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Abstract. Introduction. Composites based on chitosan are of particular interest owing to their
biodegradability, environmental safety, and strong affinity for metal ions. Immobilization of chitosan on
an inorganic support such as silica can be used as a method to improve physicochemical properties of
hybrid materials such as their thermal stability and mechanical strength. Objectives. The main purpose of
this work was preparation of chitosan—SiO2 composites with different chitosan loadings and determination
of their physicochemical properties. Methods. Composite chitosan-SiOz with 5, 10, and 20 wt.% content
of chitosan was synthesized via adsorption immobilization followed by alkaline precipitation. Physical
characteristics of obtained materials were studied using methods such as thermo gravimetric analysis
(TGA), nitrogen adsorption—desorption analysis (BET), and scanning electron microscopy (SEM). Results
and discussion. In our study, we showed that alkaline precipitation greatly increased the efficiency of
adsorption and immobilization of chitosan, giving immobilization yields of 93-100%. From thermo
gravimetric analysis, it was found that content of organic substances in the materials is gradually
increased by increasing chitosan loading. According to the classification of the IUPAC, the isotherm is
classified as type IV isotherms with H3 hysteresis loop characteristic for mesoporous materials. Scanning
electron microscopy revealed heterogeneous and relatively rough surface morphology. Conclusion.
Obtained composite materials have developed mesoporous structure, high thermal stability, and good
immobilization of chitosan, which allows to consider them as prospective sorbents for heavy metal ion
elimination from aqueous solutions.
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Introduction

Heavy metal pollution in our water systems is still a big environmental
challenge [1, 2]. That's mainly because these metal ions are toxic, stick around for
a long time, and can build up in living organisms. Among the various pollutants,
nickel (Ni(I1)) and cobalt (Co(ll)) are commonly found in industrial wastewater
from electroplating, mining, metallurgy, and chemical processes [3]. High levels
of these metals can lead to serious environmental and health issues, which is why
there's a strong interest in developing efficient and eco-friendly materials to
remove them [4].

One of the best ways to tackle this problem is through adsorption, as it's a
straightforward and cost-effective method to extract heavy metal ions from water.
Because of its simplicity and efficiency, there's been a growing focus on
biopolymer-based adsorbents lately, thanks to their low toxicity, biodegradability,
and easy availability [5, 6].

Chitosan stands out as a highly promising natural polymer for adsorption due
to its amino and hydroxyl groups that can effectively bond with metal ions [7].
But there are some drawbacks; pure chitosan lacks mechanical stability and
doesn't hold up well in acidic environments, which limits its use [8]. To overcome
this, researchers have started to combine chitosan with inorganic materials like
SiO, to enhance its structural integrity, surface characteristics, and overall
adsorption capabilities.

Mesoporous silica is a great choice for support because it has a high surface
area, a well-developed porous structure, and surface silanol groups, making it
ideal for immobilizing polymers [9]. By combining chitosan with SiOa, it’s
possible to create hybrid materials that have improved physical and adsorption
properties.

Therefore, the aim of this work was to prepare chitosan—SiO, composites
with different polymer contents and investigate their physicochemical properties
using thermogravimetric analysis, nitrogen adsorption—desorption analysis and
scanning electron microscopy.

Experimental part

Materials and reagents

Silicon dioxide (SiO) and chitosan (degree of deacetylation >75%, derived
from shrimp shells) were used as the main reagents and purchased from Sigma-
Aldrich (Germany). Hydrochloric acid (HCI) and sodium hydroxide (NaOH) were
used in the experiments. All chemicals and reagents were of analytical grade and
used without further purification.

Preparation of chitosan—SiO. composites

A 1% chitosan solution was prepared by dissolving 1.0 g of chitosan in 100
ml of 1% hydrochloric acid solution (Figure 1a). The working HCI solution was
prepared by diluting 2.34 ml of concentrated HCI with distilled water to a final
volume of 100 ml. Dissolution was carried out at room temperature under
magnetic stirring until complete polymer dissolution.
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Chit/SiO, composites containing 5, 10, and 20 wt.% of chitosan were
prepared by adsorption immobilization from solution. For this purpose, 1.0 g of
SiO, was dispersed in 34.7, 28.9, and 15 mL of distilled water, respectively, and
stirred for 10-15 min at room temperature. Then, 5.3, 11.1, and 25 ml of 1%
chitosan solution were added to the suspensions (Figure 1b). In all cases, the total
volume of the system was adjusted to 40 ml. The resulting suspensions were
stirred for 1 h, after which the pH was adjusted to 7.5 using NaOH solution in
order to decrease the protonation degree of chitosan amino groups and enhance its
adsorption onto the SiO- surface (Figure 1c). The mixtures were then additionally
stirred for 2 h. The systems were left at room temperature for 12 h to reach
adsorption equilibrium (Figure 1d). The solid phase was separated by filtration,
washed with distilled water until neutral pH, and dried at room temperature to
constant weight (Figure 1e). The filtrates were collected and analyzed by
viscometry.

Thus, SiO, composite samples modified with different chitosan contents
were obtained and further used for physicochemical characterization and
adsorption studies.
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Figure 1 —Experimental procedure for the preparation of chitosan-SiO2. composites

Results and discussion

The chitosan-SiO, composites containing 5, 10, and 20 wt.% of chitosan
were synthesized via the adsorption immobilization method. The extent of
polymer adsorption on the surface of the matrix was calculated based on the
remaining amount of the polymer in the mother liquor after adsorption. The
measurement of mother liquor viscosity allowed estimating the remaining
chitosan amount based on the previously constructed calibration curve.

Quantitative data of chitosan adsorption in Chit/SiO, composites, fabricated
both in the absence and in the presence of an alkaline precipitation, are presented
in Table 1. It has been established that the synthesis method significantly affects
the effectiveness of the composite formation. In the samples synthesized without
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precipitation, the adsorption degree stayed comparatively low at 28-30%,
regardless of the increasing initial chitosan content. This can be caused by low
interaction strength between chitosan macromolecules and the silica surface at
acidic pH due to the repulsion forces acting between molecules [10].
Consequently, only a low number of polymer molecules are adsorbed, and hence,
the content of chitosan in composites becomes low. This is associated with
protonation of amino groups (- NHs") preventing their interaction with silica
silanol groups (Si-OH) [11].

However, in the samples prepared through an additional alkaline
precipitation, a considerable increase in adsorption degree up to 93-100% was
observed. It means that nearly all initial chitosan is adsorbed and immobilized on
the silica surface. It is connected with the shift in the pH value towards neutral
and the corresponding deprotonation of amino groups (-NHsz® — -NHy). As a
result, interaction between polymer and silica becomes more intensive.

Therefore, the polymer content in the obtained composites was significantly
higher than in precipitate-free samples and reached the level of 4.7, 10, and 20
wt.% according to the initial loading.

Table 1 — The results of the assessment of chitosan content in Chit /SiO2 composites

m(Chit) in the m(Chit) in

Initial Solution, Solution after m(Chit) Adsorbed, Adsorptlgn Chit Content, %
mg Sorption, mg mg Degree, %
Chit/SiO2 without precipitation
53 38.0 15.0 28 1.4
111 79.2 318 29 2.9
250 175.0 75.0 30 6.0
Chit/SiO2 with precipitation (by NaOH)

53 4.0 49.0 93 4.7
111 0.0 111.0 100 10.0
250 0.0 250.0 100 20.0

The thermal behavior of pure chitosan and Chit/SiO, composites with
different polymer contents was investigated using TG-DTA analysis (Figure 2).
Pure chitosan exhibited significant thermal degradation accompanied by a total
mass loss of approximately 66.9%. The initial weight loss below 150-180°C was
associated with the removal of physically adsorbed and bound water molecules.
The main decomposition stage started at approximately 292.5°C and corresponded
to degradation of the chitosan polymer backbone, including decomposition of
saccharide and amino-containing groups. In comparison, the Chit/SiO,
composites demonstrated considerably higher thermal stability due to the
presence of the inorganic silica matrix. All composites showed gradual mass loss
with increasing temperature while preserving the characteristic thermal
decomposition behavior of immobilized chitosan. The first weight-loss stage
below 200°C was mainly related to desorption of adsorbed water and partial
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dehydroxylation of silanol groups. The corresponding mass losses were
approximately 5.01%, 5.07%, and 5.18% for 5%, 10%, and 20% Chit/SiO;
composites, respectively. The second decomposition stage observed in the range
of approximately 250-400°C was attributed to thermal degradation of the
immobilized chitosan phase. The mass loss in this region increased with
increasing polymer content and reached 3.38%, 3.89%, and 7.85% for 5%, 10%,
and 20% Chit/SiO, composites, respectively. The total mass losses for the
composites were 11.86%, 14.54%, and 18.56%, respectively. The progressive
increase in mass loss with increasing chitosan loading confirms the successful
incorporation of chitosan into the SiO, matrix and the formation of hybrid
organic—inorganic composites. As one can see, the experimental data agree well
with literature sources [12].

(b)
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Figure 2 — TGA and DTA of (a) chitosan (b) 5% Chit/SiO2 (c) 10% Chit/SiO2 (d) 20% Chit/SiO2

The probable process of the interaction of chitosan with the SiO; surface is
depicted in Figure 3. At an acidic pH value, chitosan dissolves owing to the
protonation of amino groups with the generation of —NHs;" groups. During the
neutralization reaction with NaOH and the further increase in pH value up to 7.5,
the deprotonation of amino groups occurs partially, enhancing the capability of
chitosan macromolecules to bind with the SiO- surface. The binding of chitosan
molecules with silica is governed mainly by hydrogen bonds and physical
adsorption.
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Figure 3 — Schematic illustration of the interaction between chitosan chains and the
SiO: surface via hydrogen bonding

Figure 4 shows the adsorption-desorption isotherms and the pore size
distribution for SiO», chitosan, and 10% Chit/SiO,. Based on the classification of
adsorption isotherms by IUPAC, the isotherms are classified as type 1V
adsorption isotherms with the existence of hysteresis loops of H3 type [13]. Silica
is characterized by the mesoporous structure with a high value of nitrogen
adsorption in the whole range of relative pressures. A hysteresis loop at medium
and high relative pressure indicates capillary condensation inside mesopores.
Additionally, the pore-size distribution proves the prevalence of mesopores with
uniform pore structure [14].
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Figure 4 - N2 -adsorption—desorption isotherm plots of (a) SiO2 (b) Chitosan (c) 10%Chitosan-SiO2
composite. The insets show the corresponding pore-size distribution

A much lower amount of nitrogen absorption by the chitosan sample
indicates poor development of the porous structure and low specific surface area.
The 10% Chit/SiO, composite still preserves mesoporous character of silica;
however, the volume of nitrogen adsorption decreased after the immobilization
process. It occurs due to the blockage of silica pores with chitosan
macromolecules. Nevertheless, preservation of isotherms of type 1V indicates that
silica mesoporous structure has not been destroyed completely. The analysis of
experimental results confirms the successful immobilization of chitosan
molecules to the surface of silica without a complete breakdown of its porous
structure.
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Morphology of the surface of 10% Chit/SiO, composite was studied using
scanning electron microscopy and the corresponding micrograph is provided in
Figure 5. Composite material demonstrates heterogeneity and rather rough surface
morphology featuring clusters of agglomerated particles. As compared to pure
silica described in the literature sources, the surface morphology became less
uniform as a result of chitosan immobilization, which indicates that the polymer
layer was formed on the surface of silica nanoparticles [15]. Formation of clusters
can be attributed to possible interaction of chitosan molecules and silica
nanoparticles during the immobilization step. Moreover, no big crystallites or
phase separation was noticed, which means that chitosan molecules are
homogeneously distributed in the composite material. Surface morphology and
porosity of the developed composite material are beneficial for adsorption,
because they provide a lot of active sites for ion adsorption.

ogz22 mmeaw vios 132 SEl  20kv B —
olgms2 Sample 22243 04 Feb 2026

Figure 5 - SEM micrograph of the (a) SiO2 (b) 10%Chitosan-SiO2

Conclusion

Successful synthesis of the Chitosan-SiO, composites at different polymer
loadings was realized through the method of adsorption immobilization from
solution and alkaline precipitation. Obtained results proved the important role of
pH regulation with sodium hydroxide during immobilization process, providing
maximum chitosan adsorption efficiency up to 93-100%. It was found via
thermogravimetric analysis that the introduction of chitosan into silica resulted in
gradual rise of material's organic content. The nitrogen adsorption-desorption
isotherms proved the formation of mesoporous structure in the resulting
composites with the typical type IV adsorption behavior and hysteresis loop H3
according to the International Union of Pure and Applied Chemistry
classification. Moreover, results of BET analysis confirmed the presence of
partially filled pores, proving that specific surface area and total pore volume
decreased at an increase in the polymer content in composite composition. In
conclusion, obtained results proved that synthesized Chitosan-SiO, composites
are prospective hybrid materials for their further use as adsorbents for selective
removal of heavy metals ions from aqueous solutions.
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XHUTO3AH- SiO, HETIBIHAEI'T KOMIIO3UTTEPAI CUHTE3IEY )KOHE OJIAPIbIH
OU3UKA-XUMUAJBIK CUTIATTAMAJIAPBI

C.H. Capuyiicin*?*, 3.T. Tanzamoe*, JK.K. Kopzanoaeea?,
E.A. Tycynkanues®, JK.H. Kaiinapbaesa®
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2 Abaii amvinoaser Kazax ¥aimmuix Yuusepcumemi, Anmamet, Kazaxcaman

30.5. Bexmypoe amvinoazvl Xumus vinvimoaput uncmumymol AK, Anmamot, Kasaxcman

Tyiiingeme: Kipicne. XuTo3aH Heri3iHIeri KOMIIO3UTTIK MaTepHajlap COHFbI JKbUIAAPHI OHOJIOTHSIIBIK
BIIBIPAFBILITBIFbI, YKOJOTUSUIBIK KayilCi3/iri :xoHe MeTalul HOHIApbIH THIMJI OaiIaHbICTBIPY KaOlIeTiHiH
apKachlHAA 3EPTTEYIIUIEPAIH YIKEH KbI3BIFYIIBUIBIFBIH TYABIPHIT OThIp. OchlHIAl MaTepHanapablH
KAaCHeTTepiH  JKaKCapTy[OblH  THIMAI  TocUimepiHiH  Oipi —  XWTO3aHABl  OeilopraHUKaIbIK
TachIMaJIJJaFbIITAp/bIH, dcipece AMOKCHI KPEMHHUIIIH OeTiHe MMMOOWIn3anusuiay OOJbII TaObUIa/IbL.
SiO2 xommany anslHFaH THOPUTI KYHeIepIaiH MEXaHUKAIBIK OCPIKTIri MEH TEPMUSUIBIK TYPAKTHUIBIFBIH
apTThIpyFa, COHIAW-aK OJapblH MaijalaHy CHIIATTAaMaTapblH JKaKcapTyFa MyMKIiHIIK Oepei.
Bepmmeyoiy maxcamvi.  KypaMblHIarsl XUTO3aH Meuiepi opTypii xurto3aH—SiO2 KOMIIO3HUTTEpiH
CHHTE3/Iey KOHE OJIapAblH (H3HKa-XUMHUSUIIBIK KAaCHETTEPiH 3epTrey Oonabl. Odicmemeci. Kypambiaaa 5,
10 >xoHe 20 Macc.% XHTO3aH 6ap KOMIIO3HTTEP EpITIHIINECH aIcOpOLMSIBIK MMMOOWIM3ALMSIAY JKOHE
KEUIiHrI CINTUTIK TYHABIPY 9MiCi apKbUIbI albIHABL. AJIBIHFAH MaTepHAIAPAbIH KACHETTEPIH 3€PTTEY YIIiH
TepmorpaBuMeTpusiblk Tangay (TTA), a3orTeiH TemeH Temmneparypanarbl agcopoOuusicel (BOT) sxone
CKaHepJIeyIi 3MeKTpOHIbIK MUKpockonust (COM) onicTepi KonmaHsuLbl. Homuoicenep scane mankwliay.
3epTrey HOTIKETEpl CITUTIK TYHABIPY mporieci xuto3anHbH SiO2 GeriHe OEKIiTiMy THIMIUIMH eaayip
apTTBIPATBIHBIH KOpPCeTTi, Oy jkarmaiina mmmoOwmmsauus aopexeci 93—-100% apanbirbiHga OONABL.
TepMorpaBUMETPHSUIBIK Tajgay HOTHKEIepi KOMIIO3UT KYPaMBIHIAFBl XUTO3aH MJIIEpi apTKaH CaiblH
OpraHMKanblK OelikTiH ne Oiprinmen keGeierinin ponenpeni. IUPAC xnmaccuduxanmscsiHa caiikec
anpiHFad n3orepmanap H3 rucrepesuc inmveri 6ap [V Tunke sxataasl, Oy MaTepuaIgapIbiH ME30KEYeKTi
KYpBUIBIMFa He ekeHiH kopcereni. COM apKbUIbl )KYPri3ireH Tanjay KOMIIO3UTTEpIiH OeTi Oipkelki emec
JKOHE CAIIBICTBIPMAJIBI TYp/ie KeAip-OyabIpiabl MOP(OIOTHAMCH CHIIATTATIATBIHBIH KOPCETTi. KopblmbIHObL.
Ochunaifina, CHHTE3NeNTeH XUT03aH—Si02 KOMITO3UTTEp JaMbIFaH ME30KEYEKTi KYPBUIBIMBIMEH, JKOFaphI
TEPMUSUTBIK TYPAKTBUIBIFBIMEH JKOHE IOMMMEPAIH THIMII MMMOOHIM3ALMSIAHYBIMEH €peKIIeIeHEe .
MyHzali KacHeTTep OJNApABIH ayblp METalll HOHIAPHIH CyJbl epiTiHAlIepaeH Oejin aldyra apHalFaH
MEepPCIIEKTUBTI COPOSHTTEP PETiHAE KOJAaHbLTybIHA MYMKIHAIK Oepeni.

Tyiiinai ce3aep: XUT03aH, KPEMHHUH IMOKCH1, KOMIO3UTTIK MaTepuaiap, acoOpOLHsITBIK
HMMOOHIIH3ALIHUSI, ME30KEYESKTI MaTepHaaap

Capuiyiicin Conua Hypbexkpizvl PhD ooxmopanm

Tanzamoe Invoap Tanzamosuy PhD ooxmop, KayvimoacmuipuLizan npogeccop

Kopzanbaeea Kanap Koxcambepoikpizvl  Xumus ebliblMOapbIHbIH KAHOUOAMbL,
Kayvimoacmolpolizan npogheccop
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CHUHTE3 U ®U3UKO-XUMHYECKASI XAPAKTEPUCTHKA KOMIIO3UTOB HA OCHOBE
XHUTO3AHA H SiO;

C.H. Capuiyiicin*?*, 3.T. Tanzamoe*, XK. K. Kopzanoaesa?, E.A. Tycynkanues®,

JK.H. Kaiinapbaesa®

L A0 «Hncmumym monnusa, kamanusa u snexkmpoxumuu um. J1.B.Coxonvckozo», Anmamei, Kazaxcman
2Kazaxckuii HAYUOHANbHbII nedazoeudeckuti ynusepcumem umenu Abasy, Anmamel, Kazaxcman

3 AO «HMncmumym xumuueckux nayx umenu A.5. bexmyposay, Anmamei, Kazaxcman

Pe3tome. Bgeoenue. KoMmno3uTsl Ha OCHOBE XWTO3aHA B IIOCIIEAHME TOAbl IPHUBIIEKAIOT 3HAUUTEIIBHOE
BHHUMaHHUE Oiarojapsi COYCTaHHI0 OHMOpAa3IaracMOCTH, JKOJIOTHYECKON OEe30MacHOCTH M CIIOCOOHOCTH
3¢ (EeKTUBHO CBA3BIBATH HOHBI MeTAIOB. OJTHUM U3 ITOAXO/0B K YJIYYIIEHHUIO CBOHCTB TaKMX MaTepHalloB
SIBIISIETCS MMMOOMIM3AaLUsl XUTO3aHA Ha IIOBEPXHOCTH HEOPraHMYECKUX HOCHUTENIEH, B UYaCTHOCTH
ouokcuia kpemHusA. Mcnone3oBanue SiOz mO3BONACT IOBBICUTH MEXAHHYECKYHO IPOYHOCTE U
TEPMHUYECKYI0  YCTOHYMBOCTb  HOJIy4aeMbIX TMOPHUAHBIX CHCTEM, a TaKkkKe YIy4yllUTh HX
9KCIUTyaTallUOHHbIE XapaKTePUCTUKU. Lleavio Oannoti pabomsl SBISIOCH IOMYYEHHE KOMIIO3UTOB
xut03aH-SiO2 ¢ pasinUYHBIM COJIEPKAHUEM OJIMMEPa U MCCIECAOBAHNE HX (PU3MKO-XMMUYECKUX CBONCTB.
Memoouxa. CuHTE3 KOMIIO3UTOB C cofepykaHueM xuro3ana 5, 10 u 20 macc.% mpoBOAMIM METOIOM
a7COPOLMOHHON MMMOOWIM3alMM W3 PAcTBOpa C IOCICAYIOLIUMM ILIETOYHBIM OcakaeHueM. Jlns
XapaKTePUCTUKH IOJYYEHHBIX MaTepHUalIOB HCIOJIb30BAIM METO/bl TEPMOIPABUMETPUUECKOr0 aHaM3a
(TT'A), HuskoremnepatypHoit agcopbuun azora (BOT) u ckanupyromen 3J1E€KTPOHHOH MUKPOCKOIHMHU
(COM). Pesynomamul u 0bcysicoenus. Pe3ynbTaTsl UCCIEIOBAHUS TOKA3aJIH, YTO MPOBEACHHE IIEIOYHOIO
OCAKAEHUS CYIIECTBEHHO MNOBbIMIAET 3()(PEKTUBHOCTh 3aKPEIUICHHs XMTO3aHa Ha mnoBepxHocTH SiOg,
obecrieurBasi creneHb UMMoOmmm3anuu B npenenax 93—-100%. [laHHbIe TepMOIPaBHMETPHYECKOTO
aHaJIM3a CBUJICTENILCTBYIOT O IMOCTEIEHHOM YBEJIMUYCHHH COACPIKAHUS OPraHMYECKOH COCTaBISIOLICH pu
MOBBIILICHUH JIONK XUTO3aHa B cocTaBe kommno3uToB. CornacHo knaccudukanuu [UPAC, nomyueHHbie
U30TEPMbl OTHOCATCS K IV THIly M XapaKkTepu3yloTcs HaJUuMeM HeTiu rucrepesuca H3, uro ykasbiBaer
Ha ME30MOPUCTYI0 CTPYKTYpy MarepuayloB. AHanu3 mnoBepxHoctH MerogoM COM mokaszan, dTo
KOMITO3UThI O0JIQ[Ial0T HEOIHOPOIHOW W CPABHUTEIBHO I[IEPOXOBATOH MOPQOIOTHEH MOBEPXHOCTH.
3axnrouenue. Takum 00pa3oM, CHHTE3HPOBAHHbBIC KOMIO3HUTHI XUT03aH—SIO2 XapakTepu3yrOTCs Pa3BUTON
ME30IOPHCTOH CTPYKTYPOH, BHICOKOH TEPMUUECKOH CTAaOMIBHOCTBIO U 3((EKTHBHONH MMMOOHIM3aLUen
nonumepa. COBOKYITHOCTb IIOJYYEHHBIX CBOMCTB IO3BOJIIET PAcCMAaTpUBATh JaHHBIE MaTepUalbl Kak
MePCTIEKTUBHBIC COPOEHTBI JUIsl M3BJICUSHHUS] HOHOB TSDKENBIX METAJUIOB U3 BOJHBIX PACTBOPOB.

KioueBbie cjioBa: XUTO3aH, MAHOKCHUJA KpPEMHHUS, KOMIIO3UIIMOHHBIC MaTCpUalibl, aI[COp6I_IHOHHa$I
I/IMMO6I/IHI/IBaI_IPI}I, ME30IOPUCTBIC MaTECpHUAIIbI

Capuiyiicin Canusa Hypoexkkpizol PhD doxkmopanm

Tanzamos Invdap Tanzamosuy KAHOUOAm XumMu4eckux HayK, accoy. npogheccop
Kopzanbaesa Kanap Kosrcambepoixpizot KAHOUOAM XUMUYeCKUX HayK

Tycynkanuee Epcun Aouemoguu mazucmp
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