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Abstract

The study explores the effectiveness of alkaline pretreatment using various concentrations of NaOH (2%, 4%, 6%, 8%, and
10%) on lignocellulosic biomass, specifically paddy straw and sugarcane bagasse, and its impact on the biomass structure
and subsequent bioethanol production. Among the 2-10% NaOH pretreatment, samples at 2% NaOH exhibited a significant
removal of lignin and increased reducing sugar yields of 8.369 g/L from paddy straw and 7.635 g/L from sugarcane bagasse
compared to untreated samples. The growth patterns of two yeast strains, Saccharomyces cerevisiae and Yarrowia lipolytica,
were analyzed under different treatment conditions using paddy straw and sugarcane bagasse as carbon sources. The results
indicated that S. cerevisiae showed enhanced growth when dextrose was present with paddy straw but exhibited lower growth
with sugarcane bagasse. In contrast, Y. lipolytica exhibited higher growth with the addition of dextrose regardless of the
carbon source. Scanning electron micrographs (SEM) and Fourier transform infrared (FTIR) analysis further confirmed the
structural changes and lignocellulose degradation after 2% NaOH pretreatment. Among the treatment conditions, the highest
ethanol yield of 65.6 ml/L was obtained when S. cerevisiae and Y. lipolytica were co-fermented with sugarcane bagasse as
the carbon source without the addition of dextrose. Overall, this study demonstrates the effectiveness of alkaline pretreatment
using 2%NaOH in removing lignin from paddy straw and sugarcane bagasse, resulting in improved bioethanol production.
The findings highlight the potential of utilizing lignocellulosic biomass as a sustainable feedstock for biofuel production
through efficient treatment methods.
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1 Introduction

Climate change and energy security are the prime con-
cern in the twenty-first century. Researchers actively seek
alternative energy sources to mitigate their drawbacks in
response to fossil fuels’ depletion and detrimental effects.
Bioethanol has emerged as a promising substitute for fossil
fuels because it controls oil price fluctuations and reduces
greenhouse gas emissions. Additionally, it is non-toxic,
biodegradable in nature, and carbon—neutral [1]. While
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bioethanol has traditionally been produced from food crops
such as cassava, wheat, and sugarcane molasses, this prac-
tice has raised concerns due to its negative impact on the
food chain [2]. Consequently, researchers have turned their
attention towards utilizing agricultural waste for bioethanol
production, which mitigates environmental pollution caused
by waste disposal and addresses concerns related to food
availability.

Agricultural crop residues such as paddy straw and sug-
arcane bagasse serve as a potential feedstock for bioethanol
production. Paddy straw, characterized by its low-cost nature
as a byproduct of rice cultivation and boasting a substan-
tial annual output volume of 731 million tons, comprises
approximately 32-47% cellulose, 19-27% hemicellulose,
5-24% lignin, and 18% ashes, whereas sugarcane bagasse
has 40-50% cellulose, 25-35% hemicellulose, and 17-20%
lignin [3, 4]. Efficient bioethanol production from these lig-
nocellulosic biomasses necessitates their decomposition into
cellulose, lignin, and hemicellulose. This decomposition is
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achieved through pretreatment, which disrupts the recalci-
trant structure of lignocellulose, enabling enzymatic deg-
radation of cellulose and hemicellulose [5]. Various pre-
treatment methods, including autohydrolysis and physical,
chemical, and physicochemical treatment, can deconstruct
lignocellulosic biomass. Chemical pretreatment is the most
commonly used pretreatment lignocellulosic biomass among
these methods. Certain chemicals such as oxidizing agents,
alkali, acids, and salts are used for the chemical pretreat-
ment that aids in the degradation of lignin, hemicelluloses,
and celluloses by breaking down ester bonds from ligno-
cellulosic waste [6]. Alkali pretreatment also referred to as
peroxide, ozonolysis, or wet oxidation pretreatment involves
the use of highly concentrated alkaline solutions, such as
potassium hydroxide or sodium hydroxide. Hydrolysis of lig-
nocellulose by alkaline pretreatment is one of the most effi-
cient treatments in reducing cellulose crystallinity compared
to other pretreatment methods [7]. Hemicellulose hydrolysis
can be aided by a dilute acid pretreatment; however, deligni-
fication occurs with low hydrolysis of polysaccharide com-
ponents after alkaline pretreatment, resulting in increased
biomass digestibility. So, both of these processes are used as
a combined process for the effective pretreatment of ligno-
cellulosic biomass with less chemical consumption resulting
in less chemical cost and less generation of chemical waste
[8]. By utilizing enzyme lysates from a mixture of seven
bacterial strains, the study demonstrates significant delignifi-
cation of rice straw, resulting in enhanced fermentation rates
and a substantial increase in cumulative biogas production
compared to untreated straw, highlighting the efficacy of
synergistic enzymatic treatment in waste biomass hydrolysis
for bioprocess technology [9]. Protease and amylase, being
highly valuable microbial enzymes, find widespread appli-
cations in diverse industries, including organic waste deg-
radation, biofuels, agriculture, pharmaceuticals, chemicals,
and biotechnology, owing to their versatile capabilities [10].
The conversion of sugar into bioethanol requires innovative
fermentation techniques to enhance the cost-effectiveness
of the process [11].

Paddy straw contains soluble polysaccharides conju-
gated with high levels of phenolic compounds. These solu-
ble polysaccharides are released during the pretreatment of
paddy straw. The study by Zhu Wang et al. [12] showed
that the oligosaccharides and phenolic compound conjugates
promote better growth of yeast and ethanol fermentation.
Saccharomyces cerevisiae, a widely used yeast, efficiently
converts glucose and other sugars from cellulosic biomass
into bioethanol through fermentation [13]. Yarrowia lipol-
ytica also provides better ethanol yield through fermenta-
tion [14]. Because of its metabolic properties and potential
applications, Y. lipolytica is one of the most studied “non-
conventional” yeast strains. The organism is considered the
most beneficial in biotechnology because it produces many
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valuable things such as sweeteners, organic acids, fatty
acids, enzymes, and biomass [15]. The high lipid content of
the organism makes it an excellent candidate for co-cultiva-
tion with microalgae, leading to an increased yield of lipids
for biofuel production [16]. The utilization of Napier grass
as a feedstock resulted in the highest bioethanol yield, when
the mixed crude co-culture of Trichoderma reesei and S.
cerevisiae was employed [17]. Another research showed the
highest bioethanol production, achieved by combining two
different feedstocks, cassava and sugarcane bagasse, using
S. cerevisiae as a fermentation enzyme [18].

The present research aims to determine the optimal alka-
line pretreatment conditions for agricultural biomass waste,
namely sugarcane bagasse and paddy straw. The study uses
FTIR and SEM analyses to assess the impact of alkaline
pretreatment on the structural changes of lignocellulose and
delignification efficiency. Furthermore, different treatment
methods for bioethanol production by conventional yeast
strain Saccharomyces cerevisiae (NCIM 3052) and non-
conventional yeast strain Yarrowia lipolytica (NCIM 3229)
are evaluated. The outcomes of this research will make a
valuable contribution towards advancing sustainable and
efficient bioethanol production methods, which harness
agricultural waste resources while minimizing their envi-
ronmental footprint.

2 Materials and methods
2.1 Raw materials

Agricultural waste samples, specifically paddy straw and
sugarcane bagasse, were obtained from farmers’ fields and
local stalls in Thiruvarur District, Tamil Nadu, India (lati-
tude, 10.819990; longitude, 79.597820). The samples were
subjected to air drying to reduce their moisture content. Sub-
sequently, the samples were chopped, grounded, and sieved
through a mesh size of 10, resulting in particle sizes of
approximately 2 mm as shown in supplementary material 1.

2.2 Microorganisms

The yeast strains Saccharomyces cerevisiae (NCIM 3052)
and Yarrowia lipolytica (NCIM 3229) were procured from
the CSIR-NCL-NCIM, Pune, Maharashtra, India. Both the
strains were cultured and maintained on a YPD medium
consisting of peptone 20 g/L, yeast extract 10 g/L, and dex-
trose 20 g/L at 30 °C for 48 h, with a pH of 5.0. Regular
subculturing was performed to ensure strain viability, and
the cultures were subsequently stored in glycerol stock at
4 °C for future use.
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2.3 Alkaline pretreatment

Dried and powdered samples were sieved through a 2-mm
sieve and subsequently immersed in sodium hydroxide
solutions of varying concentrations (2%, 4%, 6%, 8%, and
10%) at a solid-to-liquid ratio of 1:10. The mixtures were
autoclaved at 15 psi for 30 min. After boiling, the agricul-
tural waste samples were subjected to centrifugation for a
duration of 10 min. Subsequently, the samples were filtered
using a muslin cloth, and the resulting filtrate was collected
for subsequent analysis. Then the pretreated samples were
washed twice with distilled water to remove residual alkali
and for pH neutralization. The dried biomass was then
hydrolyzed using 4% sulfuric acid and placed in the water
bath at a reaction temperature of 100 °C for 1 h [14]. The
total reducing sugar was estimated in the supernatant by the
3,5-di-nitro salicylic acid (DNS) method [19].

2.4 Growth of yeast cultures on agricultural wastes

YPD broth and YP (yeast extract, peptone) broth were pre-
pared facilitating the growth of Saccharomyces cerevisiae
and Yarrowia lipolytica. The 50 ml of growth media was
used to analyze the growth patterns of yeast cultures on
paddy straw and sugarcane bagasse. Subsequently, 1 g of
pretreated agricultural waste, paddy straw, or sugarcane
bagasse was added. The media in the conical flasks were
autoclaved and then inoculated with yeast culture at the
exponential phase, either S. cerevisiae or Y. lipolytica. The
experimental setups were conducted following the treatment
details outlined in Table 1. To analyze the growth pattern,
optical density readings of the samples were obtained at a
wavelength of 600 nm using a UV-visible spectrophotome-
ter. The readings were recorded daily over a period of 9 days.

2.5 SEM-EDXA

The morphology of raw and pretreated paddy straw and
sugarcane bagasse was observed by using a scanning

electron microscope (SEM)-energy-dispersive X-ray
(EDX) analysis (Tescan Vega 3). To prepare the samples
for imaging, a uniform Au layer was applied to the sur-
faces through ion sputtering to ensure enhanced conduc-
tivity and minimized charging effects during imaging. In
addition to SEM imaging, the energy-dispersive X-ray
(EDX) analyzer was employed to detect and quantify the
inorganic constituents in the samples. The EDX analysis
provided X-ray counts, offering valuable information about
the elemental composition of the examined materials.

2.6 FTIR analysis

The qualitative analysis in the characteristic functional
group of untreated paddy straw and sugarcane bagasse
with the alkaline pretreated paddy straw and sugarcane
bagasse was characterized using FTIR analysis (BRUKER
Optik GmbH). The sample mixture was scanned in the
middle infrared light (MIR) range specifically from 4000
to 400 cm™'. The scanning process involved an average
of 64 scans and was performed at a spectral resolution
of 4 cm™!. The analysis was conducted in transmittance
mode.

2.7 X-ray diffraction (XRD) analysis

The crystalline characteristics of untreated paddy straw
and sugarcane bagasse, as well as alkali-pretreated paddy
straw and sugarcane bagasse, were analyzed using X-ray
diffractometry (XRD) with a Malvern Panalytical Empy-
rean instrument employing CuKa radiation at a wave-
length (1) of 1.5406 A, operated at 40 kV and 30 mA. The
recorded intensity profiles spanned a 26 range from 5° to
60° with a step size of 0.008° and a scanning rate of 2°/
min. The determination of the crystallinity index (CrI) fol-
lowed the empirical method proposed by Segal et al. [20].
The Crl was calculated using the formula:

Table 1 Details of treatment
used for the growth of yeast

Treatment Details

strains in the presence of paddy T1
straw and sugarcane bagasse

YPD + Saccharomyces cerevisiae

T2 YPD + Yarrowia lipolytica

T3 Yeast extract peptone (YP) medium + paddy straw + Saccharomyces cerevisiae

T4 YPD + paddy straw + Saccharomyces cerevisiae

TS Yeast extract peptone (YP) medium + paddy straw + Yarrowia lipolytica

T6 YPD + paddy straw + Yarrowia lipolytica

T7 Yeast extract peptone (YP) medium + sugarcane bagasse + Saccharomyces cerevisiae
T8 YPD + sugarcane bagasse + Saccharomyces cerevisiae

T9 Yeast extract peptone (YP) medium + sugarcane bagasse + Yarrowia lipolytica

T10 YPD + sugarcane bagasse + Yarrowia lipolytica
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where Iy, represents the maximum diffraction intensity at
the peak position of 20=22.03°, and I, is the intensity at
20=18°.

2.8 Fermentation

For fermentation, 100 ml of YP medium containing pre-
treated paddy straw and sugarcane bagasse samples in coni-
cal flasks were autoclaved. The sterilized medium was then
inoculated with S. cerevisiae and Y. lipolytica obtained from
the 48-h-old culture, which had a cell density of 9.72 X 107
cells/ml of S. cerevisiae and 7 x 107 cells/ml of Y. lipolytica.
The fermentation experiments were carried out by yeast
strains under various treatment conditions involving paddy
straw and sugarcane bagasse. After inoculation, the conical
flasks were tightly sealed with rubber septa, and the cultures
were incubated in an incubator shaker at 30 °C at 110 rpm
for a duration of 96 h [21]. At the end of the fermentation
period, broth samples containing yeast cells were collected
by extracting 600 pl using a thin needle through the rubber
septum. These samples were then transferred to clean 2-ml
Eppendorf tubes. The tubes were centrifuged at 8000 g for
2 min to separate the yeast cells. Following centrifugation,
500 ul of the supernatant was transferred to another 2 ml
Eppendorf tube without disturbing the pellet. Then, 5 ul
of butanol was added to the tube, followed by vortexing at
maximum speed for 30 s. Next, 1 ml of ethyl acetate was
added to the mixture, which was vortexed again at maximum
speed for 5 min. Subsequently, the tubes were centrifuged at
5000 g for 2 min, facilitating the separation of phases. The
organic upper phase was collected and used for gas chroma-
tography (GC-FID) analysis for ethanol estimation.

2.9 Bioethanol estimation by gas chromatography

The ethanol in the culture samples was quantified using
the gas chromatographic technique. ThermoFisher Sci-
entific gas chromatograph Trace 1110 equipped with a
flame ionization detector (FID) was used to estimate the
bioethanol present in the samples. GC column TG-5MS
30 mx0.25 mm X 0.25 um was fitted to provide on-column
injection with FID conditions: 250 °C; H, (flow rate, 25 ml/
min); air (flow rate, 100 ml/min); N, carrier gas (flow rate,
27 ml/min). The initial oven temperature of GC was set
to 50 °C, which was subsequently increased at a rate of
7 °C per minute until it reached 100 °C. Ethyl acetate was
used as blank. Two microliters of the sample was injected
into the injector using a syringe. In between injections
syringe was washed thoroughly with ethyl acetate to avoid
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cross-contamination. Generally, the retention time of ethanol
was equivalent to 65 °C.

2.10 Statistical analysis

The statistical significance of the results was determined by
two-way analysis of variance (ANOVA) with a 95% confi-
dence interval and a significance level set at p=0.05. Graph-
Pad Prism version 8.0 and OriginPro 8.5 software were
employed for all the data analysis in this research article.

3 Results and discussion

3.1 Alkaline pretreatment of paddy straw
and sugarcane bagasse

Alkaline pretreatment results in the effective removal of
lignin from lignocellulosic biomass. It disrupts the biomass
structure, breaking the cellulose and hemicellulose bonding
and dignifying the biomass’s lignin content [22]. Compared
to acidic reagents such as sulfuric acid and sulfite, alkaline
pretreatment reagents, such as sodium hydroxide (NaOH),
are less corrosive. Alkaline pretreatment using NaOH is
considered the most effective due to certain advantages
over other methods. NaOH is highly effective in removing
lignin content from lignocellulosic biomass by disrupting
ester bonds, a non-corrosive and cost-effective pretreat-
ment method [23]. In this study, paddy straw and the sug-
arcane bagasse were pretreated with different percentages
2%, 4%, 6%, 8%, and 10%) of sodium hydroxide solution.
It was observed that at 2% NaOH pretreatment, the paddy
straw produced 8.369 g/L and sugarcane bagasse produced
7.635 g/L of reducing sugar compared to significantly lower
yields from untreated paddy straw and sugarcane bagasse
which produced only 4.874 g/L. and 4.055 g/L respectively.
The corresponding reducing sugar yields of untreated and
pretreated samples are presented in Fig. 1. Previous research
studies have demonstrated the potential of different pretreat-
ment methods for lignocellulosic biomass. For instance,
NaOH steam explosion pretreatment of sugarcane bagasse
resulted in the highest production of reducing sugars,
reaching 9.07 g/L [24]. Another study combining sodium
carbonate and sodium sulfide in a 1:2 ratio for pretreat-
ing sugarcane bagasse achieved the highest reducing sugar
yield of 592 mg/g [25]. Similarly, wheat straw exhibited
the highest reducing sugar yield of 7.06 g/L when treated
with 10% NaOH [5]. Additionally, rice straw pretreated with
2% NaOH yielded 8.17 g/L of reducing sugars [26]. The
obtained reducing sugars from pretreated biomass can be
further converted into fuel alcohol through the fermentation
process facilitated by yeast.
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Fig.1 Total reducing sugar produced at different percentages of
NaOH pretreatment of paddy straw and sugarcane bagasse

3.2 Growth pattern of yeast cultures with paddy
straw and sugarcane bagasse

The growth patterns of S. cerevisiae and Y. lipolytica were
observed under different treatment conditions (shown in
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Table 1) using paddy straw and sugarcane bagasse as carbon
sources. The results shown in Fig. 2 indicate that S. cer-
evisiae exhibited higher growth when dextrose was present
in addition to paddy straw (T4), compared to the treatment
without dextrose (T3). This suggests that S. cerevisiae, the
conventional yeast, shows enhanced growth when the media
contains dextrose and paddy straw. However, when sugar-
cane bagasse was used as the carbon source, S. cerevisiae
exhibited lower growth when dextrose was added (T9) but
showed higher growth without dextrose (T8). S. cerevisiae
showed the highest growth on day 6. In contrast, Y. lipolytica
showed the highest growth when dextrose was present, irre-
spective of whether paddy straw (T6) or sugarcane bagasse
(T10) was used as the carbon source. T1 and T2, which
served as control treatments, did not include paddy straw
or sugarcane bagasse but contained dextrose. Y. lipolytica
showed the highest growth on day 7. The growth readings
initially increased until day 2, decreased subsequently, and
then increased again after day 5. This phenomenon can be
attributed to diauxic growth, where the yeast initially utilizes
dextrose as the preferred carbon source. Upon its depletion,
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Fig.2 The growth pattern of a S. cerevisiae with paddy straw, b Y. lipolytica with paddy straw, ¢ S. cerevisiae with sugarcane bagasse, and d Y.

lipolytica with sugarcane bagasse
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the yeast switch to utilizing sugarcane bagasse and paddy
straw for their growth [3].

3.3 SEM-EDXA

Scanning electron micrographs of both untreated and
2%NaOH pretreated paddy straw and sugarcane bagasse
samples are presented in Fig. 3. The pretreated samples
show significant changes in their surface morphology com-
pared to the untreated samples. These changes indicate the

2 8
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removal of lignin and the release of cellulose by the reaction
of 2% NaOH with the ester bonds present in the biomass.
The FTIR analysis further supports this observation. Prior
to pretreatment, the untreated paddy straw and sugarcane
bagasse samples exhibited a rigid and compact surface struc-
ture. A previous study investigating wheat straw pretreat-
ment with increasing concentrations of NaOH demonstrated
that higher NaOH concentrations led to increased abrasion,
fiber splitting, scaling, and layering on the sample’s surface.
These morphological changes suggested greater cellulose
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Fig.3 SEM microscopic pictures of a sugarcane bagasse untreated, b sugarcane bagasse pretreated with 2% NaOH, ¢ paddy straw untreated, and

d paddy straw pretreated with 2% NaOH
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release from the biomass as the NaOH concentration during
pretreatment increased [5]. Additionally, Fig. 4 presents the
EDX element maps of the untreated and pretreated paddy
straw and sugarcane bagasse samples, providing visual
representations of the elemental distribution, while a table
within these figures summarizes the elements detected.

3.4 FTIR analysis of paddy straw and sugarcane
bagasse

FTIR analysis was conducted to examine the chemical and
structural changes in the paddy straw and sugarcane bagasse
before and after pretreatment with 2% NaOH. It showed
increased complexity of spectra in pretreated samples com-
pared to the untreated samples indicating the degradation
of the lignocellulose components, shown in Fig. 5. The
broadband transmittance at 3336.16 cm™!, 2899.75 cm™!,
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1425.50 cm™!, and 1034.64 cm™' in untreated paddy straw
and broadband signals at 3337.01 cm™!, 2890.49 cm™!,
1426.14 cm™! and 1028.87 cm™! in untreated sugarcane
bagasse are the characteristic peaks of cellulose [27]. The
peak at 3336.16 cm~! of untreated and 3775.13 cm™!,
3715.34 cm™!, 3660.32 cm™! of pretreated paddy straw
and peak at 3337.01 cm~! of untreated and 3857.05 cm™’,
3758.12 cm™!, 3663.79 cm™' of pretreated sugarcane
bagasse indicates the O—H stretching of hydrogen bond
[28]. In paddy straw, the peaks at 2899.75 cm™' of untreated
and 2893.59 cm™! of pretreated correspond to weak C-H
stretching in cellulose. Similarly, in sugarcane bagasse, the
peak at 2890.49 cm™! of untreated and 2876.82 cm™! of
pretreated shows the weak C-H stretching [29]. The peak
at 1977.79 cm~! and 2041.11 cm™! indicates the aromatic
C=C stretching in the lignin of untreated paddy straw and
sugarcane bagasse respectively. The pretreated paddy straw
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Fig.4 EDX element maps and summarized table of a sugarcane bagasse untreated, b sugarcane bagasse pretreated with 2% NaOH, ¢ paddy

straw untreated, and d paddy straw pretreated with 2% NaOH
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Fig.5 The FTIR spectrum of a untreated and 2% NaOH-pretreated
paddy straw and b untreated and 2% NaOH-pretreated sugarcane
bagasse

and the sugarcane bagasse showed the C=C stretch vibra-
tion at 1980.80 cm™' and 2040.35 cm™! respectively [30].
Additional peaks were observed after pretreatment of sug-
arcane bagasse at around 1990-2500 cm™! that indicates the
degradation of lignocellulose structure. The signal peak at
897.97 cm™! and 896.37 cm™! in untreated paddy straw and
sugar bagasse respectively indicates the C-O group of the
B-1,4-glycosidic linkage present in cellulose moiety. There
was intensity difference in the B-glycosidic linkage of the
pretreated paddy straw with additional peak formation at
663.76 cm™!, 607.72 cm™!, and pretreated sugarcane bagasse
at 602.13 cm™! denoting the cleavage of p-1,4-glycosidic
bond [31] Multiple peaks of CO stretching were observed
in both the untreated and pretreated samples of paddy straw
and sugarcane bagasse around 1400-1000 cm™' region.
The signal at 1726.62 cm™' of untreated and 1725.53 cm™!
of pretreated paddy straw corresponds to C =0 functional
group which is a characteristic peak of hemicellulose [32].
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Fig.6 X-ray diffraction (XRD) analysis of untreated and alkaline pre-
treated a paddy straw and b sugarcane bagasse

Overall analysis of both paddy straw and sugarcane bagasse
samples indicates the similarity in the raw material and
decrease in cellulose and lignin content after pretreatment
using 2% NaOH.

3.5 X-ray diffraction (XRD) analysis

The XRD analysis provides valuable insights into the struc-
tural changes induced by alkali pretreatment in both paddy
straw and sugarcane bagasse. The Crl serves as a quantita-
tive measure of crystallinity, offering a systematic approach
to evaluating the impact of the pretreatment process on the
biomasses under investigation. The crystallinity indices
(CrD) of untreated paddy straw and sugarcane bagasse were
determined to be 45.5% and 50.4%, respectively. Follow-
ing treatment with 2% NaOH alkali, the Crl increased to
67.8% for paddy straw and 75.3% for sugarcane bagasse.
This observed enhancement in Crl is attributed to the
transformation of crystalline cellulose into its amorphous
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Bioethanol yield in different treatment
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Fig. 7 Bioethanol yield from different fermentation treatments using
paddy straw and sugarcane bagasse

constituents, such as hemicellulose, lignin, and silica, dur-
ing the alkali pretreatment process. The alkaline pretreat-
ment not only induces a shift in the CrlI but also facilitates
the biodegradability of cellulose, concurrently augmenting
the inner surface area to pore ratio [33]. These results align
with existing studies. Chandel et al. [34] demonstrated a
notable increase in Crl from 48.8 to 71.87% for native sug-
arcane bagasse upon alkali pretreatment. Similarly, Gabhane
et al. [35] reported an elevation in Crl from 42.1 to 48% for
raw paddy straw subjected to alkali pretreatment. Addition-
ally, Cai et al. [36] observed an increase in Crl from 46.63
to 61.11% for unpretreated paddy straw following alkali

pretreatment. These findings collectively underscore the
efficacy of alkali pretreatment in modulating the crystalline
structure of lignocellulosic biomass.

3.6 Estimation of bioethanol using gas
chromatography

The results of the fermentation experiments unequivocally
confirmed the presence of ethanol in all treatment conditions
shown in Fig. 6. Among the treatment conditions, both S. cer-
evisiae and Y. lipolytica were employed together to ferment
paddy straw and sugarcane bagasse separately, and the bioetha-
nol production was estimated. Remarkably, the highest ethanol
yield of 65.6 ml/L was achieved when S. cerevisiae and Y. lipo-
Iytica were grown with sugarcane bagasse as the carbon source
without the addition of dextrose (T12). However, there were no
significant differences observed in the ethanol yield when com-
paring all other treatment conditions (Fig. 7; supplementary
material 2). Table 2 illustrates the bioethanol production from
agricultural waste through fermentation utilizing yeast culture.
Previous studies have highlighted the potential of S. cerevisiae
for ethanol fermentation. Ahmad et al. [37] recommended S.
cerevisiae due to its ability to consume more sugar, leading to
higher ethanol production with a 25% inoculum. Tsigie et al.
[14] obtained an ethanol yield of 0.084 g ethanol/g dry weight
when using S. cerevisiae for fermentation with Y. lipolytica bio-
mass hydrolysate as the medium. Onoghwarite [38] achieved
a maximum ethanol yield of 143.15 mg/L under specific con-
ditions while producing bioethanol from corn stover using S.
cerevisiae. Muthusamy et al. [39] achieved a higher ethanol
yield of 3.48 g/L at 72 h of incubation by fermenting sugarcane
juice with Streptomyces olivaceus among five agro-residues
tested. Wine et al. [40] estimated a bioethanol production of
9.10 g/l from corncob hydrolysate using S. cerevisiae after 48 h
of incubation [40]. In a research article by Wang et al. [41], they
reported the successful production of bioethanol from hot water
sugar maple wood extract hydrolysate. They achieved a maxi-
mum bioethanol yield of 24.05 g/L using a recombinant strain
of Escherichia coli FBWHR. The production process involved
a 30-h incubation period. Ezebuiro et al. [42] demonstrated

Table 2 Bioethanol production from agricultural waste through fermentation using yeast culture

Agricultural waste Method

Yeast fermentation Bioethanol yield Reference

Rice straw Degrading lignin by enzymes, namely laccase and lignin
peroxidase
Rice straw Pretreatment with 0.65% HNO; and enzymatic hydrolysis = Pichia stipitis

Paddy straw
fungus)

Sugarcane bagasse Acid hydrolysis (H,SO,) and hydrolysate detoxification
Sugarcane bagasse Simultaneous saccharification and fermentation (SSF)

Sugarcane bagasse Alkaline pretreatment (15% NaOH)

Biological pretreatment—Trametes hirsute (white-rot

Saccharomyces cerevisiae and
Candida tropicalis NSW-NW

2.17 g/L [45]

11to0 15 g/L [46]

Saccharomyces cerevisiae 0.86 g/LL [47]
Pichia stipitis 6.1 g/lL [48]
Zymomonas mobilis 1.5 g/L [49]
Saccharomyces cerevisiae LBM-1 8.8 g/LL [50]
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efficient bioethanol production using sugarcane bagasse and
cassava peels as substrates with Bacillus cereus GBPS9, result-
ing in ethanol contents of 18.40 g/L. and 17.80 g/L, respectively.
Nikhil et al. [43] analyzed bioethanol production from sacchari-
fied sugars of agro-wastes (pearl millet bran) using Aspergillus
Sflavus FPDN1 and found an ethanol concentration of 88% with
a retention time of 3.31 min. Mushimiyamana et al. [44] also
investigated bioethanol production using S. cerevisiae inocu-
lated in a medium containing agro-wastes such as sugar beet
peel, potato peel, onion peel, and carrot peel. Among these, the
maximum ethanol yield of 17.3% was obtained from sugar beet
peel after 28 days.

4 Conclusions

In conclusion, alkaline pretreatment using 2% sodium
hydroxide (NaOH) has proved to be an effective method for
lignin and cellulose release from lignocellulosic biomass of
paddy straw and sugarcane bagasse. The pretreatment with
2% NaOH resulted in higher yields of reducing sugars com-
pared to untreated biomass samples. The growth patterns of
S. cerevisiae and Y. lipolytica varied under different treatment
conditions, with S. cerevisiae showing enhanced growth in
the presence of dextrose along with paddy straw, but lower
growth when dextrose was added to sugarcane bagasse. In
contrast, Y. lipolytica exhibited the highest growth when
dextrose was present regardless of the carbon source used.
SEM and FTIR analysis confirmed the morphological and
chemical changes in the biomass after 2% NaOH pretreat-
ment, indicating the removal of lignin and degradation of
lignocellulosic components. Furthermore, the fermentation
experiments demonstrated bioethanol production under all
treatment conditions. Interestingly, the highest ethanol yield
was obtained when S. cerevisiae and Y. lipolytica were grown
with sugarcane bagasse as the carbon source without add-
ing dextrose. However, there were no significant differences
in ethanol yield among the other treatment conditions. This
research contributes to the development of efficient and sus-
tainable strategies for biomass utilization and biofuel produc-
tion. Further optimization and scale-up studies are necessary
to fully explore the potential of these pretreatment methods
and microbial fermentation for bioethanol production.
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