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ABSTRACT

As a renewable alternative to fossil fuels, the production of bioethanol and biochemicals from lignocellulosic biomass has drawn significant
interest. For biochemical conversion, pretreatement is the most crucial step, which removes biomass recalcitrance to improve cellulose’s
accessibility for enzymatic saccharification and fermentation. This study investigated the potential of dilute sulfuric acid pretreatment of
waste rice straw to produce building-block sugars and bioethanol. The study focused on optimizing several key parameters, including dilute
acid concentration (60 mM), pretreatment time (30 minutes), pretreatment temperature (120°C), and liquid-to-solid ratio (5:1). This study also
compared the efficiency of dilute acid pretreatment of rice straw with conventional dilute alkali and organosolv pretreatment techniques. The
results showed that dilute acid pretreatment effectively dissolved a significant amount of hemicellulose under these circumstances, retaining
97.96% of cellulose in the solid substrate, which led to 64.28% glucose yield in enzymatic saccharification. The rice straw structure underwent
morphological changes (i.e., cell wall rupture and changes in crystallinity) as the result of acid pretreatment, which were confirmed using SEM
and XRD techniques. Furthermore, Saccharomyces cerevisiae fermentation trials showed that the total bioethanol yield was 78.7% in simul-
taneous saccharification and fermentation, demonstrating the potential of optimized dilute acid pretreatment in the production of bioethanol
from rice straw. This study provides important insights for developing a biorefinery for the effective valorization of rice straw and other

agricultural waste biomasses.
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1 | Introduction energy sources currently only account for 23.7% of global energy

The requirement for searching for renewable source of energy consumption of which 12.45% comes from waste biomass [3].

is being driven by the rapid depletion of fossil fuels reserve. The Rice (Oryza sativa), sometimes referred to as paddy with husk,

. . . . . i f th ivel fi 1dwi
fossil fuels are still serving as the main energy sources, which is one of the most extensively grown food crops worldwide and

create a significant threat to energy prices and environmental the primary staple crop for more than 50% of the world’s popu-

sustainability. Global warming, acid rain, and polar ice melting lation [4]. Rice straw is the key byproduct generated during rice

. I . in h i i f th icultural
are the global consequences of excessive utilization of fossil fu- grain harvesting and is one of the most abundant agricultura

els [1, 2]. Therefore, in order to reduce the strain on fossil fuels, wastes. The sheath, stem, and leaves that remain after the pad-

. . dy is h ted ferred t ice straw. According to FAO,
the use of renewable energy sources as an alternative to fossil y 18 hatvested are referred fo as rice straw. According to

fuels has become inevitable. approximately 600-1100 million metric tons of rice straw are

produced globally per year, of which more than 90% of the rice
Biofuels derived from biomass have become the most promising straw generated in Asia [5]. Based on the amount of rice straw
and renewable alternative to petroleum-based fuels. Renewable  produced worldwide and their average chemical compositions,
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approximately 282 billion liters of ethanol could be produced an-
nually [6]. For every kilogram of milled rice, between 0.7 and 1.4
kilograms of rice straw are produced, of which a small portion of
rice straw is used as animal feed [7]. The majority of rice straw
is wasted and managed by on-site burning, which raises air pol-
lution and has an adverse effect on public health [8]. Therefore,
it is believed that waste rice straw has the potential to be the
preferred feedstock for bioethanol production in Asia.

Rice straw comprises 32-47% cellulose, 19-27% hemicellulose,
and 5-24% lignin with 4.6% crude protein [9]. Due to the com-
plex structure of rice straw, it has significant recalcitrance to
chemicals and biological organisms. To convert rice straw into
various value-added compounds, it is necessary to change the
complex structure of rice straw to remove lignin, break down
hemicellulose, reduce the crystallinity of cellulose, and increase
the surface porosity of rice straw. The biomass pretreatment is
considered the crucial step to reduce overall process cost, in-
crease productivity, and maximize potential recovery of rice
straw. Different pretreatment approaches have been practiced
to reduce the recalcitrance of rice straw and make it more ac-
cessible to chemicals or enzymes, towards cellulose, lignin, and
hemicellulose [10].

Dilute acid (DA), alkali, organosolv, ionic liquids, and deep eu-
tectic solvents are common reagents used in the most common
method for plant cell wall fractionation, which is a thermochem-
ical reaction at 80-220°C [11]. Due to its exceptional perfor-
mance in removing hemicellulose at a low cost, DA is one of
the most extensively tested pretreatment methods for biomass
conversion [12].

Numerous studies have demonstrated DA pretreatment of dif-
ferent types of biomasses to overcome structural barriers to
enzymatic hydrolysis and fermentation to produce value-added
chemicals [12, 13]. Specifically, DA pretreatment is more suit-
able for low lignin-containing agricultural biomass in terms of
processibility and overall cost [12, 13]. However, limited stud-
ies have focused on identifying the optimum conditions for di-
lute-acid pretreatment of agricultural waste biomass, particu-
larly under the specific conditions investigated in the present
study. Therefore, this study investigated the dilute sulfuric acid
pretreatment of waste rice straw to optimize several key param-
eters, including dilute acid concentration, pretreatment time,
pretreatment temperature, and liquid-to-solid ratio (the concep-
tual biorefinery was shown in the Fig. 1). The diagram illustrated
the conversion of rice straw into value-added products through
biochemical processing. First, rice straw was size-reduced and
subjected to dilute-acid pretreatment to disrupt its lignocellu-
losic structure. The pretreated material was separated into solid
substrate and pretreatment liquor containing dissolved sugars.

These streams were then subjected to saccharification and fer-
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Rice straw +
] * Solid Products
; 7/ Substrate
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|
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Pretreatment | sugars | & fermentation
liquor
Size
reduction
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Figure 1 | The conceptual diagram of a full process unit for dilute acid

pretreatment of rice straw biorefinery to produce bioethanol.

mentation, converting carbohydrates into fermentable products.
Finally, the desired bio-based products were recovered from the
fermentation process. The pretreatment and overall process ef-
ficiencies were estimated based on the subsequent saccharifica-
tion and fermentation yield to produce bioethanol, the bench-
mark fuel. This study also compared the efficiency of dilute acid
pretreatment of rice straw with conventional dilute alkali and
organosolv pretreatment techniques.

2 | Materials and Methods

2.1 | Feedstock Preparation

The Rice straw was collected from the local area and dried at
room temperature for 5 days. Then the rice straw was cut into a
1-2 cm size for further operations. The rice straw biomass was
either used directly or stored in airtight containers for further
use. For the subsequent treatment, the rice straw feedstock’s
moisture content was determined. The moisture content and sol-
id content were determined by weighing the sample both before
and after drying at 105°C until constant weight obtained. The
moisture content of the rice straw was 15.10%.

2.2 | Pretreatment

Dilute sulfuric acid at various concentrations such as 0, 15, 30, 45,
60, 85, 100, and 120 mM was used to pretreat the rice straw due
to the strong hydrolysis effect of acid in the aqueous medium.
To find optimum parameters, rice straw was also pretreated at
various temperatures, like 100, 120, 140, and 160°C for different
time intervals, including 10, 20, 30, 40 and 50 minutes in a stain-
less-steel reactor with a liquid-to-solid ratio of 3:1, 5:1 and 7:1.

For effective comparison, alkali pretreatment was performed
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with a 60 mM concentration of NaOH for 30 minutes at 120°C
with liquid-to-solid ratio of 5:1. In addition, similar organosolv
pretreatment was carried out using 50% of ethanol and 60 mM

dilute acid based on the data available in the previous literature.

2.3 | Chemical composition analysis

The chemical composition of rice straw was determined before
and after pretreatment to evaluate the effectiveness of the pro-
cess. Structural carbohydrates and lignin were analyzed follow-
ing the standard procedures of the National Renewable Energy
Laboratory (NREL) [14]. The grinded and moisture free samples
were subjected to two-step acid hydrolysis using 72% H,SO, at
30°C for 60 min, followed by dilution to 3.97% H,SO, and autoclav-
ing at 121°C for 60 min. After hydrolysis, the slurry was filtered
to separate the lignin residue from the liquid fraction containing
structural sugars. Lignin content was determined gravimetri-
cally, while the filtrate was used for sugar analysis. The sug-
ar and degradation products present in the pretreatment liquor
were quantified by HPLC using an Aminex HPX-87 column. The
HPLC analysis was performed using an injection volume of 50
pL. HPLC-grade water, filtered through a 0.2 pm membrane and
degassed, was used as the mobile phase at a flow rate of 0.6 mL/
min. The column temperature was maintained at 80-85°C, while
the detector temperature was kept as close as possible to the col-
umn temperature. A refractive index (RI) detector was used for
detection, and the total run time was 30 minutes.

2.4 | Characterization of solid substrate

An FTIR (IR Tracer 100, Shimadzu Japan) with a resolution of
4 cm™ and 45 scans per sample in the 4000-500 cm™ range was
used to analyze both native and pretreated rice straw [15].

The Scanning electron microscopy (SEM) (Phenom-Workstation\
ThermoFisher: Phenom User Interface version: 2.0.1) is used to
produce high-resolution, magnified images of a sample’s surface
by scanning it with a focused beam of electrons for visualizing

the morphology of raw rice straw and pretreated rice straw [16].

The crystallinity of the substrates was analyzed using X-ray dif-
fraction (XRD) technique with a Bruker D8-Advance diffractom-
eter [17]. Diffraction patterns were recorded over a 26 range of
10-50° at a scanning speed of 3° min™* and a step size of 0.020.
The XRD machine was operated at 40 kV and 30 mA using Cu-
Ka radiation. The crystallinity index (Crl) of the samples was
calculated from the diffraction peak intensities-

Ic - Iam
CTI(%) - 17

c

% 100 (1)

Where; I = amorphous peak intensity at 20 and I_ = the maxi-
mum peak intensity at around 26.

2.5 | Enzymatic Saccharification

Enzymatic saccharification experiments were conducted to as-
sess the efficiency of cellulose to glucose conversion for pre-
treated substrates for different pretreatment conditions. The en-
zymatic saccharification was done using Cellic-Ctec2 at 2% solid
load and 15 FPU/g-substrate enzyme load. The 1M sodium ace-
tate buffer was added to saccharification chamber to maintain
pH fairly constant. An aliquot of 1 mL from each saccharification
chamber was collected at 3, 6, 9, 12, 24, and 72 hours (h) to deter-
mine substrate digestibility. The cellulose enzyme digestibility
(CED) was calculated as the ratio of estimated glucose concen-
trations to the maximum glucose concentrations obtainable from
100% digested substrates [18].

2.6 | Simultaneous Saccharification and Fermentation
(SSF)

Modified Saccharomyces Cerevisiae yeast was used in this
fermentation process to measure the conversion efficiency of
bioethanol from fermentable carbohydrates. The medium used
to cultivate the yeast was YPD (yeast extract peptone dextrose)
which contained glucose (dextrose), peptone, yeast extract, and
double-distilled water. The pre-culture time for the yeast was 24
hours in YPD medium, and the amount of yeast being used in the
fermentation process was 5 g/L.

The SSF of the pretreated substrate was conducted in 250 mL
Erlenmeyer flasks with a working volume of 100 mL and a final
substrate loading of 25% (w/v). The pH was adjusted using 5 mL
of 1M sodium acetate buffer. Enzymatic hydrolysis and fermen-
tations were carried out using Cellic-Ctec2 (15 FPU/g-substrate)
and Saccharomyces Cerevisiae (5 g/L), respectively. The yeast
was pre-cultured in YPD medium containing 2% glucose, 1%
yeast extract, and 2% peptone at 37°C for 24 h.

The SSF was performed in a fed-batch mode with an initial sub-
strate loading of 15% (w/v) [16]. Pre-hydrolysis was conducted
at 50°C and 150rpm for 36 h, after which the activated yeast was
added and the temperature was maintained at 37°C. The remain-
ing substrate was then added to achieve a final solid loading of
25% (w/v). Fermentation was continued for a total of 72 h, and
samples were collected at 12 h intervals to evaluate saccharifica-

tion and fermentation efficiencies.

3 | Results and Discussion

The experimental findings are summarized to evaluate the
potential of the proposed rice straw biorefinery. The chemi-
cal compositions of raw and pretreated rice straw biomass are
demonstrated in the Fig. 2, which show the responses of differ-
ent pretreatments for fractionating major lignocellulose compo-
nents. After pretreatments, the substrates are then enzymatically
hydrolyzed to building-block sugars, and finally the pretreated
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Figure 2 | The chemical composition of raw and pretreated substrates
for variations in (a) dilute acid concentration, (b) temperature, (c) time
and (d) liquid-to-solid ratio.

substrates are subjected to fermentation to produce bioethanol,
the benchmark fuel. The optimization data of dilute acid pre-
treatment of rice straw using sulfuric acid is discussed below
after various composition tests for different acid concentrations,
different pretreatment times, different temperatures, and differ-
ent liquid-solid ratios. The feasibility of diluted acid pretreat-
ment over alkali pretreatment and organosolv pretreatment is

also examined using a variety of instrumental techniques.

3.1 | Compositional analysis of pretreated rice straw

The chemical composition analysis is the key process to deter-
mine the true value of substrates for further processing. The raw
rice straw biomass contained 35.35% cellulose, 29.64% hemicel-
lulose, 10.39% lignin and some other substances. The pretreat-
ment of rice straw alters the chemical composition and reduces
the recalcitrance of rice straw, which results in increasing the
enzymatic accessibility of cellulosic fractions (Fig. 2(a-d)). Here
in most of the cases, the dilute sulfuric acid pretreatment of the
rice straw significantly dissolves hemicellulose from biomass
and breaks down into building block sugars. Lignin contents re-
main almost unchanged due to insolubility of lignin in aqueous
acidic solutions [19]. However, cellulose dissolution depends on
the pretreatment severity such as high acid concentration, tem-
perature, time, and liquid to solid ratio. The high pretreatment
severity favors hemicellulose removal while causing significant
loss of cellulose sugars from pretreated substrates.

3.2 | Characterization of pretreated substrate:

The SEM images of the raw and pretreated rice straw are shown
in the Fig. 3 (a-d). The intact topology of untreated rice straw

Figure 3 | Scanning electron microscopic images for (a) raw sample,

(b) acid pretreated, (c) alkali pretreated, and (d) organosolv pretreated
rice straw biomass.

(Fig. 3(a)) exhibits a highly compact, smooth, and rigid surface
layer which also confirms the structural recalcitrance of native
biomass, which severely restricts initial enzyme access. On the
other hand, DA pretreated rice straw (Fig. 3(b)) reveals a uni-
formly porous and disrupted micro-texture. The structural mod-
ification is due to the acid-catalyzed hydrolysis of hemicellulose,
which effectively expanded the active surface area [19]. The
morphology of alkali-pretreated rice straw (Fig. 3(c)) is driven by
base-induced delignification. The alkali dissolved the protective
lignin sheath and displays a distinct swelling and splitting of the
fiber bundles, leaving a highly loosened network. The synergis-
tic action of the organic solvent and the acid catalyst successful-
ly dissolved both the lignin and hemicellulose fractions, leaving
highly exposed cellulosic bundles, thus organosolv pretreated
rice straw (Fig. 3(d)) showed extensive fragmentation and struc-
tural collapse.

The FTIR spectra indicating the stretching vibrations of hydroxyl
O-H groups centered at 3341 cm™ is assigned to involve intra and
intermolecular hydrogen bonding; a region highly responsive to
the structural configuration of cellulose (Fig. 4(a)). In the present
study, the acid-pretreated biomass exhibited a pronounced at-
tenuation in this region relative to the raw, base, and organosolv
treated variants. This reduction in absorbance signifies a par-
tial disruption of the highly ordered hydrogen-bonding network
stabilizing the crystalline cellulose domains. Again, a noticeable
decline was observed at 2918 cm™ which is in the aliphatic C-H
stretching region within the acid-treated profiles. This spectral
shift represents the widespread solubilization and stripping of
non-polar surface components, such as aliphatic waxes, from the
biomass surface. The most chemical modification occurs near
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Figure 4 | (a) FTIR spectra and (b) XRD patterns for raw, acid pretreated,

base pretreated and organosolv pretreated rice straw biomass.

1635 cm™ an area that is denoted by the carbonyl C=0 stretch-
ing vibrations characteristic of the ester and acetyl linkages in
hemicellulose. The rapid reduction of this peak in the acid-pre-
treated spectrum provides an unambiguous evidence of exten-
sive hemicellulose depolymerization and subsequent removal
from the solid residue. Another change can be observed in the
fingerprint region at 1035 cm™, which corresponds to the C-O
stretching vibrations associated with the p-(1,4)-glycosidic link-
ages of the cellulose backbone. The marked change and relative
decrease in the intensity of this peak after acid pretreatment are
primarily attributed to the removal of surrounding amorphous
hemicellulose and lignin, which exposes the cellulose-rich glu-
can structure. This spectral change does not necessarily indicate
significant degradation of the cellulose backbone. These spec-
tral transformations are in strong alignment with the findings
of Bala and Singh, who documented analogous band migrations
during the chemical deconstruction of Saccharum biomass [15].
The FTIR data validates the targeted dissolution of hemicellulos-
ic fractions, the modification of the lignin barrier, and the struc-
tural modification of the cellulose at optimized pretreatment
conditions [20].

The effect of acid, base, and organosolv pretreatments on the rel-
ative crystallinity of rice straw investigated via XRD (Fig. 4(b)),
shows the distinct structural variations were observed across
the different biomass profiles, signaling shifts in the cellulose
crystallinity index. The raw rice straw exhibited characteristic
diffraction features at approximately 26 = 16° and 22°, which can
be attributed to the crystalline regions of cellulose I. The broad
nature and relatively low intensity of these reflections indicate
the semi-crystalline structure of the untreated lignocellulos-
ic biomass, containing both ordered cellulose and amorphous
lignin and hemicellulose fractions. Following acid, alkali, and
organosolv pretreatments, the intensity and definition of the
cellulose-associated peak around 22° increased, indicating an in-
crease in the relative proportion of crystalline cellulose. This en-
hancement can primarily be attributed to the removal of amor-
phous hemicellulose and lignin during pretreatment. Among the

pretreated samples, the organosolv-treated rice straw exhibited
the most pronounced cellulose-associated diffraction peak, sug-
gesting greater enrichment of the crystalline cellulose fraction.
Nevertheless, the principal cellulose reflections remained at ap-
proximately the same 20 positions, indicating that the cellulose I
structure was largely retained after pretreatment. Several sharp
reflections at higher 26 angles were also observed in all samples,
which may be associated with crystalline inorganic/mineral con-
stituents naturally present in rice straw and therefore require

phase identification for definitive assignment [17].

3.3 | Optimization of pretreatment parameters

Our primary goal with this approach is to maintain a high cel-
lulose percentage in substrate while reducing hemicellulose
content to increase accessibility of enzymes and other chem-
icals. Pretreatment with diluted acid was intended to dissolve
the majority of the hemicellulose from raw biomass, making the
remaining cellulose more available to enzymatic hydrolysis [21,
22]. Hemicellulose removal, lignin removal, and cellulose en-
zyme digestibility (CED) of the pretreated substrates were de-
termined to show the efficacy of the dilute acid pretreatment
system (Fig. 5). In this pretreatment system, the increasing acid
concentration (pH), cooking temperature and liquid-to-solid
ratios increased hemicellulose dissolution during pretreatment
process. On the other hand, the higher acid concentration de-
creased the pretreatment time and temperature for effective
removal of hemicellulose. The main driving force for clearing
lignocellulose linkages is the availability of protons which is
mainly increased by higher acid concentration.
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Figure 5 | The efficiency of different pretreatment conditions for

variations in (a) dilute acid concentration, (b) temperature, (c) time, and

(d) liquid-to-solid ratio.
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The compositional change of rice straw fractions, which are cel-
lulose, hemicellulose, and lignin, was evaluated as a function of
critical process variables like acid concentration, reaction tem-
perature, pretreatment time, and liquid-to-solid (L/S) ratio. The
chemical treatment with DA disrupted the native composition
to facilitated mass transfer and fractionation of major ingre-
dients. The dilute sulfuric acid pretreatment dissolved almost
all hemicellulose and part of cellulose from biomass substrate.
The structural carbohydrates underwent progressive hydrolyt-
ic degradation as the acid concentration and pretreatment time
increased (Fig. 5(a)). The structural breakdown was further en-
hanced by thermal effects; shifting the pretreatment tempera-
ture from 100°C to 160°C, causing about 100% of hemicellulose
removal while the cellulose recovery drop to a minimum amount
of 76.39% (Fig. 5(b)). This confirms that while DA pretreatment
primarily targets the amorphous hemicellulose fractions and it
also induces localized hydrolysis of the accessible amorphous re-

gions within the cellulose core.

However, the relative percentage of lignin increased as pre-
treatment severity increased due to lignin condensation and
insolubility of lignin in acidic medium. This pretreatment also
performed at shorter (t10min) to more prolonged (t50min)
pretreatment times at 120°C. The pretreatment at 120°C for 30
minutes retained about 95.99% of cellulose in substrate while
ensuring 90.58% hemicellulose depolymerization (Fig. 5(c)). An
increase in the L/S ratio, a systematic drop in cellulose content
observed, alongside a rapid stripping of hemicellulose, which
completely dissolved at an L/S ratio of 7. This total hemicellulose
dissolution indicates maximum hydrolytic efficiency; however, it
achieved by significant loss of cellulose content that reached its
lowest at this point (Fig. 5(d)). For maximum cellulose retention,
pretreatment process requires cross-parameter optimization
and among the tested matrices. Here, an L/S ratio of 5 found
as the optimal solvent boundary, preserving a higher cellulose
fraction at reduced chemical consumption. When combining
all variables, DA60T120t30 (60 mM acid concentration, 120°C
reaction temperature, and 30 minutes residence time) found as
the optimum operating condition for the proposed pretreatment
process. Therefore, the DA60T120t30 condition yielded the most
favorable balance of highly exposed, clean cellulosic residue op-

timized for downstream enzymatic saccharification.

The maximum CED profiles were achieved at the dilute acid con-
centration of 60 mM. Notably, the saccharification for 60 mM
and 85 mM experienced similar results, demonstrating that in-
creasing the acid concentration within this specific range yields
no statistical difference in cellulose accessibility. Because the ter-
minal cellulose digestibility of the 60 mM pretreatment matched
the peak performance of the 85 mM, selecting the lower effective

acid concentration yields substantial benefits. Therefore, acid

concentration of 60 mM was designated as the definitive optimal
concentration. The temperature variations revealed that temper-
ature operates synergistically with acid concentration to dictate
the kinetic severity of the pretreatment process. Pretreatment
conducted at the lower boundary of 100°C resulted in the lowest
observed peak in cellulose digestibility (Fig. 5(b)). At this ther-
mal level, the kinetic energy within the system is insufficient to
break the stubborn intra and intermolecular linkages protecting
the crystalline core of the cellulose. Consequently, hemicellulose
solubilization remains incomplete, leaving the physical barriers
around the cellulose fibers largely intact.

The absolute maximum CED was achieved at an optimized
pretreatment temperature of 120°C (Fig. 5(b)). At this tempera-
ture, the system may provide sufficient energy to maximize the
cleavage of a-benzyl ether bonds within the lignin-carbohydrate
complexes (LCC) and hydrolyze hemicellulose. This deconstruc-
tion expands the internal pore volume of the rice straw which in-
creases cellulase accessibility of pretreated substrate. The further
increases in temperature to 140°C and 160°C led to a significant
reduction in saccharification performance. This reduction in sac-
charification efficiency at high temperatures is closely tied to
the shifting physical state of the remaining structural polymers.
According to Zhang et al., over-pretreatment at temperatures
exceeding 130°C alters the structural balance of the substrate
by inducing the structural collapse and partial re-crystalliza-
tion of amorphous cellulose domains, making them inherently
more resistant to enzymatic attack [23]. Furthermore, severe
thermal energy triggers thermal pseudo-lignin formation and
lignin condensation reactions. The condensed lignin migrates
and precipitates back onto the exposed cellulose surfaces, act-
ing as a physical barrier that blocks cellulase docking and drives
non-productive enzyme adsorption.

The pretreatment time of rice straw significantly affects sub-
strate porosity and surface area availability. Short residence
times (e.g., 10 minutes) proved inadequate for disrupting the
structural matrix, resulting in a low cellulose digestibility curve
that reflects poor enzyme accessibility. Increasing the residence
time to 30-40 minutes systematically cleaves the intermolecular
hydrogen bonding networks within the cellulose microfibrils,

steadily increasing the available surface area.

Beyond the 40-minute mark, the cellulose digestibility began
to decrease, indicating a threshold of diminishing returns (Fig.
5(c)). This downward trend is a classic indicator of extended sec-
ondary degradation kinetics. Extended exposure to hot acid fa-
vors the dehydration of solubilized pentose sugars into furfural,
while hexose sugars are degraded into 5-hydroxymethylfurfural
(5-HMF). These heterocyclic compounds, along with concurrent-
ly generated aliphatic acids, serve as potent chemical inhibitors.

In saccharification stage, these compounds alter the structure
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of cellulolytic enzymes and non-competitively inhibit cellulase
activity, lowering overall conversion efficiency. Given that the
terminal carbohydrate yields for both parameters are identical,

30 minutes was selected as the optimal pretreatment time.

The liquid-to-solid (L/S) volumetric ratio is a critical process
parameter that governs mass transfer resistances, rheological
behavior, and chemical distribution within the pretreatment re-
actor. To evaluate its specific impact on downstream sacchari-
fication efficiency, the cellulose enzyme digestibility (CED) ki-
netics of pretreated rice straw were monitored across varying
L/S ratios over time. Despite the higher initial hydrolysis rates
for the higher L/S ratios, the terminal data points revealed a dis-
tinct threshold of diminishing returns. While the initial hydrol-
ysis rate varied, the final CED curves for both the L/S ratio of 5
and the L/S ratio of 7 converged on similar terminal digestibility
(Fig. 5(d)). This stabilization indicates that an L/S ratio of 5 pro-
vides sufficient fluid volume to achieve the maximum internal
porosity and accessible surface area of the cellulose microfibrils.
The addition of more solvents yields no further structural de-
construction. Therefore, an L/S ratio of 5 is selected as the op-
timal solvent ratio for the dilute acid pretreatment operations.
Increasing an L/S ratio of 5 to 7 significantly increases the water
footprint of the biorefinery without offering any corresponding
increase in carbohydrate yield. In addition, this surplus liquid
volume increases operational challenges for product separation
and downstream processing. It requires higher energy inputs for
expanded reactor volume, larger downstream storage and neu-
tralization infrastructure. These significantly increase the costs
associated with evaporation, distillation, and wastewater man-
agement.

3.4 | Simultaneous Saccharification and Fermentation

As illustrated in the kinetic profiles (Fig. 6), untreated rice straw
exhibits a horizontal baseline which showed no glucose release
over the entire saccharification period. The pretreatment per-
formance was evaluated by tracking substrate or cellulose en-
zyme digestibility as a function of saccharification time (Fig.
6(a)). This extreme resistance to enzymatic cleavage empha-
sizes the protective nature of the native lignocellulose to en-
zymes and other chemicals. This is due to the hemicellulose and
cross-linked lignin which physically restricts cellulase enzyme
access to the cellulose microfibrils [22]. The cellulose enzyme
digestibility of 64.28% was achieved for DA pretreated substrate
at optimum condition which was higher than alkali pretreated
substrate. Because, dilute alkali pretreatment remove part of
lignin leaving strong cellulosic fiber which limits the enzyme
accessibility during saccharification process. Organosolv pre-
treatments generally achieve effective delignification and hemi-
cellulose depolymerization compared to DA pretreatments. The

effective fractionation of major biomass components favors the
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Figure 6 | The comparison of (a) substrate digestibility’s and (b)

fermentation yields of dilute acid, dilute alkali, and organosolv
pretreated substrates.

high saccharification yields. For these reasons, the fermentation
yield for organosolv pretreated substrate was achieved as high
as 85.97% (Fig. 6(b)). The previously reported values for cellu-
lose enzyme digestibility of lignocellulosic biomass generally
range from approximately 50-80%, depending on the biomass
type, pretreatment conditions, enzymatic hydrolysis efficiency,
and process parameters. The obtained yield of 64.28% therefore
falls within the commonly reported range, indicating that the
applied pretreatment and hydrolysis conditions were reasonably
effective for glucose recovery. Fermentation is a critical step in
the biochemical conversion of rice straw to produce value-added
products such as biofuels and biochemicals. The fermentation
converts of fermentable sugars present in the pretreated rice
straw into useful products through the action of Saccharomyces
Cerevisiae yeast [24]. Optimizing process conditions such as pH,
temperature, nutrient supply, and inhibitory compounds can sig-
nificantly improve fermentation efficiency and productivity. The
SSF is an efficient process that combines the enzymatic hydroly-
sis of biomass with fermentation in a single step, enhancing the
conversion of substrates like acid-pretreated rice straw into fer-
mentable sugars and subsequently into bioethanol [25]. The SSF
of DA pretreated rice straw produced a slightly lower fermenta-
tion yield than organosolv-pretreated rice straw, which is nearly
78.70% based on hydrolyzed sugars. However, the processibility
of dissolved hemicellulose sugar during pretreatment favors the

operation DA pretreatment process in practical biorefinery.

4 | Conclusions

This study successfully optimized acid pretreatment conditions
to enhance bioethanol production from rice straw, a promising
lignocellulosic biomass. Utilizing a combination of experimen-
tal and analytical techniques, we determined that pretreatment
with 60 mM sulfuric acid at 120°C for 30 minutes, with a 5:1
liquid-solid ratio, significantly improved enzymatic saccharifica-
tion. At optimum pretreatment conditions, the substrates yield-
ed a high saccharification and fermentation efficiency of 78.70%
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at 15 FPU/g substrate; demonstrating a substantial increase in
fermentable sugar and ethanol generation. Therefore, the inte-
gration of optimized dilute acid pretreatment parameters and
efficient fermentation technologies highlights the feasibility of
rice straw as a renewable feedstock. This finding will also pave
the way for a combined solution of agricultural waste mitigation
and energy sustainability. Ultimately, this study may contribute
to establish a biorefinery in urban area to valorize waste rice

straw and other agricultural wastes.
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