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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. 

INTRODUCTION



xxviii	 Introduction

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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CHAPTER 1

STATISTICAL OPTIMIZATION OF 
CULTURE MEDIA COMPONENTS 
FOR ENHANCED PRODUCTION 
OF SOPHOROLIPIDS FROM 
STARMERELLA BOMBICOLA MTCC 
1910 USING WASTE FRYING SUN 
FLOWER OIL

VEDARAMAN NAGARAJAN1, SRINIVASA KANNAN2, and  
VENKATESH NARAYANA MURTHY3*

1Chemical Engineering Division, Central Leather Research Institute, Chennai, India;
2Chemical Engineering Program, The Petroleum Institute, Abu dhabi, UAE;
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India; *E-mail: chemvenkatesh@gmail.com
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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, rhamnolipids 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/l [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 
2K factorial design, where K is the number of test variables, no center points (no≥ 
1) and two axial points on the axis of each design variable at a distance α (=2K/4) 
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,

2 2 2 2
0 1 1 2 2 3 3 4 4 11 1 22 2 33 3 44 4 12 1 2 13 1 3

14 1 4 23 2 3 24 2 4 34 3 4

Y x x x x x x x x x x x x
x x x x x x x x

β β β β β β β β β β β
β β β β

= + + + + + + + + + +
+ + +

	 (1.1)

where x1, x2, x3, and x4 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. βi and βij are the model 
coefficient parameters estimated from regression results.

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 24 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/l) 0 50 100 150 200
WFSFO (g/l) 0 50 100 150 200
Yeast extract (g/l) 0 5 10 15 20
Urea (g/l) 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

Obs No x1 x2 x3 x4
Glucose 

(g/l)
WFSFO 

(g/l)

Y. 
Ext 
(g/l)

Urea 
(g/l)

SLs 
Prod 
(g/l)

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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Obs No x1 x2 x3 x4
Glucose 

(g/l)
WFSFO 

(g/l)

Y. 
Ext 
(g/l)

Urea 
(g/l)

SLs 
Prod 
(g/l)

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 

TABLE 1.2  (Continued)
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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,

	
2 2 2 2

1 2 3 4 1 2 3 4

1 2 1 3 1 4 2 3 2 4 3 4

3.65 0.37 0.21 1.3 7.77 0.002 0.001 0.051 8.00
0.0005 0.002 0.06 0.003 0.006 0.31

Y x x x x x x x x
x x x x x x x x x x x x

= + + + + − − − −
− − − − − − 	 (1.2)

WhereY is the amount of sophorolipids and x1, x2,x3, and x4are 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 t 
test and p values which are listed in Table 1.3. 

TABLE 1.3  Analysis of variance for sophorolipids production

Source Degrees of 
Freedom

Sum of 
Squares

Adjusted 
Sum of 
Squares

Adjusted 
Mean of 
Squares

t Value p Value

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
R e s i d u a l 
error 16 142.44 142.439 8.902

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

R2 = 0.927; adj R2 = 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-



Statistical Optimization of Culture Media Components	 9

WFSFO, glucose-urea, and WFSFO-urea are insignificant. After removing the 
insignificant parameters, Eq. (1.2) can be simplified as,

	
2 2 2 2

2 3 3 4 1 2 3 4

1 3 2 3 3 4

3.65 0.37 0.21 1.3 7.77 0.002 0.001 0.051 8.00
0.002 0.003 0.31

Y x x x x x x x x
x x x x x x

= + + + + − − − −
− − − 	 (1.3)

A high R2 value of 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
x1 0.373 0.069 5.377 0.000
x2 0.213 0.069 3.067 0.007
x3 1.304 0.069 1.880 0.078
x4 7.767 6.94 1.120 0.279
x1 × x1 −0.001 0.000 −7.784 0.000
x2 × x2 −0.001 0.000 −4.879 0.000
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Term Factor Errors Standard Errors t p
x3 × x3 −0.051 0.022 −2.300 0.035
x4 × x4 −8.003 −8.003 −3.586 0.002
x1 × x2 0.000 0.000 0.002 0.999
x1 × x3 −0.002 0.003 −0.801 0.435
x1+x4 −0.006 0.030 −0.214 0.833
x2 × x3 −0.003 0.003 −1.039 0.314
x2 × x4 0.006 0.030 0.188 0.853
x3 × x4 −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/l, 6.9 g/l, 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.

1H-NMR spectrum of the sophorolipid taken in chloroform is as shown in 
the Figure 1.1. 

FIGURE 1.1  1H NMR spectra of sophorolipids synthesized from glucose and WFSFO.

TABLE 1.4  (Continued)
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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 (–COCH3) 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 24—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/l, 87.6 g/l, 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 
1H-NMR analysis confirmed the structure of glycolipid for the product formed.
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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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MgCl2, 1 g/10 ml (NH4)2SO4, 1 g/10 ml KH2PO4) 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].


