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Hydrogels were synthesized via free-radical polymerization using sodium-
g-poly(acrylamide-crotonic acid) alginate, with reactant concentrations 
optimized using the Taguchi method. Furthermore, a nano-hydrogel was 
prepared by adding silica nanoparticles. The hydrogel and nanocomposite 
were characterized using FTIR, FESEM-EDX, TEM, XRD, TGA, and BET-
BJH spectroscopy. The study focused on the removal of lead (Pb²⁺) ions 
from aqueous solutions. The maximum adsorption capacity was 243.667 
mg/g at 35 °C, and the adsorption kinetics were found to be consistent with 
a pseudo-second-order reaction model. Moreover, the adsorption of lead 
(Pb²⁺) ions followed Freundlich and Temkin isothermic patterns. The Pb²⁺ 
removal study at different temperatures (5, 15, 25, and 35 °C) demonstrated 
that the adsorption process is primarily a physical one. Gibbs free energy, 
enthalpy, entropy, and equilibrium constant were calculated. In this study, 
we investigated the effects of both temperature and pH. The results showed 
that with increasing pH and temperature, adsorption efficiency increased, 
consistent with the endothermic nature of the process, which was 
spontaneous. The Pb²⁺ removal efficiency was verified after washing the 
adsorbent with sodium hydroxide, and the results were very encouraging, 
even after five washes.

INTRODUCTION
Water is essential for life; no living organism can 

survive without it. However, with rapid industrial 
development, rivers and other freshwater sources 
have become increasingly vulnerable to pollution 
from heavy metals such as cadmium, lead, copper, 
and others. This pollution disrupts the ecological 
balance and poses a threat to all living organisms, 

including humans. This pollution is attributed to 
various industrial activities, most notably mining, 
oil production, and glass manufacturing [1,2]. 
Because it is not biodegradable and is prone 
to bioaccumulation, researchers have turned 
to developing and applying several methods to 
reduce and treat this type of pollution [3]. Lead is 
found in wastewater generated from a wide range 
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of industries, such as electroplating processes, 
nickel-cadmium battery manufacturing, fertilizer 
and pesticide production, dye manufacturing, 
and textile industries [4]. Lead ions (Pb²⁺) are 
a serious health and environmental pollutant, 
primarily affecting the liver and nervous system. 
Their toxicity stems in part from their mimicry of 
divalent metal ions such as calcium, disrupting 
cellular functions and vital signaling pathways 
[5]. Lead ions (Pb²⁺) lead to cellular dysfunction 
by inducing oxidative stress and mitochondrial 
disruption, including inhibition of respiratory 
complexes, increased reactive oxygen species, and 
stimulation of mitochondrial permeability, which 
may lead to cell death [6]. In addition, the toxic 
effects of lead ions (Pb²⁺) increase when present 
with other agents that affect mitochondria, such 
as FCCP and RuRed, impairing cell viability through 
mechanisms that go beyond ion absorption 
alone [7]. Research focuses on removing 
lead from contaminated water. Traditional 
methods include reduction, precipitation, ion 
exchange, filtration, electrochemical treatment, 
and membrane technology; however, their 
effectiveness may decrease or their cost increase 
at low concentrations of metals. Adsorption is 
a promising method because it is low-cost, easy 
to prepare, low-toxicity, and biodegradable. Its 
efficiency can be improved by selecting the type of 
adsorbent, the nature of the active groups, and the 
surrounding environmental conditions, enabling 
effective adsorption of pollutants under varying 
conditions [8]. Methods for preparing absorbent 
materials vary depending on their type, including 
some unprocessed natural materials such as 
chitosan, cellulose, and polysaccharides, which 
are used as effective media for the adsorption 
of heavy metals from water, thus enabling 
sustainable and economical treatment of mineral 
pollution [9,10]. Alternatively, the absorbent 
materials can be entirely synthetic, prepared from 
synthetic monomers such as poly acrylic acid, 
allowing control over their chemical and physical 
properties to enhance adsorption efficiency [11]. 
Using modeling in the preparation of composite 
materials, through software that provides 
comprehensive statistical analysis of the effect 
of changing component concentrations on the 
composition of the composite and its adsorption 
or swelling efficiency, contributes to achieving 
higher accuracy compared to traditional methods. 
One of the most prominent of these methods is 

the Taguchi method, which reduces the number 
of experiments while maintaining accurate and 
reliable results [12,13]. In addition, a number of 
statistical methods and models were employed to 
simulate the adsorption process and to study the 
effect of the various variables controlling it [14]. 
Hydrogels are classified as effective materials in the 
field of pollutant removal, due to their advanced 
porous structure which contributes to enhancing 
their ability to trap and remove various pollutants 
from the surrounding environment [15,16]. 
Furthermore, materials with nanoscale properties, 
such as silicon dioxide (SiO₂) particles, contribute 
to enhancing the efficiency of the adsorption 
process. Various types of nanomaterials have 
been employed in conjunction with hydrogels to 
improve adsorption performance and increase 
efficiency [17,18]. Furthermore, nano-oxides, 
such as SiO₂, have numerous applications in 
diverse fields including medicine, chemistry, 
thermal insulation, paints, and environmental 
science. These particles are widely used in water 
purification and pollutant removal due to their 
superior mechanical properties, large surface 
area, precise nanoscale size, high activity, ease of 
preparation, non-toxicity in aqueous environments, 
and favorable biocompatibility [19,20,21]. 
Researchers developed SiO₂-based hydrogels in 
which magnetic sodium alginate beads were used 
to effectively remove dyes and heavy metals. 
The results showed that the adsorption followed 
pseudo-second-order kinetics, with the process 
equilibrium time determined and the associated 
thermodynamic functions investigated [22-24]. 
The Sa-g-poly(AAM-co-CA)/SiO₂ nanocomposite 
was prepared using a Taguchi design to determine 
the optimal concentrations of monomers, sodium 
alginate, and initiating and binding agents. The 
nanocomposite underwent a series of analyses, 
including FTIR, FESEM, AFM, TEM, XRD, TGA, 
BET, and zero charge point determination. A 
comparative study with a hydrogel was also 
conducted to evaluate the effect of silica 
nanoparticles on adsorption, analyzing equilibrium 
time, effective weight, thermodynamics, kinetics, 
and the effects of pH, lead ion concentration, and 
temperature.

MATERIALS AND METHODS
Materials

Sodium alginate monomer (99% purity), silica 
nanoparticles (100% purity), and sodium hydroxide 
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(99% purity) were obtained from Sigma-Aldrich. 
Crotonic acid (99% purity) was obtained from CDH 
(India), while acrylamide, potassium persulfate 
(KPS), and the binding agent N,N’-methylene-bis-
acrylamide (MBA) were all obtained in 99% purity 
from Macklin. Hydrochloric acid (HCl) was prepared 
in the laboratory and twice diluted with distilled 
water after being obtained in concentrated form 
from Fluka.

Synthesis of Sa-g-poly(AAM-co-CA)
Hydrogels were prepared by combining sodium 

alginate with acrylamide and crotonic acid, with 
free polymerization performed using KPS as a 
catalyst and MBA as a bonding agent. Nine hydrogel 
samples, as shown in Table 1, were used in the 
Taguchi L9,3⁴ design using Minitab software [25]. 
Due to the effective role of silica nanoparticles in 

promoting bonding, they were added to investigate 
their effect on the swelling properties in water. To 
prepare the hydrogel, 0.15 g of sodium alginate 
was dissolved in 6 mL of distilled water at 50 °C 
for 40 minutes with continuous magnetic stirring 
until the monomer was completely dissolved, 
and then the temperature was reduced to room 
temperature. Next, 2 mL of a solution containing 
1 g of acrylamide was gradually added with 
continuous stirring, followed by the addition of 
0.2 g of crotonic acid dissolved in 2 mL of distilled 
water at 25 °C with continuous stirring. Then, 
0.050 g of the binding agent MBA was added to 
the mixture with stirring, and finally 0.066 g of KPS 
as a polymerization catalyst under a continuous 
flow of nitrogen with stirring at 25 °C to ensure the 
formation of a stable and homogeneous hydrogel 
network.
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No. SiO₂ SA Monomers MBA % KPS % Qe 
1 0.01 0.10 3 2.0 1.0 475.746 
2 0.01 0.10 3 2.0 1.5 480.937 
3 0.01 0.10 3 2.0 2.0 470.327 
4 0.01 0.15 1 2.5 1.0 509.660 
5 0.01 0.15 1 2.5 1.5 514.684 
6 0.01 0.15 1 2.5 2.0 504.413 
7 0.01 0.20 2 1.5 1.0 497.130 
8 0.01 0.20 2 1.5 1.5 498.883 
9 0.01 0.20 2 1.5 2.0 493.296 

 
 

Table 1. Qe values based on Taguchi method for synthesis of Sa-g-poly(CA-AAM)/SiO₂.

Fig. 1. Synthesis of Sa-g-poly(AAM-co-CA)/SiO₂ Nano
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Synthesis of Sa-g-poly(AAM-co-CA)/SiO₂ Nano
The silica nanoparticle-containing hydrogel 

was prepared following the same protocol as 
the basic hydrogel preparation. 0.010 g of silica 
nanoparticles were dissolved in 2 mL of distilled 
water, and the mixture was then ultrasonically 
treated for 60 minutes to prevent clumping 
and ensure homogeneous particle dispersion. 
Subsequently, the silica nanoparticles were 
added to the hydrogel mixture after dissolving 
sodium alginate (in the second step before adding 
acrylamide). The mixture was placed in a water 
bath at 60 °C for three hours to form the Nano 
gel composite. After the reaction was complete, 
the nanocomposite was repeatedly cleaned with 
distilled water and then left to dry in a convection 
oven at 60 °C for two days. Finally, the dried 
nanocomposite was ground into a fine powder, as 
shown in Fig. 1.

Analysis and interpretation of the prepared sample
The prepared samples, comprising the Sa-

g-poly(AAM-co-CA) hydrogel and the Sa-g-
poly(AAM-co-CA)/SiO₂ nanocomposite, were 
analyzed using Fourier transform infrared 
spectroscopy (FTIR) in the 400–4000 cm⁻¹ range, 
both before and after lead ion (Pb²⁺) removal. The 
surface morphology of both the hydrogel and the 
nanocomposite was also investigated before and 
during lead ion adsorption using field emission 
scanning electron microscopy (FESEM), along with 
energy-dispersive X-ray spectroscopy (EDX) to 
determine the elemental distribution. Additionally, 
the samples underwent X-ray diffraction (XRD) 
analysis in the 0–80° range to evaluate the surface 
crystalline or semi-crystalline properties. To 
consider the harsh conditions that may contain 
some contaminants, the prepared nanocomposite 
and SiO₂ Nano particles were also examined using 
transmission electron microscopy (TEM). To assess 
the thermal stability of both the hydrogel and the 
nanocomposite, thermogravimetric analysis (TGA) 
was performed, and measurements were taken to 
determine the pore diameter, interfacial spaces, 
and surface area of both the hydrogel and the 
nanocomposite using multi-analytical methods 
(BET).

Experiments on absorption and swelling
The hydrogel’s high swelling capacity upon 

hydration is one of the essential properties 
required for the preparation of the compound Sa-

g-poly(AAM-co-CA)/SiO₂ Nano, as the amount of 
this swelling is a crucial factor in the efficiency of 
compound formation, which necessitated studying 
and highlighting this property in detail. Eq. 1 [26] 
was adopted to evaluate the swelling behavior of 
the compound Sa-g-poly(AAM-co-CA)/SiO₂ Nano 
within a wide range of pH values, ranging between 
2–12, in order to study the effect of the acidic and 
basic medium on this property.

Swelling % = (Ws − Wi) / Wi × 100 %                                          (1)

Where: Wi : dry sample weight, Ws : weight of 
the sample after swelling

Zero point charge (PZC)
The electrical equilibrium point of the 

compound was determined using a 25 mL saline 
solution of NaCl (500 mg/L) at 25 °C, with pH values 
adjusted in the range of 2–12 using HCl and NaOH 
(0.1 and 1 M). 0.01 g of the compound was added 
to each solution, and the samples were shaken at 
150 rpm for 1 hour [27]. After filtration, the pH of 
the filtrate was measured, and the initial and final 
values were plotted to accurately determine the 
electrical equilibrium point.

Adsorption study
To evaluate the effect of pH and ionic strength 

on the adsorption of lead ions (Pb²⁺), experiments 
were conducted at 25 °C using 0.01 g of adsorbent 
per 10 mL of a 250 mg/L Pb²⁺ solution. The samples 
were shaken at 150 rpm to ensure equilibrium. 
The amount of adsorption was calculated using 
Eq. 2 [28].

Qe = (C0 − Ce) × V / m                                                (2)

Where: C₀: original concentration of Pb²⁺, 
Ce: pigment concentration at equilibrium, Qe: 
quantity of absorbent material, V: volume of 
absorbed solution (in litres), m: mass of absorbent 
material (in grams).

The removal ratio was calculated based on Eq. 
3 [29], in order to evaluate the efficiency of the 
adsorbent in removing pollutant ions from the 
aqueous medium.

Re % = (C0 − Ce) / C0 × 100 %                                              (3)

The thermodynamic parameters for the 
adsorption of Pb²⁺, which include ΔH, ΔS, ΔG, and 
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the equilibrium constant Keq, were calculated 
using appropriate Eqs. 4-6, with the aim of 
clarifying the nature of the adsorption process and 
determining its spontaneity [30].

ΔG = − R T ln Keq                                                          (4)

ln Keq = ΔS / R − ΔH / (R T)                                         (5)

KC = Ca / Ce                                                                     (6)

R: universal gas constant, 8.314 J·mol⁻¹·K⁻¹, 
T: temperature (K), Ca: amount of adsorbate 
adsorbed at equilibrium.

Various equilibrium models, including the 
Langmuir Eq. 7, the Freundlich Eq. 8, and the 
Temkin Eq. 9, were applied to describe the 
adsorption behavior of Pb²⁺. By calculating the 
correlation coefficients (R²) and comparing their 
values, the most suitable model for representing 
the adsorption data was determined [31].

Qe = Qmax KL Ce / (1 + Ce KL)                                            (7)

Qe = Kf Ce
1/n                                                                        (8)

Qe = B ln (Kt Ce)                                                                (9)

Where:, KL: Langmuir constant, Kf, n: Freundlich 
constants, B, Kt: Temkin constants, Qmax: the 
highest possible adsorption capacity.

Furthermore, a detailed study of the adsorption 
kinetics of Pb²⁺ was conducted, with solutions 
being sampled at predetermined time intervals. 
The adsorption of these samples was then 
measured using an atomic spectrometer, and 
the kinetic calculations were based on Eq. 10 for 
first-order quasi-analysis and Eq. 11 for second-
order quasi-analysis to accurately determine the 
adsorption pattern and rate [32].

Qt = Qe (1 − e−K₁ t)                                                              (10)

Qt = Qe
2 K2 t / (1 + K2 Qe t)                                              (11)

Qe: equilibrium absorption capacity, Qt: 
capacity for absorption at time t, K₁: pseudo-first-
order absorption constant, K₂: pseudo-second-
order absorption constant.

Comparison of the efficacy of adsorption
The efficiency of the hydrogel and the 

nanocomposite in removing Pb²⁺ at 25 °C was 
estimated using solutions with concentrations 
of 100–450 ppm, with the addition of 0.01 g of 
adsorbent to each solution. After shaking the 
solutions for 60 minutes, they were separated 
and the adsorption ratio for each substance was 
calculated.

RESULTS AND DISCUSSION
Characterization
FT-IR spectrum

The FTIR spectrum of sodium alginate 
monomer (Fig. 2a) shows a broad absorption band 
at 3214 cm⁻¹ attributed to hydroxyl (OH) group 
vibrations. A band at 2929 cm⁻¹ resulting from 
aliphatic (CH) bond vibrations is also observed. 
Furthermore, the strong, sharp bands associated 
with carbonyl (C=O) group vibrations indicate 
the monomer’s characteristic chemical structure, 
with an additional band at 1303 cm⁻¹ confirming 
the presence of this functional group [33,34]. 
The FTIR spectrum of SiO₂ nanoparticles (Fig. 
2b) shows a broad band between 3414 and 3550 
cm⁻¹ attributed to Si–OH groups, and a band at 
1633 cm⁻¹ associated with surface water (Si–H₂O). 
Si–O vibrations are also observed at 1099 cm⁻¹, 
with additional symmetric bands at 808 and 470 
cm⁻¹, illustrating the characteristic structure of 
the nanoparticles [35-37]. The FTIR spectrum 
of the hydrogel (Fig. 2c) shows carbonyl (C=O) 
group oscillations at 1712 cm⁻¹ and carboxyl 
(COO⁻) bands at 1452 and 1550 cm⁻¹. Bands of 
the amide (NH₂) group were also observed at 
3351 and 3195 cm⁻¹, and an extension of (CH₂) at 
2813 cm⁻¹, in addition to C=O oscillations within 
the amide and the extensions of the (C–C) and 
(C–N) groups at 1609 and 1430 cm⁻¹, respectively, 
demonstrating the integrated functional structure 
of the hydrogel [38-40]. The FTIR spectrum of 
the nanocomposite (Fig. 2d) shows novel bands 
compared to the hydrogel, resulting from the 
presence of SiO₂ nanoparticles. These include a 
Si–OH band at 3414 cm⁻¹, a Si–H₂O bend at 1633 
cm⁻¹, as well as asymmetric Si–O–Si vibrations at 
1095 cm⁻¹ and symmetric bands at 808 and 470 
cm⁻¹, demonstrating the structural interaction 
between the hydrogel and the nanoparticles. 
The FTIR spectrum of the nanocomposite after 
Pb²⁺ adsorption (Fig. 2e) shows a shift towards 
shorter wavelengths and weak absorption of the 
functional groups, due to their saturation with 
lead ions, which reduces their effectiveness in 
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absorbing infrared radiation [41].

FE-SEM / EDX explanation
FE-SEM images show that the hydrogel has a 

smooth texture and remarkable rigidity, with large 
pores resulting from the cross-linking network. 
When silica nanoparticles are incorporated to 
form the nanocomposite, structural changes 
become apparent as the nanoparticles fill the 
gaps within the network, enhancing rigidity 
and structural stability and creating a cohesive 
nanocomposite structure that supports better 
adsorption properties compared to the hydrogel 
alone. Fig. 3a shows that the nanocomposite 
network is more crystalline and porous than the 
hydrogel, which enhances its surface adsorption 
efficiency. Figs. 3b and 3c show the saturation of 

the outer surface of the adsorbent material with 
lead ions, with an increase in adsorption capacity 
and an increase in surface roughness as a result of 
the adhesion of the ions.

EDX analysis (Fig. 4) shows the difference in 
elemental composition between the hydrogel 
and the nanocomposite before and after Pb²⁺ 
adsorption. Silicon appears in the nanocomposite 
at 1.23 %, confirming the presence of SiO₂ 
nanoparticles, while a new lead peak of 15.46 % is 
recorded after adsorption, indicating the success 
of the adsorption process.
TEM explanation

The TEM image in Fig. 5a shows dark, semi-
spherical SiO₂ nanoparticles clustered against a 
lighter background, a characteristic aggregation 
behavior of nanomaterials. When these particles 
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Fig. 3. FE-SEM images of (a) hydrogel, (b) nanocomposite, (c) nanocomposite after adsorption of Pb²⁺.

Fig. 2. FT-IR adsorption spectrum of (a) sodium alginate, (b) SiO₂ nano, (c) hydrogel, (d) 
nanocomposite, (e) nanocomposite after Pb²⁺ absorption.
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are incorporated into the nanocomposite, 
as shown in Fig. 5b, irregular, semi-spherical 
aggregates form due to the non-uniform particle 
distribution and high electron density, reflecting 
the structural interaction between the hydrogel 

and the nanoparticles [42,43].

XRD concepts
Fig. 6 shows the X-ray diffraction (XRD) spectrum 

of the hydrogel, the nanocomposite, and the silica 
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Fig. 4. EDX evaluation for (a) hydrogel, (b) nanocomposite, (c) nanocomposite after adsorption of Pb²⁺.

Fig. 5. Transmission electron microscope (TEM) images of (a) SiO₂ nano, (b) nanocomposite.

Fig. 6. XRD pattern of hydrogel, nanocomposite, and SiO₂ nano.
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nanoparticles (SiO₂) in the solid state, using Cu-Kα 
light at a wavelength of 1.5106 Å within the 2θ 
angular range of 0–80° [44]. The hydrogel exhibits 
a broad band at 2θ = 22° (d = 4.04 Å), indicating its 
amorphous nature and the absence of crystalline 
phases. The nanocomposite shows a broad band at 
2θ = 23° (d = 3.87 Å), while the silica nanoparticles 
exhibit a broad band at 2θ = 24° (d = 3.70 Å), also 
confirming their amorphous nature [45].
TGA principles

Figs. 7a and 7b show the thermal weight 
analysis (TGA) curves for both the hydrogel and 
the nanocomposite. The results indicate that 
the samples passed through four successive 

thermal phases. In the first phase (39.05–184.53 
°C), a slight weight loss of 3.2084 % of the 
nanocomposite was recorded, resulting from the 
evaporation of physically absorbed water. This was 
followed by the second phase, within the range of 
184.53–261.39 °C, which was associated with the 
decomposition of hydroxyl and carboxyl functional 
groups, resulting in a weight loss of 6.64235 %. 
The third phase (261.39–533.07 °C) represented 
the highest weight loss (47.63733 %), attributed 
to the decomposition of the nanocomposite’s 
functional groups and the breakdown of the 
Si–OH groups of the SiO₂ nanoparticles. In the 
final stage, from 533.07 to 904.49 °C, complete 
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Fig. 7. Thermogravimetric analysis (TGA) of (a) nanocomposite and (b) hydrogel.

Fig. 8. Adsorption-desorption isotherms (BET-BJH) for (a) nanocomposite, (b) hydrogel.
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thermal decomposition of the cross-linked 
polymer network occurred due to the breakdown 
of the carbon structure, accompanied by a weight 
loss of 41.80864 %. These results confirm that 
the incorporation of SiO₂ nanoparticles clearly 
contributed to enhancing the thermal stability 
of the nanocomposite compared to the hydrogel 
[46,47].

BET-BJH principles
Fig. 8 shows the adsorption-desorption curves 

of nitrogen gas for the nanocomposite and the 
hydrogel using the BET and BJH methods. Both 
samples exhibited type IV adsorption behavior, 
indicating a moderately porous structure with a 
uniform pore distribution. The nanocomposite 
had a surface area of 12.060 m²/g, a pore volume 
of 0.016130 cm³/g, and an average pore diameter 

of 5.3496 nm, while the hydrogel had a surface 
area of 11.901 m²/g, a pore volume of 0.014743 
cm³/g, and an average pore diameter of 4.9552 
nm. These results confirm that both materials 
possess moderate porosity suitable for adsorption 
processes, with the potential to improve efficiency 
by increasing the surface area and pore volume.

Point Zero Charge (PZC)
Fig. 9 illustrates the effect of pH on the surface 

charge of the adsorbent and its adsorption 
behavior by showing the relationship between 
pH and the zero-charge point (pHpzc). This point 
is a key criterion for understanding the behavior 
of magnetic hydrogels and their interaction with 
adsorbents based on the nature of their surface 
charge. The compound exhibited electrical 
neutrality at pH = 4.1, with its surface becoming 
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Fig. 9. Point Zero Charge (PZC) of nanocomposite.

Fig. 10. Swelling ratios of nanocomposite at various pH levels.
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negatively charged at values above this point, 
leading to increased swelling with increasing 
alkalinity. Conversely, at pH values below pHpzc, 
the surface acquires a positive charge due to 
the protonation of surface functional groups, 
such as hydroxyl and carboxyl groups, which 
causes the three-dimensional network structure 
of the compound to shrink [48]. These results 
are generally consistent with those reported in 
previous studies [49].

Swelling patterns
After immersion in aqueous solutions of varying 

pH values for 24 hours, the compound exhibited 
rapid water absorption and a marked increase in 
swelling, as illustrated in Fig. 10. This behavior is 
attributed to the ionization of hydrophilic groups 
such as hydroxyl and carboxyl groups, which 
become negatively charged at alkaline values. 
This ionization leads to repulsion between the 

polymer chains and opens the compound’s 
network, allowing for the infiltration of more 
water molecules [50]. However, at pH 12, a 
decrease in swelling was observed due to the 
effect of positively charged sodium ions on the 
ionized carboxyl sites. This reduces the repulsion 
and limits the compound’s ability to retain water.

Adsorption studies
Fig. 11 illustrates the effect of the adsorbent 

mass on adsorption capacity and removal 
efficiency. Increasing the weight improved the 
removal ratio while decreasing the capacity. At 
0.01 g, the values were balanced and acceptable 
for both capacity and efficiency. Subsequent 
increases led to a decrease in capacity due to 
saturation of the active sites and clumping of the 
material; therefore, 0.01 g was adopted as the 
optimal weight for the experiments.

Fig. 12 illustrates the adsorption capacity 
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Fig. 11. Role of the adsorbent mass on the adsorption capacity and removal efficiency 
of Pb²⁺.

Fig. 12. Equilibrium time for the removal of Pb²⁺.
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and removal rate of Pb²⁺ ions over time. The 
adsorption process was rapid during the first three 
minutes due to the presence of empty active sites, 
then gradually stabilized over 60 minutes with no 
significant change in the removal rate. Therefore, 
an equilibrium time of 60 minutes was adopted for 
all experiments.

The effect of ionic strength on lead ion 
adsorption was investigated. The results, as shown 
in Fig. 13, indicate a decrease in both the removal 
rate and adsorption capacity in the presence of 
salts such as NaCl, KCl, and CaCl₂. This is attributed 
to competition between the positive ions of the 
salt and the lead ions for the negatively active sites 
of the adsorbent. As a result of this competition, 
the amount of lead adsorbed decreases, and the 
removal rate is reduced.

Fig. 14 shows the pH dependence of lead ion 

adsorption behavior at a concentration of 250 
mg/L within the range of 2–10. A clear decrease 
in adsorption capacity and removal percentage 
was observed at values below the electrical 
equilibrium point (PZC = 4.1), attributed to the 
limited ionization of the active surface of the 
adsorbent. Conversely, exceeding the pH value of 
the electrical equilibrium point led to a significant 
improvement in adsorption performance, resulting 
from the ionization of active functional groups 
such as Si–O⁻, COO⁻, and CO⁻, which strengthened 
the electrostatic attraction between the surface 
and the lead ions and contributed to increased 
removal efficiency [51].

Thermodynamic assessment
The effect of temperature on the adsorption of 

lead ions was investigated at temperatures ranging 
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Fig. 13. Ionic strength’s impact on (a) adsorption capacity of Pb²⁺ and (b) removal rate of 
Pb²⁺.

Fig. 14. Effect of pH on Pb²⁺ adsorption.
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from 5 to 35 °C using different initial concentrations 
(150, 200, 250, 300, 350, 400 ppm). Fig. 15 shows 
a direct relationship between temperature 
and adsorption capacity, with the adsorption 
capacity increasing from 309.798 mg/L at 5 °C to 
356.565 mg/L at 35 °C at a concentration of 400 
ppm. These results indicate that the adsorption 

process on the silica nanoparticle-reinforced 
nanocomposite is endothermic in nature. This is 
attributed to improved ion mobility and increased 
interaction with active sites on the nanocomposite 
surface, in addition to the role of the porous 
structure in enhancing removal efficiency at high 
temperatures. The thermodynamic parameters 
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Fig. 15. Temperature’s impact on Pb²⁺ absorption.

Fig. 16. Relationship between (1/T) and (ln Kc) for adsorption of Pb²⁺.

 
T (K) ΔG (kJ·mol⁻¹) ΔH (kJ·mol⁻¹) ΔS (J·mol⁻¹·K⁻¹) Kc 
278 −5.932 25.852 113.902 13.0229 
288 −6.795 — — 17.0793 
298 −8.008 — — 25.3324 
308 −9.347 — — 38.4758 

 
 
 
 

 

Table 2. Thermodynamic function values for adsorption of Pb²⁺.
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(ΔG, ΔH, ΔS) were also evaluated to elucidate the 
adsorption mechanism in the aqueous medium 
[52,53].

The data indicate that the changes in enthalpy 
(ΔH) and entropy (ΔS) are positive, demonstrating 
that adsorption is endothermic and involves an 
increase in the orderliness of the system during 
the transition from the solution to the solid phase. 
Furthermore, the Gibbs free energy (ΔG) becomes 
more negative with increasing temperature, 
reflecting the thermal suitability of the process.

Kinetics and isotherm mechanism
The adsorption kinetics of lead ion at 25 °C 

and an initial concentration of 250 mg/L were 
investigated to determine the time to equilibrium. 
The results obtained from applying the two 
nonlinear equations showed high agreement 
with the pseudo-second-order model, with the 
adsorption capacity at equilibrium reaching 
240.505 mg/g, which is very close to the theoretical 
value predicted by this model, as shown in Table 3 

and Fig. 17.
The value of Qe(cal) for the pseudo-second-

order reaction model was 242.0650 mg/g with 
a higher correlation coefficient (R² = 0.9677) 
compared to the pseudo-first-order model, which 
showed a lower correlation coefficient (R² = 
0.4141) and a Qe(cal) value less consistent with 
experimental values. Therefore, the adsorption 
process better follows the pseudo-second-order 
reaction model.

The equilibrium data were subjected to the 
Langmuir, Freundlich, and Temkin models (Fig. 
18). The results showed the Langmuir model to 
be superior in terms of correlation coefficient at 
different temperatures, followed by the Temkin 
model with a high degree of agreement, while the 
Freundlich model was the least favorable. Table 
4 shows the model coefficients and R² values, 
allowing for a quantitative assessment of their 
accuracy in describing the adsorption behavior. 
The data indicate multilayer adsorption with a 
physical nature to the process, which is consistent 
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Model Parameter Value 

Pseudo first order K₁ 0.00107 
Pseudo first order Qe (cal) (mg/g) 211.619 
Pseudo first order R² 0.4141 

Pseudo second order K₂ 0.00256 
Pseudo second order Qe (cal) (mg/g) 242.065 
Pseudo second order R² 0.9677 

 
 

Table 3. Kinetic function and constant values for the absorption of Pb²⁺.

Fig. 17. Kinetic models for adsorption of Pb²⁺: (a) pseudo first order, (b) pseudo second order.
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with the previously calculated enthalpy values.

Adsorption comparison between nanocomposite 
and hydrogel

The adsorption process was studied at initial 
lead ion concentrations ranging from 100 to 
450 mg/L, at 25 °C and pH 7. 0.01 g of both the 
hydrogel and the nanocomposite loaded with 
SiO₂ nanoparticles were used, with shaking for 60 
minutes to ensure equilibrium. The results showed 
that the nanocomposite exhibited superior 
adsorption efficiency compared to the unmodified 
material, attributed to its increased surface area 
and number of active sites, as illustrated in Fig. 19.

Reusability study
The nanocomposite material was reactivated 

by washing with a 1 M NaOH solution and then 
drying for reuse. The results (Fig. 20) showed that 
it retained good efficiency during four adsorption 
cycles. At a concentration of 250 mg/L Pb²⁺, the 
adsorption capacity decreased from 233.131 to 
177.575 mg/g after the fourth cycle, indicating 
acceptable stability and efficient reuse potential 
supported by Nano silica [54,55].

CONCLUSION
SA-g-poly(AAM-co-CA) hydrogel was prepared 

using free-radical polymerization with a Taguchi 
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Langmuir eq. Freundlich eq. Temkin eq. 

R² Qmax KL R² n Kf R² B Kt 
0.9247 344.942 0.0723 0.2203 0.9919 5.4014 0.9406 75.9070 0.6921 

 

Table 4. Isothermal factors for adsorption of Pb²⁺ on the surface of the nanocomposite.

Fig. 20. Re-adsorption of Pb²⁺ following four treatments.

Fig. 19. Comparison of adsorption performance (removal efficiency 
and capacity) for hydrogel and nanocomposite materials toward Pb²⁺.
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design to determine the optimal concentrations of 
the system components. Its structure was further 
enhanced by the addition of SiO₂ nanoparticles 
to obtain a nanocomposite. Swelling tests at 
different pH values showed the superiority of the 
nanocomposite hydrogel, with a maximum swelling 
of 16978.57 % at pH = 10, compared to 11143.75 
% for the unsupported hydrogel at pH = 12. This 
confirms the role of Nano silica in improving water 
adsorption capacity. In Pb²⁺ removal applications, 
the nanocomposite exhibited a higher adsorption 
capacity (376.969 mg/g) compared to the hydrogel 
(337.979 mg/g), attributed to the increased density 
of active sites and improved surface properties. 
The equilibrium time was set to 60 minutes, and 
the kinetic analysis showed good agreement with 
the pseudo-second-order model, indicating that 
the adsorption process is governed by the nature 
of the active sites. The thermal data showed that 
the adsorption was endothermic (ΔH = 25.852 kJ/
mol) with increased randomness at the interface 
(ΔS = 113.901 J/mol·K), while the negative ΔG 
values (−8.007 kJ/mol at 25 °C) confirmed the 
spontaneity of the process, with performance 
improving with increasing temperature. From a 
modeling perspective, the compound showed 
better agreement with the Langmuir model, 
indicating the formation of a monolayer on a 
semi-homogeneous surface, while the Freundlich 
model showed limited agreement. The Temkin 
model provided a good fit, reflecting the influence 
of the adsorption energy and the distribution of 
the active sites.
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