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Abstract: This paper focuses on the optimisation of an efficient extraction process for cellulose
and lignin from rice straw waste from the Albufera of Valencia using the steam explosion method.
This method is particularly pertinent given the environmental and economic challenges posed by
the current disposal practices of agricultural waste. The technique comprises a high-temperature
cooking stage followed by instantaneous decompression, effectively altering the biomass’s physical
and chemical properties to enhance its surface area and porosity. Our adaptation of the steam
explosion technique specifically addresses the challenges of rice straw waste, marking a significant
departure from previous applications. This innovation is crucial in addressing the urgent need for
more sustainable waste management practices, as it effectively deconstructs the lignocellulosic matrix
of rice straw. This facilitates the selective extraction of cellulose at a 70% efficiency, with a 20% yield
and the subsequent recovery of lignin. The results of this study are significant for sustainable
biomaterial production, offering novel insights into optimising these crucial biomass components.
By refining the process and focusing on critical parameters, our work advances the application of
steam explosion methods for agricultural waste, enhancing efficiency and sustainability. By utilising
rice straw biowaste, this research not only proposes a solution to a pressing environmental issue
but also demonstrates the potential to create new market opportunities, increase the economic value
for rice producers, and significantly reduce the environmental footprint of existing waste disposal
methods. The holistic and ecological approach of this study underscores the vital need for innovative
strategies in agricultural waste management, positioning the valorisation of rice straw waste as a key
component in the pursuit of environmental sustainability.

Keywords: steam explosion method; cellulose extraction; sustainable biomaterials; lignocellulosic
biomass; biocomposites; rice straw waste

1. Introduction

The sustainable management of agricultural waste is an increasingly crucial element
in the global effort to balance environmental conservation with economic development.
This study examines a novel approach to valorising rice straw waste from the Albufera of
Valencia, focusing on the extraction of valuable biopolymers, cellulose, and lignin, using a
steam explosion method.

Rice cultivation is a cornerstone of global agriculture, feeding over half of the world’s
population [1], and with rice straw constituting around 45% of the total volume in rice
production, it stands as the most prevalent agricultural byproduct on a global scale [2]. In
regions like the Albufera of Valencia, this significant agricultural activity, while crucial for
food production, also results in the generation of a considerable amount of straw waste.

Agricultural residues, particularly rice straw, are abundant yet underutilised resources.
Historically, this byproduct has been neglected, often disposed of through environmentally
detrimental methods like open burning, leading to air pollution and substantial greenhouse
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gas emissions [3,4]. In Spain, particularly in areas such as the Valencian Community, rice
cultivation generates between 75,000 and 90,000 tons of rice straw annually, leading to
the emission of millions of tons of CO2, CH4, and NO2, along with harmful gases like
methyl chloride [5,6]. The handling of rice straw waste thus emerges as a critical issue in
sustainable agricultural practices [1].

The potential of rice straw extends beyond its role as a waste product. As a lignocel-
lulosic biomass, it is primarily composed of 40–50% cellulose, 25–35% hemicellulose, and
15–20% lignin, presenting an opportunity for extracting valuable materials [7–10]. Cellulose
is a key component in biofuel production, biodegradable materials, and high-strength com-
posites, marking a cornerstone in the development of sustainable materials. Lignin offers
potential in creating bio-based chemicals and materials, facilitating a transition towards a
circular economy, where waste materials are converted into valuable resources [10–14].

Conventional methods for cellulose and lignin extraction are predominantly alkaline
pulping, which uses sodium hydroxide for effective lignin removal [15–18]; organosolv
pulping, utilising organic solvents for efficient delignification [19–21]; bleaching, involving
chemical treatments to purify cellulose [16,22,23]; enzymatic treatment, employing enzymes
such as cellulase for hydrolysis [24,25]; TEMPO-mediated oxidation, which oxidises hydroxyl
groups to enhance mechanical fibrillation [15,26]; and ionic liquid pretreatment, using ionic
liquids for cellulose dissolution [27,28]; among others. Each method’s unique conditions
contribute to its efficacy. However, these methods often face challenges regarding their energy
intensity and environmental impact and typically involve the use of harsh chemicals, elevated
temperatures, and a high energy consumption, leading to issues such as environmental pol-
lution and safety concerns [29–31]. These processes also generate large amounts of residues
and require expensive and resistant processing equipment as well as considerable waste treat-
ments, thus increasing their environmental footprint. This has driven the scientific community
to seek more sustainable and eco-friendly alternatives for cellulose and lignin extraction, such
as steam explosion, ultrasound-assisted pretreatment, supercritical fluid pretreatment, and
others, in addition to combining both green and conventional methods in order to reduce the
impact and optimise the process [31–36]. Furthermore, the extraction of cellulose and lignin
from biomass such as rice straw is fraught with challenges, including effectively removing
silica and developing a practical method to isolate its key components [37].

The steam explosion technique emerged as a promising alternative, leveraging thermal
and mechanical forces to break down the complex structure of rice straw. This method
involves treating the biomass with high-pressure steam and then rapidly reducing the pres-
sure, causing an explosive decompression that disrupts the lignocellulosic matrix [34,38].
This hydrothermal method also delignifies the residue and explodes the cellulosic fibrils,
maintaining the fibre integrity below 240 ◦C and yielding separate solutions of lignin,
hemicellulose, and cellulose fibres [39]. This approach aligns with green chemistry, enhanc-
ing cellulose and lignin accessibility, improving their purity and yield, and reducing the
chemical usage and energy requirements [31].

In this sense, the steam explosion technique is not only promising but has already
demonstrated its efficacy in various studies. For instance, Gou et al. [9] reported the
extraction of cellulose, reaching up to 64.80% of cellule with a high purity. Similarly, Hong-
Zhang et al. [40] achieved an efficient separation of lignin and cellulose, with a lignin
extraction yield of 90% and a cellulose yield of 93.2%. These advances represent a milestone
in obtaining high-quality materials from biomass.

Furthermore, there has been an increasing trend towards integrating conventional
methods and green chemistry approaches in the extraction of cellulose and lignin from
natural sources. A notable example of this synergy is demonstrated in the work of Padilla
et al. [41], who utilised a combined process of acid pretreatment, followed by steam
explosion and enzymatic hydrolysis for the valorisation of olive byproducts into sugars.
Their research highlighted the most effective condition for steam explosion to be at 195 ◦C
for a duration of 5 min, thereby emphasising the method’s effectiveness in delignifying
biomass. This hybrid approach not only maximises the purity and yield but also aligns
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with the principles of sustainability and energy efficiency, demonstrating the potential of
combining traditional and modern techniques in biomass biorefinery.

This research conducts a thorough assessment and refinement of the multistep cellulose
and lignin extraction protocol previously developed at INESCOP [32], particularly focusing
on rice straw waste from the Albufera of Valencia. This study not only adapts but significantly
enhances the steam explosion technique, specifically targeting the valorisation of rice straw, a
biomass source hitherto underexplored in this context. By optimising the extraction process,
our work systematically reduces the complexity, time, and resource requirements, setting a
new benchmark in agricultural waste utilisation. This methodological advancement empha-
sises the versatility and potential of the steam explosion method under varied conditions,
representing a novel approach to more effective biomass conversion technologies. To validate
the efficacy of the optimised protocol, various sophisticated characterisation techniques,
including scanning electron microscopy (SEM), thermogravimetric analysis (TGA), Fourier
transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD), have been employed.
Ultimately, the research seeks to advance the application of these processes in industry,
highlighting the potential for enhanced resource recovery and environmental stewardship.

To further delineate the scope and impact of this study within the field, Table 1 presents
a comparative analysis that positions our findings within the context of previous landmark
studies. This comparison not only underscores the advancements our research contributes to
the domain but also illustrates the continuous journey towards optimising biomass conversion
processes. The table below offers a concise yet comprehensive summary of these efforts,
directly aligning with our pursuit of more sustainable and efficient extraction methodologies.

Table 1. A concise comparative assessment of biomass valorisation methods.

Biomass
Source Extraction Method Conditions Yield Strategic Advancements Reference

Rice straw

Sequential
execution of

alkaline
pretreatment,

steam explosion
with and without
supercritical CO2

integration,
oxidation

treatment, and
bleaching

Varying conditions
on the steam

explosion process
and oxidation

treatment; trying
to eliminate

alkaline
pretreatment

Selective extraction
of cellulose at
70% efficiency

with a 20% yield;
significant

recovery of lignin

Advanced a significant leap in
biomass valorisation through

a novel, optimised steam
explosion process,

significantly enhancing
cellulose extraction efficiency

and sustainability, and
providing a holistic approach

to agricultural
waste management

Current
research

Phoenix
canariensis
palm leaves

Sequential
processes

including alkaline
treatment, steam

explosion,
oxidation, and

bleaching

Steam explosion
times between

15–33 min;
temperature up to

200 ◦C; alkaline
and oxidation
conditions for

effective
delignification

Cellulose yield
significantly

increased with
processing time,

with notable
efficiency in lignin
and hemicellulose
removal, obtaining

56% cellulose
content

Highlighted the optimised
combination of steam

explosion with alkaline and
oxidation treatments for
improved cellulose fibre
extraction, suitable for

high-value
material applications

[32]

Wheat straw
Steam explosion

followed by
ethanol extraction

Steam explosion at
1.6 MPa for

5.2 min; ethanol
for lignin

extraction at
160 ◦C for 2 h with
60% ethanol (v/v)

Hemicellulose
fractionation yield

of 73%; lignin
fractionation yield
of 90%; cellulose

yield of 93.2%

Demonstrated an effective
multilevel composition
fractionation process,

enabling the high-value
utilisation of wheat straw for

cellulose extraction and
regenerated cellulose

film production

[40]
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Table 1. Cont.

Biomass
Source Extraction Method Conditions Yield Strategic Advancements Reference

Olive stones

Acid pretreatment,
steam explosion,
and enzymatic

hydrolysis

Acid pretreatment
and steam

explosion at
various

temperatures
(120–200 ◦C) and

durations; enzyme
specificity adjusted

for biomass

Yields of 83% total
sugar recovery

from raw material,
with specific yields

for xylose
(71% from acid
pretreatment)

Integrated approach utilising
steam explosion in

conjunction with acid
pretreatment for enhanced

biomass fractionation,
applicable to cellulose
extraction processes

[41]

Rice straw

Steam explosion
followed by ionic
liquid treatment,
organosolv, and

biological
treatments

AMIMCl ionic
liquid extraction

emphasises
efficiency

Cellulose purity up
to 64.80% and

yield of 30.73% for
bleached cellulose

using AMIMCl

Introduced environmentally
friendly methods for cellulose

separation from straw,
showcasing the potential of

rice straw cellulose in
enhancing the mechanical
properties of composites;

demonstrated the
effectiveness of steam
explosion in preparing

biomass for further
processing, with a focus on

sustainable and
recyclable approaches

[9]

Agricultural
residues, wood
biomass, and
aquatic plants

Steam explosion,
acid/alkaline

treatments,
enzymatic

hydrolysis, and
ionic liquid
extraction

Specified to
method, e.g., high

pressure and
temperature for
steam explosion,
specific pH for

chemical
treatments,

enzyme specificity
for enzymatic

hydrolysis, and
solvent type for

ionic liquids

Optimal methods
report high

cellulose purity
(>90%) and

significant lignin
removal

Highlights the diversity of
biomass sources suitable for
cellulose extraction, and the

evolution of environmentally
friendly and efficient
extraction methods;

emphasises the need for
optimisation based on specific

biomass characteristics and
end-use applications

[31]

2. Materials and Methods
2.1. Materials

Rice straw was sourced from the Albufera of Valencia, a renowned wetland and rice
growing area in Spain. This material was generously provided by Unió Llauradors i Ra-
maders (Valencia, Spain), a prominent organisation representing agricultural professionals
in the region, known for its commitment to sustainable farming practices. The Albufera of
Valencia is well known for its extensive rice fields, and the rice straw used in this study
is a byproduct of these fields, commonly available post-harvest. To illustrate the phys-
ical characteristics of the rice straw, Figure 1 shows both its state when harvested and
before processing.

For the chemical treatment of the rice straw, several reagents were employed. Sodium
hydroxide (NaOH), hydrogen peroxide (H2O2), acetic acid (CH3COOH), potassium hy-
droxide (KOH), and sodium hypochlorite (NaClO) were all procured from Merck KGaA
(Darmstadt, Germany). Additionally, carbon dioxide (CO2) was used in the form of a
compressed gas, sourced from Sociedad Española de Carburos Metálicos, S.A. (Barcelona,
Spain), for its application in the steam explosion experiments, although it was not con-
sistently used across all experimental procedures. All chemicals were used as received,
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without further purification. The solutions and mixtures were prepared using distilled
Milli-Q water to ensure the consistency and reliability of the experimental results.
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Figure 1. Rice waste: (a) fresh harvested rice straw and (b) wet chopped rice straw.

2.2. Extraction of Cellulose Fibres from Rice Straw

In this study, a multistep method, based on the sequential execution of several chem-
ical and physical processes, was employed for the isolation of cellulose fibres from rice
straw. The methodological framework, adapted from Pérez-Limiñana et al. [32], was com-
prehensively optimised to enhance the extraction efficacy while striving for a reduction in
the number of stages, duration, and reagent use.

Figure 2 shows the schematic representation of the process, illustrating the sequential
steps followed, tailored specifically for rice straw. The process begins with the collection of
rice straw, a plentiful agricultural residue from rice (Step 0), which undergoes preparatory
treatments to facilitate the subsequent extraction phases (Step 1–4). In order to maximise the
surface area in contact with the treatment solutions, rice straw is initially cut longitudinally
to 10 cm in size, as shown (in solution) in Step 1. Each stage is described in detail below, as
well as its function.
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Step 1: Alkaline Pretreatment: This process involves immersing the rice straw in
an aqueous sodium hydroxide (NaOH) solution, which acts on the fibre structure of the
straw. The primary purpose of this treatment is to modify the hydrogen bonds within the
cellulose, increasing the surface roughness and facilitating the removal of the lignin, waxes,
and oils [42–44]. This is chemically represented by the reaction:

Fibre − OH + NaOH → Fibre − O − Na + H2O (1)
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In our experimental approach, 10 g of dried chopped rice straw were introduced in
a jacketed glass reactor of 1 L with 600 mL distilled water and heated to 70 ◦C, with a
pH maintained at 12.5 using NaOH for a duration of 3 h and stirring at 500 rpm. This
step has been traditionally considered essential for enhancing the mechanical properties
of the extracted fibres. The solid residue is filtered and washed several times in order
to standardise the condition of the biomass before the steam explosion stage, ensuring
consistency in our experimental results.

Step 2: Steam Explosion and Supercritical CO2 Integration: In this phase of the
study, the rice straw, regardless of having undergone the pretreatment or not, is subjected
to a steam explosion process within a high-temperature/high-pressure reactor (HPHT)
(novoclave, Büchi AG—Pilot Plant & Reactor Systems; Uster, Switzerland). In this process,
a water-to-raw material ratio of 10:1 is employed, with 10 g of rice straw added in every
instance. The reactor, equipped with a thermal jacket of 600 mL, is sealed and heated
to maintain an internal temperature of 200 ◦C, ensuring that no pressure is released. To
assess the impact of time on the effectiveness of lignin depolymerisation and hemicellulose
degradation, the reactor’s temperature is sustained at 200 ◦C for varying durations, ranging
from 30 min up to 4 h. Following this treatment, the reactor is methodically depressurised
and left to cool to an ambient temperature over the course of the night.

This step involves both mechanical action through shear forces caused by rapid
pressure release and chemical action resulting from autohydrolysis, primarily the hy-
drolytic attack by acetic acid formed from acetyl groups in the hemicelluloses at high
temperatures [9].

The innovative inclusion in this step is the application of supercritical carbon dioxide
(ScCO2). ScCO2 is commonly utilised for cellulose modification and as a pretreatment for
enzymatic hydrolysis [45–47]. The diffusion of ScCO2 can be penetrative, impacting the
structural and physicochemical properties of cellulose derived from rice straw. Therefore,
in this study, ScCO2 has been chosen as an alternative medium for cellulose acetylation to
explore its potential to improve the process.

Post steam-explosion treatment, approximately 70% of the plant material is obtained
as a solid residue, primarily consisting of cellulose and lignin, along with some residual
hemicelluloses. The solid residue is filtered and washed several times in order to standard-
ise the condition of the biomass before oxidation, ensuring consistency in our experimental
results. The supernatant from this step, a lignin-rich solution, is reserved for further extrac-
tion, fractionation, and purification, thereby recovering the entire biomass [43,48,49]. The
effectiveness of the cellulose fibre extraction depends on the swelling of the cellulose, as
well as the softening and/or removal of the lignin induced by the steam treatment.

Step 3: Oxidation Treatment: Following the hydrothermal process, the remaining
solid undergoes a subsequent treatment phase involving a 60 mL 30% hydrogen peroxide
solution, with a water-to-raw material ratio of 40:1 (mL:g). This phase is conducted in a
jacketed glass reactor of 1 L at a steady temperature of 50 ◦C, stirring at 400 rpm and with
a pH of 11.5 over a period of 3 to 5 h. The application of hydrogen peroxide is a critical
step, as peroxides are known to decompose readily into hydroxyl radicals (HO·) through
the reaction:

HO − OH → 2HO. (2)

These hydroxyl radicals then interact with the hydrogen in the cellulose matrix and
fibres, leading to the reaction:

HO. + Cellulose − H → Cellulose. + H2O (3)

As a result of this treatment with hydrogen peroxide, there is a notable decrease in
the hydrophilicity of the fibres, as well as an increase in their tensile properties [42,50,51].
Together with the previously described steps, a focal point of this study is the examination
of the processing time variation during this peroxide treatment, from 3 to 5 h. This
investigation aims to identify the optimal duration that maximises both the efficiency
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and efficacy, thereby contributing to the overall optimisation of the cellulose and lignin
extraction process from rice straw.

To facilitate the purification of the fibres, post-peroxide treatment, a thorough washing
process is employed. The fibres are initially washed with distilled water, followed by
a water:ethanol mixture in a 1:1 ratio, and finally, with absolute ethanol. This stepwise
purification approach ensures the removal of residual chemicals and impurities, thus
enhancing the quality and applicability of the cellulose fibres extracted from the rice
straw [52].

Step 4: Bleaching Process: This step involves the processing of the extracted cellulose
by immersing it in a 3.7 wt% NaClO aqueous solution to eliminate lignin and amorphous
cellulose, using a 15:1 (mL:g) solution-to-fibres ratio [53,54]. The mixture is agitated
continuously at 500 rpm for an hour at 70 ◦C. After stirring, the product is filtered and
washed with water for neutralisation, then lyophilised to a constant weight. Given the
overall aim of optimising the extraction process, this stage remains unchanged, as it is
crucial for producing a final bleached product that meets industrial application standards.

In line with the circular economy principles, the process aims to utilise all constituents
of rice straw. The refined method detailed herein builds on the procedures established by
Pérez-Limiñana et al. (2022) [32] while introducing new process optimisations suitable for
the rice straw feedstock. The process efficiency has been evaluated based on the yield and
purity of the extracted cellulose and the utility of the byproducts in lignin valorisation.

2.3. Experimental Techniques

The characterisation of the cellulose fibres and lignin from the waste solutions gener-
ated during the different steps has been carried out using the following:

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

A Varian 660-IR infrared spectrophotometer (Varian Australia PTY LTD; Mulgrave,
Australia) was used to determine the composition of the cellulosic fibres, the process
followed, and the lignin obtained. The transmission infrared spectroscopy technique was
utilised, involving the preparation of samples using potassium bromide (KBr) pellets.
This approach entailed conducting 12 scans at a resolution of 4 cm−1, allowing for a
comprehensive analysis of the sample’s infrared absorption [55].

2.3.2. Thermogravimetric Analysis (TGA)

The thermal stability of cellulose and its solutions was evaluated using a TGA 2 STARe
System thermal balance, equipped with STARe v16.4 software (provided by Mettler-Toledo,
Columbus, OH, USA). Each sample, weighing between 5 and 7 mg, was placed in an
alumina crucible. The analysis involved heating the sample incrementally from 30 to 600 ◦C
at a rate of 10 ◦C/min under a nitrogen atmosphere, with a flow rate set at 30 mL/min [56].
To ensure accuracy, each sample underwent a triplicate analysis, and the displayed results
represent the average of these three trials. The margin of error in these tests was maintained
at less than ±0.05%.

The TGA data underwent a baseline correction to address instrumental drifts. Different
weight loss steps were identified and quantitatively analysed to determine the percentage
of each constituent (hemicellulose, cellulose, and lignin). This was based on the total
weight loss at specific temperature intervals corresponding to the known decomposition
or volatilisation temperatures of the constituents [57]. The residual mass at the end of the
TGA run provided estimates of non-volatile components. This methodology enabled the
precise quantification of sample constituents, essential for understanding their composition
and thermal behaviour.

2.3.3. X-ray Diffraction (XRD)

A non-destructive approach was adopted for the quantitative assessment of crystalline
fibres. This involved using wide-angle X-ray diffraction (XRD) technology, specifically
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a Bruker D8-Advance Göebel mirror system (Billerica, MA, USA) designed for non-flat
samples. The system, which includes a high-temperature chamber capable of reaching
900 ◦C, was coupled with a Siemens Bruker Kirstalloflex K 760-80F X-ray generator. This
generator operates at a power of 3000 W, with an adjustable voltage ranging from 20–60 KV
and a current between 5–80 mA, and is equipped with a copper anode XR tube [58]. The
crystallinity of the samples was determined using the crystallinity index (CI), calculated as
per the methodology described by Khan et al. [59], which is defined as:

CI =
Ac

Ac + Aa
, (4)

where Ac is the area under crystalline peaks, and Aa is the area of amorphous hollows. This
approach involved extracting individual crystalline peaks through a curve-fitting process
from diffraction intensity profiles using a tool for fitting peaks included in OriginLab
software, with Gaussian functions assumed for each peak. Iterations were repeated until a
maximum F number, indicative of a high correlation coefficient (R2 value of 0.997), was
achieved. Furthermore, the crystallite size was determined using the Scherrer Equation [60],
given by:

Dp =
0.94λ

β·cosθ
(5)

where Dp is the average crystallite size, β is the line broadening in radians, θ is the Bragg
angle, and λ is the X-ray wavelength. This formula is widely recognised in X-ray diffraction
analysis for estimating the sizes of crystallites in a sample.

Finally, diffractograms were indexed using peak positions corresponding to cellulose
Iβ (ICDD patent PDF-2 database, File no 00-050-2241) [61,62].

2.3.4. Scanning Electron Microscopy (SEM)

The examination of the morphology was conducted using a Phenom ProX scanning
electron microscope (Phenom World, Eindhoven, The Netherlands). An electron beam with
a potential ranging from 5 to 15 keV was employed, while operating under high vacuum
conditions to enhance the image resolution [63].

2.3.5. Statistical Analysis

The comparative analysis of the different process conditions was supported by car-
rying out using an analysis of variance. The analysis of variance (ANOVA) is a statistical
technique employed to determine whether significant differences exist between groups or
treatments for a variable of interest. It uses a within-group variability to assess whether the
observed differences are larger than would be expected by chance [64].

To conduct the aforementioned statistical analysis, the software STATGRAPHICS Cen-
turion 18 was used (confidence level of 95%, p < 0.05). In this software, a multifactorial and
simple ANOVA are used, where the influence of the chosen factors (in this case, different
times for the oxidation and steam explosion stages and the use or not of a pretreatment
stage and ScCO2) on the dependent variable (in this case, the % of cellulose) is studied.
Then, the software automatically calculates the ANOVA statistics to assess whether there
are significant differences between the means of the groups [65].

The F-ratio of the ANOVA table, as well as the p-value, which indicates the probability
that the results observed in the experiment are due to chance rather than to the effects
of the factors, determine whether there are significant differences between the means.
Comparisons of the results are made at a predefined overall significance level: α = 0.05. This
means that the probability value (p) must be less than 0.05 for the factors and combinations
of factors studied to be considered statistically significant in relation to the dependent
variable [66].
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3. Results and Discussion

In this section, a comparative analysis of the different variations of the process imple-
mented is carried out in order to exclude variables and reduce the number of results to
be analysed in more detail. Once the most outstanding results for obtaining cellulose are
determined, they are rigorously assessed for the optimisation of the extraction process.

Additionally, the results obtained for the extraction of lignin from the selected pro-
cesses are shown.

3.1. Comparative Analysis

In the search for an optimised process for the extraction of cellulose from rice straw, a
series of experiments were conducted to evaluate the efficacy of various treatment stages,
namely alkaline pretreatment, steam explosion, oxidation, and bleaching. The primary aim
was to streamline the process by assessing the impact of each stage on the cellulose yield
and overall efficiency, as indicated by the thermogravimetric analysis (TGA). The yield of
cellulose was calculated based on the mass yield, which involves dividing the weight of
the final cellulose product by the weight of the initial raw material used. Thus, this analysis
provided insights into the compositions of hemicellulose, cellulose, and lignin, and the
yield of each sample [67].

The standard initial process consisted of an alkaline pretreatment followed by a 33 min
steam explosion, a 5 h oxidation period, and finally, a bleaching stage [32]. From this base-
line, modifications were explored, such as omitting the pretreatment, varying the steam
explosion duration (33 min, 1 h, 2 h, and 4 h), implementing or excluding ScCO2, and adjust-
ing the oxidation times (3, 4, and 5 h). The bleaching stage remained constant throughout
the experiments. This experimental work was guided by a thermogravimetric analysis
(TGA), which measured the mass loss at varying temperatures, providing a percentage
composition of hemicellulose, cellulose and lignin, and the yield, while informing on
decisions regarding process adjustments.

The initial comparative analysis focused on samples with and without the alkaline
pretreatment stage, as shown in Figure 3. The comparison between samples revealed a
negligible effect on the cellulose content, which was supported by the ANOVA analysis
(p-value > 0.05). Therefore, omitting the pretreatment did not adversely affect the cellulose
content, suggesting that the process could be streamlined by removing this stage, thus
achieving reagent and time savings. Moreover, the yield did not show any notable decrease,
indicating that the removal of the pretreatment stage could lead to savings in both reagents
and time without compromising the cellulose yield. Therefore, the decision to omit the
alkaline pretreatment stage was substantiated by these findings.

Subsequent experiments explored the reduction in the oxidation time. Figure 4 shows
the comparison between 3, 4, and 5 h oxidation periods, which, supported by the ANOVA
analysis (p-value < 0.05), revealed a decrease in the cellulose percentage with the reduction
of time to 3 h. This slight decrease in the cellulose content is considered acceptable when
balanced against the benefits of a reduced operational time and lower costs. Furthermore,
the yield remained relatively stable, supporting the decision to reduce the oxidation period
to 3 h.

In the final set of experiments, the steam explosion stage was examined under different
reaction times and the presence or absence of ScCO2. The results shown in Figure 5 suggest
that the introduction of ScCO2 did not significantly enhance the cellulose yield. This was
supported by the means of the ANOVA analysis, which were p-value <0.05. Additionally,
a 33 min steam explosion appeared to be as effective as longer durations, as there were
no substantial gains in the cellulose concentration or yield with increased reaction times.
Consequently, it was deemed reasonable to proceed without ScCO2 and limit the steam
explosion to 33 min. The avoidance of ScCO2 not only simplifies the process but also
enhances its environmental sustainability by reducing the carbon footprint associated with
CO2 utilisation and handling.
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Based on the comprehensive analysis of the cellulose percentage and yield, the process
optimisations can be justified. The exclusion of the alkaline pretreatment and the reduction
of the oxidation stage to 3 h streamlined the process without detriment to the final product.
The decision to forgo ScCO2 and adhere to a 33 min steam explosion aligns with the
objective of maximising the cellulose extraction while maintaining a balance with other
process variables.

These conclusions, while preliminary, will be scrutinised in the subsequent section
using three processes, Fourier transform infrared spectroscopy (FTIR), TGA, and scanning
electron microscopy (SEM), of the eight under consideration. This rigorous analysis will
ensure that the optimised process is not only cost effective but also maintains the desired
cellulose yield and quality.
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3.2. Characterisation of Cellulose Fibres

An FTIR spectroscopic analysis was conducted to examine the chemical properties of
the cellulose extracted from rice straw after a four-stage process, including steam explosion
with and without ScCO2 addition. The FTIR spectra of both the extracted cellulose fibres
and the rice straw waste are displayed below. The most characteristic peaks associated
with typical functional groups found in biomass confirm the presence of cellulose in the
samples, as outlined in Table 2.

Table 2. Infrared band assignments for cellulose, hemicellulose, and lignin.

Wavenumber (cm−1) Assignment References

3400 -OH group stretching [7]
2900 C–H stretching vibration [8]
1640 Water absorption [27,32]
1429 Symmetric deformation of -CH2 [27]
1375 Symmetric deformation of -CH3 [68]
897 Bending vibrations of β-glycosidic C–H bonds [27,32]

1054–1155 Stretching vibrations of C–O and C–O–C [29,69]

The FTIR spectrum of the untreated rice straw serves as a baseline, presenting an -OH
stretching band at 3400 cm−1, attributed to the hydroxyl groups in cellulose, hemicellulose,
and lignin [7]. Water absorption is evidenced by a peak at 1640 cm−1 [32]. Aliphatic C–H
stretching vibrations are observed around 2900 cm−1 [8]. The peaks at 1429 cm−1 and
1375 cm−1 correspond to the symmetric deformation of -CH2 and -CH3, respectively [27,68],
while bending vibrations of β-glycosidic C–H bonds are identified at 897 cm−1 [8,27]. This
spectrum serves as a comparison to identify the effects of the treatments applied to rice
straw. Figure 6 shows the FTIR spectra for the rice straw raw material and the cellulose
fibres extracted after different steam explosion treatments using ScCO2.

The samples treated with CO2 exhibit significant changes in their vibration bands. At
33 min of treatment, there is a notable decrease in the ratio between the -OH stretching
band at 3400 cm−1 and the aliphatic C–H stretching vibration at 2900 cm−1, compared to the
rice straw raw material spectrum, suggesting potential hydrogen bond breaking and initial
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depolymerisation [7,8]. As the treatment time increases, the ratio between the C–H stretching
vibration at 2900 cm−1 and the C–O stretching bands at 1054 cm−1 and C–O–C at 1155 cm−1

progressively increases, indicating cellulose and hemicellulose degradation [29,32].
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Conversely, Figure 7 shows the samples treated without CO2, compared to the raw
material, which show a smaller decrease in the ratio between the -OH and C–H stretching
bands, suggesting a more effective preservation of the cellulose structure. At 33 min, the
ratio between the -CH stretching vibration at 2900 cm−1 and the C–O stretching band at
1054 cm−1 experiences a slight decrease, indicating minor cellulose structure alterations,
but at 4 h, a recovery in its intensity is observed, which might reflect a stabilisation of the
cellulose structure after undergoing oxidation and bleaching treatments.
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Likewise, the thermogravimetric analysis (TGA) demonstrated a remarkable efficacy
in identifying and quantifying the components of plant-based materials, specifically β-
cellulose, lignin, and hemicellulose. This technique surpasses traditional wet chemical
methods in accuracy [67] and is particularly adept for the high-throughput examination of
polymers such as cellulose and lignin.

The data in Figure 8 elucidate the thermal degradation patterns of both biomass
waste and the fibres derived from its processing in the research, as analysed using a TGA.
The differential thermal decomposition behaviours observed in cellulose, hemicellulose,
and lignin can be attributed to their unique molecular structures and chemical properties.
Hemicellulose, comprised of a variety of sugars such as xylose, mannose, glucose, and
galactose, presents a disordered, non-crystalline, and branched architecture [70]. This
structure is responsible for its earlier decomposition into volatile substances (including
CO, CO2, and various hydrocarbons) at lower temperatures, typically in the 200–300 ◦C
range [71]. Contrasting with hemicellulose, cellulose—a glucose-based polymer linked
by β-1,4 glycosidic bonds—exhibits an enhanced strength and thermal resistance, de-
composing mainly between 300–370 ◦C [71]. Lignin, out of the three, shows the most
substantial thermal stability, a characteristic stemming from its complex network of
aromatic rings and diverse branching patterns, resulting in a wider decomposition tem-
perature spectrum (200–500 ◦C) [32]. The weight loss observed below 110 ◦C is primarily
due to the release of moisture associated with the hydroxyl and carboxyl groups in the
fibres [72].
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In the context of optimising the biomass pretreatment, Figure 8b displays the differen-
tial thermal analysis (DTA) curves derived from the TGA data, which have facilitated the
determination of specific degradation ranges for the principal lignocellulosic components:
hemicellulose, cellulose, and lignin. Based on these data, the TGA weight loss curves
shown in Figure 8a were standardised, enabling the extraction of precise compositional
percentages across varying durations of steam explosion treatment, both with and without
the application of ScCO2 [57]. The yields for each condition have also been provided.
Table 3 illustrates the compositional breakdown and yields of the biomass subjected to
different treatment durations.

When examining the influence of the reaction time on the results shown in Table 3,
notable trends become apparent. In both cases, with and without ScCO2, as the reaction
time increases, the yield consistently decreases. However, the behaviour of the cellulose
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content differs significantly. In the ScCO2-involved reactions, there is a clear trend of
maintaining the cellulose percentages regardless of the reaction time. Conversely, in the
absence of ScCO2, the cellulose percentage decreases with longer reaction times.

Table 3. Compositions and yields of the rice straw waste subjected to different treatment conditions.

Steam Explosion
Process Hemicellulose (%) Cellulose (%) Lignin (%) Yield (%)

ScCO2 33 min 22.40 ± 2.84 60.12 ± 0.50 17.48 ± 3.34 25.00 ± 1.70
ScCO2 1 h 30.79 ± 7.47 56.55 ± 1.67 12.66 ± 9.14 19.10 ± 1.90
ScCO2 2 h 20.82 ± 1.63 66.74 ± 3.01 12.44 ± 1.38 17.60 ± 0.45
ScCO2 4 h 26.49 ± 0.70 55.49 ± 0.89 18.02 ± 0.19 15.20 ± 1.70

33 min 14.31 ± 0.84 77.36 ± 0.94 8.33 ± 0.10 23.00 ± 0.15
1 h 23.42 ± 1.27 52.00 ± 2.10 24.58 ± 0.83 19.69 ± 1.00
2 h 27.79 ± 0.21 59.44 ± 0.24 12.77 ± 0.03 18.55 ± 0.55
4 h 28.15 ± 2.00 57.49 ± 2.54 14.36 ± 0.54 15.19 ± 0.75

When comparing the conditions, the data indicate that a 33 min steam explosion
without ScCO2 yields the highest percentage of cellulose (77.36% ± 0.94%) and the lowest
percentage of lignin (8.33% ± 0.10%), with a notable yield of 23.00% ± 0.15%. This suggests
an efficient delignification and the preservation of cellulose content, which is crucial for
subsequent conversion processes. In contrast, longer durations and the introduction of
ScCO2 do not significantly enhance the cellulose content or yield. Specifically, ScCO2 treat-
ments appear to retain higher percentages of hemicellulose and lignin, with a subsequent
decrease in the cellulose percentage. Likewise, as mentioned before, the yield consistently
declines with extended treatment times, particularly noticeable at the 4 h mark with both
ScCO2 and non-ScCO2 processes.

Therefore, the 33 min steam explosion treatment stands out as the most favourable,
achieving a balance between cellulose preservation, lignin removal, and overall yield,
thereby positioning as a key parameter for efficient biomass conversion.

These results are in line with the previously shown FTIR spectra, evidencing the
structural preservation of cellulose in the biomass at the 33 min mark without ScCO2
(Figure 7). This is evidenced by the stable ratio between the -OH stretching band at
3400 cm−1 and the C–H stretching band around 2900 cm−1 in the FTIR spectrum, which
are associated with the hydroxyl groups of cellulose and its overall molecular structure.
This aligns with the high cellulose content observed in the TGA. Conversely, the increasing
intensity in the ratio between the -CH stretching vibration at 2900 cm−1 and the C–O
stretching band at 1054 cm−1—representing cellulose and hemicellulose bonds—in the
CO2-treated samples over time aligns with the reduced cellulose yield from the TGA,
suggesting cellulose destabilisation.

Furthermore, X-ray diffraction (XRD) patterns, shown in Figures 9 and 10, revealed
the presence of crystalline cellulose Iβ in the extracted samples, with peaks at 16.5◦, 22.6◦,
and 32.5◦ 2θ aligning with the (110), (200), and (004) planes, supporting the identification
of this polymorph, which is consistent with the diffraction pattern of the reference
cellulose (ICDD patent PDF-2 database, File no. 00-050-2241). Cellulose Iβ is the most
dominant allomorph in higher plants and is frequently targeted for the production of
high-quality nanocellulosic materials due to its crystalline nature [73]. The additional
diffraction peaks observed throughout the 90◦ 2θ range indicate the presence of other
crystalline constituents such as silica, a known component of rice straw. The presence
of broad peaks throughout the diffractograms is indicative of a substantial amorphous
fraction, which must be considered when interpreting the crystallinity indices (CI) and
crystallite sizes (CS) provided in Table 4.
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When comparing the steam explosion processes, the data evidence the influence
of ScCO2 on the crystalline and amorphous contents of cellulose. A longer exposure to
steam in the presence of ScCO2 is associated with a reduced crystallinity and crystallite
size, as reflected by the calculated values. The steam-treated sample for 33 min without
ScCO2 exhibits a lower crystallinity index compared to the one with ScCO2, which
could be affected by the amorphous broad component on the crystalline peaks. In that
sense, the presence of broader peaks along the ScCO2 diffractograms suggests that
the absence of ScCO2 potentially favours the preservation of the crystalline structure
of cellulose.
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These findings highlight the importance of peak broadening and the amorphous
background when evaluating the crystallinity of the samples. The higher crystallinity
index observed in the steam-treated sample for 33 min without CO2, despite not being
the highest, may be more reflective of the true crystalline content, as it is less influenced
by the broadening effects seen in other samples. This finding is consistent with the
untreated natural fibres and demonstrates that the cellulose extracted from rice straw
exhibits a crystallinity index that matches that which was reported for untreated natural
fibres [32,69], suggesting that rice straw cellulose could be a suitable candidate for
high-quality nanocellulosic materials.

Table 4. Crystallinity index (CI) and crystallite size (CS) obtained for the different steam explosion
processes performed.

Steam Explosion Process CI (%) CS (nm)

ScCO2 33 min 66.47 12.18
ScCO2 1 h 49.90 12.90
ScCO2 2 h 64.32 4.37
ScCO2 4 h 37.03 1.65

33 min 46.20 11.30
1 h 53.57 14.14
2 h 36.31 13.34
4 h 52.72 15.51

Figure 11 contains SEM images illustrating the morphology of the extracted cellulose
fibres. The rice straw image depicts its structure before undergoing treatment, revealing
the presence of a cell wall composed of hemicellulose and lignin, which serves to protect
the cellulose.

Throughout the analysis, significant differences have been noted between the treat-
ments with and without ScCO2. The samples treated with ScCO2 exhibited an increased
compactness in the cellulose fibres, which is indicative of a higher degree of amorphousness,
in line with the previous discussion on the XRD. These fibres appeared denser and less
defined, suggesting a profound alteration in the cellulose structure due to the presence of
ScCO2. This effect is likely attributed to an enhanced breakdown of cellulose’s crystalline
structure, leading to the predominance of amorphous cellulose.

Contrastingly, the samples treated without ScCO2, especially the 33 min treatment,
presented better preserved fibrous structure of cellulose [32,74,75]. These fibres are more
defined and less compact, indicating the retention of crystalline structures and consequently,
less amorphousness. As confirmed in the FTIR and XRD tests, this treatment was more
effective in removing lignin and hemicellulose without significantly altering the crystalline
structure of cellulose.

The SEM images also reveal varying degrees of defibrillation in the cellulose fibres. The
treatments, particularly those involving ScCO2, facilitated a more complete defibrillation,
breaking down the fibres into finer structures. In contrast, the treatments without ScCO2
led to the fibres retaining more of their original, less fragmented form.

Furthermore, this analysis indicated the presence of possible remnants of cell wall
materials or silica oxide crystals, characteristic of rice straw. These remnants were
more evident in the samples treated less aggressively, preserving more of the original
biomass structure.

These findings provide valuable insights into the effects of steam explosion treatments
with and without ScCO2 on the structure of the cellulose obtained from rice straw. There-
fore, they underline the crucial role of the treatment conditions in determining the final
characteristics of the cellulose fibres.
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3.3. Characterisation of Lignin

Transitioning from the characterisation of cellulose to the exploration of lignin
extraction, this study narrows its scope to samples that showed exceptional outcomes
in the cellulose extraction. Specifically, samples subjected to 33 min and 1 h of steam
explosion with and without ScCO2 were selected for lignin isolation from the lignin- and
hemicellulose-rich supernatant post-steam explosion. The rationale for this selection
was underpinned by the FTIR, TGA, XRD, and SEM analyses, which justified the pref-
erential choice of the 33 min steam explosion without ScCO2, reducing the time of this
stage. Utilising the supernatant from the steam explosion stage, which contains high
concentrations of lignin and hemicellulose, the main goal was to isolate lignin for future
purification steps.

Table 5 indicates the percentage composition of hemicellulose, cellulose, and lignin in
each sample, derived from the established ranges in the TGA derivatives and standardised
TGA data.
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Table 5. Compositions and yields of the steam explosion supernatant at different treatment conditions.

Steam Explosion
Process Hemicellulose (%) Cellulose (%) Lignin (%) Yield

33 min 23.78 ± 1.78 24.57 ± 1.19 51.65 ± 2.88 19.96 ± 0.47
1 h 25.99 ± 1.46 27.27 ± 1.33 46.74 ± 2.79 13.64 ± 1.58

33 min ScCO2 26.96 ± 0.49 31.17 ± 0.92 41.87 ± 0.43 14.12 ± 1.53
1 h ScCO2 32.04 ± 0.96 23.52 ± 0.85 44.44 ± 1.81 17.21 ± 0.80

A comparative analysis of the TGA data revealed notable differences between the
samples treated with and without ScCO2. The samples subjected to steam explosion for
33 min without ScCO2 demonstrated a more favourable lignin yield compared to their
counterparts. Moreover, the absence of ScCO2 in the steam explosion process appeared to
enhance the selectivity of the lignin extraction, as evidenced by the lignin content. Notably,
the lignin content in the samples without ScCO2 was consistently higher across the stages,
particularly in the optimised 33 min condition.

Furthermore, the FTIR analysis performed (Figure 12) provides a molecular-level
insight into the lignin structure of rice straw treated with steam explosion under various
conditions. The FTIR spectra show the analysis of the lignin extracted from a biomass
substrate through a steam explosion process at 33 min and 1 h, with and without the
presence of ScCO2. The four spectra show different peaks that can be correlated with
lignin content. These include the aromatic skeletal vibrations around 1500 cm−1, the -C–O
stretching indicative of guaiacyl and syringyl lignin units, and the -CH stretching which
suggests aliphatic hydrocarbons [49]. The prominence of -OH stretching near 3400 cm−1

suggests a high concentration of phenolic and aliphatic OH groups, typically abundant in
lignin [76].
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When comparing the 33 min without ScCO2 spectrum to the other treatments, the
former displays sharper and more defined peaks, suggesting less degradation and a higher
preservation of the aromatic ring structure of lignin. The addition of ScCO2 in the 1 h
treatment seems to affect the lignin structure, as evidenced by the slight shifts and changes
in the peak intensities, particularly in the functional groups associated with the aromatic
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ring and the -C–O stretching, which might indicate alterations in the ether bonds within
the lignin.

Considering the TGA data provided, they indicate a higher yield of lignin in the
33 min sample, which is corroborated by the FTIR analysis. The sharper peaks and their
positions closely resemble those of pure lignin, suggesting that the shorter steam treatment
preserves lignin better than the longer one and that the absence of ScCO2 prevents further
modifications of the lignin structure during the process.

This preliminary study lays the groundwork for future endeavours in lignin purifi-
cation and underlines the efficacy of the optimised steam explosion conditions in lignin
extraction from rice straw [8,48,49].

4. Conclusions

This study explores the extraction of cellulose and lignin from rice straw through
a four-stage process, focusing on varying and optimising each stage to determine the
most efficient conditions. Upon completion of the experimentation, it was concluded that
the ideal approach excludes the alkaline pretreatment stage and involves three hours of
oxidation and one hour of bleaching. The study also evaluates the effect of ScCO2 in the
steam explosion stage over different durations (from 33 min to 4 h) based on different
characterisation techniques.

The consolidated findings from various analyses indicate significant chemical, thermal,
and structural changes in the cellulose extracted from rice straw. The FTIR and SEM
analyses revealed that non-ScCO2 treatments effectively retained the cellulose structure
while upholding a superior fibrous structure in the samples. This observation aligns with
the TGA results, which identified a 33 min steam explosion treatment without ScCO2
as optimal for maintaining the cellulose integrity and for effective lignin removal. XRD
patterns confirmed the presence of crystalline cellulose Iβ, with non-ScCO2 treated samples
exhibiting a more effective preservation of the crystalline structure of cellulose. These
results demonstrate the significant influence of the treatment conditions on the properties
of rice straw-derived cellulose.

Furthermore, regarding the extraction of lignin from the supernatant of the steam
explosion stage, the four processes considered most optimal for cellulose extraction were
selected and analysed using FTIR and TGA. The TGA results showed that the 33 min
steam explosion condition without ScCO2 yields a higher lignin content compared to other
conditions, and the absence of ScCO2 improved the selectivity of lignin extraction. FTIR
analysis also revealed that the 33 min condition better preserves the aromatic ring structure
of lignin compared to longer treatments or those with ScCO2.

To conclude, the study highlights the effectiveness of specific treatment conditions
in preserving the cellulose integrity, which is crucial for its application in the production
of high-quality nanocellulosic materials, while laying the groundwork for future efforts
in lignin purification, emphasising the effectiveness of the optimised steam explosion
conditions in lignin extraction from rice straw.
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