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Abstract: Sodium alginate is a natural anionic polysaccharide with good biocompatibility, biodegradability, water
solubility, and film-forming ability, but its poor water resistance, limited stability, and low mechanical strength
restrict its wider application. In this study, sodium alginate/silicon dioxide composites were prepared through
calcium ion-induced gelation. Silicon dioxide was introduced into the sodium alginate gel network during the gel
formation process to improve the structural characteristics of the alginate-based material. The effects of silicon
dioxide concentration and the volume ratio of sodium alginate solution to silicon dioxide dispersion on product
morphology were investigated. The results showed that the addition of silicon dioxide changed the appearance of
the gel particles from semi-transparent to white, indicating the incorporation of the inorganic component. Among
the tested conditions, the best morphology was obtained when 10 mg/mL sodium alginate solution and 5 mg/mL
silicon dioxide dispersion were mixed at a volume ratio of 8:2. FTIR analysis showed changes in the absorption
bands related to —OH, —COO~, and C-O groups, suggesting interactions between sodium alginate and silicon
dioxide. UV—vis spectra showed a new absorption peak at approximately 473 nm, further supporting the formation
of the composite material. This study provides a simple method for preparing sodium alginate-based inorganic
composites.

Keywords: sodium alginate; silicon dioxide; composite materials; calcium ion-induced gelation; FTIR
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1. Introduction

Sodium alginate (SA) is a naturally occurring anionic polysaccharide mainly extracted from brown
algae [1]. Owing to its abundant availability, low cost, non-toxicity, good water solubility, film-forming
ability, biodegradability, and biocompatibility, SA has attracted considerable attention in food
packaging, biomedicine, environmental treatment, textile processing, and other material-related fields
[2]. As a renewable biomass-based polymer, SA is particularly suitable for the development of
environmentally friendly materials. In recent years, increasing concerns about plastic pollution and the
environmental persistence of petroleum-based packaging materials have promoted the search for
biodegradable alternatives [3]. In this context, SA-based films and gels have been widely investigated
because they can reduce moisture transfer, limit oxygen permeability, protect food surfaces from
contamination, and potentially extend the shelf life of fresh products [4].

Despite these advantages, the practical application of sodium alginate is still limited by several
inherent weaknesses. Pure SA materials generally show poor water resistance, insufficient mechanical
strength, and limited structural stability, especially under humid or aqueous conditions [5]. These
drawbacks restrict their performance in functional packaging, gel materials, adsorption systems, and
other applications that require stable structure and durability [6]. Therefore, modification of SA has
become an important strategy to improve its functional properties. Among various approaches, the
incorporation of inorganic particles into the SA matrix is considered effective because inorganic
components can enhance the structural stability, mechanical behavior, and physicochemical properties
of polymer-based composites [7].
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Silicon dioxide (SiO2) is an important inorganic non-metallic material with high chemical stability,
strong adsorption capacity, good dispersibility, low toxicity, and large specific surface area. Nanoscale
SiO: is especially attractive as a reinforcing phase because its surface contains abundant hydroxyl
groups, which may interact with the hydroxyl, ether, and carboxyl groups of sodium alginate through
hydrogen bonding or other interfacial interactions [8-9]. The introduction of SiO» into an SA matrix
may therefore improve the morphology, compactness, and stability of SA-based gel materials. In
addition, SiO2 can act as an inorganic filler within the polymer network, which may contribute to the
formation of a more uniform and stronger composite structure [10]. For these reasons, SA/SiO;
composites have potential value in the development of biodegradable films, adsorption materials, and
functional gel systems.

Calcium-ion-induced gelation is a simple and mild method for preparing sodium alginate-based
materials. SA can rapidly form gels in the presence of Ca®" because calcium ions coordinate with
guluronic acid blocks in the alginate chains, producing a three-dimensional crosslinked network [11].
This gelation process provides a convenient route for introducing SiO; particles into the SA matrix.
Compared with methods that require high temperature, toxic solvents, or complex reaction conditions,
calcium-induced gelation can be carried out at room temperature in an aqueous environment, making it
suitable for the preparation of environmentally friendly composite materials.

In this study, sodium alginate and silicon dioxide were used as the main raw materials to prepare
SA/SiO> composites through calcium-ion-induced gelation. During gel formation, SiO> was introduced
into the sodium alginate network to obtain composite materials with improved morphology and
structural characteristics. The effects of SiO2 concentration and the volume ratio of sodium alginate
solution to SiO» dispersion on product formation were investigated. The prepared composites were
characterized by morphological observation, Fourier transform infrared spectroscopy (FTIR), and
ultraviolet—visible spectroscopy (UV—vis). By analyzing the influence of preparation conditions and the
spectral features of the products, this work aims to determine suitable preparation parameters and
provide a reference for the further development and application of sodium alginate/silicon dioxide
composite materials.

2. Materials and Methods

2.1. Materials

The main raw materials used in this study were sodium alginate, calcium chloride hexahydrate, and
silicon dioxide. Sodium alginate was used as the polymer matrix because of its ability to form gels in
the presence of divalent calcium ions. Calcium chloride hexahydrate was used as the calcium ion
source to induce the crosslinking of sodium alginate. Silicon dioxide was introduced as the inorganic
component to prepare sodium alginate/silicon dioxide composites [12]. All reagents were of analytical
grade and were used without further purification. Deionized water was used throughout the preparation
process. The chemicals and reagents used in this experiment are listed in Table 1.

Table 1. Chemicals and reagents

Chemical/Reagent Specification Manufacturer
Sodium alginate AR Shanghai Aladdin Biochemical Technology Co., Ltd.
Calcium chloride . R .
hexahydrate AR Shanghai Aladdin Biochemical Technology Co., Ltd.
Silicon dioxide AR Shanghai Aladdin Biochemical Technology Co., Ltd.

2.2. Instruments

The instruments used in the preparation and characterization of sodium alginate/silicon dioxide
composites are shown in Table 2. An electronic balance was used for accurate weighing of the raw
materials. A drying oven was used during sample treatment. The UV—vis spectrophotometer was used
to record the optical absorption spectra of the samples, while the FTIR spectrometer was used to
analyze the functional groups and possible interactions between sodium alginate and silicon dioxide in
the prepared composites.



Table 2. Instruments used in the experiment

Instrument Model Manufacturer
Electronic balance AUY120 Shimadzu, Japan
Drying oven DZF-6020 Shanghai Yiheng Scientific Instrument Co., Ltd., China
UV-vis spectrophotometer UV3600PLUS Shimadzu, Japan
FTIR spectrometer Nicolet iS10 Thermo Fisher Scientific, USA

2.3. Preparation of Solutions

2.3.1. Preparation of Sodium Alginate Solution

A sodium alginate solution with a concentration of 10 mg/mL was prepared according to the
designed experimental procedure. First, 0.5 g of sodium alginate powder was accurately weighed using
an electronic balance. The powder was then added into a 250 mL beaker containing 50 mL of deionized
water. The mixture was stirred until the sodium alginate was fully dissolved and a uniform viscous
solution was obtained. The prepared sodium alginate solution was used as the polymer matrix for the
following composite preparation.

2.3.2. Preparation of Calcium Chloride Solution

A calcium chloride solution with a concentration of 20 mg/mL was prepared as the crosslinking
solution. Specifically, 0.40 g of calcium chloride hexahydrate was weighed and transferred into a 100
mL beaker. Then, 20 mL of deionized water was added to dissolve the calcium chloride hexahydrate
completely. The obtained calcium chloride solution provided Ca?" ions, which could coordinate with
sodium alginate chains and induce gel formation during the composite preparation process [13].

2.3.3. Preparation of Silicon Dioxide Dispersion

A silicon dioxide dispersion with a concentration of 5 mg/mL was prepared by dispersing 0.10 g of
silicon dioxide in 20 mL of deionized water. Since silicon dioxide particles tend to aggregate in
aqueous systems, ultrasonic treatment was applied to promote uniform dispersion [14]. The obtained
SiO: dispersion was then mixed with sodium alginate solution at different designed volume ratios for
composite preparation.

2.4. Preparation of Sodium Alginate/Silicon Dioxide Composites

Sodium alginate/silicon dioxide composites were prepared through calcium-ion-induced gelation
[15]. In a typical procedure, the prepared sodium alginate solution and silicon dioxide dispersion were
mixed at the designed ratio. The mixed solution was treated by ultrasonication to obtain a relatively
homogeneous suspension and to improve the distribution of SiO: particles in the sodium alginate
matrix.

After the mixture was prepared, 10 mL of the sodium alginate/silicon dioxide mixed suspension
was drawn into a 2 mL syringe and added dropwise into 10 mL of calcium chloride solution [16]. The
calcium chloride solution was continuously stirred during the dropping process to ensure uniform gel
formation. When the sodium alginate-containing droplets came into contact with Ca®" ions, gel
particles were formed rapidly due to ionic crosslinking between calcium ions and sodium alginate
chains. The reaction was carried out at room temperature under continuous stirring for 1 h.

After gelation, the obtained products were collected by centrifugation and washed several times
with deionized water to remove residual calcium chloride and loosely attached particles. The washed
samples were frozen at —20 °C for 24 h and then freeze-dried to obtain white solid sodium
alginate/silicon dioxide composites [17]. These dried samples were used for subsequent morphology
observation and spectral characterization.

2.5. Optimization of Preparation Conditions

To investigate the influence of preparation conditions on the morphology of the composites, two
main factors were studied: the concentration of silicon dioxide and the volume ratio of sodium alginate
solution to silicon dioxide dispersion [18].

First, the effect of SiO» concentration was investigated while keeping other experimental conditions
unchanged. The concentrations of SiO» dispersion were set as 0, 0.5, 1, 2, and 5 mg/mL. For each
experiment, 5 mL of 10 mg/mL sodium alginate solution was mixed with 5 mL of SiO: dispersion at
the corresponding concentration. The mixed solution was then added dropwise into 20 mg/mL calcium
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chloride solution under stirring. The morphology and appearance of the resulting gel products were
observed and compared.

Second, the effect of the volume ratio of sodium alginate solution to silicon dioxide dispersion was
studied. The total volume of the sodium alginate solution and SiO dispersion was fixed at 10 mL. The
volumes of 10 mg/mL sodium alginate solution were set as 1, 2, 5, and 8 mL, while the corresponding
volumes of 5 mg/mL SiO» dispersion were 9, 8, 5, and 2 mL, respectively. Therefore, the volume ratios
of sodium alginate solution to SiO: dispersion were 1:9, 2:8, 5:5, and 8:2. The prepared mixtures were
added into calcium chloride solution under the same conditions, and the resulting product morphologies
were compared to determine the most suitable preparation ratio.

2.6. Characterization Methods

The morphology of the prepared products was first evaluated by direct visual observation. The
shape, uniformity, transparency, and compactness of the gel particles obtained under different
preparation conditions were compared. This observation was used to assess the influence of SiO»
concentration and sodium alginate/SiO; volume ratio on composite formation.

Fourier transform infrared spectroscopy was used to analyze the functional groups of sodium
alginate and sodium alginate/silicon dioxide composites [19]. The spectra were recorded in the range of
4000-500 cm! using the KBr pellet method. The changes in characteristic absorption peaks, especially
those related to —OH, —COO~, C-0, and Si—O groups, were used to evaluate the possible interactions
between sodium alginate and silicon dioxide.

UV-vis spectroscopy was used to further characterize the optical absorption behavior of the
samples [20]. The spectra were recorded in the range of 200—1000 nm. The UV—vis absorption spectra
of sodium alginate, silicon dioxide, and the prepared composites were compared to identify any new
absorption features caused by composite formation. These characterization results were used to support
the successful preparation of sodium alginate/silicon dioxide composites.

3. Results

3.1. Effect of SiOz Concentration on Product Morphology

The effect of silicon dioxide concentration on the morphology of the sodium alginate/silicon
dioxide composite products was first investigated. In this experiment, 5 mL of 10 mg/mL sodium
alginate solution was mixed with 5 mL of silicon dioxide dispersion at different concentrations. The
mixed solution was then added dropwise into 20 mg/mL calcium chloride solution under stirring at
room temperature. The concentrations of silicon dioxide were set as 0, 0.5, 1, 2, and 5 mg/mL. The
morphologies of the products obtained under different silicon dioxide concentrations are shown in
Figure 1.

Omg/mL  0.5mg/mL 1 mg/mlL 2mg/mlL 5mg/mL
Figure 1. Morphology of products prepared with different SiO2 concentrations

When the concentration of silicon dioxide was 0 mg/mL, only sodium alginate solution was added
into the calcium chloride solution. After the sodium alginate solution was dropped into the calcium
chloride solution, the system became semi-transparent, and a large number of spherical
semi-transparent gel particles were formed in the solution. With the extension of reaction time, no
obvious change was observed in the state of the solution.

When the concentration of silicon dioxide was 0.5 mg/mL, the sodium alginate/silicon dioxide
mixed solution was added into the calcium chloride solution. A large number of white spherical
particles were rapidly produced in the solution. Compared with the product prepared without silicon
dioxide, the opacity of the product increased. As the reaction proceeded, the state of the solution still
showed no obvious change.

When the concentration of silicon dioxide was further increased to 1, 2, and 5 mg/mL, a large
number of white spherical particles were also rapidly formed after the sodium alginate/silicon dioxide
mixed solution was added into the calcium chloride solution. Under these conditions, the products
maintained a spherical gel-like morphology, and no obvious change in the solution state was observed
with prolonged reaction time. These results show that the introduction of silicon dioxide changed the
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visual appearance of the sodium alginate gel particles from semi-transparent to white, while spherical
gel particles could be obtained under the investigated silicon dioxide concentrations.

3.2. Effect of SA/SiO> Volume Ratio on Product Morphology

The effect of the volume ratio of sodium alginate solution to silicon dioxide dispersion on product
morphology was further investigated. In this experiment, the total volume of sodium alginate solution
and silicon dioxide dispersion was fixed at 10 mL. The volume of 10 mg/mL sodium alginate solution
was set as 1, 2, 5, and 8 mL, and the corresponding volume of 5 mg/mL silicon dioxide dispersion was
9, 8, 5, and 2 mL, respectively. Therefore, the volume ratios of sodium alginate solution to silicon
dioxide dispersion were 1:9, 2:8, 5:5, and 8:2. The resulting morphologies are shown in Figure 2.

1:9 2:8 5:5 8:2

Figure 2. Morphology of products prepared with different SA/SiO> volume ratios

When the volume of sodium alginate solution was 1 mL and the volume of silicon dioxide
dispersion was 9 mL, a large amount of amorphous gel was produced after the mixed solution was
added into the calcium chloride solution. The gel was relatively loose and did not show an obvious
regular shape. This result indicates that when the sodium alginate content in the mixed solution was low,
the obtained product could not form a clear spherical morphology.

When the volume of sodium alginate solution was increased to 2 mL and the volume of silicon
dioxide dispersion was 8 mL, a large amount of white gel was produced in the solution. Compared with
the product obtained at the sodium alginate volume of 1 mL, the product showed a certain degree of
shape formation. White spherical gel particles began to appear, although the overall morphology was
still not fully regular.

When the sodium alginate solution volume was 5 mL and the silicon dioxide dispersion volume was
5 mL, a large amount of white gel solid was obtained. The overall morphology of the gel solid became
spherical. Compared with the products prepared at lower sodium alginate volumes, the spherical
morphology was more obvious.

When the sodium alginate solution volume was further increased to 8 mL and the silicon dioxide
dispersion volume was 2 mL, the product morphology became more regular. The obtained product
showed better uniformity and a spherical shape. In addition, as the volume of sodium alginate solution
increased, the firmness of the obtained gel solid gradually increased. Among the tested volume ratios,
the product prepared with 8 mL of 10 mg/mL sodium alginate solution and 2 mL of 5 mg/mL silicon
dioxide dispersion showed the best morphology.

3.3. FTIR Spectral Results

Fourier transform infrared spectroscopy was used to characterize sodium alginate and sodium
alginate/silicon dioxide composites. The FTIR spectra are shown in Figure 3. In the original experiment,
SA-SiO;-1 to SA-Si0O»-5 were composites prepared by changing the concentration of silicon dioxide
while keeping the other experimental conditions unchanged. SA-SiO2-6 to SA-Si0O2-9 were
composites prepared by changing the volume of sodium alginate solution while maintaining the silicon
dioxide content.
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Figure 3. FTIR spectra of sodium alginate and SA-SiO2 composites

The FTIR spectrum of pure sodium alginate showed characteristic absorption peaks. The broad
absorption peak around 3450 cm™' was assigned to the stretching vibration of ~OH groups. The
absorption peak around 1631 cm™!' was related to the asymmetric stretching vibration of -COO~ groups.
The peak located around 1150 cm™!' was associated with the C—O stretching vibration in C-O-H.

For the sodium alginate/silicon dioxide composites prepared with different silicon dioxide
concentrations, the absorption peaks around 3436 cm™!, 1000-1200 cm™, and 1631 ¢cm™! changed as the
silicon dioxide content increased. According to the spectra, with the increase of silicon dioxide
concentration, the stretching amplitude of these absorption peaks became more obvious. This result was
observed in the spectra of SA—Si0O»-1 to SA-Si0>-5.

For the composites prepared with different sodium alginate volumes under the same silicon dioxide
content, the spectra of SA-Si0»-6 to SA-Si02-9 showed that the absorption peaks in the regions of
3000-3400 cm™!, 1000-1200 cm!, and around 1631 cm! became broader as the amount of sodium
alginate increased. The FTIR results therefore showed changes in the characteristic absorption peaks of
sodium alginate after the formation of sodium alginate/silicon dioxide composites.

3.4. UV—vis Spectral Results

UV-vis spectroscopy was used to compare the absorption spectra of sodium alginate, silicon
dioxide, and the prepared sodium alginate/silicon dioxide composite materials. The UV—vis spectra are
shown in Figure 4.
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Figure 4. UV—vis spectra of sodium alginate, SiOa, calcium chloride, and SA—SiO> composite.



As shown in Figure 4, the composite material exhibited a new absorption peak at approximately
473 nm. This absorption peak was not observed in the spectra of silicon dioxide, sodium alginate, or
calcium chloride. The appearance of this new peak was recorded only in the sodium alginate/silicon
dioxide composite material.

According to the experimental results, the new absorption peak at around 473 nm may be related to
the interaction between sodium alginate and silicon dioxide. Since this peak was not present in the
individual raw materials, the UV—vis spectra provided further evidence that the prepared material was a
sodium alginate/silicon dioxide composite. Together with the morphology results and FTIR spectral
results, the UV—vis result supported the formation of the composite material under the experimental
conditions used in this study.

4. Discussion

4.1. Influence of SiO: on Gel Formation

The formation of sodium alginate-based gel particles mainly depends on the coordination between
Ca’* and guluronic acid blocks in the alginate chains. This ionic crosslinking produces a
three-dimensional gel network, which serves as the structural basis of the composite particles. When
SiO> is introduced during this process, it can be incorporated into the forming alginate network rather
than being added after gelation. Therefore, the inorganic component becomes part of the composite
structure during calcium-induced gel formation.

The presence of SiO» changes the appearance and internal composition of the gel particles. The
transition from semi-transparent alginate gels to white composite particles indicates that SiO> was
successfully introduced into the system. This change is not only a visual difference but also reflects the
presence of an inorganic phase inside or on the surface of the gel matrix. Since SiO> contains abundant
surface hydroxyl groups, it may interact with hydroxyl, ether, and carboxyl groups in sodium alginate.
These interactions can influence the arrangement of alginate chains and contribute to the formation of a
more integrated composite structure.

4.2. Influence of SA/SiO: Volume Ratio

The volume ratio of sodium alginate solution to SiO: dispersion is critical because sodium alginate
is the main gel-forming component. When the proportion of sodium alginate is too low, there are not
enough polymer chains to build a continuous Ca?*-crosslinked network. As a result, the product tends
to be loose and poorly shaped. This explains why low sodium alginate content is unfavorable for the
formation of regular gel particles.

With increasing sodium alginate content, the gel network becomes more complete and stable. A
higher amount of sodium alginate provides more binding sites for Ca%*, which improves the structural
integrity of the particles. At the same time, SiO: acts as an inorganic component embedded in the
polymer network. The optimized 8:2 volume ratio of sodium alginate solution to SiO» dispersion
therefore represents a suitable balance: sodium alginate provides sufficient gel-forming matrix, while
SiO> contributes to the composite nature of the material. This balance is responsible for the more
regular, uniform, and firmer spherical morphology observed under the optimized condition.

4.3. Interaction Mechanism between Sodium Alginate and SiO:

FTIR analysis provides important evidence for the interaction between sodium alginate and SiO».
The changes in the absorption regions related to —OH, —COO~, and C-O groups suggest that the
chemical environment of sodium alginate was affected after the introduction of SiO». In particular, the
broadening of the —OH absorption band indicates stronger hydrogen-bonding interactions in the
composite system. This is consistent with the presence of hydroxyl groups on both sodium alginate
chains and the SiO; surface.

The changes in the 1000-1200 cm™ region may be associated with the overlapping contribution of
C—O0 vibrations from sodium alginate and Si—O-related vibrations from SiO,. Meanwhile, the variation
near 1631 cm™' suggests that carboxylate groups in sodium alginate may also participate in the
composite structure. Therefore, the composite formation is likely governed by two processes:
Ca?*-induced ionic crosslinking of sodium alginate and interfacial interactions between sodium alginate
and SiO,. These two effects jointly contribute to the formation of the sodium alginate/SiO, composite
material.

4.4. Evidence from UV-vis Spectroscopy



The UV-vis result further supports the formation of a composite structure. The appearance of a new
absorption peak around 473 nm, which was absent in the individual raw materials, indicates that the
prepared material had optical characteristics different from sodium alginate, SiO», and calcium chloride.
This difference may be attributed to structural or interfacial changes caused by the combination of
sodium alginate and SiO; during gelation.

Together with the FTIR results, the UV—vis spectrum confirms that the product was not simply a
physical mixture of the starting materials. Instead, the spectral changes suggest that interactions
occurred between the organic alginate matrix and the inorganic SiO2 component.

4.5. Overall Evaluation of the Composite Preparation

Overall, calcium-ion-induced gelation provides a simple and mild route for preparing sodium
alginate/SiO2 composites. The process can be carried out in an aqueous system at room temperature,
avoiding harsh reaction conditions. The optimized preparation condition was obtained when 10 mg/mL
sodium alginate solution and 5 mg/mL SiO; dispersion were mixed at a volume ratio of 8:2.

The results indicate that SiO; incorporation can improve the morphology and firmness of sodium
alginate gel materials. This study therefore provides a useful reference for preparing alginate-based
inorganic composite materials. Such composites may have potential in biodegradable materials,
adsorption systems, and functional packaging applications.

5. Conclusion

In this study, sodium alginate/silicon dioxide composites were successfully prepared through
calcium ion-induced gelation. Sodium alginate was used as the main gel-forming matrix, while SiO2
was introduced into the alginate network during the gel formation process. The effects of SiO:
concentration and the volume ratio of sodium alginate solution to SiO; dispersion on product
morphology were investigated. The results showed that the introduction of SiO: changed the
appearance of the sodium alginate gel particles, and the volume ratio of sodium alginate to SiO; had an
important influence on the regularity and firmness of the products. Among the tested conditions, the
best morphology was obtained when 10 mg/mL sodium alginate solution and 5 mg/mL SiO: dispersion
were mixed at a volume ratio of 8:2.

FTIR analysis showed changes in the absorption bands related to -OH, —COO~, and C-O groups,
suggesting that interactions occurred between sodium alginate and SiO: in the composite system.
UV-vis spectroscopy further supported the formation of the composite material, as a new absorption
peak appeared at approximately 473 nm, which was not observed in the individual raw materials.

Overall, this study provides a simple and mild method for preparing sodium alginate-based
inorganic composite materials. The incorporation of SiO> may improve the structural characteristics of
sodium alginate gels and broaden their potential applications. The results can provide a reference for
the further development of alginate-based composite materials.

However, this study mainly focused on morphology observation and spectral characterization.
Further research should evaluate the mechanical strength, water resistance, thermal stability, and
adsorption performance of the prepared composites. In addition, application tests in food packaging,
environmental adsorption, or biomedical materials could be conducted to further assess their practical
value.
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