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Modeling of bioethanol production through
glucose fermentation using Saccharomyces
cerevisiae immobilized on sodium alginate beads

Astrilia Damayanti?, Zuhriyan Ash Shiddieqy Bahlawan? and Andri Cahyo Kumoro?*

Abstract: As a response to the increasing demand for ethanol as a renewable
energy source, the design of a bioreactor to facilitate efficient glucose fermen-
tation by Saccharomyces cerevisiae is very essential. Although a number of
mathematical models that gave some parameters used for bioreactor design can
be found in the literature, only a few models were designated for fermentation
using immobilized S. cerevisiae. This study aimed to develop an unstructured
fermentation kinetics model based on the mass transfer phenomena and the
Monod equation to describe the rate of glucose consumption, glucose concen-
tration on the bead surface, yeast cell growth, and ethanol concentration. Four
ordinary differential equations obtained from the model development were
solved simultaneously using fourth order Runge-Kutta with the help of MATLAB
software. The accuracy of the model was verified with the experimental data
collected from the relevant literature with the average error (%) of the variation
of loading yeast mass, pH, and temperature were 5.12-10.08, 3.63-7.95, and
5.35-11.87, respectively. Seven adjustable kinetic parameters were also suc-
cessfully obtained for a quantitative description of bioethanol production from
fermentation of glucose employing S. cerevisiae immobilized on sodium alginate
beads. The simulation results proved that the proposed model can accurately
predict the concentration of glucose and ethanol in the fermentation broth,
concentration of glucose on the alginate beads surface, and yeast cell concen-
tration. Hence, the model can be potentially applied for the design of a larger
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scale batch bioreactor for glucose fermentation using S. cerevisiae immobilized
on sodium alginate beads for ethanol production.

Subjects: Adsorption Science; Biochemical Engineering; Biotechnology

Keywords: ethanol; thin film model; Monod; yeast; mass transfer; kinetics

1. Introduction

The continuous development of industrialization and transportation activities around the world
has led to an incredible annual increase in fossil energy consumption by 2% to 3% per year,
which triggers rapid fossil fuel resources depletion (Azhar & Abdulla, 2018). To respond to this
continuous decline of fossil fuel reserves, alternatives of energy sources have to be renewable,
sustainable, environmentally benign, affordable, safe, and convenient (Busi¢ et al, 2018;
Hossain et al., 2017). As the most popular alternative to gasoline, ethanol has gained remark-
able attention from researchers, which lead to the rapid development of microbial ethanol
production (Rastogi & Shrivastava, 2017). Various microorganisms, such as Saccharomyces
cerevisiae (Azhar et al, 2017), Saccharomyces pastorianus (Harcum & Caldwell, 2020),
Saccharomyces bayanus (Gil & Maupoey, 2018), Kluyveromyces marxianus (Murari et al.,
2019), Clostridium sp. and Zymomonas mobilis (Beltran et al., 2020) have been proven to be
the appropriate candidates to produce ethanol in commercial-scale. Naturally, both
S. cerevisiae as the mesophilic and K. marxianus as the thermotolerant yeasts are acidophilic
microorganisms. Therefore, they can grow well if the conditions are under an acidic environ-
ment with a pH range of 4.0 to 6.0, high and low temperatures, the presence of oxygen, and
the type of yeast strain (Tkavc et al., 2018).

The simplicity of batch fermentation provides easy operation and control, low investment
costs, and high yield for ethanol production from glucose (S. Y. Lee et al.,, 2011). This process
is reported to be influenced by fermentation time (Chen et al., 2014), temperature (Hossain
et al, 2017; Alberti et al,, 2017), pH (Azhar et al, 2017; Silva-Illanes et al., 2017) and
inoculum loading (Azhar et al., 2017; Alberti et al., 2017). The optimum conditions for glucose
fermentation using S. cerevisiae to obtain maximum ethanol production were at 25°C to 40°C
(Tofighi et al., 2014; Unal et al., 2020), pH 5 (Mishra et al., 2016), and inoculum loading of
1 x 108 cells/mL for 48 hours (Nuanpeng et al., 2018). Fermentation employing immobilized
yeast cells is more advantageous than conventional fermentation using free yeast cells,
which includes a larger biomass concentration in the reactor and higher cell’s activity
(Chacon-Navarrete et al., 2021; Todhanakasem et al.,, 2020), higher ethanol productivity,
and yield, lower operating cost due to cell reuse for subsequent fermentation cycles, and
low tendency to be contaminated (Duarte et al., 2013). Ethanol production using Z. mobilis in
an immobilized cell reactor (ICR) was nearly two times that carried out in a free cell
bioreactor (Nordmeier & Chidambaram, 2018).

The application of biofilm reactor has been studied to enhance the economics and perfor-
mance of the fermentation process for ethanol production (Karagoz et al, 2019).
Fermentation using immobilized cells has been investigated to eliminate substrate and
product inhibitions caused by their high concentrations, which subsequently enhance yield
and productivity. However, cells entrapped in the porous matrices are exposed to a condition,
which is largely different from the bulk solution, since immobilized cell systems are composed
of the cells, the support material, and the void spaces in a fluid-filled support structure.
Generally, the limited supply of nutrients to cells in immobilized cells occurs due to the
absence of convective flow inside the beads so that nutrients are received by cells only by
diffusion (Riley et al., 1996). Several researchers investigated the immobilized cell system on

Page 2 of 21



Damayanti et al., Cogent Engineering (2022), 9: 2049438 ‘;K;' Cogent Y= g | nee ri N g

https://doi.org/10.1080/23311916.2022.2049438

mass transfer on the cell growth rate, inhibitory effects of substrates and/or products, and
product formation (Zur et al., 2016).

Mathematical simulations are proven to be dynamic tools for evaluating the fermentation
processes that significantly reduce the cost for carrying out experiments, especially for the
design, control, and scale-up (Mears et al., 2017). The accuracy of the simulation itself is
strongly dependent on the appropriateness of the underlying mathematical model applied for
the estimation of the responses of a given system to environmental changes and operating
conditions. Therefore, the mathematical models should correctly describe the mechanisms of
the processes under consideration. For the aims of fermentation simulation, kinetic models
based on the mass balance of the substrate and targeted product in the bioreactor are
generally applied. As a response to the rising interest in an alcoholic fermentation for
commercial application, numerous kinetic models of freely suspended cells for both batch
and continuous operation have been proposed (Kyriakou et al.,, 2019). However, no kinetic
models can be expected to be directly suitable to a real process condition. Hence, mathe-
matical modeling should be initiated from the simplest type, but it must be then improved
and extended until it satisfactorily describes the real process mechanisms. The most funda-
mental aspect of unstructured models of microbiological processes is the approximation of
time-varying cell concentrations or high substrate concentrations rather than the saturation
constant (Manheim et al., 2019). In fact, the control models for the common commercial
applications are usually derived from the simple—unstructured models because the compu-
tation process will help to look for the appropriate value of the adjustable parameters based
on the response of the system to any given disturbances. The mathematical model proposed
in this paper is thus developed based on the fundamental mass transfer and microbiological
processes by immobilized S. cerevisiae. Glucose consumption, ethanol production, and growth
pattern of immobilized yeast cells in sodium alginate beads were evaluated from a study of
the influential fermentation conditions in a stirred batch fermentation (Kumoro et al., 2021).

1.1. Mathematical model development

In order to gain a better understanding of the phenomena and to generalize the results
obtained, it is necessary to conduct a kinetic study supported by mathematical modeling.
A simplified mass-balance mathematical model can be developed by considering only the
kinetic rates of the controlling reaction processes, which involve the substrate consumption
for biomass and product formation, ethanol production, and yeast growth. In the fermenta-
tion process, the biofilm is attached to the Na-alginate beads as the immobilizing media, and
the glucose is fed to the reaction flask following a batch system. The glucose in the fermen-
tation broth is converted to ethanol by the yeast in the biofilm and continuously released
from the yeast cells. Kinetics models to quantitatively describe the process are proposed.
Theoretically, for the case of fermentation involving immobilized cells, there is the additional
influence of the mass transfer resistances on the process dynamics. Hence, the model can be
well represented by the inclusion of both internal diffusion and convective mass transfer at
the surface of the solid matrix containing immobilized yeasts to the model mass balance
equations. However, it is also important to consider that the structure of 2% (w/v) Na-
alginate beads was strong enough and no observable leakage of cells from the beads into
the bulk of fluid was found in the immobilized cell reactor (ICR) column (Najafpour et al,,
2004). They also reported that yeast cells grew on the surface of the outer beads at which
apparent active sites were still observed upon 72 hours of fermentation in the ICR suggesting
the sufficient availability of the yeast for ethanol production without diffusion problems.

Metabolic flux analysis (MFA) is a powerful analytical method employing a rigorous optimi-

zation procedure to measure the quantity of the intracellular metabolic fluxes resulted from
all recognized catalytic and transcriptional interactions. Although the MFA is basically
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Figure 1. The mass transfer
mechanism of glucose from the
fermentation broth to the
biofilm.
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performed based on the stoichiometry of the metabolic reactions and the mass balances of
the intracellular metabolites, which are assumed to occur under pseudo-steady state condi-
tions, two methods are generally used to study the metabolic flux presents in a biological
system, namely the C-based flux analysis and constraint-based flux analysis (S. Y. Lee et al.,,
2011). In this work, the MFA was used to determine the main metabolic pathway based on an
optimal criterion (maximum growth) using the stoichiometric constraint and the following
general assumptions:

1. The concentration and movement of the substrate in the reaction flask are uniform.
2. The fermentation system is pseudo-isothermal.
3. The biofilm thickness increases as time progresses.

The mechanism of the combined mass transfer and biochemical reaction process is then
proposed as follows (Figure 1).

The values of glucose concentration at the yeast cells biofilm surface grown on the alginate
bead particles pore surface can be predicted by means of its mass balance similar to the case
of a single biocatalyst particle. For this objective, the following assumptions were taken into
account:

(1) the yeast cells are uniformly distributed inside the alginate bead particles pores with
low concentration and they are involved in the biochemical reactions to convert glu-
cose into ethanol without any kind of physical limitation (Azhar et al., 2017)

(2) the effective diffusion coefficient for ethanol is far higher than that of glucose (Landaeta
et al, 2019), and that there were no substrate and product diffusion limitations in the
alginate bead pores suggesting that their concentration within the bead pores is uniform
(Mishra et al., 2016; Saha et al., 2019).

(3) there are no physical or chemical interactions between the substrate or products and the
alginate bead particles.

(4) Ethanol remains in the fermentation broth during the fermentation process because it is
highly soluble in water and does not accumulate in the immobilized yeast cells (Zentou
et al,, 2019).

Based on the previous observation that internal diffusion of glucose within the alginate
beads pores is very rapid (Lee & Mooney, 2012), the pores should always be filled with
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glucose solution. Therefore, glucose from the bulk of the fermentation broth is transferred to
the surface of the biofilm through a liquid film via a diffusion mechanism across the liquid-
biofilm interface.

The rate of glucose mass transfer from the bulk of fermentation broth through the liquid film can
be approximated by equation (1; Bird et al., 2015):

dcG
Fom = — dtL = ki.am(CG, — CGyj) W

The glucose molecules then diffuse into the inner part of the biofilm. Since the rate of biofilm
thickness increase is much slower than the rate of substrate consumption, the system
conditions can be assumed to be at a quasi-steady state for short periods of time.
Therefore, it is plausible to assume that the immobilized cell aggregation is at a quasi-
steady state and all the cells inside the biofilm are in the same physiological phase by
which an average kinetic constant can be applied for the microbial phase (yeast cells).
While diffusing through the biofilm, some glucose is converted into ethanol by the yeast
cells residing in the biofilm. The rate of the glucose consumption by yeast cells can be
approximated by Monod’s equation (Sivarathnakumar et al., 2019):

CGs

6 = 1 = Hmox- 061 Ks (2)

The Ks and pmex terms denote the Monod constant or half-saturation constant of growth kinetics
and maximum-specific growth rate, respectively. Najafpour et al. (2004) found that the values of
the Monod’s constant and maximum specific growth rate were 2.23 g/L and 0.35 g/(L.h), respec-
tively. In the existence of alginate beads, yeast cells biofilm, and counter-diffusion, the effective
diffusion coefficient for ethanol is far higher than that of glucose (Estape et al., 1992). Therefore,
ethanol as the product of glucose conversion can be immediately released from the yeast cells
resulting in negligible ethanol inhibition. In addition, when ethanol tolerant yeast is employed for
the fermentation, the effect of product inhibition will also be insignificant Kostov et al., 2012).

Because glucose diffusion through the alginate beads pores is relatively fast (A. Damayanti
et al,, 2021), its concentration in the bulk liquid of Na-alginate bead pores value is considered
to be uniform (CG.), while glucose concentration at the biofilm surface CGs varies with
fermentation time. The yeast cells can be assumed to grow proportional to the amount of
glucose consumed as substrate. As a result, the thickness of the biofilm increases. However,
because biofilm thickness (8) is relatively thin (Zakhartsev & Reuss, 2018), so its geometry still
can be assumed as a slab.

1.2. The mass balance of glucose on the biofilm on Na-alginate beads surface
Glucose mass balance can be performed by involving ethanol inhibition of the Hinshelwood
model.

Rate of mass input—Rate of mass output—Rate of mass reaction = Rate of mass accumulation

dCGs

kLa(CGL — CGLi) —0—-adrs = dt

3)
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dCGs 1 dX 1 dCE

In equation (1) and equation (4), CGy; is the concentration of glucose in the liquid phase that
is in equilibrium with glucose concentration in the surface of biofilm (CGs;). According to the
substance partition concept, which is the Henry’s type equation (Bird et al., 2015):

CGj = Hs.CGs; (5.0)
Based on the assumption that the yeast cells biofilm is very thin (Zakhartsev & Reuss, 2018),
the value of CGg; is approximately equal to CGs, so equation (5.a) becomes:

CG; = Hs.CGs (5.b)

Hence, equation 5(b) is substituted to equation (1) and (4) becomes:

dcG

dtL = —ki.0m.(CG — Hs.CGs) ©
dCGs 1 dX 1 dCE

- —kL-am-(CGL*Hs-CGs)*Vé-E*E-T (7)

Since the rate of yeast cell growth (ry) is proportional to the rate of glucose consumption (rg), the
rate of yeast growth can be estimated by:

dX ( CGs

ry = E = ﬂX = Kmax- m) (1 - KEX.CESL).X (80)

However, if no product (ethanol) inhibition to the yeast cell growth, equation (8.a) can be simpli-
fied to:

dx cG

However, CGs cannot be directly measured from experiments. So, their values should be
calculated from the CG, value as the measurable quantity in the fermentation process.

In a closed fermentation system where cell growth is the sole process that influences the
microbial cell concentration, the cell growth rate (ry) is equivalent to the rate of change of cell
concentration. By establishing the microbial film thickness at a specified time is §, the rate of the
yeast cells mass (X) change is:

dX
i rx.a.s (9.0)
The mass of the microorganisms X = p.V, where p is mass of yeast cells per volume of microbial

film (or density) and V is the volume of the microbial film, equation (9.a) becomes:

d(p.am.5)

dt = Yg.rg.am.é (9b)
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where Yy,s is the yield coefficient that defines the ratio of the yeast cell’s mass growth to the
mass of glucose consumed. Since the surface area of the microbial film (a,) and density of
yeast cells are relatively constant, equation (9.b) can be simplified into the equation (9.c):

ds 5. CGs
1.3. Mass balance of ethanol in the bulk fermentation broth

The specific growth kinetics, incorporating the Monod dependence on the substrate and the
growth inhibition by the ethanol as a product can be written using the Hinshelwood model:

Rate of mass input—Rate of mass output—Rate of mass reaction = Rate of mass accumulation

dCE;
0-0+asdre= T (10)
dCE, CGs
dCE, CGs
S = dmax (W) (1~ Kee.CEL) X (10.b)

where Kge and CE; are respectively the inhibition constants for the ethanol and the concentration
for the ethanol in the bulk fermentation broth. Hence, if ethanol production is not inhibited by
ethanol concentration (Vives et al., 1993), Equation (10.b) can be simplified into:

dCE, CGs
ar Amax- (m) X (10.¢)

The ethanol inhibition during fermentation for immobilized yeast cells can be represented by
Luong’s model (Zentou et al., 2021):

CEN"
H :."‘max~(1 _C_Ec> (11)

where p is the specific fermentation rate (h™), tmax is the maximum specific fermentation rate
(h™Y, CE is the ethanol concentration (9. dm™), CE. is the critical ethanol concentration at which
fermentation is stop (g. dm™3) and n is the so-called toxic power of ethanol (dimensionless). Vives
et al. (1993) observed that the value of pme,CEc, and n for S. cerevisiae cells immobilized on Ca-
alginate beads are 1.02 (h™%), 98.5 (g/L) and 0.59, respectively.

Thus, the mathematical models representing the conversion of glucose using yeast cells immobi-
lized on Na-alginate beads are the set of equations (6), (7), (8.b), and (10.c) can be solved simulta-
neously using the initial conditions: CG, (0) = CG,4,CGs (0) = 0, CE, (0) =0, and 6 (0) = 0. The accuracy of
the proposed model can further be verified with the data obtained from the experiment.
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2. Materials and methods

2.1. Chemicals and microorganisms

The chemicals used in this study were the same as those previously used by Kumoro et al. (2021).
Glucose solution at a concentration of 172 g/L was carefully prepared from glucose powder
(Sigma-Aldrich). Instant Dry Yeast (“Fermipan”, Indonesia), which was sold as 0.5183 g per tablet
containing 1 x 102 cells/mL was used as the original source of S. cerevisiae.

2.2. Preparation of yeast cell suspension

The cells suspension employed in this study was prepared according to the protocol described by
Kumoro et al. (2021). A carefully prepared (50 mL) growing media (a mixture of 5 g/L peptone and
10 g/L glucose) was introduced in a 250 mL Erlenmeyer flask. Upon autoclaving of the growing
media at 121°C for 15 minutes for sterilization, the dry yeast (0.25, 0.5, 0.75, and 1 g) was added to
the sterile solution and followed by aseptic mixing in an orbital shaker operated at 150 rpm and
ambient temperature for 24 hours. Then, 50 mL sterile water was added to the resulting cell
suspension to obtain 100 mL dilute suspension and were ready for further use.

2.3. Preparation of immobilized yeast cells

The immobilized yeast cells employed in this study were prepared according to the protocol
described by Kumoro et al. (2021). The cell suspension obtained from centrifugation was
added to a 2% (w/v) alginate solution in a ratio (w/v) of 1:1 (A., Sarto Damayanti et al,,
2020). Then the mixture was introduced dropwise into 0.1 M CaCl, solution at 30°C with an
inflated syringe. The beads formed in the CaCl, solution were stored for 20 hours at 4°C
before use.

2.4. Preparation of ethanol production using glucose with immobilized yeast cells
Nutrients as the fermentation medium used in this study were the same as those previously
used by Kumoro et al. (2021). The nutrients consist of 5 g/L ammonium sulfate, 2.5 g/L yeast
extract, 6 g/L magnesium sulfate, and 1.7 g/L yeast nitrogen base.

2.5. Analysis Model

The data measured during the FERMENTATION process was the concentration of glucose and
ethanol dissolved in the solution at various times. Parameters that can be set in the
mathematical model are K;qHs,UmaxKsxqm,Kse Yxss, and Yess. To obtain the values of these
parameters were solved with the help of the MATLAB software. The parameter value is
obtained through the calculation of % error (equation 12-14). Furthermore, curve fitting
between the observed data and calculated results was also conducted.

n
%Ethanol Conc. Error = Y, Abs
i=1

(measured data; — measuredcalculation;

07
measured data; >X100 % (12)

n
%Glucose Conc. Error = )’ Abs

(measured data; — measured calculation;
i=1

.
measured data; )X 100% (13)

Ethanol Conc. error + Glucose Conc. error
% average error =

2
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3. Results and discussion

3.1. Effect of mass yeast load

The optimized adjustable parameters obtained from the mathematical modeling along with
the average absolute errors for both glucose and ethanol concentrations, and their mean
values at various yeast mass loading, temperature, and pH for glucose fermentation using
immobilized S. cerevisiae on sodium alginate beads are presented in Table 1, 2, and 3,
respectively. Accordingly, the corresponding calculated and experimental data (glucose and
ethanol concentrations in the bulk fermentation broth and glucose concentration at the
sodium alginate beads surface) are depicted in Fig. 2, 3, and 4.

Table 1 shows that a higher yeast mass loading (g) resulted in a higher ethanol yield (Yg/s) value
although no significant difference of yeast mass on glucose yield (Yys) was observed. The close
values of Yy indicate that the S. cerevisiae strain used in the fermentation effectively used the
glucose as the substrate to grow and multiply their cell number. From their modeling, Aguilar-
Uscanga et al. (2011) also revealed that yeast mass on glucose yield coefficient (Yy/s) decreased
when fermentation was performed using a higher yeast mass loading. In addition, the close
values of mass transfer coefficient (ko) and equilibrium constant (Hs) across the microbial film
confirmed the assumption that the microbial films were extremely thin. However, an excessive
yeast mass loading (beyond 0.5) led to a drastic reduction of the maximum yeast growth rate
(Umax) and maximum-specific ethanol production rate (gmqx), Which can be due to the extremely
tough competition between the yeast cells. The results are in accordance with pmne values
reported by Woo et al. (2014) and J. S. Lee et al. (2013) where a lower initial glucose concentra-
tion for a given S. cerevisiae BY4741 and S. cerevisiae NK28 mass loading caused higher pmax
values. The higher average error values between the calculated glucose and ethanol concentra-
tions and those obtained from experiments were obvious to fermentation using a higher yeast
mass loading. This increase can be clearly seen in Figure 2.

As presented in Figure 2, all the corresponding experimental data and calculation results
exhibit the same trend. Glucose concentrations in the fermentation and became close to zero
at 16 hours because glucose rapidly entered the Na-alginate bead pores and was followed by
a quick diffusion to the microbial film. Thiele modulus (¢) can be used to identify the effect
of internal diffusion on the biochemical reaction rate (Galaction et al., 2010). Vives et al.
(1993) also reported that the observable Thiele modulus (¢) values for both glucose and
ethanol were always in the range between 1 x 1073 to 6 x 1072, which confirm that there
were no internal and external diffusion limitations in the alginate beads. Scott et al. (1989)
also found that the diffusivity coefficient of glucose solution with 10-200 g/L concentration
to 2 mm alginate beads at 30°C ranged between 6.0 x 107 to 6.8 x 10™® cm?s7%. The
diffusivity coefficient of ethanol in water was 1.98 X 107> cm?2.s™1. This condition denotes that
the mass transfer rate in the alginate beads with entrapped cells is very fast relative to the
fermentation rate. However, this glucose is also simultaneously consumed by S. cerevisiae
cells in the microbial film to support their growth and production of ethanol. As a result,
ethanol concentration increased significantly within the same period due to the conversion
of glucose. Ethanol concentration continued to increase gradually until 32 hours of fermen-
tation. Unfortunately, beyond 32 hours, ethanol concentrations became almost constant for
fermentation using 0.5, 0.75, and 1.0 g dry yeast, which indicate exceptionally low ethanol
production rates caused by the attenuation of glucose as substrate. The slowest glucose
consumption and ethanol production rates can be observed for fermentation using 0.25 g dry
yeast. Meanwhile, glucose concentration on the surface of the Na-alginate beads was almost
linear in the first 8 hours of fermentation and was followed by a gradual increase to reach
the maximum value at about 16 hours of fermentation. This phenomenon proved the
existence of mass transfer resistance of glucose from the bulk fermentation broth to the
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Table 1. Kinetic data parameters for bioethanol production through glucose fermentation using S. cerevisiae immobilized on

sodium alginate beads with variation loading yeast

Loading Adjustable parameters Error (%) Average
mass error

yeast (g Kiq Hs Hmax Ksx Qmax Kse Yx/s Yess Glucose | Ethanol (%)
dry) conc. conc.

0.25 0.250 0.0048 0.0013 67.075 0.918 0.756 0.645 0.620 4.42 5.82 5.12

0.50 0.250 0.0026 0.0011 70.502 0.233 . 0.909 0.632 0.717 7.02 3.69 7.02

0.75 0.259 0.0025 0.0001 80.638 0.254 6.415 0.616 1.469 9.43 3.82 6.63

1.00 0.259 0.0027 0.0001 81.548 0.286 6.189 0.614 1.686 10.08 5.97 10.08

surface of the Na-alginate beads and followed by fermentation by S. cerevisiae cells
entrapped the pores of the Na-alginate beads. Prolong fermentation time caused a gradual
reduction of glucose concentration on the surface of the Na-alginate beads because glucose
is consumed by S. cerevisiae cells as a substrate for their growth and is converted to ethanol.

A comprehensive mathematical model of the fermentation process for ethanol production
should be capable of accurately describing the phase transitions of yeast S. cerevisiae along
the fermentation course which consists of the lag phase, exponential phase, the stationary
phase, and the death phase. Figure 2 also presents good agreement between the modeling
results with the experimental data that suggests the proposed model is good enough in
describing the whole phenomena involved in the fermentation process using immobilized
yeast cells.

As seen in Figure 2 (a), the exponential phase of ethanol concentration obtained from
fermentation using the lowest yeast mass loading is the most sloping and no obvious
stationary phase can be observed due to its extremely slow increase. This phenomenon
can also be confirmed by the smaller value of cell growth (Ksx) and ethanol production rate
(Ksg; Table 1). At a lower yeast mass loading, there will also be a smaller number of available
yeast cells in the fermentation media, which are responsible for the slower glucose conver-
sion to ethanol although the available glucose in the Na-alginate pores was sufficiently high.

The modeling calculation estimated that the highest ethanol concentration (93.50 g/L) was
achieved when fermentation was carried out using 0.75 g yeast mass loading and an initial
glucose concentration of 172 g/L for 48 hours. This value is still below the critical ethanol
concentration (98.5 g/L) reported by Vives et al. (1993), where the ethanol becomes toxic to the
yeast cells, potentially inhibits yeast cell growth, viability, and vitality, increase cell death, and
leads to reduce fermentation productivity and ethanol yield (Stanley et al, 2010). Ethanol also
affects yeast cells metabolism and their macromolecular biosynthesis by triggering the formation
of heat shock-like proteins, declining of ribonucleic acid (RNA) and protein accumulation rates,
improving petite mutation’s frequency, changing the metabolism, causing intracellular proteins
and glycolytic enzymes denaturation, and lowering their activity (Hu et al., 2007). Therefore, under
that fermentation condition, ethanol production is still not inhibited by ethanol concentration
(Vives et al,, 1993; Zentou et al., 2021). This modelling results also allow the extension of the
fermentation period to a longer time until the ethanol concentration is close to the critical ethanol
concentration.
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Table 2. Kinetic data parameters for bioethanol production through glucose fermentation using S. cerevisiae immobilized on

sodium alginate beads with variation temperature

Temp Adjustable parameters Error (% Average
(°0) error
kia Hs Hmax Ksx Qmax Kse Yx/s Yess Glucose | Ethanol (%)
conc. conc.

25 0.256 0.0040 0.0008 86.670 0.192 5.15 0.544 0.413 3.68 3.59 3.63
30 0.251 0.0026 0.0011 70.502 0.233 7.50 0.382 0.717 7.02 3.69 5.35
35 0.258 0.0067 0.0000 80.679 0.147 6.85 0.706 2.186 4.46 4.29 4.38
40 0.257 0.0077 0.0000 86.681 0.322 5.84 0.694 2.160 10.21 5.68 7.95

Table 3. Kinetic data parameters for bioethanol production through glucose fermentation using S. cerevisiae immobilized on

sodium alginate beads with variation pH

pH Adjustable parameters Error (% Average

error

kia Hs Hmax Ksx Qmax Kse Yx/s Yess Glucose | Ethanol (%)

conc. conc.

3.0 0.251 0.0116 0.0001 71.992 0.134 2.306 0.396 1.183 18.15 1.69 9.92
4.0 0.252 0.0088 0.0011 70.154 0.226 0.911 0.374 0.894 15.02 7.99 11.51
5.0 0.251 0.0026 0.0010 70.502 0.233 0.909 0.382 0.720 7.02 3.69 5.35
6.0 0.229 0.0090 0.0010 70.159 0.225 0.911 0.374 0.896 12.55 11.19 11.87

3.2. Effect of temperature

If a higher initial glucose concentration is used, then a higher ethanol concentration can be
expected. The relatively close values of the mass transfer coefficient (k.,) and the equilibrium
constant (Hs) in the system presented in Table 2 agree with the assumption that the
microbial films were very thin. Under this circumstance, the increase in temperature should
not significantly affect the values of the glucose mass transfer coefficient (ko) from the
fermentation broth to the pores of Na-alginate beads. In addition, the increase in tempera-
ture only slightly increased the values of the equilibrium constant. As expected, the increase
in temperature significantly promoted the increase of both cell yield (Yx;s) and ethanol yield
(Yess). Unfortunately, after the ethanol yield achieved its highest value at 35°C, a slight
ethanol yield reduction was observed at 40°C. This finding is in accordance with the results
reported by J. S. Lee et al. (2013) and Kuloyo et al. (2014) that the highest ethanol yield took
place at a temperature of 35°C. This phenomenon was probably due to considerable yeast
cell death or/and denaturation of enzymes in the yeast cells at a 40-42°C (Huang et al,
2018; Woo et al.,, 2014). It is also an indication that the S. cerevisiae strain used in the
experiment was sensitive to exposure to high temperatures or less tolerant to thermal stress
(Lin et al., 2021; Tofighi et al., 2014; Woo et al., 2014). The value pnqx decreases because the
cell begins to defend itself in order to stay alive, as a result of the depletion of the available
substrate. The model also confirmed that as the fermentation temperature rose to beyond
30°C, the yeast cells were not able to multiply themselves (Umax = 0) and substantially
caused a significant reduction of the maximum ethanol production rate (gmax)-
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Such yeast cell death may also be the result of an increase in the accumulated poisonous
substances derived from metabolic changes in the cells (Eisenberg & Bittner, 2014; Kwolek-
Mirek & Zadrag-Tecza, 2014). Table 2 further describes the higher average errors between the
calculated glucose and ethanol concentrations and those obtained from experiments when
the fermentations were performed at higher temperatures. This increase can be clearly
observed in Figure 3 where the trend of the experimental data and the simulation results
are the same as that presented in Figure 2. The error of glucose concentration in both
Table 2 and Figure 3 are clearly the same, where the higher the temperature, the greater
the error even though the increase in error in Figure 3 only occurs at the eighth hour. The
physical phenomena that can be drawn from Figure 3 are that the decrease in the glucose
concentration in the fermented broth and that it becomes close to zero at the first 16 hours
due to rapid glucose diffusion entering the pores of the Na-alginate beads and its further
diffusion into the microbial layer. Theoretically, glucose should diffuse more rapidly at higher
fermentation temperatures than at 30°C (Nikoli¢ et al., 2012).

Although this mechanism can be harmful to the free yeast cells, the immobilization of
yeast cells on Na-alginate beads has been reported to be useful in protecting the cells from
the undesirable impact of high glucose concentration (Bangrak et al, 2011; Rattanapan
et al,, 2011). As seen in Figure 3, the glucose concentrations at the Na-alginate bead inter-
face (g/L) at the studied temperatures were not significantly different. Figure 3 also exhibits
the good agreement between the calculation results of the proposed model and the experi-
mental data in describing the involving phenomena of the fermentation process.

As seen in Figure 3(b), the phase of the exponential concentration of ethanol obtained
from the fermentation at 30°C is the most declivous and no stationary phase can be
observed due to its extremely slow increase. This phenomenon can also be confirmed with
the lower values of half-saturation constant of cell growth (Ksx), and also both cell yield (Yx/s)
and ethanol yield (Yg/s; Table 2). At this temperature, the surface of the alginate beads is still
able to transfer heat into the yeast cells (Liu & Shen, 2008) that facilitating the enzymes to
regulate the microbial activity to function normally. The condition became different at the
higher temperatures where the Ksg value decreased because the regulating enzymes were no
longer active due to the alteration of the tertiary structure of the cells (Phisalaphong et al.,
2006). Table 3 shows the comparable values of the mass transfer coefficient (k.,) and the
constant equilibrium (Hs) in the entire movie microbial at all the pH studied that confirm the
assumption that the film of microbes is very thin. Although the mass transfer coefficient (k)
of glucose from the fermentation broth to the surface of the Na-Alginate beads at pH 3.0
was comparable with the fermentations at other pH values, the Henry-like equilibrium con-
stant (Hs) at pH 3.0 was the highest (Table 3). Hence, the consumption of glucose available in
the Na-Alginate beads surface at pH 3.0 was slower than at other fermentation conditions
(Figure 4 (a)).

3.3. Effect of pH fermentation

The increase in pH of the fermentation broth resulted in a slight reduction of ethanol yield
(Yess), while no significant difference of yeast mass in glucose yield (Yx/;s) was observed. The
comparable value of Yys shows that the S. cerevisiae strain used in the fermentation is still
determined to grow and multiply the number of its cells at all the pH studied. As the
fermentation pH increased from 3.0 to 5.0, the maximum yeast cells growth rate (Umax)
and the maximum ethanol production rate (gmax) also increased. Lin et al. (2012) reported
that at a low pH value (below 5.0) the main product of glucose fermentation is acetic acid
(according to reaction 1).

4CgH1,06 — 2CH3COOH + 3CH3(CH,),COO0H + 8H, + 8CO, (1-A)
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As expected, more glucose was converted to ethanol at higher pH values (above 3.0) (Lin
et al.,, 2012). In this study, the best fermentation condition was obtained at pH 5.0, which is
in accordance with the report of Lee et al. (2011), Lin et al. (2012), Liu et al. (2015), and
Malhotra and Basir (2020). The values of the average error of the calculated glucose and
ethanol concentrations, which indicate their deviation from the corresponding experimental
data were still acceptable as seen in Figure 4.

As shown in Figure 4, the experimental data and the corresponding glucose concentration
calculation results possess a similar profile where glucose concentration in the fermentation
broth drastically reduced to nearly zero at all fermentation pH in the first 16th hour. The
concentration of H*, which determines the pH of the fermentation broth affects the perme-
ability of several important nutrients into the yeast cells yeast through the pores of the
alginate matrix (Lee et al. 2011; Zabed et al., 2014). As a result, the ethanol concentration
did not increase significantly up to 40 hours of fermentation and it became almost constant
for the rest of the fermentation time.

This phenomenon proves that the pH value affects the vacuolar and cytosolic pH of the
S. cerevisiae cells as well as the activity of plasma membrane ATPase (Pefia et al., 2015).

Figure 4 exhibits a good agreement between the modeling results and the experimental
data which suggests that the proposed model is quite good at describing the entire phe-
nomena of the fermentation process. As seen in Figure 4 (a), the consumption of glucose
available in the Na-Alginate beads surface at pH 3.0 was slower than at other fermentation
conditions. This phenomenon can also be confirmed by the highest value of cell growth (Ksx)
and the rate of ethanol production (Ksg; Table 3). Under extreme acidic fermentation condi-
tions, the increase in intracellular pH reduces plasma permeability to protons and adenosine
triphosphate (ATP) consumption, which in turn declines both glucose uptake and glycolytic
activity (Woo et al., 2014).

4. Conclusion

An unstructured fermentation model based on the phenomenological mechanisms involving
the mass transfer and biochemical reaction of glucose by S. cerevisiae immobilized on Na-
alginate beads for ethanol production has been successfully developed and satisfactorily
validated using experimental data at various yeast mass loading, pH, and temperature
with their average errors (%) were 7.21, 5.33, and 9.66, respectively. The mass transfer and
biochemical reaction kinetics parameters obtained from this work can be applied in the
design of the larger fermentation scale.
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