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Six semi-IPN hydrogels (N1–N6) were synthesized by redox polymerization with different molar ratios of 
2-(dimethylamino)ethyl methacrylate (DMAEMA) and sodium alginate. Methylene-bisacrylamide acted as a 
crosslinker for DMAEMA, and calcium chloride was used as a crosslinking agent for sodium alginate. The 
synthesized semi-IPN hydrogels are characterized by swelling ratio, scanning electron microscopy (SEM), 
BET, thermal gravimetric analysis (TGA), and differential scanning calor. The adsorption capacities of the 
prepared hydrogel polymers for the removal of Congo red dye from their aqueous solutions were studied at 
an initial concentration of 700 ppm. N3 and N4 hydrogels exhibited the highest adsorption capacities. The 
optimum pH and temperature were found to be 7 and 65 °C, respectively, resulting in adsorption capacities 
of 1365 mg/g and 1328 mg/g, with adsorption percentages of 97.53% and 94.857% for N3 and N4, 
respectively. The adsorption behavior of both hydrogel adsorbents followed Langmuir's model. It exhibited 
pseudo-second-order kinetics during the adsorption of CR dye, referring to the adsorption of CR on N3 and 
N4 adsorbents as chemisorption. The thermodynamic parameters have been calculated, and they refer to 
endothermic, randomness, and spontaneous adsorption. Desorption experiments were also performed, and 
NaOH was identified as the most effective eluent for CR dye recovery.
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Introduction
Water pollution is a significant global issue 

due to the crucial role of water in our daily lives 
[1]. Synthetic dyes, which are stable and highly 
soluble in water, are common pollutants in industrial 
wastewater [2,3]. The textile industry is one of the 
most common industrial activities that generate toxic 
colored wastewater [4] besides dyeing and printing, 
paper and pulp, cosmetics, food, pharmaceuticals, 
oil, and photographic colors [5]. About 7 x 10^7 tons 
of synthetic dyes are produced annually worldwide, 
with approximately 10% being discharged into water 
bodies [6]. Organic dyes were studied closely due to 
their danger and toxicity; they can cause cancer even 
at low concentrations [7]. These can cause serious 
health problems, including damage to the liver, kidney, 
and nervous system, as well as various cancers [8].

 Azo dyes are a vital colorant that constitutes two-
thirds of all synthetic dyes and is responsible for more 
than 50% of the annual global manufacturing of dyes. 
They are toxic, mutagenic, and carcinogenic agents 
[9]. Congo red (CR) is an anionic dye that causes 
allergic and metabolizes to a human carcinogen 
called benzidine [10]. It promotes mutagenic and 
carcinogenic activities [11]. Accumulation of Congo 
red dye leads to blood clotting, skin and eye irritation, 

digestive system disorders, and breathing difficulties. 
It may also cause drowsiness and allergic reactions 
[12].  

Adsorption is an efficient, easy-to-use, and 
cost-effective technique for water purification [13] 
compared to other methods for water treatment, such 
as precipitation, coagulation, degradation, oxidation, 
reverse osmosis, and others [14].  Adsorption refers 
to the process of molecules aggregating onto the 
surface of an adsorbent material [15]. This process 
involves physical or chemical bonding of molecules 
with active sites on the surface, forming one or more 
layers of molecules [16,17]. The adsorption process 
is influenced by various factors, such as temperature, 
ionic strength, acid function, nature of the adsorbent, 
effect of equilibrium time, surface area of the 
adsorbent, and concentration of the adsorbent [18,19]. 
Several adsorption isotherms describe the equilibrium 
state between the solution and the solid phase of 
the adsorbent surface. These isotherms, such as the 
Langmuir, French, and others, give a clue about the 
nature of adsorption and the thermodynamic functions 
of the process [20,21]. 

The use of interpenetrating polymer networks 
(IPNs) and semi-IPN hydrogels as adsorbents for toxic 
dyes has attracted considerable attention because 
of their high swelling and adsorption performance, 
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structural stability, and non-toxicity [22,23]. Hydrogels 
also represent stimuli-responsive materials and 
adsorb due to light, pH, temperature, ionic strength, 
and electric field [24]. PDMAEMA is among those 
polymeric materials that are very sensitive to changes 
both in pH and temperature, hence being widely 
used in various areas such as drug delivery systems, 
membranes, sensors, and antibacterial materials [25]. 
Sodium alginate is a natural linear polysaccharide that 
is highly safe, biodegradable, and biocompatible [26]. 
It is widely used in industry due to its stability, strength, 
flexibility, and ability to swell and retain water. Sodium 
alginate is a natural linear polysaccharide that is highly 
safe, biodegradable, and biocompatible. It is widely 
used in industry due to its stability, strength, flexibility, 
and ability to swell and retain water [27]. Various 
bacteria and brown algae synthesize Alginate. The 
extracted alginate is used in the food, pharmaceutical, 
and cosmetic industries. Sodium alginate is an 
anionic natural polymer used widely in drug delivery 
[28]. Six semi-IPNs from Poly(dimethylaminoethyl 
methacrylate) with Sodium alginate were prepared 
and used to remove Congo Red dye. 

Experimental part
Materials and measurements 
All chemicals were purchased from Merck and 

Sigma-Aldrich and used without any treatment; all 
solutions were prepared using deionized water. The 
structure and morphology of all prepared hydrogel 
Adsorbents were identified using The FESEM device 
with model TESCAN MIRA3 made in the Czech 
Republic, BORNA Science and Technology Institute, 
Tehran, Iran. The UV-visible spectra were recorded 
using a T80+ spectrophotometer at Kufa University, 
Iraq.

Preparation of semi-IPN hydrogels N1-N3
1 g of sodium alginate was dissolved in  

(10 mL) of deionized water. Gradually, 1g of N,N-
Dimethylaminoethyl Methacrylate (DEMAEMA) was 
added with continuous stirring for 15 minutes using 
the magnetic stirrer to mix them thoroughly. 0.2 g of 
N,N-methylene bis acrylamide (BisAA) was added, 
and finally, 1 mL from the solution of sodium persulfate 
(10 % w/v) as an initiator with 0.2 mL from Tetra 
methyl ethylene diamine (TEMED) as the accelerator 
was added. Stirring is continued as the colour of 
the solution is observed to change to white with a 
significant increase in the density of the solution. The 
reaction was left for a few minutes until the crosslinking 
reaction was complete. It is placed in a drying oven 
at 50 oC for 24 hours until the semi-IPN (N1) dries 
completely. The same steps were repeated with 
different weight ratios from DEMAEMA to prepare the 
semi-IPN hydrogels N2 and N3 [29]. Table S1 shows 
the composition of the prepared semi-IPN hydrogels.

Preparation of copolymer hydrogels N4-N6
N4 semi-IPN was prepared by dissolving 1 g of 

DEMAEMA in 5 mL of deionized water with stirring,  

0.3 g of sodium persulfate, the initiator, and 0.3 mL of 
the accelerator (TEMED) with continued stirring and 
heating at 50 oC within an hour, where turbidity of the 
solution is observed. A polymerization reaction begins 
to form the linear Poly DEMAEMA and is left in the oven 
for a whole night at 50 oC to complete the reaction. 
1g of sodium alginate is dissolved in deionized water 
and added to the solution of Poly DEMAEMA. The 
mixture was stirred for 15 minutes to ensure the two 
linear polymers were mixed well. A 5% (wt./v) calcium 
chloride solution was used as a crosslinking agent for 
sodium alginate polymer. The Crosslinking reaction is 
done by dropping a solution of the polymer mixture in 
a beaker containing the solution of calcium chloride 
CaCl2. These steps were repeated using 2 and 3 g of 
sodium alginate to prepare N5 and N6 [30,31]. Table 
1 shows the composition of the prepared Semi-IPN 
hydrogels. The polymerization reaction is illustrated in 
Scheme 1.

Swelling ratio study
The swelling ratio of all the manufactured 

hydrogels was determined by measuring the weight 
of each hydrogel in its dried state (xerogel) and 
then immersing it in 50 mL of deionized water. The 
weight of the hydrogel was measured at various time 
intervals after the removal of surface water until it 
reached a state of equilibrium. The swelling ratio (Q) 
was determined by applying the equation [32].

Q% = ((Ws - Wd) / Wd) * 100%,                               (1)
where Ws represents the weight of the hydrogel in its 
swollen state at the measured time interval and Wd 
represents the weight of the hydrogel in its dried state.

Preparation of aqueous Congo Red solution
Congo red dye, an ionic diazo dye with M.wt of 

696.7, a stock solution of the dye with a concentration of 
(1,000 mg/L) was prepared for use in batch adsorption 
experiments, and then dilution was used to prepare 
the remaining required concentrations with deionized 
water. CR dye solutions were measured at λmax 483 
nm using a Sentry 20 UV-visible spectrophotometer 
model T180.1. In a 1 cm length quartz cell [33].

Batch Adsorption Experiments
Adsorption experiments were conducted using the 

batch method to assess the factors influencing the 
adsorption process and determine the ideal conditions. 
The hydrogel adsorbents N1–N6 were mixed in 50 ml 
of CR dye solutions of different concentrations and 
used in amounts of 25 mg. The primary concentration 
of CR dye was selected, and the mixture was 
subjected to agitation in a thermostatic shaker at 225 
RPM and 35 °C for 24 hours. Following the process 
of adsorption, the adsorbents were separated using 
filtration. The residual concentration of CR dye was 
then measured using a UV-visible spectrometer at 
483 nm. Adsorption experiments were carried out at 
various agitation times (5, 15, 30, 60, 120, 150, 180, 
240, 300) min and at different pH ​​values including 3, 5, 
7, 9, and 11. The amount of CR dye on the adsorbents 
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Scheme 1. The polymerization reaction of semi-IPN of (PDEMAEMA- sodium alginate) hydrogels.

was calculated by the equation below:
qe = ((C0 - Ce) / w) * V,                                                (2)

where C0 and Ce (mg/L) are CR dye’s initial and 
equilibrium concentrations, V (L) represents the 
volume of the CR solution, w (g) is the mass of the 
hydrogel, and qe (mg/ g) is the adsorption capacity 
[34,35].

Desorption study
The desorption of CR dye from the hydrogels was 

detected using repeated adsorption/desorption cycles. 
The dye-loaded adsorbent was immersed in 0.1 M of 
NaOH and HCl, which were used for the desorption 
experiments. The mixture was stirred at 65°C for  
3 hours, and the desorbed dye was separated and 
filtered. The concentration of the dye was determined 
spectrophotometrically. The efficiency of CR dye 
desorption (S) is calculated using the following 
equation [36]:

S% = (Cd * Vd / (qe * W)) * 100%,                                (3)
where Cd (mg /L) is the CR concentration after 

desorption, and Vd (L) is the eluent volume.
Adsorption Isotherms
Adsorption isotherms, such as the Langmuir and 

Freundlich models, are studied to explain the adsorption 
behavior and the relationship between the amount of 
adsorbed dye and the equilibrium concentration. The 
Langmuir and Freundlich linear forms are represented 
in equations 4 and 5, respectively (see Supplementary 
Material).

Kinetics studies
Kinetics data give helpful information about the 

adsorption process [37]. They can be assessed using 
various models, such as the pseudo-first and second 
order and Intra-particle diffusion models, tested in 
our study. The linear equations of these models are 
expressed by equations 6-8 (see Supplementary 
Material).

Adsorption Thermodynamics
Thermodynamic parameters of the adsorption 

process, including the change of the standard 
[enthalpy (∆H°), entropy (∆S°), and free energy (∆G°)] 
can be calculated from the constant of thermodynamic 
equilibrium (KL), which equals to Ca/Ce, Ca (mg/g) 
and Ce (g/L) represent the adsorbed and the 
remaining concentration of CR dye respectively. The 
thermodynamic parameters can be calculated by the 
equations 9-10 (see Supplementary Material).

Results and discussion
Semi-IPN hydrogels were synthesized using redox 

polymerization with a sodium persulfate initiator [40]. 
N,N-methylene bis acrylamide (BisAA), and calcium 
chloride were crosslinking agents for DEMAEMA 
and sodium alginate, respectively [41]. Accurately 
determining the swelling ratio of the prepared 
hydrogels is essential for assessing their effectiveness 
and potential uses [42]. Figure S1 show the swelling 
ratios of N1-N3 as a function of time. The swelling rate 
increases quickly at first, then steadily increases until 
it reaches equilibrium within two hours.

Figure S2 shows the swelling ratios of N4-N6, 
measured after 24 hours of immersion in water. 
The hydrogels N1-N3 undergo fragmentation upon 
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immersion in water, preventing the measurement 
of the swelling rate over time. The calculation was 
performed solely at the equilibrium state, precisely 24 
hours later.

The swelling ratio of N1-N3 increases with 
increasing DEMAEMA content of the polymeric 
formulation, suggesting that DEMAEMA has a stronger 
impact on boosting the swelling ratio than sodium 
alginate. All the prepared hydrogels were determined 
to be super absorbent hydrogels [43].

Hydrogels’ morphology, pore size, and porosity can 
be accurately determined using a scanning electron 
microscope (SEM) [44]. Figure 1 displays the 
scanning electron microscope (SEM) images of the 
swelling state of N1 and N6, which shows that the 
swollen structures contain many large pores with an 
irregular shape and a porous structure due to the 
three-dimensional structures [45]. The study revealed 
the presence of several small spherical and clustered 
structures that enhance the hydrogels’ surface area, 
a crucial factor in boosting their adsorption capacity 
[46].

BET analysis is employed to ascertain the 
surface area and particle size by utilizing adsorption 
and desorption procedures. The BJH analysis is 
a technique used to study the pore structure of 
materials, which helps fully understand the properties 
and potential applications of porous substances [47]. 
is enclosed in square brackets. The BET and BJH 
analysis results on the produced hydrogels N3 and N4 
are presented in Figures S3 and Table 1.

The results indicate that the N3 gel copolymer 
exhibits a greater total specific surface area and pore 
size than the N4 gel copolymer. Table 1 displays the 
Specific surface area values of 66.9 m2/g for N3 and 
29 m2/g for N4.  The hydrogel N4 can be categorized 
as mesoporous due to its pore diameter, which has 
an average value of 29 nm. On the other hand, the 
hydrogel N3 is classified as macroporous, having 
an average pore size of 66.9 nm [48]. The results 
indicate that the prepared hydrogels possess a strong 
capacity for adsorbing various adsorbents. Clearly, 

two separate groups of energy sites are accessible 
for varying pore diameters. Nevertheless, the disparity 
in their energy levels is negligible. As the probability 
value of the energy site grows, the adsorption uptake 
gradually increases due to the presence of high 
energy level adsorption sites [49].

The thermal properties of all the hydrogel samples 
were determined using TGA and DSC techniques. 
Less than 10 mg of each hydrogel sample was taken 
and subjected to a temperature range of 20-600 °C 
under N2 gas. 

The TGA thermograms were used to calculate 
several thermal parameters for N3 and N4 hydrogels, 
including the initial (Ti) and final (Tf) decomposition 
temperatures, the decomposition temperature at 50% 
weight loss (T50%), and the char content at 600 ˚C. 
The DSC thermograms were also used to determine 
the glass transition temperature (Tg). Figure S4, and 
Table S2 display all thermal parameters.

At temperatures ranging from 100 to 150 °C, the 
weight of the prepared hydrogel polymers decreases 
initially due to the evaporation of a tiny quantity of 
water. This happens because the hydrophilic groups 
present are highly attracted to water and are not easily 
removed, even via drying. This is not considered a 
decomposition process. The first and second stages 
of decomposition occur due to the hydrogel chain 
breaking down at elevated temperatures.

All the prepared hydrogels were used to evaluate 
the adsorption capacity to remove CR dye. The two 
best formulations, N3 and N4 gels, had the highest 
adsorption efficiency for CR dye removal compared 
to other hydrogels. Therefore, they were chosen 
to evaluate other factors affecting the adsorption 
process.

Table 1. BET results for N3 and N4 hydrogels.

Hydrogel Specific surface 
area (m2/g)

Mean pore  
diameter (nm)

N3 66.9 64.05 
N4  29 24.591 

Figure 1. The scanning electron microscope of the swelling state of N1 and N6.
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The optimal initial concentration of CR dye,  
700 mg L−1, was determined for both chosen adsorbate 
hydrogels, which give adsorption capacities of about 
76.8 % and 72.2% for N3 and N4, respectively.

The pH value significantly impacts the adsorption 
capacity by increasing or decreasing the interactions 
between the dye molecules and the surfaces of the 
adsorbed polymers; this depends on the structure of 
the dye and the adsorbents [50].

The highest adsorption capacity was achieved in 
both natural and acidic environments, as depicted 
in Figure 2. However, the dye was not adsorbed in 
an acidic environment with a pH of 3 to 5. Instead, 
the dye underwent a structural change, separating 
from its water-based solution. It provided a distinct 
wavelength completely dissimilar to the documented 
wavelength of the CR dye reported in the literature. 

Figure 2. The effect of pH on the adsorption of CR dye 
on prepared N3 and N4.

The adsorption capacity decreases as the pH value 
rises to the alkaline level because of the augmentation 
in hydroxyl ions and ionization of the negative active 
groups on the polymeric adsorbents. This results 

in repulsion between the functional groups of the 
adsorbent and the negatively charged dye molecule. 
Based on Figure 2, it is evident that the pH with the 
highest adsorption performance was at a value of 
seven. Therefore, this particular pH was selected 
for further investigation in the following adsorption 
studies.

The contact time between the adsorbent and the 
adsorbate is essential to the adsorption process. 
It is helpful to estimate the required time to reach 
the equilibrium state [51]. The contact time was 
determined at the optimal pH and concentration of 
CR dye at three different temperatures (35, 45, 65)  °C 
for adsorbents N3 and N4, as depicted in Figure 3. 
Both adsorbates N3 and N4 exhibited an initial rapid 
increase in adsorption, followed by a gradual increase 
until reaching equilibrium after 150 minutes.

At 35°C, both N3 and N4 showed an adsorption 
capacity of 1216 and 1171, respectively. The 
adsorption percentage was 86.9 % and 83.6 % for N3 
and N4, respectively. At 45°C, equilibrium was reached 
in 120 and 150 minutes, with an adsorption capacity 
increase to 1303 and 1260, and the percentage of 
adsorption increased to 93.1% and 90.0% for N3 
and N4, respectively. At a temperature of 65°C, the 
adsorption capacity for both N3 and N4 increased 
continuously to 1365 and 1328, respectively. The 
adsorption percentage also increased to 97.5% and 
94.9%, respectively. However, the equilibrium time 
decreased to 90 minutes for N3 and 120 minutes for 
N4.

The results clearly demonstrate that higher 
temperatures reduce the contact time between the 
dyes and the adsorbent surfaces. Nevertheless, the 
increased kinetic energy increases both the ability 
to attract and retain molecules and the proportion of 
molecules attracted. With increasing temperatures, 
more molecules acquire the necessary energy for 
adsorption [52].

Figure 3. The effect of Temp. on the equilibrium time and the adsorption capacity of CR dye on prepared N3 and 
N4 at 35°C. 
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The isotherms study (Langmuir and Freundlich) 
for surfaces N3 and N4 showed that both followed 
the Langmuir isotherm; this was inferred from the 
Correlation factor R2, as it found that the Langmuir 
isotherm had a higher R2 value of (0.9998-0.999), 
compared to the Freundlich isotherm which had an 
R2 value of 0.933-0.9362. Additionally, the Langmuir 
separation factor RL value was (0.002849, 0.003381), 
which indicates that the adsorption system is favor-
able, and the smaller value refers to higher attraction 
to the CR dye [53], as in Figures S5 and S6.

Adsorption kinetics is an essential factor to 
consider when designing an adsorption system. It 
controls the adsorption rate and the equilibrium time 
[54]. It provides important information about the 
adsorption process, such as the adsorption constant 
K, the Correlation coefficient R2, and the theoretical 
(the expected) adsorption capacity (q exp). This is 
illustrated in Figures S7, S8 and S9 and Tables S3, S4, 
and S5 regarding the Pseudo (first and second) order 
and inter particles diffusion kinetics, respectively.

By comparing R² values for Kinetics models of (first, 
second) order and interparticle models and comparing 
the experimental and theoretical adsorption capacity, 
it can be observed from Table S3 that the experimental 
adsorption capacity (q exp) is significantly different 
from the theoretical capacity (q theo), indicating that 
the first-order model does not apply to the adsorption 
system. However, Table S4 shows that the two values 
are very close, suggesting that the second-order 
model is the most probable for both adsorbents N3 
and N4, meaning that chemical adsorption is the rate-
determining step.

For the interparticle models, c refers to the thickness 
of the boundary layer of adsorption, which increases 
with temperature. Kp also increases with temperature, 
indicating that temperature enhances the interparticle 
dispersion of molecules. In Figure S8, it is evident that 
the linear relationship does not pass through the origin, 
indicating that there is no intersection to become zero. 
This means that diffusion is not a comprehensive step 
that controls the adsorption process.

The thermodynamic parameters play an important 
role in predicting adsorption behaviour and depend 
significantly on the temperature; Figure S10 and  
Table S6 indicate the values of thermodynamic 
constants and variables.

A positive value of ΔH indicates that the adsorption 
process was endothermic. On the other hand, a 
positive value of ΔS means that there was a lot of 
randomness, which made the surfaces and dye 
molecules closer together. This means that the 
molecules have a high level of freedom, which allows 
them to have a good approach with the adsorbents. 
The negative values of ΔG show that the adsorption 
process happened spontaneously and increased with 
increasing temperature, meaning that the adsorption 
of the CR dye was favoured dynamically by increasing 
the temperature [56]. 

The activation energy indicates the adsorption type, 
whether physical or chemical. When the activation 
energy is low, less than 40 KJ/mole, it indicates physical 
adsorption, while the activation energy higher than 40 
KJ/mole indicates chemical adsorption. According to 
Table S6 and Figure S11, the adsorption of CR dye on 
N3 and N4 shows that chemical adsorption is the main 
type of adsorption for N3, while physical adsorption is 
the main type of adsorption for N4.

Desorption studies are essential to understanding 
the adsorption mechanism [57]. Therefore, we 
employed adsorption-desorption processes, and 
Figure 4 presents the results. The results showed that 
CR desorption from N3 and N4 adsorbents was weak 
to moderate. Sodium hydroxide solution was the best 
eluent for CR desorption from N3 and N4 adsorbents. 
The CR desorption from N4 gave higher values than 
N3, which was compatible with its lower activation 
energy.

Figure 4. Desorption of CR dye with different eluents.

Conclusion 
The study showed that the prepared hydrogel 

surfaces are effective adsorbents for anionic dyes 
like Congo Red (CR). The results show that both pH 
and temperature influence the adsorption rate. As the 
adsorption rate increased with temperature, the best 
adsorption was at (65o C) and in pH 7. The Langmuir 
model predicted pseudo-second-order kinetics for CR 
dye adsorption on hydrogels. The process involved 
chemisorption, endothermic reactions, randomness, 
and spontaneous adsorption, with NaOH proving the 
most effective eluent for CR dye desorption.
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