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ABSTRACT

The rate of cane sugar fermentation with Saccharomyces cerevisiae was studied at temperatures between 30°C
and 42°C in order to characterize the process using thermodynamic parameters such as enthalpy (AH"), activa-
tion energy (AE"), entropy (AS’), Gibbs free energy (AG") and equilibrium constant (K). The parameters were
evaluated on the basis of a consideration of Arrhenius, Eyring and Van’t Hoff’s equations. The results obtained
are AH', 91.85 KJ-mol™; AE", 91.85 KJ-mol™, AS", 2763 J-mol'K™; AG”, -762.09 KJ-mol™, and equilibrium
constant, K, 1.34 dm®mol™. These values were subsequently used to obtain by calculation the rate constant of
the fermentation k, 1.43 x 10" min™*, Arrhenius constant A (pre-exponential or frequency factor), 4.79 x 10%
min, orientation parameter, P, 4.48 x 10" and the collision frequency Z, 1.07 x 10** min™. Finally the fermen-
tation efficiency calculated on the basis of a complete combustion of glucose is 377.8%. The results showed that
though the fermentation process is kinetically controlled, it is suggested that the positive impact of the feasible
thermodynamics is limited by other process variables.

KEYWORDS

Fermentation; Substrate Concentration; Kinetics; Cane sugar; Thermodynamic Parameters

1. Introduction energy AG’ that derives a chemical reaction is also not
frequently calculated for fermentation on account of sev-
eral possible reaction pathways [4]. Yet the second law of
thermodynamics is deployed to determine which products
will accumulate in such a system. Besides, thermody-
namic concepts have been used to predict microbial grow-
th, which is a key consideration in many industrial bio-
technology processes [5]. Be that as it may, we will con-
sider the first step in the two-step reaction involved in the
fermentation as a rapid equilibrium leading to a complex
of the enzyme and substrate reminiscent of a lock and key
system in which the enzyme provides a lower activation
energy exclusive of any tunneling action of the reactants.
However, since the enzyme merely provides a catalytic
action offering lower energy pathway, we shall in this

Fermentation involves living cells that are usually con-
sidered open systems optimally maintained at a steady
state [1]. Fermentation is also a slow reaction in the ab-
sence of a catalyst. Ordinarily, the process is not sponta-
neous and hence is aided with a catalyst (enzyme) that
renders it thermodynamically controlled [2]. In general,
thermodynamic studies aimed at deciding which direc-
tion that such a reaction will proceed in terms of sponta-
neity, embedded in the second law of thermodynamics
and the equilibrium constant which determines the extent
to which any particular reaction will proceed under any
given conditions. It was previously held that fermenta-
tion catalyzed by enzyme could not be treated in the us-

ual classical molecular reaction models nor the equilib-
rium attained between reactants and products or interme-
diates handled as if it were like the familiar thermody-
namic system [3]. It has also been noted that the free
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report adapt the Eyring [6] absolute reaction rate theory
(transition state theory) since there are adequate facilities
nowadays to monitor or measure the products of fermen-
tation. The quantity KgT/h in the Eyring’s equation is
independent of the nature of reactants or activated com-
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plex and would be the same for all changes occurring at
the same temperature [7]. Further Park and Erik [8] had
shown that the Arrhenius equation [9] can also be applied
to enzyme reactions to a certain temperature limit. We
support therefore the possible thermodynamics that would
apply to enzyme reactions (Equation (1)) from a consid-
eration of:

1) Arrhenius equation [9] (Equation (2)) in which Kk is
the rate constant for the decomposition of the enzyme-
substrate complex ES to product P.

S+E<=ES—>P+E (1)

K = Ae—Ea/(RT) (2)
where A is a constant known as the frequency factor (pre
exponential coefficient), E, is activation energy, R is gas
constant and T is absolute temperature.

2) Eyring equation, the rate constant k for the decom-
position of the complex ES, a non-stable intermediate

k =K,T /hK 3)

where Kg is Boltsmann’s constant, h is planck’s constant,
K is equilibrium constant of the first step and

3) Van’t Hoff’s equation [10], the equilibrium constant
K.

K = eAS*/RefAH */RT (4)

in which AS” is the change in entropy of activation and
AH’ is the change in enthalpy of activation.
Equating (2) and (3) gives

Ae T — K T /hK (5)
Substituting Equation (4) into (5) gives
Ae BT — KT [hetSTRear/RT (6)

As in a unimolecular reaction, when An = 0, there is no
change in the number of moles; in solution there is also no
appreciable change in volume, therefore
AH" = AE” with minimal error [7,11].

In the light of this, Equation (6) reduces to:

A=K,T /he® R 7

That accounts for the frequency or pre-exponential
factor, an important factor in enzyme reactions. Since the
reaction takes place in solution, the rate of the reaction at
unit concentration of the reactant is known as specific
rate or rate constant. We will be able to evaluate the rate
dependence on temperature by substituting the Gibb’s
free energy equation.

|nK:—AG*/RT:—(AH*—TAS*)/RT (8)

in Equation (3) (the Eyring equation). Obtain
InK = InK,T /h+AS"/R—AH"/RT 9)

From which a plot of Ink (observed rate constant)
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versus reciprocal of the absolute temperature 1/T, gives
AH'IR as slope, and AS™ from the intercept. When AH”
and AS” are known, AG” can be calculated and finally, the
equilibrium constant K.

In recent years, the cost of primary energy sources such
as petroleum, gas and coal has astronomically increased
[12]. The desire to harness other primary sources such as
sugars from varying effluents which are viably recover-
able and fermented to primary alcohols is regaining global
interest. Primary alcohols can easily be blended with
gasoline as gasohol or combusted directly to power piston
engines [13]. Moreover there is growing concern about
depleting reserves of fossil fuels as well as global concern
for environmental degradation attributed to CO,, SO, and
NO, released when fossil fuels are combusted. Knowl-
edge of the thermodynamics of the fermentation of sugar
will unarguably enhance the understanding of the opti-
mization of the process variables for the production of
alcohols from renewable sources.

2. Materials and Methods

Sugarcane was purchased from Iruekpen market, Ek-
poma (south-south, Nigeria). pH meter standardized with
appropriate buffer solutions (buffer 4) and yeast (Sac-
charomyces cerevisiae) manufactured by Vahine profes-
sional, Mc cormick, France SAS were used as received.

2.1. Preparation of Canesugar Juice

The sugarcane was washed, peeled, chopped into bits or
pieces and pounded in a mortar. The fibers were then
manually removed by manually squeezing out the juice
into sterilized aluminium can. The juice obtained was
sterilized by heating in the aluminum can at a tempera-
ture of 90°C for 40 minutes and then cooled. After cool-
ing, 3000 cm® of concentrated juice was obtained from
5.632 kg of cane. The juice was filtered and treated with
a 3% Sodium metabisulphite, (Na,S,;0s) to inhibit the
growth of any undesirable type of microorganisms such
as acetic acid bacteria, wild yeast and mould [14].
Thereafter the required quantity of juice was transferred
into the fermentation vessels.

2.2. Experimental Procedure

The fermentation vessels were washed and later sterilized
with a 3% solution of sodium metabisulphite for 5 min-
utes. 1000 cm® of the juice was properly conditioned by
sterilizing at 90°C and was brought to the required pH
with either 0.1 M HCI or 0.1 M NaOH. Seven polymeric
vials containing substrate were prepared for each of
seven sampling times at 30, 60, 90, 120, 150, 180, and
210 minutes. 1 g of yeast was added to each of the vial.
The substrate and the yeast were properly mixed by
shaking to allow for interaction for a period not less than
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20 minutes. The samples were fermented in the sealed
polymeric vial with connected tubes for the estimation of
gas production. The escape of CO, was prevented by
sealing the air inlet with a cresol-perfumed jelly. The
CO, produced in each sealed vial was collected in water
and measured by titration with 0.1 M NaOH, using phe-
nolphthalein indicator.

2.2.1. Determination of Effect of Temperature

The effect of temperature on fermentation Kinetics was
determined by keeping other factors such as substrate
concentration, pH of the juice, yeast concentration, and
fermentation time constant. The temperature was varied
between 30°C - 42°C, using a thermostated water bath.

2.2.2. Determinaton of Effect of Substrate
Concentration

In determining the effect of substrate concentration on

fermentation kinetics, all other factors such as tempera-

ture, pH, yeast concentration, and fermentation time were

kept constant. The substrate concentration was varied at

20 - 80 (v/v %).

2.2.3. Determination of Rate of Fermentation
The rate of fermentation was measured as the volume of
CO, produced at 30 minutes’ interval of time.

3. Results and Discussion

In Table 1, are shown the measured rates of fermentation
of cane sugar with Saccharomyces cerevisiae at various
substrate concentrations and temperature plotted in Fig-
ure 1 as plot of substrate concentration against rate of
fermentation. While in Table 2, are shown the calculated
thermodynamic parameters AH™, AE", AS", AG” and K,
obtained from a plot of InK versus 1/T (Figure 2) on the
basis of Eyring’s equation. The result showed that the
enthalpy value is positive, indicating that the fermentation
process is endothermic; while the calculated value for the
activation energy is the same as the enthalpy, as was stated
earlier in this paper. The entropy value is positive cor-
roborating the positive enthalpy value. The fermentation
process is spontaneous as shown by the negative change in
free energy. The equilibrium constant indicates that the
conversion of substrate to products is 34%. In Table 3 are
shown the calculated values for k (rate constant), A
(pre-exponential or frequency factor) and P (orientation
parameter). The above results support the proposed two
step mechanism of the enzyme catalyzed reaction. The
value of the equilibrium constant indicates that though
the enzyme catalyzed reaction is favoured kinetically, it
is not particularly so thermo-dynamical. The enzyme-
substrate complex is simply a non-isolable intermediate
which though is an energized molecule, is thus present in
low concentration and hence, the first step which is the
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Figure 1. Variation of rate of fermentation with substrate
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Figure 2. Plot of Ink versus 1/T for the Saccharomyces cere-
visiae catalyzed fermentation of cane sugar.

equilibrium step can be quantified by the Eyring and
Vant Hoff’s isotherms; while the second or decomposi-
tion step is adequately quantified by a combination of the
Arrhenius, Eyring and Van’t Hoff’s isotherms. The data
shown in Table 2 are within the range of data obtained
by biochemical microcalorimetry for glucose sugar [1].
The calculated A and P values obtained on the basis of
collision theory and absolute reaction rate theory (or
transition state theory) respectively showed that the col-
lision factor is of the order of 10" min™, about half that
of gaseous molecules that can only be attained by an in-
duced reduction in activation energy by a catalyst. The
frequency factor A, in the Arrhenius equation is ap-
proximately equal to KgT/h e*5"® of the absolute reaction
rate theory and the Van’t Hoff’s equation. Therefore the
enzyme provides a favourable kinetic environment and of
course does this by providing a well, proper-fitting ori-
entation for the substrate molecules to undergo the
change. However in doing so, the thermodynamics is
limited by other process variables such as concentration
of the substrate, the purity and activity of the enzyme
molecules as well as product inhibition [15,16]. And this
fact invariably influenced the yield of product in practice.
Therefore the enzyme provides a favourable kinetic en-
vironment for submicroscopic interactions of the enzyme
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Table 1. Data on the rate of fermentation of cane sugar catalyzed by Saccaromyces cerevisiae at pH 5.5 and 1.0 w/v % yeast
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concentration at various substrate concentrations and temperatures.

Rate of Fermentation (mol-dm™-mol™)

Temperature/°C
Substrate concentration (v/v%) 30 32 34 36 38 40 42
20 0.035 1.071 0.866 1.276 0.823 0.796 0.791
30 0.829 1.031 0.854 1.954 0.820 0.769 0.745
40 0.820 1.152 0.994 1.201 0.926 0.952 0.842
50 0.745 0.826 1.073 1.226 0.973 0.892 1.011
60 0.909 0.738 0.826 1.175 0.871 1.035 0.854
70 1.166 0.978 1.113 0.988 0.773 0.652 0.797
80 0.869 0.928 1.097 0.761 0.802 0.926 1.070

Table 2. Thermodynamic parameters calculated for the
Saccharomyces cerevisiae catalyzed fermentation of cane
sugar.

Thermodynamic parameter Values
Enthalpy AH" (KJmol ™) 91.85
Activation Energy AE" (KJmol™) 91.85

Entropy AS™ (Jmol™' K™) 2763.57

Gibbs Energy AG™ (KImol™) -762.09
Equilibrium constant K (dm®mol™) 1.34

Table 3. Calculated constants for the Saccharomyces cere-
visiae catalyzed fermentation of cane sugar.

Rate constants k (min™) 1.43 x 10"
A (min™) 4.79 x 10%

P 4.48 x 10"

Z (min™) 1.07 x 10"

substrate complex and such interaction could be substrate
interacting more with the complex or rather the product
which is interacting more with the intermediate complex.
The equilibrium constant value K suggests that the in-
termediate complex is rather interacting more with the
substrate and showed that only a limited amount of the
substrate is converted to product. The fraction of effec-
tive intermolecular collision increases with increase in
the total number of collisions and hence the rate of reac-
tion is proportional to the collision frequency as seen in
Table 3. The P (orientation factor) value affects the in-
teraction between substrate and enzyme. The enzyme
activates the substrate molecules at particular active sites.
These sites have definite size and shape or configuration.
Reaction will proceed only if the size, stereochemistry
and orientation of the substrate molecules fit into the
active sites of the enzyme. The value of P in Table 3
showed that the orientation of molecules affects the
probability factor and that simple molecules indeed have
more ways of proper orientation to form complex inter-
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mediates. Hence the probability factor is of the order for
simple molecules [17,18]. For simple sugars like glucose,
the orientation factor is expected to be large and hence
the P value obtained in Table 3. The equilibrium con-
stant K is observed to be 1.34 dm*mol ™ and not signifi-
cantly far from unity implies that AG™ can be conven-
iently equated with the change in free energy at standard
conditions. The equilibrium constant value support the
fact that the unstable intermediate as is this case is inter-
acting more with the substrate and in such a given situa-
tion, the yield of product should not be expected to be
large. This explains partly why the yield of alcohol from
most fermentable starches and sugars are low. It is of
interest frequently to estimate the efficiency of a fermen-
tation process [19] by a consideration of the free energy of
combustion of glucose:

C4H,,04,)+60,,) — 6CO,

=-2879 KJ-mol ™",
On the other hand, the fermentation of sugar syrup from
cane to alcohol:

CeH, O + Enzyme — CO, ;) +C,H;OH

@ +6HZO(|)G

in this investigation gave AG™ = —762 KJ mol™. Therefore,
calculated fermentation efficiency is

—2879/-762x100/1=377.80%.
The high efficiency of the process is suggested to be
promoted by a high P value and a suitable kinetics.
4. Conclusion

Though the value of the fermentation efficiency of the
process is impressive, the measured rates support the fact
that the process is kinetically controlled the expected
positive impact of the thermodynamics which is sugges-
tively limited by other process variables.
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