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Ukraine, as one of the world’s largest agricultural producers, generates substantial volumes
of lignocellulosic residues, particularly from rapeseed cultivation. Rapeseed straw, a by-
product of harvesting, presents significant potential as a raw material for the production
of advanced biofuels, especially bioethanol. This study investigates the efficiency of alkaline
pretreatment of rapeseed straw using sodium hydroxide under varying conditions of
concentration and treatment time. The aim was to optimize delignification and preserve
carbohydrate content for downstream bioethanol conversion. A full factorial design (2?)
was applied to explore the influence of key parameters, and regression models were
developed to describe the response surfaces for product yield and residual lignin content.
The results showed that while increasing alkali concentration improves delignification, it
also reduces solid yield due to the degradation of valuable polysaccharides. An optimal
balance was observed at 4% NaOH and 150 minutes; this condition minimized lignin
content to 13.0% but resulted in moderate product yield (29.7%). The results highlight
the need for further research on the use of the resulting product as a substrate for

efficient biofuel production.
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Introduction

As the world seeks alternatives to fossil fuels,
the production of second-generation biofuels has gained
momentum due to their reliance on non-edible plant
materials, such as agricultural by-products and
lignocellulosic waste [1]. These feedstocks offer an
environmentally friendly and sustainable solution that
does not compete with food crops, making them
particularly attractive for large-scale energy applications
[2].

Lignocellulosic biomass encompasses a wide
variety of agricultural by-products that are often
discarded or underutilized [3]. These include wheat
straw, corn stover, sugarcane bagasse, rice husks, barley
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straw, cotton stalks, and sunflower husks, among others
[4]. The use of such residues not only helps reduce
agricultural waste but also adds value to crop production
chains [5].

The structural complexity of lignocellulosic
biomass, however, poses a significant barrier to its
efficient conversion into biofuels [6]. This biomass is
mainly composed of tightly bound cellulose,
hemicellulose, and lignin, which require disruption
before sugars can be effectively released and fermented
into liquid fuels [7].

To address this challenge, a wide range of
pretreatment strategies have been developed. These
include mechanical disruption, thermal processes,

@ @ This article is an open access article distributed under the terms and conditions of the Creative
B Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
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chemical treatments (such as alkaline or acidic
hydrolysis), as well as hybrid approaches that combine
multiple techniques [8]. Pretreatment plays a critical
role in improving the digestibility of biomass and
directly impacts the yield of fermentable sugars in
downstream processes [9].

This cellulose-rich fraction is particularly
desirable because it contains hexose sugars, primarily
glucose, which serve as the main substrate for microbial
fermentation into bioethanol. The efficient release
and utilization of these hexoses is critical for achieving
high ethanol yields and making second-generation
biofuel production economically viable [10].

Ukraine, as one of the world’s leading agricultural
producers, has significant potential in this field [11].
With vast areas dedicated to cultivating cereal grains,
oilseeds, and industrial crops, the country generates
large volumes of agricultural residues [12]. Notably,
rapeseed stems — produced in substantial quantities as
a by-product of rapeseed harvesting — represent a
valuable lignocellulosic resource [13]. These residues,
often underutilized, hold great promise for conversion
into advanced biofuels, especially bioethanol [14].

In this study, emphasis is placed on the
application of alkaline pretreatment for the processing
of rape straw. By adjusting operational parameters
like reagent concentration and processing time, the
aim is to improve delignification efficiency and unlock
higher conversion rates of carbohydrates into
bioethanol. The results support ongoing efforts to refine
biomass processing methods and strengthen the
technological foundation for next-generation biofuel
production.

The aim of this study is to investigate the
effectiveness of alkaline pretreatment using sodium
hydroxide for rapeseed straw, with a focus on efficient
delignification conditions to enhance the suitability
of the biomass for subsequent bioethanol production.
Special attention is given to identifying the influence
of reagent concentration and treatment time on product
yield and residual lignin content, supported by
mathematical modeling for process description.

Experimental

Rapeseed straw collected from agricultural fields
in the Vinnytsia region of Ukraine was used as the
raw material for this study. To ensure uniformity and
enhance the efficiency of subsequent processing steps,
the biomass was mechanically chopped into particles
ranging from 15 to 20 mm in length. The prepared
material was then stored in desiccators to maintain
stable moisture content prior to experimental
procedures.

The chemical composition of the raw biomass
was analyzed using standard analytical protocols

commonly employed for lignocellulosic materials. A
detailed breakdown of the chemical composition of
rapeseed straw is as follows: 42.1% cellulose, 75.9%
holocellulose, 21.4% lignin, 3.0% resins, fats, and
waxes, and 2.3% ash.

To evaluate the potential for hexose recovery,
the rapeseed straw biomass was subjected to alkaline
treatment using sodium hydroxide (NaOH) solutions
of varying concentrations. The liquid-to-solid ratio
was maintained at 5:1, and the treatment was carried
out at a constant temperature of 120°C. The
experiments were carried out under laboratory
conditions using stainless steel acid-resistant autoclaves,
which were heated in a glycerin bath. The treated
substrate was thoroughly washed with distilled water
and then dried to a final moisture content of
approximately 6%. The efficiency of the pretreatment
process was assessed based on the yield of the resulting
solid fraction and the residual lignin content within
the substrate.

The chemical reactions between the alkaline and
lignocelluloses mainly include lignin reactions and
carbohydrates (i.e., cellulose and hemicellulose)
reactions (Figs. 1 and 2). Lignin reactions lead to the
degradation and dissolution of lignin, which benefits
the subsequent enzymatic hydrolysis, while cellulose
and hemicellulose reactions result in sugar loss, which
should be diminished as much as possible. Different
chemicals used in pretreatment may bring different
degradation reactions of lignocellulosic components,
despite the main mechanism of alkali-based
pretreatment being to efficiently break the ester bonds
cross-linking lignin and xylan through solvation and
saponification [15] (Figs. 1 and 2).

To reduce the number of experimental runs and
identify the optimal conditions for substrate production,
a full factorial design of the 2? type was employed.
During the study, two independent variables (factors)
were selected: x, — alkali concentration (%),
X, — treatment time (min). The dependent variables
y; used to evaluate the effectiveness of pretreatment
were y, — substrate yield (%) and y, — lignin
content (%).

The initial values used to construct the
experimental matrix, including the variation levels
and coding intervals of the factors, are presented in
Table 1.

To mathematically describe the process, second-
order polynomial regression models were developed.
Modeling, identification, and statistical validation of
the adequacy of the models were performed using
specialized software tools. The general form of the
second-order polynomial regression equation for two
independent variables is expressed as follows:
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Table 1
Coded levels and variation ranges of factors x;
Factor x: Variation levels Variation interval
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Fig. 1. Typical lignin reactions in alkaline conditions: (a) the fracture of the phenol-type a-aryl ethers;
(b) the cleavage of the phenol-type B-aryl ethers; (c) the fracture of the non-phenol-type B-aryl ethers [15]
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Fig. 2. Reaction of cellulose fiber with NaOH
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Vi=btb x;+byX,+b3x X, +byx 2 +bsx,?, (1)
where y; is the dependent variable, x, and x, are the
independent variables, b,, b,, b,, b;, b, and b are the
regression coefficients representing the contribution
of each corresponding term in the model.

Results and discussion

The design of the experiment and the
corresponding results for the two independent variables
are summarized in Table 2. Each value of the response
variable y, represents the mean of three parallel
measurements, enhancing the credibility of the results.

Analysis of the experimental data revealed a direct
correlation between the concentration of the alkaline
solution and the degree of delignification. An increase
in the variable x, from 2% to 4% with x, ranging
from 30 to 150 minutes significantly intensified the
removal of the aromatic fraction. This effect is
confirmed by a decrease in lignin content in the final
product, indicating the high efficiency of disrupting
the aromatic matrix of lignocellulosic biomass.

At the same time, this intensification of
delignification was accompanied by a notable reduction
(17.7%) in the total mass of the solid residue. This
decrease is likely due not only to lignin removal but
also to the co-extraction of other components such as
extractives and mineral impurities, which are also
soluble in alkaline media.

Further increasing the sodium hydroxide
concentration to 6% under the same holding times
(30—150 min) led to an additional 5.6% reduction in
lignin content. However, this was also accompanied
by a 6.5% further decrease in solid yield. These results
suggest that at higher alkali concentrations, in addition
to the target delignification, more intensive hydrolysis
of low-molecular-weight polysaccharides occurs,
particularly hemicelluloses and partially cellulose. This
excessive degradation of polysaccharides negatively
affects the final mass of the residue containing valuable

Table 2
Design matrix of the 22 full factorial experiment for two
independent variables
Parameter Value

X] X2 Y] Y2
-1 46.7 20.0

-1 0 40.4 16.3
1 33.0 14.9

-1 38.8 18.3

0 0 34.9 14.5
1 29.7 13.0
-1 31.2 18.0
1 0 28.2 14.8
1 26.1 13.6

carbohydrate components.

The data processing and construction of
mathematical models of biomass treatment with
alkaline solution were performed using the least squares
method, which allowed determining the regression
coeflicients to describe the relationship between factors
and response functions. The adequacy of the models
was confirmed by Cochran’s and Fisher’s criteria,
indicating their suitability for further construction of
3D surfaces of the properties of alkaline-treated rapeseed
straw products.

The following regression equations were obtained:

v,=58.394—4.16x,—0.138x,+0.018x,x,—0.044x 2—
~0.00006x.2,

v,=26.896—2.556x,—0.102x,40.0015x,x,40.252x,2—
~0.0003x,2

The presented regression models describe the
dependence of two key process indicators —y, (product
yield) and y, (residual lignin content) — on two factors:
X, (alkali concentration) and x, (treatment duration).
Comparing the coefficients of these models allows for
identifying the differentiated impact of each factor on
the response variables. In both models, a negative
linear effect of both factors (x; and x,) on the
dependent variables is observed. This indicates that
increasing either the alkali concentration (x;) or the
treatment duration (x,) leads to a decrease in both y,
and y,.

However, the degree of this influence varies
significantly. For both y, and y,, factor x, shows a
much stronger linear impact than factor x,. In the
model for y,, the coefficient for x, is —4.16, while for
X, it is only —0.138. Similarly, in the model for y,,
these values are —2.556 and —0.102, respectively. This
suggests that changes in reagent concentration have a
more pronounced direct effect on the final product
characteristics and delignification efficiency than
changes in treatment time within the studied range.

Significant differences are also evident in the
quadratic terms, which reflect the nonlinear nature of
the relationships. For y,, the coefficients for the
quadratic terms (x,>=—0.044; x,>=—0.00006) are
negative. This indicates that both factors tend to reduce
y, after reaching a certain maximum (if it lies within
the studied range). At the same time, the nonlinear
effect of x, is more pronounced than that of x,, whose
quadratic coefficient is extremely small. This implies
that further increases in x, beyond a certain threshold
may lead to an undesirable decrease in y,, likely due
to the degradation of the target polysaccharide
component.
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In contrast, for y,, the coefficient for x,? is
positive (+0.252), while that for x,> is negative
(—0.0003). The positive quadratic coefficient for x,>
suggests that the effect of x, on y, may exhibit a
minimum, that is, after a certain point, a further
increase in x, results in rising y, values. This is
undesirable, as the goal is to minimize lignin content.
However, it may also indicate a trade-off, where
excessive X, concentration no longer contributes to
effective lignin removal or leads to other unwanted
reactions. The quadratic effect of x, on y, is extremely
small and practically negligible.

Figure 3 presents the 3D surfaces of the properties
of products obtained from the treatment of rapeseed
straw.

The analysis of residual lignin content data
revealed a more complex relationship, particularly
concerning factor x,. In general, an increase in both
X, and x, contributes to a reduction in lignin content,
which is a desirable effect of delignification. For

25 |

220
X1

b

example, at 2% alkali concentration, increasing time
from 30 to 150 minutes reduced lignin content from
20.0% to 14.9%. However, the influence of x, exhibits
a nonlinear pattern. At 30 minutes, increasing the
concentration from 2% to 4% reduced y, from 20.0%
to 18.3%, while a further increase to 6% resulted in
only a slight decrease to 18.0%. This trend becomes
even more evident at 90 minutes, where y, decreased
from 16.3% to 14.5%, but then slightly increased to
14.8% at 6%. This indicates that there is an optimal
alkali concentration for lignin minimization, beyond
which further increases may be ineffective or even
counterproductive due to lignin recondensation or other
secondary reactions that affect the measured lignin
content.

Careful understanding of process parameters is
essential to achieve a balance between lignin removal
and preservation of cellulose-rich fractions. The lowest
residual lignin content was achieved under conditions
of 4% and 150 minutes.
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Fig. 3. Response surface plots of product yield (a) and residual lignin content (b) after alkaline treatment of rapeseed straw
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The experimental results demonstrate an inverse
relationship between the two key indicators. Conditions
that most effectively promote delignification often
result in significant losses of the target product.

The obtained results therefore underscore the
pressing need for further research focused on the
comprehensive utilization of these processed products,
specifically as a substrate for efficient second-generation
biofuel production. Future work should particularly
explore the enzymatic digestibility of the obtained
polysaccharide-rich fraction, optimize fermentation
processes to convert the liberated sugars into bioethanol,
and investigate the potential for integrated biorefinery
concepts that maximize the value of all fractions,
including the valorization of recovered lignin. Such
holistic research is essential to fully unlock the potential
of agricultural residues as a sustainable source of energy
and biochemical, contributing to energy security and
environmental sustainability.

Conclusions

Rapeseed straw is a promising lignocellulosic
feedstock for the production of second-generation
biofuels, owing to its high cellulose content and
availability in Ukraine. Alkaline pretreatment using
sodium hydroxide effectively reduces lignin content
in the biomass, with a clear influence of reagent
concentration and treatment time on both
delignification and solid yield. Regression analysis
and response surface modeling revealed a nonlinear
relationship between the process variables and the
key performance indicators (product yield and lignin
content), highlighting the existence of optimal
operational conditions. The optimal conditions for
minimal residual lignin (13.0%) were determined to
be 4% NaOH and 150 minutes of treatment. The
developed mathematical models provide a valuable
tool for process optimization and can inform the design
of efficient pretreatment strategies for lignocellulosic
biomass in next-generation biorefineries.

The conducted research clearly demonstrates that
alkaline pretreatment is a highly effective method for
the preliminary processing of lignocellulosic biomass,
such as rape straw, for subsequent biotechnological
applications. A key advantage of this method is its
ability to achieve efficient delignification, which, as
shown, significantly enhances the accessibility of the
polysaccharide fraction. This fraction serves as the
foundation for enzymatic hydrolysis and subsequent
fermentation into bioethanol. Thus, the obtained data
strongly underscore the feasibility and promise of
employing alkaline pretreatment as a crucial step in
the production of second-generation biofuels from
domestic agricultural residues. This approach enables
the necessary structural modification of biomass, which

is critically important for maximizing sugar yield and,
consequently, the overall efficiency of the
bioconversion process.
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PO3KPUTTA BIONAJINBHOTO INOTEHIIAIY
PIITAKOBOI COJIOMHU HITTAXOM JIVZKHOI
IIOIEPEAHBOI OBPOBKHA

B.B. Iaaum, I.M. Tpyc, O.B. Swenxo

VYkpaiHa, SIK OIVH 3 HalOiMIBIINX CiTbCHKOTOCIIOAAPCH-
KMX BUPOOHUKIB y CBiTi, CTBOPIOE 3HAUHiI OOCSATU JITHOLEIIO-
JIO3HMX 3aJIMIIKIB, 30KpeMa Bil BMpOIIyBaHHS pimaky. Pima-
KOBa cojioMa, MOOIYHUI MPOAYKT 30MPaHHS BPOXKAl0, MA€E 3Ha-
YHUII TOTEHIiaJ SIK CUPOBMHA [JIsI BUPOOHMITBA Oiomaiusa,
30KpeMa, bioetaHoy. JlaHe TOCTiMKEeHHs MOKa3ye e(heKTUBHICTh
JIYXKHOI TToIepeaHbOi OOpPOOKM PpillaKOBOI COJOMU 3 BUKO-
PUCTaHHSIM HATPiil TiZPOKCHUAY 3a Pi3HUX YMOB KOHIICHTpaLil
Ta yacy oopoOku. Meroio Oysio onTUMIi3yBaTh AeJirHiikaliio
Ta 30eperTv BMICT BYIJICBOJIB UISI MMOJAIBIIOTO MEPETBOPEHHS
bioeTaHoy. s mOCHTimMKEeHHS! BIUIMBY KJIIOUOBUX ITapaMeTpiB
OyJIO 3aCTOCOBAHO MOBHUI (haKTOpialbHMIA T1aH (2%), a TaKOX
PO3pO0JIEHO perpeciiiHi Momesi ISl OIMUCY MOBEPXOHb BIATYKY
IIJIS BUXOAY IPOAYKTY Ta BMICTY 3aJMILKOBOTO JITHiHY. Pe-
3yJbTaTH TIOKa3aJd, 110 XOo4a 30UIbIICHHS KOHLIEHTpALii JIyry
MOoKpallly€ AeNirHidikalilo, BOHO TaKOX 3HUXKYE BMXII
TBEpIOi PEUYOBMHM uepe3 Aerpajallilo LiHHUX I1oJicaxapuiiB.
OnrumManeHuii 0ananc crocrepirases npu 4% NaOH Ta 150
XBWJIMHAX, 110 MiHiMi3yBajao BMicT JirHiHy mo 13,0%, aie
MPU3BEJIO [0 3HWXEHHsI BUxoay npoaykrty (29,7%). Orpumani
pe3yJabTaTU IMiAKPECHIIOTh HEOOXiOAHICTh MOAANbIIUX
JOCJIIIKEHDb 11010 BUKOPUCTAHHSI OTPUMAHUX MPOAYKTIB SIK
CUPOBUHU IS ¢(DEKTUBHOTO BUPOOHMITBA OioIajauBa.

KimouoBi ciioBa: 11e110JI03HUI TIPOIYKT, AeJlirHidikais,
JIIrHiH, OiomajamBo, 0ioeTaHOI.
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Ukraine, as one of the world’s largest agricultural producers,
generates substantial volumes of lignocellulosic residues, particularly
from rapeseed cultivation. Rapeseed straw, a by-product of
harvesting, presents significant potential as a raw material for the
production of advanced biofuels, especially bioethanol. This study
investigates the efficiency of alkaline pretreatment of rapeseed
straw using sodium hydroxide under varying conditions of
concentration and treatment time. The aim was to optimize
delignification and preserve carbohydrate content for downstream
bioethanol conversion. A full factorial design (22) was applied to
explore the influence of key parameters, and regression models
were developed to describe the response surfaces for product
yield and residual lignin content. The results showed that while
increasing alkali concentration improves delignification, it also
reduces solid yield due to the degradation of valuable
polysaccharides. An optimal balance was observed at 4% NaOH
and 150 minutes; this condition minimized lignin content to
13.0% but resulted in moderate product yield (29.7%). The results
highlight the need for further research on the use of the resulting
product as a substrate for efficient biofuel production.

Keywords: cellulose product; delignification; lignin; biofuel;
bioethanol.

REFERENCES

1. Gautam A, Pant M, Pant G, Kumar G. Second-
generation biofuels: concepts, applications, and challenges.
In: Karnwal A, Mohammad Said Al-Tawaha AR, editors. Microbial
applications for environmental sustainability. Springer Nature;
2024. p. 277-304. doi: 10.1007/978-981-97-0676-1_16.

2. Kowalski Z, Kulczycka J, Verhe R, Desender L,
De Clercq G, Makara A, et al. Second-generation biofuel
production from the organic fraction of municipal solid waste.
Front Energy Res. 2022; 10: 919415. doi: 10.3389/fenrg.2022.919415.

3. Blasi A, Verardi A, Lopresto CG, Siciliano S,
Sangiorgio P. Lignocellulosic agricultural waste valorization to
obtain valuable products: an overview. Recycling. 2023; 8: 61.
doi: 10.3390/recycling8040061.

4. Puitel AC, Suditu GD, Danu M, Ailiesei GL,
Nechita MT. An experimental study on the hot alkali extraction
of xylan-based hemicelluloses from wheat straw and corn stalks
and optimization methods. Polymers. 2022; 14: 1662.
doi: 10.3390/polym14091662.

5. Periyasamy S, Karthik V, Senthil Kumar P,
Beula Isabel J, Temesgen T, Hunegnaw BM, et al. Chemical,
physical and biological methods to convert lignocellulosic waste
into value-added products. A review. Environ Chem Lett. 2022;
20: 1129-1152. doi: 10.1007/s10311-021-01374-w.

V.V. Halysh, I. M. Trus, O.V. Yashchenko



ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2026, No. 2, pp. 22-29 29

6. Okolie JA, Mukherjee A, Nanda S, Dalai AK,
Kozinski JA. Next-generation biofuels and platform biochemicals
from lignocellulosic biomass. /nt J Energy Res. 2021; 45: 14145-
14169. doi: 10.1002/er.6697.

7. Silva TAL, Varao LHR, Pasquini D. Lignocellulosic
biomass. In: Thomas S, Hosur M, Pasquini D, Jose Chirayil C,
editors. Handbook of biomass. Singapore: Springer Nature Singapore;
2024. p. 105-142. doi: 10.1007/978-981-99-6727-8 5.

8. Awasthi S, Mishra A, Pal DB. Production of
hemicellulose from biomass and agricultural/food waste contains
lignocellulosic materials. In: Pal DB, Bansal SL, editors. Fungal
waste biomass management for energy, environment and value-
added products. Cham: Springer Nature Switzerland; 2025. p.
279-300. doi: 10.1007/978-3-031-82599-6 12.

9. Das N, Jena PK, Padhi D, Mohanty MK, Sahoo G. A
comprehensive review of characterization, pretreatment and its
applications on different lignocellulosic biomass for bioethanol
production. Biomass Conv Bioref. 2023; 13: 1503-1527.
doi: 10.1007/s13399-021-01294-3.

10. Soni SK, Sharma A, Soni R. Microbial enzyme
systems in the production of second generation bioethanol.
Sustainability. 2023; 15: 3590. doi: 10.3390/sul15043590.

11. Trypolska G. Unlocking the potential: key factors
shaping the liquid biofuels market in Ukraine. Heliyon. 2024,
10: €40420. doi: 10.1016/j.heliyon.2024.e40420.

12. Tokarchuk D, Pryshliak N, Shynkovych A, Mazur K.
Strategic potential of agricultural waste as a feedstock for biofuels
production in Ukraine. Rural Sustain Res. 2021; 46(341): 1-12.
doi: 10.2478/plua-2021-0012.

13. Lendvai L. Lignocellulosic agro-residue/polylactic acid
(PLA) biocomposites: rapeseed straw as a sustainable filler. Clean
Mater. 2023; 9: 100196. doi: 10.1016/j.clema.2023.100196.

14. Xu C, Xia T, Wang J, Yu L, Wu L, Zhang Y, et al.
Selectively desirable rapeseed and corn stalks distinctive for low-cost
bioethanol production and high-active biosorbents. Waste Biomass
Valor. 2021; 12: 795-805. doi: 10.1007/s12649-020-01026-0.

15. Xu H, Li B, Mu X. Review of alkali-based pretreatment
to enhance enzymatic saccharification for lignocellulosic biomass
conversion. Ind Eng Chem Res. 2016; 55: 8691-8705.
doi: 10.1021/acs.iecr.6b01907.

Unlocking the biofuel potential of rapeseed straw through alkaline pretreatment



