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PREPARATION AND CHARACTERIZATION OF PECTIN–SILICA COMPOSITES 

WITH MODIFIED SURFACE PROPERTIES 

 

Abstract 

The aim of this study was to prepare and characterize pectin–silica composites with different 

surface properties and to evaluate the effect of silica surface modification on pectin immobilization. 

Unmodified silica (SiO2) and APTES-functionalized silica (SiO2–APTES) were used as inorganic 

components for the preparation of Pectin/SiO2 and Pectin/SiO2–APTES composites under 

comparable conditions. The immobilization of pectin was evaluated by viscometric analysis of the 

residual polymer concentration in the filtrate, while the structural and morphological characteristics of 

the obtained materials were investigated using Fourier-transform infrared spectroscopy (FTIR) and 

scanning electron microscopy (SEM). A pronounced difference in pectin immobilization efficiency 

was observed for the two silica surfaces. The immobilization efficiency of pectin on unmodified SiO2 

was 39.5%, whereas the use of APTES-functionalized silica increased the immobilization efficiency 

to 98.7%. FTIR analysis confirmed the coexistence of characteristic structural features of silica, 

APTES-derived organic groups, and pectin in the Pectin/SiO2–APTES composite. Changes in the O–

H, carboxyl, and C–H spectral regions indicated interactions between pectin functional groups and the 

modified silica surface. SEM observations revealed substantial morphological changes after pectin 

immobilization, with the resulting composite exhibiting a more heterogeneous and densely packed 

structure compared with the initial silica materials. The obtained results demonstrate that modification 

of silica surface properties can substantially improve pectin immobilization and influence the 

structural organization of pectin–silica composites. The prepared materials may be considered 

promising polymer–inorganic systems for further investigation in adsorption and related surface 

processes. 

Keywords: pectin, silica, pectin–silica composite, surface modification, pectin immobilization, 

adsorption. 
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БЕТКІ ҚАСИЕТТЕРІ МОДИФИКАЦИЯЛАНҒАН ПЕКТИН-СИЛИКАТТЫ 

КОМПОЗИТТЕРДІ АЛУ ЖӘНЕ СИПАТТАУ 

 

Аңдатпа 

Зерттеудің мақсаты беткі қасиеттері әртүрлі пектин-силикатты композиттерді алу және 

сипаттау, сондай-ақ кремний диоксиді бетінің модификациясының пектиннің иммобилизация-

лануына әсерін бағалау болды. Салыстырмалы жағдайларда Pectin/SiO2 және Pectin/SiO2–APTES 

композиттерін алу үшін модификацияланбаған кремний диоксиді (SiO2) және APTES-пен 

функционалдандырылған кремний диоксиді (SiO2–APTES) пайдаланылды. Пектиннің 

иммобилизациялану дәрежесі фильтраттағы полимердің қалдық концентрациясын вискози-

метриялық әдіспен анықтау арқылы бағаланды. Алынған материалдардың құрылымдық және 

морфологиялық сипаттамалары Фурье түрлендіруімен инфрақызыл спектроскопия (FTIR) және 

сканерлеуші электрондық микроскопия (SEM) әдістерімен зерттелді. Кремний диоксидінің беткі 

қасиеттеріне байланысты пектиннің иммобилизациялану тиімділігінің айқын айырмашылығы 

анықталды. Модификацияланбаған SiO2 бетінде пектиннің адсорбциялану тиімділігі 39,5% 

құраса, SiO2–APTES қолдану иммобилизация тиімділігін 98,7%-ға дейін арттырды. FTIR-

спектроскопия нәтижелері Pectin/SiO2–APTES композитінде кремний диоксидіне, APTES-тен 

туындайтын органикалық топтарға және пектинге тән құрылымдық белгілердің қатар болуын 

растады. O–H, карбоксил және C–H топтарына сәйкес спектрлік аймақтардағы ӛзгерістер 

пектиннің функционалдық топтары мен модификацияланған кремний диоксиді беті арасындағы 

ӛзара әрекеттесулерді кӛрсетті. SEM нәтижелері пектинді иммобилизациялау нәтижесінде 

бастапқы кремний құрамды материалдармен салыстырғанда композит бетінің морфологиясы 

айтарлықтай ӛзгеріп, неғұрлым біртекті емес және тығыз құрылым қалыптасқанын кӛрсетті. 

Алынған нәтижелер кремний диоксидінің беткі қасиеттерін модификациялау пектиннің 

иммобилизациялануын едәуір арттырып, пектин-силикатты композиттердің құрылымдық ұйым-

дасуына әсер ететінін кӛрсетті. Алынған материалдар сорбциялық және басқа да беттік процес-

терде әрі қарай зерттеуге перспективалы полимер-бейорганикалық жүйелер болып табылады. 

Түйін сөздер: пектин, кремний диоксиді, пектин-силикатты композит, бетті модификация-

лау, пектиннің иммобилизациялануы, адсорбция. 
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ПОЛУЧЕНИЕ И ХАРАКТЕРИСТИКА ПЕКТИН-СИЛИКАТНЫХ КОМПОЗИТОВ  

С МОДИФИЦИРОВАННЫМИ ПОВЕРХНОСТНЫМИ С ВОЙСТВАМИ 
 

Аннотация 
Целью настоящего ис следования являлось получение и характеристика пектин-силикат-

ных композитов с различными поверхностными свойствами, а также оценка влияния 
модификации поверхности диоксида кремния на иммобилизацию пектина. В качестве 
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неорганических компонентов для получения композитов Pectin/SiO2 и Pectin/SiO2–APTES 
использовали немодифицированный диоксид кремния (SiO2) и функционализированный 
APTES диоксид кремния (SiO2–APTES) при сопоставимых у словиях. Степень иммобилизации 
пектина оценивали вискозиметрическим методом по остаточной концентрации полимера в 
фильтрате. Структурные и морфологические характеристики полученных материалов 
исследовали методами инфракрасной спектроскопии с преобразованием Фурье (FTIR) и 
сканирующей электронной микроскопии (SEM). Установлено существенное различие в 
эффективности иммобилизации пектина в зависимости от поверхностных свойств диоксида 
кремния. Эффективность адсорбции пектина на немодифицированном SiO2 составила 39,5%, 
тогда как использование функционализированного SiO2–APTES позволило повысить эффек-
тивность иммобилизации до 98,7%. По данным FTIR-спектроскопии в композите Pectin/SiO2–
APTES выявлено сочетание характерных структурных признаков диоксида кремния, органи-
ческих групп APTES и пектина. Изменения в областях полос, соответствующих O–H-, 
карбоксильным и C–H-группам, указывают на взаимодействие функциональных групп 
пектина с модифицированной поверхностью диоксида кремния. По данным SEM после 
иммобилизации пектина наблюдались выраженные морфологические изменения, сопровож-
давшиеся формированием более неоднородной и плотной структуры композита по сравнению 
с исходными кремнийсодержащими материалами. Полученные результаты показывают, что 
модификация поверхностных свойств диоксида кремния позволяет существенно повысить 
иммобилизацию пектина и влияет на структурную организацию пектин-силикатных 
композитов. Полученные материалы представляют интерес как полимер-неорганические 
системы для дальнейшего исследования в сорбционных и других поверхностных процессах. 

Ключевые слова: пектин, диоксид кремния, пектин-силикатный композит, модификация 
поверхности, иммобилизация пектина, адсорбция.  

 
Introduction. Water pollution is a major global environmental challenge driven by population 

growth, economic development, urbanization, and increasing pressure on water resources [1]. 
Contamination of aquatic systems by industrial, agricultural, and domestic wastewater can adversely 
affect ecosystems, human health, and the availability of water resources [2]. According to the World 
Health Organization and UN-Water, approximately 42% of household wastewater generated globally 
in 2022 was not safely treated before discharge, corresponding to an estimated 113 billion m3 of 
wastewater released to the environment with inadequate or no treatment [3]. At the same time, 
monitoring of industrial wastewater treatment remains limited, indicating a substantial need for 
effective and accessible technologies for wastewater  purification.Wastewater may contain a complex 
mixture of inorganic and organic contaminants, including heavy metal ions, dyes, nutrients, 
pharmaceuticals, pesticides, and other persistent or emerging pollutants [4, 5]. The diversity and 
chemical stability of these contaminants can make their removal challenging and may require the 
application or combination of different treatment processes. Conventional and advanced approaches 
include precipitation, coagulation–flocculation, ion exchange, membrane separation, biological 
treatment, electrochemical processes, advanced oxidation, and adsorption [6, 7]. The selection of a 
treatment method depends on the type and concentration of the contaminant, wastewater composition, 
required treatment efficiency, energy demand, and operating cost. 

Among these technologies, adsorption has attracted considerable attention because of its 
operational simplicity, versatility, and effectiveness in removing a broad range of inorganic and 
organic contaminants from aqueous systems [8]. A wide range of adsorbents has been investigated, 
including activated carbon, zeolites, clays, biochar, carbon-based nanomaterials, and synthetic and 
natural polymeric materials [9]. However, the practical application of conventional adsorbents can be 
limited by production costs, regeneration requirements, or environmental considerations associated 
with their preparation and disposal [10]. Consequently, the development of alternative adsorbents 
from renewable and biodegradable resources has become an important direction in wastewater 
treatment research. 

Biopolymers have emerged as promising materials for sustainable adsorbents because of their 
abundance, biodegradability, biocompatibility, and the presence of functional groups capable of 
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interacting with various pollutants [11 Polysaccharides such as chitosan, cellulose, and alginate have 
been widely investigated for the removal of heavy metals, dyes, pharmaceuticals, and other  
contaminants from aqueous media [12, 13]. Their adsorption and structural properties can be 
enhanced through chemical modification, crosslinking, incorporation of inorganic phases, and 
formation of polymer–inorganic composites, enabling the development of hybrid materials with 
tailored surface properties.  

Within the group of natural polysaccharides, pectin is of particular interest because it contains 
abundant hydroxyl and carboxyl groups that provide hydrophilic and functional sites for the 
development of hybrid materials [14]. Incorporation of an inorganic phase can further modify the 
structural and surface properties of pectin-based materials [15]. 

Silica (SiO2) is a suitable inorganic component because of its high specific surface area, surface 
hydroxyl groups, chemical stability, and ability to undergo surface functionalization [16]. Combining 
silica with pectin can therefore provide organic–inorganic composites with tunable structural, surface, 
and adsorption properties. However, the interaction between polymer functional groups and the silica 
surface depends strongly on the surface chemistry of the inorganic phase. 

The surface properties of silica can be further tailored through chemical functionalization to 
improve its interaction with polymer matrices [17, 18]. One effective strategy is the modification of 
silica with organosilanes, which are widely used to introduce additional functional groups onto the 
silica surface and to regulate the polymer–silica interface. Among various silane coupling agents, 3-
aminopropyltriethoxysilane (APTES) is particularly attractive because its hydrolyzable ethoxy groups 
can participate in surface silanization, while the terminal aminopropyl group introduces additional 
functional sites capable of interacting with polymer functional groups [19]. Such surface modification 
may alter the interaction between silica and pectin and, consequently, affect the efficiency of polymer 
immobilization and the structure of the resulting composite. 

Several studies have investigated pectin–silica hybrid materials and demonstrated their potential 
for adsorption and other functional applications. Krupska et al. [20] studied pectin/silica 
nanocomposites and showed that the incorporation of pectin affected their hydration and adsorption 
properties. Groult et al. [21] developed silica–pectin composite aerogels and demonstrated that the 
incorporation of silica modified their structural characteristics and specific surface area. Abouzeid et 
al prepared pectin/silica-based hybrid materials and confirmed the formation of an organic–inorganic 
structure using spectroscopic and microscopic techniques. Boiko et al. investigated pectin 
immobilization in a polysiloxane matrix for Pb(II) removal and demonstrated the potential of such 
systems for adsorption applications. However, the effect of APTES functionalization of silica on 
pectin immobilization and composite formation remains insufficiently studied [22].  

Therefore, the aim of this study was to prepare and characterize pectin–silica composites with 
different silica surface properties and to evaluate how surface modification affects pectin 
immobilization and the structural characteristics of the resulting composites [23]. Pectin/SiO2 and 
Pectin/ SiO2–APTES composites were prepared under comparable conditions, and the effect of silica 
surface modification was evaluated by viscometric determination of pectin immobilization efficiency, 
Fourier-transform infrared (FTIR) spectroscopy, and scanning electron microscopy (SEM). 

Materials and methods. 
1. Materials 
Silica (SiO2), 3-aminopropyltriethoxysilane (APTES), pectin (Pec, from apple, 50–75% 

esterification), hydrochloric acid were purchased from Sigma-Aldrich, St. Louis, MO, USA. Ethanol 
(reagent grade) was obtained from Talgar Alcohol LLP (Talgar, Kazakhstan). All reagents were used 
without further purification. 

2. Preparation of SiO2–APTES  
Silica (1.0 g) was dispersed in 30 mL of ethanol under magnetic stirring in a closed vessel for  

10–15 min. Subsequently, 2.7 mL of APTES was added dropwise, and the suspension was stirred at 
room temperature for 3 h. The pH was then adjusted to 8.0, and the mixture was aged at room 
temperature for 12 h to promote hydrolysis and condensation of the silane groups. The resulting 
SiO2–APTES product was separated by filtration, washed three times with ethanol to remove 
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unreacted APTES and  by-products, and dried at room temperature. Finally, the material was 
thermally treated at 110 °C for 30 min. 

3. Preparation of the Pectin/SiO2–APTES Composite 
The Pectin/SiO2–APTES composite was prepared by adsorption of pectin from an aqueous 

solution. First, 1.0 g of SiO2–APTES was dispersed in 8.9 mL of distilled water under continuous 
stirring at room temperature. Then 11.1 mL of the 1 wt.% pectin solution was added to the SiO2–
APTES suspension, giving a total volume of 20 mL. The mixture was stirred at room temperature for 
2 h and then kept in the mother liquor until complete settling of the composite. The precipitate was 
separated by filtration, washed with distilled water to remove unbound pectin, and dried at room 
temperature to constant weight.  

4. Preparation of the Pectin/SiO2 Composite 
The Pectin/SiO2 composite was prepared using the same procedure as described for Pectin/SiO2–

APTES, except that unmodified SiO2 was used instead of SiO2–APTES. 
5. Characterization of the Composites by Physicochemical Methods 
Viscosity measurements were carried out at 20°C using an Ubbelohde viscometer and a 

thermostatic bath (KRIO-VIS-E-01, Termex, Tomsk, Russia), and flow times were averaged over at 
least three measurements. Calibration curves were obtained from pectin solutions of known 
concentration prepared under identical conditions (same poly-mer batch, solvent). 

Fourier Transform Infrared (FTIR) spectroscopy were obtained using a Nicolet iS5 from Thermo 
Scientific (Waltham, MA, USA), with a resolution of 3 cm−1 in the 4000–400 cm−1 region. Pellets 
for infrared analysis were obtained by grinding a mixture of 1 mg sample with 100 mg dry KBr, 
followed by pressing the mixture into a mold. 

Scanning electron microscopy (SEM) micrographs were obtained on a scanning elec-tron 
microscope JSM-6610 LV (―JEOL‖ Ltd., Tokyo, Japan) at an accelerating voltage of 15–20 kV.  

Results. 
Viscosity Analysis and Pectin Immobilization on the Silica Surface 
The immobilization of pectin on the silica surface was evaluated indirectly by measuring the 

viscosity of the polymer solutions before and after the adsorption process. Since the viscosity of dilute 
pectin solutions depends on polymer concentration, the residual pectin concentration in the filtrate 
after composite preparation was determined using a previously established calibration curve relating 
specific viscosity (ηsp) to polymer concentration. 

The amount of immobilized pectin was estimated from the difference between the initial and 
residual polymer concentrations, and the adsorption efficiency was calculated using equation. The 
obtained results are presented in (Table 1). 

 

 

 

Where  A is the adsorption efficiency (%), C0 is the initial pectin concentration, and C is the 

residual pectin concentration in the filtrate after adsorption. 

 

Table 1. Pectin immobilization parameters for the prepared composites 

 
Composite Pectin content, wt.% Adsorption efficiency, % 

Initial pectin concentration, 

wt.% 

Residual pectin 

concentration, wt.% 

Pectin/SiO2 0.56 0.34 39.5±0.41 

Pectin/SiO2–

APTES 

0.56 0.01 98.7±0.12 

    

As shown in Table 1, the adsorption efficiency of pectin strongly depended on the surface 

chemistry of silica. The unmodified SiO2 exhibited a relatively low adsorption efficiency of 39.5%, 

indicating weak interactions between pectin macromolecules and the hydroxylated silica surface. In 
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contrast, APTES-functionalized silica demonstrated an adsorption efficiency of 98.7%, corresponding 

to almost complete immobilization of pectin under the selected preparation conditions. 

The remarkable increase in pectin adsorption after APTES functionalization can be attributed to 

the introduction of aminopropyl groups onto the silica surface. These amino groups provide additional 

active sites capable of interacting with the hydroxyl and carboxyl groups of pectin through hydrogen 

bonding and electrostatic interactions, resulting in stronger polymer attachment and a significantly 

higher immobilization efficiency. 

 

3.2. FTIR Spectroscopic Analysis 

 
 

Figure 1. FTIR of (a) pectin, (b) SiO2, (c) SiO2-APTES, (d) Pec/SiO2–APTES 

 

Fourier-transform infrared (FTIR) spectroscopy was used to investigate the characteristic 

functional groups of pectin, silica, APTES-functionalized silica, and the resulting Pectin/ SiO2–

APTES composite (Fig. 1). The FTIR spectrum of pectin (Fig. 1a) exhibited a broad band centered at 

3420 cm
–1

, which can be attributed to O–H stretching vibrations. The bands at 2939 and 2907 cm
–1

 

were associated with C–H stretching vibrations of the polysaccharide backbone. The absorption band 

at 1622 cm
–1

 can be related to vibrations of carboxyl groups or adsorbed water, while the band at 

1416 cm
–1

 is associated with vibrations of carboxylate groups. The region between 900 and 1200 cm
–1

 

contained several bands characteristic of the polysaccharide structure. In particular, the band at 1052 

cm
–1

 can be attributed to C–O and C–C stretching vibrations of the carbohydrate backbone. Similar 

characteristic pectin bands have been reported for pectin-based materials. 

The spectrum of unmodified SiO2 (Fig. 1b) was characterized by a broad absorption band at 3436 

cm
–1

 and a band at 1634 cm
–1

, corresponding mainly to O–H stretching and H–O–H bending 

vibrations, respectively, associated with surface hydroxyl groups and adsorbed water. The intense 

band at 1102 cm
–1

 was assigned to asymmetric stretching vibrations of the Si–O–Si framework. 
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Additional bands at 957 and 805 cm
–1

 can be attributed to surface Si–OH and Si–O–Si vibrations, 

respectively, while the band at 479 cm
–1

 corresponds to Si–O–Si bending vibrations. These features 

are characteristic of silica-based materials. 

After functionalization with APTES, several changes were observed in the FTIR spectrum of 

SiO2–APTES (Fig. 1c). In particular, bands appeared at 2975 and 2883 cm
–1

, which are characteristic 

of C–H stretching vibrations of the methylene groups in the aminopropyl chain of APTES. A band at 

1501 cm
–1

 can be associated with vibrations of amino groups, although its assignment should be 

considered together with the other spectral changes. The strong band at 1110 cm
–1

 remained 

characteristic of the Si–O–Si network, while the bands at 795 and 472 cm
–1

 corresponded to Si–O–Si 

vibrations. The appearance of the C–H bands in the 2850–3000 cm
–1

 region provides evidence for the 

presence of APTES-derived organic groups on the silica surface. 

The FTIR spectrum of the Pectin/SiO2–APTES composite (Fig. 1d) combined characteristic 

features of both the polysaccharide and the silica-based matrix. The bands at 2928 and 2857 cm⁻¹ 
were associated with C–H stretching vibrations. These bands may arise from overlapping 

contributions of the pectin polysaccharide backbone and the methylene groups of the APTES-derived 

aminopropyl chains. Therefore, their individual contributions cannot be unambiguously distinguished 

based solely on the FTIR spectra. The bands at 1640 and 1420 cm
–1

 can be related to vibrations of 

carboxyl-containing groups of pectin. At the same time, the strong absorption band at 1111 cm
–1

 and 

the bands at 804 and 471 cm
–1

 corresponded to the characteristic vibrations of the silica network. The 

presence of bands in the 2850–2950 cm
–1

 region together with the silica-related bands indicates the 

coexistence of organic and inorganic components in the composite. 

Discussion. Comparison of the spectra of SiO2–APTES and Pectin/SiO2–APTES shows that the 

characteristic bands associated with pectin are retained after immobilization, while the dominant Si–

O–Si absorption of the silica matrix remains present. The changes in the position and relative intensity 

of several bands, particularly in the O–H/carboxyl and C–H regions, indicate interactions between 

pectin functional groups and the functionalized silica surface. These spectral features are consistent 

with the high pectin immobilization efficiency determined by the viscometric analysis. 

 

  
(a)                                                                 (b) 

 

  
(c) (d) 
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Figure 2. SEM microphotographs of (a) SiO2, (b) Pec/SiO2–APTES 

The morphology of SiO2 and the Pec/SiO2–APTES composite was investigated by scanning 

electron microscopy (SEM), as shown in Figure 2. The SEM micrograph of the initial SiO2 (Fig. 2a) 

reveals a relatively uniform particulate morphology composed predominantly of irregularly shaped 

particles with well-defined angular edges. The particles are distributed throughout the analyzed area 

and exhibit a comparatively compact arrangement. Individual particles remain clearly distinguishable, 

although partial aggregation and contact between neighboring particles can also be observed. The 

distinct particle boundaries and angular morphology are characteristic features of the initial silica 

surface under the applied imaging conditions. 

A pronounced change in morphology is observed for the Pec/SiO2–APTES composite (Fig. 2b). 

In contrast to the clearly defined particles of the initial SiO2, the composite exhibits a substantially 

more heterogeneous and less ordered surface. The sharp angular contours of the silica particles 

become less distinguishable, while the surface contains irregular agglomerates and a finer particulate 

fraction distributed throughout the analyzed region. The material also appears more compact and 

structurally heterogeneous compared with the initial silica. These morphological changes indicate 

modification of the silica surface following APTES functionalization and subsequent pectin 

immobilization. 

The reduced visibility of the original silica particle boundaries and the formation of irregular 

surface regions may be associated with the presence of an organic component on the silica surface and 

with aggregation occurring during composite preparation and drying. However, SEM observations 

alone cannot establish the chemical nature of the surface interactions or distinguish conclusively 

between physical deposition and specific interactions of pectin with the APTES-functionalized silica. 

Therefore, the morphological observations should be considered together with the results obtained by 

complementary characterization methods. 

In particular, the SEM results are consistent with the viscometric analysis, which demonstrated a 

pectin adsorption efficiency of 98.7% for the Pec/SiO2–APTES system. The substantial decrease in 

the residual pectin concentration after contact with APTES-functionalized silica indicates extensive 

immobilization of the polymer. Together with the FTIR results showing the presence of characteristic 

pectin- and silica-related functional groups, the observed morphological transformation supports the 

successful incorporation of pectin into the silica-based composite. Thus, SEM provides additional 

morphological evidence for the formation of Pec/SiO2–APTES, complementing the quantitative 

adsorption and spectroscopic data. 

Conclusion. In this study, pectin–silica composites with different silica surface properties were 

prepared and characterized using viscometric analysis, FTIR spectroscopy, and SEM. Pectin/ SiO2 

and Pectin/SiO2–APTES composites were obtained under comparable conditions to evaluate the 

effect of silica surface modification on pectin immobilization and composite structure. 

The viscometric analysis demonstrated a pronounced difference in pectin immobilization 

depending on the silica surface chemistry. The immobilization efficiency of pectin on unmodified 

SiO2 was 39.5%, whereas the use of APTES-functionalized silica increased the immobilization 

efficiency to 98.7%. This result indicates that modification of the silica surface with aminopropyl 

groups substantially enhanced the interaction between silica and pectin under the selected 

experimental conditions. 

FTIR analysis confirmed the presence of characteristic bands associated with silica, APTES-

derived organic groups, and pectin in the Pectin/SiO2–APTES composite. The appearance of C–H 

stretching bands associated with the aminopropyl groups after silica functionalization, together with 

changes in the spectral features of the composite, supports the immobilization of pectin on the 

functionalized silica surface. SEM observations further revealed pronounced morphological changes 

after pectin immobilization, with the composite exhibiting a more heterogeneous and densely packed 

structure compared with the initial SiO2 and SiO2–APTES materials. 

Overall, the results demonstrate that modification of silica surface properties can substantially 

improve pectin immobilization and influence the morphology of the resulting polymer–silica 
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composite. The obtained Pectin/SiO2–APTES material provides a basis for further investigation of 

pectin–silica composites in adsorption and related surface processes. 
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