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Abstract

This study presents the synthesis and characterization of an aminofunctionalized chitosan-silica nanocomposite using the
polymer melt intercalation technique. Chitosan, a biopolymer with inherent biocompatibility and antimicrobial proper-
ties, was functionalized with amino groups to enhance its reactivity and potential applications. Silica nanoparticles were
incorporated as the reinforcing agent, providing improved thermal and mechanical stability. The polymer melt interca-
lation method facilitated uniform dispersion of silica within the chitosan matrix, overcoming common agglomeration
challenges. The synthesized nanocomposite was thoroughly characterized using Fourier Transform Infrared Spectros-
copy (FTIR) to confirm chemical modifications, Scanning Electron Microscopy (SEM) to observe morphological features.
X-ray Diffraction (XRD) was used to evaluate structural integrity and dispersion of silica within the polymer matrix. The
results demonstrated successful aminofunctionalization and homogeneous silica distribution, leading to a significant
improvement in mechanical strength, thermal resistance, and biodegradability. These findings suggest that 0.5 mg of
the aminofunctionalized chitosan-silica nanocomposites removed 98% of Cu?* from contaminated water at an extended
pH range of 4 to 6. In addition, the nanocomposite exhibited a significant increase in adsorption capacity at a sample
dose ranging from 10 to 50 mg in 50 ml of the model solutions.
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1 Introduction

Chemical industries have recently expanded due to rising demand for industrial products. This has increased the com-
plexity of harmful effluents in the environment, especially in water bodies. Various industrial operations produce wastes
containing heavy metals, which, when discharged into the water systems, cause severe threats to life because of their
potential toxicity, even at very low concentrations. Furthermore, heavy metals are not biodegradable and tend to persist
in living organisms, resulting in various forms of illnesses such as cancer, stomach ailments, intestinal distress, liver and
kidney damage, and anaemia. One such metals is copper which is produced from industrial processes such as electroplat-
ing, tannineries, textile industries, copper mining and smelting, brass manufacture, petroleum refineries, electroplating
and the disproportionate use of Cu-based agrochemicals and is potentially hazardous to humans [1].

The present physicochemical techniques for copper removal, such as precipitation, reduction, and ion exchange,
are costly and inefficient in high amounts. They also produce metal-bearing sludge, which is difficult to dispose
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of, adding more challenges to the industrial waste treatments. Biosorption using bioplastics has been a promising
alternative solution to conventional processes.

Chitosan (Fig. 1b) is a derivative of chitin polysaccharides (Fig. 1a) consisting of varying amounts of  (1-4) linked
residues of N-acetyl-2 amino-2-deoxy-p-glucose. It has a similar structure to chitin, but the difference between them
is the deacetylation degree (DD) and their respective solubility in dilute acidic media [2]. For many years, chitosan
has drawn the interest of many researchers due to its novel properties such as biocompatibility, nontoxicity, bio-
degradability, heat resistance, adsorption properties, stability in a pH range and so on [3, 4]. These qualities have
made chitosan valuable in various applications, including film production, cell culture medium, optical material, and
chelating agent [5-71].

Chitosan-metal interaction is an essential aspect of the adsorption capacity of chitosan. Chelation and electrostatic
interaction are two modes described in most studies [8]. A pH close to neutral or in a non-protonated form, lone pairs
in nitrogen can be used as donor atoms to form a coordinated bond with transition metals such as Cu?*, Ni?*, Zn?,
etc., and at a low pH where protonation of the amine group occurs.

The biosorption properties of chitosan can be improved by introducing various materials in the polymer matrix
of chitosan [9]. Multiple studies have been reported, and many more are underway. Recently, researchers have
studied chitosan in various compositions and applications that include the preparation of chitosan/silica hybrids
and chitosan-silica complex membranes [9, 10], little information in the literature has been found about applying a
layered nanocomposite of chitosan and silica to remove heavy metals from water.

This study aimed to synthesize a homogenous chitosan-silica nanocomposite using an polymer melt intercalation
technique. It was chosen for the synthesis of aminofunctionalized chitosan-silica nanocomposites due to its efficiency
in achieving uniform dispersion of nanoparticles within the polymer matrix. Silica nanoparticles tend to agglomer-
ate due to their high surface energy. The polymer melt intercalation method utilizes high shear forces and thermal
energy to effectively exfoliate and distribute nanoparticles, ensuring homogeneity within the chitosan matrix. The
method involves preparing a polycondesed silicate (played silicate), mixing the layered silicate with a polymer and
then heating the mixture at a temperature above the softening point of the polymer. This method will improve the
interaction between polymer functional groups and the silica nanoparticles by derivatizing the silicates with ethyl
ammonium cations via an ion exchange reaction, consequently favouring the compatibility between chitosan and
silica functional groups. The surface functionalization of the silica surface characteristics will form polymer-layered
chitosan-silicate (PLS) nanocomposites that will exhibit properties different from the conventional chitosan silica
composites.

It is anticipated through this study that the introduction of silica nanoparticles with derivatized surfaces into
the chitosan polymer matrix will improve the properties of the chitosan towards water treatment and purification,
increasing water permeation with maintained selectivity, improve structure by providing polymercrosslinking by
introducing using functionalized silica. Introducing silica nanoparticles will create extra free volumes in the polymer
matrix, increasing permeation. Furthermore, introducing silica into the chitosan matrix will not only prevent the dis-
solving of the polymer when metal sorption is performed in acidic media but also enhance the sorption capacity. Also,
modifying the inorganic surfaces will improve compatibility between the two phases and strengthen the formation
of a strong linkage between the organic and the inorganic phases via covalent bonds. A similar technique has been
applied to produce polymer-layered silicate nanocomposites and a few commercial applications.
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2 Materials and methods

A low molecular weight chitosan (150-250 kDa) was obtained from Sigma Aldrich and was used for this study. Sodium
silicate was used as a precursor and was procured from Shinwoo Materials Co. Ltd, South Korea. Ethyl alcohol was
secured from Sigma Shinwoo and was used without further treatment. Other chemicals were obtained from Sigma
Aldrich.

2.1 Synthesis of the nanocomposite

Intercalated chitosan-silica nanocomposite was prepared using a combined method, as stated elsewhere or in other
sources [11-13]. 1.5% w/v of chitosan was dissolved in 2.5% weight acetic acid at temperature of 65 °C. The solution
was stirred at 400 rpm for 5 h to ensure a uniform dissolution of chitosan in acetic acid; the solution was filtered,
degassed and labelled CS. Using sodium silicate as a precursor for silica, silica solution was prepared through a
method proposed by Jongwattanapisan 12. In brief, 40% v/v silica solution was dissolved in deionized water and
then allowed to undergo condensed polymerization by activating with 0.1 M HCL and stirred for 1 h. Ethylammonium
solution was prepared by bubbling ammonia through ethyl alcohol.

Different amounts of the polycondesed silica (100 cm?, 70 cm? and 40 cm?) were mixed with chitosan solution
and ethyl ammonium solution in the ratio of 4:2:1, 4:1.5:1, 4:1:1 and were labelled CO1, CO2 and CO3 respectively.
The hybrids were stirred for 24 h and then aged with 5 M H,SO, followed by intercalation by heating the solution
mixture above the chitosan softening point. The hybrid mix was then cooled, washed with distilled water until the
pH was 7, and dried in a vacuum oven for 24 h.

2.2 Characterization of the nanocomposite

The XRD analysis was done to evaluate the crystallinity. The spectra were collected using an XRD machine (RIGAKU
CORPORATION, D/MAX-2500/PC) with CuKa radiation at 40 kV and 100 mA. The 26 scan range was 5-50° with a step
size of 0.1° and a time/step of 1 s. Field Emission Scanning Electron Microscopy (SEM-Hitachi-s-4800, Japan) was used
to study the surface morphology of the nanocomposite. An accelerating voltage of 15 kV was used to obtain the SEM
micrographs. The SEM was coupled with energy dispersive spectroscopy (EDX) to analyze the sample’s purity and
elemental composition under analysis. The study of the Distribution of the particles in the synthesized nanocompos-
ite was done using high-resolution transmission electron microscopy (HRTEM, Jeol JEM 2100F-Korea). The sample
was dispersed in ethanol solution and then sonicated using ultrasonic bathing for 1 h to ensure uniform dispersion
of the particles. The grid slides were immersed in the dispersed composite solution, and the solvent evaporated. For
the FT-IR absorption measurements, the FT-IR Spectrometer (Avatar 360 E.S.P, Nicolet) was used to determine the
bonding pattern of the synthesized nanocomposite mixture. The nanocomposite powder was mixed with KBr and
pressed into pellets at 8 tons for 1 min. The pellets were analyzed at an average scan of 64 scans with wave number
collected from 400 to 4000 cm™' and optical velocity of 0.6334 cm™'. To analyze the surface area and porosity of the
sample, Brunauer—-Emmett-Teller (BET) uses the nanocomposite’s N2 adsorption-desorption instrument (Micro-
metrics ASAP 2020). All the samples examined were degassed at 200 °C for 2 h before actual measurements. Pore
size distribution (PSD) and specific desorption pore volumes were obtained using the Barrett-Joyner-Halenda (BJH)
method, and desorption branches were used to determine the PSD.

The prepared chitosan-silica nanocomposite was tested to remove heavy metals from the aqueous solution.
CuS0O,-5H,0 was used for this study through a similar method(s) [14]. 10 ppm of copper was prepared by dissolving
0.392 g of CuSO,-5H,0 in 1 | of distilled water and then stirred with a magnetic stirrer for 5 h at 25 °C. The resulting
solution was used as a standard stock copper solution for the succeeding experiments. Inductively Coupled Plasma
Atomic Absorption Spectroscopy (ICP-AAS) determined the initial and final concentration of copper.

The adsorption amount was calculated by the equation.

(G, -0V
&=V

Q
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where Q is the absorption capacity in (mg/g), C, is the initial concentration, C is the final concentration, V is the volume
of the solution in (L), and m is the weight of the nanocomposite in (g).

2.3 Adsorption properties of the nanocomposite
2.3.1 Effect of the nanocomposite doze

The effect of the nanocomposite doze of CO1, CO2 and CO3 on the adsorption of copper was investigated. Various
amounts of the nanocomposites (0.01-0.05 g) were dissolved in 50 ml of CuSO,-5H,0 containing 10 ppm of Cu?*,
stirred for 5 h and then filtered to determine the copper concentration remaining in the solution. The initial and the final
concentrations of copper were determined using an ICP-AAS, and the adsorption capacity was calculated using Eq. 1.

2.3.2 Effect of pH on copper retention

The effect of the pH on the adsorption of copper ions on the nanocomposite was investigated using a similar method by
Chen et al.[15]. 0.5 g of the nanocomposite was dispensed in 200 ml of CuSO,-5H,0 with 10 ppm of Cu* and then stirred
for 5 h at 25 °C. The pH of the solution was adjusted to 3, 4, 5, 6 and 7, the initial and the final concentration of copper
was measured, and the adsorption capacity with respect to the pH of the model solution was calculated using Eq. 1.

2.3.3 Kinetics of adsorption

The chitosan-silica nanocomposite prepared at different silica concentrations was studied to investigate the Kinetics of
adsorption of the nanocomposite. 0.8 g of the chitosan-silica nanocomposite was added in 400 ml of 10 ppm CuSO,.5H,0
solution at pH 5 [15] while stirring at room temperature. Then, 50 ml of the aliquots of the solutions at intervals of 1 h
were filtered, and their concentrations of Cu?* were measured using ICP-AAS. Finally, the adsorption capacity (Q) was
calculated.

3 Results and discussion
3.1 Synthesis and characterization of the nanocomposite

An effective and efficient nanocomposite for retaining Cu?* from water has been made. It consists of polycondesed silica
nanoparticles embedded in chitosan polymer matrix with functional groups capable of interacting with heavy metal
ions from contaminated water. Four stages, hydrolysis, poly-condensation, derivatization and crosslinking of the polymer
matrix, were considered to clarify the reaction mechanism. Condensation was done by acid activation and water through
a reaction shown below. The precursor sodium silicate is hydrolyzed in acid to form silanol, as shown in reaction (I). Silanol
groups are polycondesed to form an inorganic glass-type material with hydroxyl groups on the surface (reaction Il).

The interaction between the polycondesed silica and ethyl ammonium results in the formation of derivatized polysili-
cate (reaction (lll)) in which further chitosan is mediated by the hydrogen bonds between silanol group and the oxy and
amide groups of the chitosan molecule and also the covalent bond formed as a result of the esterification of the chitosan
hydroxyl group and the silanol groups of the silica. This interaction results in an organic-inorganic nanocomposite hybrid
with OH-groups and NH, groups capable of attracting heavy metals from contaminated water. The hypothetical structure
(Fig. 2) shows functional groups contributed by chitosan and the polycondensed derivatized silicate.

Previous studies have maintained that the intercalation method involves an exchange of the metal cations that could
be located between the crystal layers by organic cations such as alkylammonium cation [16]. The bonding interactions
between chitosan functional groups and silica nanoparticles play a critical role in the structural stability of the chitosan-
silica nanocomposite. These interactions ensure a robust and uniform distribution of silica within the chitosan matrix,
which enhances mechanical, thermal, and chemical stability. Structurally, chitosan contains abundant hydroxyl (-OH)
and amino (-NH,) groups that can form hydrogen bonds with the silanol groups (-Si—-OH) on the silica nanoparticles.
The hydrogen bonding creates strong intermolecular forces, ensuring good adhesion between chitosan and silica. It
can also help to maintain the dispersion of silica nanoparticles within the polymer matrix, reducing particle aggregation
thereby enhancing the mechanical stability of the composite by forming a cohesive network. At certain low pH levels,
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Fig. 2 Hypothetical structure of the chitosan-silica nanocomposite derivative with ethylammonium solution

chitosan can be protonated (forming -NH;" groups), which interact electrostatically with negatively charged silica nano-
particles (from deprotonated silanol groups, -SiO"). Electrostatic interactions strengthen the interface between chitosan
and silica, especially in acidic conditions where chitosan is highly protonated help form a uniform distribution of silica,
preventing phase separation.

Using ethyl ammonium cations lowered the surface energy of the inorganic particles and improved the polymer’s
wetting characteristic. As reaction IV shows, ethyl ammonium introduces additional functional groups into the polymer
matrix. This allows a chemical reaction with the chitosan polymer and enhances the bonding between the functional and
inorganic groups. Functionalizing silica with amine, thiol, or carboxyl groups have the potential to improve compatibility
and bonding strength with chitosan [17].

3.2 Crystallinity

The XRD spectrum of the nanocomposite expresses a low-intensity expressive compared to pure chitosan, as indicated
by Fig. 3c. The pattern exhibit broad, diffuse braggs peaks (also called halos) centred on 23°, indicating an amorphous
structure of the nanocomposite. The absence of sharp diffraction peaks indicates that there is no long-range periodicity
in the atomic arrangement of the material. Pure chitosan expresses characteristic peaks for non-crystalline, hydrated
crystalline and anhydrous crystalline forms at around 10.02°, 14.34°, and 20.01°, which are in good agreement with the
results of the previous study [18]. The crystallinity of the nanocomposite is typically low because silica is amorphous
by nature and dominates the structure. Any crystalline domains from chitosan are diminished due to the high silica
content disrupting its order. At a high chitosan content (low silica content) the crystallinity increases due to the greater
presence of chitosan, which has semi-crystalline regions. The non-crystalline, hydrated crystalline disappears in the
nanocomposite, followed by a shifting of the anhydrous crystalline peak to around 22.83°. The disappearance of these
two crystalline peaks in the hybrid composite indicates the prominence of the chitosan amorphous structure, directly
influencing the hybrid composite structure [19]. Furthermore, the shifting of the anhydrous crystalline peak from 20 to
22.02 was accompanied by the broadening of the 26. These observations provide clear evidence of the formation of the
composite. It is evident through this study that the disappearance of the non-crystalline and the hydrated crystalline
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Fig. 3 SEM micrographs of (2a) CO1, (2b) CO2 and (2c) CO3. The silica nanoparticles are homogenously distributed into the chitosan poly-
mer matrix. FE-TEM micrographs of CO1 (a, ), and CO3 (b, d) at different magnifications. CO1 has 25%v/v of silica, and CO3 has 11% v/v of
silica. FT-IR spectrum of CO1 and CO2. XRD spectra (RIGAKU JAPAN) of a pure chitosan and chitosan-silica nanocomposite at different silica
ratios prepared by intercalation

peaks is a function of the amount of silica contained in the hybrid. CO3 contains 16% silica (40% v/v), and a small non-
crystalline peak can be seen; the peaks disappear progressively from CO2 (25%) to CO1 (33%).

3.3 Morphological and bonding pattern studies

The chitosan-to-silica ratio in a nanocomposite has a significant impact on its morphology and crystallinity due to the
interaction between the organic (chitosan) and inorganic (silica) components. In principle, at low chitosan-to-silica
ratio silica dominates the composition, leading to highly interconnected or aggregated silica particles. The surface may
appear rough, with silica particles forming dense networks or clusters. Limited chitosan content results in less cover-
age of silica surfaces, exposing the rigid silica network. However in a high chitosan-to-silica ratio, chitosan becomes the
dominant phase, leading to smoother surfaces due to the polymer encapsulating or dispersing the silica particles. The
silica particles may appear more dispersed within the chitosan matrix, reducing particle aggregation. Excess chitosan
can lead to the formation of polymer-dominated morphologies, such as films or coatings. The surface analysis of the
nanocomposite has been effectively done using the SEM, and the results are represented in Fig. 3a. It was expected that
the significant difference in the polymer properties and the silica nanoparticles could have resulted in a clear phase
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separation. However, the SEM micrographs show no clear phase separation than the presence of microvoids. The SEM
micrographs show spherical silica nanoparticles that are homogeneously dispersed in the chitosan polymer matrix,
with the amount of the silica nanoparticles increasing with the increase of silica concentration. This feature indicates the
formation of a nanocomposite of chitosan and silica. It agrees with the previously published results for composites of
the two [7]. The particles were in the range of 20 nm as calculated using TEM micrographs Fig. 3b. With these results; the
chitosan-silica complex membranes could be considered as nanocomposites consisting of homogeneously dispersed,
nanosized inorganic silica reinforcements.

3.4 Distribution of the particles and layering of the nanocomposite

The effect of intercalation on the distribution of the particles inside the chitosan-silica nanocomposite was studied
using HRTEM, and the results are represented by Fig. 3b. The silica nanoparticles are spherical and are embedded in a
chitosan structure which acts as the polymer matrix. Figure 3a and b show the density of silica particles increases with
the increase in silica concentration. It is evident that the silica particles are embedded in the chitosan polymer matrix,
and the particles can be distinguished from the surface of the composite.

Intercalation at this synthesis temperature generated a porous nanocomposite with spherical and amorphous particles
that are homogenously distributed; the results are in good agreement with the SEM images and the XRD analysis. The
composite exhibited highly homogenous particles, with the silica particles silica showing no evidence of aggregation
or monodispersion but rather existing in a polycondesed form Fig. 3b. This is clear evidence of the formation of poly-
condesed silica chains.

3.5 Bonding pattern

FT-IR spectra of the nanocomposite (Fig. 3d) show an absorption band between 500 cm™" and 4000 cm™". A fully dea-
cetylated chitosan has absorption bands that are characteristics of the prominent significant absorption bands of the
stretching, bending and rocking vibration of N-H, O-H, C-H, C-N and C-0O [20]. The band at 2966 cm™~' (CO1) and
2989 cm™! (CO2) are assigned to C-H stretching vibration. These bands were expected to be at 2998 cm for a fully dea-
cetylated chitosan [21]. The bands 3679 and 3787 cm™ are associated with the stretching absorption band for N-H and
O-H. For pure chitosan, these bands would have been observed at 3489 cm™' [20]. N-H bending vibration is observed
at the absorption band at 1716 cm™ (CO2) and 1639 cm™'(CO1), while the C-H bending is at 1307 cm™'. The C-H and
N-H bending vibrations are attributable to the absorption bands at 1049 cm™" in both CO1 and CO2, different from the
results from the previous study that reported 1041 cm™ for pure chitosan [21, 22].

The formation of a chitosan-silica nanocomposite is demonstrated by a decrease in the absorption intensity of
N-H functional groups and the emergence of new peaks associated with Si—-OH, Si-O-R band [19]. This study demon-
strates clear evidence for the formation of the nanocomposite by a decrease in intensity at the N-H absorption band at
1049 cm™'. The intensity has been lowered to 46 in CO1 and 54 in CO2. The results further demonstrate that the decrease
is intensified as the amount of silica increases in the sample, i.e. (CO1). The bands for Silanol (Si-OH) introduced into
the polymer structures are observed at 991 cm™ in CO1 and 983 cm™" in CO2. These bands are not featured in the IR
spectra of pure chitosan. They can be used as a distinguishing characteristic for forming a chitosan-silica composite, as
suggested by Silva and his coworkers [19].

Another significant bonding feature is the sharpness of the absorption band between 1000 and 1100 cm™". This
region is associated with the absorption band of Si-O-Si, with the sharpness increasing as the concentration of silica
increases. Interestingly, the stretching vibrations of the -OH group are observed at the absorption bands between 3500
and 3700 cm™'. The peaks are less sharp, indicating the formation of a strong bond. The bands’ peaks between 700 and
900 cm™ are associated with Si-O-Si axial deformation and Si-O-Si angular deformation [19].

3.6 The study of adsorption properties of the nanocomposite
3.6.1 Optimization of the nanocomposite and effect of the sample doze
The nanocomposite was optimized for the adsorption of Cu?* by controlling the chitosan silica ratio. To a fixed vol-

ume of chitosan solution (1.5%w/v), different volumes of silica were added, hydrolyzed, polycondesed, and interca-
lated using ethylammonium solution. Figure 4a—c show the results for the adsorption of Cu?* using CO1, CO2 and
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C0O3.The nanocomposites show different adsorption capacities depending on the amount of silica contained in the
sample. Generally, the adsorption capacity increases with the amount of silica contained in the chitosan polymer
matrix. CO1, with the highest silica ratio, has a maximum adsorption capacity of 12.66 mg/g, followed by CO2.The
three nanocomposites show a similar pattern in the adsorption of Cu?*, similar to the results of the previous studies
doneby Tumin and his coworkers [23].

As in Fig. 2, the nanocomposite is composed of functional -OH and -NH,, groups responsible for the attachment
of the heavy metals from contaminated water. The number of functional groups depends on the degree of deacety-
lation (DD) of the chitosan and the hybrid counterpart polycondensed silica and sample doze. This directly impacts
the functional group loading capacity of heavy metal contaminants. Apparently, the amount of Cu?* adsorbed on the
composite increases with the increase in the composite doze. In this experiment, the effect of the nanocomposite
doze on the adsorption of Cu?" was investigated by varying the amount of the nanocomposite (0.01-0.05 g) in 10 ppm
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of CuSO,.5H,0.The results demonstrate clearly that the adsorption capacity Q of the nanocomposites increases with
increasing sample doze to an optimum sample doze, as supported by Fickian’s equation for diffusion Eq. 2.

However, the adsorption density, the amount of Cu?* adsorbed per unit mass, decreases with the increase in the nano-
composite doze after an optimum dose. At lower sample doze, the nanocomposite’s Cu?* adsorbed per unit mass is a high
increase. Previous studies have made it evident that the number of active sites available for the adsorption of Cu** increases
with the adsorbent dose. It is readily understandable that as the adsorbent dose increases, there is the emergence of intra-
particle interaction, such as aggregation, that consequently results in a decrease in the total surface area of the adsorbent,
increased diffusional path length and hence a decreased adsorption density [24]. This can be why the adsorption capacity
is slightly decreasing at larger adsorbent doses.

3.6.2 Effect of the pH on copper retention

The effect of the pH on the adsorption of copper ions onto the nanocomposite was investigated using a similar method by
Cheng et al. [15]. An optimum dose of the nanocomposite (0.03 g) was dispensed in 50 ml of CuSO,-5H,0 with 10 ppm of
Cu* and then stirred for 5 h at 25 °C. The pH of the solution was adjusted from 3 to 7, the initial and the final concentration
of copper were measured, and the adsorption capacity with respect to the pH of the model solution was calculated using
equation (I).The interaction of the nanocomposite functional groups and heavy metals is a function of the pH of the medium
to which the adsorbent is subjected. The adsorption of Cu** as a function of pH increases with increasing pH similar to previ-
ous studies [25, 26]. The uptake of Cu?* is attributed to the competitive adsorption of the proton and the metal cation via the
coordination with the -NH, and the -OH groups present on the nanocomposite through reactions (I) and (Il).

M2+  nRNH, ——>  M(RNHp** ()

H"  + RNH, —> RNH;"* (n

At higher pH, reaction (Il) is more favoured than reaction (I), meaning that at higher pH, more Cu2 +are adsorbed onto
the nanocomposite compared to the limited protonation from the H*. Previous studies have shown similar results on the
interaction of chitosan with heavy metals [20].

At a high pH the adsorption of Cu?* at is described reactions (lll and V).

RNH, +OH- ——>  NH,OH an

RNH,0OH" + Cu," (or CuDH") — > RNH,0H "-Cu, (or NH,OH -CuOH") (Iv)

The protonation and the formation of the surface metal complex were regarded as reversible reactions (reaction |, Il) [20];
however, a slightly different mechanism was described by ref. [27] considering the reaction (ll) a protonation and deprotona-
tion reaction while the formation of a surface metal complex between the -NH, and the Cu?* to be irreversible.

Itis likely that the introduction of the silica nanoparticles into the chitosan polymer matrix will increase —-OH groups will
be available for interaction with metal cations. This is evident from the increase in the nanocomposite’s adsorption capacity
compared to the pure chitosan proposed by ref. [20].

The zeta potential of both the chitosan and the silica nanoparticles can also explain the increase in the adsorption capac-
ity of the nanocomposite. Thus, at a pH < 6.7, the electrostatic interaction between the chitosan functional groups and the
Cu?* becomes more repulsive, lowering the adsorption capacity, but a pH> 6.7 results in attractive electrostatic interaction
between the metal ion and chitosan functional, which results to the increase in adsorption capacity.

The decrease in the adsorption capacity at the pH above 6.5 is further explained by the presence of competing groups
for the adsorption on the functional groups of the adsorbent. As suggested by Tumin [23], three species, Cu?*, Cu(OH)" and
Cu(OH), are present in the solution and are competing for the adsorption on the surface of the adsorbent. The former is in
small quantities, while the latter is in large quantities, resulting in the nanocomposite’s adsorption capacity to Cu?*.

3.6.3 Effect of anions on the adsorption capacity of Coppers

The presence of anions in the model solution affects the adsorption of metal ions from a solution. It has been shown in
this study that CO1 shows different adsorption capacities of Cu®* when SO, and NO,™ are present in the solution. At
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pH 5.64, more Cu** are adsorbed when SO, are present in the solution than NO,™. A similar effect had been reported
by Chen and his team in their comparison of the Effect of CI” and SO‘[2 on the adsorption of different metal cations [15].
This study maintained that the high adsorption of copper in the presence of SO, 2 is attributable to the effective charge
compensation and ionic binding in SO,? compared to the low charge in NO;™.

Using chitosan-silica nanocomposites for heavy metal adsorption is promising, but their effectiveness for metals other
than copper may face limitations due to differences in binding mechanisms, selectivity, and structural compatibility.
Chitosan’s amino (-NH,) and hydroxyl (-OH) groups exhibit strong chelation with copper ions (Cu?*), but their affinity
for other heavy metals like lead (Pb?*), mercury (Hg®*), cadmium (Cd**), and chromium (Cr®") may be lower. Metals with
different ionic radii, coordination numbers, or binding preferences may not interact as efficiently with the chitosan
matrix. The adsorption of some metals is highly pH-dependent. For example: Chromium (Cr®*) prefers acidic pH (due to
electrostatic interactions with -NH;* groups). Lead (Pb?*) adsorbs better in neutral to alkaline conditions [8]. The nano-
composite may not perform well if the target metal requires a pH outside its optimal range for adsorption. Furthermore,
in complex water matrices, other ions (e.g., Ca%, M92+, Na®) can compete with heavy metals for adsorption sites, reducing
the nanocomposite’s selectivity and capacity.

3.6.4 Adsorption kinetics

3.6.4.1 Effect of the contact time The uptake of Cu?* on the nanocomposite is greatly influenced by the contact time
between the Cu?* and the functional groups of the adsorbent. The experimental result for this investigation is repre-
sented in Fig. 4c. It is evident through this study that the rate of adsorption of Cu?* increases depending on the length
of contact time between the adsorbent and the adsorbate.

The adsorption behaviour of the Cu?* can be divided into regions A, B and C, as shown in Fig. 4.“A" the rate of adsorp-
tion of Cu®" in region A is 3.75 mg/g/h, B records 1.055 mg/g/h, while region C has a constant rate of adsorption. The
mechanism for the adsorption of Cu?* can be explained in terms of theoretical models, bulk diffusion, film diffusion [28],
intraparticle diffusion and finally, the chemical reaction [29] between the Cu?* and the active sites of the composite. Since
the stirring speed was <400 rpm, it is logical to consider the bulk diffusion as a limiting factor.

The factor for the adsorption of Cu*.For this reason, the Fickian law of diffusion can be used to describe the effect of
contact time on the adsorption of the Cu?* as represented in Eq. 2 [30]

VDt )

Q =205~

= kg t*° 3)

Q, is the amount of Cu?* adsorbed per unit weight per unit time in mg/g/sec, C, is the initial concentration of Cu®*,
tis the time, D is the diffusion coefficient, and S is the specific surface area. Region A indicates that the adsorption rate
is linear, meaning that the adsorption of Cu®* on the surface of the composite increases with the length of the contact
time. A decrease in the adsorption rate at region B is explained by the limiting factor of the initially attached Cu?* onto
the active sites of the composite. The incoming Cu?* will have to wonder in the bulk solution, searching for the available
active sites of nanocomposites for attachment, consequently lowering the adsorption rate. A decrease in the adsorption
rate at region B evidences this. No reaction characterizes region C. It can be explained in terms of the saturation of the
nanocomposite sites that no more site is available for the attachment of the Cu?*, or the entire available Cu** has been
used up in the reaction. To support this argument, an attempt was made to analyze the equilibrium concentration at
region C; the residue was treated with a fresh solution of Cu?*, and it was found that more Cu®* was removed. This led us
to conclude that all the available Cu?* were used up in the reaction at region C, and there was no more available Cu?*.

3.6.4.2 Sorption kinetics The adsorption kinetics of the nanocomposite was studied by using the most popular adsorption
isotherms models namely Langmuir [27, 28, 31] and Freundlich [15] in accordance with experimental data. The experimental
data was fitted into the model equations in order to understand the equilibrium behavior of Cu?* onto the surface of the
nanocomposite. Basically, the Langmuir isotherm model describes the adsorption of molecules onto a surface and is used
primarily in surface chemistry. It assumes that adsorption occurs on a surface with a fixed number of adsorption sites, and
each site can hold only one molecule (monolayer adsorption). It also assumes a uniform surface in which all adsorption
sites are identical and equivalent, implying that the energy for adsorption at all sites is the same and at the same time the
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adsorbed molecules do not interact with each other [28]. The Langmuir adsorption isotherm is given by the following equa-
tion Eq. (4):

& _ KLCe

dm B T+ KLCe (4)

where: g, = amount of adsorbate adsorbed per unit mass of adsorbent at equilibrium (mol/g), g,,= maximum adsorption
capacity (mol/g), the maximum amount of adsorbate that can be adsorbed at the surface (when the surface is completely
covered by adsorbate), C,=concentration of adsorbate at equilibrium (mol/L) and K, =Langmuir constant, related to the

adsorption capacity and energy of adsorption. The Langmuir equation can also be written as shown in Eq. (5):
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Fig. 5 Adsorption isotherm studies: a a graph ge Vs Ce, b Langmuir isotherm model (1/ge vs 1/Ce) and ¢ Freudrich Isothem model (Inge vs

InCe)
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Table 1 Calculated Langmuir model Freundlich model
isotherm parameters of the
nanocomposite 4,,(ma/qg) 22.98 n 1.529
k,(L/mg) 0.0184 R? 0.9996
R? 0.9944 K, mg/g 0.823

A plot of agalnst — (Fig. 5b) gave a straight line with a slope o

the constants (K, and qm) represented in Table 1.To further understand the adsorption usmg the Langmuir model, a further
characterization was done using a dimensionless parameter, the separation factor R, [31] using the Eq. (6):

1
RR=——
T 4KC, (6)

where, R, represents the separation factor, while K| is the Langmuir equilibrium constant. On the other hand, the Freun-
dlich isotherm is an empirical model used to describe the adsorption of solutes onto a solid surface. It is particularly useful
for heterogeneous surfaces and non-ideal adsorption behaviour [15]. The Freundlich isotherm is expressed as in Eq. (7):

9. = K:CJ 7)

In this case, g, is the amount of adsorbate adsorbed at equilibrium (mg/g or mol/g), C, is the equilibrium concentration of
the adsorbate in the solution (mg/L or mol/L), K is the Freundlich constant, related to the adsorption capacity of the adsorbent
(mg/g or mol/g), while“n”is the Freundlich exponent, related to the intensity of adsorption which reflects the heterogeneity
of the adsorption sites. The equation can be rearranged to form Eq. (8) which was used to plot graph shown in Fig. 5¢:

Ing, = %InCe + InK; (8)

Figure 5a show shows a positive trend, where the adsorbed amount (q,) increases with the equilibrium concentration (C,).
This is a typical behavior in adsorption, where the amount of adsorbate on the adsorbent increases with increasing adsorbate
concentration, as more molecules become available for adsorption on the surface. The increase in the amount adsorbed is
not linear, suggesting the presence of saturation in the adsorption process. This means the adsorbent’s surface is becoming
increasingly occupied with adsorbate molecules as the concentration rises. If this trend continues, we would expect that at
higher concentrations (beyond the provided data), the rate of increase in adsorption would slow down and eventually plateau
as all available adsorption sites are occupied. The maximum adsorption capacity (q.) seems to be approaching a limit as the
concentration increases. The values from the data are increasing at a decreasing rate: from 3.5 mg/g to 6.3 mg/g (increase
of 2.8 mg/g), from 6.3 mg/g to 8.1 mg/g (increase of 1.8 mg/g), from 8.1 mg/g to 9.8 mg/g (increase of 1.7 mg/g) and from
9.8 mg/g to 11.3 mg/g (increase of 1.5 mg/g). This suggests that the adsorption rate is slowing down, which could indicate
that the adsorbent surface is becoming more saturated, and fewer sites are available for adsorption at higher concentrations.

The adsorption data has been fitted to both the Langmuir (Fig. 5b) and Freundlich isotherm models (Fig. 5¢), and the
results are shown in the plot. The Langmuir model suggests monolayer adsorption on a uniform surface, with a maximum
adsorption capacity of 22.98 mg/g. The Freundlich model accounts for adsorption on a heterogeneous surface, with a het-
erogeneity factor (n) greater than 1 (Table 1), indicating favourable adsorption. From the plot, both models fit the data.
However, a detailed statistical evaluation R? show that the Freundlich model provides a better fit to the data compared to
the Langmuir model, as indicated by its higher R? value. This suggests that the adsorption behaviour is closer to monolayer
adsorption on a uniform surface.

4 Conclusion
This paper presents this study has demonstrated so clearly the ability of ethyl ammonium cation to intercalate silicate
layers in a polymer matrix. Developing a polycondensed silicate with a polymeric structure was pretty interesting, even

when placed in a chitosan polymer matrix. A double-layered structure provides evidence for a proper liking between
the chitosan functional groups and the silanol. Surprisingly, the density of the silica particles in the chitosan polymer
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matrix has a tremendous effect on the adsorption of Cu?*. This has been proven through the use of different chitosan-
silica ratios with 98% of Cu®* removed from model water at an extended pH range of 4 to 6. Based on this reasoning, we
have suggested the best chitosan-silica ratio for removing heavy metal Cu?* from contaminated water. Nevertheless,
much more research is required on the optimization of the structure of the nanocomposite to understand the interaction
between the chitosan functional groups, polycondesed silica and the intercalating agent, ethyl ammonium. Lastly, it is
worth mentioning a possible commercial application of this novel material in the treatment and purification of water
from areas contaminated by heavy metals. Both chitosan and silica are relatively low-cost raw materials; chitosan, being
derived from seafood waste, has an additional sustainability advantage. The chitosan-silica system aligns well with the
demand for sustainable materials. Chitosan is biodegradable, and silica is environmentally benign. However, silica pre-
cursors (like TEOS) may be expensive. Using cheaper alternatives (e.g., sodium silicate) can reduce production costs. The
intercalation system method for chitosan-silica nanocomposites is technically scalable but requires process optimization
and cost reduction to become commercially viable for water treatment.
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