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Abstract

Silica—chitosan hybrid composites containing up to 3.5 % chitosan were prepared via a reproducible
and simple sol-gel route through the hydrolysis and condensation of tetraethoxysilane (TEOS). The
obtained gels were systematically characterized in terms of their textural, optical and thermal
properties using UV-Vis spectroscopy, TG/DTA analysis, scanning electron microscopy (SEM), X-
Ray diffraction and thermal conductivity measurements. The bulk gel density was found to increase
with chitosan content, indicating gradual compaction of the silica network and high sample
homogeneity. These structural changes were accompanied by alterations in thermal stability, optical
transparency, and heat transfer properties. DTA analysis revealed a broad exothermic feature, which
may indicate a thermally induced process, such as partial carbonization. The resulting composites
are suitable for various applications, including thermal insulation with controlled thermal
conductivity, optical devices, biocompatible coatings, adsorbents for pollutant removal, controlled
drug delivery, catalytic supports, and sensors. UV/Vis measurements display an intense absorption
feature of the composites at 280-305 nm, which is promising for optical filter applications in
combination with the increased mechanical stability due to chitosan addition.

Keywords: sol-gel; silica—chitosan composites; hybrid materials; porosity; specific surface area;
thermal conductivity; thermal stability; optical properties

1. Introduction

Silica-based materials have attracted considerable attention due to their tunable porosity, high
specific surface area and versatile applications in thermal insulation, optics, and biomedicine [1-3].
The incorporation of biopolymers such as chitosan into silica matrices has been proposed to enhance
mechanical strength, biocompatibility, and optical functionality [4]. Despite numerous studies on
silica—chitosan composites, the combined effect of chitosan incorporation on textural, optical, and
thermal conductivity properties remains insufficiently explored, and hypotheses regarding its
influence on pore structure, heat transfer, and potential luminescent behavior have been suggested
[5,6]. Some physicochemical questions, concerning the preparation and properties of low chitosan
doped silica gels, however, remain unexplained. The preparation of sol-gel silica strongly depends
on several parameters, such as the pH of the hydrolysis, the temperature and conditions of gelation,
the volume of the system, and the type and amount of the dopant added. In the preparation of hybrid
composites, an additional challenge is associated with the changes occurring in the organic molecule
(dopant) during the sol-gel process. An example of this is silica doped with coumarin, benzoic acid,
or phenanthroline [7,8]. In the sol-gel preparation of such hybrid composites, it is necessary to
identify a preparative “window” in which the viscosity of the system allows homogeneous
distribution of the dopant at the molecular level, while preserving its chemical and physical
properties. Similar issues are relevant for the silica—chitosan system, in which a correlation and a
synergistic effect between the matrix and the doping organic compound are expected [3]. Taking into
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account the unique properties of chitosan as a dopant, tuning the sol-gel parameters enables the
synthesis of composites and compact gels with potential applications in catalysis, optical materials,
water adsorption, biomedicine, sensors, and thermal or mechanical protection [9-11].

In this work, low doped silica—chitosan composites were synthesized via a novel and simple sol-
gel method by varying the chitosan content from 0.2 to 3.3 % in the initial sol to investigate the
relationships between microstructure, optical and thermal properties, and doping level. A sol-gel
procedure was developed to ensure a homogeneous distribution of the chitosan additive. The
synthesis conditions were carefully adjusted to produce reproducible, transparent, homogeneous
sols and gel materials with long-term stability.

2. Results and Discussion

2.1. Preparation Strategy of Silica Doped with Chitosan Gels

The samples were dried at ambient pressure, yielding compact and homogeneous cylindrical
xerogels. Samples containing 0.5 and 1 mL of chitosan required mild heating in a water bath at 50 °C
to induce gelation, whereas all other samples formed homogeneous sols that gelled spontaneously at
room temperature. In other words, at low chitosan concentrations, gelation required mild heating,
while at higher concentrations, the sols underwent spontaneous gelation at room temperature. This
behavior indicates that chitosan acts as a structure-directing and gel-promoting component,
influencing both the kinetics of network formation and the final textural properties of the composites.
The resulting xerogels exhibited uniform, monolithic structures without visible cracking, suggesting
good compatibility between the silica and biopolymer phases. The preparation scheme is shown in
Figure 1.
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Figure 1. Sol-gel scheme for the preparation of chitosan-doped silica composites.

The prepared gels exhibit high density and well-defined cylindrical shapes with uniform size
distribution: diameter 1.65-1.80 cm and height 0.5-0.6 cm. The gel densities range from 1.40 to 1.66
g-cm3, increasing with the amount of chitosan added (Figure 2). Low-doped samples are transparent,
whereas gels with higher chitosan content become increasingly opaque, while all retain high density
and well-defined shapes.
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Figure 2. Dependence of the gel density on chitosan concentration for cylindrical gels. A change from transparent

to translucent optical behavior at about 2% chitosan is visible.

The chitosan-doped silica composites (0.2-3.3 % chitosan) prepared via the sol-gel method in
this study exhibit a high degree of homogeneity and reproducible structural integrity, demonstrating
the robustness of the materials. The resulting materials combine a unique set of properties: the
mechanical stability of SiO, is complemented by the biocompatibility and functional groups of
chitosan. This synergy broadens the potential application range of the composites, including
pollutant adsorption, controlled drug delivery, catalytic supports, antibacterial coatings, and
chemical or biosensing platforms.

2.2. Thermal Analysis

The thermal behavior of a series of chitosan-doped silica composites with different chitosan
contents are also investigated. Thermogravimetric analysis (TGA) shows that chitosan decomposition
occurs between 200 °C and 300 °C, which is confirmed by differential thermal analysis (DTA). In the
pure SiO; gel, an endothermic peak appears at 100-150 °C, corresponding to the loss of physically
adsorbed water (about 15% mass release), followed by a small endothermic peak at 200-300 °C,
associated with the decomposition of chitosan in doped samples. Between 500 °C and 700 °C, the
already degraded chitosan undergoes further decomposition and carbonization, (Figure 3). The
broad DTA peak observed in this temperature range is most likely due to the gradual nature of this
process, including partial oxidation of the residual organic material and the formation of
carbonaceous char [12,13].
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Figure 3. TGA (a) and DTA (b) analysis of silica—chitosan composites. Sample notations are connected with the
doping level: HO - SiO2, H5 - 0.64% ,H9 — 1.48% , H13 — 3.32% chitosan doping, respectively. .

The thermal analysis results presented in this paper are consistent with our previous data
concerning sol-gel silica-based nanocomposites [1,21]. While the mass loss at low temperatures is
associated with dehydration processes of the matrix, it is clearly evident that the thermal effects
observed at elevated temperatures are related to structural transformations and decomposition of the
dopant—chitosan—and depend on the doping level. The conducted studies indicate that the
obtained composites are suitable for applications at low temperatures, T < 50 °C. This low thermal
stability could be improved in future work through the use of hydrophobizing additives, as in the
case of optical composites based on hydrophobic aerogels. Such a preparative strategy, however,
would lead to interactions between the dopant and the hydrophobizing agent.

2.3. Optical Properties of Chitosan Solutions and Chitosan-Doped Materials

Chitosan solutions exhibit characteristic optical properties related to their polysaccharide
nature, as well as to the degree of deacetylation, molecular weight, and pH of the medium. In aqueous
or mildly acidic solutions, chitosan is optically transparent in the visible light range (400-800 nm),
showing absorption in the UV region below 300 nm, which is primarily attributed to the n—m*
transitions of the amine groups. Increasing the polymer concentration enhances light scattering,
particularly in the presence of aggregation or pH-induced partial precipitation (Figure 4). Such
changes in optical behavior can provide useful insights into polymer—solvent interactions,
conformational changes, and the stability of chitosan solutions. According to Ghazy, [14] the optical
properties of chitosan films extracted from shrimp depend on the degree of deacetylation and the
molecular structure of the biopolymer.

Absorbance

1 - 282nm

T T
200 400 600 800
Wavelength, nm

Figure 4. Optical properties of chitosan solutions at different pH. The chitosan concentration was maintained

constant in all solutions.

The optical properties of chitosan solutions here strongly depend on the pH of the medium
(Figure 4) and correlates well with data about the pKb of the amino group of the chitosan. Above pH
6.5 the chitosan molecules become deprotonated and non-charged and the solutions turns cloudy
because chitosan precipitates. Below pH 6.5 the amino groups are mostly protonated and the
molecule is soluble. Two characteristic absorption bands are typically observed — a main peak
around 280 nm and a shoulder near 300 nm — with the relative intensity of the 300 nm peak
increasing as the pH decreases in agreement with theoretical explanations and measurements in [14].
This behavior was confirmed by diffuse reflectance spectra and differential spectra, where the same
absorption features are visible but with varying relative intensities. In the spectra of highly doped
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silica gels, the relative intensity of the 300 nm peak further increases with the doping level, as clearly
seen in the differential spectra (Figure 5b).

From a general spectroscopic perspective, the electronic transitions in chitosan can be classified
as follows: transitions observed at 214-228 nm are assigned to m—m* or n—mt* transitions associated
with amine linkages and/or residual acetylated groups [14]. Several studies report peaks or shoulders
in the 250283 nm region, sometimes depending on the molecular weight of the polymer or the
formation of nanoparticles [15]. Optical transitions in the 305-310 nm region are possibly related to
m—Tt* transitions of conjugated groups or chitosan acetate particles [16-18]. Additionally, chemical
bonding between the amino groups of chitosan and the silanol groups of silica leads to changes in
local electron density, which may induce slight shifts in the UV-Vis spectra within the 250-300 nm
region (Figure 5).

Owing to its absorption behavior in the near-UV region and high transparency in the visible
range, chitosan shows potential as a natural, biocompatible optical UV filter. When incorporated into
a silica sol-gel matrix, small but significant changes in the optical properties are observed, arising
from interactions between the organic biopolymer and the inorganic network. The resulting silica—
chitosan composites generally maintain good optical transparency, particularly at low chitosan
content and when the polymer is homogeneously distributed within the matrix. Following the
preparation scheme used here (Figure 1), the most probable reasons for the observed changes in the
optical spectra are protonation of chitosan due to the low pH of the solution and the formation of
chitosan acetate.
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Figure 5. Reflection spectra of the composites a) and Differential spectra of the composites relative to sol-gel

silica b). The doping level (in %) is shown.

The optical transparency of the composite gels is commonly evaluated through the transmittance
coefficient and the refractive index, which depend on the SiO,/chitosan ratio, the drying method, and
the degree of condensation of the silica network. At low chitosan content (up to ~1 %), the materials
maintain high transparency, whereas higher contents lead to increased light scattering due to the
formation of microphases or polymer agglomerates. Furthermore, incorporation of chitosan into the
inorganic network may influence the fluorescence characteristics of the system. As demonstrated in
a recent study, chemical modification of chitosan with heterocyclic aromatic dyes resulted in
composites with pronounced fluorescence even at low substitution levels, indicating that
functionalization of chitosan can effectively impart strong fluorescent properties [19]. Although
chitosan itself exhibits only weak intrinsic fluorescence, the presence of functional groups with
donor-acceptor character can facilitate local energy transfer within the composite network,
potentially influencing the optical behavior of incorporated species. Thus, silica—chitosan gels
provide a suitable platform for the incorporation of optically active species or nanoparticles, which
can be stabilized within the matrix without significant loss of transparency and potentially enhance
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its luminescent properties [18]. The composite samples obtained in this work, however, do not exhibit
visible luminescence under UV excitation.

The diffuse reflectance spectra of the silica—chitosan composites, along with their differential
spectra relative to pure silica, reveal characteristic features associated with the chitosan component.
The spectral maxima are similar to those observed in chitosan solutions at different pH values but
display distinct variations in relative intensity. These differences indicate structural modifications of
the chitosan chains upon incorporation and immobilization within the silicate matrix, suggesting
changes in the local electronic environment and interaction between the organic and inorganic
phases. Overall, the optical behavior of chitosan and silica—chitosan composites reflects a delicate
balance between molecular structure, pH-dependent structural conformation, and polymer-matrix
interactions. Their high transparency and UV absorption capability render these hybrid systems
promising candidates for optical UV filters, photonic coatings, and sensing applications, particularly
for environmentally friendly and biocompatible materials.

2.4. Thermal Conductivity Measurements

The obtained data provide insight into how chitosan incorporation affects the heat transfer
characteristics of the silica gel network, reflecting the interplay between polymer content, water
retention, and microstructural organization within the hybrid gels. The obtained values of the
thermal conductivity and thermal effusivity of the investigated composites are presented in Table 1.
From the data in (Table 1) a mean specific heat capacities at constant pressure Cp=510.47158.6 J/kg'K
for a mean powder density of 1.52+0.1 g / cm3 is calculated. The deviation from the mean values is
most probable connected with variations of the density and contact area in the doped composites. As
a reference, the thermal conductivity and effusivity of pure chitosan powders are 0.067 W/m-K and
164.9 Wm2s12K-, respectively [20].

Table 1. Thermal properties, doping level, density and shapes of silica-chitosan composites. The density of

samples HO, H3, H4 is obtained picnometrically, that of the other species is calculated for cylindrical shape.

Sample Percent Lambda Density Effusivity
- % W/m.K g/cm3 Wm-2s12K-1
HO 0 0.104 1.56 305.60
H3 0.23 0.107 1.56 316.75
H4 0.43 0.096 1.70 273.26
H5 0.64 0.096 1.43 275.67
Hé6 0.83 0.093 137 262.58
H7 1.06 0.086 1.49 235.74
H8 1.27 0.095 1.40 269.99
H9 1.48 0.094 1.50 264.45
H10 1.69 0.093 1.44 262.81
H11 1.89 0.095 1.53 272.20
Hi12 251 0.093 1.59 263.07
H13 3.32 0.093 1.66 263.06

Based on the obtained measurements, a quantitative relationship was established between the
thermal conductivity and thermal effusivity as a function of the chitosan content in the sol, Figure
6a,b.
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Figure 6. Thermal properties of chitosan doped powder composites depending on doping level.

At low chitosan doping levels, a noticeable increase in thermal conductivity and effusivity is
observed, most likely associated with a local increase in the density of the composite matrix (Figure
2). As a reference, the thermal conductivity and effusivity of pure chitosan powders are 0.067 W/m'K
and 164.9 W-m2-s2-K-, respectively. The addition of chitosan to silica results in a moderate decrease
in both thermal conductivity and effusivity with increasing polymer content. Consequently, the
lower specific heat capacity (Cp) of the composites compared to pure silica (700-750 J/kg-K) can be
explained. Similar observations, as the detected here changes in Cp of silica—chitosan composites
relative to pure silica have been discussed in the literature and are attributed to chemical or structural
modifications of the matrix [21,22]. It is visible, that chitosan addition decreases the thermal capacity,
thermal conductivity and effusivity of silica. Variations in the thermal properties of these composites
may indicate chemical or structural changes within the material [23]. As expected, the thermal
conductivity of the composites increases slightly with their density (Table 1).

The thermal properties of the composites are found to depend on the chitosan content, resulting
in a moderate decrease in thermal conductivity and effusivity compared to pure silica gels.
Thermogravimetric (TGA) and differential thermal analyses (DTA) reveal that the thermal stability
and decomposition behavior of the composites are strongly influenced by the amount of chitosan. In
particular, the presence of chitosan introduces additional mass-loss steps between 200-300 °C,
corresponding to biopolymer decomposition, while higher temperatures (500-700 °C) lead to further
degradation and carbonization of residual organic components. These results indicate that chitosan
not only modulates the mechanical and optical properties of the silica network but also plays a key
role in defining its thermal response.

2.5. SEM Investigations and X-Ray Diffraction

SEM micrographs (Figure 7) show the characteristic morphology of amorphous silicate gels. The
presence of chitosan is not clearly discernible due to its low concentration. The images reveal a porous
three-dimensional network formed by interconnected particles, with some regions exhibiting
variations in density, most probable responsible for variations of the thermal effusivity of the
composites. These observations are consistent with the typical gelation behavior of sol-gel-derived
silica composites and corroborate the morphological modifications induced by chitosan
incorporation.

An influence of chitosan included in the silicate matrix on its morphology was also observed.
The incorporation of chitosan leads to a noticeable modification of the morphology, manifested as
densification of the gel network (Figure 1). These effects are most likely associated with hydrogen
bonding and electrostatic interactions between the amino groups of chitosan and the silanol groups

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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of 5iO,. Such structural rearrangements are expected to enhance the mechanical stability and overall
integrity of the composites.

The SEM observations are supported by powder X-ray diffractograms, which demonstrated the
amorphous state of the investigated composites (S1). Peaks corresponding to crystalline chitosan are
not detected [24]. Both SEM and X-ray analyses confirmed that the chitosan dopant is homogeneously
distributed within the silica matrix.

osasmm ool e B Wit muem e BN
(a) H3: Silica—chitosan composite with 0.2 % (b) H13: Silica—chitosan composite with 3.3 %
chitosan. chitosan.

EHT = 30.00 kv Signal A = SEL
WD = 538 mm O 15

(c) H13: Silica—chitosan composite with 3.3 % chitosan.

Figure 7. SEM images of silica composites with a different chitosan doping level.

Representative X-ray diffraction data of composites with a different doping level are shown on
Figure 8.
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Figure 8. X-ray diffraction data of composites with a doping level of 3.3% (H13) and of pure silica gels (HO).

The figure shows that the amorphous character of the composites is preserved even at relatively
high doping levels. For comparison [7], in silica nanocomposites doped with 1% Eu(phen)»(NOs); or

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Tb(phen),(NOs)s, the nanocrystalline nature of the dopant is clearly visible, and the appearance of a
defective crystal structure associated with the interaction between the dopant and the silicate matrix
has been discussed.

The reason for the observed amorphous structure in the present study is the easy amorphization
of chitosan, evident from its low glass-transition temperature, Tg = 130-150 °C [25]. Changes in the
conditions of the sol-gel synthesis—such as composition, temperature, and water content—can
further facilitate the amorphization of chitosan and thus affect the homogeneity of the resulting
composites without altering their functionality. More about the glass-transition temperature of
chitosan-related systems, depending on doping and chemical composition can be found in [26-28],
while in [29] a review of the thermodynamics and kinetics of glass crystallization is given.

3. Materials and Methods

Chitosan-doped silica gels were prepared via a reproducible sol-gel method at room
temperature. A series of silica—chitosan gel composites were synthesized with gradually increasing
chitosan concentrations, ranging from 0.2 to 3.3 % concerning the initial sol. The samples were
prepared via the sol-gel method, with chitosan introduced as a solution (2% by weight) in acetic acid,
during the sol stage. Initially, TEOS was mixed with ethanol in a plastic container, followed by the
addition of water and HCl to catalyze the hydrolysis of TEOS. The chemicals were of analytical grade.
The mixture was stirred gently at room temperature for 1 hour, allowing the formation of silanol
groups (Si-OH). After hydrolysis, chitosan solution was added in varying volumes (0.5-8 mL) to
achieve different levels of doping. The mixture was stirred carefully to ensure homogeneity and to
prevent air bubble formation. Condensation then occurred, forming a three-dimensional silica
network in which chitosan is incorporated via hydrogen bonding and partial chemical interaction
with the silanol groups, according to [30]. The gels were aged at room temperature for 24-48 hours
to stabilize the network structure, followed by washing with ethanol or water to remove unreacted
precursors. Using this procedure, a series of chitosan-doped aerogels, designated as H2 to H13, were
prepared with varying chitosan content. A non-doped gel (HO, table 1) was prodiced in the same
way. The densities of the powdered samples H1-H3 were determined using a pycnometer, following
a standard procedure with distilled water.

The thermal conductivity and effusivity of the silica—chitosan composite gel monoliths were
measured directly using a C-Therm TCi thermal conductivity analyzer, which operates on the
Modified Transient Plane Source (MTPS) principle, using a sample holder for liquids, gels and
powders. This technique allows rapid and non-destructive evaluation of the thermal transport
properties of soft or hydrated materials, such as gels, under ambient conditions and allows the
calculation of the specific thermal capacity Cp of the samples. The samples were tested at room
temperature immediately. For accuracy, at least five measurements were performed on different
areas of each sample, and the results are reported as the mean values with corresponding standard
deviations within +1%. The effusivity and thermal conductivity were obtained experimentally and
after that Cp was calculated, using the experimentally obtained density data, Table 1. The effusivity
e [Ws2m=2K-1] is defined by the following equation:

e=\/pC,A M

here A is the thermal conductivity (W-m=-K-), ¢ is the density (kg'm=?) and Cp is the specific
heat capacity at constant pressure (J-kg™-K-).

The morphology of the synthesized silicon-based gel composites doped with chitosan were
examined by a standard scanning electron microscopy (SEM) (Zeiss Evo 15).

Diffuse reflectance measurements were carried out using a PE Lambda 35 spectrometer
(PerkinElmer LLC, 940 Winter St Waltham, MA, USA) equipped with a Spectralon® - coated
integrating sphere. For all samples, the Kubelka-Munk function F(R) was calculated based on the
diffuse reflectance R [31,32]. Labsphere Spectralon™ white and black diffuse reflection standards
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SRS-99-010, SRS-02-010 [54] and a Ho20s powder were used as a reference. Differential spectra were
measured using silica sol-gel powders (HO sample) as a reference. All spectra are measured at equal
spectroscopic conditions (solid state sample holder). The spectra are mathematically treated as
overlapping Gaussian curves to find out peak maxima, halfwidths and relative peak intensities.

To study the thermal stability of the gels and gain additional information on their structure,
thermogravimetric analysis (TA SDT 650) was applied under a nitrogen atmosphere (200 mL/min) at
a 10 C/min scanning rate in the temperature range of 50-1200 °C.

Powder X-Ray studies were performed with Cu-Ka (1.5418 A) radiation (Empyrean, Malvern
Panalytical X-ray diffractometer) at a step of 20 = 0.05° and counting time of 4 s/step.

4. Conclusions

In this work, silica—chitosan composites are synthesized via a simple, reproducible sol-gel
method by varying the chitosan content from 0.2 to 3.3 % relative to silica in the sol. It has been
demonstrated that the addition of chitosan influences both the network formation and the final
texture of the composites. The materials are comprehensively characterized using UV-Vis
spectroscopy, X-ray diffraction (XRD), TG/DTA analysis, scanning electron microscopy (SEM), and
thermal conductivity measurements. Increasing the chitosan content lead to an increase in density,
accompanied by changes in optical spectra, thermal conductivity, and heat transfer behavior. The
observed increase in density is likely correlated with chitosan doping of nanopores within the silica
matrix. These findings highlight the potential of silica-chitosan composites not only for thermal
insulation, optical, and biocompatible applications, but also as a promising platform for functional
optical modifications.
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