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climate change, pesticide use in agriculture, and environ-
mental changes [1–3]. The ongoing release of pollutants 
into natural water bodies leads to serious problems for 
living systems [4–6]. Different organic pollutants such as 
textile dyes, drugs, pesticides, and cosmetics have been 
detected in aquatic environments [7–10]. Among these 
organic pollutants, textile dyes have more detrimental 
results on aquatic systems due to their longer half-life 
and low biodegradability. Textile industries produce large 
amounts of dye waste due to the high amount of water 
used in dyeing processes. The widespread use of these 
dyes in various industries such as textiles, leather, cos-
metics, pharmaceuticals, plastics, and food has increased 
the severity of water pollution. Moreover, even minimal 
amounts of dye in water (less than 1.0 ppm for some 
dyes) are apparent and undesirable because they pre-
vent light penetration into water and generate ecotoxico-
logical effects on aquatic plants and organisms [11–15]. 
Approximately 100000 various dyes and pigments are 
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In this study, sulfone groups carrying a hybrid hydrogel were synthesized through network-forming redox polymerization 
in the presence of a redox initiator pair. Through the defined one-pot polymer synthesis chemistry, the hybrid hydro-
gel with 2-acrylamido-2-methyl-1-propanesulfonic acid (APSA) and 2-hydroxyethylmethacrylate (HEMA) with its well-
known advantages and high affinity toward cationic micro-pollutants by ion-exchange route had been synthesized. The 
prepared hydrogels were characterized using ATR-FTIR spectroscopy, SEM, zeta-sizer, swelling studies, and the BET 
method. The dye adsorption performance of the hydrogel adsorbent was determined with cationic dyes, Crystal Violet 
(CV), and a carcinogen dye, Congo Red (CR). The effect of various system parameters, such as contact time, adsorbent 
dose, ionic strength, medium pH, initial dye concentration, and temperature, was tested for the adsorption of CV and CR 
dyes in the hydrogels. The maximum adsorption capacity for the p(HEMA-APSA)-2 hydrogel at 25 ℃ was 306.1 and 
186.9 mg/g for CV and CR, respectively. The Langmuir isotherm model is more suitable for fitting the experimental data 
for CV and CR adsorption. The adsorption capacity of p(HEMA-APSA)-2 hydrogel for CV and CR dyes increased by 2.1 
and 2.3 fold, respectively, by increasing the temperature from 15 ℃ to 45 ℃. CV and CR adsorption were spontaneous 
and endothermic based on thermodynamic studies. After five repeated use cycles, p(HEMA-APSA)-2 hydrogel could be 
repeatedly used with high stability. A comprehensive investigation of the hydrogel adsorbent showed that it has promising 
potential for removing pollutants from solution.
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produced worldwide, and the amount of dye production 
is higher than 7 × 105 tons per year. Therefore, dyes must 
be reduced from industrial wastewater to an acceptable 
level before being released into the environment. More-
over, these dyes are toxic, carcinogenic, and mutagenic, 
and their complex aromatic structure makes them stable 
and difficult to remove from wastewater [15–19]. Con-
sequently, eliminating these dyes from wastewater is 
important, and a useful removal method is necessary for 
environmental sustainability [20, 21]. Numerous water 
treatment methods have been described for removing 
organic pollutants from wastewater, such as adsorption, 
biosorption, photocatalytic degradation, membrane sepa-
ration, precipitation, and biodegradation [17, 22–27]. 
Among these methods, adsorption is a suitable approach 
due to its facile and low operation cost, low energy 
requirement, good removal efficacy, high adsorption 
capacity, ease of adaptation to large-scale operation, and 
no byproduct formation during adsorption. The hydro-
gel based adsorbents have been prepared from various 
hydrophilic monomers with the desired functional group 
density, high surface area, and good porosity [28]– [29]. 
Hydrogel based adsorbents exhibit an effective adsorp-
tion achievement due to their three-dimensional network 
of polymer chains and hydrophilic nature of polymers 
[29, 30]. Moreover, hydrogel adsorbents are inexpen-
sive, non-toxic, and stable to against many chemical and 
biological reactions, and also they have good reusability 
[19, 20]. Furthermore, hydrogels based adsorbents show 
high adsorption performance to remove various inorganic 
and organic pollutants from aqueous media even at their 
lower concentrations, whichever can make them useful 
for extensive use in environmental applications [24, 25, 
31]. Synthetic and natural hydrogels such as chitin, chi-
tosan, alginate, cellulose, cellulose derivative, acrylic 
polymers and silica gels have been used as adsorbent 
to remove pollutants from wastewaters [31–36]. The 
hydrogel adsorbents can be easily prepared using func-
tional monomers, with high surface area, good poros-
ity, and high chemical stability. The available groups on 
the hydrogel adsorbents, such as aromatic, amine, car-
boxyl, phosphate, hydroxyl, and sulfone, can associate 
via noncovalent interactions with the functional groups 
of target pollutants. Thus, these hydrogel adsorbents can 
be efficiently used for removal of textile dyes, phenols, 
pesticides, and pharmaceuticals [31–41]. For examples, 
a hydrogel network was prepared from pullulan, poly-
dopamine and 1–6-Hexanediol diglycidyl ether via the 
chemical cross-linking method and, the adsorption capac-
ity of the hydrogel was 107 mg/g toward Crystal violet 
[31]. Kappa-carrageenan was grafted by acrylamide and 
maleic acid monomers in the presence of multi-walled 

carbon nanotubes by using N, N’-methylene bisacryl-
amide crosslinker.The maximum adsorption capacity 
of the hydrogel for crytal violet dye was 84 mg/g [32]. 
A biocomposite hydrogel was synthesized from pine 
needles with chitosan and gelatin. The biocomposite 
hydrogel was used for the removal of cationic dyes (i.e., 
Malachite green, Methylene blue, and Crystal violet and 
anionic dyes (i.e., Methyl orange and Congo red), and 
the maximum adsorption capacity of the biocomposite 
for the mixture of dyes was 307.9 mg/g [33]. A MXene 
composited hydrogel was prepared from cysteine-grafted 
hydroxyethyl methacrylate, exhibiting high selectiv-
ity toward ionic dyes at different pH. The adsorption 
capacity of PHGC/MXene hydrogel for Methylene blue 
and Methyl blue was reported as 207.5 and 555.6 mg/g, 
respectively [34]. Amine groups and copper ions incor-
porated particles were embedded in poly (2-hydroxyethyl 
methacrylate) hydrogels, and the adsorption capacity of 
the as prepared adsorbent was 816.0 and 648.0  mg/g 
toward Reactive green 19 dye, respectively [35]. Gellan 
gum based hydrogel was synthesized via esterification 
of gellan gum with maleic anhydride and cross-linking 
via thiol − ene chemistry and the adsorption capacity of 
was found to be 547 mg/g toward Methylene blue [36]. 
Hydrogel adsorbents have been prepared from synthetic 
and natural materials and heavily utilized in wastewater 
treatment. However, there is still a need for new research 
in this field to synthesize hydrogels with high adsorption 
capacity and easy to prepare.

This study aims to synthesize a series of hydrogel 
adsorbents with desired functional sulfone group den-
sity with high removal efficiency toward two cationic 
dyes, CV and CR, from aqueous media. The novelty of 
the present work is based on the synthesis of hydrogel 
adsorbents with desired adsorption capacity and mechan-
ical strength by adding various amounts of functional 
monomer (i.e., APSA) to the polymerization mixtures 
for the removal of cationic (i.e., CV and CR) dyes. In 
this direction, the hydrogels containing different amounts 
of the sulfone groups using APSA monomer were pre-
pared using the one-pot method. 2-hydroxyethyl methac-
rylate and 2-Acrylamido-2-methylpropane sulfonic acid 
are hydrophilic monomers; the protonation–deproton-
ation properties of the sulfonic acid groups of the lat-
ter monomer (-SO3H) can provide binding sites for the 
adsorption of a variety of pollutants, including hazard-
ous non-biodegradable dyes. Also, the ratio of the second 
monomer can control the swelling ratio and elasticity of 
the as-prepared adsorbents. Further, the technique can 
be effective because the adsorptive groups can be easily 
incorporated into the hydrogel adsorbent at a desired den-
sity by adjusting the concentration of functional groups 
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carrying co-monomer in the polymerization mixture. The 
hydrogel adsorbent was characterized using FTIR, SEM, 
zeta-potential, BET method, and swelling studies. The 
efficiency of p(HEMA-APSA)−1-3 removing CV and 
CR was carefully evaluated using p(HEMA) as a con-
trol system through detailed batch adsorption studies. 
The effect of sulfone group density in the gel structure on 
the adsorption performance was also evaluated to deter-
mine the optimum amount of sulfone group density. The 
effects of various parameters such as contact time, adsor-
bent dose, medium pH, ionic strength, initial dye con-
centration, and temperature on the removal of both tested 
dyes were studied using p(HEMA-APSA)−2. Reusability 
studies of the p(HEMA-APSA)−2 hydrogel using NaOH 
solution were realized. Furthermore, experimental data 
were analyzed using adsorption isotherms and kinetics 
models to assess the effect of polyanionic groups of the 
adsorbents during interaction with CV and CR dyes. The 
adsorption mechanism of both dyes on the adsorbent and 
the effect of functional group densities on the adsorption 
capacities of dyes were evaluated.

Materials and methods

Materials

Crystal Violet (C25H30N3Cl; MW: 407.98; λmax: 590 nm) 
and Congo Red (C32H22N6Na2O6S2; MW: 696.66; λmax: 
498 nm) dyes were obtained from Sigma-Aldrich (St. 
Louis, MO, USA). The properties of the CV and CR dyes 
are presented in Table  1. 2-Hydroxyethyl methacrylate 
(HEMA) and 2-acrylamido-2-methyl-1-propanesulfonic 
acid (APSA) were obtained from Sigma-Aldrich. N, 
N’-Methylenebis(acrylamide) (BAAm) was obtained 

from Fluka A.G., Buchs, Switzerland. Sodium chloride 
and isopropyl alcohol (2-propanol) were obtained from 
Merck A.G. (Darmstadt, Germany). Polyvinyl alcohol 
(PVA), ammonium persulfate (APS), and N, N, N’, N’-
tetramethylenediamine (TEMED) were supplied from 
Sigma-Aldrich.

Synthesis of the p(HEMA-APSA) hydrogel 
formulations

Hydrogels carrying functional sulfone (i.e., -SO3H) groups 
were synthesized using the HEMA and APSA monomers 
in the presence of N, N’ methylene-bis(acrylamide) as a 
cross-linker. In the polymerization mixture, the amount of 
APSA was varied. Polymerization reaction was initiated 
using ammonium persulfate (APS) and tetramethylenedi-
amine (TEMED) redox polymerization initiator pairs at 
room temperature. Polymer formulations were prepared 
by completing to 6.0 mL with distilled water the volume 
of the polymerization mixture containing a fixed amount 
of HEMA (2.0 mL) and N, N’-methylene-bis(acrylamide) 
(54 mg) and varying amounts of functional APSA mono-
mer (0.25, 0.50, or 1.00  g). APS (50 µL) and TEMED 
(50 µL, 10%) were added to this solution as an initiator 
and activator, respectively, and nitrogen gas was passed 
for 2.0  min. It was transferred to a cylinder glass col-
umn (diameter 1.0 cm), sealed with parafilm and a plastic 
stopper, and allowed to react for 1.0 h at room tempera-
ture. The synthesized hydrogels were washed with dis-
tilled water and dried at 40 ℃ in a vacuum. They were 
sieved by molecular sieve, and the size distribution was 
determined. The as-prepared hydrogel adsorbents were 
called the p(HEMA-APSA)−1, p(HEMA-APSA)−2, and 
p(HEMA-APSA)−3.

Table 1  Properties of congo red and crystal Violet dyes
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experiment, hydrogel particles (0.2  g) were added to a 
bottle containing distilled water (100 mL), and the mix-
ture was magnetically stirred for about 1.0 h. The desired 
pH was adjusted, and then used to measure zeta potential 
value with a Zeta-sizer (NanoZS, Malvern Instruments 
Ltd., Malvern, UK).

Adsorption studies

The adsorption of CV and CR dyes on p(HEMA-
APSA)−1-3 hydrogels was studied in a batch system using 
p(HEMA) hydrogel particles as a control. The standard CV 
or CR dye solutions were prepared from the stock solu-
tions containing 500 mg/L dye. The adsorption experiments 
were investigated at different initial CV and CR dye con-
centrations (10–200 mg/L). The adsorption studies various 
adsorbent dosages (0.1 and 1.0 g/L), different ionic strength 
(0.0–1.0 M NaCl), by changing initial pH (2.0–9.0) and at 
four different temperatures (15, 25, 35 and 45 ℃) were real-
ized and the amount of adsorbed dyes was measured using a 
double-beam UV-vis spectrophotometer (Model T80+; PG 
Instrument Ltd., UK). The concentration of CV and CR dyes 
was measured at their maximum absorption wavelength, 
590 and 498 nm, respectively. The amount of adsorbed dye 
on the p(HEMA) and p(HEMA-APSA)−1-3 hydrogels was 
calculated using the following equation:

q = (C0 − C)V/m� (2)

where C0 and C are the dye concentrations in solution before 
and after adsorption (mg/L), respectively; q is the amount of 
dye adsorbed per unit dry mass of the hydrogel (mg/g); V is 
the dye solution (L) and m is the weight of the dry hydrogel 
(g). All experiments were repeated three times, and the aver-
ages were taken. The adsorption data were evaluated using 
different theoretical isotherm models, such as the Langmuir 
and the Freundlich. Finally, the thermodynamic parameters 
of the adsorption were determined.

Desorption and reusability studies

Five consecutive adsorption/desorption cycles were 
performed to examine the reusability of p(HEMA-
APSA)−1-3 hydrogel particles. The initial concentration 
of CV and CR dyes was 100 mg/L at 25 °C for 120 min. 
Then, the CV and CR loaded p(HEMA-APSA)1–3 
hydrogel particles were separated from the medium and 
desorbed with 0.1 mol/L NaOH.

The percentage of dye removal by hydrogel particles was 
calculated using the following equation:

Percentage of Dye Removal (%) = [(C0 − C)/C0]x100� (3)

Characterization studies

The surface morphology of the p(HEMA) and p(HEMA-
APSA)−3 hydrogel particles was determined by scanning 
electron microscopy. The dried samples were coated with 
a thin layer of gold under reduced pressure, and SEM 
pictures were obtained using a JEOL JSM 5600 Scan-
ning Electron Microscope, Japan. The BET method 
(Brunauer, Emmett, and Teller) was used to determine 
the surface area of the hydrogel particles using a BET 
device (Quantachrome Nova 2200E, USA).

ATR-FTIR measurements of p(HEMA) and p(HEMA-
APSA)−3 hydrogels were made in a Spectrum 100 FTIR 
spectrometer (Perkin-Elmer Inc., Norwalk, CT, USA) 
equipped with the ATR accessory. The samples were 
scanned between 4000 and 525  cm−1. Before the ATR-
FTIR measurements, the samples were dried overnight at 
40 °C in a vacuum oven.

The equilibrium water content of p(HEMA) and 
p(HEMA-APSA)−1-3 was determined in distilled water 
using the gravimetric method. Approximately 1.0 g of hydro-
gel was placed in a volumetric cylinder containing distilled 
water and placed in an isothermal water bath at constant 
temperature (25 ± 0.5 ℃), and the equilibrium water content 
after 24 h was determined. The swelling ratio of the hydro-
gel was calculated using the following equation:

Swelling content (%) = [Ws − Wd/Wd]x100� (1)

where Ws and Wd are the weights of swollen and dry hydro-
gel, respectively.

As described previously, the number of sulfone groups 
of p(HEMA-APSA)−1-3 hydrogels was determined [30]. 
0.1  g of hydrogel sample was transferred into NaOH 
solution (0.1 M, 20 mL) and incubated for 6.0 h at 25 ℃ 
while stirring. Then, the sample was titrated with HCl 
solution (0.05 M).

The mechanical strength of the p(HEMA) and p(HEMA-
APSA)−1-3 formulations was studied via elongation 
experiments. Mechanical strength of p(HEMA), and 
p(HEMA-APSA)−1, p(HEMA-APSA)−2, and p(HEMA-
APSA)−3 were determined from dog-bone shapes (20-mm 
span length, 3-mm width, and 0.6-mm thickness) cut from 
the film form samples. The tensile strength and break-
ing elongation were measured using a mechanical testing 
machine at room temperature (Lloyd, LS 500, Fareham, 
Hampshire, England). The software automatically recorded 
the curve of force as a function of deformation (mm). The 
tensile modulus (kPa) and elongation at break were calcu-
lated at an extension rate of 2 mm/min (n = 4).

Zeta potentials of p(HEMA) and p(HEMA-APSA)−2 
hydrogels were obtained at various pH values. In a typical 
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p(HEMA-APSA)−2, and p(HEMA-APSA)−3 formulations 
was found to be 0.068, 1.23, and 1.94 mmol/g hydrogels, 
respectively.

The equilibrium water content of the p(HEMA) hydro-
gel was determined to be 136.3%. In this polymer structure, 
each repeating unit has a pendant hydroxyl group, causing 
hydrophilic properties to the polymer that can be utilized 
to form a hydrogel. The p(HEMA) hydrogel has better 
mechanical properties than natural hydrogels and good 
biological stability. Therefore, p(HEMA) based hydrogels 
have been used in various biomedical and biotechnological 
applications such as contact lenses, drug delivery systems, 
enzyme technology, and wound dressing. The incorpora-
tion of APSA monomer in the p(HEMA) structure caused 
a substantial increase in the water content of the p(HEMA-
APSA)−1-3 formulations, about 382.4, 751.9, and 1004.2, 

Results and discussions

Properties of p(HEMA and p(HEMA-APSA)−1-3

One-pot synthesis method was used to prepare p(HEMA) 
and p(HEMA-APSA)−1-3 hydrogels. The synthesis of 
hydrogels was realized via redox polymerization route in 
the presence of APS and TEMED as the initiator and acti-
vator, respectively. The schematic representation of the 
preparation of hydrogels is presented in Fig.  1. To obtain 
a high adsorption performance towards cationic dye mol-
ecules CV and CR dyes, the APSA ratio was varied in the 
polymerization medium, and the polymerization reaction 
was completed within 1.0 h. The amount of APSA in the 
hydrogels was determined via potentiometric titration. 
The sulfone group content of the p(HEMA-APSA)−1, 

Fig. 1  Schematic representation of experimental protocols
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to form a hydrogel. The p(HEMA) hydrogel has better 
mechanical properties than natural hydrogels and good 
biological stability. Therefore, p(HEMA) based hydrogels 
have been used in various biomedical and biotechnological 
applications such as contact lenses, drug delivery systems, 
enzyme technology, and wound dressing. The incorpora-
tion of APSA monomer in the p(HEMA) structure caused 
a substantial increase in the water content of the p(HEMA-
APSA)−1-3 formulations. The equilibrium water content 
of the p(HEMA-APSA)−3 hydrogel in distilled water was 
increased by about 7.4-fold. Including the APSA monomer 
with sulfone groups in the p(HEMA) hydrogel, the equi-
librium water content increased approximately 7.4 times 
for p(HEMA-APSA)−1. The pendant sulfone groups in the 
AMPSA unit of the copolymer structure resulted in a nega-
tive charge on the polymer backbone, leading to its ability 
to absorb a higher amount of water. The amount of sul-
fone group contents in the p(HEMA-APSA)−1, p(HEMA-
APSA)−2, and p(HEMA-APSA)−3 hydrogels increased 
as the amount of APSA monomer in the formulations 
increased, and the water content of the hydrogels was also 
increased according to APSA content (Table 3).

The zeta potential values of p(HEMA) and p(HEMA-
APSA)−2 hydrogels were determined at different pH values 
between 2.0 and 11.0. When particles are dispersed in a liq-
uid, an electrical double layer is frequently generated; this 
could be due to the particle surfaces mostly having a sur-
face charge that could be attractive to these ions. When the 
particles change their position, the electrical double layer 
also changes its position within the liquid, and is called the 
slipping plane. The electric potential at this slipping plane 
is referred to as zeta potential. When particles have strong 
positive or negative zeta potential values, there is also a 
strong repulsive electrostatic interaction between the par-
ticles, which prevents the particles from approaching each 
other and forming clumps.

As seen from Fig. 3, zeta potential values decreased as 
the pH of the medium increased. The negative charge den-
sity was higher for p(HEMA-APSA)−2 than for p(HEMA). 
The charge densities of p(HEMA) and p(HEMA-APSA)−2 
hydrogels in the pH range of 2.0–11.0 ranged from 12.6 to 
−25.0 mV and 1.6 to −57.2 mV, respectively. The high nega-
tive charge densities of p(HEMA-APSA)−2 hydrogel com-
pared to p(HEMA) were due to strong ion exchange sulfone 
groups of the APSA unit of the copolymer. The high nega-
tive zeta potential values of the copolymer at various pH 
could provide high adsorption performance for cationic CV 
and CR dyes compared to the homo-polymer.

The SEM micrographs provide evidence of the adsor-
bent’s size, shape, and surface morphology. The surface 
morphologies of the p(HEMA) and p(HEMA-APSA)−2 
hydrogels are presented in Fig. 4A and B. As observed in 

respectively. The equilibrium water content of the p(HEMA-
APSA)−3 hydrogel in distilled water was increased by 
about 7.4-fold. Including the APSA monomer with sulfone 
groups in the p(HEMA) hydrogel, the equilibrium water 
content increased approximately 7.4 times for p(HEMA-
APSA)−1. The pendant sulfone groups in the AMPSA unit 
of the copolymer structure resulted in a negative charge 
on the polymer backbone, leading to its ability to absorb 
a higher amount of water. The amount of sulfone group 
contents in the p(HEMA-APSA)−1, p(HEMA-APSA)−2, 
and p(HEMA-APSA)−3 hydrogels increased as the amount 
of APSA monomer in the formulations increased, and the 
water content of the hydrogels was also increased according 
to APSA content.

The ATR-FTIR spectra of p(HEMA), p(HEMA-
APSA)−2, p(HEMA-APSA)−2-CV, and p(HEMA-
APSA)−2-CR are presented in Fig. 2. The FTIR spectrum 
of p(HEMA) hydrogel showed a broad band at around 
3370  cm−1 due to stretching vibrations of -OH groups. 
The peaks at 2945  cm−1 and 1722  cm−1 could be caused 
by the methylene group’s vibrations and ester configura-
tion of HEMA polymer, respectively (Fig.  2A). Whereas, 
in the FTIR spectrum of p(HEMA-APSA)−2 hydrogels, the 
wide band in the range 3600–3000  cm−1 in the spectrum 
of the co-polymer could be assigned to the stretching of 
O–H and N–H bonds (Fig. 2B). The bands at 1649 cm−1 and 
1549 cm−1 could be due to the C––O stretching vibration of 
the amide I group and the N–H bending of amide II, respec-
tively. The bands observed at 1030 and 1068  cm−1 could 
be attributed to the symmetric and asymmetric stretches 
of the sulfone groups, respectively. The other important 
peak observed at 1391  cm−1 could be assigned to S = O 
stretching vibration groups of the APSA unit of the copo-
lymer. After adsorption of CV, a specific peak for benzene 
rings was observed at 1568 cm−1, which matches the C = C 
stretching of the benzene ring. The peaks at 1178 cm−1 and 
2933 cm−1 corresponding to the C–N stretching vibrations 
and C–H stretching of the asymmetric CH3 group were 
observed. The broad peak observed at around 2300  cm−1 
and 1360 cm−1 corresponds to a symmetric and asymmetric 
stretching of tertiary amine groups (Fig. 2C). The p(HEMA-
APSA)−2-CR was used to confirm the functional groups 
of the adsorbed dye. As shown in Fig.  2D, the stretching 
vibration band of the azo group (-N = N-) from 1504 to 
1555 cm−1 was seen in the infrared spectrum of Congo red. 
The 1612 cm−1 and 1531 cm−1 peaks were typical for the 
red azo dyes. The stretching vibration of the S = O group 
appeared at 1190 cm−1 and 1341 cm−1.

The equilibrium water content of the p(HEMA) hydro-
gel was determined to be 136.3%. In this polymer structure, 
each repeating unit has a pendant hydroxyl group, causing 
hydrophilic properties to the polymer that can be utilized 
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Fig. 2  FTIR spectra: (A) 
p(HEMA), (B) p(HEMA-
APSA)−2, (C) p(HEMA-
APSA)−2-CV, and (D) p(HEMA-
APSA)−2-CR hydrogels
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and p(HEMA-AMPSA)−2-CV are presented in Fig. 5. As 
seen from Fig. 5, the atomic percentages of the p(HEMA-
AMPSA)−2 hydrogel changed after adsorption of CR 
and CR dyes. As seen in Fig. 5, the atomic percentages of 
p(HEMA-AMPSA)−2 hydrogel changed after adsorption of 
CR and CR dyes. For p(HEMA-AMPSA)−2-CR, the per-
centages of nitrogen and sulfur were increased from 26.2 
to 28.0% and from 0.1 to 1.3%, respectively, compared to 
pristine p(HEMA-AMPSA)−2 hydrogel. For p(HEMA-
AMPSA)−2-CV, the percentage of nitrogen increased from 
26.2 to 29.1% while the percentage of sulfur decreased from 
0.2 to 0.1%. These results demonstrate that the elemental 
analysis obtained from EDS closely agrees with the interac-
tion of CR and/or CV dyes with the p(HEMA-AMPSA)−2 
starting composition used for synthesis. From the EDS 
analysis, no trace of any impurity was found in the tested 
samples, indicating the cleanness of the samples.

The p(HEMA) and p(HEMA-APSA)−1-3 hydrogels were 
ground using a mortar. 2.0 g of hydrogels were placed in the 
mortar and ground under wet conditions and dried in a vac-
uum oven. After drying, the grinding particles were sieved 
using a molecular sieve. The particles ≥ 75 μm were used in 
the adsorption tests. The surface areas of the p(HEMA) and 
p(HEMA-APSA)−2 hydrogels were obtained with nitrogen 
adsorption/desorption experiments. The surface area of the 
p(HEMA) particles was 2.45 g/m2. Whereas the surface area 
of the p(HEMA-APSA)−2 particles was found to be 4.87 g/
m2, the copolymer’s surface area was increased about two-
fold compared to the homo-polymer.

Mechanical properties of the p(HEMA) and p(HEMA-
APSA)−1-3 hydrogel formulations were studied within the 
equilibrium water content of each formulation. The tensile 
strength and percent break data of the hydrogel samples are 
presented in Table 2. These data showed that the mechanical 
properties of the p(HEMA) hydrogel sample were changed 
after incorporation of APSA in the hydrogel formulations. 

Fig.  4A, a rough and highly irregular surface with some 
pores was obtained for p(HEMA) hydrogel. On the other 
hand, for the p(HEMA-APSA)−2 hydrogel, a structural 
change in the surface morphology was observed, suggesting 
that the incorporation of the APSA monomer was success-
fully achieved, and the surface of the p(HEMA-APSA)−2 
was highly porous (Fig. 4B). This porous surface property 
provides a large surface area, so that the overall surface 
area can be significantly improved. Incorporating APSA 
monomer in the hydrogel structures can increase the contact 
surface area with the target molecules, and the adsorption 
capacity for the tested dyes increases. The particulate form 
of p(HEMA-APSA)−2 hydrogel is presented in Fig.  4C. 
The particles were in the adsorption studies.

Energy dispersive spectroscopy (EDS) studies of the 
p(HEMA-AMPSA)−2 were done to determine the change in 
the chemical composition of the adsorbent before and after 
adsorption of CR and CV dyes. Results of EDS analysis 
of the p(HEMA-AMPSA)−2, p(HEMA-AMPSA)−2-CR, 

Fig. 4  SEM images: (A) p(HEMA), (B) p(HEMA-APSA)−2 and (C) particulates form p(HEMA-APSA)−2
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Effect of sulfone group density on adsorption 
performance

Removal of pollutants using adsorbents is based on the 
relationship of functional groups between target pollutants 
and the support surface. The amount of functional groups 
included on the adsorbent is a significant variable that can 
affect the adsorption efficacy of the target pollutant [42]. The 
influence of the amount of APSA monomer in the hydrogel 
formulations on the adsorption performance is shown in 
Table 3. An increase in the APSA monomer amounts from 
0.068 to 1.94 led to a rise in the adsorption capacities of 
the hydrogel formulations for CV from 196.7 to 367.4 mg/g 
and CR from 74.7 to 204.8, respectively. The p(HEMA-
APSA)−3 hydrogels have the maximum sulfone group den-
sity (containing 1.94 mmol/g) and resulted in higher CV and 
CR dyes adsorption capacity. Thus, when the sulfone groups’ 
density increases, the available amount of functional groups 
that could interact with the tested dye molecules increases 
on the hydrogel’s surface, leading to higher adsorption 
capacity. On the other hand, the p(HEMA-APSA)−3 had a 
high equilibrium water content of about 1004%, and due to 
its operational restriction, the p(HEMA-APSA)−2 hydrogel 
formulation with 750% equilibrium water content was used 
in the remaining adsorption studies.

Effect of adsorbent dosage

The amount of adsorbent in the adsorption medium has an 
important impact on the removal efficacy of the pollutant and 
plays an essential role in the cost assessment process. There-
fore, determining adsorbent dosage could be a necessary 
parameter in adsorption studies as it could control the adsorp-
tion performance of an adsorbent for a known concentration 

As can be seen in Table 2, the tensile strength of p(HEMA-
APSA)−1, p(HEMA-APSA)−2, and p(HEMA-APSA)−3 
was decreased concerning their APSA content compared 
to the pure p(HEMA) hydrogel formulation, respectively. 
The reduction in the mechanical strength of the p(HEMA-
APSA)−1, p(HEMA-APSA)−2, and p(HEMA-APSA)−3 
could be due to the increasing water content of the hydro-
gel formulation, according to increased APSA compared to 
pure p(HEMA) hydrogel. As given in Table 2, as the APSA 
ratio was increased in the hydrogel formulations, a reduc-
tion in the elongation breaking percentage was observed for 
the tested hydrogel formulations. The p(HEMA-APSA)−2 
formulation was used in the remaining studies because it has 
better operational mechanical properties and adsorption per-
formance compared to p(HEMA-APSA)−3 and p(HEMA-
APSA)−1, respectively, as given in Tables 2 and 3.

Table 2  Mechanical properties of p(HEMA) and p(HEMA-APSA)−1-3 
hydrogel formulations
Formulation Tensile 

strength (kPa)
Breaking 
strength (%)

Water 
Content 
(%)

p(HEMA) 207 ± 16 247 ± 10 136.3
p(HEMA-APSA)−1 198 ± 12 156 ± 13 382.4
p(HEMA-APSA)−2 172 ± 08 113 ± 10 751.9
p(HEMA-APSA)−3 98 ± 07 63 ± 05 1004.2

Table 3  APSA content, percent water content, and adsorption capaci-
ties to CR/CV dyes of the p(HEMA), and p(HEMA-APSA)−1, 2, and 
3 hydrogels
Hydrogel formulation APSA content

(mmol/g)
Water 
content
(%)

Adsorption 
capacity CV/
CR (mg/g)

p(HEMA) - 136.3 76.2/40.5
p(HEMA-APSA)−1 0.07 382.4 196.7/74.7
p(HEMA-APSA)−2 1.23 751.9 301.1/182.6
p(HEMA-APSA)−3 1.94 1004.2 367.4/204.8

Fig. 5  Energy dispersive X-ray spectroscopy (EDS) analysis of the p(HEMA-AMPSA)−2 hydrogel sample before and after adsorption of CR and 
CV dyes
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medium, and the amount of dye ionization can also be 
altered. The removal performance of p(HEMA-APSA)−2 
hydrogel to CV and CR was studied at different medium 
pH levels between 2.0 and 9.0. The results are presented 
in Fig. 7A. The dependency of CV and CR dye adsorption 
on pH is related to protonation/deprotonation of the func-
tional groups of the surface of the hydrogels’ adsorbent. At 
pH 2.0, the hydroxyl (–OH), carbonyl amide (–CONH), and 
sulfone (–SO3H) functional groups in p(HEMA-APSA)−2 
are protonated, where the dye binding sites compete with 
the hydrogen ions. On the other hand, at high pH values, 
hydroxyl, carbonyl amide, and sulfone functional groups 
are ionized; correspondingly, the adsorption of cationic 
dyes on the functional groups is more preferential. Thus, 
the tested cationic dyes adsorbed to the negatively charged 
surface sites of the hydrogel adsorbent. As seen in Fig. 7A, 
the maximum CV and CR dye removal was observed at pH 
6.0 on the p(HEMA-APSA)−2 hydrogel, and the removal 
was reached 99.8% and 78.4%, respectively. As the control 
system p(HEMA) adsorbed 76.2 and 40.6% of CV and CR 
dyes, respectively. As observed from Fig. 7A, by decreas-
ing or increasing the pH values below 6.0, the tendency to 
remove CV and CR dyes decreased. It should be remem-
bered that the sulfone groups of the adsorbent dominated the 
electrostatic interactions with the positively charged surface 
of the dye molecules. These observations could be due to the 
protonation and deprotonation of functional groups on the 
adsorbent and the dye molecules. Furthermore, hydrogen 
bonds could be established between the dye molecules and 
the adsorbent as presented in Table 1. Thus, the adsorption 
of dyes on the adsorbent surface could be considered mainly 
through hydrogen bonding and electrostatic interactions. 

of pollutant [40, 43]. The adsorption of CV and CR dyes on 
the p(HEMA-APSA)−2 hydrogel was investigated by vary-
ing the adsorbent dosage to 50–500 mg/L while keeping the 
initial concentration of each dye at 50 mg/L. Figure 6 shows 
that the adsorption of CV and CR dyes increased rapidly 
with an increase in the amount of adsorbent and reached an 
equilibrium boundary after a limit. These could be explained 
by increasing the available adsorption sites in the medium 
as the adsorbent dosage increased. Whereas the adsorp-
tion capacity decreases with the increase in the adsorbent 
dosage. This tendency was seen for both CV and CR dyes. 
These may be related to the decrease in the amount of target 
contaminant adsorbed per gram of adsorbent with each suc-
cessive increase in adsorbent dosage. It should be noted that 
the binding sites of the adsorbent could not be completely 
employed at a higher adsorbent dose in comparison to a 
lower adsorbent dose. The maximum removal was observed 
at a dosage of 250 mg/L for p(HEMA-APSA)−2 hydrogel to 
remove of 99.9% and 76.8% for CV and CR, respectively. 
Increasing the doses did not cause any change in the adsorp-
tion sites for CV dye, but a slight increase in the removal 
performance for CV up to 80.4% at 500 mg/L. Therefore, 
250 mg/L of p(HEMA-APSA)−2 was used in the remaining 
experiments. Other researchers have reported similar results 
for dye removal by various adsorbents [43–45].

Effect of pH on adsorption of cationic dyes

The pH of the medium shows a significant role in the 
adsorption efficiency of the hydrogel adsorbent toward dif-
ferent dyes [34, 46–50]. The surface charges of the adsor-
bent are influenced by the initial pH of the adsorption 

Fig. 6  The effect of the adsorbent dosage: CV and CR adsorption on p(HEMA-APSA)−2 hydrogel
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adsorbent, and the electric binary layers of the adsorbent 
surface are compressed, leading to a reduction in the elec-
trostatic interactions [41, 42]. It should be noted that when 
the electrostatic forces between binding sites on the adsor-
bent and pollutant molecules are opposite, an increase in 
salt concentration can lead to a fast reduction in the adsorp-
tion performance of the adsorbent [40, 43]. It was worth 
mentioning that the removal performance of p(HEMA-
APSA)−2 for CR was highly decreased at increasing salt 
concentration compared to CV dye, suggesting that the 
two primary amine groups of the CR dye could be highly 
shielded by salt molecules. These results showed that ion-
exchange might be responsible for CR adsorption on the 
p(HEMA-APSA)−2 hydrogels.

Effect of coexisting cations on CV and CR adsorption

In the single system, the adsorption of CV and CR cat-
ionic dyes on p(HEMA-APSA)−2 hydrogels disclosed very 
good efficiencies. Therefore, the cationic metal ions such 
as Pb(II), Zn(II), Cu(II), Ni(II), and Ca(II) were selected to 
recognize the selectivity of the adsorbent. The selectivity of 
the adsorbent to CV and CR dyes was studied using a series 
of typical binary dye/metal ions systems. In the binary sys-
tem, the tested metal ions and concentration of each dye 
were selected as 5.0 mol/L and 200 mg/L, respectively. The 
results of these experiments for CV and CR are presented 
in Fig. 8. The data elucidated that CV or CR dye was easily 
adsorbed by the p(HEMA-APSA)−2 adsorbent from binary 
medium even in the presence of competing metal ions. The 
adsorption efficacy of CV or CR dye in the different binary 
dye metal ions mixtures reached up to 76% and 63%, dem-
onstrating that the p(HEMA-APSA)−2 adsorbent displayed 

As given above, the surface charge variation under various 
pH values of p(HEMA) and p(HEMA-APSA)−2 was per-
formed by studying zeta potential and pHZPC experiments 
(Fig. 3). The achieved zeta potential data and pHZPC stud-
ies for shown that the isoelectric points and zero point of 
charge of p(HEMA) and p(HEMA-APSA)−2 were approxi-
mately at pH 6.0 and 2.2, respectively. Therefore, p(HEMA-
APSA)−2 displayed a neutral charge at pH 2.2 (pHZPC), 
and negative charges when greater than that of the pHZPC 
value. Accordingly, the negatively charged hydrogel adsor-
bent interacted with the tested cationic dye molecules, and 
showed about 99.8% and 78.4% removal efficacy for CV 
and CR dyes, respectively. Hereafter, based on the experi-
mental outcomes for both dyes at varying pH media, pH 6.0 
was designated as the optimal pH for further studies.

Effect of ionic strength

The effect of salt concentration on the removal efficiency 
of CV and CR dyes was examined by presenting increas-
ing concentrations of NaCl (varying from 0.0 to 1.0 mol/L) 
under defined experimental conditions (pH: 6.0, initial con-
centration: 100 mg/L). Figure 7B shows the results achieved 
from these studies. As can be seen from this figure, the 
increasing of NaCl concentration from 0.0 to 1.0 mol/L, the 
percentage of removal of CV and CR dyes decreased from 
99.8 to 56.7% and from 76.8 to 14.0%, respectively, which 
could be due to the competitive interactions between dye 
molecules and salt ions for binding sites during the adsorp-
tion process. The decrease of the adsorption capacity for CR 
was highly pronounced, about 82%, whereas this was 25% 
for CV dye. The increasing ionic strength (i.e., Na+ and Cl−) 
in the adsorption medium can shade the binding sites of the 

Fig. 7  Effect of pH on CV and CR adsorption p(HEMA-APSA)−2 (A); Effect of ionic strength on CV and CR removal process with p(HEMA-
APSA)−2 hydrogel (B)
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(Fig. 9A). There were sufficient available binding sites for 
CV or CR adsorption on the p(HEMA-APSA)−2 adsorbent 
at low starting dye concentrations. After 100  mg/L initial 
dye concentrations, the reduction of adsorption tendency of 
the tested dye could be due to the saturation of the adsorbent 
binding sites with dye molecules [43]. It should be noted that 
increasing the dye concentration in the medium enhances 
the driving force for mass transfer and overcomes the resis-
tance of the surface separating the liquid from the solid. It 
was observed that this became significantly ineffective after 
the initial dye concentration of 150 mg/L, and there was no 
significant increase in the adsorbed amount of each of the 
tested dyes. In the process of removing CV and CR dyes 
from aqueous media with p(HEMA-APSA)−2 adsorbent, 
the maximum adsorption capacities at 25 ℃ were found to 
be 306.1 mg/g and 186.9 mg/g, respectively (Fig. 9).

Additionally, the experimental data were analyzed using 
two different isotherm models, namely Langmuir and the 
Freundlich isotherm models. The calculated isotherm con-
stants from the fitted isotherm modeling are presented in 
Table 4.

The linearized Langmuir isotherm can be calculated by 
the following equation:

Ce/qe = Ce/qm + 1/bqm� (4)

where, qe is the amount of adsorbed dye at equilibrium time 
(mg/g), Ce is the equilibrium concentration of dye in solu-
tion (mg/L), qm represents the maximum adsorption capac-
ity (mg/g), and b is the Langmuir constant related to the 
energy of adsorption (L/mg).

The essential properties of the Langmuir isotherm can be 
expressed by a dimensionless equilibrium parameter (RL):

RL = 1/(1 + bC0)� (5)

high selectivity to the tested dyes, respectively. It should 
be noted that the metal ion concentrations were approxi-
mately 17 and 10-fold higher than the CV and CR dye 
concentrations on a molar basis, respectively, in the binary 
mixture medium. These results delineated that the p(HEMA-
APSA)−2 adsorbent has a strong affinity for the adsorption 
of the tested cationic dyes in the presence of various metal 
ions in each binary mixture. The order of metal ions and dye 
adsorption association was observed as Ca(II) > Pb(II) > Cu(
II) > Ni(II) > Zn(II) and CV > CR, respectively. In the binary 
mixture, the p(HEMA-APSA)−2 adsorbent exhibited con-
siderable adsorption capabilities for the CV and CR dyes, 
in the presence of various metal ions, at a 200 mg/L initial 
dye concentration. The p(HEMA-APSA)−2 adsorbent can 
be a favorable adsorbent for removing cationic dyes from 
wastewater. It was observed that the removal rate of CV 
and CR significantly reduced in the presence of Ca(II) and 
Pb(II) ions, which is attributed to the competitive adsorption 
for binding sites between dye molecules and coexisting ions 
[51, 52]. On the other hand, the removal efficiency of the 
dyes was slightly affected in the presence of Cu(II), Ni(II), 
and Zn(II) anions. These observations could result from dif-
ferent adsorption mechanisms for the dyes and the tested 
metal ions.

Effect of initial dye concentration

Studying the influence of initial dye concentration in solu-
tion is very important for discerning adsorption isotherms 
and kinetics and optimizing the performance of dye removal 
processes in different environmental applications. The effect 
of initial CV or CR dye concentration on the removal efficacy 
of the p(HEMA-APSA)−2 adsorbent was investigated in the 
10–200 mg/L concentration range. Increasing the initial dye 
concentrations decreased CV and CR’s removal efficiencies 
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p(HEMA-APSA)−2 adsorbent could be highly effective for 
removing CV and CR dyes from solutions.

The Langmuir isotherm is also expressed in terms of the 
dimensionless separation factor RL. The adsorption process 
is unfavorable when RL is greater than 1, linear when RL 
= 1, and irreversible when RL is 0. For a proper adsorp-
tion process, the RL value should be greater than 0 but less 
than 1. At 200 mg/L initial dye concentration, the RL values 
were obtained in the range of 0.008–0.107 and 0.003–0.094 
for CV and CR, respectively. These results show that the 
adsorption of CV and CR dyes onto the p(HEMA-APSA)−2 
adsorbent is favorable and follows a monolayer adsorption 
process.

In the adsorption of CV and CR dyes onto the p(HEMA-
APSA)−2 adsorbent, n values were found in the range of 
1.83–8.29 for CV and 2.06–13.50 for CR. These results 
indicate a high adsorption tendency of dyes onto the adsor-
bent. The KF values were between 15.6 and 190.3 for CR 
and 17.2 and 200.9 for CV with increasing temperature 

The linear form of the Freundlich adsorption isotherm can 
be expressed by the following equation:

log qe = log KF + 1/n log Ce� (6)

where KF and n are Freundlich constants.
It was observed that the experimental and qm values of 

the p(HEMA-APSA)−2 adsorbent for CR and CV dyes 
were very close to each other at different temperatures. In 
addition, R2 values were high for the Langmuir model in 
the range of 0.994–0.999 and 0.992–0.999 for the CR and 
CV dyes. These results show that the Langmuir isotherm 
model could well describe the adsorption of CR and CV 
dyes onto the p(HEMA-APSA)−2 adsorbent. The obtained 
qm values from the Langmuir model equation suggested 
that p(HEMA-APSA)−2 adsorbent had remarkable maxi-
mum adsorption capacities of 202.6 and 311.2  mg/g for 
CR and CV dyes, respectively. These results propose that 

Table 4  Langmuir and Freundlich isotherm model constants and correlation coefficients for the adsorption of CR and CV dyes on p(HEMA-
APSA)−2 hydrogel

Langmuir constants Freundlich constants
T
(K)

qe, exp
(mg/g)

qm
(mg/g)

bx10−5

(L/mol)
R2 *RL N KF R2

288 141.6 161.7 0.338 0.989 0.094 2.06 15.59 0.858
298 186.9 202.6 0.529 0.994 0.057 2.51 31.7 0.803

CR 308 242.8 250.5 1.360 0.999 0.025 3.10 60.5 0.827
318 291.4 289.4 11.200 0.998 0.003 13.50 190.3 0.728
288 198.7 235.4 0.171 0.992 0.107 1.83 17.2 0.914

CV 298 306.1 311.2 1.340 0.999 0.015 6.65 126.3 0.537
308 384.2 387.3 2.090 0.998 0.009 8.29 175.6 0.609
318 446.3 434.1 2.660 0.996 0.008 5.57 200.9 0.864

* C0 = 200 mg/L

Fig. 9  Effect of initial dye concentration on CV and CR removal process with p(HEMA-APSA)−2 hydrogel (A): Effect of contact time on CV and 
CR adsorption on p(HEMA-APSA)−2 hydrogel (B)
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t/qt = 1/k2qe
2 + t/qe� (8)

where k2 and qe are the pseudo-second order rate constant (g/
mg/min) and equilibrium adsorption capacity, respectively.

The adsorption initial rate constant is denoted by h and is 
defined by h = k2qe

2 [53–56]. As can be seen from Table 5, 
the pseudo-second-order kinetic model shows higher R2 
values than the first-order model. In addition, while the qe 
values obtained for the pseudo-first-order kinetic model do 
not match the experimental qe values, the qe values obtained 
for the pseudo-second-order model match better with the 
experimental values. This shows that the pseudo-second-
order kinetic model could explain the adsorption of both 
dyes to the p(HEMA-APSA)−2 hydrogel.

Thermodynamics parameters

The influence of temperature on the adsorption of CV and 
CR dyes from the aqueous medium on p(HEMA-APSA)−2 
hydrogel is a critical factor for evaluating temperature-
dependent dye adsorption mechanisms. The effect of tem-
perature on the adsorption process of CV and CR dyes from 
aqueous medium by the p(HEMA-APSA)−2 hydrogel was 
investigated in the 288–318 K range. The adsorption capac-
ity of the p(HEMA-APSA)−2 hydrogel increased with 
increasing temperature from 288 to 318 K, and the amount 
of adsorbed CV and CR dyes increased from 198.7 to 446.3 
and from 141.6 to 291.4 mg/g, respectively (Table 6). This 
could be due to the increase in the number of available 
binding sites on the p(HEMA-AMPSA)−2 hydrogel surface 
by expanding the polymeric network with the increase in 
temperature.

Thermodynamic parameters such as standard free energy 
change (ΔGo), standard enthalpy change (ΔHo), and stan-
dard entropy change (ΔSo) were determined and calculated 
using the following equations to evaluate the feasibility, 
direction, and nature of the adsorption process of dyes onto 
the adsorbent.

△G◦ = −RTlnKa� (9)

lnKa△S◦/R − △H◦/RT� (10)

The equilibrium constants b (Ka) for the adsorption of CV 
and CR dyes onto the adsorbent were determined from the 

from 288 to 318 K. The results indicate the facilitation of 
the adsorption process with increasing temperature and the 
high affinity of the adsorbent for both dyes.

Effect of contact time and adsorption kinetics of CV 
and CR dyes on adsorbent

Contact time is an important point for actual applications, 
as adsorption equilibrium time is an essential parameter 
to verify the appropriateness of the cost of the adsorbent 
for large-scale applications. Accordingly, the influence of 
contact time on the adsorption of CV and CR dyes on the 
p(HEMA-APSA)−2 hydrogel was studied, as the results are 
presented in Fig. 9B. The results showed that the p(HEMA-
APSA)−2 hydrogel adsorbed CV and CR dyes in two sepa-
rate phases. The early phase (0–20 min) was characterized 
by fast kinetics due to the considerable amount of dye in the 
medium and the many available binding sites on the surface 
of the p(HEMA-APSA)−2 hydrogel. The second phase, 
which lasted about 60 min, was slower due to the electro-
static repulsion caused by the adsorbed dye on the surface of 
the p(HEMA-APSA)−2 hydrogel and the dye molecules in 
the solution, and similarly, there was a significant decrease 
in the available binding sites on the adsorbent. The maxi-
mum adsorption amounts of CV and CR dyes were found to 
be 306.1 and 186.9 mg/g, respectively, and the equilibrium 
occurred after 60 min. The order of the adsorption capacities 
of the dyes was CV > CR, and the maximum adsorption was 
obtained with a contact time of 120 min, indicating that the 
p(HEMA-APSA)−2 hydrogel could be a favorable adsor-
bent to remove cationic dyes from aqueous solution.

The kinetics of CV and CR dye adsorption on p(HEMA-
APSA)−2 were investigated using pseudo-first and pseudo-
second-order models, and the kinetic parameters are given 
in Table 5.

The linearized form of the pseudo-first-order model can 
be expressed as follows:

log (qe − qt) = log qe − k1/2.303� (7)

where qt is the amount of adsorbate adsorbed per unit mass 
of adsorbent at time t (mg/g), k1 is the pseudo-first-order 
rate constant (per min), and t is the contact time (min).

The pseudo-second-order equation is expressed as:

Table 5  First and second order kinetic model constants and correlation coefficients for adsorption of CV and CR dyes on p(HEMA-APSA)−2 
hydrogel

First order Second order
qexp
(mg/g)

qeq
(mg/g)

k1 × 102

(min−1)
R2 qeq (mg/g) k2 × 103 (g/mg min) R2 h

(mg/g min)
CR 186.9 394.5 13.0 0.978 198.8 0.08 0.999 33.0
CV 306.1 126.3 7.76 0.981 313.9 1.29 0.998 127.4
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in adsorption capacity was found during the five adsorption-
desorption cycles. The results show that the reusability of 
the adsorbent was promising in terms of both applicability 
and economic point of view.

Comparison of the adsorption capacity of the 
p(HEMA-APSA)−2 for CV and CR with previously 
reported work

It is critical to compare the adsorption capacity of the pre-
pared adsorbent to that of the reported adsorbents for their 
environmental applications. The adsorption capacities of 
the earlier reported adsorbents are compared to the hydrogel 
adsorbent presented in this work, and given in Table 7. As 
seen in the table, it was observed that the adsorption capac-
ity of p(HEMA-APSA)−2 hydrogel adsorbent for Crystal 
Violet (306.1 mg/g) and Congo Red (189.6. mg/g) dyes was 
higher compared to the adsorption capacities of most of 
the available adsorbents available in the literature [19, 58]
[61–74]. These observations could be attributed to the suf-
ficiency of the interactions between the tested cationic dye 
molecules and sulfate groups of the p(HEMA-APSA)−2 
hydrogel adsorbent. The strong cationic p(HEMA-APSA)−2 
adsorbent could be considered favorable for removing CV 
and CR dyes from aqueous solutions. The high adsorption 
capacity of p(HEMA-APSA)−2 hydrogel for CV dye rela-
tive to CR dye can be attributed to the three tertiary amine 
groups of CV and the sulfone groups on the copolymer 
chains.

Conclusions

Due to their harmful properties, the removal of various 
inorganic and organic pollutants from the environment and 
wastewaters has been a topic of remarkable interest in recent 
years. Sulfone groups containing anionic hydrogel adsor-
bent were produced using APSA and HEMA monomers via 
redox polymerization to achieve this goal. The p(HEMA-
APSA)−2 hydrogel revealed good performance in adsorbing 
CV and CR dyes from aqueous solutions, attaining maxi-
mum adsorption capacities under defined adsorption condi-
tions. At a pH of 6.0, a contact time of 120 min, and initial 
concentrations of 200 mg/L for CV and CR, the maximum 
adsorption capacities reached 306.6 mg/g and 186.9 mg/g, 
respectively. Moreover, remarkable results were obtained 
for CV and CR removal with various amounts of functional 
-SO3H groups. A rapid adsorption occurred within 20 min 
for both CV and CR dyes. The p(HEMA-APSA)−2 hydro-
gel adsorption processes for the CV and CR dyes were 
described by pseudo-second-order kinetics. The adsorption 
of CV and CR dyes was associated with different interaction 

Langmuir equation at four different temperatures (Table 4). 
Thermodynamic parameters ΔHº and ΔSº were determined 
from the slope and cut-off point of the 1/T − 1/T-lnKa graph 
according to the van’t Hoff equation, respectively. As can be 
seen from Table 6, ΔGo values decrease from − 23.3 to −38.0 
and from − 25.0 to −36.8 for CV and CR dye, respectively, 
as the temperature increases from 288 K to 318 K. The neg-
ative ΔGo values show that the adsorption process of CV 
and CR dyes on the adsorbent occurred spontaneously. In 
addition, the decreasing ΔGo values with increasing tem-
perature show that temperature increases the absorption 
driving force, and high temperature is suitable for adsorp-
tion. The ΔHº values for the adsorption of CV and CR dyes 
on the adsorbent were found to be 85.7 and 66.9  kJ/mol, 
respectively (Table 6). Positive ΔHº values indicate that the 
adsorption process is endothermic. Therefore, an increase in 
temperature leads to a higher dye adsorption at equilibrium. 
The ΔSº values for the adsorption of CV and CR dyes on 
the adsorbent were determined as 0.373 and 0.311 kJ/mol 
K, respectively. The positive values of ΔSº indicated that 
the adsorption of dyes on the adsorbent was spontaneous, 
and the randomness increased during the adsorption process 
[56–58].

Desorption and reusability studies

Reusability is one of the important parameters of adsor-
bent performance and is related to desorption/regeneration 
cycles. An adsorbent’s physical and chemical structure is 
expected to stay intact throughout the adsorption-desorption 
process. Therefore, selecting the adsorbent is crucial in this 
respect [59, 60]. The desorption efficiencies of the CV or 
CR loaded adsorbent were studied using 0.1 mol/L NaOH 
as desorbing agents. The adsorption-desorption cycle was 
repeated five times with the same adsorbent sample to dem-
onstrate reusability. It was found that the adsorption capac-
ity of the p(HEMA-AMPSA)−2 hydrogel decreased by 
5.6% and 13.8% for the CV and CR dyes after five repeated 
adsorption-desorption cycles, respectively. The adsorbent 
indicated good regeneration efficiency, and a minor decrease 

Table 6  Thermodynamic parameters calculated for the adsorption pro-
cess of model CR and CV dyes with p(HEMA-APSA)−2 hydrogel

T
(K)

ΔGo

(kJ/mol)
ΔSo

(kJ/mol K)
ΔHo

(kJ/mol)
CR 288 −25.0 0.37 85.7

298 −27.1
308 −30.3
318 −36.8

CV 288 −23.3 0.31 66.9
298 −29.3
308 −31.4
318 −33.0
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Adsorbent Dye/Adsorption capacity (mg/g) pH References
GO-carboxymethyl tamarind CV/111 7.0  [58]
Sulfonated guar gum-hydrogels CV/45.6 6.0  [61]
Nanocellulose‑polyurethane CV/41.6 10  [63]
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Poly(MAA-ko-AAm))/bentonite CV/149.3 7.0  [65]
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Cell-g-AASO3H-co-AN CV/44.1 7.0  [67]
Hydrogel nanocomposite CV/155.0 7.0  [68]
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p(HEMA-APSA)−2 hydrogel CV/306.1 6.0 In this work
Nylon fiber waste CR/188.0 6.0  [19]
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p(HEMA-APSA)−2 hydrogel CR/189.6 6.0 In this work

Table 7  Comparison of the 
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