONS

The production of enzymes and other industrially important bio-based products
has long been carried out by submerged fermentation (SmF) [6].The submerged
cultivation of Cladosporium cladosporioidesexhibited 43.3, 5.4, and 7.1 IU/ml
of xylanase and cellulase (CMCase and FPase) activities during sixth and fourth
day of fermentation (Figure 28.1), respectively with maximum protein concen-
tration of 0.47mg/ml (Figure 28.1). The enzymes excreted during the solid-state
cultivation were extracted with sterile distilled water in 1:6 (solid to liquid)
ratio and the activities of respective enzymes were expressed in international
units per milliliter. The solid-state cultivation resulted in condensed holocel-
lulolytic activities with high protein concentration (1.25 mg/ml) (Figure 28.2)
when compared to submerged cultivation and they were found to be 22.7, 4.3,
and 5.81U/ml, for xylanase, CM Case, and FPase enzymes (Figure 28.2). How-
ever, while observed the activity of released enzymes per gram of carbon source
taken, they were found to be in high levels as 340 IU of xylanase/g of biomass,
64.5 TU of CMCase/g of biomass and 87 IU of FPase/g of biomass.
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FIGURE 28.1 Holocellulolytic enzymes production by Cladosporium cladosporioides
under submerged cultivation on vegetable waste.
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FIGURE 28.2 Holocellulolytic enzymes production by Cladosporium cladosporioides
under solid-state cultivation on vegetable waste.

The growth of organism in solid-state fermentation is constrained to the
surface of humidified insoluble solid media [18] and it can able to trigger the
molecular machinery of fungi to produce more lignocellulolytic enzymes to
degrade the targeted material effectively by providing the organism condition
closer to the natural habitat like decayed organic matter, wood materials etc.
[7]. But wherein the case submerged cultivation, the employed organism get
exposed fully to hydrodynamic forces where it shows two distinct growth forms
viz., filamentous and spores which can influence the enzymes production by
means of mass transfer [19]. Moreover, the holocellulolytic enzymes production
was also carried out independently with spinach waste (S), cabbage waste (C)
and cauliflower residual wastes as carbonsubstrates, however considerable in-
crement in the activities of enzymes was not observed.Previously, combination
of wheat bran, wheat straw, beet pulp, and apple pomace was used for xylanases
production using the organisms Aspergillusniger, Chaetomiumglobosum and
obtained 20 and 451U/ml of Xylanase activity [20].

28.3.3 PHAND TEMPERATURE OPTIMA

The pH optimization studies for cellulases (CMCase and FPase) and xylanases
were carried out using substrates 1 percent Carboxy Methyl Cellulose, Whatman
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No.1 filter paper units and 2 percent Birch wood xylan as substrates, respec-
tively. The pH of the reaction mixtures was adjusted to 3.0-8.5 and the analyzed
optimum pH points for all cellulases and xylanases were found to be 3.5 and 5.0
(Figure 28.3b). The optimum reaction temperature range for all three enzymes
was found to be 50-60°C (Figure 28.3a). Most of the well-known microbial
holocellulolytic enzymes exhibit optimum activity in the range of 50-65°C [21,
22]. However, thermo stable xylanases have also been found from various mi-
crobial organisms which exhibit optimal activity at 75°C or above [23].
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FIGURE 28.3 Temperature and pH optima of holocellulolytic enzymes produced from
Cladosporium cladosporioides.

28.4 CONCLUSIONS

The holocellulolytic enzymes play a crucial role in the conversion of plant bio-
mass to various value added bioproducts and biorefineries. The cocktail of these
three enzymes is vital for the generation of soluble sugars from holocellulose
which can be subjected to fermentation by specific microbes to generate biofu-
els including bioethanol, biobutanol, biohydrogen etc. In addition to this these
enzymes are industrially pivotal especially xylanases can be employed in pre-
bleaching of kraft pulp and cellulases are quite helpful in textile industries in
cloths sizing and finishing. In the present investigation, novel isolated fungal
organism, Cladosporium cladosporioides was grown in submerged and solid
modes of cultivation for holocellulolytic enzymes production using vegetable
market waste as carbon source. The organism utilized the employed substrate
effectively by secreting the hydrolytic enzymes. The submerged fermentation
contributed to the effective release of holocellulolytic enzymes with lower pro-
tein concentrations. The hydrolytic reaction operational conditions such as tem-
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perature and pH optima were optimized for effective usage of the produced
enzymes.
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29.1 INTRODUCTION

Ammonia removal is one of the most important and commonly available ele-
ments in wastewater treatment and is normally carried out by biological nitri-
fication process. In biological nitrification process, ammonia is first oxidized
into nitrite (NO,"), and then oxidized to the much less toxic nitrate (NO,") us-
ing Nitrosomonas and Nitrobacter as oxidizing bacteria. Equations (29.1) and
(29.2) show the basic chemical conversions occurring in biological nitrification
process [1, 2].

NH," +1.50, 2H' +H,0 + NO,” (29.1)
NO, +0.50, NO," (29.2)

Garrett [3] seems to be the first author who related microbial growth to the
activated sludge process. A substantial step in understanding nitrification in the
activated sludge process is due to a research group at the British Water Pollution
Research Laboratory [4]. For the treatment of waste water, nitrification with
autotrophic bacteria has received most attention. It has been shown that under
these conditions autotrophic nitrification is favorable.

Biological nitrification can be accomplished in two types of systems: sus-
pended and attached growth. Under a suspended growth environment, the mi-
croorganism is freely mobile in the liquid providing direct contact between the
bacterial cells and the bulk water. In attached growth system, microorganisms
had grown in a visco-elastic layer of biofilm that is attached on the surface of a
solid support medium. Thus, this process is called a biofilm process in which the
individual bacteria are immobilized. Attached growth on a fixed biofilm system
offers several advantages when compared to suspended growth processes, such
as handling convenience, increasing process stability in terms of withstanding
shock loading and preventing the bacteria population from being washed off [5,
6]. The present work involves the removal of ammonia from wastewater with
attached growth of microorganisms and optimal values of parameters were stud-
ied using Incubator Shaker.

29.2 MATERIALS AND METHODS
29.2.1 CULTURE PREPARATION

Nitrosomonas (NCIM No-5076) and Nitrobacter (NCIM No-5062) were ob-
tained from National Chemical Laboratory, Pune, India. The subcultures were
prepared according to their procedure. The culture was preserved in a refrigera-
tor at a temperature of 4°C by periodic subcultures.
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29.2.2 PREPARATION OF INOCULUM

All the chemicals used for the preparation of inoculums are LR grade only
and with purity 98-99 percent. The liquid broth having the composition
(NH,),C0O,—0.303 g (Chemport Pvt Limited, Mumbai), NaHCO,—25 g (Merck
Limited, Mumbai), MgSO,.7H,0—0.257 g (Merck Limited, Mumbai), Na H-
PO,—1.135 g (SD Fine-Chem Limited, Mumbai), KH PO,—1.092 g (Merck
Limited, Mumbai), FeCl,.6H,0—0.035 g (SD Fine-Chem Limited, Mumbai),
and Sucrose—6.174 g per liter has been prepared [7]. The composition was ad-
justed to initial ammonium concentration of 100 ppm by varying the amount of
ammonium carbonate proportionately. The pH of the solution was adjusted to a
value of 7.5 using HCI and NaOH. In order to kill the undesirable microorgan-
isms, the broth was sterilized in an autoclave for 15 min at 103 KPa pressure
and 120°C. The broth was cooled to room temperature (28°C) and then medium
of Nitrosomonas and Nitrobacter were introduced into the broth. Further, the
medium was kept for the growth in an incubator for 24 hr for the formation of
biofilm over polypropylene beads for attached growth of microorganisms where
the temperature was maintained at 30°C. This is used as a medium in the biore-
actor. 50 ml of the product was collected for an interval of 2 hr and was used for
the analysis of final ammonium ion and nitrate ion concentration. The analysis
for ammonium ion was carried out with Orion lon Selective Electrode.

29.3 RESULTS AND DISCUSSION

29.3.1 EFFECT OF MECHANICAL AGITATION ON
AMMONIUM ION CONCENTRATION

Kugaprasatham et al. [8] studied the effect of hydraulic conditions on nitrifying
biofilm grown under a low ammonia nitrogen concentration (about 1 gm™) in a
cylindrical reactor. In addition, Chen and Huang [9] reported higher nitrification
rates in biofilters with high turbulence levels. These results are important for the
design and optimal operation of biofilters, as they suggest that the nitrification
rate may be significantly improved through increasing turbulence.

To assess the effect of mechanical agitation on the initial ammonium con-
centration studies at different agitations of 50, 75, 100, 125, and 150 rpm were
made. Samples of fermentation media were prepared as per the composition
discussed in Section 2.2. The conditions for all the samples were maintained at
a temperature of 30°C, pH of 7.5 and initial concentration of ammonium ion at
100 ppm in incubator shaker with two-phase (liquid-solid bioreactor) system.

The concentration of ammonium ion was plotted against fermentation time
and the optimal value has been observed for maximum removal of initial am-
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monium ion for different values of agitations. Figure 29.1 represents the re-
moval of ammonium ion with liquid-solid bioreactor. It is observed that, from
Figure 29.1, the optimal mechanical agitation has been found to be at 100 rpm
in liquid-solid bioreactor, with maximum removal of ammonium ion concentra-
tion up to 16.2 ppm. As the agitation speed increased the removal percentage
of ammonium ion increased and gets decreased at higher agitation due to less
contact between biofilm and the substance. The optimal mechanical agitation of
100 rpm was used for further experiments.
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FIGURE 29.1 Effect of mechanical agitation on nitrification in a liquid-solid bioreactor.

29.3.2 EFFECT OF PH ON AMMONIUM ION
CONCENTRATION

Several investigations conducted earlier, have been demonstrated, the pH ef-
fect on nitrification. However, poor agreement existed on how much, and what
point, pH begins to effect nitrification rates [10]. Based on the review provided
by Sharma and Ahlert [11], the optimal pH for the growth of nitrifying bacteria
varies widely. The optimum pH for nitrification can range from 7.0 to 9.0 with
the optimum pH ranging from 7.2 to 8.8 for Nitrosomonas and 7.2-9.0 for Ni-
trobacter.
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However, Suzuki et al. [12] and Painter [13] suggested that free ammonia
instead of ammonium is the substrate for ammonia—oxidizing bacteria (Nitro-
somonas) based on the observation of a consistent Monod saturation constant
under varying free ammonia concentration. Therefore, reduced nitrification ac-
tivity at lower pH levels may result indirectly from substrate limitation since,
the fraction of NH, — N in the total ammonia nitrogen decreases with decrease
of pH [14]. When a higher TAN (Total Ammonia Nitrogen) is used, a higher
nonlimiting concentration of NH, may be maintained at lower pH values [10].
Interestingly, to evaluate the pH effect on ammonia oxidation activity, Groe-
neweg et al. [15] measured ammonia oxidization rates at a constant NH, — N
of 0.37 mg L! (varying TAN in accordance with pH) and a constant TAN of 5
mg L' (NH,~ N varies with pH) over a wide pH range (5-11). They found that
the maximum ammonia oxidization rate was obtained between pH 6.7 and 7.0
(0.37 mg L™ NH,~ N) and pH 7.5 and 8.0 (5 mg L"'TAN), while, the ammonia
oxidization rate decreased sharply outside the optimum pH ranges.

The effect of pH on the initial ammonium concentration at different pH val-
ues varying from 6 to 8.5 were studied and observed in the present work. Sam-
ples of fermentation media were prepared as per the composition discussed in
Section 2.2. The conditions for all the samples were maintained at a temperature
of 30°C, initial concentration of ammonium ion at 100 ppm and agitation of 100
rpm in incubator shaker in a liquid-solid bioreactor.

The concentration of ammonium ion was plotted against fermentation time
and the optimal value has been observed for maximum removal of initial am-
monium ion for different values of pH. Figure 29.2 represent the removal of
ammonium ion with liquid-solid bioreactor. It is observed from Figure 29.2 that
the optimal pH among above considered values occurs at 7 in liquid-solid biore-
actor, with maximum removal of ammonium ion concentration up to 10.8 ppm.
It is also observed that the complete nitrification occurs at neutral pH and in
acidic or basic media the percentage removal of ammonium ion decreased. The
other parameters were optimized using the pH as 7.
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FIGURE 29.2 Effect of pH on nitrification in a liquid-solid bioreactor.

29.3.3 EFFECT OF TEMPERATURE ON AMMONIUM ION
CONCENTRATION

It has been well accepted that a higher temperature enhances nitrification rate
as the biochemical driven bacterial processes accelerate as temperature increas-
es. This is true in a suspended growth system. For fixed film filters, however,
the effects of temperature on nitrification kinetics are also influenced by other
phenomena and parameters [16], especially substrate diffusion and transport. A
general conclusion on the relationship between nitrification rate and tempera-
ture must also include the effect of mass transfer and bacteria. However, the
impacts of change on nitrification rate in fixed film biofilters were understood
[17]. Little information is available to quantify the effects of temperature on
fixed film nitrification rate [18].

Zhu and Chen [19] studied the impact of temperature on nitrification rate
through laboratory experiments, mathematical modeling and sensitivity analy-
sis. They showed that in the case of oxygen limitation, temperatures from 14 to
27°C had no significant impact on nitrification rate. A lower nitrification rate
was observed only at the lowest temperature they tested, 8°C. Temperature had
a more significant effect on nitrification rate in the case of TAN limitation than
in the case of DO limitation.
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Experiments were performed for different temperatures varying from 24 to
30°C and the effect of temperature on initial ammonium concentration has been
observed. Samples of fermentation media were prepared as per the composition
as discussed in Section 2.2. The conditions for all the samples were maintained
at a pH of 7, initial concentration of ammonium ion of 100 ppm and agitation of
100 rpm in incubator shaker in a liquid-solid bioreactor.

The concentration of ammonium ion was plotted against fermentation time
and observed the optimal value for maximum removal of initial ammonium ion
for different values of temperature. Figure 29.3 represent the removal of am-
monium ion with liquid-solid bioreactor. It is observed that from Figure 29.3
the optimal temperature among above considered occurs at 30°C in liquid-solid
bioreactor, with maximum removal of ammonium ion concentration up to 10.8
ppm. The percentage removal of ammonium ion is increased with increase in
temperature, but at the higher temperature it gets decreased due to decreased
activity of microorganisms. Further, experiments were carried out keeping the
temperature at 30°C.

Ammoniumion Conc., ppm
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FIGURE 29.3 Effect of temperature on nitrification in a liquid-solid bioreactor.

29.3.4 EFFECT OF AMOUNT OF SOLIDS ON AMMONIUM
ION CONCENTRATION

Sandu et al. [20] performed experimental work for three unique bed-height to
diameter ratios for a fluidized bed nitrification filters which were charged with
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2 x 4 ABS plastic beads with specific gravity 1.06, using column diameters of
12.7, 15.2, and 17.8 cm. They reported that total ammonia nitrogen (TAN) re-
moval increased with column diameter at hydraulic loading rates (6, 8, 10, and
12 lpm) and ammonia concentration of 8.6 g per 100 g of synthetic substrate.

To observe the effect of amount of solids on the initial ammonium concen-
tration at different concentrations of polypropylene beads (3 mm diameter) var-
ied from 5 to 25 g/l were studied. Samples of fermentation media were prepared
as per the composition as discussed in Section 2.2. The conditions for all the
samples were maintained at a pH of 7, initial concentration of ammonium ion
100 ppm, 30°C of temperature and agitation of 100 rpm in incubator shaker in a
liquid-solid bioreactor.

The concentration of ammonium ion was plotted against fermentation time
and the optimal value for maximum removal of initial ammonium ion has been
observed for different values of amount of solids. Figure 29.4 represent the re-
moval of ammonium ion with liquid-solid bioreactor. It is observed from Figure
29.4 that the optimal amount of solids among above considered occurs at 10 g/l
in liquid-solid bioreactor, with maximum removal of ammonium ion concentra-
tion up to 10.8ppm. The concentration of solids of 10 g/l was used for further
experimental work.

Ammonium ion conc., ppm
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FIGURE 29.4 Effect of amount of solids on nitrification in a liquid-solid bioreactor.
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29.3.5 EFFECT OF MAGNESIUM SULPHATE ON AMMONIUM
ION CONCENTRATION

The effect of magnesium sulfate concentration on the initial ammonium concen-
tration experiments at different concentrations varying from 0.1 to 0.5 g/l were
studied and observed. Samples of fermentation media were prepared as per the
composition as discussed in Section 2.2. The conditions for all the samples were
maintained at a pH of 7, initial concentration of ammonium ion of 100 ppm,
30°C of temperature and agitation of 100 rpm in incubator shaker in a liquid-
solid bioreactor.

The concentration of ammonium ion was plotted against fermentation time
and observed the optimal value for maximum removal of initial ammonium ion
for different values of magnesium sulfate concentrations. Figure 29.5 represent
the removal of ammonium ion with liquid-solid bioreactor. It is observed that
from Figure 29.5 the optimal concentration of magnesium sulfate among above
values considered occurs at 0.3 g/l in liquid-solid bioreactor, with maximum
removal of ammonium ion concentration up to 10.8 ppm. Further experiments
were carried with the magnesium sulfate concentration as 0.3 g