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Abstract

A substrate—product switch model was proposed to describe ethanol fermentation from
longan solid waste using Candida tropicalis at an initial glucose and xylose ratio of 2 to 1.
The model incorporated multiple rate equations for cell growth, sugar uptake, and ethanol
production along with ethanol consumption. It elucidated the following three-step mech-
anism: (I) sugar uptake, (II) sugar conversion, and (III) ethanol consumption concerning
the effects of concentration factor (CF) and associated growth function. Optimal kinetic
parameters were estimated and validated against experimental data. The identification of
two critical xylose concentrations showed that ethanol consumption either preceded or
coincided with xylose consumption cessation. The phenolics inhibitory effect of gallic acid,
ellagic acid, pyrogallol, and catechol on cell growth and ethanol production was elucidated
with relatively minimal effect. The highest ethanol concentration of 25.5 g/L was reached
with corresponding ethanol mass yield and productivity of 0.30 g/g and 1.063 g/L/h,
respectively. The proposed model and kinetics provide valuable insights for designing
and optimizing ethanol fermentation, contributing to more sustainable and cost-effective
ethanol production.

Keywords: longan solid waste; substrate—product switch model; Candida tropicalis; kinetic
parameters; ethanol fermentation; sustainable process

1. Introduction

Ethanol is an alternative sustainable fuel with a yearly production of 27 billion gal-
lons [1]. In comparison to the conventional fossil counterparts, higher-octane number
and significant heat of vaporization are well recognized qualities of ethanol [2]. Ethanol
adoption could decrease carbon emissions from fossil fuels by over 80% [3]. In order to
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counteract greenhouse gas emissions and dependency on fossil fuels, ethanol was blended
into gasoline at different ratios, for example, 10% ethanol (E10) and 85% ethanol (E85) in
several countries.

Currently, ethanol production from lignocellulosic biomass has gained popularity due
to the widespread availability and cost-effectiveness of the feedstock [3]. The agricultural
waste such as corn cob [4], sugarcane bagasse [5], wheat straw [6], and rice straw [7] has
been used for ethanol production. Longan solid waste (LSW), a residue left from the whole
fruit after longan juice extraction, is a potential source of lignocellulosic biomass for ethanol
production. It contains high starch and low lignin content, which can eliminate the need for
chemical pretreatment and enhance the recovery of fermentable sugars [8-10]. However,
like other lignocellulosic biomass feedstock, the hydrolysate obtained from LSW contains
both pentose and hexose sugars. Investigations on fermentation system utilizing sugars
mixture revealed the highest ethanol production at a glucose to xylose ratio of 2:1 [11]. This
ratio is commonly tested, yielding ethanol at 0.45-0.5 g/g with an average productivity of
09g/L/h[12].

To improve ethanol production from mixture sugars, the following four main strate-
gies have been reported: (1) enhancing sugars utilization, particularly xylose, through
strain engineering or co-culture or sequence culture systems; (2) optimizing the production
process by adjusting environmental conditions; (3) scaling up fermentation using fed-batch
or continuous system with tailored feeding strategies; and (4) refining ethanol recovery
techniques [13-16]. However, most of the findings are based on the operational observa-
tions and experimental measurements, which may not fully elucidate the complex reactions
occurring during the fermentation process. Considering the continuous large-scale pro-
duction, certain challenges and knowledges gaps in the fermentation process should be
better explored.

Modeling is an important tool for understanding the fermentation process, aiding in
process control, and improving production efficiency. The modeling in ethanol fermentation
helps describe and predict the behavior of microbial growth, substrates consumption, and
ethanol production under various conditions. For instance, sugar consumption and ethanol
production using Saccharomyces cerevisiae, S. stipites (ATCC 58784), and S. stipites (ATCC
58785) for the treatment of waste hydrolysate after the tea detoxification process were
elucidated by the Baranyi and Weibull models, Morgan-Mercer-Flodin model, and Stannard
model, respectively [17]. A hybrid unstructured and structured model simulated substrate
consumption, biomass, carbon dioxide, and ethanol production from cocoa waste using
Pichia kudriavzevii [18]. Once a model is defined, further analysis of the kinetic parameters
can enhance the understanding of the fermentation dynamics, optimize process conditions,
and improve ethanol yield [19,20].

Besides the yeast species of S. cerevisiae [21], Zymomonas mobilis [22], P. stipites [23], and
Candida tropicalis [24] were widely used in industrial lignocellulosic ethanol production.
C. tropicalis offers the advantages of utilizing both glucose and xylose and providing greater
versatility in lignocellulosic ethanol production. Despite its potential, there is a lack of
comprehensive studies analyzing its fermentation kinetics, particularly at a glucose and
xylose ratio of 2:1. Understanding the behavior of C. tropicalis under these conditions
through experimental and modeling approaches can provide valuable insights for process
optimization and industrial-scale applications.

In this study, twelve batches of ethanol fermentations from LSW hydrolysate were
performed with the total sugar concentration of 30-200 g/L at a glucose and xylose ratio
of 2:1 using C. tropicalis TISTR 5306. The inhibitory effect of phenolics on yeast cells and
ethanol production was discussed. The main objectives of this study were to develop an
unstructured mathematical model that accurately represents the metabolic activities of
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sugar uptake, cell growth, and ethanol production from glucose and xylose mixture using
C. tropicalis. The concentration factor (CF) and associated growth function were included to
reflect extracellular substrates availability and intracellular bioconversion metabolic activity.
This is the first model that integrates key kinetic parameters to capture the dynamic shifts in
substrate utilization and metabolic transitions. Compared to conventional empirical models,
this approach provides deeper mechanistic insights into the fermentation process and
enables improved predictive accuracy of process control and ethanol yield optimization.

2. Materials and Methods
2.1. Microorganism, Inoculum Preparation, and Cultivation

C. tropicalis TISTR 5306 was ordered from the yeast strain collection of the Thailand
Institute of Scientific and Technological Research (TISTR), cultured, and maintained on
Yeast-Malt (YM) agar as described previously [10]. Liquid inoculum in 100 mL aliquot was
prepared freshly from a sub-cultured agar plate by transferring a single full inoculation loop
to YM medium in a 250 mL Erlenmeyer flask. Sufficient batches of these inoculated flasks
were prepared for an addition of 10% (v/v) inoculum size in Section 2.3. The agitation speed
for microbial cultivation was set at 100 rpm using a temperature controlled orbital shaker
(Dihan Labtech, Model LCI 3016A, Jakarta, Indonesia) at 30 °C for 24 h [25]. The quality of
cell culture in terms of viable and total cells count was assessed based on the hemocytometer
technique, as described elsewhere [10], with a cell viability of 90% or higher.

2.2. Longan Solid Waste Hydrolysate Preparation

Longan (Dimocarpus longan Lour.)—assorted grade—was purchased from longan or-
chards in District of Saraphi, Chiang Mai, Thailand. The whole fruit was milled using a ham-
mer mill (Crompton Controls, Model series 2000, Wakefield, UK) and a 40-mesh size sieve.
The main composition of the solid fraction of LSW was as follows (w/w): 22.4 cellulose,
20.4 hemicellulose, 5.79 lignin, 27.9 starch, and 2.07 pectin. The LSW hydrolysate was
obtained by one-step enzymatic hydrolysis using commercial enzyme mixtures of amylase,
glucoamylase, cellulase, and xylanase with enzyme loading or an enzyme solution-to-
buffer-volume ratio of 1:10 (10% v/v) at 50 °C for 48 h [10,14]. The evaporation process
was used to concentrate this hydrolysate to a total sugar concentration of 200 g/L using
a rotary evaporator (Greatwall, Model No. R-1010, Henan, China) at 70 °C for the media
preparation [25]. The concentrated LSW hydrolysate contained the following: 143 g/L of
glucose, 66.3 g/L of xylose, 1006 mg/L of gallic acid, 690 mg/L of ellagic acid, 242 mg/L
of pyrogallol, and 35.0 mg/L of catechol. The concentration ratio of glucose to xylose in the
concentrated LSW hydrolysate was thus 2.16.

2.3. Ethanol Production from Longan Solid Waste Hydrolysate

Ethanol production from LSW hydrolysate was carried out in 2 L Erlenmeyer flasks
with 1.6 L of working volume at 30 °C with an initial pH of 6.0 under microaerobic condi-
tions. The concentrated LSW hydrolysate in Section 2.2 was diluted until the concentration
factors (CF)0f1.0,1.1,1.2,1.3,1.4,1.5,1.6,1.8,2.0, 3.0, 5.0, and 7.0 were reached, respectively,
where the CF of 1.0 contained initial glucose + xylose concentrations of 20.8 + 9.78 g /L (see
Supplementary Material for complete LSW hydrolysate compositions at varying CF). The
concentration ratios of glucose to xylose in all cases were from 2.1-2.2 to 1.0. Additional am-
monium sulfate of 8.52 g/L was used as the main nitrogen source [26]. The CF groups of 1.0,
12,14, 1.6, and 2.0 were used for optimal parameters searching. The model validation was
performed with CF groups of 1.1, 1.3, 1.5, and 1.8 to evaluate the interpolative capability of
the model. The extrapolative (3.0) and extended extrapolative (5.0 and 7.0) capability of the
model were also assessed. Each experiment was performed in quintuplicate with regular
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sampling every 6 h until the end of cultivation at 48 h. The concentrations determination of
glucose, xylose, ethanol, dried biomass, gallic acid, ellagic acid, pyrogallol, and catechol
were performed later, as described in Section 2.4.

2.4. Analytical Techniques

Dried biomass concentration was determined using cell sediments from collected
fermentation broth through a centrifugation process at 2822 x g (5000 rpm) for 10 min.
A double cell-washing process with distilled water was implemented before drying at
105 °C until constant weight was reached. Glucose, xylose, and ethanol concentrations
were quantified by high performance liquid chromatography (HPLC, Agilent Technologies,
Model No. HP1260, USA) using 5 mM sulfuric acid (H,SO4) as a mobile phase and a Hi-Plex
H column (Agilent Technologies, Model No. PL 1170-1830, Santa Clara, CA, USA) with
connection to a refractive index detector (RID, Agilent Technologies, Model No. G1362A,
Santa Clara, CA, USA) [10,25,27]. The gallic acid, ellagic acid, catechol, and pyrogallol
concentrations were quantified using 5 mM sulfuric acid and methanol as a mobile phase
with a 250 x 4.6 mm, 5 um ZORBAX Eclipse XDB C18 column (Agilent Technologies,
Santa Clara, CA, USA), with a diode array detector (DAD, Agilent Technologies, Model No.
G1315B, Santa Clara, CA, USA) as adapted from [25,27].

2.5. Model Construction

Mathematical models describing ethanol production under the glucose and xylose
ratio of 1:1 [28] and xylitol production from a co-substrate of xylose and glucose at the
ratio of 10:1 [29] were modified to describe the cell growth, substrate uptake, and ethanol
production from LSW hydrolysate at the glucose and xylose ratio of (2.1-2.2): 1 using
C. tropicalis. This yeast could uptake and utilize both glucose and xylose for the production
of biomass and ethanol [30]. The rate equations for cell growth (Equations (2) and (3)),
sugar uptake (Equations (5) and (6)), and ethanol production (Equations (9) and (10)) from
glucose and xylose are considered separately as C. tropicalis possesses specific transporters
for each sugar. The contribution ratio from different sugars to form biomass and ethanol
are dissimilar. To quantify such a contribution ratio, the factors of « for glucose and (1 — o)
for xylose [29] were thus employed as shown in Equations (1), (5), (6) and (8). For the
extended cultivation period, during which both glucose and xylose were nearly depleted,
the produced ethanol was then considered as an alternative substrate for cell growth, as
shown in Equations (4) and (7).

The cell growth rate equation is given as follows:

dx

i fx(CF) x (ary1+ (1 — a)ryp)X + 1y 3% 1)
S )( P— Py )( Kix1 )
r = 1 X —_— 1— . - (2)
%1 = Pmax (st,l + 51 Piuxg — Pixp ) \ Kix1 + 51
S2 PPy Kix2
7’x,2 — ymax’z x (st,2+52) (1 me,zfpix,2> (Kz‘x,2+52> ’ Sz Z SZ’b (3)
0 , Sz < S2,b
0 ’ 52 Z SZ,H (4)
7x,3 - S S 7Pix, Kix,
Hmax3 % (st,33+53) (1 o Pmi,S*Piis) (Kix,3fs3) , 52< 524

The glucose (S1), xylose (S2), and ethanol (53) uptake rate equations are as follows:

ds; S ( P — P ) ( Kis >
— = —CFxax - T o 1- ’ , X >
T Dsmax (Kss,l +5 ) Ppus1 — Pis1 Kis1+ 51 )




Agriculture 2025, 15, 1472

50f18

ds; S> ) ( P—Pg» > ( Kis )
—_— = 1 — ) X ¥ | c_ 1 - > , . 6
it ( ) Dsmax,2 (Kss,Z +5S Pus2 — Piso Kiso + 52 (6)

T P—P; Kis
dt —CFE X qsmax’3 (%) (1 - Prns,S_pfs/3) (Kis/3'f53>x ’ 52 < 52,11

The ethanol (P) production rate equation is as follows:

dP

=7 = fx(CF) x (arpi 4+ (1= a)rpp)x ®

S pP— P,'p 1 Kz’p 1
rp1 = o ||1- ’ / g ’
p1 Gpmax,1 (Ksp,l + Sl) < Pmp,l — Pip,l Kip,l + 5 )

S, ) P—Piy» Kip
. _ 02 1— ’ 4 X 10
p2 = pmax2 (Ksp,z +5, ( Pupp = Pipa ) \ Kipa + 52 w

For this model, the following assumptions were considered: (1) The values of Ky,
P ip/
similar to Kss, Pjs, Pis, and Kjs for the respective sugar uptake. (2) S, > Sy, or the critical

Pyp, and Kj, for the ethanol production rate equation from glucose and xylose are

xylose concentration initiating the consumption of ethanol for cell growth (S, ,) is always
higher or equal to the critical xylose concentration causing the cessation of cell growth
from xylose (S, ;). These terms are governed by the third-order polynomial functions of
the CF in the forms of EIH(CF)3 + EH(CF)Z + €1(CF) + ¢y and (PIH(CF)B + (PH(CF)Z + ¢1(CF) + ¢y,
respectively. (3) Glucose and xylose are the main substrates for the carbon source and the
effects of the by-products are not considered. f,(CF) is the third-order polynomial function
of tje CF in the form of Ym(CF)® + yu(CF)? + 71(CF) + 9. Two inhibition parameters
(P; and Py;) from ethanol and one non-competitive substrate inhibition parameter (K;)
were included. The augmentation of these parameters in modified Monod kinetics rate
equations with substrate limitation in an ethanol producing system was elucidated by
Leksawasdi et al. [26] for Zymomonas mobilis growth and the fermentation of xylose and
glucose mixtures. The threshold ethanol concentration (P;) was included to assess the
phenomenon by which ethanol would become inhibitory to growth, substrate consumption,
and ethanol production when a specific ethanol concentration was reached. In addition,
the complete ethanol inhibition was also observed for growth, substrate consumption, and
ethanol production when the maximum inhibitory ethanol concentration (P,;) was attained,
thereby the inclusion of the P, term was essential. The simplification of this model was
made as stated in assumption (1).

The terms used are declared fully in the Nomenclature section, subscript 1 referring
to glucose, subscript 2 referring to xylose, subscript 3 referring to produced ethanol as
alternative substrate, and subscript I-1II as well as 0 referring to the assigned multiplied
coefficients (e, ¢, 7v) to the corresponding numeral exponent of the CF in third-order
polynomial equations.

2.6. Parameter Estimation, Optimization, and Estimation of Statistical Parameters

Parameters were estimated using a program written in Microsoft EXCEL with Visual
Basic for Applications (VBA) 6.3 [26,28,29] with numerical integration by Euler’s method
based on least square minimization. The optimal parameters were then determined and
assessed for the statistical parameters, including the total residual sum of squares (RSSt41),
total mean square (MS;,1;), and correlation coefficient (R?) [29] between the experimental
data and the proposed model. Each data point of experimental kinetic data was presented
in each graph as an average value with an error bar from the analysis of quintuplicate
samples. Statistical differences at the significant level of p < 0.05 based on Duncan’s
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multiple comparisons were assessed using Statistical Packages for the Social Sciences (SPSS,
version 17.0) with one-way analyses of variance (ANOVA) [29]. Definitions of the ethanol
yield and productivity were provided in a similar manner to previous studies [10,25,29].

3. Results and Discussion
3.1. Ethanol Production Kinetics

Twelve batch experiments were assessed using C. tropicalis under a batch culture
system with total sugar concentrations ranging from 30.6 to 213 g/L at a glucose and xylose
ratio of 2:1. The kinetic profiles of glucose and xylose consumption, as well as biomass
and ethanol productions, within the total sugar concentration range of 30.6-91.8 g/L are
depicted in Figure 1, with the tabulated important kinetic parameters found in Table 1. As
shown in Figure 1A,B, glucose and xylose were simultaneously consumed to a certain level
within 18 h. However, a slow xylose consumption rate during the first 6 h and incomplete
xylose consumption were observed. This might be attributed to the glucose repression [31]
in which glucose is the preferred carbon source, where the uptake and/or metabolism of
xylose are inhibited by the presence of glucose. After 18 h, C. tropicalis began consuming
the accumulated ethanol for cell maintenance and the reproduction of the biomass as a
decrease in ethanol concentration after attaining the highest peak and an increase in the
dried biomass were observed (Figure 1C,D). As a result, the highest ethanol concentration
of 25.5 g/L with a yield of 0.30 g/g and productivity of 1.063 g/L/h was achieved at a total
sugar concentration of 91.8 g/L using C. tropicalis. From Table 1, the highest maximum
(p < 0.05) specific growth rate (pmqx) between 0.132 and 0.138 per h was achieved at the CF
of 1.6, 1.8, 2.0, and 3.0. The highest maximum (p < 0.05) specific glucose consumption rate
(9s1,max) of 1.294 £ 0.064 g/g/h and maximum (p < 0.05) specific ethanol production rate
(9p,max) of 0.755 £ 0.016 g/ g/h were achieved at a CF of 3.0 and 1.8, respectively. The highest
maximum (p < 0.05) ethanol mass yield (Yp/s) of 0.45 & 0.007 g /g, ethanol productivity
(Qp) of 1.306 £ 0.021 g/L/h, and ethanol concentration (P;x) of 25.5 £ 0.58 g/L were
attained at CF of 1.4, 2.0, and 3.0, respectively.

70 I
1.0
60 (A)
1.1
=
50 12
c -e1.3
S
g 40 1 1.4
§ | 1.5
S 30 16
o L &
@ ! 1.8
§ 20 2.0
G 3.0
10 N\
o
0 - . 3\-, = —— : :
0 6 12 18 24 30 36 42 48
Time (h)

Figure 1. Cont.



Agriculture 2025, 15, 1472

7 of 18

35 J
+1.0
30 B) 1.1
_ 12
25 -13
£ 1.4
g20 : 15
i=1
g 1.6
=]
S 1.8
E ©2.0
= 3.0
. |
. . . ; Y
24 30 36 42 48
Time (h)
8
*10
7 © 2 1.1
<
%6 1.2
o *1.3
£5 1.4
| =4
§ 15
g4 16
3 1.8
g .
3
E 2.0
= 3.0
32 '
a
1 .
0 T T T T T T T
0 6 12 18 24 30 36 42 48
Time (h)
30
(D) ) i 1.0
25 1 . : 1.1
=) 1.2
o5
=20 - \ <13
)
B 1.4
g15 15
c 1.6
8
< 1.8
£10 ©20
<
i 3.0
5
0«
0 6 12 18 24 30 36 42 48
Time (h)

Figure 1. Kinetics profiles of (A) glucose concentration, (B) xylose concentration, (C) dried biomass
concentration, and (D) ethanol concentration by C. tropicalis at different substrate concentrations up
to 3.0 with a glucose + xylose concentration of 62.2 + 29.6 g/L over 48 h of fermentation. The kinetics
profiles for the CF of 5.0 and 7.0 were excluded and are presented separately in Section 3.3 for a clear
visual comparison of the profile characteristics at lower substrate concentration ranges. Each data
point represents the mean value + standard error (SE) value.
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Table 1. Analyses of important kinetic parameters including ethanol yield (Yp,s) and productivity

(Qp) from the experimental kinetic profiles of Figure 1.

CF S1+S; (g/L) MHmax (Per h) qgs1,max (g/g/h) qp,max (g/g/h) Pyax (g/L) Ypis (g/g) Qp (g/L/h)
1.0 20.8 +9.78 0.094 + 0.003 4 1.202 £0.023°>  0.630 & 0.011 <4 11.9 £ 0.26 0.41 £ 0.009 .. 0.992 + 0.022 &8
1.1 232 +11.1 0.099 +0.0054  1.019 +0.037%4  0.607 & 0.011 ¢ 13.0 +0.171 0.41 + 0.006 b< 1.083 + 0.014 ¢
1.2 257 +11.8 0.110 £ 0.004>¢  1.191 + 0.037 " 0.682 £+ 0.017° 143 £0.15h 0.41 + 0.005 be 1.192 4+ 0.013 ©
1.3 27.7 +12.7 0.117 £ 0.005 P 1.080 + 0.046 © 0.642 4+ 0.012 ¢ 15.1 £ 0.13 8 0.41 + 0.005 € 1.258 + 0.011 P
1.4 28.7 +13.6 0.119 + 0.006 P 0.922 +0.016 0.600 £ 0.010 4 17.7 £ 0.15¢ 0.45 4 0.007 2 0.983 + 0.008
1.5 305+ 14.5 0.122 + 0.004 ° 0.909 + 0.029 f 0.528 + 0.015 8 17.14+0.44f 0.42 4+ 0.011 be 0.950 + 0.024 8
1.6 323 +154 0.132 £ 0.003*  1.026 +£0.012%4  0.645 4 0.006 18.1 + 0.09 4 0.41 + 0.002 ¢ 1.006 =+ 0.005 ©
1.8 36.8+17.6 0.136 +0.0032  1.184 +0.008>  0.755 4 0.016 2 19.5 + 0.05¢ 0.39 + 0.002 4 1.083 + 0.003 4
2.0 41.0+19.3 0.137 £0.003%  0.978 + 0.023 ¢ 0.561 4 0.007 £ 23.5+0.38P 0.43 +0.009 b 1.306 + 0.021 2
3.0 62.2+29.6 0.138 +0.0062  1.294 + 0.0642  0.617 &+ 0.021 &¢ 25.5 4+ 0.58 2 0.30 & 0.008 © 1.063 + 0.024 ¢
5.0 104 + 48.5 0.079 =+ 0.006 © 0.442 +£0.0418  0.143 +0.005 1 6.10 £ 0.13 % 0.25 + 0.007 0.145 + 0.003 b
7.0 145 + 68.0 No observable growth, substrates consumption, product formation

The values indicate the mean value £ standard error (SE). Different alphabets indicate significant statistical
difference (p < 0.05) among comparison in each column. The bolded and underlined values in each column are
the statistical maxima.

In comparison with another yeast used for ethanol production from hydrolysate, in
which the maximum ethanol concentration of 46.9 g/L with a yield of 0.43 g/g was achieved
from a total sugar concentration of 135 g/L corncob hydrolysate using C. magnoliae [32],
the highest ethanol concentration of 16.7 g/L was reached at 24 h from longan fruit waste
hydrolysate with 180 g/L sugar concentrations using S. cerevisiae [33]. The lower ethanol
concentration and yield from longan waste hydrolysate as substrate might be attributed to
the rich phenolics presented in hydrolysate. Polyphenols, rich in longan seeds and peel,
are chemical compounds consisting of two or more phenol structural units [34]. During
enzymatic hydrolysis, the hydrolysable tannins were broken down, releasing products
such as gallic acid and ellagic acid [35,36]. Meanwhile, the breakdown of polysaccha-
rides may create conditions that facilitate the release of small phenolics such as catechol
and pyrogallol.

3.2. Effect of Phenolics

In this study, the phenolic concentration levels in LSW enzymatic hydrolysate were
ranked in descending order as follows: gallic acid > ellagic acid > pyrogallol > catechol
(Figure 2). The growth of C. tropicalis was susceptible to gallic and ellagic acids [37]. Al-
though their reactive mechanisms are not fully understood, their presence might result
in the disruption of the yeast membrane, preventing the development of cells. The min-
imum inhibition concentration (MIC) values for the effects of gallic and ellagic acids on
Candida spp. reported in the literature varied according to the species [38]. The former
ranged from 2.5 to 16,000 ug/mL for C. albicans, 100 to 4000 pug/mL for C. parapsilosis,
and C. krusei. MIC values for C. albicans and C. tropicalis were at the highest level of
12,500 png/mL. The latter ranged from 4 to 1000 nug/mL for all species above [37]. As
shown in Figure 2, the highest gallic acid and ellagic acid concentrations in this study were
1006 and 690 mg/L, respectively, which were relatively lower than the abovementioned in-
dividual inhibition levels for each phenolic compound. The kinetic of gallic acid in Figure 2
with a CF of 1.0, 1.1, and 1.2 revealed that up to 95% of the initial gallic acid concentration
(175 mg/L) decreased after 24 h, while ellagic acid decreased at a relatively lower extent.
Thus, the combined effect from the presence of four phenolics, even at a lower concen-
tration, on ethanol production suppression could be evident in the current study. Based
on the magnitude difference in the concentration ranges of total sugars (30.6-213 g/L),
ethanol (11.4-25.5 g/L), and total phenolic compounds (0.34-1.97 g/L), the inhibitory
effect from the phenolic compounds could be eclipsed compared with the total sugars by
90-108-fold and compared with ethanol by 12.9-33.5-fold. Evidently, relatively excellent
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model fitting quality was observed, even when the phenolic compounds’ inhibitory term
was not included (see Section 3.3).
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Figure 2. Kinetic profiles of gallic acid (solid circle), ellagic acid (solid square), pyrogallol (cross), and
catechol (solid triangle) concentrations using C. tropicalis at different substrate concentration levels
corresponding to concentration factors (CF) of 1.0-7.0. The maxima of y-axis scales in descending rows
were 100, 300, and 1200 mg/L, respectively. Each data point represents the mean value + standard
error (SE) value. The size of the error bars for all data points were only 0.1-4.0% for a CF of 1.0-1.8
and 0.2-4.0% for a CF of 2.0-7.0, which were well below the visibility range of the employed scales.

3.3. Model Validation

Five group experiments using glucose (S1) and xylose (S;) mixture with CF of 1.0, 1.2,
1.4, 1.6, and 2.0 were used for parameters searching. The searched optimal parameters for
cell growth, substrate uptake, and ethanol production are shown in Table 2, with the corre-
sponding simulated profiles to the kinetics data shown in Figure 3. The coefficient values
in the third-order polynomial equations of S, 4, S, 5, and fy(CF) in descending power order
from the highest exponent to the lowest exponent were as follows: (—0.489, —0.226, 0.0300),
(2.68, 1.58, —0.410), (—2.71, —1.74, 1.49), and (2.17, 2.08, —0.0896), respectively. Model
validation was carried out by comparing the predicted data and additional experimental
values with a CF of 1.1, 1.3, 1.5, and 1.8 for interpolation as well as a CF of 3.0 for extrapola-
tion. As shown in Figure 4A-E, cell growth, sugar consumption, and ethanol production
were in good agreement between experimental and simulated data with average R?, RSS,
and MS values of 0.987, 43.0, and 21.5, respectively. Model prediction capability testing was
also extended to the CFs of 5.0 and 7.0 (Figure 4F,G) with acceptable agreement. The good
agreement between the simulated data from the developed model and experimental data
on the fermentation process utilizing LSW hydrolysate within the total sugar concentration
range of 30.6-213 g/L under the glucose and xylose ratio of (2.1-2.2): 1 using C. tropicalis

was thus evident.
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Table 2. Optimal parameters obtained from the parameter searching process with the RSS minimiza-
tion strategy.

Equations Parameters S1 S, S;3 Units
Wimax 0.0957 0.0472 0.00756 perh
Ksy 0.640 3.31 1.35 g/L
Cell Growth Piy 113 45.1 67.2 g/L
Ppux 472 136 225 g/L
K; 517 219 336 g/L
Gsmax 0.865 1.13 0.0548 g/g/h
Kss 0.256 1.65 1.21 g/L
Substrate P, 49.6 69.4 10.0 g/L
Uptake Pus 153 168 600 g/L
Kis 600 175 335 g/L
qpmux 0.355 0.479 - g/g/h
Ksp 0.256 1.65 - g/L
Ethanol Py, 49.6 69.4 - g/L
Production Pmp 153 168 _ g /L
Kip 600 175 - g/L
80 40 o~
2
0 (A) R2=0.987 B) R2=0.991 3 8
g MS— 473 vooam | [* ]
;é 50 : i 25 .i:%:
:E 40 20 E
§ 30 15 %
& 2 0 &
10 -] ..'u;%)
0 0 A&
80 40 %
o o L) Rsso1es | §
E) MS =5.20 MS=8.16 1
£ 50 25 ES

_ Time (h)
70 R2=0.987 35 3
- @ E) RSS =382 o E
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g g
£ so0 X 25 8
£ S
g 40 20 3
g g
S =
o 30 B 15 3
o 5
A 20 0 2
g
10 5 .8
3
3
0 T T H 0 2
0 6 12 18 24 30 36 2 PE
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Figure 3. Kinetics of the experimental (points) data used in the parameter searching of the proposed
model as well as the corresponding simulated fitting (lines) from the model predicting growth of
C. tropicalis from five concentrations factors (CF) of (A) 1.0, (B) 1.2, (C) 1.4, (D) 1.6, and (E) 2.0.
Representations: pink (glucose); orange (xylose); green (dried biomass); and brown (ethanol). Each
data point represents the mean value =+ standard error (SE) value.
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Figure 4. Interpolative and extrapolative capabilities of the proposed mathematical model represented
by the simulation (lines) and experimental (points) data for kinetics of batch ethanol production by
C. tropicalis from various concentrations factors (CF). Interpolative capability: (A) 1.1, (B) 1.3, (C) 1.5,
and (D) 1.8. Extrapolative capability: (E) 3.0, (F) 5.0, and (G) 7.0. Representations: pink (glucose);
orange (xylose); green (dried biomass); and brown (ethanol). The R? of 1.000 implied the excellent
graph fitting by the model to the experimental data when this number was rounded off to 3 decimal
places. Each data point represents the mean value + standard error (SE) value.

3.4. Proposed Model

Based on the kinetics of the current fermentation process describing sugar consump-
tion, biomass formation, as well as ethanol production leading to eventual consumption
under the assumption of no additional utilized substrate or by-product, a substrate—product
switch model was elucidated. This model can be conceptually divided into three key compo-
nents that influence the rate equations for cell growth (dx/dt), substrate uptake (ds/dt), and
ethanol production (dp/dt) with their respective maximum specific values, namely, (1) the
effect of glucose, xylose, and ethanol concentration with the incorporation of substrate
limitation (Ks), substrate inhibition (Kj), and product inhibition (P; and Pp); (2) carbon
source allocation between glucose () and xylose (1 — x) to determine the relative con-
tribution of each sugar to cell growth, sugar uptake, and ethanol production; (3) process
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effectiveness to capture the impact of substrate availability (reflected by CF) and intracel-
lular metabolic efficiency (reflected by growth corrective factor f,(CF)) on fermentation
performance. Initially, glucose (S1) and xylose (S;) were consumed as substrates for biomass
formation (Equations (2) and (3)) and ethanol production (Equation (8)). However, once
sugars were consumed and decreased to certain levels, the produced ethanol switched
from being a product (P) (Equation (8)) to an alternative substrate (symbol P switched to S3)
(Equation (7)) used to support cell maintenance and a certain level of growth (Equation (4)).
In comparison with the Logistic and Monod model describing cell growth, as well as the
modified Gompertz, Leudeking—Piret, and Michaelis-Menten model describing ethanol
production [39,40], the advantages of the current model are due to the enhanced fermenta-
tion efficiency, process predictability, and industrial applicability, facilitated by integrating
key biological and kinetic factors into a structured framework of differential rate equations.

3.5. Kinetic Characteristics
3.5.1. Substrates and Product Consumptions

The maximum specific growth rate (j4x), maximum specific substrate consumption
rate (gsmax), and maximum specific product formation rate (qpmax) are critical parameters
in microbial fermentation and bioprocess modeling. pq, primarily represents the cellular
metabolism for growth with the following descending values of puaxs1 > Mimax,s2 > Hmax,s3,
indicating that the order of substrate preference was therefore glucose, xylose, and ethanol.
The contributing factors (« and 1 — &) represent the relative preference for sugar utilization,
biomass formation, and ethanol production from glucose («) or xylose (1 — «). The multipli-
cation of « and (1 — &) with the respective maximum specific values suggests that glucose
contributes approximately 2.5 times more to its maximum value than xylose when present
in a (2.1-2.2): 1 ratio. The concentration factor (CF) is a parameter representing the actual
extracellular substrate concentration available for microbial consumption. Additionally,
fx(CF) is an empirical growth function in the form of a third-order polynomial of the CF
associated with the maximum specific growth rate. It describes how the CF influences
intracellular cell growth and metabolic activity.

3.5.2. Three-Step Metabolism

From the good agreement of the model fitting to experimental data, the three-step
metabolism involving extracellular and intracellular activities can be distinctly separated to
elucidate a better understanding of the fermentation process (Figure 5). In step I, the CF was
found effective in enhancing glucose uptake but not xylose uptake (Equations (5) and (6)).
As a result, the apparent maximum specific glucose consumption rate (CF X & X Gsax,1)
increased with a higher sugar concentration, whereas the apparent maximum specific
xylose consumption rate ((1 — &) X ggpuayr,2) remained unaffected. This phenomenon might
be attributed to glucose repression, where xylose transport is severely inhibited by the
presence of glucose [41] despite C. tropicalis possessing specific transporters for each sugar.
Given that glucose and xylose were initially present in a (2.1-2.2): 1 ratio, C. tropicalis
could be more sensitive to the availability or effective concentration of glucose than xylose.
The glucose uptake rate could be enhanced by increasing the sugar concentration in the
medium, whereas the improvement of xylose uptake rate might require targeted strategies
to enhance its transport. In step II, f,(CF) indicated that glucose and xylose could be
effectively converted into ethanol and biomass, and the conversion rates (dx/dt and dp/dt)
were improved by higher intracellular sugar concentrations (Equations (1) and (8)). In
step III, the produced ethanol was uptaken and utilized as a carbon source to enter the
TCA cycle for energy generation or biosynthesis. The CF in Equation (7) indicates that
ethanol uptake was improved with its concentration. However, the f;(CF) in the cell growth
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equation from ethanol (Equation (4)) indicates that ethanol was inefficient in supporting
cell growth. This might be due to the fact ethanol accumulation significantly impacts yeast
cells [42]. As a result, step I (sugar uptake) and step III (ethanol consumption) would be
crucial steps for control if high ethanol concentration was to be achieved.

Step I Step II Step III
O
° o°
Glucose A:%’:{)[ Glucose Ethanol ]C: :I Ethanol
O |
O o ® :
I > CF
O 0 \ / g
O Xylose = :::%:::{ Xylose Biomass ] IIZII)» NoCF
0 —» &(CF)
O - - - )

Figure 5. Proposed substrate—product switch model. CF—concentration factor applied in the uptake
rate equations; No CF—no concentration factor applied; fx(CF)—growth corrective factor applied in
production equations; and f,(CF)—no growth corrective factor applied.

The optimization of the glucose and xylose transporter processes in yeast metabolism
are crucial as they are essential rate limiting steps. The enhanced sugar utiliza-
tion, particularly xylose, and increased D-xylonate production by 49.3% in sugarcane
bagasse hydrolysate was achieved by modifying the glucose-xylose co-transporter in
C. glycerinogenes [43]. A similar result in a mixed sugar cultivation utilizing S. cerevisiae had
been described at which the xylose uptake rate and growth improvement was evident in
both substrate systems with the xylose alone and xylose/glucose mixture [44].

3.5.3. Correlation Between Xylose Consumption and Ethanol Production

Based on the experimental data analysis, a strong correlation between xylose
and ethanol consumption was observed (R? = 0.982). Two critical xylose concentra-
tions of Sy, and S, were identified as the key switching points in the rate equations
(Equations (3), (4) and (7)). Sy, represents the critical concentration at which ethanol con-
sumption is triggered, facilitating the transition of ethanol from a product (P) to a substrate
(S3) for cell growth. S, is the lowest xylose concentration at which xylose consumption
ceases. As shown in Figure 6, S, > S, ; indicates that ethanol consumption was initiated
at the same time or before xylose was fully depleted. Moreover, a time gap of 0-24 min
was observed between the drop from S, to S, ;. This finding suggests that in fed-batch or
continuous systems, new substrate feeding should occur before or at the point of complete
sugar depletion. Similarly, in batch systems, ethanol removal should be performed before
sugar is fully depleted to optimize production efficiency. One strategy for the optimization
of cost-effective ethanol production could be performed by designing a pulse feeding
strategy based on the real-time monitoring of both ethanol and evolved CO, gas [45,46].

Additionally, the Monod saturation constant or substrate limitation constant (K;)
is a parameter representing the substrate concentration at which the maximum specific
growth rate of microbe is halved (yx/2). K, associated with xylose utilization (K ),
cell growth (Ksy,2), and ethanol production (Ksp ), was relatively higher than glucose,
which could indicate the high affinity of the microorganism for glucose. The substrates’
inhibitory constants (K;) represented the inhibitory effect of either glucose or xylose on
growth (Kj,), substrate consumption (Kjs), and ethanol production (Kj,). A higher K; value
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for glucose indicates that the microorganism exhibits a greater tolerance to a high glucose
concentration, meaning that inhibition occurs only at a very high substrate level. During
ethanol fermentation, ethanol accumulation significantly impacts yeast cells by disrupting
the membrane integrity, resulting in enhanced permeability and a subsequent decrease in
cell viability [42]. The current study revealed a maximum ethanol concentration of 25.5 g/L,
and the relatively higher values of threshold ethanol concentration (P;) and maximum
inhibitory ethanol concentration (P;,) in the expression form of 1 — (P — P;)/ (P — P;)
would thus result in the net positive effect on cell growth rate (dx/dt), sugar uptake (ds/dt),
and ethanol production (dp/dt), especially for xylose uptake and conversion. Similar results
were also reported using S. cerevisiae [47], where the growth inhibitory effect was absent
during the first day of yeast cultivation when ethanol concentration in the cultivation
medium was less than 30 g/L. Based on the values of Py;s and P;;y obtained from the model,
both cell growth and ethanol production would be completely inhibited when the ethanol
concentrations exceeded 153 and 168 g/L, respectively. Moreover, the interaction of low
ethanol level on the yeast cells’ membrane [48] could increase membrane permeability with
potential improvements in the uptake of glucose and xylose.
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Figure 6. Relationships between two critical xylose concentrations to initiate the ethanol uptake step
(52,4, green line) and cessation of xylose uptake (S, 5, orange line) with the corresponding maximum
ethanol concentration (P, blue line) before switching to ethanol consumption mode for each level
of concentration factor (CF). The gap duration (purple line) between S, , and Sy, during which
ethanol consumption process was initiated and xylose consumption ceased is also shown for each CF.

4. Conclusions

The maximum ethanol concentration of 25.5 g/L with a corresponding ethanol mass
yield of 0.30 g/g and productivity of 1.063 g/L/h was achieved from C. tropicalis cultivation
when the total glucose and xylose concentrations of 91.8 g/L was used as substrates. A new
substrate—product switch model was able to describe ethanol production from a mixture
of glucose and xylose within concentrations from 30.6 to 213 g/L at a ratio of 2:1. It could
accurately simulate the kinetic profiles of cell growth, sugar uptake, and ethanol production
with relatively good agreement (R? = 0.987, RSS = 43.0, MS = 21.5) between the model and
experimental results. A three-step metabolism for ethanol production was characterized by
the kinetics of substrate and product consumptions; the ethanol consumption was initiated
at the same time or before xylose was fully depleted. These findings provide insights into
mixtures of sugar fermentation for ethanol production, with new perspectives for ethanol
production improvement based on the developed model.
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Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/agriculture15141472/s1, Table S1: Kinetics data of dried
biomass, sugars, ethanol, and phenolic compound concentrations for the CF 1.0x of LSW.
Table S2: Kinetics data of dried biomass, sugars, ethanol, and phenolic compound concentrations for
the CF 1.1x of LSW. Table S3: Kinetics data of dried biomass, sugars, ethanol, and phenolic compound
concentrations for the CF 1.2x of LSW. Table S4: Kinetics data of dried biomass, sugars, ethanol, and
phenolic compound concentrations for the CF 1.3x of LSW. Table S5: Kinetics data of dried biomass,
sugars, ethanol, and phenolic compound concentrations for the CF 1.4x of LSW. Table S6: Kinetics
data of dried biomass, sugars, ethanol, and phenolic compound concentrations for the CF 1.5x of LSW.
Table S7: Kinetics data of dried biomass, sugars, ethanol, and phenolic compound concentrations for
the CF 1.6x of LSW. Table S8: Kinetics data of dried biomass, sugars, ethanol, and phenolic compound
concentrations for the CF 1.8x of LSW. Table S9: Kinetics data of dried biomass, sugars, ethanol, and
phenolic compound concentrations for the CF 2.0x of LSW. Table S10: Kinetics data of dried biomass,
sugars, ethanol, and phenolic compound concentrations for the CF 3.0x of LSW. Table S11: Kinetics
data of dried biomass, sugars, ethanol, and phenolic compound concentrations for the CF 5.0x of LSW.
Table S12: Kinetics data of dried biomass, sugars, ethanol, and phenolic compound concentrations
for the CF 7.0x of LSW.
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Contributing factors for glucose (no unit)
Coefficient value for the third-order polynomial equation of S, ,

«

€

@ Coefficient value for the third-order polynomial equation of S, ,

% Coeftficient value for the third-order polynomial equation of f(CF)
I

max Maximum specific growth rate (per h)
CF Concentration factor (no unit)
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fx(CF)  Growth corrective factor—a third polynomial function of the CF (no unit)

K; Substrate inhibition constant associated with a specific rate equation (g/L)
Ky K; for ethanol production rate equation (g/L)

Kis K; for substrate utilization rate equation (g/L)

Kiy K; for growth rate equation (g/L)

K Substrate limitation constant associated with a specific rate equation (g/L)
Ksp K; for ethanol production rate equation (g/L)

K K; for substrate utilization rate equation (g/L)

Ky K; for growth rate equation (g/L)

MS Mean square (no unit)

P Ethanol concentration (g/L)

P; Threshold ethanol concentration causing inhibition for a specific rate equation (g/L)
Py, P; for ethanol production rate equation (g/L)
p
p

is P; for substrate utilization rate equation (g/L)
i P; for growth rate equation (g/L)
Py Maximum inhibitory ethanol concentration for a specific rate equation (g/L)

Poiax Maximum ethanol concentration in each cultivation condition (g/L)
Py Py, for ethanol production rate equation (g/L)

Pis Py, for substrate utilization rate equation (g/L)

P Py, for growth rate equation (g/L)

Qp Ethanol productivity (g/L/h)

gs,;max ~ Maximum specific substrate utilization rate (g/g/h)

gpmax ~ Maximum specific ethanol production rate (g/g/h)

R? Correlation coefficient (no unit)

RSS Residual sum of squares (g/L)?

S Glucose concentration (g/L)

Sy Xylose concentration (g/L)

Soa Critical xylose concentration initiating the consumption of ethanol for cell growth (g/L)
Sop Critical xylose concentration causing the cessation of cell growth from xylose (g/L)

S3 Ethanol concentration as an alternative substrate (g/L)

X Biomass concentration (g/L)

Yp/s Mass yield of produced ethanol over the consumed xylose and glucose (g/g)
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