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Abstract. This study examines how cellulose fillers, including ultrasound-treated
cellulose, affect the structure and interaction in thermoplastic starch (TPS). Scanning
electron microscopy (SEM) has shown that pure TPS has a smooth and compact
morphology, while TPS/cellulose composites have a coarser and heterogeneous structure
with visible fibrillar formations and micro- and submicron scale features. The untreated
cellulose forms a coarse layered structure with limited fibrillation, while the ultrasound-
treated samples exhibita more developed fibrous network, indicating improved dispersion
and partial fibrillation of the filler. These observations suggest that cellulose functions
as an effective hardening phase in the TPS matrix. Fourier Transform infrared analysis
(FTIR) confirmed intermolecular interactions between starch and cellulose. Changes in
the O—H stretching region and C—O/C—O—C bands indicate the formation of hydrogen
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bonds and improved interfacial compatibility. The introduction of pretreated ultrasound
cellulose enhances these interactions, resulting in a more integrated composite structure.
The combination of SEM and IR analysis results makes it possible to understand how
processing methods, such as ultrasound treatment, affect filler dispersion, adhesion,
and overall morphology. These structural changes at the micro and submicron levels
contribute to the creation of a more interconnected structure in the composite material.
Overall, the results show that ultrasound treatment significantly enhances the structural
role of cellulose in TPS, improving both morphology and intermolecular interactions.
As a result, the developed starch—cellulose biocomposites demonstrate great potential
for use in biodegradable packaging and other environmentally friendly applications.
Keywords: ultrasound treatment, cellulose, starch, SEM, FTIR
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AuHoTanus. byl jKyMbIC LENUTI0I03a TONTHIPFBIIBIHBIH, COHBIH INIHJIE YIbTpa-
JBIOBICTHIK OHJENTEH LEJUTIOI03aHbIH TePMOIUTACTHKAIIBIK KpaXxMall MaTpULAChIHIAFbI
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(TIIK) mopdororuscel MEH MoOJIEKyJaapalblK e3apa 9peKeTTecyiHe acepi 3epTTeNi.
SEM ranpaysr Herizinge, Taza TIIK canbicTeipManbl Typae Teric OeTke ue eKeHiH Kop-
cerri, An TIIK /uemirono3a KOMIO3UTTEPIHIE NeJUTION03aHbIH KOpiHEeTIH GUOpHILISp-
JIBIK KYPBUIBIMIAPBbI, TATIIBIKTAPIbIH MUKPO KOHE CyOMUKPOH/IBIK MaclITa0Tarbl reTe-
porenai Mopdonorusicsl 0ap eKeHi aHbIKTaNAbl. OHJIeIMEreH ChlHaMaa ©3iHe TOH Tall-
LIBIKCBHI3 KYPBUIBIM CAaKTaJ/bl, aJl OHICITEH YITIepAe UEJUTI0I03a TONTHIPFBIIIBIHBIH
JHCIIEPCUSICH MEH imiHapa GUOPHIIISIIUSCHIHBIH JKaKcapFaHbIH KOPCETETIH Kakcap-
TBUIFaH TAJIIBIKTHI TOP Maii1a 00511kl By MOphoIorusuIbIK e3repicTep HeILTHI03aHbIH
TIIK marpunaceiaia THiMAl opHanacy (haszackl peTinae sapeket eTkeHiH kepcereni. FTIR
Tangaybl Kpaxmas MeH LeJUTI0I03aHbIH e3apa opekerrecyil -OH co3bury aiiMarbIHIaFb]
woHe C—O/C—O-C TOJKBIH KOJIAKTAPBIHAAFbI ©3TepicTeP apKbLIBI PACTAIbI, OYII CYyTEK-
TiK OalaHbICYy/Ibl XKoHE (hazaapanblK YHICCIMALTIKTIH *KaKchl eKeHiH kepcereni. Llen-
mono3a tonTeiprbiibl TIIK MaTpuiiackina eHriziin KaHa KoWMai s, COHBIMEH Karap
YABTPAAbIOBICIICH aJJIBIH ajla ©3repTiie/l, ColaH KeHiH MUKPO JKOHE CYOMUKDPOHJIBIK
MacmTa0Tarbl KYPBUIBIMIBIK e3repictepai MK cmekTpin Tammaymen Oipre OaranaH-
IBI. BYJT TOCLT TONTHIPFRIMITEL OHJIEY PEXKUMIIEPIH CYTEKTIK OalTaHbICTapHIHBIH CHITa-
THIMEH, KOMIIO3UTTiH MOP(OJIOTUSICHIMEH XoHE (hazaapallblK YHISCIMIUTIKIICH TiKereh
OalimaHBICTBIPYFa MYMKIHIIK Oepeni, Oy KpaxMall-1IeJuTio103a OHOKOMIIO3UTTEPIHAeT]
KYpBUTBIMHBIH, Taiga 0omy MexaHu3MZIepi Typalibl TyciHikTepai keHelTeni.Tyracraii
aNFaHja, 3epTTey HOTIIKENepl YABTPaAbIOBICTHIK OHACYAIH HemTono3ansH TIIK ma-
TPHIACHIH/IA OPHAIACYAAFbl KYPBUIBIMIBIK POTIH KYIIEHTETIHIH )KoHE 03apa OailaHbI-
CTBI KOMITO3HIFSUTBIK MOP(OTOTHUSHBIH KaJIBINTAaCYbIHA BIKITAJ €TETiHIH KopceTemi. by
3eprreyiep OoiamakTa OMOJOTHAJIBIK bIABIPANTHIH KalTaMara KoHe 0acKa Ja SKOJIOTH-
SUTBIK Ta3a KarTamajap/a KoJJaHy YIIiH HepCIeKTUBTI OOJIBIN KeNei.
Tyiiin ce3mep: ynbTpaabIObICTHIK OHICY, LeJITron03a, kpaxmanr, SEM, FTIR
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AnHotamusi: B pabGore wmccienoBaHO BIHMSHUE ULEJUIFOJIO3HOTO HAIMOIHUTEIS,
BKJTIOUAsT IEJUTION03Y, TOABEPTHYTYIO YIBTPa3ByKOBOW 00paboTke, HA MOPGHOIOTHIO
U MEXMOJCKYJSIpHBIE B3aWMOJECHCTBHA B MAaTPHIE TEPMOIUIACTHYHOTO Kpaxmala
(TTIK). Pesynpratet COM-ananu3a mokazanu, urto gucteiii TIIK xapakrepusyercs
OTHOCHUTENPHO TJIAJKOH ¥ KOMIIAKTHOW TOBEPXHOCTHIO, TOTNA KaK KOMIIO3HTHI
TIIK—temmono3a o0iagaroT Oojiee IIEepOXOoBaTOW M HEOAHOPOAHOM Mopdomorueit
C BBIPOKCHHBIMH (DUOPUIUIAPHBIMU  CTPYKTYpaMH MHKPO- M CYOMHUKPOHHOI'O
Macmtaba. HeoOpaboTanHas 1euTI0I03a coXpaHsia KPYIMHYIO CIIOUCTYIO CTPYKTYPY C
oTrpaHUYCHHOHN HUOPIIIIH3aIei, TOTIa KaK yasTpa3ByKoBas 00paboTKa cCliocoOCTBOBaIA
(dbopmupoBaHui0 0Ooyiee pPa3BUTON BOJIIOKHUCTOH CETH, YTO CBHUIETEILCTBYET 00
YAYYIIEHUU JUCIIEPCHOCTH HAIMOJIHUTENS W €ro YacTUYHOW (PUOpHIUIH3AINH.
[MomyueHHbIe MOP(]OIOTUYECKIE U3MEHEHUS YKA3bIBAIOT Ha 3PPEKTUBHOE apMUPYFOIIEe
nericteue nemmtono3sl B Matpuie TIIK. MK-cnexkTpockonudeckuii aHaau3 MOTBEPINIT
HaJW4Yue B3aMMOJACHCTBUS MEXKAYy KpaxMajoM H IIeJUTIONI030HM, MPOSBISIOIIErocs
M3MEHEHHEM TIOJNOC TOTIIONMEHUsT B obnacTr BaleHTHBIX Konebannii O—-H u C-O/C—
O-C, 9TO CBHIETENHCTBYET O (POPMUPOBAHWUHU BOJOPOIHBIX CBS3€H W TOBBIIICHUN
Mex(pa3HOW COBMECTUMOCTH KOMIIOHEHTOB. Hay4yHass HOBH3Ha pabOThI 3aKIIFO4aeTCs
B HCIIOJB30BAHHUU IPEJBAPUTEIBHON YIIBTPa3ByKOBOM MOMU(MDUKAIIUU IIEIUTFOJIO3HOTO
HAIIOJIHUTENS C IOCIEAYIOIEH KOMIIEKCHOM OLEHKOW CTPYKTYPHBIX M3MEHEHUH Ha
MHUKPO- 1 CyOMHUKPOHHOM YPOBHSX B coueTannu ¢ anannzom MK-cniexkrpos. Takoii monxon
MTO3BOJIMJI  YCTaHOBHUTHh B3aMMOCBS3b MEXIY pEKHMaMU OO0paOOTKH HAIOIHUTE,
XapaKTepoOM MEXMOJICKYISIPHBIX B3anMOJEHCTBHII W Mopdororueii xommosura. B
LIEJIOM Pe3yJabTaThl HWCCIICAOBAaHUS TIOKa3bIBAIOT, YTO YJBTPa3BYKOBas 00OpaboTKa
YCHJIMBACT CTPYKTYPOOOPA3YIOIIYIO POJIb IEJUTHIO3bI B MATPUIIE TSPMOILIIACTHYHOTO
Kpaxmaja U crocoOCTByeT (hOpMUPOBAHHUIO 00Jiee OJHOPOJHON M B3aUMOCBSI3aHHOMN
CTPYKTYpbl OHOkOoMITO3uTa. [lOJydYeHHBIC MaTepHalibl HPEACTABISIOT HHTEPEC IS
co3/aHus OnopasiaraeMoi yIakoBKH M IPYTUX SKOJIOTHIECKH Oe30MTaCHBIX M3/ICIIHIA.

KiaroueBble cji0Ba: TEpMOIUTACTUYHBIN KpaxMmal, IeJUII0I03a, YABTPa3ByKOBast
oOpabotka, Ouokommo3utel, COM-anamu3, WK-cnekrpockonusi, MexdasHas
COBMECTUMOCTb, OMOpa3JiaracMple MaTepUaIIbl

Introduction. With the continuous growth of the world's population, energy demand
and demand for traditional household materials are also increasing. These materials
are often sourced from non-renewable resources, which entails a significant carbon
footprint throughout the life cycle. This trend poses global environmental risks due
to the release of pollutants during combustion and the accumulation of microplastics
in ecosystems. In addition to pollution, an increase in the concentration of greenhouse
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atmosphere leads to a climate crisis, manifested in an increase in the global average
temperature, a change in precipitation patterns and an increase in extreme weather
events. One of the first approaches to solving the problems was to reduce dependence
on non-renewable raw materials. This led to a breakthrough in the field of biopolymers,
in other words, the use of renewable resources expanded its diversity by dividing it by
the properties of decomposition in biological conditions, the method of production and
origin. Classification by origin divides them into biobased and non-biobased. However,
despite bio-occurrences, polymers such as Bio-PET, PE, PTT, PIT do not decompose in
biological conditions and are capable of accumulating microplastics as well as synthetic
polymers. On the contrary, biopolymers may be petroleum-based in origin but be
capable of biodegradation, or may contain both types of raw materials.

These differences require separate sorting to maintain the efficiency and quality
of recycling. Consequently, modern research focuses not only on developing an
environmentally friendly composition but also on controlling the subsequent life cycle
of biomaterials. For the production of bio-based polymers, raw materials of natural
origin are used, such as edible sugars, starch, chitosan, and lactic acid. However,
their targeted cultivation is expensive, especially for edible raw materials such as
rice, corn, and potatoes. However, waste with a similar composition can reduce costs.
Lignocellulosic biomass from agro-industrial and forest waste and even food waste
(bread, pasta) can be substituted in the form of cheap raw materials (Mujtaba et al.,
2023). In these circumstances, the transition to sustainable agriculture, which focuses
on the rational use of resources, waste reduction, and the protection of ecosystem
services, is particularly important. A distinctive feature of biogenic synthesis is the
ability to select plant raw materials and process parameters to obtain nanomaterials
with specific properties. Agricultural residues vary in lignin, cellulose, hemicellulose,
polyphenols, organic acids, and other compounds, which affects their reducing ability,
sorption properties, and role in stabilizing nanoparticles. Understanding how the size,
morphology, chemical composition, and biocorona of nanoparticles affect their toxicity
and bioavailability remains limited. Taken together, these factors create a scientific
and practical contradiction: on the one hand, using agricultural waste for the "green"
synthesis of nanomaterials has significant potential to solve urgent agroecological
problems; on the other hand, existing knowledge about the properties, behavior, and
safety of such materials remains fragmentary.

This necessitates comprehensive research aimed at analyzing the potential of
agricultural waste as a raw material for nanomaterial production, systematizing existing
approaches to their synthesis and application, and identifying key limitations and
prospects for further development of this area. Therefore, technologies are required
that simultaneously increase agricultural productivity and reduce its resource and
environmental burden. Second, in many agricultural regions of the world, the problem
of recycling plant residues and other types of agrobiomass persists, leading to additional
greenhouse gas emissions and air and soil pollution during their combustion or
uncontrolled decomposition. Transforming these wastes into highly functional materials
not only reduces the negative impact on the environment but also creates new value
chains in rural areas (Barik et al., 2026).
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Starch is a widely known polysaccharide of natural origin, consisting of amylose
and amylopectin. It has hydrophilic properties due to the presence of OH groups and
decomposes completely in the natural environment. In addition, it can be extracted both
from primary resources such as rice, potatoes, corn, and from secondary resources in
the form of plant waste. Despite its significant potential for application, native starch
has disadvantages in mechanical strength and water resistance. As a result, the films
are brittle and prone to swelling upon contact with water due to their hydrophilic
nature, which limits their performance, especially when used as packaging films where
condensation occurs during temperature changes. These shortcomings can be eliminated
through modern modification methods. For example, ultrasonic treatment enables the
creation of thinner, denser structures with reduced vapor permeability.; Crosslinking
with citric acid significantly increases thermal stability at 164°C, transparency and
hydrophobicity of the surface (Pooja et al. 2024). Due to this, starch finds application
in various fields. One of the breakthroughs in modern science is the use of starch in
the form of a coating as an indicator of external signals (pH, temperature, water, and
enzymes) to control the release of fertilizers (Azeem, 2025). Starch-based materials
are considered safe and non-toxic for food contact. It is for this reason that it is used
as food packaging material for fruits, vegetables, snacks, and dry foods. Depending on
the purpose of modification and functionalization, various materials can be obtained.
For example, by filling the starch matrix with antimicrobial agents and essential oils,
active packages can be obtained that can inhibit the growth of fungi and bacteria. To
reduce gas permeability, nanoclay or titanium dioxide fillers are incorporated, and the
resulting mixtures are also mixed with various biopolymers such as chitosan and/or
PVA to obtain stronger films (Onyeaka et al., 2022). In addition, the ability to control
biodegradation and biocompatibility expands starch applications in biomedicine and
pharmacy, including wound-healing dressings, drug-delivery systems, and skeletons for
bone and cartilage regeneration (Sobeih et al., 2025).

Common reed (Phragmites australis) is a promising source of lignocellulosic
biomass for the production of high-strength fibers, packaging materials, and modern
biocomposites. It consists of 35-45% cellulose and 18-25% lignin. In Kazakhstan, reed
reserves are mainly concentrated in the southern part and distributed in deltas and along
floodplains of large rivers, as well as on the shores of lakes located along the Syrdarya,
Shu, Or Ili rivers, and the shores of Lake Balkhash. In the Syrdarya delta alone, its
volume reaches 1.24 million tons on 58,935 hectares. Biomass is promising due to its
high cellulose content, and its utilization is now limited not only to the paper industry
but also to the production of innovative polymers, biofuels, and high-strength fibers.
Despite its high potential, biomass in Kazakhstan is mainly used for animal husbandry
as livestock feed.

Regarding chemical properties, the presence of hydroxyl groups (-OH) in cellulose
allows it to interact with starch molecules, forming hydrogen bonds. High compatibility
inhibits the mobility of starch chains, thereby increasing the rigidity and strength of
the composite. Despite this, composites face several difficulties, including uneven
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dispersion, poor interfacial adhesion, and hydrophilicity, which hinder blending
with hydrophobic polymers (Baibagyssov et al., 2020; Baibagyssov et al., 2025). To
eliminate these disadvantages, modern research suggests various methods of physical
and chemical modification: chemical modification of the cellulose surface is carried
out by: - alkaline treatment to remove lignin/ hemicellulose and improve mechanical
adhesion; - silanization by introducing hydrophobic groups, reducing hydrophilicity and
improving adhesion; - esterification of nanocellulose fibers to increase the interfacial
compatibility of composite films with hydrophobic polymers.

The use of compatibilizers and plasticizers. For example, maleic anhydride as a
compatibilizer improves the dispersion of fibers in a polymer matrix (Garcia-Castellanos
et al., 2025). In the case of plasticizers, increasing their concentration to 40% by weight
of starch also enabled more uniform dispersion of CNCs (cellulose nanocrystals) in the
TPS polymer matrix (Csiszar et al., 2021).

Mechanical processing. According to the results of a study by Kong et al. (2023),
ball milling of NFC (nanofibrillated cellulose) leads to improved adhesion between the
matrix and the filler. In addition, it is worth noting that a more uniform distribution
of cellulose can be achieved with a suspension than with a dry one. In this case, there
are known methods for converting cellulose into a more homogeneous structure.
For example, in the TEMPO-oxidation method, replacing hydroxyl groups on the
cellulose surface with negatively charged carboxyl groups prevents the formation of
agglomerates, ensuring the uniformity of the suspension. Acid hydrolysis (e.g., H3PO4)
also helps to reduce particle size and improve compatibility with the matrix. Moreover,
not only chemical but also physical effects, such as ultrasonic homogenization, make it
possible to effectively disperse cellulose by breaking the hydrogen bonds between the
fibers. Ultrasonic homogenization is a method that uses sound waves to induce acoustic
cavitation in a liquid medium. Important process parameters include the amplitude,
power, and duration of ultrasonic exposure, which directly affect the degree of dispersion,
particle morphology, and the material's final properties. However, excessive ultrasonic
treatment can degrade the structure, reducing the material's overall crystallinity and
thermal stability. Based on this, when working with thermosensitive matrices, to avoid
thermal destruction, it is necessary to maintain a low temperature using an ice bath
(Hafid et al., 2023; Raeisi et al., 2025). This article is aimed at investigating the effect of
reinforcing thermoplastic starch with modified cellulose from common reed.

Materials and methods. Materials: Lignocellulose biomass from common reed
(Phragmites australis) was collected near the Talas River, Zhambyl region. Chemical
reagents sodium hydroxide (NaOH) purity > 98.3% (JSC "Base No. 1 of Chemical
Reagents"), hydrogen peroxide (H,0,) 50% of PJSC "Khimprom", glycerol purity >
99.5%, citric acid > 99.9%, concentrated sulfuric acid (H,SO,) from which the solution
was further prepared, were used for extraction with 1% H,SO,.

Methods.

1. Cellulose extraction was carried out according to the method with minor
modifications by Basaran Kankilic and Metin (2020). The collected biomass was
washed with distilled water and dried in an oven at 65°C for 48 hours. Next, the dried
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biomass was crushed with a blender and sieved through a sieve with a mesh size of
0.45 mm. The process of lignin removal (delignification) includes alkaline treatment
and bleaching. For the first time, a 2-hour alkaline cooking of biomass was carried out
in a 5% NaOH solution at 70°C. To bleach the pulp, a 4% NaOH and 7% H,O, solution
mixture was used at a 1:1 ratio, and the biomass was also boiled for 2 hours at 60°C.
Each step is repeated 3 times and requires constant rinsing with distilled water between
repetitions. Further processing was carried out according to the method of Asem et al.
(2023), with minor modifications. First, 1 hour of mild acid hydrolysis was performed
in 1% H,SO, at 80°C, and the sample was then rinsed with distilled water 10 times. The
resulting pulp was subjected to ultrasonic homogenization for 2 hours. An ice bath was
used to maintain the temperature regime and prevent the loss of fiber properties. After
that, the processed samples were stored in a refrigerator at 4°C. The pulp yield was
calculated gravimetrically using the following formula (Basaran Kankili¢, G., & Metin,
A. U., 2020):

Weight of extracted dried celluloze

Cellulose efficiency (%) = - 100%

Weight of untreated biomass used for extraction

2. Film preparation. Extraction of native starch from corn kernels using ultrasonic
exposure was carried out as described by Liu et al. (2021). To identify differences
between films made of pure TPS and TPS reinforced with cellulose, 2 samples were
prepared. Citric acid was used instead of the co-plasticizer. The films were formed by
casting using an Elcometer 3580 (casting knife). The ratio of starch and plasticizers
for film (Table 1) formation was based on our previous study with minor changes
(Yegissinova et al., 2025).

Table 1 — Ratio of components for biofilm preparation

The ratio of components
TPS biofilm TPS-cellulose biofilm
15 g Corn starch 15 g Corn starch
125 ml Demineralized water 100 ml Demineralized water
15 g Glycerol 15 g Glycerol
15 ml Citric acid 6% 15 ml Citric acid 6%
25 g Suspension of cellulose 0,5%

P. australis biomass Cellulose suspension TPS-cellulose biofilm

Figure 1 — Preparation process of TPS—cellulose biofilm from Phragmites australis biomass.
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Results and discussions.

FTIR analysis

IR spectroscopy was used to study the molecular structure of TPS and evaluate
the effect of an ultrasound-treated cellulose filler on intermolecular interactions in a
composite system. The initial substances of the biocomposite were also studied: starch
and suspension of fibrillated cellulose.

0,8

——TpPs
—— TPS-CELLULOSE|
0.7 [——STARCH

|—— CELLULOSE

0,6

0,5

0.4

0.3

Intensity (a.u)

0,24

0,1+

0.0

-0,1

, T T v T v T v
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm-1)

Figure 2 — FTIR spectra: 1 — thermoplastic starch (TPS); 2 — thermoplastic starch with cellulose
filler (TPS-Cellulose); 3 — native corn starch (Starch); 4 — cellulose (suspension).

The spectrum of native starch is characterized by a wide absorption band in the
range of 3200-3600 cm™, corresponding to O-H stretching fluctuations associated
with hydroxyl groups and extensive intermolecular hydrogen bonds. The absorption
peak near 2920 cm™ is explained by the stretching fluctuations of the C—H aliphatic
groups. Characteristic starch bands are observed in the fingerprint region between 1200
and 900 cm™!, which corresponds to the stretching fluctuations of C—O, C-O-C and
C—C glucopyranose units. The cellulose spectrum showed a similar wide band of O—H
elongation of about 3330-3400 cm!, which reflects the structure of cellulose fibers with
a high degree of hydrogen bonds. The band of about 2890 cm™! corresponds to the C—H
elongation fluctuations, while the absorption bands in the range of 1430-1160 cm™ are
associated with the bending of CH, and the asymmetric C-O-C elongation fluctuations
characteristic of cellulose. Strong peaks in the range of 1050-1030 cm™ are attributed
to the stretching of the C—O polysaccharide chains of cellulose. After plasticization, the
TPS spectrum retained its characteristic polysaccharide bands but showed noticeable
changes in intensity. The O—H absorption band broadened and shifted slightly, indicating
degradation of the native starch crystal structure and the formation of new hydrogen
bonds between starch chains and the plasticizer. In addition, decreased intensities of
several peaks in the fingerprint region indicate partial destruction of the starch structure
during heat treatment. The spectrum of the TPS—Cellulose composite combines the
characteristic absorption bands for both TPS and cellulose without the appearance of new
absorption peaks. This observation indicates that no new covalent bonds were formed
during the preparation of the composite. However, significant changes were observed
in the intensity and shape of the O-H stretching region (3200-3600 cm™) compared
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with TPS without filler, which indicates an increase in intermolecular hydrogen bonds
between the hydroxyl groups of starch and cellulose. A slight shift of the O—H band
towards lower wavenumbers further supports stronger hydrogen-bond interactions in
the composite matrix. In addition, the increased intensity of the absorption bands in
the region of 1000-1150 cm™ confirms the contribution of cellulose to the composite
structure. These bands are associated with C—O—C and C—O-O tension fluctuations and
indicate the successful incorporation of cellulose fibers into the TPS matrix.
SEM analysis

EHT= S00kv  9galA=SE2  Aperture Size=30.00um
— W0= S2mm__ Mogs 2925KX Gunacwm=676e 10 mbir

Figures 3 —TPS-hemp composite (without ultrasound and chemical treatment) (Yegissinova et al.,
2025)

Figures 4 and 5, without filler, show a smoother, more solid, and more homogeneous
surface, with fewer pronounced fiber elements. Images of cellulose-filled TPS samples
show elongated fibrils, bridges, and fibrous inclusions, indicating more pronounced
phase heterogeneity and the presence of a reinforcing cellulose mesh within the starch
matrix. Samples show a denser, sometimes layered surface morphology and indicate
the absence of a reinforcing fibrous phase. The structure remains compact, with relief,
folds, and rare small defects; this confirms the relatively homogeneous matrix.

SEMHV.500kV  WD.6445 mm MRAV\TESCAN ~ SEMHV:S00KY  WD:6445mm MRAVTESCAN  SEMHV:500K/  WD:6.445mm n
Viewfield:2170um  Det SE S0pm g/ Vewiaz170m DetsE g Vewied 1085 DS 2um v
. SEMMAG: 100k SEMMAG: 1000k

a b c
Figure 4 — SEM image of the surface (edge part) of thermoplastic starch without cellulose at
magnification: a -1000; b — 10,000; ¢ — 20,000
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SEM HV: 5.00 kV WD: 6.269 mm Liv oot ial] MIRANTESCAN ~ SEM HV: 5.00 kv WD: 6,369 mm Lo i1 ] MIRAN TESCAN
View field: 434 0pm  Det: SE 100 ~ Viewfield: 434.0pm  Det: SE 100 1
SEM MAG: 500 x Date(m/dly): 03124126 Performance in nanospace SEM MAG: 500 x Date(mfdly): 03/24/26

Performance in nanospacel

Figure 5 — SEM micrograph of the surface morphology of cellulose-free thermoplastic starch (TPS).

In Figure 6, in the TPS-cellulose biocomposite, thin and thicker fibrous elements
appear, sometimes elongated relative to the matrix; this indicates good visibility of the
cellulose phase and partial preservation of its fibrous nature. The surface here is not
smooth: the cellulose protrudes from the starch matrix, stretches in places, and forms
bridges. This indicates that the filler has not completely dissolved but has retained its
fibrous nature and remains involved in reinforcing the material. D, = 3.54 um is a larger
fibrous element, probably a cellulose bundle or a thickened fibril. D, = 0.37 pum, D,
=0.33 um; D, = 0.36 um, D, = 0.32 um are thinner fibrillar areas, indicating partial
fibrillation of the filler after ultrasound treatment.

SEMHV:5000  WD:6270mm ~ MRANTESCAN

SEMHV:500kV  WD:6238mm MRANTESCAN ~ SEMHV:500k/  WD:6.256 mm MRAI TESCAN
Viewfield:21.70pm  Det: SE Spm 7 Viewfleld:21.70ym  Det: SE Spm h Viewfield: 21.70 ym  Det: SE Sum
SEMMAG: 10.00 kx  Date(midy): 0324126 Performance in mnospaceu SEM MAG: 1000k« Date(midy): 03124126 Pedormancs in mnasmcen SEMMAG: 1000k«  D: u

Figure 6 — SEM images of micro- and nanofibrillated cellulose structures in thermoplastic starch-
cellulose composite (edge part)
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In comparison with our previous researches paper result (Figure 3), where the effect
on cellulose was only physical, using ball milling, larger fibers are observed than in
this study, confirming the effective effect of ultrasound treatment on fibrillation. Also,
visually, the chemically treated films, namely those that have undergone delignification
and bleaching, differ significantly in uniformity compared with the previous study.

Conclusion. The results obtained confirm that the introduction of a cellulose filler
significantly alters the structure and interfacial characteristics of thermoplastic starch
(TPS). SEM analysis showed that pure TPS has a relatively smooth and compact
morphology, while cellulose-containing samples have a rougher, heterogeneous, and
fibrillar surface with visible fiber protrusions, bridges, and micro- and submicron-sized
cellulose fragments. The untreated material retained a coarse-layered structure with
limited fibrousness, while the processed samples showed a more developed fibrous
network, indicating improved dispersion and structural modification of the filler.
The morphology of TPS/cellulose composites suggests that ultrasound treatment and
delignification contributed to partial cellulose fibrillation and increased its availability
within the starch matrix. The presence of fibers of different sizes reflects a heterogeneous
but effective reinforcement structure in which both larger bundles and smaller fibrils
contribute to the composite architecture. This morphological change indicates that
cellulose acted as an active reinforcement phase rather than a passive additive. IR analysis
also confirmed the presence of intermolecular interactions between starch and cellulose.
Changes in the O—H stretching region and in the C—O/C—O—C oscillation ranges indicate
the development of hydrogen bonds and improved interfacial compatibility between the
two biopolymer components. Spectral differences between TPS, starch, cellulose, and
TPS-cellulose confirm that the composite is not a simple physical mixture but a system
with a modified chemical environment and enhanced phase interactions. Overall, the
study demonstrates that cellulose filler, especially after ultrasonic treatment, increases
the morphological complexity and interphase organization of TPS. These structural
changes are expected to increase the effectiveness of filler reinforcement and make
the composite more suitable for further development as a biodegradable material for
packaging and related applications.
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