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Abstract

This study explores the use of a locally isolated yeast strain to enhance bioethanol production. The research investigates the
impact of various parameters on bioethanol and glycerol production using the Algerian isolated yeast strain “Saccharomyces
cerevisiae” in conjunction with sugarcane byproducts. Fermentation kinetic parameters were determined, and optimization
was carried out using response surface methodology (RSM), focusing on sugar concentration (measured in Brix degrees)
and inoculum volume (%). Logistic and adapted Gompertz kinetics models were utilized to analyze fermentation duration
against bioethanol output. RSM identified optimal conditions with an inoculum size of 6.6% and 25°Bx. Kinetic parameters
derived from the model include a peak ethanol concentration (P,,) of 73.55 g/L, a maximum ethanol generation rate (r,, ,,) of
2.61 g/L/h, and a latency phase duration (¢;) of 1.47 h. The study showcases the significant potential of the locally isolated
yeast strain in achieving substantial bioethanol yields from sugarcane molasses, paving the way for large-scale production
efforts.

Keywords Bioethanol - Glycerol - Sugarcane molasses - Isolated strain - Saccharomyces cerevisiae - RSM

1 Introduction

The global economy continues to rise, leading to increased
energy consumption and high levels of greenhouse gases in
the atmosphere, thereby exacerbating climate change. This
surge has occurred within the context of the primary energy
supply, where fossil fuels make up 81%, nuclear energy 5%,
and renewable energies 14%. Notably, biomass plays a sig-
nificant role, constituting approximately 70% of the renew-
able energy sector [1].
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In response to the urgent need for environmental protec-
tion and reduced reliance on finite fossil fuels, the world is
firmly committed to promoting renewable energies, particu-
larly biofuels. Although the production and utilization of
these biofuels initially sparked widespread criticisms over
their potential impact on food security and land exploitation
[2], biomass now emerges as highly promising substitutes
for traditional fossil fuels. Its predictable availability and
abundance of third-generation resources make it a viable
option for sustainable energy production. Moreover, bioen-
ergy offers the added prospects for converting renewable
organic waste into energy [3].

In line with global efforts, Algeria has embarked on a
green energy initiative with an ambitious program aimed
at developing renewable energies and enhancing energy
efficiency. With a firm commitment to renewable energies,
Algeria aims to provide comprehensive and sustainable solu-
tions to global environmental challenges [4]. The energy
sectors, in particular, will act as the driving force behind
sustainable economic development, fostering a new para-
digm of economic growth.

In the field of renewable energies, bioethanol emerges
as the most popular alcoholic biofuel available on the
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current world market, offering several advantages as an
alternative fuel. A broad variety of substrates can be uti-
lized for ethanol bio-production, with each selected based
on its cost-effectiveness, profitability, and ready availabil-
ity [5]. However, despite these benefits, industrial ethanol
production faces challenges related to factors such as tem-
perature, sugar concentration, and yeast strains [6].

To address these challenges, indigenous yeast strains
have drawn attention for their resilience and suitability
for bioethanol production [7]. These strains, isolated from
diverse sources [8—11], are recognized for their robustness
and resilience to stress, making them attractive candidates
for fermentation processes [12—-16]. However, despite their
resilience, environmental fluctuations and variations in
yeast culture composition can still exert pressure on the
strains, thereby affecting their growth and production [17].

This situation emphasizes the need for careful manage-
ment of environmental conditions and yeast culture com-
position to ensure the success of fermentation processes.
Despite these obstacles, using indigenous strains is crucial
for sustainable bioethanol solutions. Their natural adapt-
ability to local conditions provides significant benefits in
production stability and performance. This underscores
the importance of utilizing indigenous yeast strains,
which have inherent qualities that allow them to thrive
and remain productive even in difficult conditions [18].

Along with the use of indigenous yeast strains, efforts
to optimize the efficiency of bioethanol production are
essential. Statistical approaches such as response surface
methodology (RSM) play a crucial role in this effort. By
identifying and optimizing operational parameters, RSM
allows researchers to maximize production efficiency and
evaluate interactions between variables [19, 20]. The cen-
tral composite design (CCD) is an essential component
of RSM, which enhances experimentation efficiency [20,
21]. These statistical techniques not only complement the
use of indigenous yeast strains, but also create synergy
with them, collectively advancing the quest for efficient
bioethanol production.

This study aims to not only optimize fermentation con-
ditions to improve bioethanol yield and minimize glycerol
formation, but also to further investigate the performance
of the isolated yeast strain. Advanced modeling techniques
will be utilized to gain a comprehensive understanding of
how this indigenous yeast strain grows under different condi-
tions. Furthermore, the study will assess the performance of
the process under operational conditions, using the modified
Gompertz model to accurately represent bioethanol produc-
tion. The insights obtained from this multifaceted approach
hold significant promise for informing the design and imple-
mentation of large-scale bioethanol plants in various feed-
stock processing industries, particularly through the use of
indigenous yeast strains [22].
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2 Materials and methods

2.1 Feedstock

Sugar cane molasses was used as the substrate, obtained
from an Algerian sugar factory (CEVITAL), and stored at
4 °C until use.

2.2 Microorganism and inoculum preparation

A local yeast strain, S1 Saccharomyces cerevisiae, previ-
ously isolated for its ability to produce bioethanol from dif-
ferent saccharides, was used in this study. Active cultures
for fermentation experiments were prepared by growing S1
in Yeast Malt Broth (YM medium) with the following com-
position in grams per liter: yeast extract 3, malt extract 3,
peptone 5, and glucose 10. The pH was adjusted to 5.5 with
1 M sulfuric acid, and the culture was maintained at 30 °C
for 24 h, until reaching the OD level of 1, all within a shak-
ing incubator agitating at 120 rpm. The cells growing after
24 h were used as inoculum for subsequent runs.

2.3 Molasses pretreatment

Prior to fermentation, for 18 h, 0.5 M sulfuric acid (H,SO,)
was added to molasses to reach a pH sample of 4.0.

The precipitate was subsequently removed, and fermen-
tation was processed with pH 4 clear supernatant, a pH
condition considered optimal for Saccharomyces cerevisiae
growth [23].

2.4 Fermentation process

Fermentation was performed in 250-mL Erlenmeyer flasks,
each containing 150 mL of pretreated sterile molasses. Con-
centrated molasses (83°Bx) is diluted with distilled water
to obtain different concentrations. The medium was not
enriched with any mineral supplementation, and the pH was
adjusted to 4 with sulfuric acid 1 M. The incubator shaker
was maintained at a constant temperature of 30 °C while
being agitated at 120 rpm, and fermentation continued for
72 h. The batch fermentation was done in triplicate. Sam-
ples were collected at 4-h intervals and stored at — 20 °C for
analysis.

2.5 Analytical methods

Sugarcane molasses was characterized by different methods
of analysis. The percentage (W/V) of soluble solids (°Bx) was
determined with a hand-held refractometer (Scihemtech;)(type
Abbé). Protein concentration was determined by the Kjeldahl
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method and lipid concentration by the Soxhlet method. Ashes
were quantified using a muffle oven at 550 °C (Afnor 1986).
Phosphore was measured by the photometric method (Palintest
8000, England). Potassium was determined by atomic absorp-
tion spectroscopy; chloride was determined by a titrimetric
method; pH was measured using an OHAUS STARTER
3100C pH meter.

After fermentation, cell density in each sample was meas-
ured with a UV-visible spectrophotometer (PerkinElmer,
Lambda 25) at 620 nm for cell growth.

Measurements were performed immediately after centrifu-
gation at 3000 rpm for 5 min, and pH was measured directly
in the sample medium.

The supernatant was used to analyze ethanol, glycerol, and
sugar concentrations by HPLC involving ions exclusion col-
umn HPX-87H column (300 % 7.8 mm, Bio-Rad, Hercules,
CA, USA), kept at 45 °C (Oven Croco Cil™; Cluzeau-Info-
labo, Ste Foy La Grande, France). The eluent for separation
was sulfuric acid (0.01 M), applied at a flow rate of 0.7 mL.
min~!. The column was coupled with a Shimadzu RIO-6A
Refractive Index Detector (Japan) which was used for the
detection of various compounds [24].

2.6 Fermentation efficiency

The ethanol yield, determined by the ratio of ethanol pro-
duced to the amount of sugar consumed (g/g), is calculated
as follows:

AEtOH
Asugar consumption

Yron(g/g) = 1)
The ethanol productivity (g/L/h) was calculated as the ratio
of ethanol concentration (g/L) to fermentation time (h):

AEtOH

Ethanol productivit L/h) =
anol productivity (g/L/h) A fime

(@)

Fermentation efficiency was determined by the comparison
of the percentage of actual ethanol yield to the theoretical one.

actual yield of ethanol

Efficiency% = x 100 3)

theoretical yield

The yield of glycerol production (g/g) was defined
according to the following equation:

Aglycerol
Ygly(g/g) = £

4
Aconsumed substrate @)

The sugar consumption rate was calculated as the ratio
of sugar consumption (g/L/h) at a given fermentation time.

Asugar

r(g/L/h) = (5)

Atime

2.7 Experimental design and statistical analysis

Response surface methodology (RSM) was used to optimize the
bioethanol production process from sugar cane molasses and to
investigate the influence of different variables on both bioetha-
nol and glycerol yield. The central composite design CCD was
applied to study process variables and to design experimental data.

Two independent variables such as Brix (X,) and inocu-
lum volume (X,) were chosen according to literature results
and preliminary experiments in our laboratory [25, 26].

The response variables selected were bioethanol and glyc-
erol yield. Table I lists the independent variables with their
corresponding coded and actual values.

A central composite design (CCD) with three center
points was set up, 11 experiments were carried out with
various combinations of the independent variables, and the
results are gathered in Table 2. For convenience, analyses
were performed using coded independent variables (—a, — 1,
0,+ 1, + o) rather than actual values.

The response of the dependent variable was evaluated
using second-order polynomial Eq. (6) with variance for
each variable divided into linear, quadratic, and interactive
components as described below:

2 2
Y =ag+ax; +ayx, +a;x,” + aypx,” +d;pxx, (6)

where Y is the predicted response, x; and x, are the coded
levels of independent variables, a is the offset term, a,; and
a, are the linear effects, a, and a,, are the quadratic effects,
and a, is the interaction effect.

A positive relationship between the independent variable
and the response is shown by a positive coefficient, while a
negative coefficient indicates a negative relationship. Model
quality was estimated by the coefficient of determination (R?).

Table 1 Experimental range and

.. . Independent variables
levels of independent variables

Ranges and levels

used in the CCD Low-level start Low-level Central ~ High-level High-level
points a= —1.141 factorial point (0) factorial (+1) star point
=D a=+1414
Brix (°) X, 12.93 15 20 25 27.07
Inoculum volume (%) X, 2.93 5 10 15 17.07
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Table 2 Coded levels and real value of independent variables used in
the CCD

Run order Coded levels Real value
X, X, Brix degree Volume

inoculum (%)
(v/v)

1 -1 -1 15

2 1 -1 25

3 -1 1 15 15

4 1 1 25 15

5 —a 0 12.93 10

6 +a 0 27.07 10

7 0 —a 20 2.93

8 0 +a 20 17.07

9 0 0 20 10

10 0 0 20 10

11 0 0 20 10

The statistical significance of the quadratic model was
evaluated by performing the F-test for analysis of variance
(ANOVA). A confidence level greater than 95% or a p-value
less than 0.05 was used to identify significantly influencing
variables regarding ethanol and glycerol production.

2.8 Kinetic model of bioethanol production

The formation of products and byproducts during the fer-
mentation process can be described by several mathematical
models.

In most cases, bioethanol production is modeled using the
modified Gompertz model.

For this purpose, the production of bioethanol in our study
is estimated by the following equation:

1
P= Pm.exp{—exp[%xp()] .(t,_ -1 +1 } @)

Equation (7) relates the bioethanol concentration (p) to the
potential maximum bioethanol concentration (P,,), maximum
bioethanol production rate (7,, ,,), and the lag time (#,) where P is
the bioethanol concentration (g/L), P,, is the potential maximum
bioethanol concentration (g/L), r,, ,, is the maximum bioethanol
production rate (g/L/h), and #; is the time from the beginning of
fermentation to exponential bioethanol production (h).

3 Results and discussion
Before starting fermentation, chemical characterization

of sugarcane molasses was carried out in order to decide
whether or not to add a mineral supplement.
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Table 3 Physicochemical

characterization of molasses Parameters Value
Brix 83°Bx
Density 1.43
pH 6.4
Total sugars 79%
Reducing sugars 17%
(glucose + fruc-
tose)
Sucrose 62%
Ash 6.04%
Phosphorus 0.65 ppm
Potassium 14.62 ppm
Calcium 0.3 ppm

3.1 Chemical characterization of sugarcane
molasses

The chemical composition and physicochemical properties
of sugarcane molasses are summarized in Table 3.

As shown in Table 3, sugarcane molasses used in our
study showed its richness in several components which
led to its use without any additions; this composition is
quite similar to those reported in several studies. However,
some differences are noted in terms of mineral composition
[27-30].

The small differences in molasses composition reported
by various authors can be linked to factors such as the geo-
graphic origin of the feedstock, the type of molasses, and the
processing conditions [31]. Molasses as a raw material con-
tains significant quantities of various chemical components,
which are necessary for yeast growth. Indeed, the sugar com-
position is in a readily fermentable form, making it an ideal
feedstock for bioethanol production [27].

3.2 Experimental design and statistical analysis

A central composite design (CCD) with three center points
was set up, and eleven experiments were carried out. Studied
factors and levels are given in Table 4.

3.3 Statistical analysis

Based on CCD and experimental results, RSM was used
to optimize fermentation process design factors (independ-
ent variables). The obtained experimental data were evalu-
ated by ANOVA analysis and adjusted to a second-order
polynomial equation by multiple regression analysis using
JMP 7 Software. The regression equation characterizing the
influence of different considered variables on bioethanol and
glycerol process yields is as follows:



Biomass Conversion and Biorefinery

Table 4 Central composite design with ethanol yield values

Run order Real value Ethanol concentration (g/L) Glycerol concentration (g/L)
Brix degree Inoculum size Experimental ethanol ~ Predicted ethanol Experimental glycerol ~ Predicted glyc-
(%) concentration concentration concentration erol concentra-
tion
1 15 5 42.05 43.67 3.6 3.57
2 25 5 71.87 76.77 5.82 5.96
3 15 15 37.39 36.13 4.73 4.48
4 25 15 72.11 69.23 5.87 5.8
5 12.93 10 26.27 26.25 3.54 3.71
6 27.07 10 71.24 73.05 6.4 6.33
7 20 2.93 70.29 68.58 4.72 4.62
8 20 17.07 52.07 57.91 4.95 5.15
9 20 10 64.77 63.25 5.15 4.94
10 20 10 66.27 63.25 4.83 4.94
11 20 10 64.04 63.25 4.83 4.94

Table 5 Parameter estimates for bioethanol production

Table 6 Parameter estimates for glycerol production

Term Estimate Std. error t ratio Prob >l Term Estimate Std. error t ratio Prob >l
Constant 65.026667 2.015702 32.26 <0.0001 Constant 4.9366667 0.126278 39.09 <0.0001
X, 16.547478 1.23436 13.41 <0.0001 X, 0.9255813 0.077329 11.97 <0.0001
X, —3.773371 1.23436 -3.06 0.0282 X, 0.1881586 0.077329 243 0.0591
X, *X, 1.225 1.745649 0.70 0.5141 X, *X, 0.0422917 0.09204 0.46 0.6652
X, *X, —7.351458 1.469183 -5.00 0.0041 X, *X, -0.27 0.10936 —-247 0.0566
X,*X, —1.888958 1.469183 -1.29 0.2549 X,*X, —0.025208 0.09204 -0.27 0.7951

Y, = 65+ 16.5x, — 3.77x, + 1.22x,x, — 7.35x,> — 1.89x,>
®)

Y, = 4.93 +0.92x, + 0.18x, + 0.04x,x, — 0.27x,% — 0.02x,>
©))

An ANOVA test was performed to assess the statistical
significance of independent factors and their interactive
effects on both bioethanol and glycerol production (Tables 5,
6, and 7).

Tables 5 and 6 show the regression coefficients, z-values,
and p-values for the models representing bioethanol produc-
tion (Eq. (8)) and glycerol formation (Eq. (9)). Concerning
bioethanol production, we observed that the linear term of
Brix degree (X;) was highly significant and had a strong
positive effect on bioethanol production. Moreover, the
linear effect of inoculum concentration (X,) was negative
and significant at a 5% probability level. Regarding inter-
actions between variables (X,X,), their effect on bioetha-
nol production was positive but not statistically significant
(p-value > 0.05). The quadratic effect of the Brix degree
(X;) was negative and highly significant, while the quadratic
effect of inoculum concentration (X,) was negative and not
significant.

Table 7 Analysis of variance (ANOVA) for quadratic model for
bioethanol production

Source DF Sum of squares Mean square F ratio
Model 5 2616.112 523.222 42.925
Error 5 60.945 12.189 Prob>F
C. total 10 2677.0581 0.0004

In relation to glycerol formation (Eq. (9)), Table 6 reveals
that only the linear term of Brix degree (X,) was statistically
significant and had a strong positive impact on glycerol for-
mation. The linear effect of inoculum concentration (X,) was
positive, but not statistically significant (p =0.0591) suggest-
ing that inoculum concentration may have some effect on the
response variable, but it is not strong enough to be consid-
ered statistically significant at a significance level of 0.05.
The quadratic effect of X, was negative and not significant.
As for the interaction between X, X,, the effect was positive
but not statistically significant.

According to the results in Table 7, the model was statisti-
cally significant with an F-value of 42.92 and a low prob-
ability p-value of <0.0004.
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Furthermore, the evaluation of the model was also
checked using the correlation coefficient (R? and adjusted
coefficient (Rzadj); their values were found to be 0.98 and
0.95, respectively. These values indicate that 95% of the
variability in response could be explained by the model with
the elimination of 5% of the total variation in bioethanol
production. Figure 1 shows the predicted versus the experi-
mental value of response (bioethanol yield) for all runs. The
high correlation coefficient (R*=0.98) observed in the graph
indicates a strong positive correlation between the predicted
and experimentally obtained values. This correlation demon-
strates that the predicted values align closely with the actual
experimental results, thus confirming the accuracy and reli-
ability of the predictive model.

Regarding glycerol formation as the response variable,
the ANOVA analysis showed that the regression model was
highly significant. This is attested by the calculated Fisher’s
“F” value, which stands at 31.12, and an associated prob-
ability p-value of 0.0009 (Table 8). A large F-value with a
corresponding small p-value indicates a high significance of
the respective coefficient.

Moreover, the values of R* and Rzadj were found to be
0.97 and 0.94, respectively. These values indicate that 94%
of the response variability may be explained by the model.

While eliminating 6% of the total variation in glycerol
production. Figure 2 shows the predicted versus experimen-
tal values of the response variable, glycerol yield, for all
experimental runs.

It can be observed that there is a positive correlation
(R*=0.94) between the predicted and experimental values,
indicating good agreement between these values.

80 -
=
= [ )
= d
s 70 )
- .-"
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£ 60 -
(=]
o o .
S _
53 50
= o
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[
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Fig. 1 Predicted ethanol production versus experimental
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Table 8 Analysis of variance (ANOVA) for quadratic model for glyc-
erol production

Source DF Sum of squares Mean square F ratio
Model 5 7.44 1.489 31.135
Error 5 0.239 0.047 Prob>F
C. Total 10 7.686 0.0009

R* = 0.98:R%4; = 0.95

R* = 0.97:R%4; = 0.94

The results obtained in this study highlight the relation-
ship between the considered variables, Brix degree, and
inoculum concentration and their effect on both bioethanol
production and glycerol formation.

In fact, in our study, when we started fermentation with an
initial concentration of total sugars of 124 g/L (12.93°Bx),
we obtained the lowest concentration of bioethanol and
glycerol, 26.27 g/L and 3.54 g/L, respectively. These values
reach their maximum at 256.98 g/L. (27°Bx) of total sugars,
and then, we obtain 71.24 g/L of ethanol and 6.4 g/L of
glycerol.

These findings are in line with the established literature,
which indicates that an increase in the sugar concentration
results in an elevated production rate of bioethanol and
glycerol [32, 33].

Zentou et al. [32] reported that fermentation with
glucose concentrations varying between 25 and 250 g/L

6.5 4

(g/L)
[ )
[ ]

R?=0.9689

4.5 4

o®

3.5 4

Experimenta glycerol concentration

3 T T T 1
3 4 5 6 7

Predicted glycerol concentration (g/L)

Fig.2 Predicted glycerol production versus experimental
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resulted in an increase in bioethanol and byproducts, par-
ticularly glycerol.

However, our results reveal that at certain high glucose
concentrations, there is a reduction in ethanol levels and
an increase in glycerol formation.

We obtained a reduction in ethanol production of 71.24
g/L when we attempted a high sugar concentration at
256.89 g/L, corresponding to 27°Bx.

According to Vucurovié et al., substrate inhibition
becomes significant at a sugar concentration higher than
175 g/L [34]. However, Beigbeder et al. observed a reduc-
tion in ethanol concentration when the sugar beet molasses
concentration was higher than 225 g/L [35].

The reduction of ethanol production is probably due
to the inhibitory effects of elevated glucose levels, which
hinder the growth of yeast cells and the efficient utiliza-
tion of carbon sources. This, in turn, results in increased
osmotic stress, which requires additional glycerol, leading
to reduced ethanol concentration and yield [36, 37].

Regarding the inoculum concentration, its impact is
critical in bioethanol production as it can affect the fer-
mentation process and the final ethanol yield [38, 39]. Our
experimental outcomes corroborate these findings. Indeed,
the present results demonstrate that, regardless of the Brix
degree used in this study, there was a significant reduc-
tion in the rate of bioethanol production as the inoculum
concentration increased suggesting that for our locally
isolated yeast strain, an increase in inoculum concentra-
tion has a negative impact on bioethanol production. The
results in Table 4 show that using 17.07% of the inoculum
led to the production of 52.07 g/L of bioethanol, whereas
using the same concentration of sugar notably 190.36 g/L
and decreasing the inoculum volume to 2.93% produced a
higher bioethanol concentration of 70.29 g/L.

In their study focusing on the use of sweet sorghum
stalk juice to produce ethanol, Chauhan et al. [40]
observed that using 5% yeast inoculum size resulted in
higher ethanol yield as compared to 10% and 15%. Their
findings align closely with the results obtained in our
study.

Furthermore, our results also reveal that, as the ethanol
yield decreases with the increase in yeast concentration, an
increase in glycerol synthesis is observed. This phenomenon
can be attributed to cellular behavior, which, at higher con-
centrations, tends to allocate metabolic resources to glycerol
production as a stress response mechanism at high cell den-
sities [38, 41]. This accumulation of glycerol, as an osmo-
protectant, then competes with ethanol production, leading
to a reduction in ethanol yield [42].

Chauhan et al. [40] and Laopaiboon et al. [43] have
suggested that inoculum concentration may not affect con-
siderably the final ethanol concentration. Nevertheless, it

influences significantly the level of sugar consumption and
the efficiency of ethanol production.

3.4 Optimization of bioethanol production: batch
fermentation under optimum conditions

The desirability function was used to optimize the fermenta-
tion parameters in view to achieving the maximum bioetha-
nol yield (Fig. 3).

As shown in Fig. 3, an optimal design with a desirability
factor of 0.98 was attained at 25°Bx and 6.6% inoculum
volume.

During the fermentation of synthetic molasses with Sac-
charomyces cerevisiae, Reddy et al. deduced optimal condi-
tions that are very close to ours, namely, 300 g/L sugar and
2 g/L inoculum [44]

However, with a desirability factor of 0.817, Maiti
et al. [45] predicted an ethanol concentration of 50.49 g/L
under optimal conditions, namely, 220.7 g/L of total sugar
concentration.

In this study, batch fermentation was conducted under
optimized conditions determined through the application of
the desirability function. The desirability function facilitated
the identification of the ideal combination of fermentation
parameters aimed at maximizing bioethanol yield from sug-
arcane molasses using Saccharomyces cerevisiae.

Under the optimized conditions, characterized by a sugar
concentration of 237.95 g/L (25°Bx) in the molasses and an
inoculum volume of 6.6%, the batch fermentation process
demonstrated promising outcomes. The desirability factor of
0.98 indicated the attainment of an optimal design, maximiz-
ing bioethanol yield. The predicted maximum bioethanol

70 - B :__E%‘
60
> o & g0
40 +
30 +
£ 8 :
8 ®© !
gd :
.g © ;
ao & :
= -
o - '
T T T T T T T T T
W Y O v VY v O W v
- ~ N ~ v o
- ~ -
X1 X2

Fig.3 Optimization of bioethanol response by composite desirability
function
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concentration reached 75.08 g/L, while glycerol, a common
byproduct of yeast fermentation, was produced at a concen-
tration of 5.7 g/L. These findings underscore the efficacy of
the optimization process in enhancing bioethanol production
from sugarcane molasses.

During fermentation, Saccharomyces cerevisiae exhibits
varied behaviors in consuming these sugars, as illustrated
in Fig. 4 and supported by findings from Phowchinda and
Strehaiano [46]. Despite a 3-day fermentation period, sugars
were not entirely consumed, as shown in Fig. 1. Notably,
sucrose hydrolysis into fructose and glucose occurred after
24 h. This process involves two mechanisms: extracellular
invertase—mediated breakdown of sucrose into glucose and
fructose, followed by facilitated diffusion into the cell via
hexose transporters, or active transport into the cell, fol-
lowed by intracellular hydrolysis [47, 48].

Saccharomyces cerevisiae demonstrates a preference for
glucose over fructose [49]. Figure 4 indicates that not all
sugars were fully utilized by the end of fermentation, sug-
gesting the glucophilic characteristics of the isolated yeast
strain. Similar observations were made in studies by Sudibyo
et al. [50] and Tronchoni et al. [51].

As shown in Fig. 5, yeast growth continued until the end
of the culture, reaching a final OD value of 2.97. Bioetha-
nol production commenced at the first sampling, 12 h into
fermentation, peaking at 75.1 g/L after 72 h of cultivation.

In addition to ethanol production, some studies have high-
lighted the coproduction of added-value compounds such as
glycerol [52] and volatile compounds [53].

In the present study, glycerol production was observed
after 24 h of fermentation, reaching 5.82 g/L by the end
of fermentation. Phukoetphim et al. [54] also observed
an increase in glycerol concentration with rising sugar
concentration.
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Fig.4 Sugar consumption during fermentation at optimized condi-
tions
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Fig.5 Absorbance and ethanol and glycerol production during fer-
mentation at optimized conditions

Furthermore, studies by Attfield [55] and Jiménez-Marti
et al. [56] indicated that yeast cells, under specific envi-
ronmental conditions, produce glycerol to counter osmotic
stress caused by high sugar concentrations.

This section highlights the robustness of the fermentation
process under optimized conditions, shedding light on the
metabolic behavior of locally isolated Saccharomyces cer-
evisiae and its implications for bioethanol production. The
success of batch fermentation processes relies not only on
optimizing fermentation parameters but also on understand-
ing and mitigating yeast stress factors. Changes in environ-
mental conditions and yeast culture medium composition
can induce stress at various levels, including macroscopic,
microscopic, and molecular [17]. Factors such as the com-
position of the culture medium [57], osmotic pressure [58],
ethanol accumulation [59], and temperature [60] contribute
to yeast stress, affecting their growth capacities and produc-
tion [61, 62].

During stress, yeast cells undergo metabolic changes,
including an increase in intracellular glycerol concentration
and a decrease in metabolic activity, leading to reduced glu-
cose utilization and growth rates [63]. While glycerol plays a
crucial role in maintaining the NAD +/NADH balance and
initiating ethanol fermentation [64], its excessive production
can have negative implications for the fermentation process.
Glycerol consumption accounts for a significant portion of
the carbon source, approximately 4%, in Saccharomyces
cerevisiae fermentation [64]. Thus, minimizing glycerol
formation is essential in bioethanol production to enhance
ethanol yields, reduce costs, optimize resource utilization,
and increase overall process efficiency [65]. Understanding
the interplay between yeast stress, glycerol formation, and
fermentation parameters is essential for maximizing bioeth-
anol production efficiency. By addressing these factors,
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researchers can develop strategies to optimize fermentation
conditions, mitigate yeast stress, and enhance bioethanol
yields.

Moreover, we calculated the kinetic parameters of bioeth-
anol production, including an ethanol yield of 0.33 g/g, etha-
nol productivity of 1.04 g/L/h, and an efficiency of 66%.
These results align with those reported by Roukas [66], with
an ethanol yield of 0.3 g/g. However, Hamouda et al. [10]
obtained a higher ethanol yield (0.41 g/g), likely due to the
inhibitory effect of other byproducts. In our study, a glycerol
yield of 0.025 g/g was obtained, consistent with the findings
of Jagtap et al. [67].

3.5 Fermentation kinetics of bioethanol production
The kinetics of bioethanol production under optimal condi-

tions is illustrated in Fig. 6, showing both experimental and
calculated values.
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The adjustment was carried out with the modified
Gompertz model. The coefficient of determination (R?)
value of the model was found to be 0.9989, suggesting
that the modified Gompertz equation is able to adequately
describe ethanol production during the fermentation of
sugarcane molasses.

The kinetic parameters of the proposed model were
determined to be P,,=73.55 g/L for the maximum ethanol,
r,m=2.61 g/L/ h for its maximum production rate, and
t; =10.47 h for the lag phase. These results correspond
well to experimental data confirming the good fit of our
model.

Our results are similar to those of some authors in terms
of maximum bioethanol production P,,, as shown in Table 9.

Indeed, Dodi¢ et al. [68] obtained raw juice
P,=73.31 g/L, and Priyadharsini et al. [69] produced a
maximum ethanol corresponding to P,,=69.07 g/L, with
Kappaphycus alvarezii waste.
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exprimental data
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Fig.6 Fitting of the modified Gompertz models to the experimental results of bioethanol concentration (g/L) vs time (h).

[EtOH] = 73.55.exp {—exp [2.61 %‘;] (1047 = 1) +1 }

R? =99.89%

Table 9 Comparison of kinetic
parameters with different
studies using modified

Gompertz model

Substrate Kinetic parameters References
P, (g/L) 7,m (g/L/0) 1, (h)
Sugarcane molasses 73.55 2.61 10.47 This study
Raw juice 73.31 4.39 1.04 Dodi¢ et al. [68]
Reject of Kappaphycus alvarezii 69.07 3.87 4.89 Priyadharsini et al. [69]
Potato waste 49.81 0.87 5.29 Abada et al. [70]
Sweet sorghum juice 108 1.8 7.4 Salakkam et al. [71]
Jack fruit 7.54 0.09 17.56 Kularathne et al. [72]
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On the other hand, Abada et al. [70] reported a maxi-
mum ethanol concentration P,,=49.81 g/L, while Salak-
kam et al. [71] achieved a maximum ethanol concentration
P,=108 g/L.

We can also observe that there is a difference in the lag
phase and maximum production rate between all the studies.

In our case, the obtained lag phase (#;,) =10.47 h is
relatively longer than those reported in most of the works
cited in Table 9, but not as long as those reported by
Kularathne et al. [72] with #;, =17.56 h, suggesting that
our yeast needs probably time to adapt to the initial high
sugar concentration.

Indeed, it is reported that the difference in kinetic
parameter values can be attributed to several factors, such
as sugar concentration, substrate type, inoculum type and
size, and working volume [73].

Through the kinetic parameters obtained, our results
show the potential of the isolated yeast to achieve a higher
maximum bioethanol concentration.

4 Conclusion

This study investigates the impact of various parameters
on bioethanol and glycerol production from sugarcane
molasses. Kinetic parameters of fermentation utilizing
Saccharomyces cerevisiae, specifically an Algerian yeast
strain that was locally isolated, were also determined. The
promising performance of this strain in fermentable sugar
transformation emphasizes its importance in the perspec-
tive of large-scale production.

Results obtained using response surface methodol-
ogy (RSM) indicate effective optimization of fermenta-
tion parameters, with high values of R? (0.98) and R2adj
(0.95). Particularly, a maximum bioethanol concentration
of 75.08 g/L at 25°Bx with a 6.6% inoculum rate demon-
strated the robust potential of this local strain.

The Gompertz model, with a high precision of R? at
0.99, strengthened result validity and highlighted the
robustness of our approach.

These findings indicate that Saccharomyces cerevisiae
strain S1 shows great potential for a transition to large-
scale industrial production of bioethanol from sugarcane
waste. Further exploration in larger-scale bioreactors is
recommended to fully unlock the complete capabilities of
this locally isolated yeast for industrial applications.
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