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ABSTRACT
In this study, 2- [2-(5-Chloro carboxy phenyl) azo] 1-methyl imidazole (1-MeCPAI) was synthesized and used in

developing hydrogels via free radical polymerization with acrylic acid (AA) and N, N-methylene bisacrylamide. The
synthesized P(AA-co-1-MeCPAI) hydrogels were evaluated for their effectiveness in adsorbing R6G dye from aqueous
solutions. The characterization of these hydrogels included techniques as Fourier Transform Infrared Spectroscopy
(FTIR), Thermal Gravimetric Analysis (TGA), BET (Brunauer-Emmett-Teller) and BJH (Barrett-Joyner-Halenda)
analysis, X-ray diffraction (XRD), and Field Emission Scanning Electron Microscopy (FESEM). The study revealed
that adsorption efficiency is influenced by pH, temperature, contact time, and adsorbent dose, with adsorption following
a pseudo-second-order kinetic model and best fitting the Temkin isotherm, indicating a multilayer adsorption process.
Thermodynamic analysis confirmed that the process is exothermic and spontaneous, underscoring the potential of
P(AA-co-1-MeCPAI) hydrogels as effective adsorbents for dye removal.

Keywords: Hydrogels; R6G dye; characterization; batch adsorption; water
treatment

1. Introduction
The presence of various contaminants in water, such as paints,

dyes, and pesticides, metals, pharmaceutical products,
microorganisms [1-3], and others, presents a complex challenge [1,4-5].
These pollutants contribute to numerous diseases that pose significant
risks to human health. Many dyes are resistant to degradation [6-8].
Industrial dyes, widely used in products such as paper, plastics,
textiles, food, and cosmetics, are considered major water
contaminants. Globally, over seven million tons of these pigments are
produced annually. These pigments consist of a variety of chemicals,
the environmental impact of which is largely unknown.
Approximately 10-15% of these dyes are lost as industrial wastewater,
which is often discharged into water bodies or soil, posing significant
health risks to plants, animals, and humans[9]. These dyes are
bioaccumulative and resistant to degradation by oxygen and sunlight.
Consequently, dyes in wastewater are considered undesirable,
necessitating their removal from water sources prior to environmental
release. This is crucial not only for ecological reasons but also due to
their toxicity and long-term effects on both the environment and
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human health [10].

Several physical and chemical methods, including ultrasonic irradiation, ion exchange, biological
treatment, membrane separation, and sorption explored to mitigate pollution and its associated challenges [11].
Research has shown that certain materials exhibit a high absorption capacity for organic substances,
including water contaminants and dyes. While numerous systems utilizing adsorption techniques have been
developed in recent years, achieving cost-effective dye removal continues to be a significant challenge[12-16].
In the present study, efforts were made to synthesize novel azo-functional polymeric hydrogels derived from
2-[2-(5-Chloro carboxy phenyl) azo] 1-methyl imidazole (1-MeCPAI) and acrylic acid (AA) through free
radical polymerization for the purpose of R6G dye removal. Additionally, techniques including AFM,
FESEM, FTIR, BET/ BJH analysis, and TGA were employed to study dye adsorption on synthesized
hydrogels. The novelty of this work lies in the synthesis of a previously unexplored hydrogel that has not
been used previously for R6G dye adsorption from water.

2. Materials and methods
2.1. Chemicals and materials

Acrylic acid was obtained from Himedia (India). Potassium persulfate (KPS), was supplied by Merck
(Germany), while the multifunctional crosslinker, N, N'-methylene bisacrylamide (NMBA) supplied via
Fluka, Germany. All other chemicals used were of analytical grade and were utilized without further
purification. The compound 2-[2-(5-Chloro carboxy phenyl) azo] 1-methyl imidazole (1-MeCPAI) was
synthesized as described in the literature [17]. Percentage purity of R6G dye used was 99.5%. All solutions
were prepared using deionized water.

2.2. Preparation of P (1-MeCPAI-co-AA) hydrogels
Poly (AA-co-1-MeCPAI) hydrogels were synthesized through free radical copolymerization. The

monomers (AA and 1-MeCPAI) were dissolved in 4 mL distilled water. To this solution, 1 mL of a 2 wt%
MBA crosslinking agent and 1 mL of a 5 wt% potassium persulfate solution were added. The free radical
polymerization was conducted in a 50 mL beaker, maintained at 60°C, to ensure complete matrix formation
[18]. The schematic representation of the chemical reaction for the formation of P(AA-co-1-MeCPAI)
hydrogels is provided in Figure 1.

Figure 1. Synthesis of P(AA-co-1-MeCPAI) hydrogels.
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3. Results and discussion
3.1. Characterization results
3.1.1. FTIR results

The FTIR spectrum of prepared hydrogel is shown in Figure 2(a). The compound exhibits an orange
color, 87 % yield and a melting point of 192 °C. FTIR analysis (using KBr disc) reveals absorption peaks at
3277 cm⁻¹ corresponding to the O-H stretch, 3101 cm⁻¹ for the HC=CH stretch, and 1717 cm⁻¹ associated
with the C=O stretch. The infrared spectra of P(AA-co-1-MeCPAI) before and after adsorption, shown in
Figure 2(b) and 2(c), display a broad absorption band within the range of 3187–3510 cm⁻¹. This broadening
indicates overlap between OH stretch and -NH stretch. Bands observed at 2800–2943 cm⁻¹ correspond to the
stretching vibrations of CH₂-CH₃ groups, indicating the presence of -CH bonds. Additionally, the bands
within the range of 1676–1740 cm⁻¹ confirmed carbonyl (C=O) groups. The bands between 1020–1430 cm⁻¹
are attributed to vibrations of C-N, C-O, and C-C bonds (19).

Figure 2. FTIR spectra of (a) 1-MeCPAI organic reagent, P(AA-co-1-MeCPAI) hydrogels (b) before and (c) after dye adsorption.

3.1.2. XRD results

The X-ray diffraction (XRD) patterns of P(AA-co-1-MeCPAI) hydrogel and the 1-MeCPAI organic
reagent are shown in Figure 3. These results indicate the crystalline nature of the organic reagent prior to its
incorporation into the hydrogel. The 1-MeCPAI exhibits three characteristic intense peaks at 2θ values of
18°, 24°, and 27°, which are indicative of its crystalline structure. However, after incorporation into the
hydrogel, these peaks are no longer observed, suggesting that 1-MeCPAI is molecularly dispersed within the
hydrogel network, and no crystalline structures remain in the 1-MeCPAI-loaded hydrogel[19-21].
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Figure 3. XRD pattern of 1-MeCPAI organic reagent and P(AA-co-1-MeCPAI) hydrogels.

3.1.3. TGA results

The thermal stability of prepared P(AA-co-1-MeCPAI) hydrogels was assessed using
thermogravimetric analysis (TGA). As shown in Figure 4, the weight loss of the hydrogel occurred in three
distinct stages. In the first stage, between 30.26 °C and 211.28 °C, a weight loss of approximately 6.964 %
was observed, attributed to the loss of water molecules adsorbed on the surface. The second stage of
decomposition occurred between 211.28 °C and 346.66 °C, with a remaining weight of 48.984 %, indicating
a weight loss of 44.05 % due to the decomposition of carboxyl groups, releasing CO molecules. However, in
third stage, from 346.66 °C to 483.77 °C, the remaining mass was 16.10 %, with a weight loss of 32.884 %.
This can be attributed to the breakdown of the hydrogel's compact structural network. These results
demonstrate that the P(AA-co-1-MeCPAI) hydrogels exhibit good thermal stability [22].
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Figure 4. TGA curve of P(AA-co-1-MeCPAI) hydrogels.

3.1.4. BET results

BET analysis was conducted to estimate the surface area and pore volume of prepared hydrogels before
and after adsorption, using nitrogen adsorption/ desorption isotherms measured at 77 K, as shown in Figure
5a-d. According to IUPAC classification, the isotherms for P(AA-co-1-MeCPAI) (Figure 5a-b) can be
classified as type IV, with H2-type hysteresis loops, which corresponds to non-rigid aggregates or
assemblages of slit-shaped pores in hydrogel. The specific surface area, total pore volume, and mean pore
diameter obtained from BET analysis were 3.5665 m²/g, 0.00043 cm³/g, and 4.919 nm, respectively. After
the adsorption of dye, the total pore volume and mean pore diameter, as determined by BJH analysis (Figure
c-d), were 0.00091 cm³/g and 5.065 nm, correspondingly[23].
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Figure 5. (a) and (b) BET isotherms, (c) and (d) BJH pore size distribution curves before and after dye adsorption respectively.

3.1.5. FESEM results

FE-SEM used to analyze morphology of P(AA-co-1-MeCPAI) hydrogels. The FE-SEM images before
adsorption (Figure 6a) revealed that the hydrogel sheets exhibit a closely aligned layered structure, forming
stacked thick layers. The hydrogels tend to aggregate, creating multilayer agglomerates. After adsorption of
dye (Figure 6b), the surface of hydrogels becomes roughened, with the dyes appearing uniformly distributed
across the surface, visible as bright dots, as shown in Figure 6.

3.2. Zero-point charge (pHzpc) of hydrogel
The determination of point of zero charge (pHzpc) is essential in understanding the adsorption behavior

of hydrogel composite. This point can be identified on the graph where the axes intersect. Results illustrated
in Figure 7 reveal that the hydrogel composite reaches a neutral charge at a pH of 5. When the pH is below
the pHzpc, or less than 5, the surface of the adsorbent material becomes positively charged. This resulted in
developing hydrogen bonding between positively charged surface groups. This interaction causes surface
molecule contraction and a reduction in swelling ratio, significantly limiting the diffusion of cationic
pollutants into the surface. Consequently, electrostatic repulsion between the positively charged hydrogel
composite surface and cationic pollutants decreases the adsorption efficiency. Optimal adsorption occurs
when the pH exceeds the pHzpc, meaning when it is greater than 5. In this case, surface functional groups
such as carbonyl, carboxyl, and hydroxyl groups lose protons and become ionized, leading to a negatively
charged surface. This ionization increases the distance between the polymer chains on the surface, enhancing
the swelling ratio. Consequently, the diffusion of cationic pollutants into the surface improves, while
electrostatic attraction between the negatively charged adsorbent surface and cationic pollutants further
enhances adsorption efficiency[10].
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Figure 6. FE-SEM images of P(AA-co-1-MeCPAI) hydrogels (a) before and (b) after dye adsorption.

Figure 7. Point of zero charge (pHzpc) of P(AA-co-1-MeCPAI) hydrogel.
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3.3. Effect of adsorbent dose and pH
Various weights of the prepared hydrogel composite (0.001 g/10 mL to 0.15 g/10 mL), employed for

1000 ppm dye concentration. A 10 mL dye solution was added to each studied weight of hydrogel,
maintaining a temperature of 25 ˚C. The results, Figure 8, indicate that the adsorption capacity increases with
hydrogel dose due to an increase in surface area and thereby availability of free active sites. This, in turn,
enhances the adsorption capacity for dye molecules on hydrogel surface reaching maximum at adsorbent
dose of 0.15 g/10 mL. Since no significant variation was observed in adsorption capacity while using 0.05
g/10 mL and 0.15 g/10 mL, therefore, an optimal adsorbent dose of 0.05 g/10 mL was identified for effective
adsorption[24].

Figure 8. Effect of adsorbent dose.

The impact of pH on adsorption of R6G dye onto hydrogel surface studied at a dye concentration of
1000 ppm across pH values ranging from 2 to 10. A fixed adsorbent dose of 0.05 g per 10 mL of dye
solution was used, with optimal conditions of 25 °C and 150 min. The results, shown in Figure 9, indicate
that quantity of dye adsorbed on hydrogel increases with an increase in pH but upto a certain limit. The
lowest adsorption efficiency at pH 2 and the highest capacity was observed at pH 10. The increase in
adsorption with higher pH is attributed to the ionization of carboxyl and hydroxyl groups on adsorbent
surface, which lose protons and become negatively charged. This raises the concentration of hydroxide ions
(OH⁻) in solution, making the adsorbent surface negatively charged. Consequently, hydrogel surface
undergoes swelling and expansion, enhancing the electrostatic attraction between dye molecules and
negatively charged composite surface. This increased attraction facilitates the diffusion of dye molecules on
hydrogel surface, thereby improving adsorption efficiency. Lower pH reduces adsorption due to fewer
negatively charged sites on hydrogel, repelling positively charged dye molecules. This electrostatic repulsion
limits the adsorption capacity[25].
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Figure 9. Effect of pH on R6G dye adsorption.

3.4. Effect of temperature
The dye adsorption on hydrogel studied at different temperatures (20, 25, 30, and 35 ˚C) and within a

fixed concentration range (400-1000 ppm). Changes in temperature can either enhance or reduce the
adsorbent's ability to capture dyes from aqueous solutions. The results for R6G dye adsorption, depicted in
Figure 10, indicate a decrease in the amount of dye adsorbed as temperature increases, confirming that the
adsorption process is exothermic. This decrease is attributed to the increased solubility of the dye particles in
solvent at elevated temperatures, thereby reducing the affinity of dye particles for adsorbent surface.
Additionally, higher temperatures increase the kinetic energy of adsorbed molecules on hydrogel surface,
leading to an increase in system entropy (ΔS) as mobility of adsorbed molecules on hydrogel surface
decreases. This reduction in attraction between dye molecules and active sites on adsorbent surface results in
decreasing the adsorption force[25].

Figure 10. Effect of temperature on R6G dye adsorption.
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Thermodynamic functions i.e., change in Gibb’s free energy (∆G), enthalpy (∆H), entropy (∆S) (∆G =
∆H − T∆S) were calculated as they are essential for interpreting various reactions, especially in adsorption
process. These functions allow for determining the reaction direction, nature of controlling forces (whether
physical or chemical), and provide valuable insight into the organization of molecules within systems
resulting from molecular interactions. The enthalpy change (ΔH) is a key measure of interaction strength
between dye molecules and adsorbent surface. The value of ΔH for dye adsorption on grafted hydrogel
surface was obtained by plotting (ln Xm) against the reciprocal of absolute temperature (1/T), resulting in a
straight line. From the slope of this line (slope = -R/ΔH), enthalpy of dye adsorption on hydrogel composite
surface was determined, as illustrated in Figure 11.

Figure 11.A plot of ln Xm against inverse absolute temperature for R6G dye adsorption.

The calculated thermodynamic parameters in Table 1 for the dye adsorption process revealed negative
enthalpy change (ΔH) that showed exothermic nature of R6G dye adsorption. This suggests that interaction
between adsorbent surface and dye molecules decreases with increasing temperature, likely due to the
breaking of bonds formed between active sites of adsorbent and dye molecules. Additionally, the negative
Gibbs free energy change (ΔG) confirms the spontaneous nature of adsorption process. The positive entropy
change (ΔS) indicates that the molecules are in constant, random motion. Given that the enthalpy change
(ΔH) is less than 40 kJ/mol, the adsorption is characterized as physical adsorption[19,26].

Table 1. Thermodynamic parameters for adsorption of R6G dye on surface.

T (°C) ΔG (kJ/mol) �� (kJ/mol) �� (J/mol K)

20 -13.43

-0.08

45.89

25 -13.69 45.95

30 -13.88 44.89

35 -13.91 43.88

3.5. Adsorption isotherms
Adsorption isotherms were studied to describe the interaction between dye adsorbed (Qe (mg/g)) on

hydrogel and its equilibrium concentration (Ce (mg/L)). Based on the data obtained and Giles’ classification,
the results indicate that adsorption of R6G dye corresponds to ‘S’ type, suggesting multilayer adsorption.
Additionally, solvent may experience strong adsorption on the adsorbent surface. The Langmuir isotherm
supposes that the adsorption takes place at specified and homogeneous adsorbent surface (chemical sorption).
The Freundlich model indicates that the adsorption physical adsorption). Langmuir (Equation 1), Freundlich
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(Equation 2), and Temkin (Equation 3) isotherm models were applied to describe the adsorption
characteristics of adsorbents used for dye removal from the environment.

Ce
qt

=
Ce

qmax
+

1
qob (1)

here, constant of Langmuir model and maximal capacity is expressed by b (L/mg) and qmax (mg/g)
correspondingly.

ln qt = ln Kf +
1
n ln Ce (2)

here, Freundlich constant as well as exponent (mg/g) referred as Kf and ‘n’ correspondingly.

qeq = BlnAT + BlnCeq (3)

here, R and B denotes constant of universal gas (J/mol K) and adsorption heat (J/mol), AT and T denotes
constant of Temkin equilibrium binding (L/ g) and absolute temperature (K) correspondingly. As presented
in Table 2 and Figure 12, the Temkin isotherm aligns closely with the adsorption of R6G dye, as evidenced
by the correlation coefficient R², which is 0.9865. The conformity with the Freundlich isotherm (R² = 0.9764)
indicates multilayer adsorption, reflecting the heterogeneous nature of surface and varied energy of active
sites on hydrogel surface. Conversely, the Temkin isotherm suggests that adsorption occurs as a thick
monolayer of adsorbed molecules[27].

3.6. Kinetic study
The time required for equilibrium of R6G dye on hydrogel was investigated at a constant concentration

of 1000 ppm, temperature of 25 °C, and pH of 7, over various time intervals ranging from 1 min to 180 min,
using a fixed hydrogel weight of 0.05 g. The results, illustrated in Figure 13, showed that equilibrium for
R6G dye adsorption was achieved at 150 minutes on the grafted hydrogel surface. Study revealed that
adsorption of dye on prepared hydrogel surface first increases with time, exhibiting a very rapid rate within
the first 20 minutes. This initial rapid adsorption is due to availability of numerous active sites on the
composite surface. As time progresses, the amount of adsorbed dye reaches equilibrium, where adsorption
begins to slow down, attributed to the occupation of the majority of active sites by dye molecules.
Consequently, adsorption becomes more challenging as most active sites on the adsorbent surface were
occupied by R6G dye molecules[27].

Table 2. Parameters of Langmuir, Freundlich and Temkin models for R6G dye adsorption.

Langmuir Freundlich Temkin

�� (mg/ g) Kf (mg g-1) � (�/���)

277.77 95.94 66.45

� (�/�) � �� (�/�)

0.51 1.98 4.23

��

0.98 0.97 0.98
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Figure 12. (a) Langmuir, (b) Freundlich and (c) Temkin models.
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Figure 13. Effect of time on amount of R6G dye adsorbed.

Studying adsorption kinetics is essential for determining the time required for the adsorption process to
reach equilibrium, beyond which adsorption stops/ constant. The kinetic models for R6G dye adsorption on
hydrogel surface were examined at a fixed concentration of 1000 ppm and a temperature of 25 °C, where
adsorption rate fluctuates over time. Kinetic models were employed to analyze the experimental data, with
the most commonly applied models being the pseudo-first-order (Equation 4) and pseudo-second-order
(Equation 5) models, as illustrated in Figure 14.

log Qe − Qt = log Qe −
k1

2.303 t (4)

here Qt (mg/g), Qe (mg/g) is amount of adsorbed dye after time t (min) and at equilibrium,
correspondingly. k1 (1/min) and k2 (g/mg ∙min) refers to rate constant for pseudo-first as well as second
model correspondingly[28]. Using these models, kinetic constants and correlation coefficients (R²) were
calculated for each model. The results (Table 3) indicated that the R² value for the pseudo-second-order
model was higher than that for the pseudo-first-order model for R6G dye adsorption. Thus, it was concluded
that the adsorption process follows the pseudo-second-order model highlighting chemical adsorption.

t
Qt

=
1

k2Qe
2 +

t
Qe

(5)
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Figure 14. (A) Pseudo-second-order (B) pseudo-first-order model for R6G dye adsorption on hydrogel Surface.

Table 3. Kinetic constants for pseudo-first and pseudo-second models for R6G dye adsorption on hydrogel Surface.

Adsorbate
Pseudo-first order

R2 Qe(mg/g) K1 (min-1)

R6G 0.63 32.73 0.03

Adsorbate
Pseudo-second order

h (mg.g-1.min-1) R2 Qe(mg/g) K2(g.mg-1.min-1)

R6G 74.07 0.99 204.08 0.001

4. Conclusion
The study successfully synthesized and characterized azo-functionalized polymeric hydrogels,

specifically P(AA-co-1-MeCPAI), demonstrating effective adsorption capabilities for R6G dye from aqueous
solutions. Results indicate that adsorption efficiency is significantly influenced by parameters such as pH,
temperature, contact time, and adsorbent dose. The adsorption process was found to be exothermic, with
thermodynamic data showing a spontaneous and physical adsorption mechanism, primarily due to enthalpy
values below 40 kJ/mol. Kinetic studies revealed that the adsorption follows a pseudo-second-order model,
indicating the significance of chemical interactions between the dye molecules and active sites on the
hydrogel surface. Additionally, isotherm analyses highlighted that the Temkin model best describes the
adsorption process, suggesting that adsorption occurs in a thick monolayer structure with multilayer
tendencies due to the heterogeneous nature of the hydrogel surface. This study underscores the potential of
azo-functionalized hydrogels as effective adsorbents for dye removal, offering a promising approach to
mitigating industrial dye pollution in water systems.
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