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ABSTRACT
A hydrogel based on carboxymethylcellulose poly(acrylic acid-co-hydroxyethyl acrylamide) (CMC-AAC-co-

HEAM) was synthesized via free radical polymerization and employed as an efficient adsorbent for the removal of
Pb(II) ions from aqueous solutions. The influence of critical parameters, including adsorbent dosage, contact time, pH,
ionic strength, and temperature, was systematically evaluated. Adsorption equilibrium was attained within 120 minutes,
with a maximum uptake capacity of 39.8 mg/g. Kinetic studies demonstrated that the adsorption process was best
described by the pseudo-second-order model, while isotherm analysis indicated favorable fitting to the Freundlich
model, confirming multilayer adsorption on a heterogeneous surface. Thermodynamic investigations revealed that the
adsorption was feasible, spontaneous, and endothermic, with negative ΔG values and a positive ΔH. Furthermore, the
functional groups of the hydrogel, primarily carboxyl and hydroxyl moieties, played a central role in Pb(II) binding
through electrostatic attraction and complexation. These results highlight the potential of CMC-AAC-co-HEAM
hydrogel as a cost-effective and environmentally sustainable material for heavy metal remediation.
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1.Introduction
Water contamination by heavy metals, particularly lead (Pb), has emerged as a critical environmental

threat in the era of rapid industrialization and urban expansion. Lead enters aquatic systems through
industrial effluents, corroded plumbing, and agricultural runoff, posing severe risks to human health and
aquatic ecosystems [1]. Owing to its bioaccumulative properties and strong association with neurological,
cardiovascular, and developmental disorders, the removal of Pb(II) from water has become a global priority
[2]. Among the available treatment techniques, adsorption is recognized as one of the most efficient, cost-
effective, and eco-friendly strategies [3-5]. This approach relies on the interaction of Pb(II) ions with the active
surface sites of an adsorbent, with its efficiency largely governed by surface chemistry, solution pH, ionic
competition, and temperature [6]. In recent years, extensive efforts have been devoted to designing
sustainable adsorbents, particularly those derived from biopolymers. Materials such as chitosan, bentonite
clay, rice husk, and other agricultural by-products have been investigated, with their adsorption capacity
enhanced through cross-linking, functionalization, and hydrogel formation. These modifications improve
selectivity and affinity toward Pb [7](II) ions, enabling better performance under diverse environmental
conditions [1,8-10]. Parameters such as pH and temperature have been consistently reported as key factors
influencing adsorption efficiency. To further advance this field, novel hydrogel hydrogels have been
engineered with improved surface properties and stability [11,12]. In this study, a hydrogel based on
carboxymethylcellulose poly(acrylic acid-co-hydroxyethyl acrylamide) (CMC-AAC-co-HEAM) was
synthesized and applied for Pb(II) removal from aqueous media. The adsorption performance of this
hydrogel was systematically investigated through kinetic, isothermal, and thermodynamic analyses, in
addition to evaluating the effects of pH and ionic strength. By utilizing a biopolymer-based hydrogel with
tailored functional groups, this work contributes to the development of cost-effective, environmentally
sustainable solutions for heavy metal remediation. The synthesized hydrogel's maximum adsorption capacity
of 39.8 mg/g compares to other eco-friendly adsorbents for Pb(II) removal, such as SA-g-P(FA-AA)/GO
hydrogel (22.371 mg/g) [13] and rice husk nano adsorbent (16.26 mg/g) [14].

2. Experimental section
2.1. Materials

Lead nitrate (Pb(NO₃)₂) of analytical grade was purchased from Merck (Seoul, Republic of Korea).
Carboxymethylcellulose (CMC), acrylic acid (AA, ≥99%), and hydroxyethyl acrylamide (HEAM, ≥98%)
were obtained from Sigma-Aldrich (Germany). N,N'-methylenebisacrylamide (MBA, 99.5%) was supplied
by Aladdin, while potassium persulfate (KPS, ≥98.5%) was used as a radical initiator. All chemicals were of
high purity and used without further purification. Distilled water was employed throughout the study for the
preparation of stock and working solutions.

2.2. Preparation of CMC-AAC-co-HEAM hydrogel
The hydrogel (CMC-AAC-co-HEAM) was prepared by dissolving carboxymethyl cellulose powder (1g)

in deionized water (50mL) using a magnetic stirrer at 120 rpm for 30 minutes until complete dissolution
occurred. This process was conducted in a 250mL three-necked round-bottom flask equipped with a
condenser, thermometer, and nitrogen line while maintaining continuous stirring at 50°C. Hydroxyethyl
acrylamide (4mL) was added to the aqueous carboxymethyl cellulose solution until homogenization was
achieved, followed by the gradual addition of acrylic acid (4mL) at 25°C. MBA (0.01g) dissolved in
deionized water (2mL) was slowly incorporated into the above solution with continuous stirring for 5
minutes. Subsequently, KPS (0.01g) dissolved in deionized water (2mL) was added to the carboxymethyl
cellulose solution to generate free radicals. The mixture was then placed in a water bath at 70°C for three
hours to complete the polymerization reaction. The resulting samples were washed with deionized water to
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remove unreacted components and reagents, then dried in an oven at 60°C for 48 hours. The dried samples
were ground and sieved for further analysis. Figure 1 illustrates the hydrogel preparation steps, while
Scheme (2-1) demonstrates the preparation mechanism of the hydrogel (CMC-AAC-co-HEAM).

Figure 1. SA-g-P (AAc-CA) GO hydrogel synthesis

2.3. Characterization of CMC-AAC-co-HEAM hydrogel
The structural and surface properties of the synthesized CMC-AAC-co-HEAM hydrogel were

characterized before and after Pb(II) adsorption. Fourier-transform infrared (FTIR) spectra were recorded in
the range of 400–4000 cm⁻¹ using a Shimadzu 8400S spectrophotometer to identify functional groups and
confirm the interaction with Pb(II) ions [3]. The surface morphology was examined by field emission
scanning electron microscopy (FESEM, MIRA3 TESCAN, 10 kV), while the elemental composition was
determined using energy-dispersive X-ray spectroscopy (EDS, S-4800, Hitachi Corporation, Japan). In
addition, powder X-ray diffraction (XRD) patterns were obtained on a Philips/PANalytical X'Pert MRD
diffractometer equipped with Cu Kα radiation (λ = 0.1540 nm) over a 2θ range of 10–80°, providing insights
into the crystalline structure of the hydrogel [15].

3. Results and discussion
3.1. Characterization of adsorbent
3.1.1. FTIR analysis

The FTIR spectra of the CMC-AAC-co-HEAM hydrogel before and after Pb(II) adsorption are
presented in Figure 1. In both spectra, broad absorption bands observed between 3550 and 3100 cm⁻¹ are
attributed to –OH stretching vibrations, confirming the presence of hydroxyl groups originating from
carboxymethylcellulose and acrylic acid units [16-18]. The peaks detected around 2921–2925 cm⁻¹ correspond
to –CH stretching vibrations of methyl and methylene groups. After Pb(II) adsorption, the –OH stretching
band exhibited a shift to a higher wavenumber at approximately 3387 cm⁻¹, accompanied by a reduction in
intensity, suggesting hydrogen bonding and electrostatic interactions between Pb(II) ions and the hydrogel
matrix. Additional characteristic peaks were observed at 1045–1058 cm⁻¹ and 1630–1641 cm⁻¹,
corresponding to C–O and C=O stretching vibrations of hydroxyl and carboxyl functional groups,
respectively. The noticeable shifts in these peaks after adsorption confirm the involvement of oxygen-
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containing groups in the binding of Pb(II). These findings indicate that the adsorption mechanism primarily
occurs through ion exchange, surface complexation via oxygen donor groups, and secondary interactions
such as electrostatic attraction and van der Waals forces. [1-3,12]

Figure 2. FTIR of CMC-AAC-co-HEAM hydrogel: a- before adsorption and b- after adsorption Pb(II) ions

3.1.2. XRD analysis

The crystalline nature of the synthesized CMC-AAC-co-HEAM hydrogel was investigated using X-ray
diffraction (XRD), and the results are presented in Figure 2. The diffraction pattern displayed two broad
peaks at 2θ = 19.73° and 39.3°, which are characteristic of semi-crystalline polymeric hydrogels. The peak at
19.73° corresponds to a hydrated crystalline structure, while the broad reflection at 39.3° is attributed to the
amorphous phase of the material. The presence of these peaks confirms the coexistence of both crystalline
and amorphous domains, indicating that the hydrogel possesses a predominantly amorphous structure with
partial ordering [12,19].

Figure 3. XRD pattern of the CMC-AAC-co-HEAM hydrogel

Table 1. XRD results of the CMC-AAC-co-HEAM hydrogel

Pos. [°2θ] Height [cts] FWHM Left [°2θ] d-spacing (Å) Rel. Int. [%]

19.73 298 8 4.4967 100

39.3 62 8 2.2921 20.83

Table 1 summarizes the XRD results, showing a d-spacing of 4.4967 Å at 19.73° with the highest
relative intensity (100%), and a secondary peak at 39.3° with a d-spacing of 2.2921 Å and relative intensity
of 20.83%. These findings suggest that the hydrogel framework is primarily amorphous, which enhances its
flexibility and accessibility of functional groups, thereby facilitating Pb(II) ion diffusion and adsorption.
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3.1.3. SEM-EDS characterization

The morphology of the CMC-AAC-co-HEAM hydrogel before and after Pb(II) adsorption was
examined using SEM (Figure 3). Prior to adsorption, the hydrogel displayed a loose and porous network
with interconnected pores, which is advantageous for the diffusion and trapping of metal ions. After Pb(II)
exposure, the surface became less porous and was decorated with fine particles, indicating the successful
attachment of Pb(II) ions onto the hydrogel matrix. To confirm the adsorption process, energy-dispersive X-
ray spectroscopy (EDX) was employed. The analysis revealed the presence of carbon (38.54 wt%), oxygen
(49.04 wt%), and a minor fraction of silicon (2.42 wt%), consistent with the organic–polymeric backbone of
the material. After adsorption, a distinct Pb signal was observed, accounting for 10.00 wt%, providing direct
evidence of Pb(II) ion immobilization on the hydrogel surface. The reduction in the relative percentages of
carbon and oxygen highlights their involvement in Pb(II) binding through oxygenated functional groups.
These results collectively confirm that the adsorption mechanism occurs via the interaction of Pb(II) ions
with carboxyl and hydroxyl groups distributed across the hydrogel matrix, in addition to surface deposition
[12,20,21].

Figure 4. FE-SEM and EDS of CMC-AAC-co-HEAM hydrogel a. after, and b.before adsorption.

3.1.4. TGA- DTA analysis

Thermogravimetric analysis (TGA) and differential thermogravimetric (DTG) studies were performed
to evaluate the thermal stability of the CMC-AAC-co-HEAM hydrogel under a nitrogen atmosphere in the
range of 50–790 °C (Figure 4). The decomposition occurred in four main stages. The first stage, between 50
and 140 °C, showed a weight loss of 8.35%, which is attributed to the evaporation of physically adsorbed
and bound water molecules. The second stage, from 140 to 280 °C, exhibited the most significant weight
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reduction (33.88%), corresponding to the decomposition of labile functional groups and the onset of polymer
backbone cleavage. The third stage, occurring between 280 and 450 °C, accounted for a 29.89% loss,
associated with intramolecular reactions such as anhydration, esterification, and breakdown of polymer
chains. The final stage, from 450 to 790 °C, resulted in a further 25.54% weight loss, representing the
degradation of the remaining carbonaceous structures. At the end of the analysis, the hydrogel exhibited a
total weight loss of 97.66%, confirming its predominantly organic composition. These results indicate that
the CMC-AAC-co-HEAM hydrogel maintains good stability up to approximately 200 °C, while higher
temperatures trigger progressive decomposition of the crosslinked polymer network [22].

Figure. 5. Thermogravimetric (TGA/DTG) curve of the CMC-AAC-co-HEAM hydrogel.

3.2. Effects of adsorbent dosage
The influence of CMC-AAC-co-HEAM hydrogel dosage on Pb(II) adsorption is illustrated in Figure 5.

The results demonstrate that increasing the adsorbent dosage enhances the removal efficiency (R%) but leads
to a reduction in adsorption capacity (qₑ). At lower dosages (e.g., 0.04 g/L), the available adsorption sites are
rapidly saturated with Pb(II) ions, resulting in higher qₑ values. However, as the dosage increases (0.04–0.1
g/L), the number of available adsorption sites exceeds the ion concentration, thereby lowering the calculated
adsorption capacity per unit mass [23-25]. Additionally, at elevated dosages, particle aggregation may occur,
which reduces the effective surface area accessible for Pb(II) uptake and further decreases qₑ. The optimal
dosage for Pb(II) removal was determined to be 0.02 g under the studied conditions, which was subsequently
employed in all experiments.
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Figure 6. The effect of weight adsorbate on Pb adsorption (Co = 200 mg/l, 60 min, pH= 7).

3.3. Adsorption kinetics
The adsorption behavior of Pb(II) ions on the CMC-AAC-co-HEAM hydrogel was investigated as a function of contact
time in the range of 0–240 minutes, with an initial concentration of 100 ppm and an adsorbent dose of 0.02 g. To
describe the adsorption kinetics, the experimental data were fitted to the pseudo-first-order and pseudo-second-order
models. The general expressions for the kinetic models are as follows:
Pseudo first order model [26-28]:

ln ( qe-qt)= ln qe -k1t (1)

Pseudo second order model:
t
qt
= 1
k2qe2

+ 1
qe
t (2)

The pseudo-first-order model yielded a correlation coefficient of R2=0.8582 and a calculated
equilibrium capacity (qe=9.90mg g−1), which significantly deviated from the experimental value (qe≈40mg
g−1). In contrast, the pseudo-second-order model demonstrated an excellent fit, with a correlation coefficient
of R2=0.9997, and a calculated equilibrium capacity of qe=40.32mg g−1, which closely matched the
experimental data. Furthermore, the initial adsorption rate (ℎ0) was determined to be 10.65 mg g⁻¹ min⁻¹,
reflecting the rapid uptake of Pb(II) during the early stages of the process (refer to Table 1). These findings
confirm that the adsorption kinetics of Pb(II) on the CMC-AAC-co-HEAM surface follow the pseudo-
second-order model, indicating that chemisorption is the dominant mechanism. This suggests that the
interaction involves valence forces through electron sharing or exchange between Pb(II) ions and the
functional groups (–COOH, –OH) of the hydrogel matrix [29].



8

Figure 7. Kinetics graphs models and the removal and: (a) adsorption acapacity (b) pseudo first order (c) pseudo second order. (0.02
g, Pb: 10 mL and 100 mg/L)

Table 2. kinetic parameter of Pb on CMC-AAC-co-HEAM hydrogel using two model

Model Parameter Value Units

Pseudo-First-Order (PFO) qe (calc) 9.90 mg g⁻¹

k1 0.0163 min⁻¹

R2 0.8582 –

Pseudo-Second-Order (PSO) qe(calc) 40.32 mg g⁻¹

k2 0.00655 g mg⁻¹ min⁻¹

ho=k2qe2 10.65 mg g⁻¹ min⁻¹

R2 0.9997 –

Experiment qe(exp) ≈40 mg g⁻¹
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3.4. Effect of pH
The pH of the solution plays a crucial role in controlling the adsorption efficiency of Pb(II) ions onto

the CMC-AAC-co-HEAM hydrogel, as illustrated in Figure 7. The results revealed a clear enhancement in
Pb(II) uptake with increasing pH. At pH 2.0, the equilibrium adsorption capacity (Qₑ) was 35.92 mg/g, which
increased steadily to 37.07 mg/g at pH 4.0, 39.30 mg/g at pH 6.0, and reached a maximum of 39.63 mg/g at
pH 7.0. A further increase to pH 8.0 yielded a similar value (39.80 mg/g), indicating a plateau in adsorption
capacity. The lower adsorption at acidic pH values can be attributed to the protonation of carboxyl and
hydroxyl groups on the hydrogel surface, resulting in electrostatic repulsion between Pb(II) ions and the
positively charged hydrogel matrix [30-32]. As the pH increased, deprotonation of these groups occurred,
generating negatively charged sites that facilitated electrostatic attraction and complexation with Pb(II).
Beyond pH 7.0, no significant increase in adsorption was observed, suggesting near-saturation of available
sites. Thus, pH 7.0 was identified as the optimal condition for Pb(II) removal.

Figure 8. effects of pH on Pb adsorption (25ºC, 180 min, 0.02 wt).

3.5. Effect of salt (Ionic strength)
The influence of competing ions on Pb(II) adsorption by the CMC-AAC-co-HEAM hydrogel was

evaluated using NaCl, KCl, and CaCO3 electrolytes at different concentrations (Figure 8). The results
revealed that increasing ionic strength reduced the adsorption capacity (Qₑ) of the hydrogel for Pb(II). In the
absence of salts, the hydrogel exhibited maximum adsorption capacities of 39.75, 39.66, and 39.60 mg/g for
NaCl, KCl, and CaCO3 systems, respectively. However, when the salt concentration reached 0.01 M, Qₑ
decreased to 34.99 mg/g for NaCl, 34.59 mg/g for KCl, and 34.07 mg/g for CaCO3. This decline in
adsorption efficiency can be attributed to the competition between Pb(II) ions and the introduced cations
(Na⁺, K⁺, Ca²⁺) for the active adsorption sites. The stronger suppression observed in the presence of Ca²⁺ ions
compared with monovalent cations (Na⁺, K⁺) is due to its higher charge density, which enhances its affinity
for negatively charged sites on the hydrogel [33]. These findings confirm that the adsorption of Pb(II) onto the
hydrogel occurs primarily through electrostatic attraction and ion-exchange interactions, both of which are
sensitive to ionic strength.
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Figure 9. Effect of different electrolyte types (NaCl, KCl, and CaCO₃) at various concentrations on the adsorption capacity (Qₑ) of
Pb(II) ions onto CMC-AAC-co-HEAM hydrogel

3.6. Effect of temperature and thermodynamic analysis
The thermodynamic parameters obtained for the adsorption of Pb(II) ions onto CMC-AAC-co-HEAM

hydrogel provide valuable insights into the mechanism of the process (Figure 9, Table 2). The negative
Gibbs free energy (ΔG = –7.02 kJ/mol) indicates that the adsorption is spontaneous and thermodynamically
feasible under the studied conditions. The positive enthalpy value (ΔH = +2.49 kJ/mol) confirms that the
process is endothermic, implying that higher temperatures favor Pb(II) ion uptake due to enhanced mobility
and diffusion through the hydrogel network. In addition, the positive entropy change (ΔS = +32.46 J/mol·K)
suggests an increase in randomness at the solid–liquid interface, which may be attributed to the release of
water molecules previously bound to active sites and the rearrangement of functional groups during Pb(II)
binding. The equilibrium constant (K ≈ 7.14) further supports the strong affinity of the hydrogel towards
Pb(II) ions. Overall, the thermodynamic evaluation confirms that the adsorption of Pb(II) onto the CMC-
AAC-co-HEAM hydrogel is a spontaneous, feasible, and endothermic process, with improved performance
at elevated temperatures [34,35].

Table 3. Thermodynamic parameters (ΔG, ΔH, and ΔS) for the adsorption of Pb(II) ions onto CMC-AAC-co-HEAM hydrogel at
different temperatures.

ΔH(kJ/mol.) ΔG(kJ/mol.) ΔS(J/K.mol.) (K)

2.490 -7.021 32.460 7.141

-a- -b-
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Figure 10. (a) Effect of temperature, (b) Van’t Hoff plots for of Pb adsorption onto (CMC-AAC-co-HEAM) surface

3.7. Adsorption isotherm
The equilibrium adsorption data of Pb(II) ions onto the CMC-AAC-co-HEAM hydrogel were analyzed

using Langmuir, Freundlich, and Temkin models (Figure 10) , and the corresponding constants are
summarized in Table 3.

Figure 11. Adsorption isotherm plots of Pb(II) ions onto CMC-AAC-co-HEAM hydrogel fitted with Langmuir, Freundlich, and
Temkin models.

Table 4. Adsorption isotherm constants of Pb(II) ions onto CMC-AAC-co-HEAM hydrogel according to Langmuir, Freundlich, and
Temkin models.

Model Slope Intercept R² qm (mg/g) KL

(L/mg)
RL at
Co=200 n Kf B (mg/g) KT b Temkin

(J/mol)
Langmuir 0.0039 0.0438 0.3254 254.7115 0.0896 0.0529

Freundlich 0.9851 1.3047 0.8753 1.0151 20.1679

Temkin 34.3097 43.9412 0.9616 34.3097 3.5992 72.212

The Langmuir isotherm yielded a maximum monolayer adsorption capacity (qₘ) of 254.71 mg/g with a
Langmuir constant (KL) of 0.0896 L/mg. The separation factor (RL = 0.0529 at Co = 200 mg/L) falls between
0 and 1, confirming that the adsorption of Pb(II) onto the hydrogel is favorable. However, the relatively low
correlation coefficient (R² = 0.3254) indicates that the Langmuir model does not adequately fit the
experimental data, suggesting that Pb(II) adsorption does not occur strictly as a uniform monolayer process
[36-38]. The Freundlich model provided a better correlation with the experimental data (R² = 0.8753) compared
to Langmuir. The Freundlich constants (KF = 20.17 and n = 1.015) indicate that the adsorption process is
favorable (n > 1) and occurs on a heterogeneous surface with sites of varied affinities. The closeness of n to
unity suggests nearly linear adsorption behavior, where the hydrogel surface accommodates Pb(II) ions
without significant saturation at the studied concentrations [39,40]. The Temkin model showed the best
agreement with the experimental data (R² = 0.9616), indicating that it is the most suitable isotherm to
describe the adsorption mechanism of Pb(II) onto CMC-AAC-co-HEAM hydrogel. The Temkin binding
constant (KT = 3.599) and the Temkin constant (B = 34.31 mg/g) confirm that adsorption is influenced by
adsorbate–adsorbent interactions. The calculated interaction parameter (b = 72.21 J/mol) implies moderate
bonding energy between Pb(II) ions and the hydrogel functional groups, consistent with a chemisorption
process involving carboxyl and hydroxyl groups. Overall, the results demonstrate that Pb(II) adsorption onto
the CMC-AAC-co-HEAM hydrogel is best described by the Temkin isotherm, followed by Freundlich, while
Langmuir provides the weakest fit. This indicates that adsorption occurs on a heterogeneous surface with
significant adsorbate–adsorbent interactions rather than through ideal monolayer coverage. [4,5,41,42]



12

4. Conclusions
The CMC-AAC-co-HEAM hydrogel was successfully synthesized and characterized, showing porous

morphology, abundant carboxyl and hydroxyl groups, and thermal stability up to ~200 °C. The hydrogel
achieved a maximum Pb(II) uptake of ~39.8 mg/g under optimal conditions (0.02 g dosage, pH 7), with
adsorption efficiency decreasing in the presence of competing ions, particularly Ca²⁺. Kinetic studies
confirmed a pseudo-second-order mechanism, while thermodynamic analysis indicated that adsorption was
spontaneous, endothermic, and entropy-driven. Among the equilibrium models, the Temkin isotherm best
described the process, highlighting heterogeneous adsorption with moderate interaction energies. These
findings demonstrate that CMC-AAC-co-HEAM hydrogel is a cost-effective and environmentally
sustainable adsorbent for Pb(II) removal from aqueous solutions. Further research is required to study the
reusability of hydrogel for analysis of its better performance.
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