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Abstract Acrylamide (AAm) and acrylic acid (AAc) were
copolymerized in aqueous solution using 2,2-azobis(2-
amidinopropane) hydrochloride (V-50) as initiator and N,N′-
methylenebisacrylamide (NMBAM) as cross-linking agent to
obtain high swelling hydrogels. The effects of AAm/AAc ra-
tio and the amount of cross-linking agent on the swelling
properties were studied. It was observed that swelling charac-
teristics of hydrogels are highly affected by the presence of
carboxylic groups of AAc units in the hydrogels and by the
cross-linking amount in the polymer chains. Hydrogel with
70/30 ratio of AAm/AAc showed the highest swelling degree,
until 69.2 g of water/g of dried hydrogel, which represents
approximately 7000% of swelling. Swelling kinetic was well
represented by a second-order kinetic model for all the AAm/
AAc compositions with maximum weight swelling ratio

between 20.4 and 82.6 g/g for the hydrogels synthesized using
1% of NMBAM. Diffusion behavior analyses determined that
water diffusion into hydrogels followed the anomalous
Fickian behavior. The as synthesized hydrogels were used in
the removal of Remazol Red 3BS (RR3BS) dye from aqueous
solutions, finding that the maximum dye adsorption capacity
for an equilibrium aqueous concentration of 130 mg/L of
RR3BS was 44.19 mg of RR3BS/g of dried hydrogel with
1% of NMBAM, with an adsorption mechanism well repre-
sented by the Langmuir model.

Keywords Hydrogel . Acrylamide . Acrylic acid . Remazol
red dye .Water diffusion

Introduction

In the last decade, the increase in development of new mate-
rials with highwater sorption such as hydrogels has become of
higher interest due to their ecological applications in up taking
of heavy metal, toxic organic compounds, and dyes from
wastewater streams. Also, these materials are studied due to
their promising applications, such as sensors, separationmem-
branes, adsorbents, and materials with applications in medi-
cine and pharmacy as drug delivery systems. Hydrogels are a
group of homopolymers or copolymers with three-
dimensional cross-linked networks [1–7] which are able to
swell in the aqueous media; actually, they are also classified
within the expandable polymeric networks. The nature of
monomers that form hydrogels and cross-linking degree of
polymer chains determine the mechanical and swelling prop-
erties of dried hydrogel and their applications. The most
employed method to synthesize hydrogels is the classic free
radical polymerization of water-soluble monomers, which in-
clude acrylic acid, acrylamide, and their derivatives by means
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of polymerization processes like emulsion, microemulsion, or
the sol-gel processes [8–10].

Colored dye wastewater arises as a direct result of the pro-
duction of the dye and also as a consequence of its use in the
textile and other industries. There are more than 100,000 com-
mercially available dyes with over 7 × 105 t of dyes annually
produced. It is estimated that 2% of dyes annually produced
are discharged in effluents related with manufacturing pro-
cesses, whereas 10% of dyes annually produced are
discharged in effluents associated with textile industries
[11–13]. Even if wastewaters contain low concentration of
dye, they present strong color and turbidity, and their dis-
charge is particularly difficult because of its negative visual
impact. Discoloration of effluents is a well-known technical
problem and therefore the researches are focused in finding
effective treatments and materials capable of solving this
problem [14–17]. For example, some researchers have used
hydrogels in order to remove acidic and basic dyes from aque-
ous solutions [18, 19]. Karadag et al. [20] synthesized acryl-
amide (AAm)/maleic acid (MA) hydrogels by free radical
polymerization in aqueous solution with somemultifunctional
cross-linking agent such as trimethylolpropane triacrylate and
1,4-butanediol dimethacrylate. These researchers used the
synthesized hydrogels in experiments of swelling and adsorp-
tion of a water-soluble monovalent cationic dye such as Basic
Blue 17 (Toluidin Blue). They observed swelling percentage
between 1660 and 6050% in water (approximately 16.6 to
60.5 g of water/g of dried hydrogel), while dye adsorption
increased according to the content of MA in the hydrogels.
Duran et al. [19] reported the synthesis of acrylamide (AAm)–
acrylic acid (AAc) hydrogels at AAm initial compositions of
15, 20, and 30%. The AAm–AAc monomer mixtures were
irradiated under a 60Co-γ source at different doses. The
hydrogels were swollen in distilled water at different pH.
The results of their swelling test at pH 8.0 indicated that
poly(AAm–AAc) hydrogels at 15% of AAm have a maxi-
mum swelling of 3000% (30 g of water/g of dried hydrogel).
The synthesized hydrogels were used in the removal of some
textile dyes from aqueous solutions such as Janus Green B dye
(JGB) in which the hydrogels showed the highest adsorption
capacity (35 mg of dye/g of dried hydrogel at an equilibrium
aqueous concentration of 4.8 mg/L), while the Congo Red dye
(CR) was not adsorbed by hydrogels. Rojas et al. [21] reported

the polymerization of acrylamide in presence of poly(acrylic
acid) using ammonium persulphate (APS) as initiator,
NMBAM as cross-linking agent, and varying the AAm/poly(-
acrylic acid) ratio, obtaining interpenetrated networks (IPN).
Additionally, poly (acrylamide-co-acrylic acid) hydrogels
were synthesized and characterized to compare with the
IPNs. Absorption studies of pure water and metallic salt aque-
ous solutions were carried out observing a larger swelling
degree when the concentration of PAAc was increased and
the percentage of NMBAM decreased. The synthesized
hydrogels in a 60/40 weight ratio of AAm/PAAc showed the
best absorption properties of water and Mg2+ and Cu2+ ions in
aqueous solutions.

Taking into account some reports about poly(AAm-co-
AAc) hydrogels as background, and because to the best of
our knowledge none hydrogel (synthetic or natural) has been
applied to the removal of RR3BS dye (Fig. 1) from aqueous
solutions, in this work, the effects of AAm/AAc ratio and the
cross-linking agent concentration on the swelling performance
were studied. Also, three different mathematical models were
used to describe the swelling kinetic, water diffusion mecha-
nism, and water absorption rate. The as synthesized hydrogels
were used in the removal of RR3BS dye from aqueous solu-
tions. We also tried to elucidate the adsorption mechanism of
the dye onto hydrogels.

Experimental

Materials

AAm, AAc, V-50, and NMBAM with purity of 99% were
purchased from Sigma-Aldrich and used as received.
RR3BS dye (C.I. 239) was kindly donated by a textile indus-
try of San Luis Potosí, Mexico. Bidistilled water was used in
all the experiments.

Hydrogel synthesis

Cross-linked copolymers of acrylic acid and acrylamide were
synthesized by radical polymerization in aqueous solutions.
Table 1 summarizes the compositions of the monomer mix-
tures (in grams) and the amount of the copolymer used in each

Fig. 1 Chemical structure of
Remazol Red dye (RR3BS)
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run. For all samples, the polymerization process was made as
follows: a mixture of water (27 g) and AAm was poured in a
cylindrical glass vial of 40 mL with mild stirring until disso-
lution. Then, AAc was added to this previous mixture and
homogenized. After this, NMBAM was added and the result-
ed mixture was immersed into a water bath with constant
temperature under mild magnetic stirring (avoiding burble
formation). In order to start the polymerization, the initiator
V-50 (0.03 g) was added to the reaction mixture and the pro-
cess was stopped after 2 h of polymerization.

After this period, the glass vials were broken for
extracting the samples and keeping the cylindrical geom-
etry of the hydrogels. All the hydrogel samples were cut
into small disks of 2 cm diameter and 0.5 cm height.
These sample disks were immersed in 1.0 L of distilled
water for a period of 24 h to remove the unreacted com-
ponents and dried at 40 °C until constant weight (5 days
approximately). The dried hydrogels were analyzed by
Raman spectroscopy using a high resolution Raman spec-
trometer (Horiba Jobin-Yvon, LabRAM HR 800). Zero
point charge (ZPC) of hydrogels was determined as fol-
lows: 50 mL of distilled water was poured into a 100-mL
Erlenmeyer flask, adjusting the initial pH between 2 and
11 by adding HCl or NaOH 0.1 N solutions. Afterwards,
0.5 g of dried hydrogel was added, and after 48 h of
magnetic stirring at room temperature, the final pH was
measured. The ZPC corresponds to the point where the
curve of final pH as a function of initial pH crosses the
diagonal at 45°.

Hydrogel swelling experiments

The swelling performance of hydrogels was determined
immersing the dried hydrogel disks (previously weighed)
in distilled water at room temperature (25 °C). The hy-
drogel swelling was calculated following the changes in
the weight at different intervals of time. This monitoring

was carried out until almost no variation in the weight of
the hydrogels was observed. The swelling percentage per
gram of dried hydrogel (S) and the water absorbed per-
centage (W) were calculated with the following equa-
tions:

S ¼ mt−m0

m0
� 100% ð1Þ

W ¼ mt−m0

mt
� 100% ð2Þ

where mt is the mass of swollen hydrogel at a given time and
m0 represents the mass of dried hydrogel.

Remazol red dye adsorption

Adsorption experiments were made using batch reactors at
25 °C and pH value of 3 as follows: 0.2 g of dried hydrogel
was added to a conical vial of 50 mL and then, 40 mL of
RR3BS in a range concentration of 30 to 300 mg/L (sorbent
dose of 0.2 g was chosen because it was observed from pre-
liminary experiments that this value does not affect dye con-
centration due to hydrogel swelling). Vials were maintained
under stirring into an orbital shaker (INO 650V-7) at constant
temperature. The solution pHs were adjusted using a pHmeter
(Thermo Scientific, Orion 3 Star) with the addition of HCl or
NaOH 0.1 N during 10 days (time required to reach the equi-
librium adsorption). The adsorbed dye mass was calculated by
a mass balance between the initial (C0) and final concentra-
tions (Ceq) of the solutions. C0 and Ceq were determined in a
spectrophotometer (Genesis 10S UV/Vis) using a calibration
curve with standard solutions in the concentration range of 5
to 20 mg/L at λ = 600 nm.

Water absorbency mathematical models

Swelling kinetic

The controlling mechanism of hydrogel swelling was ana-
lyzed using a simple second-order model in the following
form [22]:

dq
dt

¼ k2;S qeq−q
� �2

ð3Þ

where q represents the weight swelling ratio and is given by
mt/m0 as defined in Eq. (1), t is the time in hours, k2,S is the
rate constant of swelling, and qeq denotes the weight swell-
ing ratio at equilibrium. The integration of Eq. (3) gives the
following:

k2;St ¼ 1

qeq−q
� � −

1

qeq
ð4Þ

Table 1 Compositions used in the synthesis of hydrogels

Run AAm (g) AAc (g) NMBAM (g)

1-AAm/AAc 100/0 3.0 0 0.03

2-AAm/AAc 90/10 2.7 0.3 0.03

3-AAm/AAc 80/20 2.4 0.6 0.03

4-AAm/AAc 70/30 2.1 0.9 0.03

5-AAm/AAc 60/40 1.8 1.2 0.03

6-AAm/AAc 100/0 3.0 0 0.06

7-AAm/AAc 90/10 2.7 0.3 0.06

8-AAm/AAc 80/20 2.4 0.6 0.06

9-AAm/AAc 70/30 2.1 0.9 0.06

10-AAm/AAc 60/40 1.8 1.2 0.06
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Equation (4) can be rearranged as follows:

t
q
¼ 1

k2;Sq2eq
þ 1

qeq
t ð5Þ

In Eq. (5), 1/k2,Sq
2
eq is the reciprocal of the initial swelling

rate of hydrogel, r0; the value of 1/qeq represents the reciprocal
of equilibrium swelling ratio (the maximum theoretical), qmax.
These values were determined from a plot of the experimental
values of t/q against t.

Water diffusion mechanism

Water diffusionmechanism into hydrogels during the swelling
was analyzed using the well-known power-law model
[23–25]:

Fsp ¼ mt−m0

m0
¼ Ktn ð6Þ

where K is the swelling constant which takes into account the
characteristic of macromolecular network system and the pen-
etrant (water), whereas n is the swelling (diffusional) expo-
nent, which is indicative of the transport mechanism. Equation
(6) describing both Fickian and non-Fickian transport behav-
ior of water into a polymeric matrix is valid for the first 60% of
the fractional water uptake.

Water sorption rate

Water sorption rate constant, Ksr, is an important diffusional
parameter, which can be related to hydrophilic character of
polymeric network and can be calculated using the following
equation [4, 26]:

−ln 1−mt

.
ms

� �
¼ Ksrt þ E ð7Þ

wheremt is the sorption water amount at time t,ms is the water
sorption amount at equilibrium, and E is a constant. Ksr was
calculated from the slope of linear plot of −ln(1−mt/ms) vs. t.

Results and discussion

Hydrogel composition

The chemical composition of hydrogel chains is very impor-
tant because it determines their applicability. For example, the
carboxylic groups due to a monomer like AAc can affect the
hydrogel performance in ionic interchange processes. Also,
the hydrogel swelling ability and dye adsorption will depend
on the copolymer composition moieties and the cross-linking
degree. Figure 2 shows a proposed chemical structure of the
copolymer of acrylamide with acrylic acid cross-linked with

NMBAM. Although the monomers are water soluble, the
resulting hydrogel is not. It can be seen from Fig. 2 that
NMBAM allows the formation of three-dimensional struc-
tures reacting through its two functional groups.
Furthermore, the pendant carboxylic groups of AAc are avail-
able to act as ion interchangers.

Figure 3 shows Raman spectra of hydrogels obtained at
different AAm/AAc weight ratios (100/0, 90/10, 80/20, 70/
30, and 60/40) with 1% of NMBAM (runs 1 to 5 in Table 1).
From this figure, it can be appreciated a peak around
1714 cm−1 (marked with arrows) for runs 3-AAm/AAc 80/
20, 4-AAm/AAc 70/30, and 5-AAm/AAc 60/40. In contrast,
this signal is not observed for run 1-AAm/AAc 100/0 and 2-
AAm/AAc 90/10 corresponding to AAm/AAc ratio of 100/0
and 90/10, respectively. In the first case, it was expected since
the sample of 1-AAm/AAc 100/0 is basically a homopolymer
of AAm and this peak is ascribed to carboxylic groups of the
AAc units in the hydrogels. In run AAm/AAc ratio of 90/10,
this signal is also not perceptible due to the low amount of
AAc used. Similar results were observed for hydrogels syn-
thesized with 2% of cross-linking agent.

Table 2 resumes the different vibrational assignments of
Raman spectra, which agree with the reported in the literature
for the homopolymer of acrylamide [27] and with the Raman
spectrum of acrylic acid [28]. The signals corresponding to
NMBAM overlap with the AAm peaks.

Hydrogel swelling percentage

Figures 4 and 5 show the results of S (a) andW (b) for different
AAm/AAc ratios and contents of 1 and 2% of cross-linking
agent, respectively. Cross-linking chains directly affect the
length of the polymeric chain segment and the pore size of
the cross-linked network. Because hydrogels were swollen at
different rates, the time was normalized (relative time) in
Figs. 4a and 5a. The relative time was calculated dividing
the time by the total time required to reach the maximum
swelling.

It can be seen from Figs. 4a and 5a that the water sorption
capacity of the hydrogels increases with the content of the
acrylic acid in the hydrogel and decreases with the cross-
linking agent percentage. The maximum swelling was ob-
served for AAm/AAc ratio of 70/30 (S = 7000 and 2700%
for 1 and 2% of NMBAM, respectively). Clearly, the acrylic
acid has a strong influence on the water sorption capacity of
hydrogels. However, when the hydrogel has the maximum
amount tested of AAc (AAm/AAc = 60/40), the swelling
property decreases. The presence of acrylic acid in the hydro-
gel enhances the hydrophilicity, but on the other hand, the
excess of AAc affects the three-dimensional stability of
hydrogels, conferring poor mechanical properties [34].

Moreover, swelling capacity of the hydrogel was also af-
fected when the amount of cross-linking agent was increased
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(2%); it can be explained as narrower pores are formed in the
hydrogel with 2% of NMBAM in comparison with the hydro-
gel of 1% (Fig. 3S and 4S of supplementary information). In
other words, less space for incorporating water molecules can
be expected in the hydrogel with higher amount of cross-
linking which results in a more rigid polymer due to an in-
crease of bridging between chains. It can be perceived in
Figs. 4b and 5b that more than 80% of water sorption was
reached after approximately 5 h, and sorption equilibrium was
reached after 20 and 30 h for hydrogels with 1 and 2% of
NMBAM (insets), respectively.

Swelling kinetic

The swelling kinetic rates of hydrogels were examined with
Eq. (5) to determine the controllingmechanism of the swelling
process. The great number and array of different chemical

groups on the poly(AAm-co-AAc) chains (such as amine,
carbonyl, and carboxyl) imply that there are many types of
polymer–water interactions. Figure 6 shows the experimental
and fitted values of t/q as a function of t for hydrogels synthe-
sized with 2% of the cross-linking NMBAM. The calculated

Fig. 2 Proposed chemical
structure of the copolymer of
acrylamide/acrylic acid cross-
linked with NMBAM

Table 2 Vibrational
assignments of Raman
spectra of
polyacrylamide-co-
polyacrylic acid cross-
linked with NMBAM

Obtained frequency Type of vibrationa

2926-W CH2-νs
2867-W CH-ν

1714-M COO-νa
1655-M CON-ν

1608-MS NH2-δ

1454-M CH2-δ

1423-M C-N-ν

1323-M CH2-ω

1216-W NH2-ω

1174-W CC-νa
1107-S C-C-νa
844-W CH2-Γ

768-W C-H-ω

639-M C-O-ω

480-S C-C-δb
327-W C-C-δa
261-W C-C-δb

Mmedium,W weak, VW very weak, VVW
very very weak, MS medium strong, VS
very strong, νa asym. stretching, νs sym.
stretching, δ deformation, ω wagging, Γ
twisting, δb and δa = asymmetric bending,
τ torsion
a S strong

Fig. 3 Raman spectra of hydrogels obtained at different AAm/AAc
ratios with 1% of NMBAM
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values of R2 of fitting were greater than 0.97, demonstrating
relatively good agreement with the second-order mathemati-
cal model.

Table 3 shows the calculated swelling kinetic parameters
of second-order mathematical model. It can be seen that r0
value is increased with the AAc content and decreases with
the cross-linking agent amount, except for hydrogel with
100/0 of AAm/AAc ratio, which showed a value two times
higher than hydrogels with 10 and 20% of AAc; however,
hydrogel with 70/30 of AAm/AAc ratio showed the opti-
mized composition in respect to initial swelling rate. At high
amounts of AAc in the hydrogel, r0 values start to decrease
due to poor mechanical properties of hydrogel (swelled hy-
drogel shatters). On the other hand, k2s values can be related
to ionization changes of functional groups of hydrogels [25,
26, 29], that is, by increasing the NMBAM percentage,
more NH groups are present in the hydrogel chains,
resulting in greater k2s values, nevertheless independently
of hydrogel cross-linking degree k2s decreases with the AAc
content. In other words, NH2 and NH groups just affect the
swelling rate, but not the maximum swelling capacity, qmax,
which increased with AAc content and decreased with the
NMBAM amount. This behavior is expected since

hydrophilicity of hydrogel net is enhanced with density of
carboxylic groups of AAc in structure. However, the in-
crease in the NMBAM percentage makes the structure con-
stricted for water to diffuse. These two factors determine the
rate of hydrogel swelling.

Fig. 4 Hydrogel water sorption as a function of AAm/AAc ratio for 1%
of cross-linking agent. a Swelling percentage. b Water absorbed
percentage

Fig. 5 Hydrogel water sorption as a function of AAm/AAc ratio for 2%
of cross-linking agent. a Swelling percentage. b Water absorbed
percentage

Fig. 6 Swelling rate plot of hydrogels at 2% of NMBAM
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Water diffusion mechanism

Swelling properties and diffusional behavior of hydrogels are
the key for their use in environmental, biomedical, pharma-
ceutical, and industrial applications as agricultural. For exam-
ple, knowledge about swelling kinetics is important for de-
signing controlled-release systems for drugs and agriculture
pesticides based on swellable polymer matrices and for
predicting the release rates of the active ingredients as fertil-
izers. When a dried hydrogel becomes in contact with water,
water molecules diffuse into hydrogel, resulting in the relaxa-
tion of its macromolecular chains [28]. Water diffusion can be
into pre-existing or dynamically formed spaces between hy-
drogel chains, involving larger segmental motion resulting in
an increased separation between hydrogel chains.

Figure 7 shows a plot of experimental values of ln Fsp as a
function of ln t for synthesized hydrogels with 1% of
NMBAM and the calculated values of ln Fsp using the model
described in Eq. (6). A good agreement can be seen between
experimental data and mathematical model. Swelling expo-
nents of Eq. (6), n, and swelling constants, K for each hydro-
gel, were calculated from the slopes and intercepts of the lines,
respectively, and are listed in Table 4. Table 4 shows that the
number determining the type of diffusion n is over 0.50 with
exception of hydrogels with 80/20 and 60/40 of AAm/AAc
ratio (2% of NMBAM). According to the relative rates of
diffusion (Rd) and polymer relaxation (Rr), three classes of
diffusion can be distinguished. For a planar geometry, the

value of (a) n = 0.5 indicates a Fickian diffusion mechanism
(case I) in which the rate of diffusion is much smaller than the
rate of relaxation (Rd << Rr, system controlled by diffusion),
(b) n = 1.0 indicates case II, where the diffusion process is
much faster than the relaxation process (Rd >> Rr, system
controlled by relaxation), and (c) 0.5 < n < 1.0 indicates
non-Fickian (anomalous) diffusion mechanism, which de-
scribes those cases where the diffusion and relaxation rates
are comparable (Rd ~ Rr) [30]. Therefore, in our case, with
the exception of hydrogels with 80/20 and 60/40 of AAm/
AAc ratio (2% of NMBAM), the diffusion of water into the
hydrogels corresponds to an anomalous behavior; this implies
that relaxation and diffusion time are of the same order of
magnitude. As water diffuses into the hydrogel, rearrange-
ment of chains does not occur immediately [23, 26].

Table 3 Swelling rate
parameters of hydrogel
of poly(AAm-co-AAc)

AAm/AAc NMBAM

1% 2%

Initial swelling rate, r0
100/0 1.062 2.180

90/10 2.000 1.892

80/20 2.023 0.962

70/30 3.632 2.239

60/40 1.458 0.604

Swelling rate constant, k2s × 103

100/0 3.373 10.844

90/10 1.029 4.778

80/20 0.743 1.419

70/30 0.760 2.927

60/40 0.661 1.296

Maximum (theoretical) weight swelling
ratio, qmax

100/0 20.408 14.858

90/10 55.866 21.001

80/20 67.114 30.487

70/30 82.644 29.325

60/40 69.930 27.472

Table 4 Swelling
exponent and swelling
constant of hydrogel of
poly(AAm-co-AAc)

AAm/AAc, wt/wt NMBAM

1% 2%

Swelling exponent, n

100/0 0.56 0.55

90/10 0.72 0.55

80/20 0.73 0.50

70/30 0.65 0.63

60/40 0.79 0.50

Swelling constant, K, h-n

100/0 0.35 0.61

90/10 0.75 0.75

80/20 0.84 0.87

70/30 1.55 0.95

60/40 0.52 0.64

Fig. 7 ln Fsp as a function of ln t of poly(AAm-co-AAc) hydrogels with
1% of NMBAM
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Water sorption rate

Table 5 shows the water sorption rate constant of hydrogels
with different AAm/AAc ratios for 1 and 2% of cross-linking
NMBAM. It can be observed that for 1% of NMBAM, the
AAc content does not have an important effect on Ksr, ranging
from 35.2 × 10−3 to 49.6 × 10−3; on the other hand, when
NMBAM was increased to 2%, Ksr for hydrogel with AAm/
AAc ratio of 100/0 increased compared to that observed for
1%; however, Ksr values decreased noticeably when AAc is
present, even for low AAc concentrations. This behavior may
be ascribed to hydrophilic characteristics of AAc. AAc units
can interact with water molecules, and sorption may be
slower, which was more noticeable for hydrogels with 2% of
cross-linking agent.

Dye adsorption experiments

Different adsorbents present divergent ranges of suitable pH
solution, depending on dye nature. The reason that a pH 3 was
chosen is because from zero point charge (ZPC) of used hy-
drogel was 2.9 (Fig. S1 in supplementary information), and
the dye dissociates with negative charges (Fig. 1). If ZPC was
2.9, then adsorbent’s surface was positively charged at solu-
tion pH below 2.9, causing better RR3BS anion adsorption
through the electrostatic attraction phenomenon. On the other
hand, above the ZPC, surface of adsorbent was negatively
charged; this causes competition between RR3BS formed an-
ions for adsorption locations as well as the repulsion of anion-
ic RR3BS molecules, resulting in the reduction of dye remov-
al efficiency. Samples of hydrogels corresponding to runs 4-
AAm/AAc 70/30 and 9-AAm/AAc 70/30 were selected to
make the dye adsorption experiments because they showed
the best swelling capacity. It is well known that adsorption
process of a solute onto an adsorbent can be described by
many adsorption isotherm models. The equilibrium adsorp-
tion isotherms are of fundamental importance in the design
of any adsorption system. In this work, the experimental data
of adsorption capacity in aqueous solutions were adjusted by
Langmuir and Freundlich mathematical models, observing
better adjustment with the Langmuir equation:

q ¼ qmKLCe

.
1þ KLCeð Þ ð8Þ

where q is the adsorption capacity at the equilibrium concen-
tration Ce, KL is a Langmuir constant parameter, and qm is the
maximum adsorption capacity. The constants for these iso-
therms were evaluated by the least-squares method based on
an optimization algorithm. The obtained Langmuir parameters
are presented in Table 6.

Figure 8a, b shows correlation between experimental data
and Langmuir isotherms of RR3BS dye onto the hydrogel 4-
AAm/AAc 70/30 and 9-AAm/AAc 70/30 for 1 and 2% of

NMBAM, respectively; which indicates an increase of 19%
of adsorption capacity of RR3BS comparing the values of qm.
Since the amount of AAm is higher in the hydrogel (70%), it
can be expected that the adsorption process is regulated by the
amide groups which can interact with the dye ions by ion
exchange. This is also related with the swelling capacity as-
sociated by the porous size (cross-linking level) and the hy-
drophilicity (AAc amount).

Adsorption capacities of hydrogels reported in the present
study are comparable to some other polymeric materials re-
garding to RR3BS dye removal from aqueous solutions. For
example, Kyzas et al. [31] reported that materials composed of
polymeric molecular imprintedβ-cyclodextrin and chitosan at
25 °C showed a maximum amount of adsorbed (qm calculated
from their experimental data) RR3BS dye of 35 mg/g for a
final equilibrium dye concentration of 32 mg/L. Both
hydrogels (AAm/AAc 70/30 with 1 and 2%) synthesized in
the present work showed more adsorption capacity (Table 6)
than those materials and with the advantage that molecular
imprinted process is also more complex and expensive. On
the other hand, cheap and available materials such as activated
carbon obtained from sawdust have also been tested in the
RR3BS dye removal, as reported by Ara et al. [32] at 25 °C,
who tested dye concentrations in the range of 50 to 200 mg/L,
observing that maximum uptake level reached was almost ten
times smaller (qm = 2.36 mg/g according to Langmuir iso-
therm) than our AAm/AAc (70/30) hydrogel with 1% of
NMBAM. Fur the rmore , Hafez e t a l . [33 ] used
polyvinylpyrrolidone/AAc hydrogels mixed with TiO2 parti-
cles in the adsorption of RR3BS dye (unreported temperature
and initial dye concentration of 56 mg/L) followed by
photodegradation, observing a qm of 6.6 mg/g. In summary,

Table 5 Sorption rate
constant (Ksr × 103) of
hydrogel of poly(AAm-
co-AAc)

AAm/AAc NMBAM

1% 2%

100/0 44.6 52.7

90/10 47.9 27.2

80/20 35.2 27.0

70/30 49.6 28.2

60/40 45.2 23.6

Table 6 Langmuir model parameters

Run qm KL R2

4-AAm/AAc 70/30 44.19 6.93 × 10−3 0.9901

9-AAm/AAc 70/30 38.17 7.67 × 10−3 0.9923

qm in mg/g, KL in L/mg, and R represents the correlation factor of
regression
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the adsorption results showed in the present work concerning
AAm/AAc hydrogels suggest their potential application in the
treatment of textile wastewaters where Remazol Red dye and
similar dyes are present.

Hydrogels were tested for reusability by adsorption–de-
sorption experiments, which are shown in supplementary in-
formation (Fig. S2). It was observed from these experiments
that for high initial dye concentration, some of dye remains
adsorbed onto hydrogel after desorption (100 and 150 mg/L),
which can be due to strong interaction between hydrogel sur-
face and molecules of dye, which cannot be desorbed by the
process used for desorption. However, the reusability was
demonstrated for low initial dye concentration (50 mg/L).

Conclusions

Cross-linked hydrogels of poly(AAm-co-AAc) were synthe-
sized by free radical copolymerization with NMBAM as
cross-linker. It was observed that water sorption capacity of
the hydrogels increases with the content of acrylic acid and
decreases with the cross-linking agent percentage. However,
when the amount of AAc was higher than 30%, the swelling
decreased, which was ascribed to poor mechanical properties.
The best swelling was observed for hydrogel with AAm/AAc
70/30 weight ratio cross-linked with 1% of NMBAM,

observing approximately 7000% of swelling. Water absorben-
cy analysis demonstrated that swelling kinetic can be well
represented by a second-order kinetic model, and that diffu-
sion of water into the hydrogels corresponds to anomalous
behavior, which implies hydrogel chain relaxation and water
diffusion time are of the same magnitude order. These
hydrogels were used in the removal of RR3BS dye from aque-
ous solutions, finding that the adsorption process was well
represented by the Langmuir model, with a maximum adsorp-
tion capacity of 44.2 and 38.2mg/g for 1 and 2% ofNMBAM,
respectively, at the equilibrium. This adsorption capacity is
comparable or even better with some other materials, already
reported, used for the same application purpose.
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