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ABSTRACT

The rapid depletion of the world major energy source, the fossil fuel coupled with the numerous problems associated with its use
has resulted in the search for renewable, sustainable and environmentally friendly fuel. Among the various options investigated,
bio-ethanol ranks among the foremost alternatives to fossil fuel. This research work focused on production, characterization and
kinetic modeling of bio-ethanol production from cassava tubers. Bio-ethanol was produced by enzyme hydrolysis of cassava pulp
followed by simultaneous sacharification and fermentation of the glucose produced thereof using yeast. The fermentation process
was optimized using one factor at a time method in other to determine the influence of fermentation parameters on the yield of
bio-ethanol. The physiochemical properties of the bio-ethanol produced were determined based on American Standards for
Testing and Materials (ASTM) method. The kinetics of bio-ethanol production was modeled based on Michaelis-Menten
equation. The optimum values of fermentation parameters that gave the highest yield of bio-ethanol are, fermentation temperature
35°C, fermentation time 6 days, yeast dosage 10g/L, glucose concentration 100g/L, pH 4.5 and agitation rate 160 rpm. The
physiochemical properties of the bio-ethanol produce were determined as, kinematic viscosity 1.54cst at 40°C, density 779
Kg/m®, flash point 13.5°C, refractive index 1.364, octane number 102, sulphur content 0.06%, water content 0.05 ppm boiling
point 78OC, lower heating value 20.8 KJ/dm3, pH 6.6. The data of variation of bio-ethanol concentration with fermentation time
was adequately modeled by Michalis-Menteen equation, hence the plot of 1/r5 versus 1/C,, gave a straight line graph of slope
km/Vm = 0.795 and the intercept 1/Vm = 0.048. Insertion of the values into Michaelis-Menten equation gave the rate of
fermentation reaction, r,.
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1.0 Introduction

Various countries have made inroad into exploitation of energy from different sources including solar, wind, hydro,
thermal, nuclear in addition to the worlds’ main energy source, fossil that has not been rivaled in terms of quantity of
reserves and suitability as fuel. However, the fast depletion of fossil fuel, coal, petroleum and natural gas and their
attendant disadvantages, non-renewable, non-biodegradable, environmentally unfriendly, low lubricity, low octane
number among others have made the search for alternative source of energy to fill the gap inevitable. As a result of the
aforementioned problems associated with fossil fuel, bio-fuels namely bio-ethanol, biodiesel and biogas, have
received much attention [1-3] and are envisaged to solve these problems. In contrast to fossil fuel, bio-ethanol is a
renewable, biodegradable, environmentally friendly, of high octane number, high heating value, low emission of
poisonous gases as a result of the high oxygen content that encourage complete combustion of the fuel [4, 5]. Bio-
ethanol is a biochemical liquid derived from microorganism catalyzed fermentation of sugar in addition to distillation
[6, 7]. However, bio-ethanol could be prepared chemically by the reaction of ethylene with steam [6]. It is a safer
substitute for methyl tetra-butyl ester (MTBE}, a common additive used in gasoline for clean combustion.

Bio-ethanol is produced by fermentation of sugar catalyzed by microorganisms followed by distillation to obtain its
pure and concentrated form [8, 6, 7, 9]. Apart from sugar, some other plant material consisting of carbohydrate like
starch and lignocellulosic biomass could also be converted to bio-ethanol. Sugar, starch and lingocellulocic biomass
are called first, second and third generation feed stocks respectively for production of bio-ethanol. The bio-ethanol
produced from first, second and third generation feed stocks are known as first, second and third generation bio-
ethanol respectively. While the first and second generation feed stocks are feared may compete with food sources, the
lingocellulocic feed stock does not compete with food sources but rather its processing to bio-ethanol is more
complicated as it involve four processing steps and therefore requiring more equipments and materials and higher cost.
The four steps involved with conversion of lignocellulosic biomass to bio-ethanol are; pretreatment with acid,
hydrolysis of the pretreated biomass, fermentation of the hydrolysate and distillation of the supernatant to
concentrated bio-ethanol. Pretreatment is the most involving aspect of the processing as it entails breaking of its
recalcitrant structure for easy access to the cellulose, hemicelluloses and lignin components by acid hydrolysis which
converts the cellulose and hemicelluloses to fermentable sugar like glucose. Starch biomass is first hydrolyzed with
acid or enzyme to obtain fermentable sugar. The fermentable sugar derived from lignocellulosics are then converted to
bio-ethanol by fermentation with microorganisms like yeast. It is easier and more cost effective to use free sugar
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containing juice as feed stock for bio-ethanol production than starch or lignocellulosic biomass due to none
requirement of costly steps such as hydrolysis or pretreatment followed by hydrolysis to get fermentable sugar [10-
13]. Currently industrial bio-ethanol employ mainly two types of primary feed stocks, starch from cereal crops and
juice or molasses from sugar crops [14, 15, 16]. About 60% of the global bio-ethanol is produced from sugar while the
remaining 40% is produced from grains starch [17]. Bio-ethanol can also be produced from the free sugar containing
juice of some crops containing sucrose or monosaccarides especially glucose, via fermentation with microorganism
[18].

The feed stocks for bio-ethanol production are sugar, starch and lignocellulosic biomass. Sugar the feed stock for
production of first generation bio-ethanol is principally sourced from energy crops like maize, sugar cane barley and
wheat [19, 20]. Starch which is a cellulosic biomass used for preparation of second generation bio-ethanol is sourced
from corn, wheat and cassava. The lignocelluloses materials including cassava peels, wheat straw, rice straw, corn
straw, sugar cane bagasse are available in large quantity and are therefore suitable for large scale production of bio-
ethanol [21, 22]. Similarly, starch biomass obtained as waste from starch processing factories, potato food industries,
beverage and brewing industries are promising feed stock for large scale bio-ethanol production in tropical countries
[23, 24].

Cassava (manihot esculentus is a tuberous root crop native to South America, and is cultivated in most parts of the
world primarily for its starch as well as food source. Cassava can grow in marginal soils where other crops does not
thrive [25]. Some researchers have shown that bio-ethanol production based on cassava is sustainable [26-28].
Therefore intensive cultivation of cassava coupled with biotechnological improvement of the species and in addition
to harnessing the waste starch from the above mentioned industries will ensure sustainable commercial bio-ethanol
production from cassava pulp and the peels as well as serving as food source for Nigeria that has much of the marginal
soil lying fallow.

This research work is focused on production, characterization and kinetic modeling of bio-ethanol production from
cassava pulp. Many researchers have reported on bio-ethanol production by fermentation of sugar using
saccharomyces cerevisiae [29-34].

2.0 Materials And Methods

2.1 Materials

Cassava tubers, backers yeast (sacccharomyces cerevisiae), distillation unit, digital pH meter, magnetic hot plate,
thermostatic water bath, glassware’s, autoclave, viscometer, refractometer, flash point close cup tester.

2.2 Experimental Methods

2.2.1 Processing of the cassava tubers

The bulk of cassava tubers used in the research was peeled, washed and chopped into small pallets with knife. The
pallets were sun-dried for three days and then dried in the oven at 60°C for 72 hours to reduce the water content
below 14%. The dried pulp was then size-reduced by grinding with a machine grinder and then sieved to obtain pulp
flour of 150pum. The flour was bagged with polythene and kept for further experiments.

2.2.2 Production of bio-ethanol from cassava pulp flour

Production of bio-ethanol from cassava pulp flour which constitute principally of starch, a cellulose biomass involves
hydrolysis, fermentation and distillation. Enzyme hydrolysis was used here to reduce the problems arising from acid
hydrolysis. Again simultaneous saccharification and fermentation was used to avert high energy requirements of
hydrolysis and saccharification coupled with enormous amount of water-based cooling system to bring down the
temperature for fermentation 35-37].

2.2.3 Enzyme Hydrolysis of the cassava pulp flour

The pulverized cassava pulp flour was mixed with water in the ratio of 1:5 w/w. 30g of the pulp was mixed with
150ml of water in a 500ml round bottomed flask and gelatinized by heating on a water bath to a temperature of 80°C
until thick slurry was formed. The gelatinized pulp was liquefied by adding 1.3 ml a-amylase enzyme at 90°C with
continuous agitation of 160rpm for 40 minutes to form dextrin. The slurry was cooled to room temperature of 32°C
and then sterilized in an autoclave at 121°C for 15 minutes.

2.2.4 Simultaneous Saccharification and fermentation of hydrolyzed pulp

The process of saccharification and fermentation were simultaneously carried out to avoid the problem associated with
simultaneous liquefaction and saccharification with an enzyme. The sterilized and cooled hydrolysate was adjusted to
a pH of 4.5 with citric acid. Then 0.35ml of glucoamylase enzyme solution and 10% mixture of backers yeast
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(saccharomyces ceravisiae] were inoculated onto the flask content. The flask and content was placed on a shaker in a
water bath
2.2.5 Distillation
After fermentation, the residue was filtered and the filtrate containing bio-ethanol, water and other impurities like
methanol was reflux-distilled at 80°C. The bio-ethanol content at various intervals was analyzed with gas
chromatogram (GC).
2.3 Optimization of fermentation process parameters
The cassava pulp fermentation process parameters, fermentation temperature, yeast concentration, glucose
concentration, pH, fermentation time and agitation rate were optimized using classical method of optimization of
studying the effect of one factor at a time while the other factors were kept constant. Here the temperature was varied
from 15 to 45°C, yeast concentration from 2 to 14g/L, glucose concentration from 15 to 135g/L, pH from 2.5 to 5.5,
fermentation time from 1 to 7 days and agitation rate from 80 to 200rpm.
2.4 Modeling of kinetics of bio-ethanol production
The rate of the reaction A — product, is given by the expression,

ra = kCa (1)

ra 1s the rate of reaction of A, C, is the concentration of the reactant A, k is the reaction rate constant and n is the order
of reaction. The essence of modeling kinetics of reaction is to obtain the kinetic parameters ra, k and n for designing
the reaction experiment and the reactor in which the experiment is carried out.

3.0 Results and Discussion

3.1 Optimization of fermentation process parameters

The Influence of process parameters on the yield of bio-ethanol from fermentation of cassava pulp hydrolysate was
studied in order to obtain the values of optimum parameters that gave the highest yield of bio-ethanol. The
fermentation process parameters studied include, fermentation temperature, yeast concentration, glucose
concentration, pH, fermentation time and agitation rate. The plots of the data of all the six parameters with ethanol
concentration are given in figures 1 to 6. The data of all the plots are well fitted with quadratic model of coefficient of
determination R” of approximately unity.

3.1.1 Effect of fermentation temperature on the yield of bio-ethanol from cassava pulp hydrolysate.

The influence of fermentation temperature on the yield of bio-ethanol from cassava pulp hydrolysate was studied by
varying the fermentation temperature from 15 to 45°C at a step increase of 5°C while keeping the other parameters ,
yeast concentration, glucose concentration, pH, fermentation time and agitation rate constant. The result of the
experiment is as shown in Figure 1. From the Figure, it could be seen that the bio-ethanol yield increased with
increase in fermentation temperature until it attained the maximum value of 17g/L at an optimum temperature of
35°C. On exceeding the 35°C optimum temperature, the bio-ethanol yield decreased with increase in temperature.
This is because microorganisms like saccharomyces cerevisia are known to be stressed by high temperature which
inactivate their ribosomes Again microbial activities and fermentation are regulated by different enzymes which are
susceptible to deactivation by high temperature [38, 39].

3.1.2 Effect of yeast dosage (concentration) on the yield of bio-ethanol from cassava pulp hydrolysate

Yeast concentration was varied from 2 to 14g/L, at a step increase of 2g/L in order to determine its influence on the
bio-ethanol yield while keeping the other parameters constant. The results obtained are shown in Figure 2. From the
Figure it is clear that the bio-ethanol yield increased with increase in yeast concentration till it reached a maximum
value of 17g/L at an optimum yeast concentration of 10g/L. On exceeding 10g/L optimum yeast concentration, the
bio-ethanol yield remained constant with increase in yeast dosage. After exceeding the optimum yeast concentration,
the inoculums size no longer had significant effect on bio-ethanol yield but rather affected the rate of sugar
consumption. Above the optimum yeast concentration, the cells grow rapidly resulting in rapid consumption of the
glucose to produce bio-ethanol at a reduced fermentation time.

3.3.3 Effect of glucose concentration on the yield of bio-ethanol from cassava pulp hydrolysate

The influence of glucose concentration on bio-ethanol yield was studied by varying the glucose concentration from 15
to 135g/L with step increase of 20g/L while keeping the other parameters constant. The results obtained for the
experiment are shown in Figure 3. From the Figure it could be seen that bio-ethanol concentration increased with
increase in glucose dosage till it attained the highest value of 17g/L at the optimum glucose concentration of 100g/L
when the bio-ethanol yield started decreasing with increase in glucose concentration. Decrease in bio-ethanol
production after exceeding the optimum glucose concentration stem from the fact that such high concentration of
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glucose overwhelmed the microorganism intake capacity, resulting in the reduction of the activity of the
microorganism and hence the bio-ethanol production.

3.1.4 Effect of pH on the yield of bio-ethanol from cassava pulp hydrolysate

In order to determine the influence of pH on the bio-ethanol yield from cassava pulp hydrolysate, the pH was varied
from 2.50 to 5.50 at a step increase of 0.5 while keeping the other parameters constant. The results obtained are shown
in Figure 4. From the Figure it could be observed that bio-ethanol yield increased with increase in pH till it attained
highest value of 17g/L at an optimum pH of 4.5 when it started to decrease with increase in pH value. Microorganisms
have a certain range of pH at which its activity is optimal. It has been reported that pH of the broth is a key factor to be
considered in bio-ethanol production as it influence the microorganism directly as well as its cellular processes. The
optimum pH for bio-ethanol production using saccharomyces cerevisiae has been reported to be 4.0-5.0. On exceeding
the pH of 4.50 saccharomyces cerevisiae is strained, denatured and the catalytic activities reduced, resulting to
reduction of the bio-ethanol produced.

3.1.5 Effect of fermentation time on bio-ethanol yield from cassava pulp hydrolysate

The fermentation time was varied from 1 to 7 days with step increase of 1 day while keeping the other parameters
constant in order to determine its influence on bio-ethanol yield. The results obtained are as shown in Figure 5. From
the Figure it could be seen that the bio-ethanol yield increased with increase in fermentation time till it attained highest
value of 17g/L at an optimum time of 6 days. On exceeding the optimum fermentation time of 6 days, the bio-ethanol
yield started decreasing with increase in fermentation time. At the initial time of the first day, the bio-ethanol
produced was low as the yeast was at the lag phase. As the time progresses, the microorganism enters its exponential
period of growth when the bio-ethanol production increase exponentially as well. From the Figure, the optimal period
for bio-ethanol production is 6days. On exceeding the optimum fermentation period of 6 days, the bio-ethanol
produced started declining with increase in time as the death rate of the microorganism become greater than the birth
rate.

3.1.6 Effect of agitation rate on bio-ethanol yield from cassava peel hydrolysate

The agitation rate was varied from 80 to 200rpm at a step increase of 20rpm while the other parameters were kept
constant in order to study the effect of agitation rate on bio-ethanol yield. The result obtained is as shown in Figure 6.
From the Figure it could be seen that bio-ethanol production increased with increase of agitation rate till it reached
maximum concentration of 17g/L at an optimal agitation rate of 160 rpm. On exceeding the optimum agitation rate of
160 rpm, the bio-ethanol produced started decreasing. Moderate agitation rate is required for efficient fermentation of
glucose to produce ethanol using saccharomyces cerevisiae. Agitation enables permeability of nutrients into the cells
and removal of bio-ethanol from the interior of the cells to the fermentation broth. It also increases the level of sugar
consumption by the yeast and reduced the inhibitory effect of bio-ethanol on the activities of the cells. Excess
agitation is however counterproductive for bio-ethanol production as it lowers the metabolic activities of the cells
resulting in lower bio-ethanol yield.
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Figure 1: Effect of fermentation temperature on the yield of bio-ethanol from
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Figure 4: Effect of pH on the yield of bio-ethanol from cassava pulp
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Figure 6: Effect of agitation rate on the yield of bio-ethanol from cassava pulp
hydrolysate

3.2 Characteristics of produced cassava pulp bio-ethanol

The physiochemical properties of the produced bio-ethanol as compared to those of gasoline are presented in Table 1.
Density the ratio of mass to volume of the fuel produced is 779kg/dm3., which is within the ASTM standards. The
bio-ethanol density is greater than that of gasoline, therefore more volume of gasoline should give an equivalent mass
of bio-ethanol, in addition of gasoline possessing better ignition quality.

Viscosity is another very important characteristic of fuel. The bio-fuel should neither be too viscous nor too thin. The
kinematic viscosity of the bio-ethanol produced was evaluated as 1.54 cst at 40°C and is therefore within the ASTM
limit. High kinematic viscosity of bio-fuels result in poor atomization and incomplete combustion which give rise to
cocking of injector tips and hence engine power loss. This conforms to the findings of Tat and Van Gerpen [41]. On
the other hand very low viscosity fuel produces very subtle spray which cannot properly get into the combustion
cylinder, thus forming a fuel rich zone that give rise to sooth formation [42-44]. The viscosity value obtained for the
bio-ethanol conformed with the literature value of Muhaj and Sutjahio [45]. The viscosity of bio-ethanol is higher than
that of gasoline. This is indicative of the fact that bio-ethanol is prone to less atomization efficiency, incomplete
combustion and hence higher engine power loss than gasoline.

Flash point measures the degree of flammability of the fuel. This was evaluated as 13.5°C for the bio-ethanol, and is
therefore within the ASTM limit for bio-ethanol. The flash point of bio-ethanol is higher than that of gasoline and
therefore exhibit less flammability than gasoline. The flash point of bio-ethanol 13°C is higher than that of gasoline
and therefore less dangerous to handle and store. The octane number of fuel expresses the degree of knocking of such
fuel in internal combustion engine. Fuels of high octane number do not knock in the engine. The degree of knocking
in the engine is a function of the ratio of branched chain molecules like 2,2,4-trimethylpentane to the straight chain
molecules like n-pentane contained in the fuel.

Table 1 : Physiochemical properties of produced cassava peel bio-ethanol

Properties Produced ASTM ASTM Test

Bio-ethanol Bio-ethanol Gasoline Method
Standards Standards

Kinematic viscosity @ 40°C (cst) | 1.54 1.525 1.00 D445

Density (Kg/m’) 779 750-850 690-790 D1293

Flash point (°C) 13.5 10-15 -43 D93

Refractive index 1.362 1.360-1.364 1.350-1.355

Octane number 102 95-110 88-100

Sulphur content (%) 0.06 0.05 D3452
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Water content (ppm) 0.05 0.05 0.05 D203
Boiling point (°C) 78.6 78.5 27-225

Lower heating value (KJ/dm") 20.4 22 30.33 D240
pH 6.7 6.5-9.0 D684
Acidity (As acetic acid) 0.006 0.007max. D1613
Solubility in water Soluble Soluble Insoluble

A fuel rated 88% octane number shows that it contained 88% of the branched molecules and 12% of the straight chain
molecules. The octane number of the bio-ethanol produce is 102, which is within the ASTM standard limit, indicative
of its smooth burning in the engine cylinder. The octane number of gasoline is less than that of bio-ethanol and
therefore is prone to more knocking in internal combustion engine. The water content of the produced bio-ethanol was
evaluated as 0.05 which is within the standard limit of ASTM. High water content in bio-ethanol predisposes the
oxidation of the fuel as well as being the cause of corrosion in storage tank when stored for a long time. The
infinitesimally small water content of bio-ethanol which is equivalent to that of the gasoline is within the ASTM
standards. The water content of the bio- ethanol therefore has little or no effect on the degradation of the fuel or on
corrosion in tanks during storage. The boiling point of the bio-ethanol was evaluated as 78°C which corresponds with
the ASTM standards. Refractive index indicates the state of purity of a substance as any substance has more or less a
specific refractive index. The refractive index of the bio-ethanol produce is 1.362 and is within the ASTM standard
limit.

3.3 Modeling of kinetics of bio-ethanol production
The rate of the reaction A — product, according to [43, 44] is given by the expression,
an = kCnA, (1)

where 1y is the rate of consumption or production of A. ra is negative if A is reactant or positive if A is product. A is
the reacting component, C, is the concentration of A (gL™"), k is the reaction rate constant (gL'd™" ) and n is the order
of reaction, d” is day. The essence of modeling kinetics of reaction is to obtain the kinetics parameters ra, k and n for
designing the reaction experiment and the reactor in which the experiment is carried out. The product ethanol is
denoted by A and its concentration by C,. The data of ethanol concentration with fermentation time is given in figure
5. The differential of bio-ethanol concentration C, with respect to fermentation time t, dC,/dt or r, at designated C,’s
were evaluated based on the graphical differential method enunciated by [45] . The rate of reaction r, is then given by

T'a = dCA/dt :kCnA (2)
Michaelis-Menten equation (3) was adopted for modeling of the bio-ethanol production.
V=Vm S
Km+ S 3)

Where V is the velocity of the reaction, Vm is the maximum attainable velocity of the reaction, Km is Michaeli-
menten constant and S is the concentration of the reactant. By denoting Vm with r,, and with the notations in
equation (2), equation (3) could be written as equation (4).

TA = TAm Ca
km + C, 4)
The reciprocals of equations (3) and (4) respectively are equations (5) and (6),
L= kml o+ 1
v Vm S Vm &)

Ta Tam Ca TAm (6)

The plot of 1 versus 1 of equation (6) known as line weaver Burk reciprocal plot is given in
N Ca
figure 7. This is a straight line graph of slope Km and slope 1 _a condition for Michaelis-
TAm TAm
Menteen equation to have satisfactorily fitted the bio-ethanol concentration versus fermentation time data.

-
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The graphical method of differenciation by [43] was employed to evaluate the differential of bio-ethanol concentration
with fermentation time, dC, (or r, ) at specified concentration Cp.
dt

Here 5, ram and C, of equation (6) are the same as V, Vm and S of equation (5) respectively.
Theplotof 1  versus 1 of equation (6) gave a straight line graph with coefficient of

Ta CA
determination R*=0.983 indicative of the adequacy of straight line fit of the data. The straight line has the intercept of
0.048 and slope 0.795. Inserting the values into the expressions above give ra, = Vm = 20.83g/Ld, km = 16.56L/gd.
Therefore the rate of fermentation r, is give by equation (7).

ry = 20.83CA g 7)
1656 + C, Ld

0.6 -

0.5 - y =0.7955x + 0.0482
R?=0.9837

B 1/RA
¢ 1/RA
——Linear (1/RA)

0 T T T T T 1
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Figure 7: Plot of 1/r, versus 1/Cy4 for bio-ethanol production by fermentation

CONCLUSION

Production of bio-ethanol from cassava pulp hydrolysate yielded bio-ethanol of physiological properties within the
ASTM standards. The use of enzyme hydrolysis with simultaneous saccharification and fermentation method for bio-
ethanol production reduced the problem associated with acid hydrolysis and saccharification of high energy and
cooling water requirement The process parameters, fermentation temperature, fermentation time, yeast concentration,
glucose concentration, pH and agitation rate have varying significant impact on the yield of bio-ethanol.
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