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ABSTRACT

Pretreatment of plant biomass is a key stage in the production of second-generation biofuels, as it ensures the
destruction of the lignocellulosic structure and increases the availability of polysaccharides for further conver-
sion. The paper investigates the effectiveness of various methods of processing oat straw for the isolation of the
polysaccharide component. Mechanical, aqueous, alkaline and organic methods, as well as combined organosol-
vent processing using acetic acid and hydrogen peroxide, are considered. It was found that the highest yield of
solid product is provided by processing with ethanol (98.7%) and alcohol-benzene mixture (96.8%), however, the
obtained materials retain the original structure of biomass. Instead, hot water (82.7%) and alkali (58.0%) lead to
partial extraction of soluble substances and hemicelluloses, while the use of peracetic acid gives the lowest yield
(53.1%), but provides deep delignification, ash reduction and formation of a porous structure suitable for enzymat-
ic hydrolysis. Thus, it is the peroxide-acetic acid treatment that has proven to be the most promising for increasing
cellulose availability and preparing oat straw for further biotechnological use in biofuel production.
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INTRODUCTION

Today, as energy security and climate change
issues become increasingly pressing, biofuels are
emerging as a key element of a sustainable energy
future (Sikiru et al., 2024). The relevance of bio-
fuels is determined by three main factors. First, it
is climate change, caused by high levels of green-
house gas emissions from the combustion of oil,
gas and coal. Biofuels, which are a renewable en-
ergy source, contribute to a significant reduction in
net carbon dioxide emissions into the atmosphere
(Clauser et al., 2025). Second, it is the depletion of
fossil fuel reserves. Since the world’s oil and gas
resources are limited, the transition to alternative

sources is inevitable (Malik et al., 2024). Third, it
is energy independence, since the production of
biofuels on a local raw material base allows coun-
tries to reduce their dependence on energy imports
(Pryshliak et al., 2022, Esonye et al., 2023).

The first generation of biofuels is derived from
food crops such as corn, wheat, sugarcane, rape-
seed, soybeans and palm oil, with bioethanol and
biodiesel as the main products, but it competes
with food production and creates socio-economic
risks (Cavelius et al., 2023, Deora et al., 2022,
Singh et al., 2021). The second generation uses
non-food lignocellulosic biomass (straw, wood
waste, corn stalks, sunflower husks, pulp and pa-
per residues) through hydrolysis, fermentation
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and thermochemical methods, thus avoiding
competition with the food sector, utilizing waste
and reducing greenhouse gas emissions (Giertl et
al., 2024, Kumar et al., 2023, Pant et al., 2023).
The third generation is based on algae, which of-
fer high productivity without agricultural land
use but face high costs and technical challenges
(Chowdhury and Loganathan, 2019), while the
fourth relies on genetically modified microorgan-
isms and synthetic biology, promising negative
emissions but limited by complexity, costs and
regulatory issues (Mat Aron et al., 2020, Sing et
al., 2024, Torkashvand et al., 2022).

Second-generation biofuels are considered
the most promising, as they enable efficient waste
use, reduce environmental impacts and add eco-
nomic value without threatening food security.
Agro-industrial waste is a particularly attractive
raw material for various industries (Halysh et
al., 2018, Shkliarenko et al., 2023, Trembus et
al., 2018) and for bioenergy, providing renew-
able resources, enhancing energy security and
addressing waste disposal issues, though chal-
lenges remain due to high costs, energy-intensive
processes and incomplete optimization of current
technologies (Halysh et al., 2023).

Pretreatment of plant raw materials is an
important stage in the production of second-
generation biofuels, as it destroys the lignocel-
lulosic structure of plant biomass and makes
cellulose and hemicellulose available for further
conversion. Mechanical, thermal, chemical and
combined methods are used, among which the
most promising is organosolvent treatment with
a mixture of acetic acid and hydrogen peroxide
(Basar and Perendeci, 2021 It allows for the most
efficient removal of lignin and the production of
a substrate with a high cellulose content, which
maximizes the yield of sugars for biofuels under
relatively mild conditions.

Ukraine, as one of the leading agricultural
countries, annually produces significant volumes
of oats, which together with them is formed a
large amount of straw, often unused and recog-
nized as waste. The rational use of this biomass
in bioenergy technologies can not only solve the
problem of disposal, but also contribute to in-
creasing the country’s energy independence.

Therefore, the purpose of the work is to in-
vestigate the effectiveness of using various meth-
ods of oat straw processing to ensure a high yield
of polysaccharide component for further use in
obtaining second-generation biofuels

140

MATERIALS AND METHODS

For the isolation of the polysaccharide compo-
nent, oat straw from the 2024 harvest, collected in
the Chernihiv region, was used as the starting ma-
terial. After sorting, the straw was cut into pieces of
approximately 1 cm. Both the initial plant material
and all obtained cellulose samples were stored in
desiccators at room temperature to maintain a con-
stant humidity and a stable chemical composition.

The content of structural components and ex-
tractives in the initial straw is shown in Figure 1.

To isolate the polysaccharide component, the
biomass was treated using several different meth-
ods. The primary goal of these treatments was to
remove extractive substances and other non-cel-
lulosic structural components. The types of treat-
ments and their parameters are detailed in Table 1.
For each test, 40 g of oven-dry biomass was used.

Following each treatment, the resulting prod-
ucts were air-dried to a consistent moisture con-
tent of 7%. The efficiency of each process was
comprehensively assessed based on two primary
factors. First, the visual and structural changes in
the material before and after treatment were vi-
sually observed. Second, qualitative indicators
that reflect the effectiveness of the polysaccharide
component’s separation were analyzed (Trembus
et al., 2022). These included the gravimetric de-
termination of product yield and the quantification
of residual lignin and ash content using the estab-
lished TAPPI standards T 222 c¢cm-02 (Technical
Association of the Pulp and Paper Industry. 2002.
Acid—insoluble lignin in wood and pulp) and T
211 om-02 (Technical Association of the Pulp and
Paper Industry. 2002. Ash in wood, pulp, paper
and paperboard: combustion at 525 °C, T 211 om-
02), respectively.

All experiments related to biomass treatment
and characterization were conducted in triplicate,
and the average values were reported. The rela-
tive standard deviations were below 5% (shown
as error bars in the figures).

RESULTS AND DISCUSSION

After treating biomass with each of the stud-
ied reagents, solid cellulose products were ob-
tained. These residues were then labeled based
on their specific processing scheme, and they
showed significant differences in yield, as illus-
trated in Figure 2.
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Figure 1. Chemical content of the biomass

Table 1. Treatment parameters for the isolation of the polysaccharide component

Method of
treatment

Treatment conditions

Aqueous prehy-
drolysis (APH)

Biomass was treated with distilled water in a steel autoclave at a hydromodule of 10:1. The process in-
volved heating the mixture in a glycerin bath at 120 °C for one hour. After treatment, the autoclave was
cooled with tap water, and the resulting fibrous product was washed with distilled water until the filtrate
ran clear.

Alkali treatment

Biomass was processed in glass heat-resistant flasks for one hour at 95 °C using a 3% NaOH solution at
a hydromodule of 10:1. The flasks were heated in a water bath, and a reflux condenser was used to pre-

treatment (EAT)

(AT) vent the loss of solution components. The resulting product was then washed with distilled water until the
wash water’s pH was neutral.
The biomass was thoroughly extracted for 4 hours using a Soxhlet apparatus. For this process, a thimble
Ethyl alcohol containing the biomass was placed in the central chamber of the apparatus. A 100 ml volume of ethyl

alcohol was added to a round-bottom flask, which was then heated in a water bath to initiate the extrac-
tion. Following the extraction, the biomass was air-dried to allow for complete evaporation of the residual
solvent.

Alcohol-benzene
mixture treatment

The treatment method was implemented similarly to EAT, but a 1:2 alcohol-benzene mixture was used
instead of ethyl alcohol.

(ABT)
The biomass was treated for 120 minutes at 95 °C with a peracetic acid mixture, which was prepared
Treatment with | by combining glacial acetic acid and 35% hydrogen peroxide in a 70:30 volume ratio. This process was
peracetic acid carried out in glass heat-resistant flasks with a hydromodule of 10:1, using reflux condensers to prevent
(PAT) the loss of volatile components. Following the treatment, the resulting fibrous product was separated and

washed with distilled water until its pH became neutral.

The highest yields were achieved by treat-
ing the biomass with ethyl alcohol (98.7%
yield) and an alcohol-benzene mixture (96.8%
yield). This high retention of material can be
attributed to the fact that these solvents primar-
ily remove non-structural, or extractive, sub-
stances (Zhao et al., 2022). These compounds
are not part of the plant’s cell wall and include
materials like waxes, fats, and resins, which of-
ten provide a protective coating on the plant’s
surface. The slight difference in yield between
the two is due to the properties of the solvents.
Ethyl alcohol, as a polar solvent, effectively

extracts other polar compounds. However, the
alcohol-benzene mixture, which combines a
polar solvent with a non-polar one, exhibits a
synergistic effect. This combination allows it to
remove a much broader spectrum of extractive
substances from the raw material, accounting
for the slightly lower final yield. In both cases,
the resulting product is a fibrous material that
still retains the initial structure of the original
straw. This indicates that these treatments suc-
cessfully isolated the main structural compo-
nents of the plant without causing significant
damage to the cell wall.
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Figure 2. Yield of cellulose product from oat straw as a result of different types of treatment, %

The treatment of biomass with hot water dur-
ing 1 hat 120 °C resulted in a solid cellulose prod-
uct with a high yield of approximately 82.7%. This
method is considered relatively gentle because it
primarily removes water-soluble extractives from
the raw material. These include compounds such
as dyes, tannins, inorganic salts, and other sub-
stances that dissolve easily in an aqueous solution.
Since this process does not significantly affect
the primary structural polymers of the plant, such
as cellulose, hemicelluloses, and lignin, the high
yield of the solid residue is to be expected.

In contrast, treatment with a 3% alkali solu-
tion leads to a more notable decrease in the cel-
lulosic product’s yield, down to 58.0%. This is be-
cause the alkali solution removes more than just
water-soluble components; it also dissolves lignin,
low-molecular hemicelluloses and hemicelluloses
(Oriez et al., 2020). The removal of these addition-
al structural components accounts for the higher
material loss compared to the hot water treatment.

Importantly, neither the hot water or the other
solvent-based methods — has a profound or de-
structive effect on the core lignocellulosic struc-
ture of the biomass. As a result, the yields for
these products remain high, and the obtained lig-
nocellulosic fibers largely retain the fundamental
structure of the original biomass.

The application of hydrogen peroxide to acetic
acid fundamentally alters the outcome of the treat-
ment. This combination leads to a notable deligni-
fication effect, resulting in a significant decrease in
product yield, which falls to 53.1%. This dramatic
change occurs because the hydrogen peroxide and
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acetic acid react to form peracetic acid, which
serves as an effective agent for removing lignin
from the biomass (Mayta et al., 2024).

The successful removal of lignin is visually
confirmed by the product’s much lighter color, as
shown in Figure 3. Beyond the visual change, the
treatment transforms the material into a fibrous
product with a loose and more fiber-divided struc-
ture. This physical characteristic is highly beneficial
for subsequent biochemical conversion processes.

A material with a looser structure offers a
greater surface area, which allows enzymes to
more efficiently access and break down the cel-
lulose fibers. Therefore, this treatment not only
purifies the biomass by removing lignin but also
optimizes its physical properties for more effec-
tive downstream applications.

The ash content of biomass, which refers to
the inorganic mineral components left after com-
bustion, can significantly influence the efficiency
of the biochemical conversion of polysaccharides
into sugars (Park et al. 2022). The presence of
these mineral components may act as an inhibi-
tor, hindering the conversion process by interfer-
ing with the enzymatic activity of cellulases and
hemicellulases. High mineral content can also
disrupt the optimal pH of the reaction environ-
ment, further reducing overall sugar yield.

Consequently, a critical objective of biomass
pretreatment is not only to expose the polysac-
charides but also to reduce the mineral load. This
makes it essential to investigate how various
treatments affect the ash content of the result-
ing products. Figure 4 presents the results of the
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Figure 3. Visual changes in the structure of biomass before treatment (a) and after AHP (b), AT (c),
EAT (d), ABT (e) and PAT (f)
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Figure 4. Ash content in cellulose product from oat straw as a result of different types of treatment, %

mineral component analysis, providing valuable
insight into which specific treatment methods are
most effective at removing these inhibitory min-
erals and improving the material’s suitability for
biochemical conversion.

The presented data suggest that treating bio-
mass with hot water results in the removal of
approximately 25% of its mineral components.
This is likely due to the diffusion of soluble salts
from the biomass structure into the water during
the treatment. However, a portion of the miner-
als remains in the final product. It is presumed
that these remaining components are those that
are chemically bound to the functional groups of
the biomass’s structural components. Following
alkali treatment, the ash content of the final prod-
uct exhibits a slight increase. This phenomenon
is directly related to the adsorption of the alkali
onto the surface of the biomass during process-
ing. Treatment with ethyl alcohol and an alcohol-
benzene mixture has a minimal impact on the
content of mineral components in the biomass.

This is because these organic solvents are highly
effective at removing organic extractive substanc-
es, such as waxes, fats, and resins, but are largely
ineffective at dissolving inorganic minerals.

Unlike the other methods investigated, perace-
tic acid treatment is exceptionally effective at reduc-
ing the content of mineral components in the final
product. This method’s success is due to its power-
ful oxidizing nature, which is strong enough to not
only remove lignin but also to disrupt the chemical
bonds that hold many of the mineral components to
the plant’s structural polymers. While the treatment
is highly effective, it does not lead to the complete
removal of all minerals. This suggests that a portion
of the mineral content is very tightly integrated into
the biomass structure, resisting even this aggressive
form of chemical treatment.

Based on the presented data, it’s clear that each
processing method has a distinct impact on the
structure of the oat straw biomass. The different
treatments selectively alter the material’s composi-
tion, removing various components while leaving
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the core structure intact to varying degrees. How-
ever, a complete assessment of the feasibility of us-
ing these products for biofuel production requires
further investigation. While the current results
characterize the physical and chemical changes
to the biomass, additional studies are necessary to
evaluate crucial factors such as enzymatic digest-
ibility and fermentation efficiency. Only after con-
ducting these specific trials, it will be possible to
confirm the true potential of the obtained products.

CONCLUSIONS

The present study successfully achieved
its goal of identifying an effective pretreatment
method for oat straw to enhance its suitability
as a raw material for second-generation biofuel
production. The results demonstrated that per-
oxide—acetic acid treatment is the most efficient
approach, providing deep delignification and
mineral removal, while producing a structurally
modified substrate that facilitates subsequent en-
zymatic hydrolysis. This work revealed, for the
first time, a comprehensive comparison of dif-
ferent pretreatment agents applied to oat straw,
clarifying how each solvent system influences
lignocellulosic composition, structural integrity,
and ash removal. The findings fill a key research
gap concerning the optimization of pretreatment
strategies specifically for oat straw, an abundant
yet underutilized agricultural residue. By estab-
lishing peroxide—acetic acid treatment as a prom-
ising and relatively mild delignification route,
this study opens new prospects for cost-effective
bioconversion of agricultural waste into ferment-
able sugars and biofuels, contributing to the de-
velopment of sustainable bioenergy technologies.
Further investigations should focus on quantify-
ing enzymatic hydrolysis efficiency and sugar
yields to confirm the practical applicability of this
method in large-scale biofuel production.
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