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ABSTRACT

The polymeric gels, acrylic acid–acrylonitrile–N-isopropylacrylamide with varying contents
of N-isopropylacrylamide (NS1, NS2, NS3, and NS4), were prepared via free radical poly-
merization. Adsorption studies of methylene blue and bromophenol blue were carried out
on the synthesized gels at 298 and 308 K. Among all the adsorbents, the gel NS4 showed
better adsorption percent for the removal of methylene blue from aqueous solutions. This
gel was characterized by scanning electron microscopy and Fourier transform infrared spec-
troscopy before and after adsorption of methylene blue. The equilibrium data were fitted to
both linear and nonlinear models in an urge to find the accurate results. It was found that
the adsorption of methylene blue on the adsorbent NS4 was well described by the
Langmuir adsorption isotherm in both linear and nonlinear analyses. The adsorption capac-
ity calculated from the Langmuir model was 2.79 mg/g for the adsorption of methylene
blue dye on the adsorbent NS4. The kinetic data followed pseudo-second-order model
revealing that both the internal and external mass transfers were taking place. Keeping in
view the higher value of adsorption capacity, it is suggested that the synthesized adsorbent
NS4 can be effectively used for the removal of methylene blue dye from aqueous solutions.

Keywords: Adsorption; Polymeric gels; Langmuir model; Adsorption kinetics; Double
exponential model

1. Introduction

In the recent years, the water bodies polluted with
organic dyes is a global environmental problem.
Triphenyl methane dyes such as methylene blue and
bromophenol blue are most frequently used dyes in
various industries such as paper, food, textile, leather,
pulp mills, and plastics [1–3]. In addition to their
industrial applications, they also have a number of

dangerous effects. These dyes are carcinogenic in
nature [4]. The eyes of terrestrial and aquatic animals
are affected by their contact to methylene blue. Irrita-
tion to skin and gastrointestinal tract [5] is also caused
by the exposure to this dye. Methylene blue has also
been noticed to cause serious toxicity in central ner-
vous system [6]. Bromophenol blue can originate
mutagenic [7] and heterogenic effects in human beings
[8]. Many industries discharge their sewage into the
nearby streams, rivers, and lakes without paying their
attention to its effect on living bodies [9]. There are*Corresponding author.
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more than 100,000 commercially available dyes and
ca. 800,000 tons per year enter into the environment as
waste material. These dyes give color to the water
bodies due to which the sunlight becomes unable to
go through the lower layers; thus, the process of pho-
tosynthesis is affected. Sometimes, these dyes are
changed into poisonous intermediates which can dam-
age the aquatic life even when these are present in
very low concentration [8]. Hence, management of
effluent containing these dyes is of much importance
to circumvent their hazardous effects. Several physical
and chemical methods have been used for the exclu-
sion of such colored effluent from water. These are
coagulation [10], reverse osmosis [11], photodegrada-
tion [12], electrochemical oxidation [13], ozonation
[14], and adsorption [15], etc. Adsorption is, however,
more convenient among all these methods because of
its low cost, simple design, and easy operation [16].
The most commonly used adsorbent for the removal
of dyes is the activated carbon but it is costly [17,18].
Many researchers have attempted to replace carbon
adsorbents with some other adsorbents such as sepio-
lite [19], bagasse fly ash [20], diatomite [21], sludge
ash [22], rice husk [23], silica [24], sawdust [17] hen
feathers [25], and polymeric gels [5]. The polymeric
gels have gained much attention in the field of
biomedicine [26] and super adsorbents [27].

In the present investigations, three novel polymeric
gel adsorbents (NS2, NS3, and NS4) have been tried
for the elimination of methylene blue and bromophe-
nol blue from the aqueous solutions. Fit of linear iso-
therm and kinetic models to the experimental data
commonly reported in the literature has been criti-
cized (because of transformation of the original equa-
tions) for its less accuracy. In the present work, the
adsorption data have been subjected to both linear
and nonlinear analyses to obtain reliable results.

2. Experimental

2.1. Materials

In this study, acrylic acid (99%, Fluka), N-iso-
propylacrylamide (97%. Aldrich), acrylonitrile (99%,
DAE Jung), ethyl alcohol (99.8%, BDH), benzoyl per-
oxide (100%, merck), diethyleneglycoldimethacrylate
(100%, Aldrich), bromophenol blue (98%, Sigma
Aldrich), and methylene blue (99%, Merck) were used.

2.2. Synthesis of acrylic acid–acrylonitrile–N-
isopropylacrylamide (AA-AN-NIPAAm) gels

The AA-AN-NIPAAm gels were synthesized by
free radical polymerization process. Two monomers

acrylic acid and acrylonitrile were mixed in equal
volume ratio with various NIPAAm contents (0.25,
0.50, 0.75, and 1.0 g for NS1, NS2, NS3, and NS4 poly-
meric gels, respectively). Ethyl alcohol (100% v/v of
monomers volume), diethyleneglycoldimethacrylate
(1.5 mL), and benzoyl peroxide (1.0% w/v) were
added as solvent, cross-linking agent, and initiator,
respectively. The contents of the tube were mixed
thoroughly and nitrogen gas was bubbled through the
reaction mixture to avoid the possible interference of
oxygen. The screw-capped tubes were placed in the
water bath. The polymerization reaction was carried
out by following slow heating scheme to prepare the
uniform polymeric column. The temperature of the
reaction mixture was raised gradually, and for each
5 K rise, the temperature was maintained constant for
at least one hour up to 343 K. The polymeric column
started to build up at this temperature and the reac-
tion mixture was kept at the same temperature for 24
h to ensure the completion of polymerization reaction.
The smooth columns of the gels were removed from
the tube, washed with ethanol then with deionized
water to remove un-reacted materials. The gels were
then dried at the room temperature for 24 h. The
columns of the gels were then cut into the disks and
saved for further investigations.

2.3. Adsorption studies

In the present work, the synthesized polymeric
gels (NS2, NS3, and NS4) were used as adsorbents
and methylene blue and bromophenol blue dyes as
adsorbates. Dyes solutions of various concentrations
(2.0–12.0 mg/L) were prepared by diluting their
100 ppm stock solutions with deionized water. The
experiment was conducted at optimized pH (7.0) and
at two temperatures, i.e. 298 and 308 K. In a typical
experiment, 0.05 g of the adsorbent was added in
25-ml conical flask already containing 10 ml of the dye
solution of known concentration. The solution was
shaken in a thermostat shaker for optimized time (50
min) at the rate of 120 strokes/min. Afterward, the
residues were separated and the solutions were ana-
lyzed for dye concentration using UV/visible spec-
trophotometer (Biochrome-52,000). The absorbance
data were recorded for each dye solution at their
respective λmax. The amount of dye adsorbed (qe) was
calculated using the absorbance data.

2.4. Optimization of pH

Fig. 1 displays the effect of pH on the adsorption
of methylene blue on the gel NS4 at 298 K. It can be
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seen from the figure that the adsorption of methylene
blue on NS4 adsorbent rises as the pH of the solution
increases from 4.0 to 7.0, while at higher pH (8.0), it
slightly decreases. Therefore, the neutral pH (7.0) was
chosen for further experiments of the adsorption
process.

2.5. Thermogravimetric (TG) analysis

Thermogravimetric analysis of the synthesized
hydrogel (NS4) at heating rate of 10˚C/min was
carried out using Universal 4.2E TA Instruments.

2.6. Scanning electron microscopy

A scanning electron microscope JEOL-JSM-6700F
was used to envisage the surface of the synthesized
adsorbent before and after adsorption of the dye.

2.7. Fourier transform infrared spectroscopy

To study the interaction between adsorbate and
adsorbent, the FTIR spectra of the gel NS4 before
and after adsorption of methylene blue dye were
recorded using FTIR spectrometer NICOLET 6700
thermoscientific USA.

3. Results and discussion

3.1. Thermal analysis

The TG curve of the synthesized hydrogel NS4 at
the heating rate of 10˚C/min is displayed in Fig. 2. It
shows the degradation of the synthesized polymer in
three distinct steps. The first step of degradation
occurs in the temperature range of 203.961–358.91˚C
with the weight loss of 14.30%. The peak temperature
(TP) of this step is 260˚C which is close to that for

degradation of DEGDMA (TP = 240.24˚C); hence, it
may be assumed that the weight loss of this step is
due to the evaporation of DEGDMA. The 2nd step
(358.91–454.63˚C) with maximum weight loss of
69.19% may be related to the burning of carbonaceous
material of the polymer. The third drop in weight
(14.76%) occurring in temperature range of 454.63–
710.198˚C may correspond to the breakdown of the
polymer side chains.

3.2. SEM analysis

Scanning electron micrographs of adsorbent NS4
before and after adsorption of methylene blue are dis-
played in Fig. S1 (provided in supplementary mate-
rial). It can be seen from the figure that the adsorbent
surface is rough and porous before adsorption
(Fig. S1a). These pores are filled by the adsorbate
molecules and surface becomes smooth after adsorp-
tion (Fig. S1b) which confirms the adsorption of the
dye on the adsorbent NS4.

3.3. FTIR analysis

Fig. S2a (given in supplementary materials) pre-
sents the FTIR spectrum of the synthesized gel NS4
before adsorption of methylene blue. In this figure, a
broad band at 3,410 cm−1 may be related to the
stretching vibrations of hydrogen bonded –OH of
acrylic acid. The peak at 2,964 cm−1 may be attributed
to the methylene (CH2=) C–H asymmetric stretching
vibrations of vinyl group present in all the monomers
used for the synthesis. The band at 2,243 cm−1 may be
ascribed to the nitrile group (–C=N) of acrylonitrile.

Fig. 1. Effect of pH on the adsorption of methylene blue
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Fig. 2. TG/DTG pattern of the synthesized polymer NS4 at
heating rate of 10˚C/min.
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The carbonyl group (=C=O) present in the monomers
is located in the polymer at 1,732 cm−1. The amide
group (–NH–) of N-isopropylacrylamide and C–H
bending vibrations of methylene (CH2=) in vinyl
group are observed at 1,616 and 1,448 cm−1, respec-
tively. The peaks at 1,392 and 1,174 cm−1 may
correspond to iso-dimethyl (isopropyl) group in
N-isopropylacrylamide and C–C skeletal vibrations,
respectively. The bending vibrations (out of plane) of
–OH of ethanol are registered at 613 cm−1 in the
synthesized gel [28].

After the adsorption of methylene blue on the
polymeric gel NS4 (Fig. S2b, given in supplementary
material), the shifts of frequencies from 3,410 to
3,417 cm−1, 2,964 to 2,968 cm−1, 2,243 to 2,237 cm−1,
1,732 to 1,728 cm−1, 1,392 to 1,386 cm−1, and 1,174 to
1,165 cm−1 are observed which is indicative of interac-
tion (though weak) of adsorbate molecules with the
adsorbent.

3.4. Percent (%) removal of the dyes

Removal efficiency of the adsorbent was calculated
in terms of % removal (Eq. (1)) of the dyes from
aqueous solutions under the given experimental
conditions:

Removal% ¼ Ci � Ce

Ci
� 100 (1)

Here, Ci is the initial concentration (mg/L) of the dye
and Ce is the equilibrium concentration (mg/L). The
obtained % age removal of methylene blue and bro-
mophenol blue dyes on all the adsorbents at both the
temperatures studied are tabulated in Tables 1 and 2,
respectively.

It is clear from the tables that the synthesized poly-
meric gels provide better removal efficiency for
methylene blue than that of bromophenol blue at
298 K. By increasing the temperature (308 K), the

removal percent decreases in both the cases. Among
all the adsorbents, the polymeric gel having higher
contents of NIPAAm (NS4) shows better adsorption in
case of methylene blue and hence is discussed here in
detail. Greater porosity of the gel NS4 may be respon-
sible for the higher adsorption of methylene blue on
this gel as compared to the other adsorbents.

3.5. Kinetic studies

To evaluate the kinetic order of the adsorption pro-
cess, the data were subjected to pseudo-first- and
pseudo-second-order model in linear analysis and
modified second-order and double exponential model
in nonlinear analysis. Better value of R2 and compara-
ble values of experimental and calculated qe (Table 3)
suggest pseudo-second-order kinetic model to be more
suitable to elucidate the adsorption data. Therefore, it
is thought that both the internal and external mass
transfer are likely to occur during the adsorption pro-
cess [5,29]. The pseudo-second-order plot for the
adsorption of methylene blue on the adsorbent NS4 at
298 K is represented in Fig. 3.

The nonlinear analysis yields minimum χ2 value
for double exponential model to explain the kinetic
data of the adsorption process. Fit of the experimental
data to modified second-order and double exponential
kinetic models is depicted in Fig. 4, and the parame-
ters calculated from these models are listed in Table 3.

The parameters D1 and D2 obtained from double
exponential model are utilized to calculate the rapid
(RF) and slow (SF) adsorbed fractions using Eqs. (2)
and (3), respectively:

RF% ¼ 100
D1

D1 þ D2

� �
(2)

SF% ¼ 100
D2

D1 þ D2

� �
(3)

Table 1
Percent (%) removal of methylene blue on the NS2, NS3, and NS4 adsorbents at 298 and 308 K

Conc. range (mg/L)

298 K 308 K

NS2 NS3 NS4 NS2 NS3 NS4

2.0 81.30 ± 0.13 88.30 ± 0.83 93.90 ± 0.09 92.60 ± 0.82 90.50 ± 0.54 91.60 ± 0.45
4.0 89.30 ± 0.75 88.00 ± 0.59 93.40 ± 0.36 91.90 ± 0.87 90.70 ± 0.23 87.60 ± 0.65
6.0 88.70 ± 0.37 85.40 ± 0.48 91.60 ± 0.1 90.60 ± 0.08 87.70 ± 0.24 87.00 ± 0.34
8.0 88.20 ± 225 86.90 ± 0.82 90.80 ± 0.09 91.40 ± 0.30 88.40 ± 0.45 84.70 ± 0.10
10.0 80.40 ± 0.85 78.70 ± 0.74 88.40 ± 0.16 82.60 ± 0.05 78.00 ± 0.54 97.40 ± 0.25
12.0 77.20 ± 0.82 78.70 ± 0.51 85.60 ± 0.59 85.20 ± 0.25 82.00 ± 0.08 76.80 ± 0.35
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Table 2
Percent (%) removal of bromophenol blue on the NS2, NS3, and NS4 adsorbents at 298 and 308 K

Conc. range (mg/L)

298 K 308 K

NS2 NS3 NS4 NS2 NS3 NS4

2.0 92.90 ± 0.51 88.70 ± 0.44 83.80 ± 0.57 71.65 ± 0.24 58.20 ± 0.76 60.60 ± 0.72
4.0 91.80 ± 0.19 84.90 ± 0.08 76.80 ± 0.66 70.20 ± 0.02 52.10 ± 0.92 58.80 ± 0.35
6.0 93.00 ± 0.54 90.30 ± 0.10 72.70 ± 0.99 61.00 ± 0.79 53.20 ± 0.84 50.50 ± 0.67
8.0 75.30 ± 0.53 73.20 ± 0.87 66.30 ± 0.47 57.50 ± 0.45 48.30 ± 0.66 46.40 ± 0.65
10.0 74.00 ± 0.31 72.90 ± 0.40 57.50 ± 0.35 50.70 ± 0.01 41.40 ± 0.737 44.60 ± 0.23
12.0 65.00 ± 0.30 62.60 ± 0.36 50.25 ± 0.44 49.10 ± 0.38 37.44 ± 0.77 40.30 ± 0.68

Table 3
Linear and Nonlinear kinetic models and their parameters calculated for the adsorption of methylene blue on the
adsorbent NS4 at 298 K

Analysis Models and mathematical forms Parameters

Linear Pseudo-first-order: ln qe � qtð Þ ¼ ln qe � k1t R2 value = 0.95
Exp. qe (mg/g) = 0.73
Calc. qe(mg/g) = 1.431
k1 = 0.099 min−1

Pseudo-second-order:
t

qt
¼ 1

k2q2e
þ t

qe
R2 value = 0.99
Exp. qe (mg/g) = 0.73
Calc. qe (mg/g) = 1.123
k2 = 0.035 g/mg/min

Non Linear Double exponential model: qt ¼ qe � D1

mads

� � �KD1tð Þ
� D2

mads

� � �KD2tð Þ
D1 = 1.723
D2 = 0.1466
KD1 =0.0070
KD2 = 0.0075
m = 0.0.006
χ2 = 0.00058
RF (%) = 92.15
SF (%) = 7.84

Modified second-order: qt ¼ qe 1� 1
b2 þ k2t

h i
k2 = 0.1303
β = 0.5619
χ2 = 0.027

Fig. 3. Plot of pseudo-second-order model for adsorption
of methylene blue on NS4 at 298 K.
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Fig. 4. Nonlinear kinetic models for the adsorption of
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It is evident from Table 3 that the rapid adsorbed frac-
tion of methylene blue on the adsorbent NS4 at 298 K
is greater than the slower adsorbed fraction.

The value of β in modified second-order model
gives information about the impurities adsorbed on
the adsorbent. It is assumed that the value of β should
be greater than one if impurities are adsorbed during
the adsorption process. In the present work, the value
of β is less than 1, thereby indicating no pre
experimental adsorption.

3.6. Equilibrium adsorption isotherms

In this study, the results of adsorption experiments
were analyzed by one parameter isotherm; Henry, two
parameters isotherm; Henry, Langmuir, Freundlich,
Dubinin–Radushkevich, three parameters isotherms;
Redlich–Peterson, Toth, Sips, Hill, Khan, four parame-
ters isotherm; Fritz–Schulnder model and five parame-
ters isotherm; Frotz–Sch model.

Scrutiny of the experimental data by linear regres-
sion method (usually used because of its simplicity)
may produce inaccurate results owing to the use of
transformed equations [30]. Hence, it is strategic to
examine the data by both the linear and nonlinear
regression analysis. The choice of better fit adsorption
model was made on the basis of maximum value of R2

in linear and minimum value of χ2 in nonlinear [31]
analysis. The mathematical forms (linear and nonlinear)
of all the adsorption isotherms used in this study have
already been reported in the literature [32].

For convenience, linear Langmuir isotherm and the
plots of all the nonlinear adsorption models for the
adsorption of methylene blue on the adsorbent NS4 at
298 K are presented in Figs. 5 and 6, respectively.

Adsorption parameters calculated from the models
are tabulated in Table 4.

It is evident from Table 4 that among two parame-
ters isotherm, Langmuir isotherm models better
describe the adsorption data of methylene blue on the
adsorbent at 298 K. The adsorption capacity (qm) gives
the amount of adsorbate adsorbed per gram of adsor-
bent and is calculated from Langmuir model. The
value of qm obtained for methylene blue on the adsor-
bent NS4 is 2.79 mg/g. This value of qm is higher than
many of adsorption capacities of methylene blue on
various adsorbents already reported [5].

Another important characteristic of this model is
dimensionless separation factor RL which can be
defined by the following equation (Eq. (4)):

RL ¼ 1

1 þ KLCe
(4)

The value of this factor calculated from the above equa-
tion determines favorability of the adsorption process.
It has been suggested [5] that if the value of RL = 1, the
process is linear, and for 0 > RL < 1, the adsorption pro-
cess is favorable. The value of RL greater than 1 shows
that the process is unfavorable. When RL = 0, the pro-
cess is irreversible. The magnitude of RL obtained in
this study is less 1 and greater than zero which indi-
cates that the adsorption of methylene blue on the
adsorbent NS4 is favorable. The value of n > 1 obtained
from Freundlich model also endorses the favorability of
the adsorption process [29].

It is apparent from Table 4 that among the three
parameters isotherms, Redlich–Peterson model is more
favored for the adsorption process. It has been reported
[32] that the value of g in this model should be between
zero and 1. The value of g near to unity supports the
applicability of Langmuir isotherm, and its value close
to zero favors the suitability of Freundlich isotherm
model to the adsorption data. In the present work, the
value of g obtained from RP model is more close to
unity than zero, thus advocating the argument in favor
of Langmuir isotherm model.
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The mean sorption energy is calculated by DR
model which is less than 8.0 kJ/mol indicating the
physical nature of the adsorption of methylene blue
dye on the adsorbent NS4.

4. Conclusions

Among the adsorbents tested, the NS4 gel proved
better adsorbent for the exclusion of methylene blue
dye from aqueous solution. SEM pictures confirm the
occurrence of the process of adsorption of methylene
blue dye on the adsorbent NS4. Langmuir model gave
better fit for the adsorption of methylene blue on the
NS4 gel indicating homogenous surface of the adsor-
bent. Outcomes of the linear regression analysis
agreed well with nonlinear analysis showing reliability
of the adsorption data. Adsorption of methylene blue

on the gel NS4 followed pseudo-second-order kinetic
model. Fit of double exponential model indicated that
the rapid adsorbed fraction of methylene blue on the
adsorbent NS4 was much higher than the slow
adsorbed fraction.

Supplementary material

The supplementary material for this paper is
available online at http://dx.doi.10.1080/19443994.
2015.1132393.
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