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Abstract. In this article, the structural properties of nanocellulose membranes
obtained from agricultural waste were studied. Alfalfa and oat straw were used as raw
materials for membrane production. The extraction process included the following stages:
alkaline and acid treatment and a bleaching process to remove lignin and hemicellulose
components from the plant biomass. The obtained cellulose was mechanically dispersed
to form nanosized suspensions, and nanocellulose membranes were prepared by solvent
casting. Various modifiers were introduced into the nanocellulose matrix to change the
structural characteristics of the membranes. Copper nanoparticles were added to the
alfalfa-based membranes, and graphene was added to the oat-based membranes. The
structural features of the obtained composites were analyzed using Fourier transform
infrared spectroscopy (FTIR) and X-ray diffraction (XRD). The IR analysis confirmed
that the main functional groups characteristic of cellulose were preserved in all studied
samples. After modification, significant changes in the intensity of the hydroxyl
group absorption bands can be observed from the spectra, which indicate changes in
intermolecular interactions and hydrogen bonds within the cellulose matrix. Changes
in the regions corresponding to C—O—C and B-glycosidic bonds indicated structural
changes caused by the incorporation of graphene and copper nanoparticles. X-ray
diffraction analysis revealed diffraction peaks characteristic of the crystalline structure
of cellulose in all membranes. However, nanomodified samples showed changes in peak
intensity and crystallographic order compared to untreated cellulose membranes. The
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decrease in diffraction peak intensity indicated partial disruption of ordered crystalline
regions and changes in the supramolecular structure of cellulose after the incorporation
of nanoparticles. The study revealed that the nanomodification process contributes to
changes in the molecular and crystal structure of nanocellulose membranes obtained
from agro-waste. The results of the study indicate that the obtained materials have high
potential for use in the creation of environmentally safe functional biocomposites and
membrane systems.

Keywords: agricultural waste, nanocellulose, nanocellulose membrane, graphene,
copper nanoparticles, crystallinity
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AnHoramus. Makanaga aybul I[IApyallbUIBIFBl  KaJABIKTApbIHAH — AJIbIHFaH
HAHOLEJUTIONO3abl  MEeMOpaHaJdapAblH  KYPBUIBIMABIK — KacHeTTepi  3epTTelfi.
MeMOpaHanapapl any YIOiH INWKI3aT PETiHAE JKOHBILKA MEH Cyibl cabaHbl
nadaananeUbl. Lemmono3anel Oein any mporeci eciMIik OMoMaccachlHaH JIMTHUH
MEH TEeMHUIIEIUTION03aHbl KOIOFa OaFrbITTANFaH CIUITUIIK JKOHE KBILIKBULABIK OHJIEY,
COHMal-aK arapTy Ke3eHJEpiH KaMThIAbl. Ta3apThulFaH ILEJUTI0NI03a HaHOeJIeM I
CYCHEH3HMsIIap ajly YLIIH MEXaHUKaJIbIK JUCTIEPCHSFa YIIBIPATBUIBIIN, HAHOLEIITIOI03aJIbI
MeMmOpaHanap epiTiHIiZeH Kylo oficiMeH agadbiHAanael. MemOpaHanapabiH
KYpPBUTBIMABIK CHIIaTTaMaJIapblH ©3repTy MaKcaThIHIa HAaHOLEIUTI0JI03a MaTpHLAChIHA
OpTYpIIi HaHOMOAM(HUKATOPIJIAP SHTI31I/II: )KOHBIIIKA HETI31HJIerT MeMOpaHalapFa MbIC
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HaHOOeJIIeKTePi, ajl CYJIbl Heri3iHaeri MemOpaHanapra rpadeH KOChUIIbL. AJBIHFaH
KOMIO3UTTEP/IiH KYPBUIBIMIBIK epekuienikTepi Dypbe-TypiaeHaipiared nHPpaKb3bLI
cnekrpockorust (FTIR) sxone pentrenaik nudpaknus (XRD) omicTepiMeH 3epTTeiii.
FTIR Tammayer OapibIK YIHTiIepAe TIEIUIIONO03aFa TOH HETI3Tl  (PYHKIIMOHAIIBIK
TONTAapAbIH CaKTaIFaHbIH KepceTTi. Monudukaunsaan KeHiH r'MIpOKCHI TONTaPbIHbIH
KYTBULy JKOJAKTapbl KAapKbIHABUIBIFBIHBIH ©3repyl LEJUII0NI03a MaTpULAChIHAFbI
MoOJIeKyJlaapallblK ©3apa 9pEeKeTTeCyJIep MEH CyTeKTiK OaiIaHbICTapAbIH ©3repreHiH
kopceTTi. C—O-C xoHe [-MIMKO3UATIK OalmaHpIcTapra coiikec alMaKTapIarsl
e3repictep rpadeH MEH MbIC HaHOOOJIICKTEPIHIH CHri3llyiHe OalIaHbICThI
KYPBUTBIMJIBIK KalTa YUEIMAACYIBI KOPCETT1. PEHTTeHIIK AU PAKITHSIIBIK TaIaay OapiIbIK
MeMOpaHanapaa LEJUIIO03aHbIH KPUCTANIBIK KYPBUIBIMBIHA TOH JU(PPAKIMSIIBIK
MaKCUMyMJapAbIH 0ap ekeHiH anbIKTaabl. COHBIMEH KaTap, HaHOMOAM(UKaMsIIaHFaH
yJriepae 6actanksl MeMOpaHalapMeH CajbICThIPFaHAa WIBIHAAPIABIH KapKbIHIbUIBIFbI
MEH KPHUCTAUIOTPpa(UsUIbIK PETTETY JOPESKECIHIH o3repyl Oaiikanbl. Jndpakiusiibik
MaKCHUMyMJIap KapKbIHbUIBIFBIHBIH TOMEHJICY1 PETTENTeH KPUCTAIIBIK aiMaKTap/IbIH
irmiHapa OY3BUIFAHBIH JKOHE HAHOOOJIICKTEp CHTI3IITeHHEH KEeHiH IeJUTI0I03aHbIH
CYNPaMOJIEKyIaJdblK KYPbUIBIMBIHBIH ©3TepreHiH KepceTedi. 3eprrey HOTHKeNepi
HaHOMOZM(UKALNS arpOKAJIABIKTApAaH aJlbIHFaH HAHOLIEIIJTION03aJIbl MEMOpaHalapAbIH
MOJIEKYJIJIBIK )KOHE KPUCTAIIBIK KYPBUIBIMBIH ©3repTyre MYMKIH/IiK OepeTiHiH KOPCETTi.
AJBIHFaH MaTepHalIap SKOJIOTUSIIBIK KAyilci3 (pyHKIMOHAIBIK OMOKOMIIO3UTTEP MEH
MeMOpaHabIK JKyHesep/i )kacay YIiH MepCHIeKTHBAIBI OOIBIT Ta0bIIa/IbI.

Tyilin ce3nep: aybulIapyalIbUIBIK KaJAbIKTapbl, HAHOLEIUIION03a, HAHOLEN-
JIIONI03aJIhl MeMOpaHa, TpadeH, MbIC HAHOOOJIEKTeP1, KPUCTAIIBIIBIK
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AHHoTanmsA. B craree mMcciaenoBaHbl CTPYKTYpHBIE CBOMCTBA HAHOLEIIIONO3HBIX
MeMOpaH, TOJIYYeHHbIX M3  CEJIbCKOXO3SHCTBEHHBIX OTXOZ0B. B  KauecTBe
PACTHUTEIBHOTO CHIPHS JUIA MOJMYYEHHs] MEMOpaH MCIIOIB30BaIH JIOLEPHY W OBCSIHYIO
coiomy. Ilpomecc BBIgENEHUS LEUTIONO3bI BKIIOYAN IIEJIOYHYIO M KHCIOTHYIO
00paboTKy, a Takke OTOCIMBaHWME, HAlPaBICHHOE Ha YyJalleHHEe W3 DPaCTHTEILHOU
Omomacchl JIMTHMHA W TEeMUIEIUIIONO3bl. OYHINEHHYIO IEJUIION03y ITO/ABEpTain
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MEXaHHYECKOMY JHCIIEPIHPOBAHMIO C MOJTYYeHHEM HaHOpa3MEPHBIX CyCIIeH3UH, TIocie
Yero HaHOLEJUTIOJI03HbIe MeMOpaHbl (POPMHUPOBAIM METOIOM JIUThS U3 pacTBopa. J{ns
W3MEHEHUS] CTPYKTYpPHBIX XapaKTepPUCTUK MEeMOpaH B HAHOLEIUTIOJIO3HYIO MaTpHIy
BBOJIWJIM pa3IM4yHble HaHOMOAM(UKATOpB: B MeMOpaHbl Ha OCHOBE JIIOLEPHBI
JN00aBIsIM HAHOYACTUIBI MEOW, a B MEMOpaHbl Ha OCHOBE OBCSHOM COJOMBI —
rpager. CTpyKTypHble OCOOCHHOCTH TMOJYYEHHBIX KOMIIO3UTOB HCCIEIOBaJIH
metonamu MK-®ypoe-cniekrpockonuu (FTIR) u pentrenosckoit nudpakuuun (XRD).
UK-criekTpoCKOoNMUuecKuil aHaau3 MOATBEPAMI COXpaHEHHE BO BCEX HCCIEIOBaHHBIX
o0pa3lax OCHOBHBIX (YHKIMOHAJIBHBIX TPYII, XapakTePHbIX UIS LEJUIIOI03bL.
[locne MomuQuKaMK OTMEYEHO H3MEHEHHE WHTEHCHUBHOCTH I0JIOC MOIVIOIIEHHS
THIPOKCHIIBHBIX TPYMI, YTO CBUAETENILCTBYET 00 H3MEHEHHHM MEKMOJIEKYISPHBIX
B3aMMOJCHCTBHI U CHCTEMbI BOJOPOAHBIX CBS3EH B LIEIUTIONIO3HOM MaTpulie. MI3MeHeHus
B 001acTax, cooTBeTCTBYIOIUX CBsI3IM C—O—C 1 B-IIIMKO3UIHBIM CBSI35IM, YKa3bIBAIOT
Ha CTPYKTYPHYIO PEOpPraHM3alMIO, BBHI3BAHHYIO BBEACHHEM rpadeHa M HaHOYACTHIL
Menu. PentreHoanppakinOHHBINA aHATN3 BBISIBUI BO BCEX MeMOpaHax Au(pakMOHHbIE
MaKCHMYMBI, XapaKTepHbIE IJIsl KPUCTAJUIMUYECKON CTPYKTYpbI LIEJUIoNno36l. Bmecre ¢
TEM B HAHOMOAM(DUIUPOBAHHBIX 00pa3Lax HAOIIOJAINCh N3MEHEHUS] HHTEHCHBHOCTH
[MUKOB M CTEMEHH KPUCTAIIIOTrpauueckor YHOPSIOYCHHOCTH 10 CPaBHEHUIO C
HeMOAN(UIIMPOBAaHHBIMU MeMOpaHaMu. CHM)KEHHE MHTEHCHBHOCTU IU(PPAKIUOHHBIX
MaKCHMyMOB  CBHJETEIbCTBYET O YaCTHUYHOM HapyIIEHHH  YHOPSIIOYCHHBIX
KPHUCTAJNTNYECKUX 00J1acTel M M3MEHEHHUH CYPaMOJIEKYISIPHON CTPYKTYPBI LIEJUTION03bI
rociie BBEIEHHS HAHOYACTHL. YCTAHOBIEHO, YTO HAaHOMOAM(HUKAIHS CIIOCOOCTBYET
W3MEHEHUIO MOJIEKYJSIPHOW M KPUCTAJUIMYECKOM CTPYKTYPbl HAHOILEIUTIONO3HBIX
MeMOpaH, MOJYYEHHBIX U3 arpooTxonoB. llomyueHHble MaTepuanbl 00JagaroT
BBICOKMM TOTEHIIMATIOM Ul CO3JaHUsl IKOJOTHYECKH 0e30MacHbIX (YHKIMOHAIBHBIX
OMOKOMITO3UTOB U MEMOPAHHBIX CHCTEM.

Ki1ioueBble c10Ba: CeIbCKOXO3SHCTBEHHBIE OTXOABI, HAHOLEIIIIONO03a, HAHOLE-
JrONI03Has MeMOpaHa, rpadeH, HAaHOYACTHULIBI MEH, KPHCTAITIMYHOCTh

Introduction. Currently, the issue of processing environmentally safe and renewable
raw materials is of particular importance. It is known that the long-term non-degradation
of synthetic polymers obtained from oil and oil products in the environment leads to
aggravation of environmental problems. In this regard, research on the production
of biodegradable materials based on natural polymers is currently being intensively
developed. One of such promising biopolymers is cellulose (Ansari et al., 2024). It is
a material that is widespread in nature, highly biocompatible, chemically stable and
amenable to various types of modification (Wang et al., 2024).

In recent years, interest in technologies for obtaining nanocellulose through the
processing of agricultural waste has increased significantly. This approach not only
allows for the effective use of plant waste, but also creates conditions for obtaining
materials with high functional properties. Oat straw, alfalfa and other agro-industrial
waste are considered to be a suitable source of raw materials for obtaining nanocellulose
due to the high cellulose content in their composition. Nanocellulose is characterized by
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high specific surface area, mechanical strength, low density, and a developed hydrogen
bond system. Due to these properties, it is widely used to produce membrane materials,
sorbents, packaging materials, biomedical coatings, and functional biocomposites. The
properties of nanocellulose membranes directly depend on their structural organization
and degree of crystallinity. The ratio of crystalline and amorphous regions affects the
mechanical stability, moisture resistance, and permeability properties of the material
(Qureshi et.al., 2024).

The nature of the plant-based raw material has a significant impact on the structure
of nanocellulose. The difference in the amount of lignin, hemicellulose, and cellulose
in the raw material causes changes in the morphological and structural features of the
obtained materials. In addition, chemical processing methods also affect the crystalline
structure of cellulose. In this regard, it is scientifically important to study the structural
properties of nanocellulose materials obtained from various agro-wastes (Das et al.,
2023).

Currently, one of the effective ways to improve the properties of nanocellulose is
its modification with nanoparticles. Graphene-based carbon nanomaterials increase the
mechanical strength and barrier properties of membranes, while copper nanoparticles
give the materials antibacterial activity. The interaction of nanoparticles with the cellulose
matrix leads to changes in hydrogen bonds and structural reorganization, which, as a
result, changes in the degree of crystallinity of the material (Ma et al., 2025). Fourier
transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD) are widely used
to characterize the structural features of nanocellulose materials. The IR method allows
us to determine the changes in functional groups and intermolecular interactions, while
XRD analysis is used to assess the crystal structure and degree of crystallinity of the
material. The combined use of these methods allows us to comprehensively characterize
the structural properties of nanocellulose membranes.

Although there are sufficient studies in the literature on nanocellulose obtained
from plant residues, there is insufficient comparative study of the structural properties
of nanocellulose membranes obtained from various agro-residues and modified with
nanoparticles. In particular, there is limited information on the effect of graphene and
copper nanoparticles on the structural organization and degree of crystallinity of the
membranes. In this regard, the aim of this work is to study the structural properties
of nanocellulose membranes obtained from agro-residues using IR spectroscopy and
X-ray diffraction methods, as well as to determine the effect of graphene and copper
nanoparticles on the structure and degree of crystallinity of the material.

Literature review. Currently, nanocellulose occupies a special place among
biodegradable and environmentally friendly materials. Its high mechanical strength, large
specific surface area, biocompatibility and susceptibility to chemical modification are of
interest to many researchers. In recent years, research on the production of nanocellulose
from agricultural waste has gained significant momentum, as this approach allows for
the effective use of cheap and affordable raw materials. The literature indicates that
nanocellulose based on agricultural waste is considered a functional material with low
environmental impact (Ansari et al., 2024; Wang et al., 2024). Plant lignocellulosic
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raw materials are often used to produce nanocellulose. Among them, wheat straw, rice
husk, oat straw, sugarcane waste and various natural fibers are considered promising
sources of raw materials. The amount of cellulose in plant waste, the ratio of lignin
and hemicellulose directly affect the structure and properties of the obtained material.
Therefore, comparative studies of the structural features of nanocellulose obtained from
various agro-wastes are one of the important scientific directions (Qureshi et.al., 2024).

Studies have shown that the properties of nanocellulose also depend on the methods
of its production (Mamudu et al., 2025). Typically, alkaline treatment, bleaching and
acid hydrolysis methods are widely used in the production of nanocellulose. As a result
of such treatment, lignin and hemicellulose are separated, and the crystalline structure
of cellulose is formed more clearly. In addition, the hydrolysis process contributes
to the decomposition of amorphous regions, increasing the degree of crystallinity of
the material. Some studies have shown that the crystallinity index of nanocellulose is
significantly increased compared to the starting material (Rasheed et al., 2024). In order
to improve the structural properties of nanocellulose materials, modification with various
nanoparticles is being carried out (Ghosh et al., 2024). In recent years, graphene-based
carbon nanomaterials and metal nanoparticles have been widely studied (Ren et al.,
2024). The high mechanical strength and large specific surface area of graphene allow
improving the barrier and strength properties of nanocellulose membranes. Copper
nanoparticles are considered one of the important components for obtaining functional
biocomposites due to their antibacterial activity.

The introduction of nanoparticles into the cellulose matrix leads to a change in
the structure of the material. It has been shown in the literature that such changes are
associated with the reorganization of hydrogen bonds, a change in the ratio of crystalline
and amorphous regions. As a result, the mechanical stability, thermal properties and
sorption activity of the membranes change (Makhado et al., 2025). Therefore, the study
of the structural properties of nanomodified nanocellulose is also important from a
practical point of view.

IR and X-ray diffraction methods are widely used in the study of the structure
of nanocellulose materials. IR spectroscopy allows us to identify functional groups,
hydrogen bonds and chemical changes in cellulose. In particular, the vibrations of
O-H groups in the 3200-3400 cm™ region and B-glycosidic bonds in the 890 cm™
region are considered the main signals characterizing the structure of cellulose. X-ray
diffraction analysis is an important method for determining the crystal structure, degree
of crystallinity, and structural order of cellulose (Rao et al., 2023; Mamudu et al., 2025).

Although the number of works on the structural properties of nanocellulose obtained
from various agro-wastes has increased in recent years, the comparative study of the
structure and crystallinity of nanocellulose membranes modified with graphene and
copper nanoparticles is still insufficiently studied. In particular, information on the
combined effect of the nature of the plant raw material and nanomodification is limited.
In this regard, the study of the structural properties of nanocellulose membranes obtained
from agro-wastes is currently one of the most relevant scientific directions.

Materials and methods of research. Preparation of nanocellulose-based
membranes. Alfalfa straw and oat straw grown on the Zhumabai farm, Zhualy district,
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Zhambyl region, were used as plant agro-residues in the research work. The initial
plant raw materials were dried in natural conditions, mechanically crushed, and cleaned
of foreign impurities. Nanocellulose extraction consisted of several stages: alkaline
treatment, acid treatment, and bleaching (Reshmy et al., 2015). At the first stage, the
plant raw materials were treated with a 2% sodium hydroxide (NaOH) solution to
remove hemicellulose and lignin. The treatment was carried out in an autoclave at a
temperature of 120°C and a pressure of 20 bar for 40 minutes. After alkaline treatment,
the samples were washed several times with distilled water and cleaned to a neutral
environment. Then, a mixture of nitric acid (HNO,), acetic acid (CH,COOH), and
distilled water was used for additional purification of the cellulose. As a result of acid
treatment, the amount of residual lignin and hemicellulose was reduced and the purity of
the cellulose structure was increased. During the bleaching stage, the material obtained
was treated with a 1% sodium hypochlorite (NaOCI) solution, resulting in a high-purity
white cellulose.

The purified cellulose was processed to a nanoscale structure by mechanical
dispersion, and a stable nanocellulose suspension was prepared. Nanocellulose
membranes were formed by solvent casting (Norrrahim et al., 2021; Ruan et al., 2023).
The prepared suspension was poured into special molds and dried at room temperature.
In order to improve the functional properties of the membranes, various nanomodifiers
were introduced into the nanocellulose matrix. 1% copper nanoparticles were added to
the alfalfa-based membranes, and 1% graphene was added to the oat-based membranes.
The nanoparticles were pre-dispersed and then mixed with the nanocellulose suspension
by mechanical mixing until a homogeneous system was formed. The resulting composite
mixtures were poured into molds and dried to prepare functionalized nanocellulose
membranes. Four different samples were considered in the study: raw cellulose from
alfalfa (AC), alfalfa-based membrane modified with copper nanoparticles (AC2),
raw cellulose from oats (OC), and graphene-modified oat-based membrane (OC2).
The technological scheme for obtaining nanocellulose-based membranes based on
agroresidues is shown in Figure 1.
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(a) Pure nanocellulose membrane (b) Modified nanocellulose membrane

Figure 1 — Scheme for the production of nanocellulose membranes based on agro-waste
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X-ray diffraction (XRD). X-ray diffraction (XRD) was performed to determine the
crystal structure and degree of crystallinity of the samples. The crystalline properties
of cellulose materials significantly affect their mechanical strength, thermal stability,
and moisture absorption capacity. In addition, the occurrence of structural changes as a
result of chemical treatment and nanomodification is accompanied by a change in the
degree of crystallinity. In this regard, the crystalline features of the original and modified
nanocellulose membranes were studied using the XRD method. X-ray diffraction
patterns were taken on a Bruker D8 Advance (Germany) X-ray diffractometer using
CuKa radiation (L = 1.5405 A). Measurements were carried out in the range of 20 =
10-90°. Based on the obtained diffractograms, the main diffraction maxima, structural
arrangement, and changes in the degree of crystallinity of cellulose were analyzed.

Fourier transform infrared spectroscopy (IR). The Fourier transform infrared
spectroscopy (FTIR) method was used to determine the chemical structure and functional
groups of nanocellulose membranes. FTIR analysis allows us to assess the changes in
functional groups in the material structure, intermolecular interactions, and structural
features resulting from nanomodification. FTIR spectra of the samples were recorded
on a Shimadzu infrared spectrometer. Measurements were carried out in the range of
4000-400 cm-1. The obtained spectra were analyzed for changes in hydroxyl groups,
B-glycosidic bonds, and the main functional groups of cellulose. All experiments were
repeated at least three times. The results obtained were statistically processed and
expressed as the arithmetic mean and standard deviation. Experimental data processing
was carried out using the OriginPro program.

Research results

Analysis of IR spectroscopy results. In order to determine the chemical structure and
functional groups of the obtained nanocellulose membranes, IR spectra were studied
(Fig. 2). IR results showed that the main functional groups characteristic of cellulose
were preserved in all samples. In addition, certain changes were observed in the spectra
as a result of nanomodification.

IR spectra of alfalfa-based AC and AC2 samples are shown in Fig. 2a. A broad
intense absorption band is observed in the spectra in the region of 3200-3400 cm™,
which corresponds to the valence vibrations of hydroxyl groups (O-H). A decrease
in the intensity of this band in the AC2 sample indicates a change in the hydrogen
bond system due to the introduction of copper nanoparticles. In addition, signals in the
region of approximately 2900 cm™ are characteristic of the valence vibrations of C—-H
bonds. The weak signals observed in the range of 1400-1600 cm™ are associated with
the deformation vibrations of adsorbed water molecules and cellulose structure. The
intense absorption bands in the region of 1000-1160 cm™ correspond to the vibrations
of C—O—C and C—O bonds. The clear signal in the region of 1030-1050 cm™! proves the
preservation of B-1,4-glycosidic bonds. In the AC2 sample, the intensity of the bands in
this region decreases and the spectral shape changes, which may be due to the interaction
of copper nanoparticles with the cellulose matrix (Fig. 2a).
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Figure 2 — IR spectra of nanocellulose membranes: (a) based on alfalfa; (b) based on oat straw.

The FTIR spectra of oat-based OC and OC2 samples are shown in Fig. 2b. In the
OC sample, intense signals of the main functional groups characteristic of cellulose are
observed. In the OC2 sample, the intensity of the absorption band characteristic of the
O-H group in the 3200-3400 cm™' region decreased after the introduction of graphene.
This indicates that the graphene particles affected the intermolecular interactions
between the cellulose chains. In addition, the change in the signals in the 1000-1100
cm! region indicates that structural reorganization occurs due to the binding of graphene
to the cellulose structure.

Overall, the IR results showed that the hydrogen bonding system in the cellulose
matrix changes upon the introduction of nanoparticles, and these changes lead to the
reorganization of the material structure.

X-ray diffraction analysis of nanocellulose membranes. In order to assess the crystal
structure and degree of crystallinity of nanocellulose membranes, X-ray diffraction
analysis was performed. The X-ray diffraction results showed that there are differences
in the structural features of the original and modified samples.

The X-ray diffraction patterns of the alfalfa-based AC and AC2 samples are shown
in Figure 3a. In the AC sample, a clear intense peak is observed in the region of 26 = 22-
23°, which corresponds to the (200) crystallographic plane characteristic of the cellulose
I structure. In addition, a weak maximum is observed in the region of 20 = 15-16°,
which characterizes the semi-crystalline structure of cellulose. In the AC2 sample, the
intensity of the main diffraction peak is observed to decrease. This indicates a decrease
in the structural order in the cellulose matrix as a result of the introduction of copper
nanoparticles. In addition, the appearance of additional weak maxima in the range of
30-45° proves that the copper nanoparticles contributed to the structural changes.

103



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

—AC
——AC2

Intensity (a.u)
Intensity (a.u)

10 20 30 40 50 60 70 80 20 10 20 30 40 50 60 70 80 20
20 (degree) 20 (degree)

(a) (b)
Figure 3 — X-ray diffraction patterns of nanocellulose membranes: (a) based on alfalfa; (b) based on oat
straw.

The X-ray diffraction patterns of the OC and OC2 samples are shown in Fig. 3b.
In the OC sample, an intense peak in the region of 20 =~ 22° was clearly observed,
indicating that the crystalline structure of cellulose was preserved. In the OC2 sample
modified with graphene, the intensity of the main peak decreased, and some signs of
amorphization of the structure were observed. In addition, the appearance of weak
diffraction maxima in the range of 35-45° may be due to the interaction of graphene
with the cellulose matrix.

The results of the general X-ray phase analysis showed that graphene and copper
nanoparticles affect the crystalline structure of nanocellulose membranes. As a result of
nanomodification, a decrease in the degree of crystallinity and structural reorganization
phenomena were observed. These changes are explained by the influence of nanoparticles
on the intermolecular bonds between cellulose chains.

Discussion of the results. The conducted IR and X-ray diffraction studies showed
that the structural organization of nanocellulose membranes obtained from agroresidues
depends on the nature of the plant raw material and the type of nanomodifier
introduced. The spectral and X-ray characteristics of the samples based on alfalfa and
oats differed from each other, which may be due to their chemical composition and
supramolecular organization. In addition, a comparative analysis of the obtained spectra
and diffractograms revealed that the original cellulose structure was preserved, but the
introduction of graphene and copper nanoparticles led to a change in intermolecular
interactions and reorganization of crystalline regions.

In the IR spectra of all samples, a broad absorption band was observed in the range
of 3200-3400 cm™ (Fig. 2). This region is characteristic of the valence vibrations of
hydroxyl groups and indicates the formation of hydrogen bonds in cellulose. However,
the intensity of this band decreased in the AC2 and OC2 samples. This change indicates
a reorganization of the interactions between cellulose chains after the introduction
of nanoparticles. Similar phenomena were described in the work of Mokhena et al.,
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where it was shown that the hydrogen bonds in the nanocellulose structure weaken
and the internal organization of the matrix changes when graphene oxide is introduced
(Mokhena et al, 2024).

In all samples, the signals observed around 2900 cm™ correspond to the vibrations
of C—H bonds. This indicates that the main polysaccharide backbone of cellulose was
preserved during chemical treatment. In addition, the intense absorption bands in the
range of 1000-1160 cm™ were characteristic of C—-O—C and C—O bonds. In particular,
the maximum in the region of 1030-1050 cm-1 confirms the preservation of B-1,4-
glycosidic bonds. However, in the AC2 and OC2 samples, the change in signals in this
region indicates that structural reorganization is taking place due to the interaction of
nanomodifiers with the cellulose matrix.

The clearer observation of signals characteristic of some functional groups in the
oat-based OC sample compared to the alfalfa-based AC sample may be due to the
higher degree of structural organization of oat fibers. The literature shows that the
lignocellulosic composition of different agro-industrial wastes is not the same, and
these differences affect the morphology and crystallinity of the obtained nanocellulose.
Qureshi et al. noted that the properties of cellulose nanocrystals obtained from different
plant residues depend on the amount of cellulose, hemicellulose and lignin in the raw
material (Qureshi et al., 2024).

The X-ray diffraction results complemented the structural changes detected by
IR analysis. A clear intense maximum was observed in the 20 = 22-23° region in the
diffractograms of AC and OC samples (Fig. 3). This peak is associated with the main
crystallographic plane characteristic of the cellulose I structure. In addition, weak
signals in the 15-16° region indicated the semi-crystalline nature of the materials. Such
results are consistent with the data given in the literature for natural cellulose. Das et al.
showed that the XRD maxima of nanocellulose obtained from agro-residues are located
in this range (Das et al., 2023).

In the nanomodified AC2 and OC2 samples, the intensity of the main diffraction
peaks was observed to decrease. This phenomenon indicates that the crystalline regions
were disrupted to some extent as a result of the introduction of graphene and copper
nanoparticles. In other words, the nanoparticles affected the initial ordered arrangement
of cellulose chains and increased the proportion of amorphous regions. A review article
by Yusuf and colleagues in 2024 stated that similar structural changes were observed
in nanocellulose-graphene hybrid composites and that graphene affects the internal
organization of the matrix (Yusuf et al., 2024).

The observation of weak additional peaks in the 35-45° range in the OC2 sample
may be associated with the arrangement of graphene particles in the cellulose structure.
Such results have also been described in studies of graphene-based nanocellulose
composites. Yang and colleagues showed that additional weak peaks may appear in
the X-ray diffraction spectrum as a result of the formation of new interfacial bonds of
graphene in the cellulose matrix (Yang et al., 2023).

The structural changes in the AC2 sample are explained by the influence of copper
nanoparticles. Copper particles can interact with hydroxyl groups and change the
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intermolecular bonds between polymer chains. As a result, the degree of order of the
crystal structure decreases and the intensity of diffraction maxima weakens. However,
since only X-ray diffraction and IR methods were used in this work, it was not possible
to fully determine the exact phase state of copper particles. In this regard, in the future,
there is a need to use additional methods such as SEM, TEM and X-ray diffraction.

Analysis of the obtained results showed that nanomodification significantly affects
the structural organization of nanocellulose membranes. Based on the X-ray diffraction
and IR data, it was determined that the introduction of graphene and copper nanoparticles
changes the intermolecular interactions in the cellulose matrix and the reorganization
of the crystal structure. A decrease in the intensity of the main diffraction maxima in
nanomodified samples indicates a change in the degree of structural order. In addition,
the change in the bands characteristic of functional groups in the IR spectra confirms the
interaction of nanoparticles with cellulose chains. The obtained results showed that the
structural properties of nanocellulose membranes depend on the nature of the starting
plant raw materials and the type of nanomodifier used. Overall, the obtained results
prove that the structural properties of nanocellulose membranes obtained from agro-
waste depend on the nature of the starting raw materials and the type of nanoparticles
introduced. While the IR results indicate changes in the level of intermolecular bonds,
the X-ray diffraction analysis confirmed that these changes affected the crystal structure.
It was found that the introduction of graphene and copper nanoparticles allows to
reorganize the structure of nanocellulose membranes and change their functional
properties. The results obtained indicate that such materials have high prospects for use
in sorption systems, filter membranes, and antibacterial coatings.

Conclusion. Thus, the structural features of nanocellulose membranes obtained
from agro-waste were studied using X-ray diffraction and IR methods. As a result of the
analyses, it was found that the main functional groups and crystal structure characteristic
of cellulose were preserved in the obtained materials. It was also observed that the
introduction of graphene and copper nanoparticles affected the structural organization
of the membranes and led to a change in intermolecular interactions. The preservation
of bands characteristic of hydroxyl groups and B-glycosidic bonds in the IR spectra
confirmed the cellulose nature of the obtained membranes. The change in the intensity
and shape of some absorption bands in the nanomodified samples indicated the interaction
of nanoparticles with the cellulose matrix. The X-ray diffraction results revealed that the
initial and modified samples have a semi-crystalline structure. The change in diffraction
maxima after nanomodification was associated with the reorganization of the structure
and a change in the degree of crystal ordering. As a result of the comparative analysis,
it was found that the structural properties of nanocellulose membranes based on alfalfa
and oats are not the same. This is explained by the chemical composition and fiber
structure of the original plant raw materials. In addition, the effect of graphene and
copper nanoparticles was observed to be of different nature, which indicated that it
depends on the nature of the modifiers used. The results obtained prove that it is possible
to obtain functional nanocellulose membranes based on agro-waste and that their
structural properties can be changed through nanomodification.
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