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ABSTRACT

p(DMAAm-co-APTMACI)-based hydrogels were synthesized with different molar ratios by the
redox polymerization technique using N,N-Dimethylacrylamide (DMAAm) and 3-
acrlylamidopropil-trimethyl ammonium chloride (APTMACI) monomers and a crosslinker. In
this study, the aim was to improve the swelling properties and dye sorption of the prepared
hydrogels. The equilibrium swelling values of hydrogels were determined by the gravimetric
method in deionized water and different pH values, and their structural characterizations were
examined with Fourier transform infrared spectroscopy (FT-IR) and thermal gravimetric
analysis (TGA) techniques. Sorption efficiencies and sorption capacities of the synthesized
hydrogels were determined using aqueous solutions containing phenol red dye at 25 °C. In
sorption studies, the effects of different concentrations (5-50 ppm) and different pH values (2-
12) on sorption were examined. When the swelling analysis in deionized water was examined,
there was a significant increase in the equilibrium swelling value of p(DMAAm-co-
APTMACI)-based hydrogel as the mole ratio of APTMACI increased. In addition, the increase
in the molar ratio of APTMACI was found to increase the phenol red dye sorption capacity and
removal percentage. It was observed that p(DMAAm-co-APTMACI) (2:8) hydrogel had
maximum sorption capacity in the range of 5-50 ppm and reached 122.2 mg/g. Experimental
data showed that the synthesized p (DMAAmM-co-APTMACI)-based hydrogels were effective
in removing dye from wastewater and could obtain increased dyestuff removal by synthesis with
different molar ratios.
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1. Introduction

Today, the increase in industrialization brings some
environmental problems. Especially pollution in water has

reached threatening dimensions for humans. Dyestuffs usually Different . methods

such as

released into the environment to minimize the negative effects
on the health of humans and living organisms [6].

coagulation-flocculation,

have synthetic origin and complex aromatic structures. They
have a stable structure since they contain more than one
double bond and different functional groups. This causes
dyestuffs not to easily biodegrade in nature [1-3].
Approximately 700,000 tons/year of dyestuff and pigment are
stated to be produced worldwide and some of these are
discharged into the environment [4, 5]. This pollutant, which
is discharged into the environment and water sources, disrupts
the esthetic appearance of the receiving environments, reduces
light transmittance and solubility of gases, affects the
photosynthetic activity of the water ecosystem and has toxic
effects on living organisms [6, 7]. For this reason, it is
important to treat wastewater containing dyes before it is

oxidation, ozonation, membrane separation, reverse 0smosis
and adsorption/absorption are used to remove these dyes from
wastewater [7-11]. Among these methods,
adsorption/absorption comes to the forefront due to high dye
removal potential [12, 13]. Especially in recent years, interest
in the use of hydrogels as adsorbents/absorbents in the
treatment of wastewaters with dyestuffs has increased [14].
Hydrogels are three-dimensional polymeric  network
structured materials that do not dissolve in water but can swell
to an equilibrium volume in aqueous environments and
maintain their existing shape [15, 16]. Adsorption/absorption
in hydrogels generally results from the presence of ionizable
functional groups of monomers forming the hydrogel. Studies
about the use of hydrogels containing various types of
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functional groups as sorbents in the adsorption/absorption
process have gained momentum in recent years [17].

The present study was carried out in three steps. First,
p(DMAAM-co-APTMACI)-based hydrogels were
synthesized with different molar ratios (as 8:2, 6:4, 4:6, 1:1,
2:8) by the redox polymerization technique. The equilibrium
swelling capacities of the hydrogels synthesized in the first
stage were examined in pure water and at different pH values,
and their structural characterizations were completed with FT-
IR and TGA devices. In the last stage of the study, the sorption
efficiency of p(DMAAm-co-APTMACI)-based hydrogels for
phenol red dye was investigated.

1. Materials and Methods

1.1. Materials and hydrogel synthesis

In this study, N, N-Dimethylacrylamide (DMAAm, 100%,
Sigma  Aldrich) and  3-acrlylamidopropil-trimethyl
ammonium chloride (APTMACI, 75%, Sigma) as monomers,
N, N'-methylene bis acrylamide (MBA, 99%, Merck) as
crosslinker, ammonium persulfate (APS, 98%, Merck) as
initiator and tetramethylethylenediamine (TEMED, 99%,
Merck) as accelerator were used in the preparation of
p(DMAAmM-co-APTMACI) hydrogel. All chemicals used in
the experiments were of analytical purity. Deionized water
was obtained from 18.2 MQ.cm (Millipore Direct-Q3 UV)
and used in solution preparation, swelling and sorption
experiments. Thermo Scientific pH meter (USA) and ultra-
violet spectroscopy (UV-Vis, Thermo Scientific GENESYS
10S, USA) devices were used to measure pH and to quantify
amount of phenol red throughout sorption, respectively.

DMAAm and APTMACI-based hydrogels were synthesized
at different mole ratios in solution medium according to the
redox polymerization technique at 25 °C. MBA was used as
crosslinker in the preparation of hydrogels. Typical
p(DMAAM-co-APTMACI) (1:1) synthesis was as follows: 3
mg of MBA was dissolved in 1 mL (0.0097 mol) DMAAmM
monomer, 1.5 mL of distilled water was added to the
DMAAM/MBA mixture and mixed well at 2500 rpm. Then
this mixture had 2.41 mL (0.0097 mol) APTMACI monomer
added and was mixed again. Finally, 5 uL. TEMED was used
as accelerator and 100 pL (1.94.10* mol) APS solution was
added as initiator. Once the reaction mixture was
homogeneously mixed, it was transferred to 6 mm plastic
pipettes. The polymerization reaction was allowed to proceed
for 4 hours at room temperature (25 °C). These preparation
steps are schematically given in Figure 1. After this time
period, p(DMAAmM-co-APTMACI)-based hydrogels were cut
into cylinders and the cylindrical hydrogel pieces were
washed by being left in DI water for three days. After the
cleaning procedure, hydrogels were dried in an oven at 40 °C
to a constant weight and stored for later use [18, 19].

1.2. Characterization

The synthesized hydrogels were ground and powdered and
then dried in an oven at 40 °C. The structure of the dried
hydrogels and bonding achieved was confirmed using a
Thermo Nicolet iS10 FT-IR Spectrometer (USA) in 4000-600
1/cm range.

Thermal gravimetric analyses were conducted with Setaram
Labsys Evo Gravimetric Analyzer (TGA/DSC 1600 model,
France) in 50-1000 °C range, with 10 °C/min heating rate in
an argon atmosphere (flow rate was kept at 1200 mL/min).

1.3. Swelling behavior

Swelling characterization of synthesized polymeric hydrogels
was carried out by applying dynamic swelling tests at 25 °C
in deionized water to cross-linked polymeric samples.
Hydrogels based on p(DMAAM-co-APTMACI) in dry form
were weighed with a sensitivity of 0.0001 g and placed in a
beaker containing distilled water and left to swell. The time
when the polymeric hydrogels were immersed in water was
taken as t = 0, and the polymeric hydrogels, which were
removed from the water at certain intervals, were weighed
with the same sensitivity after drying the excess water on the
outer surface. Weighing continued regularly until mass values
which did not change over time were obtained. With the help
of data obtained at the end of dynamic swelling tests, S% - t
graphics were drawn and swelling isotherms were created.
Equilibrium percentage swelling value was calculated
according to the following equation [20-23];

S% = (%—M")) .100 1)

0

where M, is the initial mass (g) of the hydrogel and M, is the
mass of hydrogel at the end of time t. The swelling tests for
hydrogels were performed in three replicates and their mean
values were used in conjunction with standard deviation
values. In order to monitor the change in equilibrium swelling
value of p(DMAAmM-co-APTMACI)-based hydrogels
depending on pH, hydrogels with known dry weights were put
in buffer solutions prepared at different pHs (with HCI (0.1
M) and NaOH (0.1 M)) and equilibrium swelling values were
calculated according to Equation 1 after 24 hours [22, 23].

Swelling Kinetics curves drawn as a result of dynamic
swelling tests were generally assumed to be second-order and
were calculated with the following equation [24].

ds
E = ks- (Smak - S)z (2)

where dS/dt is the swelling rate of hydrogels; Smax is the
swelling value of hydrogel at equilibrium (Qwater/Qhydrogel); S IS
the swelling value at time t (Qwater/Onhydrogel); Ks represents
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swelling rate constant (gnydroget/ (Qwater.Min)); and rq is the initial (G, —Co).V 5)
swelling rate (Quater/(Qhydrogel.MIN)). Qe = M

As aresult of the mathematical arrangement of the equation at
the boundary conditions S=0 for t=0 and S=Smax for t= teg;

t

In this equation, A (=1/(Smax?.ks)) is the opposite of the initial
swelling rate (1/ro) and B (=1/Smax) is the opposite of the
largest swelling value [24].

The basic laws used in explaining swelling kinetics and
diffusion type of polymeric structures are Fick's laws.
Swelling kinetics of hydrogels with swelling properties were
examined with the help of the equation below [25].

F= (11\\/[/1_9 — k0 4)

where M, represents the mass of hydrogels that have reached
equilibrium (g); k is a specific rate constant; n is a constant
which shows the diffusion exponent; and t is time (min). In
order to determine the diffusion type, the parameter n must be
known. The diffusion exponent n can be found from the slope
of the line on the InF-Int graph when swelling has not yet
reached equilibrium and in the time it takes for 60% of the
solvent mass to enter the gel [25].

1.4. Sorption studies

Pollutants from industries such as textile, printing, plastic,
food, paper, pharmaceutical, cosmetic and leather tanning are
rich in dyes. Dyes are non-biodegradable, complex organic
molecules and even carcinogenic. Therefore, the discharge of
these pollutants into water sources, especially, causes
environmental pollution of water and soil [26, 27]. In order to
explain the phenol red dye sorption quantitatively, the effects
of different initial concentrations (ppm) and pH values on
sorption were examined. In all sorption studies, the sorption
temperature, sorption time and mixing rate were kept constant
at 25 °C, 24 hours and 150 rpm, respectively. After the
interaction of 50 mg dry hydrogels with 50 mL solutions
containing 5-50 ppm phenol red dye concentrations, the dye
concentrations in the equilibrium solution were measured. In
experiments, the sorption pH was chosen as the pH of phenol
red. Moreover, dry hydrogels (50 mg) interacted with 50 mL
of 50 ppm phenol red solutions with pH adjusted between 2-
12 using HCI and NaOH, and the amounts of phenol red in
equilibrium solutions were determined. In all sorption studies,
the batch technique was used, and dye sorption capacities of
hydrogels were determined at 428 nm wavenumber by UV-
VIS measurements. The amounts of absorbed phenol red per
unit mass of the hydrogels, ge (mg/g), were calculated by the
following equation [28];

Where C, represents the initial concentration of phenol red
(ppm); Ce is the equilibrium concentration of phenol red
(ppm); V represents the solution volume (L); and M is the
hydrogel mass (g).

1.4.1. Sorption isotherms

The adsorption isotherm is generally the name given to the
relationship between the amount of substance sorbed by the
unit mass of the sorbent at constant temperature and the
concentration of the solution at equilibrium. Therefore,
sorption isotherms are used to create equilibrium isotherm
models and to design sorption systems [29]. In this study,
experimental isotherms showing the change in sorption with
concentration were created and related parameters were
derived by making use of their compatibility with Langmuir
(Eq. (6)) [30] and Freundlich (Eq. (7)) [31] sorption models
(see Table 1 for equations).

2. Results and discussion

2.1. Characterization

FT-IR spectra of p(DMAAmM-co-APTMACI)-based hydrogels
synthesized with different molar ratios are given in Figure 2.
As seen in Figure 2, as the mole ratio of DMAAmM monomer
decreased and the mole ratio of APTMACI monomer
increased, the intensity of some peaks changed and some
peaks shifted. The characteristic peaks observed at 3391 1/cm,
2932 1/cm, 1617 1/cm and 1255 1/cm for all spectra were
related to N-H stretching, C-H stretching, C=0O and C-N
stretching, respectively. In a study by Ersen Dudu et al.
(2019), it was shown that p (DMAAmM) hydrogel has
characteristic N-H stretching, C-H stretching and C=0
stretching peaks at 3467 1/cm, 2927 1/cm and 1616 1/cm,
respectively [19]. In a study by Ersen Dudu et al. (2015), it
was shown that p (APTMACI) hydrogel has characteristic N-
H stretching, C-H stretching, C=0 stretching and C-N
stretching peaks at 3276 1/cm, 2926 1/cm, 1643 1/cm and
1480 1/cm, respectively [23]. It was determined that the
obtained spectra were in agreement with the literature.

Investigation of the thermal behavior of polymeric samples is
important for polymers to be selected for their intended use
and location. The results of the thermo-gravimetric analysis
for the characterization and thermal stability of the network
structure are shown in Figure 3. Hydrogels based on
p(DMAAmM) and p(APTMACI) were shown to undergo
thermal degradation in one step up to 500 °C and in three steps
up to 700°C, respectively [19, 23]. The results obtained in this
study were compatible with the literature [19, 21, 32].
p(DMAAmM-co-APTMACI) (8:2) was stable until 229 °C;
however, above 229 °C there was a substantial loss in
copolymer  weight. p(DMAAmM-co-APTMACI) (6:4),
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p(DMAAmM-co-APTMACI) (4:6), p(DMAAmM-co-
APTMACI) (1:1) and p(DMAAm-co-APTMACI) (2:8)
hydrogels, on the other hand, did not show stable behavior
against temperature increase and the first degradation
occurred at 50 °C. p(DMAAm-co-APTMACI) (8:2) and
p(DMAAM-co-APTMACI) (4:6) hydrogels had a total of
three decay steps and a total mass loss of 53.5% occurred up
to 663 °C and 100% up to 484 °C, respectively. p(DMAAmM-
co-APTMACI) (6:4), p(DMAAmM-co-APTMACI) (1:1) and
p(DMAAmM-co-APTMACI) (2:8) hydrogels had a total of four
decay steps and a total mass loss of 100% up to 606 °C, 95.6%
up to 832 °C and 92.1% up to 731 °C, respectively. In
addition, the structural resistance of the copolymers decreased
with the increase in temperature as the APTMACI mole ratio
increased.

2.2. Swelling behavior

In the characterization of network structured polymers with
swelling behavior, it is important to examine the swelling
kinetics and to clarify the diffusion type and mechanism. The
swelling values and equilibrium swelling data in deionized
water of the hydrogels synthesized with different molar ratios
are given in Figure 4a. As seen in Figure 4a, as the APTMACI
ratio in the copolymer hydrogel increased, the equilibrium
swelling values of the hydrogels increased. The main reason
for this is that more hydrophilic groups are present in the
APTMACI monomer than the DMAAmM monomer [19, 21,
33]. As aresult of the calculations made using Equation 1, the
highest swelling value was obtained for p(DMAAmM-co-
APTMACI) hydrogel prepared at a ratio of 2:8 moles and this
value were found to be 10601% after 540 minutes. According
to Figure 4a, the hydrogel with the lowest equilibrium
swelling value was p(DMAAmM-co-APTMACI) (8:2) which
reached 5383% after 480 minutes.

In addition to swelling values of p(DMAAm-co-APTMACI)-
based hydrogels in deionized water, which were investigated
for use as dye sorption material, the swelling behaviors in
different pH media were examined and the results are given in
Figure 4b. According to the results, the swelling properties of
the synthesized hydrogels varied depending on the pH and the
swelling capacities of the hydrogels were observed to increase
as the amount of APTMACI monomer, which is known to be
pH-sensitive, increased. According to the experimental
results, it was established that the highest swelling value was
reached by p(DMAAmM-co-APTMACI) (2:8) and p(DMAAm-
co-APTMACI) (4:6) hydrogels. As seen in Figure 4b,
maximum swelling capacities of p(DMAAmM-co-APTMACI)
(2:8) and p(DMAAmM-co-APTMACI) (4:6) hydrogels reached
11091% and 10870% at pH 6, respectively.

The swelling rate constant (ks), the initial swelling rate (ro) and
the theoretical equilibrium swelling value (Smax), Which
determines the swelling rate of the crosslinked hydrogels,
were calculated with the help of Equation 3 and presented in

Table 2. To calculate these values, the slopes and intersections
of the lines obtained by drawing t/S - t graphs were used.
When Table 2 is examined, the initial swelling rate for
p(DMAAM-co-APTMACI) (8:2) hydrogel was smaller
compared to p(DMAAm-co-APTMACI) (2:8) and
p(DMAAM-co-APTMACI) (4:6) hydrogels; however, this
value increased with increasing functional monomer ratio in
the copolymer structure. On the other hand, another
intersection is the compatibility between the theoretical Smax
values calculated from the second-order kinetic equation and
the experimental Smax values. This also showed the suitability
of the kinetic model applied to experimental data.

Examination of the diffusion mechanism of water and
determination of the relevant parameters are important in
many areas where hydrogels are used. Water diffusion in
hydrogels in this study was examined using Fick's Law
(Equation 4). The diffusion exponential n and diffusion
constant k were found by calculating the slopes and
intersections of the line obtained from the In(M¢Meg)-Int
graphs, respectively (Table 3). Depending on the value of the
diffusion exponent, the diffusion mechanism can be
explained. If n <0.5, Fick-type diffusion mechanism is valid
and if this value is between 0.5 and 1.0, non-Fick-type
diffusion is valid [30]. When Table 3 is analyzed, n values
vary between 0.52 and 0.67. In this case, swelling processes
for all copolymer hydrogels could be explained by non-Fick
type diffusion. In non-Fickian diffusion, diffusion rate and
rinse rate are approximately the same, and swelling is
controlled by both diffusion and relaxation [34, 35].

2.3. Effect of concentration and pH on sorption

It is known that hydrogels, which are crosslinked polymeric
systems, are very good water holders, as well as being used as
absorbents in some applications. The sorption of phenol red
dye from aqueous solutions was investigated using
p(DMAAmM-co-APTMACI)-based hydrogels and positive
results were obtained. The graph showing the percent removal
of phenol red from the synthesized polymeric hydrogels is
given in Figure 5a and the isotherm analyses of absorbent are
summarized in Table 4. In Figure 5a, the phenol red sorption
capacity of hydrogels increased, but this increase decreased
after a certain concentration. In addition, p(DMAAm-co-
APTMACI) (2:8) hydrogel was found to have higher phenol
red sorption capacity and removal percentage than other
copolymeric hydrogels. In light of the data obtained, as the
amount of APTMACI monomer increased, the number of
functional groups increased and as a result, the sorption
capacity of the hydrogel increased. The maximum sorption
capacities of p(DMAAm-co-APTMACI) (2:8), p(DMAAmM-
co-APTMACI) (4:6), p(DMAAmM-co-APTMACI) (6:4),
p(DMAAmM-co-APTMACI) (1:1) and p(DMAAmM-co-
APTMACI) (8:2) for removal of phenol red were 122.2 mg/g,
109.7 mg/g, 95,5 mg/g, 90.7 mg/g and 68.7 mg/g,
respectively.
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In experiments about determining the appropriate pH value to
remove anionic dyes from aqueous solutions, the equilibrium
dye-holding capacities for phenol red were determined by
studying in different pH media. The results are presented in
Figure 5b. As can be seen from Figure 5b, the highest phenol
red dye holding capacity values were obtained for all
hydrogels at pH 10. In addition, it was determined that the
equilibrium dye sorption capacity increased with the addition
of APTMACI Among the copolymeric hydrogels,
p(DMAAmM-co-APTMACI) (2:8) hydrogel had the highest
phenol red sorption capacity and this value was 40.9 mg/g at
pH 10. These differences observed in the sorption capacities
and rates of hydrogels as the amount of APTMACI increased
were due to the increase in crosslink points within the
copolymer hydrogel structure and the interaction of the dye
molecules and hydrophilic groups of the hydrogel.

2.3.1. Sorption Isotherm

In order to determine the sorption behavior of p(DMAAm-co-
APTMACI)-based hydrogels, hydrogels of certain weights
were exposed to phenol red solutions with different
concentrations. With the help of the experimental data
obtained, the suitability of hydrogel sorption behaviors was
examined using Langmuir and Freundlich isotherms. Data for
Langmuir and Freundlich isotherms are shown in Table 4. As
can be seen from Table 4, all of the R? values calculated for
the Freundlich isotherm were between 0.9683 and 0.9902 and
higher than the calculated R? values for the Langmuir
isotherm. When these results are evaluated, the sorption of
phenol red dye from aqueous solutions fitted the Freundlich
isotherm when p(DMAAm-co-APTMACI)-based hydrogels
were used. 1/n is a heterogeneity parameter and is commonly
applied to correlate sorption data. The smaller the value of 1/n,
the greater the expected heterogeneity [36].

3. Conclusion

In order to investigate the effect of monomer ratio on swelling
and dye removal efficacy, p(DMAAmM-co-APTMACI)-based
hydrogels were synthesized with different molar ratios by the
redox polymerization technique using DMAAmM and
APTMACI monomers. The presence of functional groups in
the copolymer structures and their temperature sensitivity
were demonstrated qualitatively and/or quantitatively by
FTIR and TGA analyses. The presence of APTMACI
monomer containing functional groups with hydrophilic
character increased the rate of equilibrium swelling in
copolymeric hydrogels and the experimental Smax value of
p(DMAAmM-co-APTMACI) (2:8) hydrogel was observed to
reach 10601%. Evaluations to determine the diffusion
mechanism revealed that both diffusion and relaxation control
(non-Fick type) was valid for all copolymer hydrogels. In
order to investigate the sorption properties of cationic
hydrogels, phenol red, which has anionic property, was
chosen as a model dye. The sorption properties of hydrogels

were investigated in terms of the effect of phenol red
concentration, pH value and mole ratios of monomers. In the
sorption experiments, the maximum sorption capacity was
reached with p(DMAAmM-co-APTMACI) (2:8) hydrogel and
this value was 122.2 mg/g. The APTMACI monomer, which
showed more hydrophilic properties in light of the obtained
data, was found to increase the equilibrium sorption values of
the copolymer hydrogels. As a result of evaluating the
equilibrium data, it was determined that the phenol red
removal process fitted the Freundlich isotherm. As a result,
these copolymeric hydrogel structures have the potential to be
used in various separation and purification processes,
especially in environmental applications.
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