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A B S T R A C T

Rice straw is an abundant agricultural residue with significant potential for sustainable ethanol production. 
However, the major bottlenecks in converting rice straw into ethanol are biomass recalcitrance, high enzyme 
costs, and inefficient utilisation of mixed sugars. In this study, an integrated process combining microwave- 
assisted ChCl:glycerol pretreatment, optimised high-solids enzymatic hydrolysis at low enzyme loading, and 
co-culture fermentation was developed to enhance ethanol production from rice straw. High-solids enzymatic 
hydrolysis conditions were optimised by applying central composite design and response surface methodology. 
At a solids loading of 9.89%, the highest total sugar (TS) yield of 94.92% was obtained compared to a TS of 
43.29% at 30% solids loading. The optimal hydrolysis conditions of 17% (w/v) solids loading, 3 FPU/g cellulose 
enzyme loading, and 75 h hydrolysis time were predicted by the quadratic model and validated, resulting in 
75.7% TS yield. Fermentation of the resulting hydrolysates demonstrated that co-culture fermentation out
performed mono- and sequential cultures, achieving a maximum ethanol concentration of 41.1 g/L, with cor
responding yields and volumetric productivity of 0.46 g/g and 1.71 g/L.h, respectively. In comparison, co- 
culture fermentation of hydrolysates derived from 1% H2SO4 pretreatment resulted in lower ethanol yield 
(0.35 g/g) and productivity (0.67 g/L.h). Thus, the ability to attain high ethanol titre and yield at reduced 
enzyme dosage and high solids loading highlights the effectiveness of microwave-assisted deep eutectic solvent 
pretreatment and co-culture fermentation using Saccharomyces cerevisiae and Candida tropicalis. This integrated 
strategy provides an innovative approach to advancing lignocellulosic bioethanol production from agricultural 
residues.

1. Introduction

The growing concerns over climate change and the rapidly declining 
fossil fuel resources due to increasing global energy demand have 
intensified interest in sustainable and renewable biofuels [1]. Ethanol 
stands out among available renewable liquid fuels because of its 
compatibility with existing energy infrastructure, without requiring 
major modifications to vehicles (e.g., E5-10 blends), pipelines, or stor
age facilities [2]. However, industrial-scale production of ethanol from 
first-generation feedstocks (e.g., sweet corn, sugarcane, maize, 

soybeans, etc.) could negatively impact food security and land use [3,4]. 
Thus, there is a need to develop efficient second-generation ethanol 
processes based on non-food lignocellulosic biomass (agricultural resi
dues, wood, and energy crops) [3,5]. Rice straw is one of the most 
abundant agricultural residues, with an estimated annual global pro
duction of around 731 million tons, and Asia alone accounts for about 
50% of that output [6,7]. Rice straw is composed of 32-39% cellulose, 
20-36% hemicellulose, 14-22% lignin and 10-17% ash [8–10]. On the 
other hand, the presence of silica in lignocellulosic biomass has been 
reported to decreased conversion of carbohydrates into monomeric 
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sugars during enzymatic hydrolysis [11].
Despite its high cellulose and hemicellulose content, rice straw re

mains vastly underutilised and is often improperly disposed of or burned 
in open fields, a practise that has been banned in major agricultural 
regions due to its severe environmental consequences [12]. These 
characteristics make rice straw an attractive and renewable feedstock 
for ethanol production [13]. However, pretreatment is a prerequisite for 
deconstructing the recalcitrant lignocellulosic structure of rice straw 
enabling enhanced enzymatic hydrolysis and release of fermentable 
sugars [14,15]. Conventional pretreatment methods typically require 
high energy inputs, substantial chemical consumption, and the forma
tion of inhibitors, which negatively affect downstream processing [16]. 
On the other hand, pretreatment methods using deep eutectic solvents 
(DESs) offer a better alternative due to their low toxicity, biodegrad
ability, and cost-effectiveness [17–19]. Microwave assisted-ChCl: 
glycerol pretreatment has been applied to rice straw leading to high 
delignification with minimal loss of cellulose/hemicellulose compo
nents [20]. The use of microwave heating enables rapid and uniform 
heating, thereby reducing pretreatment time and improving delignifi
cation efficiency [21]. However, to fully realise the industrial-scale 
potential of microwave pretreatment, future research is required to 
optimise pretreatment process parameters, improve unit production, 
and reduce production costs [22,23].

However, despite advances in pretreatment technologies, enzymatic 
hydrolysis represents a major cost bottleneck in ethanol production from 
lignocellulosic biomass, primarily due to the high enzyme dosages 
required to achieve acceptable sugar yields for industrial-scale fermen
tation [23]. Another key challenge associated with ethanol production 
from rice straw is the efficient fermentation of mixed sugars resulting 
from enzymatic hydrolysis, as the hydrolysates contain both hexoses and 
pentoses [24]. Thus, the application of high-solids enzymatic hydrolysis 
is essential to increase sugar concentrations and improve process eco
nomics. This also presents additional challenges, such as poor mass 
transfer, high viscosity, and end-product inhibition [25]. Therefore, 
integrated processes that synergistically combine effective pretreatment 
with tailored enzymatic hydrolysis conditions can significantly enhance 
cellulose conversion efficiency while reducing enzyme costs [26]. To 
this end, design of experiments (DoE) using Central Composite Design 
(CCD) and Response Surface Methodology (RSM) is a valuable tool 
widely employed to optimise process conditions and achieve high 
product yields [27,28].

Saccharomyces cerevisiae is the most widely used yeast for large-scale 
ethanol production because of its high ethanol productivity under 
optimal conditions [29], however, it cannot utilise pentose sugars [30]. 
In contrast, Candida tropicalis can utilise pentoses such as xylose, 
although it generally yields lower ethanol when used alone [31]. 
Co-culture fermentation has emerged as a promising strategy to enable 
simultaneous utilisation of mixed sugars, improve ethanol yield, and 
enhance overall process efficiency [32–34]. Despite the potential of 
co-culture fermentation, the performance of S. cerevisiae–C. tropicalis 
co-culture systems using enzymatic hydrolysates derived from 
DES-pretreated rice straw remains poorly understood. In this study, an 
integrated process is developed to improve bioethanol production from 
rice straw by optimising high-solids enzymatic hydrolysis at low enzyme 
loading followed by co-culture fermentation using S. cerevisiae and 
C. tropicalis. Efficiencies of mono-culture, co-culture, and sequential 
culture fermentation of hydrolysates of ChCl:glycerol pretreated rice 
straw were evaluated. In addition, hydrolysates obtained from rice straw 
pretreated by a conventional method (1% H2SO4, 121◦C, 30 min, 
autoclave) were treated to co-culture fermentation using S. cerevisiae 
and C. tropicalis and benchmarked against ChCl:glycerol pretreated rice 
straw. Thus, the findings from this study are expected to provide insights 
into cost-effective process integration strategies for advancing sustain
able lignocellulosic bioethanol production.

2. Materials and methods

2.1. Materials

The untreated RS consists of cellulose (41.8%), hemicellulose 
(24.9%), lignin (17.0%), ash (15.0%) and others (1.3%) [20]. Untreated 
RS (≤0.5 mm of particle size) was pretreated with ChCl:glycerol (molar 
ratio of 1:2) under microwave irradiation (10% solids loading, 140◦C, 5 
min) following the method previously reported [20]. The composition 
pretreated rice straw was determined using a method of National 
Renewable Energy Laboratory (Sluiter et al., 2012 [35] and consisted of 
glucan (57.6%), xylan (19.3%), lignin (8.2%) and ash (13.9%).

All the chemicals employed were analytical grade and employed as 
received without any further purification. S. cerevisiae (DSM 1334) and 
C. tropicalis (DSM 7524) were purchased from The Leibniz Institute 
DSMZ-German Collection of Microorganisms and Cell Cultures GmbH 
(Braunschweig, Germany) and stored at − 80◦C in cryotubes containing 
sterilised 20% glycerol solution.

2.2. Enzymatic hydrolysis

Enzymatic hydrolysis of DES pretreated RS was performed using 
Cellic® CTec3 HS with enzyme activity of 106 filter paper units (FPU)/ 
mL determined using the method described by Ghose [36]. 500 mg of 
sample (10% w/v) was loaded into a 15 mL screw-capped glass tube 
containing 5 mL sodium citrate buffer (50 mM, pH 4.8) and enzyme 
loading of 6 FPU/g cellulose as previously reported [20]. Sodium azide 
(0.025 g/L) was added to the mixture to prevent contamination and 
microbial growth. Afterwards, the tube was vortexed to allow proper 
mixing of the enzyme with the sample (substrate). The hydrolysis was 
conducted in an orbital incubator (Incu-Shake MAXI, SciQuip Ltd, 
Rotherham, UK) at 50◦C for 72 h and shaking at 180 rpm. After 72 h, the 
sample was deactivated by a heating block (100◦C) for 10 min. Later, the 
sample was removed and allowed to cool down to room temperature, 
and the supernatant was collected for sugar analysis using HPLC under 
the conditions described in ‘Analytical method section’.

2.3. Central composite design (CCD) and response surface methodology 
(RSM)

Central composite design (CCD) was employed by using the Design of 
Experiments (OriginPro 2025 SR0 software). RSM consists of statistical 
and mathematical techniques vital for modelling and analysing prob
lems in which the response is determined by numerous interacting 
variables. The main objective of the response surface is to attain opti
mised response variables [27,37]. Thus, the effect of three variables 
(solids loading (X1, % w/v); enzyme loading (X2, FPU g− 1 cellulose); and 
time (X3, h)) was evaluated on the response (total sugar yield (% g/g). 
Three variables for CCD, consisting of six central points and five levels 
for each variable, i.e., –α, − 1, 0, +1, +α, were selected for the optimi
zation, and a total of 20 experimental runs were generated. The range 
and levels of independent variables and coded values are presented in 
Table 1. The independent variables and their ranges were defined based 
on previous studies [15].

Experiments were conducted towards the construction of a mathe
matical model. The TS yield (Y) was determined using the following 
polynomial equation (Eq. (1)) [8]: 

Y = β0 +
∑k

i=1
βiXi +

∑k

i=1
βiiX2

i +
∑k

ii

∑k

i,j
βijXiXj (Eq. 1) 

where Y is the response variable; Xi, Xj, and Xk are the corresponding 
actual values of the variables; β0 is the regression coefficient of the fitted 
response at the centre point of the design; βi is the linear term coeffi
cient, βii is the regression coefficient for quadratic effects and βij and βji 
are the interaction terms coefficients. Subsequently, non-significant 
terms were removed from the equation using the backward 
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elimination methodology, followed by the addition of higher degree 
factors to the polynomial equation 27.

These variables were selected according to the preliminary experi
mental results as the critical parameters nominated as X1, X2, and X3. 
The correlation coefficient (R2), was employed to scrutinise the fit of the 
quality of the model (i.e. polynomial). Analysis of Variance (ANOVA) 
was employed to evaluate both the model fit and the significance of its 
parameters [8,38].

2.4. Fermentation of enzymatic hydrolysates of ChCl:glycerol pretreated 
rice straw

S. cerevisiae and C. tropicalis initially stored at − 80◦C were reac
tivated in medium containing (g/L): glucose, 30.0; yeast extract, 3.0; 
peptone, 5.0; agar, 20.0 at pH 6.0 ± 0.2 and temperature 30◦C. Starter 
culture was developed by growing cells at 30◦C and 200 rpm for 12 h in a 
culture medium containing (g/L): glucose, 30.0; yeast extract, 3.0; 
peptone, 5.0; pH 6.0 ± 0.2. The fermentation of enzymatic hydrolysates 
from Section 2.2 was carried out in a 150 mL Erlenmeyer flask in an 
orbital incubator (30◦C, 200 rpm, 24 h) with a working volume of 50 mL 
supplemented with 4 g/L of yeast extract, 2 g/L of (NH4)2SO4, 0.5 g/L of 
MgSO4.7H2O and 1 g/L of KH2PO4, adjusted to pH 6.0. The synthetic 
defined medium consisted of glucose (68.0 g) and xylose (28.0 g), sup
plemented as for enzymatic hydrolysates. Before inoculation, the starter 
culture was centrifuged at 13,000 × g for 2 min at 4◦C. Nutrient sup
plementation before fermentation was necessary because the lignocel
lulosic hydrolysates lack sufficient essential growth factors such as 
nitrogen, vitamins, and minerals required for yeast cells growth [39].

The resulting pellet was washed once with 10 mL of sterile 0.85% 
NaCl (w/v) solution and recentrifuged under the same conditions. The 
pellet was resuspended in the sterile 0.85% NaCl (w/v) solution to an 
OD600 of 1.0. Afterwards, 400 μL of starter culture was inoculated into 
50 mL of enzymatic hydrolysate in a 150 mL Erlenmeyer flask. In the 
case of co-culture, 200 μL each of starter culture (OD600 1.0) of 
S. cerevisiae and C. tropicalis was used, while for sequential culture, 200 
μL starter culture of S. cerevisiae was used initially, followed by 200 μL 
starter culture of C. tropicalis after 9 h of incubation. 1.0 mL of sample 
was collected every 3 h, supernatant and biomass were separated by 
centrifugation and stored 4◦C. Later supernatant was used for sugar and 
ethanol analysis, while the biomass was used for cell dry weight 
measurement.

For comparison, co-culture fermentation was carried out on the hy
drolysate obtained following enzymatic hydrolysis of rice straw 

pretreated with 1% H2SO4 in an autoclave at 120◦C for 30 min as 
described earlier.

2.5. Analytical methods

Sugar (glucose and xylose) and ethanol analyses were carried out 
using a High-Performance Liquid Chromatography (HPLC) system (1260 
Infinity) equipped with a Hiplex H column (Agilent) and a Refractive 
Index Detector. The HPLC conditions were as follows: 5 mM H2SO4 was 
the Mobile phase, with a flow rate of 0.6 mL/min; the column temper
ature was 25◦C, and the detector temperature was 35◦C. Before injec
tion, a 1 mL aliquot of culture was centrifuged at 3000× g for 5 min, and 
the supernatant was filtered through a 0.22 μm nylon syringe filter.

2.6. Determination of hydrolysis and fermentation parameters

Total sugars (glucose and xylose) yield (%) was calculated using 
Equation (2). 

YS/B =
Sf − Si

Biomass
× 100 (Eq. 2) 

Where Sf is the final sugar (glucose and xylose) concentration (g/L), Si is 
the initial sugar (glucose and xylose) concentration (g/L), Biomass is the 
initial amount of glucan and xylan content in the pretreated RS added to 
the buffer, as expressed in g/L.

Ethanol yield (g/g) was calculated using Equation (3). 

YE/B =
EtOHf − EtOHi

Si − Sr
(Eq. 3) 

Where EtOHf is the final ethanol concentration (g/L), EtOHi is the initial 
concentration (g/L), Si is the initial sugar (glucose and xylose) concen
tration (g/L), Sr is the residual sugar (glucose and xylose) concentration 
(g/L).

Volumetric productivity (g/L.h) was calculated using Equation (4). 

QP =
EtOHf

t
(Eq. 4) 

Where EtOHf is the final ethanol concentration (g/L), t is the fermen
tation time (h)

Table 1 
Central composite design and experimental results of enzymatic hydrolysis ChCl:glycerol pretreated rice straw.

Run order Coded variables Actual variables Total sugar yield (%)

Solids loading (X1) Enzyme loading (X2) Time (X3) Solids loading (X1) Enzyme loading (X2) Time (X3) Experimental Predicted

1 0 0 0 22.5 10 80 60.82 ± 5.26 60.76
2 0 0 0 22.5 10 80 59.21 ± 3.44 60.76
3 0 0 +1.67 22.5 10 147.3 61.28 ± 1.90 64.32
4 0 +1.67 0 22.5 18.4 80 68.95 ± 1.09 70.36
5 − 1.67 0 0 9.9 10 80 94.92 ± 1.15 96.15
6 0 0 0 22.5 10 80 59.57 ± 4.36 60.76
7 − 1 − 1 1 15 5 120 85.30 ± 2.15 83.68
8 0 0 0 22.5 10 80 60.78 ± 2.54 60.76
9 − 1 1 − 1 15 15 40 82.51 ± 4.85 82.25
10 1 1 1 30 15 120 53.83 ± 2.88 52.05
11 0 0 0 22.5 10 80 62.56 ± 1.16 60.76
12 +1.67 0 0 35.1 10 80 40.97 ± 3.74 40.61
13 0 − 1.67 0 22.5 1.6 80 62.92 ± 1.50 62.38
14 0 0 0 22.5 10 80 61.79 ± 2.73 60.76
15 − 1 − 1 − 1 15 5 40 75.57 ± 2.70 76.72
16 − 1 1 1 15 15 120 87.76 ± 3.70 85.90
17 0 0 − 1.67 22.5 10 12.7 60.43 ± 2.47 58.26
18 1 − 1 1 30 5 120 48.45 ± 4.39 48.08
19 1 − 1 − 1 30 5 40 43.29 ± 2.63 44.53
20 1 1 − 1 30 15 40 50.80 ± 5.71 51.80
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2.7. Statistical analyses

Plotting of figures were performed using Origin Pro V2025. All ex
periments were conducted at least in duplicate, and the results were 
presented as mean ± standard error of the mean. Statistical analysis of 
data was performed using SPSS Statistics (IBM SPSS Statistics, Version 
29.0., USA). Data were subjected to a one-way ANOVA with the Duncan 
test and the probability value of p < 0.05 was considered significant.

3. Results and discussion

3.1. Enzymatic hydrolysis

High-solids enzymatic hydrolysis of DES-pretreated rice straw (RS) 
was performed using the Design of Experiments. Total sugars (TS) 
consist of glucose and xylose in the hydrolysate after enzymatic hy
drolysis. The effects of solids loading (X1), enzyme loading (X2), and 
hydrolysis time (X3) on the yield of TS from DES-pretreated RS were 
investigated by CCD with RSM (Table 1). The close agreement between 
experimental and predicted responses validates the response surface 
model across the studied domain. Solids loading exhibited the strongest 
effect on the yield of TS, with the highest TS yield of 94.92% obtained 
with 9.89% of solids loading. High TS yields (>80%) were maintained at 
15% solids loading across multiple combinations of enzyme loadings 
and time. On the contrary, solids loading beyond 30% resulted in sig
nificant decreases in TS yield (<54%), irrespective of higher enzyme 
doses and prolonged hydrolysis time.

This reduction mirrors the “high-solids effect,” where reduced free 
water, elevated viscosity and mass transfer constraints limit enzyme- 
substrate interactions and sugar release at high solids loadings. This 
effect could be attributed to mass transfer limitations owing to high 
viscosity and inadequate mixing especially above 20% solids loading 
[40]. Enzyme loading positively influenced TS yield at low-to-moderate 
solids loading, with increases from 5 to 15 FPU/g cellulose of enzyme 
loading enhancing sugar release. Interestingly, at an enzyme loading of 
1.59 FPU/g cellulose, TS yield obtained was comparable to the centre 
points, thereby underscoring the enhanced digestibility imparted by 
ChCl:glycerol pretreatment, consistent with recent reports of 
DES-facilitated cellulose accessibility [41]. TS yields were significantly 
affected by hydrolysis time at lower solids loading, compared to high 
solids loading indicating that prolonging hydrolysis time was not suffi
cient in overcoming ‘‘the high solids effects’’. Strong interactions be
tween solids loading, enzyme loading, and time were evident, an 
indication that high TS yields required low-to-moderate solids together 
with adequate enzymes and time.

3.1.1. Model development and statistical analysis
The experimental results presented in Table 1 were analysed by 

analysis of variance (ANOVA) and the fitted equation model was ob
tained as shown in Table 2. The model was highly significant (p <
0.0001), indicating that the selected variables adequately explained the 
observed variability in TS yield [42]. High coefficient of determination 
R2 (0.99) and adjusted R2 (0.98) were obtained indicating excellent fit 
between predicted and experimental values, while the high predicted R2 

(0.94) confirms strong predictive capability of the model. The insignif
icant lack-of-fit test (p = 0.083) indicates that the quadratic model 
sufficiently described the experimental data within the range 
investigated.

The linear terms (X1, X2 and X3) of all the variables tested were 
significant (p < 0.01), indicating that all three variables exerted sig
nificant individual effects on enzymatic hydrolysis efficiency and yield 
of TS. The quadratic terms of solid loading (X2

1) and enzyme loading (X2
2) 

were significant (p < 0.01), while the quadratic term of hydrolysis time 
(X2

3) was insignificant (p = 0.73). The significant terms (X2
1 and X2

2) 
reveal strong curvature effects associated with solids loading and 

enzyme loading. However, the insignificant (p > 0.05) interaction ef
fects amongst the variables tested indicated the dominance of main ef
fects particularly solids loading on the hydrolysis efficiency and yield of 
TS.

The application of multiple regression analysis on the experimental 
data yielded a regression equation (Eq. (5)) in which predicted response 
for TS yield could be obtained by means of a second-order polynomial 
equation. 

Y = 60.76 − 16.51X1 + 2.37X2 + 1.80X3 + 2.69X2
1 + 1.98X2

2 + 0.19X2
3

+ 0.44X1X2 − 0.85X1X3 − 0.83X2X3

(Eq. 5) 

This equation includes all terms regardless of their significances. The 
significant terms are highlighted in bold. The coefficient sign (±) defines 
the direction of the relationship between each of variables and the 
response. The positive sign indicates that as the value of one variable 
changes, the response changes in the same direction, while for the 
negative sign, the response operates in the opposite direction. The ab
solute coefficients measure the strength of the relationship [37].

3.1.2. Three-dimensional (3-D) response surface plots
The 3-D response surface plots (Fig. 1) further illustrate the com

bined effects of process variables. The interaction between solids 
loading and enzyme loading (Fig. 1a) shows that high TS yields are 
achieved only at low solids loading, regardless of enzyme dosage, con
firming the dominant limiting role of solids

loading. Similarly, the interaction between solids loading and hy
drolysis time (Fig. 1b) demonstrates that extending hydrolysis time 
cannot compensate for the negative effects of high solids loading. In 
contrast, the surface response plot depicting enzyme loading and hy
drolysis time (Fig. 1c) reveals a relatively broad optimum region, indi
cating that moderate enzyme dosage combined with sufficient 
hydrolysis time is adequate to achieve high TS yields, provided solids 
loading remains within a favourable range (<15% solids) [25].

Overall, the statistical and response surface analyses demonstrate 
that solids loading is the dominant parameter governing enzymatic 
hydrolysis efficiency of ChCl:glycerol pretreated rice straw. On the other 
hand, while enzyme loading and hydrolysis time significantly influence 
TS yield, their effects are strongly constrained by high solids loading. 
Therefore, the high TS yields obtained at high solids loading highlight 
the effectiveness of ChCl:glycerol pretreatment in enhancing biomass 
digestibility.

3.1.3. Model validation
The quadratic model identified 17% (w/v) of solids loading (X1), 3 

FPU/g cellulose of enzyme loading (X2), and 75 h of hydrolysis time (X3) 

Table 2 
ANOVA for the quadratic model.b.

Source DF SS MS F-Value Prob > F

Model 9 4005.831 445.092 112.88 <0.0001
X1 1 3723.668 3723.668 944.2685 <0.0001
X2 1 76.97402 76.97402 19.5195 0.0013
X3 1 44.30271 44.30271 11.23453 0.00734
X1

2 1 104.5394 104.5394 26.50968 <0.001
X2

2 1 56.62702 56.62702 14.35979 0.00355
X3

2 1 0.50597 0.50597 0.12831 0.72764
X1X2 1 1.51433 1.51433 0.38401 0.54932
X1X3 1 5.76218 5.76218 1.46121 0.25454
X2X3 1 5.47039 5.47039 1.38721 0.26615
Error 10 39.43443 3.94344 ​ ​
Lack of fit 5 31.27737 6.25547 3.83439 0.08326
Pure Error 5 8.15706 1.63141 ​ ​
Total 19 4045.265 ​ ​ ​

bSS-sum of squares, MS-mean square, DF-degree of freedom, R2 = 0.99,Adj. R2 

= 0.98, Pred. R2 
= 0.94.
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as the optimal conditions for enzymatic hydrolysis of DES pretreated 
rice straw (Table 3). Under these conditions, the measured TS and pre
dicted yield were 75.71 ± 1.83% and 80.67%, respectively, with a 
standard deviation of 2.45%, indicating that the measured TS and pre
dicted TS yields were in reasonable agreement based on the fitted 
quadratic model. The predicted optimal conditions were evaluated 
experimentally in triplicate. TS yield of 77% was reported after enzy
matic hydrolysis of DES-pretreated rice straw under un-optimised con
ditions (6 FPU/g cellulose enzyme loading, 10% solids loading, 72 h of 
hydrolysis time) [20], compared to 76% of TS yield obtained in the 
present study at lower enzyme loading (3 FPU/g cellulose) and high 
solids loading (17%).

3.2. Fermentation

Enzymatic hydrolysate of DES-pretreated RS mainly consists of 
glucose and xylose that yeasts can metabolise to produce ethanol. 
However, conventional yeast (S. cerevisiae) can efficiently metabolise 
glucose but lacks the ability to utilise xylose for ethanol production [43]. 
Another yeast, C. tropicalis, can utilise both glucose and xylose for 
ethanol production, but less efficiently than S. cerevisiae. Thus, 
fermentation under different culture conditions (monoculture, 
co-culture, and sequential culture) was carried out on the enzymatic 
hydrolysate to compare their efficiencies on ethanol production 
(Figs. 2–4). Fermentation of the synthetic defined medium was per
formed with the same culture conditions as described above for 
comparison.

3.2.1. Mono-culture fermentation of enzymatic hydrolysates
To differentiate intrinsic metabolic characteristics from lignocellu

losic hydrolysate-induced inhibitory effects, mono-cultures of 
S. cerevisiae and C. tropicalis were performed on both enzymatic hydro
lysate and synthetic defined medium containing glucose and xylose as 
the sole carbon source. Fig. 2 shows the fermentation profiles of mono- 

Fig. 1. Response surface curves for enzymatic hydrolysis of ChCl:glycerol pretreated rice straw (a-c) showing interactions between (a) X1-Solids loading and X2- 
Enzyme loading, (b) X1-Solids loading and X3-Time, (c) X2-Enzyme loading and X3-Time.

Table 3 
Optimal values of the independent variables, experimental, and predicted yield 
of total sugar.

Independent variables TS yield (%)

Solids (X1) 
(%, w/v)

Enzyme loading (X2) 
(FPU/g cellulose)

Time 
(X3)(h)

Measured Predicted

17.0 3.0 75 75.71 ± 1.83 80.67
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cultures of S. cerevisiae and C. tropicalis on the enzymatic hydrolysate of 
pretreated RS and synthetic defined medium containing glucose and 
xylose as the primary fermentable sugars. In the mono-culture of 
S. cerevisiae (Fig. 2a), glucose was rapidly consumed and became 
completely depleted within 12 h, whereas xylose remained relatively 
unchanged at around 26 g/L after 24 h. Ethanol level increased steadily, 
reaching a maximum level of 31.2 g/L after 12 h, corresponding to an 
ethanol yield of 0.46 g/g. Extending the fermentation time to 24 h 
resulted in slight decreases in ethanol level (28.3 g/L) and yield (0.42 g/ 
g) with productivity of 1.18 g/L.h (Table 4).

The decreases in ethanol concentration after 24 h could be attributed 
to its evaporation or metabolism by cells as an alternative carbon source 
in the absence of glucose [44]. The sugar consumption pattern in 
mono-culture of S. cerevisiae reflects strong glucose catabolite repression 
- a well-documented phenomenon in S. cerevisiae under mixed-sugar 
fermentation [45,46]. Other authors reported ethanol yield of 0.45 
g/g from glucose fermentation in lignocellulosic hydrolysates [47]. and 
similar trends were reported for glucose-dominated fermentations 
where pentose metabolism is poorly regulated or energetically unfav
ourable [48]. On the other hand, C. tropicalis demonstrated enhanced 
fermentation performance on enzymatic hydrolysate (Fig. 2b), primarily 
due to its ability to simultaneously utilise both glucose and xylose [49]. 
Although glucose was preferentially consumed, xylose concentration 
became depleted from 27 g/L to 3.0 g/L over the 24 h of fermentation, 

indicating a superior capacity for xylose utilisation. Consequently, a 
maximum ethanol level of 36.9 g/L was achieved after 24 h, corre
sponding to an ethanol yield of 0.40 g/g and 1.54 g/L.h of productivity. 
Other authors reported 0.40 g/g of ethanol yield from mixed sugar 
fermentation using Scheffersomyces stipitis [50].

As shown in Fig. 2c and d, slightly higher ethanol yields (0.38-0.50 
g/g) were obtained from the synthetic medium than from the enzymatic 
hydrolysate (0.33-0.47 g/g), indicating that the enzymatic hydrolysate 
did not inhibit fermenting cells [51]. Across both enzymatic hydrolysate 
and synthetic medium, C. tropicalis consistently outperformed 
S. cerevisiae in terms of xylose utilisation and final ethanol concentra
tion. However, the ethanol yields in mono-cultures of C. tropicalis were 
lower than those of S. cerevisiae. Notwithstanding this, C. tropicalis has 
shown potential for industrial lignocellulosic ethanol production, where 
the efficient conversion of mixed sugars remains a significant challenge 
[52–54].

3.2.2. Co-culture fermentation of enzymatic hydrolysates
Fig. 3 shows the co-culture fermentation profiles of S. cerevisiae and 

C. tropicalis on enzymatic hydrolysates of pretreated RS. Glucose was 
depleted within 9 h of fermentation, while xylose decreased from 26.3 
g/L to 3.2 g/L after 24 h (Fig. 3a). Ethanol concentration increased 
steadily during the course of fermentation reaching a maximum level of 
41.1 g/L and a yield of 0.46 g/g with productivity of 1.71 g/L.h after 24 

Fig. 2. Mono-culture fermentation: (a) S. cerevisiae on hydrolysate of ChCl:glycerol pretreated RS, (b) C. tropicalis on hydrolysate of ChCl:glycerol pretreated RS, (c) 
S. cerevisiae on Synthetic sugars, (d) C. tropicalis on Synthetic defined media.
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h. An ethanol titre of 41.1 g/L obtained from the co-culture fermentation 
is promising for second-generation (2G) ethanol production, although 

50 g/L is considered the benchmark [55,56]. A similar fermentation 
profile was obtained for hydrolysates of 1% H2SO4 pretreated RS with 

Fig. 3. Co-culture fermentation: (a) Enzymatic hydrolysate of ChCl:glycerol pretreated RS, (b) Enzymatic hydrolysate of H2SO4 pretreated RS, (c) Synthetic 
defined media.

Fig. 4. Sequential fermentation: (a) Enzymatic hydrolysate of ChCl:glycerol pretreated RS, (b) Synthetic defined media.

L.I. Igbojionu et al.                                                                                                                                                                                                                             Biomass and Bioenergy 216 (2027) 109712 

7 



16.2 g/L ethanol and a yield of 0.35 g/g with productivity of 0.67 g/L.h 
after 24 h from an initial TS concentration of 45.9 g/L. However, lower 
ethanol yield and productivity were obtained from hydrolysates of 1% 
H2SO4-pretreated RS, which might be attributed to the inhibitory effect 
of the hydrolysate on fermenting cells. Thus, corroborating the findings 
by other authors using conventional methods for lignocellulosic biomass 
pretreatment [57].

Furthermore, the slower initial glucose utilisation rate observed in 
enzymatic hydrolysates compared to co-culture on synthetic defined 
medium (Fig. 3b), indicates an initial adaptation of fermenting cells to 
the hydrolysate conditions [58]. The co-fermentation of sugars in the 
hydrolysates by S. cerevisiae and C. tropicalis shows that co-culture 
fermentation of lignocellulosic hydrolysates can result in competitive 
final ethanol concentrations due to enhanced xylose utilisation under 
reduced glucose repression [32].

Other authors reported 25 g/L of ethanol and a yield of 0.44 g/g from 
acid pretreated sugarcane bagasse hydrolysate co-fermented by recom
binant S. cerevisiae and recombinant E. coli [32], while Zhang et al. [59] 
reported 32.6 g/L of ethanol and 0.42 g/g of yield from alkaline 
peroxide pretreated wheat straw after co-culture with recombinant 
S. cerevisiae and recombinant P. Pastoris. Thus, the 41.1 g/L ethanol and 
yield of 0.46 g/g after 24 h obtained in the present study indicate su
perior performance of co-culture fermentation using S. cerevisiae and 
C. tropicalis. In addition, the high ethanol titre (41.1 g/L) can potentially 
support a second-generation (2G) ethanol production from RS [55].

3.2.3. Sequential fermentation of enzymatic hydrolysates
Sequential cultivation involves inoculating the first yeast 

(S. cerevisiae) into the enzymatic hydrolysate and allowing it to grow for 
a specified period before inoculating the second yeast (C. tropicalis) into 
the medium. The sequential cultivation of S. cerevisiae and C. tropicalis 
on enzymatic hydrolysates and synthetic defined medium is shown in 
Fig. 4. In Fig. 4a, glucose was rapidly consumed by S. cerevisiae, and 
became almost depleted within 9 h of fermentation, while xylose con
centration remained relatively unchanged at 25.4 g/L with corre
sponding ethanol concentration and yield of 25.4 g/L and 0.45 g/g, 
respectively. The rapid glucose assimilation rate and its depletion within 
9 h indicates that S. cerevisiae naturally preferred glycolytic metabolism 
[60].

However, following the inoculation of C. tropicalis after 9 h, xylose 
concentration decreased steadily from 25.4 g/L (9 h) to 5.8 g/L after 24 
h, while glucose was depleted after 24 h. The ethanol level further 
increased to 36.1 g/L after 24 h, whereas ethanol yield dropped to 0.41 

g/g from a maximum level of 0.45 g/g at 9 h. However, despite the high 
xylose depletion rate, only a slight increase in ethanol levels occurred 
after 12 h (21.2 g/L), with a corresponding drop in ethanol yield (0.35 
g/g). Further increases in fermentation time to 24 h resulted in lower 
ethanol levels (19.5 g/L) and a lower ethanol yield (0.29 g/g), with a 
productivity of 1.51 g/L.h. The ethanol yield declined from 0.43 g/g at 9 
h to 0.29 g/g at 24 h, despite improved xylose consumption by 
C. tropicalis, indicating substantial carbon diversion toward biomass 
synthesis and cellular maintenance. Similar trends were observed in 
synthetic defined medium (Fig. 4b); however, the ethanol yield from 
synthetic medium (0.42 g/g) was higher than that from enzymatic hy
drolysates (0.35 g/g) at 12 h. This behaviour is consistent with the 
typically lower ethanol yield reported for native xylose-fermenting 
yeasts, particularly in complex lignocellulosic hydrolysates [61].

3.3. Comparison with other process strategies for lignocellulosic ethanol 
production

The ethanol production process in the present study was compared 
with other reported lignocellulosic ethanol production processes, as 
shown in Table 5. The present process employed a low enzyme loading 
(3.0 FPU/g cellulose) and high solids loading (17% w/v), which is lower 
than those reported in the literature (15-25 FPU/g solids). In addition to 
reduced enzyme input, co-culture fermentation (S. cerevisiae and 
C. tropicalis) achieved ethanol concentrations of 41.4 g/L, exceeding 
ethanol of 25 g/L using sugarcane bagasse [32] and ethanol of 32.6 g/L 
using wheat straw [51]. A higher ethanol concentration (45.0 g/L) was 
reported by Saini [62] using sugarcane bagasse; however, the process 
employed substantially higher enzyme loading (25 FPU/g solids) and 
longer fermentation time (72 h). Furthermore, an ethanol yield of 0.46 
g/g was achieved in co-culture fermentation in the present study, which 
is higher than the ethanol yields of 0.42-0.44 g/g reported in the liter
ature (Table 5). However, techno-economic analyses are needed to 
evaluate this potential benefit. Overall, the ability to achieve high 
ethanol titre and yield at significantly reduced enzyme dosage highlights 
the effectiveness of the microwave-assisted ChCl:glycerol pretreatment 
in alleviating biomass recalcitrance and improving process efficiency.

4. Conclusions

Application of CCD and RSM in enzymatic hydrolysis resulted in a 
high TS yield (~76%) at a high-solids loading (17% cellulose) and a low 
enzyme dosage (3.0 FPU/g cellulose) from ChCl:glycerol pretreated rice 
straw. Co-culture fermentation of the enzymatic hydrolysate led to a 
final ethanol titre of 41.1 g/L after 24 h, with a notably high ethanol 
yield (0.46 g/g) and volumetric productivity (1.71 g/L.h). Thus, com
pares favourably with similar co-culture systems, which achieved 
~48.6 g/L ethanol but lower yield (0.45 g/g) and productivity (~1.58 
g/L.h). Therefore, the present study, integrating high-solids enzymatic 
hydrolysis and a co-culture fermentation strategy for lignocellulosic 
ethanol production, can support a low-cost, scalable biorefinery 
concept.

CRediT authorship contribution statement

Longinus Ifeanyi Igbojionu: Writing – review & editing, Writing – 
original draft, Visualization, Validation, Methodology, Investigation, 
Formal analysis, Data curation, Conceptualization. Yujie Mao: Writing 
– review & editing, Visualization, Validation, Methodology. Eleanor 
Binner: Supervision, Conceptualization. Alan D. Goddard: Supervi
sion, Conceptualization. Alfred Fernandez- Castane: Writing – review 
& editing, Visualization, Validation, Supervision, Software, Resources, 
Project administration, Methodology, Funding acquisition, 
Conceptualization.

Table 4 
Fermentation efficiencies of various cultivation strategies on enzymatic hydro
lysate (EH) of ChCl:glycerol pretreated rice straw (RS) and synthetic define 
medium.

Hydrolysate type and fermentation mode Ethanol yield 
(g/g)

Ethanol 
productivity (g/L.h)

Co-culture (S. cerevisiae & C. tropicalis) on 
EH of DES pretreated RS

0.45 ± 0.01 1.71 ± 0.00

Co-culture (S. cerevisiae & C. tropicalis) on 
EH of H2SO4 pretreated RS

0.35 ± 0.00 0.67 ± 0.01

Co-culture (S. cerevisiae & C. tropicalis) on 
synthetic defined medium

0.46 ± 0.01 1.78 ± 0.04

Mono-culture (S. cerevisiae) on EH of DES 
pretreated RS

0.42 ± 0.00 1.18 ± 0.01

Mono-culture (C. tropicalis) on EH of DES 
pretreated RS

0.40 ± 0.01 1.54 ± 0.02

Mono-culture (S. cerevisiae) on synthetic 
defined medium

0.41 ± 0.01 1.14 ± 0.00

Mono-culture (C. tropicalis) on synthetic 
defined medium

0.43 ± 0.01 1.57 ± 0.00

Sequential (S. cerevisiae + C. tropicalis) on 
EH of DES pretreated RS

0.42 ± 0.01 1.51 ± 0.02

Sequential (S. cerevisiae + C. tropicalis) on 
synthetic defined medium

0.43 ± 0.00 1.49 ± 0.02
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[b] M.M. Contreras-Gámez, Á. Galán-Martín, N. Seixas, A.M. da Costa Lopes, 
A. Silvestre, E. Castro, Deep eutectic solvents for improved biomass pretreatment: 
current status and future prospective towards sustainable processes, Bioresour. 
Technol. 369 (2023) 128396, https://doi.org/10.1016/j.biortech.2022.128396.

[17] N. Wang, K. Liu, Z. Hou, Z. Zhao, H. Li, X. Gao, Microwave-assisted deep eutectic 
solvents pretreatment for lignocellulose: Kinetics, intensified mechanism and 

Table 5 
A comparison of ethanol production with other reported studies.

Pretreatment Feedstock Enzymatic hydrolysis Fermentation condition Fermentation efficiency References

ChCl:glycerol (1:2), microwave (5 min, 
120◦C)

Rice straw Batch, 17% (w/v) solids, 3 
FPU/g cellulose, 75 h

SHF, Co-culture (S. cerevisiae and 
C. tropicalis), 30◦C, 24 h.

Ethanol: 41.1 g/L, Ethanol 
yield: 0.46 g/g

This study

1% H2SO4, autoclave (30 min, 120◦C) Rice straw Batch, 10% (w/v) solids, 10 
FPU/g cellulose, 75 h

SHF, Co-culture (S. cerevisiae and 
C. tropicalis), 30◦C, 24 h.

Ethanol: 16.2 g/L, Ethanol 
yield: 0.345 g/g

This study

Sequential acid-alkali pretreatment (30 min, 
120◦C)

Sugarcane 
bagasse

Batch, 15% solids (w/v), 25 
FPU/g dry solids, 72h

SHF, Mono-culture (K. marxianus 
JKH5 C60), 42◦C, 72 h.

Ethanol: 45.0 g/L, Ethanol 
yield: 0.44 g/g

[54]

Acid pretreatment (5 min, 190◦C) Sugarcane 
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SSCF, recombinant E. coli and 
S. cerevisiae, 37◦C, 48 h.

Ethanol: 25 g.L-1, Ethanol 
yield: 0.44 g/g

[32]

Alkaline peroxide pretreatment (35◦C, 60 
min)

Wheat straw - SSCF, recombinant S. cerevisiae and 
recombinant P. Pastoris.

Ethanol 32.6 g/L, Ethanol 
yield 0.42 g/g

[59]

Ionic liquid [TEA][HSO4] coupled with 
ultrasound irradiation (130◦C, 30 min)

Wheat straw Batch, 5% solids,28 FPU/g 
of biomass, 48 h

SHF, mono-culture (recombinant 
S. cerevisiae PTCC 5052), 48 h.

Ethanol:42.0 g/L, Ethanol 
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phosphoric acid

Rice straw Batch, 20 FPU/g substrate, 
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[65]
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Rice straw ​ SSF, 72 h. Ethanol: 40.6 g/L, Ethanol 
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[66]
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SHF: separate hydrolysis and fermentation, SSF: simultaneous saccharification and fermentation, SSCF: simultaneous saccharification and co-fermentation.
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