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Efficient use of bioresources is essential in order to achieve sustainable development goals, and plays an
important role in the reduction of any environmental impact and the improvement of resource efficiency. To this
end, the present study investigates the process of obtaining microcrystalline cellulose (MCC) and cellulose
nanofibers (CNFs) from corn husks (CHs), which are agricultural waste, under “mild” conditions by employing
the organosolvent oxidation method using peroxyacetic acid (PAA). The results obtained at an effective
hydromodule of CH:PAA 1:18 g/mL, were: MCC yield — 51.60 %, a-cellulose content — 58.73 + 3 %, residual
lignin — 12.92 + 0.5 %, hemicellulose — 13.8 + 0.5 %, ash content (SiO3) — 10.73 + 0.5 %, and moisture content —
3.57 £ 0.5 %. Furthermore, the effective MCC:FA ratio that was used to obtain CNFs from MCCcy using formic
acid (FA) was found to be 1/30 g/mL. The CNF yield achieved with this ratio was 68.67 %, and the average
particle size was reduced by 177 times in length and 33 times in width, as compared to the initial MCCcy size.
The ¢-potential of the resulting MCC was —19.3 mV and the crystallinity index was 80.9 %. The effectiveness of
the PAA/FA approach arises from mild oxidation that selectively removes amorphous cellulose, while preserving
crystalline regions, thereby maintaining high crystallinity and contributing to favorable material yields. The
physicochemical properties of the resulting high-quality cellulose micro- and nanofibers were compared, and
found to have been obtained at good efficiency. The MCC and CNFs obtained have excellent potential for use in
the medical field as essential components, and in the development of bioplastics and biocomposites, among other
applications.

environmental impact and develop a circular economy [2].
One promising type of biomass in this context is corn husks (CHs), an

1. Introduction

In the context of increasing global attention to the problems of
pollution and climate change, in addition to the desire to achieve carbon
neutrality, modern chemistry has gained a focus on the the development
of environmentally-friendly production technologies, which are aligned
with the goals of the Sustainable Development Goals (SDGs), in partic-
ular: SDG 12, “Responsible consumption and production”, and SDG 13,
“Climate action” [1]. In this regard, there has been a shift in the focus of
research activities from traditional hydrocarbons as raw materials to-
wards renewable and low-value feedstocks, primarily waste from the
agro-industrial complex, due to the need to reduce any negative
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agro-waste product that is typically disposed of through burning, thus
contributing to the emission of greenhouse gases into the atmosphere.
The shift in focus to renewable sources, such as agro-industrial waste, is
a direct response to the necessity of reducing the carbon footprint of the
chemical industry [3]. In the sustainable development paradigm, such
waste is increasingly viewed as a valuable lignocellulosic resource [4].
Zea mays L (CLs), being one of the most common and renewable types of
crop residues, represent a promising, economically viable, and envi-
ronmentally sustainable source of raw materials for the production of
chemicals. In 2024, Kazakhstan produced approximately 1 million tons
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of corn, which accounts for approximately one-third of the total volume
of agricultural waste generated in the country [5]. Global corn pro-
duction shows an upward trend, and is currently at approximately 1.228
billion tons per year [6]. Motivated by the global transition toward a
carbon-neutral economy and the implementation of the SDGs, modern
scientific research is increasingly focused on renewable and economi-
cally accessible carbon sources. CLs are an attractive feedstock for
chemical transformation due to their high mass, homogeneity, avail-
ability, and ease of pre-processing. Among various types of biomass, CLs
are one of the largest types of agricultural raw material, the chemical
composition of which includes approximately 40-45 % cellulose,
25-35 % hemicellulose, and 7-10 % total lignin by dry weight, as well as
non-structural components such as moisture, ash elements, and
solvent-extractable compounds [7].

Compared to other types of lignocellulosic residues, such as grain
and other types of crop husks, the use of CLs allows for optimized
technological processes, reduction of energy used, lowered logistics
costs, and assurance of a sustainable raw material supply chain.
Furthermore, processing CHs helps reduce the cost of the final product
by eliminating competition with food resources and efficiently utilizing
locally available waste. Thus, this approach is highly efficient, both
environmentally and economically, thus meeting modern sustainable
development requirements [8].

Previously, various fractions of corn biomass have been utilized as
raw materials for cellulose production, including corn stalks [9,10], and
straw [9-11]. Compared to other corn residues such as stalks and cobs,
corn cob outer leaves, the husks, exhibit a softer structure with a lower
lignin content, which facilitates their processing under mild conditions.
Unlike stalks, which largely remain as field residues after harvesting,
CHs are generated in substantial quantities during industrial preparation
of corn for boiling and food processing, and are typically discarded as
waste. Therefore, CHs have stable availability, and their concentrated
accumulation after corn processing makes them a particularly attractive
and underutilized feedstock for sustainable cellulose production. An
existing approach is alkaline and acid pretreatment, which is aimed at
degrading lignin and extracting the cellulose fraction [12]. Despite the
promise of such methods, CLs remain an understudied source, with high
potential ~ for  bioconversion  and the  production  of
environmentally-friendly materials [13]. The properties of the isolated
cellulose depend significantly on its source and the method of isolation,
leading to the formation of two main classes of cellulose: microcrystal-
line cellulose (MCC) and cellulose nanofibers (CNFs) [14].

Cellulose, one of the most common polymers in nature, possesses a
remarkable capacity for various modifications. These changes can be
both structural and chemical, allowing for the production of materials
with diverse properties for a wide range of applications [15-17].

There have been a number of studies devoted to the production of
cellulosic materials through chemical pretreatment of various bio-based
raw materials. The dominant method for the isolation of nanocellulose
particles remains acid hydrolysis, using 60 % sulfuric acid (H2SO4)
[18-20]. Along with varying the concentrations of strong acids,
numerous studies report the use of varying concentrations of alkalis and
bleaching agents, so as to effectively remove non-cellulosic components
such as lignin and hemicellulose [21].

However, the abovementioned concept for production of cellulosic
materials is characterized by a number of significant environmental
drawbacks associated with the use of aggressive acids and alkalis, the
formation of toxic wastewater, the highly corrosive nature of the reac-
tion medium, and the significant costs of neutralization and disposal.
Taken together, such processing leads to an increased carbon footprint
of the process, and, thus, limits the potential for industrial imple-
mentation of these technologies within the framework of green chem-
istry and sustainable development principles. Although several studies
have successfully demonstrated the production of cellulosic materials
with various morphologies, scaling up such processes inevitably requires
careful optimization of reaction parameters from an environmental
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perspective, including reactant concentrations, reaction time and tem-
perature, and target product yield. Despite numerous studies on cellu-
lose extraction from corn residues, the available scientific literature
contains virtually no data on obtaining cellulose directly from corn cob
outer husks. Furthermore, environmentally-friendly methods for pro-
cessing of this type of raw material have yet to be thoroughly
investigated.

From this perspective, the scientific novelty of the present study lies
in the use of CHs as a previously unexploited cellulose-containing raw
material for the production of MCC and CNFs, by using a gentle,
environmentally-friendly method (Fig. 1a). The proposed approach in-
volves subsequent extraction and characterization of cellulose materials
through the application of mild acid hydrolysis, with minimal use of
chemicals to remove non-cellulosic components. An additional advan-
tage of the selected raw material is its high availability, because CHs are
produced in significant quantities not only during the harvest but also
year-round where boiled corn is industrially prepared and CHs are
disposed of as waste.

The aim of this study is to determine effective processing parameters
for production of MCC and CNFs from agricultural corn waste in
Kazakhstan, as well as to investigate their structure and physicochemical
properties. This research focuses on the environmentally efficient
recycling of agricultural waste in order to reduce anthropogenic impacts
on the environment and to promote the rational use of natural resources.

2. Experimental section
2.1. Materials

Acetic acid (>55 %, CH3COOH), hydrogen peroxide (15 %, H205),
potassium permanganate (99 %, KMnOg), ethanol (96 %, CoHsOH),
sulfuric acid (98 %, H2SO4), potassium bichromate (>99 %, KoCry07),
sodium thiosulfate (>99 %, NayS>03), potassium iodide (>99 %, KI),
and starch were obtained from Sigma-Aldrich (Bangalore, India). Formic
acid (>99 %, HCOOH) was obtained from Sigma-Aldrich (Labtime,
Kazakhstan). All reagents were of analytical grade and were used
without additional purification.

2.2. Methods

2.2.1. Preparation of raw materials

An annual agricultural plant waste, corn husks (CHs), were used as
the raw material in order to obtain microcrystalline cellulose (MCC)
(Fig. 1). CHs from locally-produced Zea mays L. were collected from
agricultural fields located in the village of Zevakino, Shemonaikha dis-
trict, in the East Kazakhstan Oblast of the Republic of Kazakhstan
(50°16'11.1"N, 81°55'41.7"E), during the growing season from May to
August 2022.

For the study, an early-ripening three-line corn hybrid, Darina MV, of
universal use, was selected, as it has been included in the “State Register
of Breeding Achievements Approved for Use in the Republic of
Kazakhstan” since 2021 and is recommended for use as silage (Fig. 1a)

e
A

Fig. 1. Zea mays L.: a) An ear of the Darina hybrid; and,b) shredded CHs of the
Darina hybrid.
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[22].

Darina is an early-maturing, three-line corn hybrid that is suitable for
general use. The plants average 256 cm in height, with the height of the
lower ear attachment at approximately 46 cm. The hybrid has slightly
curved leaves with a small angle between the leaf blade and stem, and
reaches maturity in 90-100 days. The lateral branches are curved. The
cob has a medium anthocyanin color [23].

For preliminary preparation, the CHs were not treated with sodium
hydroxide (NaOH), as is often practiced when processing plant materials
containing phytomelanin [24,25], because that pigment is absent from
the composition of Darina (Fig. 1b), thus the natural straw-yellow color
does not require a bleaching stage. Raw material preparation consisted
of washing with water, only to remove dust and mechanical impurities,
after which the material was placed in a drying oven (DC-80, Grod-
torgmash, Belarus) at 60 + 2°C for 6 h, until a completely dry and stable
mass was achieved. During the study, samples obtained from the husks
of Darina hybrid corn were conventionally designated as CHs.

2.2.2. Preparation of peroxyacetic acid (PAA)

PAA was synthesized through the following the method, as described
by Kydyrmolla et al. [26]. The synthesized PAA was subsequently stored
at 5 £+ 0.5 °C in a refrigerator. The final concentration of the PAA ob-
tained was 12 %.

2.2.3. Preparation of microcrystalline cellulose (MCC) via the “soft”
organosolvent oxidation method

In order to determine the optimal hydromodule during the interac-
tion of crushed CHs with PAA, the method described by Akatan, K. et al.
was used [26]. In the present study, due to the high hygroscopicity and
good wettability of crushed raw CHs, the range of hydromodule was
expanded, and amounted to 1:16, 1:18, 1:20, 1:22 and 1:24 g/mL. For
this purpose, 10 g of raw material were individually weighed from CH
samples, after which it was mixed with PAA in the above CH:PAA ratios.

MCC was prepared by boiling the raw material with PAA under
reflux at a temperature of 90 + 2°C, with constant, vigorous stirring.
The MCC samples obtained was cooled to a temperature of 25 + 2°C,
then filtered using filter paper and washed with distilled water until a
neutral pH of 7 was achieved. The neutralized MCC sample was dried at
a temperature of 70 + 2°C for 4 h, until constant weight was achieved
(Fig. 2).

The dried product was weighed on an analytical balance (Sartogosm
LV 210-A, Russia), with an accuracy of 0.0001 g, after which the MCC
yield was calculated using the folowing formula:

N = mpcc/Mmcyx 100%

Where, mcy is the mass of the CH sample, in grams; and, mycc is the
mass of the MCC sample obtained, in grams.

During the study, the MCC obtained from CHs was conventionally
designated as MCCcy.

2.2.4. Determination of MCCcy quality indicators

The moisture content of the final microcrystalline cellulose (MCC)
product was determined by following the ASTM D 1348-94 (2008)
protocol. The a-cellulose content was measured in accordance with
ASTM D 588 (2000), while residual lignin and hemicellulose contents

Corn Husks

PAA dist.H,0

1=90°C, 50 min pH=7 =70°C, 4 h

Fig. 2. Diagram showing MCC being processed using the organosolvent
oxidation method.
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were determined using ISO/DIS 21436 and ASTM D 5896-96 (2019) el,
respectively. In order to measure the ash content (SiO3), a 3 g sample of
MCC was incinerated in a muffle furnace (8.2/1100 L, SNOL, Lithuania)
at 700°C for 90 min. The remaining ash mass was then measured with an
analytical balance (LV 210-A, Sartogosm, Russia), so as to obtain a stable
average value.

2.2.5. Preparation of cellulose nanofibers (CNFs) from MCCcy

As an environmentally benign alternative to conventional mineral
acid-based and hydrothermal methods, which typically require high
temperatures and elevated pressures in autoclave systems [27-29], the
present approach employs formic acid (FA), an organic acid, as the
hydrolyzing agent. FA is characterized by relatively low toxicity, easy
biodegradability, and high selectivity toward cellulose domains, making
it a promising reagent for sustainable CNF production. The CNF prepa-
ration process was based on the method used by Battalova A. et al. [28].
MCCcy to FA ratios were 1:30, 1:40 and 1:50 g/mL. The hydrolysis
process was carried out in a reflux flask, along with with continuous
magnetic stirring, at a reaction temperature carefully maintained at 90
+ 2°C. Throughout the process, vigorous stirring ensured uniform re-
action conditions, while the hydromodule was kept constant.

After 6 h of hydrolysis, the reaction mixture was neutralized using
deionized water at a controlled temperature of 25 + 2 °C. The resulting
suspension was centrifuged in a tabletop high-speed centrifuge (ZT-
TG16, Hunan Zetop Medical Co., Ltd., China), initially at 16 000 rpm,
and then at 5000 rpm, so as to separate the nanofibers. The cellulose
nanofiber suspension was subjected to ultrasonication using an ultra-
sonic homogenizer (3000 F, Scientz, China), at 40 kHz for 30 min, in
order to further individualize the nanofibers. The dispersion obtained
was subsequently freeze-dried in a lyophilizer (LGJ-12S, Beijing Son-
gyuan Huaxing Biotechnology, China) (Fig. 3 and 4).The final weight of
CNFs was measured using an analytical balance (LV 210-A, Sartogosm,
Russia) with a precision of + 0.0001 g.

The dry yield of CNFs was calculated using the following formula:

1 = mcng/Myccx 100%

Where, mcyr is the mass, in grams, of the CNFs obtained; and, myicc
is the mass, in grams, of MCC.

2.2.6. Analysis of particle size and {-potential

Dynamic light scattering (DLS) was performed on a particle size
analyzer (Zetasizer Nano ZS 90, Malvern, UK), in order to determine the
average particle size and {-potential of the MCC and CNF suspensions.

Aqueous MCCc, and CNF suspensions, of 2 wt%, were first dispersed
using an ultrasonic bath (3000 F, Scientz, China) for 30 min at 30 kHz.
Three samples from each of the selected ratios were prepared and
analyzed.

2.2.7. Fourier-transform infrared spectroscopy (FTIR)

FTIR was performed for the purpose of characterizing the chemical
structure of the initial CH and the processed MCC and CNFs. The mea-
surements were carried out using an FTIR spectrometer (FT-801, Simex,
Russia) equipped with attenuated total reflection (ATR) and specular-
diffuse reflection (SDR) accessories. Spectra were recorded in the
range of 500-4700 cm™' , with a spectral resolution of 1 cm™, at a
constant temperature of 25 °C. For each sample, 100 scans were aver-
aged in accordance with standard procedures, so as to ensure repro-
ducibility and accuracy of the spectral data.

2.2.8. XRD analysis

The crystalline structure of the CH, MCC and CNF samples was
analyzed utilizing a diffractometer (X'Pert PRO, Malvern Panalytical
Empyrean, Netherlands) equipped with monochromatized CuKa radia-
tion (A = 0.1542 A). XRD measurements were carried out in the 26 range
of 10°-40°, with a step size of 0.02°. The diffractometer was operated at
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Formic acid

Hydrolysis of MCC
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Ultrasonication Freeze-drying

Fig. 3. Diagram of CNF Extraction from MCCcpy.

Fig. 4. MCCcy obtained at the most efficient hydromodule of 1:18 g/mL.

an accelerating voltage of 40 kV and a tube current of 30-45 mA. The
measurement time per step was set to 0.5 s, so as to ensure sufficient
resolution and intensity of the diffraction peaks.

The crystallinity index was calculated using the following equation:

CI (%)= (Acryst/ Acrys+Aamorph)‘100%

Where, Acys: is the area under the calculated pattern for crystalline
cellulose; and, Aamorph is the area under the pattern calculated for the
amorphous content.

CSL was determined via the Scherrer formula:

CSL= k\/pcosO

Where, k is a shape factor that is often 0.89 [26]; A is the wavelength
of the diffractometer (0.1542 nm); p is the FWHM (maximum half of the
full width) of the (200) diffraction peak in radians; and, 0 is the
diffraction angle.

2.2.9. Thermogravimetric analysis

The thermal stability and degradation behavior of the CNF samples
were evaluated using a thermogravimetric analyzer (STA200 Synchro-
nous Thermal Analyzer, Wuhan Bonnin Technology Ltd. China), under
an argon atmosphere, so as to prevent oxidative degradation. Approxi-
mately 25 + 2 mg of each sample was placed in the crucible for analysis.
The temperature range was set from 30 = 5 °C to 700 + 5 °C, with a
heating rate of 10 + 1 °C/min. The mass loss profiles were recorded in
order to assess the decomposition stages and thermal resistance of the
CNFs.

2.2.10. Scanning electron microscopy (SEM) analysis
The surface morphology of MCC and CNF was analyzed using a
scanning electron microscope (Quanta 200i 3D, FEI, Netherlands).

Surface morphology was visualized under high vacuum conditions using
a secondary electron detector at an accelerating voltage of 15 kV. For
sample preparation, 1 g of each, MCC and CNF powder, was dispersed
separately in 50 mL of deionized water containing silver nanoparticles
at a concentration of 10 mol/L The suspensions were subjected to
mechanical stirring for 2 h, then filtered using standard filter paper, and
then dried in an oven at 50 + 2 °C for 1 h. The dried samples were
mounted on aluminum stubs using carbon adhesive tape prior to
imaging.

3. Results and discussion
3.1. MCCcy via the organosolvent oxidation method

Fig. 4 shows the microcrystalline cellulose (MCCcy) obtained using
the organosolvent oxidation method. The resulting product is clearly a
light and cotton-like material. Despite the natural greenish-yellow color
of the initial corn husks (CHs), the resulting MCCcy is completely white.
This indicates that the method utilized does not require additional
bleaching processes, including delignification.

3.2. Quantitative and qualitative parameters of obtained MCCcy

The effect of different CH:PAA hydromodules (g/mL) on the yield
and quality indicators of MCC obtained under the “mild” conditions of
the organosolvent oxidation method is presented in Table 1. According
to the experimental results, the highest yield of MCC was determined to
be at the ratio of 1:18 g/mL, and was calculated to be 51.60 + 2 %. The
content of a-cellulose in MCC obtained at this ratio also had the highest
value, and amounted to 58.73 + 3 %, with residual lignin at 12.92
4 0.5 %, hemicellulose at 13.8 & 0.5 %, ash (SiO5) at 10.73 & 0.5 %,
and moisture at 3.57 + 0.5 %. Although aggressive chemical treatments
may yield higher a-cellulose contents (typically above 70 %), the value

Table 1
Effect of CH:PAA ratio on the yield and quality indicators of MCCcp.
CH: Quality indicators of MCCcn, %
Zﬁﬁi Yield, a-cellulose Humidity ~ Ash Residual Hemi-
% content lignin cellulose
(5i02)
1:16 49.57 54.96 + 3 3.77 11.35 13.08 15.6
+2 + 0.5 + 0.5 + 0.5 + 0.5
1:18 51.60 58.73+3 3.57 10.73 12.92 13.8
+2 + 0.5 + 0.5 + 0.5 + 0.5
1:20 50.58 56.63 + 3 3.86 11.09 14.71 12.9
+2 +0.5 +0.5 +0.5 +0.5
1:22 49.38 55.30 + 3 3.47 11.15 15.26 13.0
+2 + 0.5 + 0.5 + 0.5 + 0.5
1:24 49.30 55.80 + 3 3.82 12.02 14.41 13.1
+2 + 0.5 +0.5 +0.5 +0.5
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obtained in this study (~60 %) is consistent with the mild processing
conditions, and remains adequate for sustainable material applications
[15]. The yield and quality of MCCcy obtained with a CH:PAA ratio of
1:20 g/mL are close to those achieved with a ratio of 1:18 g/mL. For
resource efficiency and environmental sustainability, a CH:PAA ratio of
1:18 g/mL was determined to be the most effective, as it represents a
balanced combination of compositional, kinetic and economic factors.
At this ratio, a higher a-cellulose content and a relatively lower amount
of amorphous residues indicate efficient delignification and controlled
oxidation kinetics, while sufficient liquid volume ensures improved
mass transfer and reagent penetration into the biomass matrix. In
addition, reduced PAA consumption at this hydromodule enhances the
economic feasibility of the process without compromising cellulose
quality. Clearly, the yield of MCCcpy obtained from the remaining ratios
is 2 % lower than the effective ratio, and the a-cellulose content is 3.2 %
lower, while the residual lignin content is 2 % higher. Previous studies
examined the process of obtaining MCC from agricultural waste using
the oxidation method with organosolvents, and similar results were
obtained, which indicates the efficiency and resulting product quality of
the method used in the present study to obtain MCC [28,29]. According
to the data reported by Saberi-Riseh et al., residual lignin contents in
cellulose obtained from various agricultural wastes using conventional
alkaline or combined chemical treatments are typically higher than
10-15% [17]. Notably, in the present study, corn husks processed
without preliminary sodium hydroxide (NaOH) treatment exhibited a
lower residual lignin content, highlighting the effectiveness of the pro-
posed mild oxidation approach.

3.3. FTIR analysis of MCCcy

Fig. 5 shows the comparative IR spectra of MCCcy obtained in all
hydromodules of the CH:PAA ratio, in g/mL. According to the results of
IR spectroscopic analysis, in all spectra the absorption band at
661.3 cm™ corresponds to out-of-plane vibrations of the C-OH bond,
and in the range from 760 cm™ to 820 cm™ to aromatic out-of-plane
vibrations of the residual lignin molecule [30,31]. The absorption re-
gions from 895 cm™ to 1160.2 cm™ characterize f-(1,4)-glycosidic
C-O-C bonds, characteristic of the cellulose molecule [32]. The ab-
sorption bands at 1320 cm™, 1335 cm™ and 1370 cm™ indicate O-H
and C-H bonds in the glucoside units, respectively [33]. The absorption
band at 1428 cm™ is characteristic of the signal of the hydrogen bond in
the C-H; group, which determines the crystal structure of the cellulose
molecule [34]. Weak absorption observed in the region of
1512.3 cm™ corresponds to the C—=C bond in the aromatic ring of the

0,25 =

——MCC,y 1:16 g/mL
——MCCy 1:18 g/mL
——MCC,y 1:20 g/mL
——MCCy 1:22 g/mL

0,20
——MCC oy 1:24 gmL

N
—
n

Intensity (a.u.)

T T T
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Fig. 5. FTIR spectra of MCCcp.
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residual lignin molecule, and the absorption signal at
1728 cm™ corresponds to vibrations of the acetyl groups C=O in the
hemicellulose molecule [31,32]. The signal in the region of
1640 cm™ indicates the O-H bond in the water molecule sorbed by
cellulose from the air [33]. As well, the pike at 2892 cm™ clearly cor-
responds to vibrations of the CH groups, and 3332 cm™ to the OH
groups [34,35].

The ratio of the intensity of the signal characteristic of residual lignin
at 1512.3 cm™ to the intensity of the signal characteristic of p-(1,4)-
glycosidic bond at 895 cm™ in the FTIR spectrum of the an effective
ratio of CH:PAA 1:18 g/mL, the A1512/A895 ratio, was approximately
0.3. That is, the index of lignin is less than 1. The delignification process
was shown not to be aggressive when using the organosolvent oxidation
method. Similar results were obtained in other studies [36,37].

3.4. Scanning electron microscopy (SEM) analysis of MCCcy

The surface morphology of MCCcy obtained at an effective hydro-
module of CH:PAA 1:18 g/mL was examined using SEM (Fig. 6). The
micrograph shows that the surface morphology of the sample studied is
ribbon-like. The average fiber size was approximately 500 pm in length
and 20 pm in diameter. The surface of the fibers was clean and slightly
rough. This indicates that the waxy compounds, lignin, and hemicellu-
lose, which surrounded the fibers during the extraction process, were
completely removed. The surface morphology of MCC obtained from
rice and sunflower waste under the same, “mild”, organosolvent
oxidation conditions, as determined in other studies, is consistent with
the results of MCCcy obtained in the present study [38-40].

3.5. Preparation of cellulose nanofibers (CNFs) from MCCcy

CNFs were obtained from MCCcy at an effective CH:PAA hydro-
module of 1:18 g/mL using formic acid (FA) (Fig. 7). In the present
study, the MCCcy/FA hydromodule was set at ratios of 1/30, 1/40, and
1/50 g/mL. The resulting CNF yield and quality parameters at the three
different hydromodules are shown in Table 2, in comparison with the
original MCCcp. The highest CNF yield was found at the MCCcp/FA ratio
of 1/30 g/mL, which amounted to 68.67 %. The average size of the CNF
particles obtained at this ratio was 2.824 ym in length and 60 nm in
width, which indicates a decrease in length by 177 times and in width by
33 times, as compared to the original MCCcy. The crystallinity index
reached 80.9 %. The CSL was 2.9 nm, which can be attributed to the
selective removal of amorphous cellulose regions by the FA, a mild and
environmentally friendly reagent, potentially enhancing mechanical,
thermal and barrier properties. The zeta potential value of —19.3 mV
indicates moderate dispersion stability of the CNF suspension over time,
which is sufficient for short-term processing and handling. The
extremely low {-potential of the CNFs provides a good opportunity for
the surface modification of water to purify metal ions and to prepare
membranes for the separation of proteins from biomaterials [41,42].
This stability can be further improved by simple approaches such as pH
adjustment, mild surface modification, or ultrasonication, so as to
enhance electrostatic repulsion and dispersion homogeneity of the
nanofibers.

The yield of CNF was 54.21 % and 53.83 %, respectively, at the
MCCcy:FA ratios of 1/40 and 1/50 g/mlL. The crystallinity index was
approximately 2.7 % and 3.1 % lower, and the zeta potential was —4.2
and —4.6 mV lower than those of CNF obtained at the ratio of 1/30 g/
mL. The particle size was found to decrease by approximately 147-152
times in length and by approximately 25-27 times in width as compared
to the initial MCCcy particle size. In addition, the CLS and CI values were
observed to decrease with increasing FA content, which indicates that
the use of excessive amounts of acid has a negative effect on the quality
parameters of CNFs. In this regard, the MCCcy:FA ratio of 1/30 g/mL
was found to be the most effective in obtaining CNFs.

Liu et al. produced nanocellulose from bleached corncob residues
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Fig. 6. SEM micrograph of MCCcy obtained at an effective hydromodule of CH:PAA 1:18 g/mL.

Fig. 7. CNFs obtained at MCCcp:FA 1/30 g/mL.

under various hydrolysis conditions, applying sulfuric acid, formic acid,
TEMPO-mediated oxidation, and pulp refining [43]. Formic-acid hy-
drolysis generated longer, rod-shaped CNFs with high crystallinity,
while sulfuric-acid treatment produced shorter rod-like CNFs with lower
crystallinity. Compared to the sulfuric acid and TEMPO-based methods,
the PAA/FA route provides clear sustainability advantages, due to
reduced chemical waste generation, lower corrosivity, and easier
handling and recovery of reagents [44].

Battalova et al. studied the process of obtaining CNFs at different
ratios of sunflower residue and FA [27]. According to the results of the
study, the yield and quality of CNFs with the lowest ratio of raw material
to FA were higher, which indicates that the results obtained in the
present study are within established tolerances.

All qualitative and quantitative characterizations of MCC and CNFs
were performed in triplicate, using three independent experimental
batches, the results of which are presented as mean values with corre-
sponding standard deviations.

3.6. FTIR analysis of CNFs

Fig. 8 shows the IR spectra of cellulose nanofibers obtained from
MCCcy with FA at an effective ratio of 1/30 g/mL (Fig. 8b) compared to
MCCc¢y, (Fig. 8a). The chemical structure of the samples obtained is
consistent with the results of the FTIR analysis presented in Fig. 5.

The intensity of signals characteristic of cellulose molecules were

Table 2

observed to increase in the spectra of the CNFs. In particular, there was a
rise in the intensity of the signal characteristic of the C-O bond at an
absorption wavelength of 898 cm™ and in the signal characteristic of the
—C-H: group, indicating a hydrogen bond that characterizes the crys-
talline structure of cellulose, in the range of 1450-1420 cm™ [45-47],
which together demonstrate the accuracy of the crystallinity index
values determined in Table 2. Nang et al. studied the process of deriving
CNF from rice husks using FA, and showed that FA is effective in
obtaining CNFs [48].

3.7. X-Ray analysis of MCCcy and CNFs

The crystal structure of MCCcy (Fig. 9a), at the effective CH:PAA
hydromodule of 1/18 g/mL, and CNF (Fig. 9b), at the effective MCCcn/
FA ratio of 1/30 g/mL, were comparatively studied via X-ray diffraction.
The diffraction pattern of MCCcy in Fig. 9a shows peaks characteristic of
cellulose Ip, with a double-chain monoclinic crystal lattice at 26 reflec-
tion angles of 15.3° (1-10), 22.2° (200), and 34.6° (004) [40].
Furthermore, the diffractograms of the CNFs correspond to the crystal
structure of MCCcy. Battalova et al. found that the use of FA during the
preparation of CNFs hydrolyzed the amorphous regions in MCC and
produced cellulose nanofibers with high crystallinity [27].

3.8. SEM analysis of CNFs from MCCcy

Fig. 10 shows a micrograph of the surface of CNFs obtained at an
effective MCCcy:FA ratio of 1/30 g/mL. The CNF surface is seen to
consist of ribbon-like fibers with a diameter of approximately 57
+ 2-78 + 2 nm, which is consistent with the average particle size values
given in Table 2. Furthermore, the nanofibers are evidently of uniform
distribution and are interconnected, which the present study demon-
strates is crucial in obtaining materials with a large surface area and
porosity for various applications [41]. The potential medical applica-
tions of the MCC and CNFs obtained are based on their material struc-
ture and measured physicochemical properties, as well as evidence from
previous studies. Their high crystallinity, nanoscale dimensions, and
absence of aggressive chemical residues indicate suitability for use in

Effects of formic acid-based hydrolysis conditions on the yield and properties of CNFs prepared from MCCcp.

Samples Reactiontime, h Yield, % Crystallinity index (CI), (%) {-potential, mV Average particle size, nm

Length Width
MCCy,18 - 51.60 + 2 46.5+ 4 - 500 £ 50 pm 20 + 3 um
CNFy,/30 6 68.67 + 2 80.9 + 4 -19.3 2824 + 50 60 +5
CNF1/40 6 54.21 +£2 77.8 +4 -15.1 3271 +£ 50 72+ 4
CNFy 50 6 53.83 +2 78.2+ 4 -14.7 3390 + 50 78
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Fig. 8. IR spectra of CNFs obtained from MCCcy. a) MCCcy1/18 g/mL; and, b)
CNF1/30 g/mL.

biopolymer matrices and drug delivery systems [15]. The combination
of mild processing conditions and organic acids confers high industrial
relevance to the proposed method by minimizing corrosion, simplifying
process control, and enabling cost-effective and scalable
implementation.

3.9. TEM analysis of CNFs from MCCcy

The transmission electron microscopy (TEM) results, shown in
Fig. 11, reveal the characteristic long and flexible thread-like shape of
the CNFs. The fibers are uniformly distributed, have a diameter of
approximately 30 &+ 2 — 70 + 2 nm, and range from 500 nm to several
hundred microns in length. These sizes play a crucial role in the use of
such CNFs as reinforcement in composite structures, which has been
summarized in other studies [27].

3.10. TGA analysis of MCCcy and CNFs

Fig. 12 shows the relative thermal stability of MCCcy with an
effective CH:PAA water modulus of 1/18 g/mL and CNFs with an
effective MCCc:FA ratio of 1/30 g/mL. In the first temperature range of
30-280 °C, the CNFs lost approximately 5 % of their initial mass. This is
due to the fact that CNFs have a larger surface area than does MCC,
allowing absorbtion of more moisture from the air. No change in the
mass of MCC was observed in this temperature range.

Both samples underwent thermal degradation with significant mass
loss in the range from 280 to 410 °C for CNF and from 361 to 420 °C for

Nano-Structures & Nano-Objects 45 (2026) 101610
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Fig. 9. X-Ray diffractograms of MCCcy and CNFs: a) MCCc1/18 g/mL; and,
b) CNF1/30 g/mL.

MCCcy. The early onset of thermal degradation of CNF may be due to the
binding of carboxyl or formyl functional groups on the particle surface
during formic acid hydrolysis, which appears to correspond to the
C-potential value of —19 mV, as determined using DLS analysis [49-52].

4. Conclusions

This study demonstrates a highly efficient and environmentally
benign strategy for conversion of low-value corn husks (CHs), consid-
ered to be agro-waste, into high-purity microcrystalline cellulose (MCC)
and structurally-ordered cellulose nanofibers (CNFs). An effective water
modulus for the extraction of MCC from cellulose using polyacrylic acid
(PAA) was determined to be a ratio of 1:18 g/mL, which resulted in a
yield of 51.60 + 2 %, with contents of a-cellulose (58.73 + 3 %), re-
sidual lignin (12.92 + 0.5 %), hemicellulose (13.8 + 0.5 %), ash con-
tent (SiO-) (10.73 &+ 0.5 %), and moisture content (3.57 + 0.5 %). The
chemical structure was characterized using FTIR, which found that the
structural characteristics of the cellulose did not change. SEM analysis
revealed the surface morphology of MCC to be ribbon-like, with average
fiber dimensions of approximately 500 um in length and 20 um in
diameter, which indicates that “mild” oxidation with an organosolvent
is an effective method for extraction of MCC from CHs.

Furthermore, the effective MCCcy:FA ratio for the preparation of
CNFs from MCCcy using formic acid (FA) was studied and ultimately
found to be 1/30 g/mL. The yield of CNFs obtained at this ratio was
68.67 %, and the average particle size decreased by 177 times in length
and 33 times in width, as compared to the original MCCcy dimensions.
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Fig. 10. SEM images of CNFs derived from MCCcy.

Fig. 11. TEM images of CNFs derived from MCCcp.

100 HOC —— MCCyy 1118 g/mL
—
93.7°C —— CNF¢y 1/30 g/mL
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Fig. 12. TGA curing of MCCcy and CNFs.

The {-potential was —19.3 mV and the crystallinity index was 80.9 %.
According to X-ray diffraction analysis, the crystal lattice of the MCCcy
had a structure characteristic of cellulose I, which is double-chain
monoclinic. SEM and TEM analysis revealed that CNFs are ribbon-like
fibers, with a diameter of approximately 57-78 nm. The thermal sta-
bility of both MCCcy and CNFs was examined and degradation was
found to occur in CNFs in the range of 280-410°C, with a loss of
approximately 65 % of the initial mass, and in MCCcy at 361-420°C,
where it lost approximately 50 % of its initial mass.

The results of this research demonstrate that high-quality MCC can
be obtained from cellulose by organosolvent oxidation under mild

conditions, and that CNFs with excellent physicochemical properties can
be produced using FA. The application of these methods can facilitate
the development of technologies for the production of highly-efficient,
environmentally-friendly, and high-quality cellulose materials.
Furthermore, the MCC and CNFs obtained demonstrate significant po-
tential for applications in the paper industry, pharmaceuticals, and
bionanocomposites, with future research directed toward their use in
antibacterial nanocomposite systems. To this end, the present research
team plan to extend their work in this extraction process to include
several other promising sources of cellulose that result from agriculture
and food processing in Kazakhstan, including wheat, potato, onion and
sunflower stalks, rice chaff, and, in accordance with previous work,
sunflower seed husks. Ultimately, the goal is to achieve a near zero-
waste economy with regards to the major agricultural products that
are grown in Kazakhstan, with the hope of developing technologies that
can be licensed for use in similar regions.
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