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ABSTRACT

Fundamental investigations of the removal of methylene blue (MB) from aqueous solutions
by synthesized orthophosphoric acid-doped pyrazole-g-poly glycidyl methacrylate (OPA-Py-
g-PGMA) and poly (glycidyl methacrylate) (PGMA) particles of average size 71 and 40 μm,
respectively, conducted under batch conditions. The kinetic and equilibrium results obtained
for MB sorption with different initial MB concentrations onto synthesized OPA-Py-g-PGMA,
and PGMA were analyzed. Kinetic modeling analysis with three different types of kinetic
sorption models (pseudo-first-order, pseudo-second-order, simple Elovich, and intraparticle
diffusion rate models) was applied to simulate the MB sorption data. The analysis of the
kinetic data indicated that the sorption was a second-order process. An ion-exchange mecha-
nism may have existed in the MB-sorption process with the synthesized OPA-Py-g-PGMA.
The MB uptake by OPA-Py-g-PGMA and PGMA quantitatively evaluated with equilibrium
sorption isotherms. To describe the isotherms mathematically, the experimental data of the
removal equilibrium correlated with the Langmuir, Freundlich, Temkin, and Dubinin–
Radushkevich (D–R) isotherm models, and the applicability of these isotherm equations to
the sorption systems compared by the correlation coefficients. The maximum sorption capac-
ities, determined from the Langmuir isotherm, were 15.15 and 8.67 mg/g at 25˚C for OPA-
Py-g-PGMA and PGMA, respectively. Moreover, diffusion mechanism of MB was described
by different adsorption diffusion models. The diffusion rate equations inside particulate of
Dumwald–Wagner and intraparticle models were used to calculate the diffusion rate. The
actual rate-controlling step involved in the MB sorption process was determined by further
analysis of the sorption data by the kinetic expression given by Boyd.
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1. Introduction

The effluents from textile, leather, food processing,
dyeing, cosmetics, paper, and dye manufacturing
industries are important sources of dye pollution [1].
The presence of slight amounts of dyes in water (less
than 1 ppm for some dyes) is highly visible and unde-
sirable [2]. During the past three decades, several
physical, chemical, and biological decolorization meth-
ods have been reported; few, however, have been
accepted by the paper and textile industries. Among
the numerous techniques of dye removal, adsorption
using different adsorbents is the procedure of choice
and gives the best results as it can be used to remove
various types of coloring materials [3–5].

In the last few decades, however, polymers and poly-
meric gels which have attracted much interest in the field
of biotechnology and medicine [6] have directed towards
separation work and many studies on dye adsorption by
polymers have published. In comparison with classical
adsorbents such as activated carbon and clay, the syn-
thetic polymeric adsorbent is more attractive because of
its favorable physicochemical stability, high selectivity
and structural diversity, eco-friendliness, and regenera-
tion abilities [7–9]. The application of polymers as an
adsorbent for the removal of cationic/anionic dyes can
found in the literature. For instance, Malana et al. [10]
reported the removal of industrially vital dyes from
aqueous media onto polymeric gels by adsorption pro-
cess. In recent years, a wide variety of polymers and
polymer composites have been reported as excellent
adsorbents for the removal of various dyes and organic
contaminants from aqueous solution [11–17].

In our laboratory, a novel acid-base ions exchanger
derived from PGMA was synthesized through function-
alized with pyrazole derivative and investigated for the
removal of methylene blue (MB) molecules from aque-
ous solutions. Kinetic and equilibrium aspects of MB
sorption with synthesized OPA-Py-g-PGMA and PGMA
were examined. Theoretical models for describing both
the kinetic and equilibrium data were investigated.

2. Materials and methods

2.1. Materials

Glycidyl methacrylate (GMA), DMF, DMSO, Ethyl
Alcohol, Sodium persulphate (SPS), 4-(4-chlorophenyl)
azo-1H-pyrazole-3,5-diamine, and MB.

2.2. Methods

2.2.1. Preparation of pyrazole derivative

4-(4-chlorophenyl) azo-1H-pyrazole-3,5-diamine
[18] prepared according to the reported literature.

2.2.2. Preparation of orthophosphoric acid-doped
pyrazole-g-PGMA

Three subsequent steps were followed to have
orthophosphoric acid-doped pyrazole-g-PGMA. First,
glycidyl methacrylate was polymerized to have poly
glycidyl methacrylate particles having size around
40 μm. Second, Pyrazole derivative was grafted onto
Polyglycidyl Methacrylate particles to have
Pyrazole-g-Polyglycidyl Methacrylate. The particles
size increases to around 68 μm. Finally, orthophospho-
ric acid doped onto the Pyrazole-g-Polyglycidyl
Methacrylate matrix. The particles size slightly chan-
ged to around 71 μm.

2.2.2.1. Polymerization process. Polymerization was car-
ried out using a monomer concentration of 10% (v/v)
through the dissolution of GMA in an alcohol solution
(1:1; ethanol/water) of sodium persulfate (0.1 M).
Polymerization was carried out at 55˚C in a water bath
for four hours.

2.2.2.2. Pyrazole grafting process. The epoxy group of
the PGMA chains reacted with different molar concen-
trations of pyrazole derivative dissolved in DMF/
DMSO (1:1) at 50˚C for two hours. The reaction of
pyrazole derivative with epoxy rings of PGMA com-
ponent illustrated in Scheme 1.

2.2.2.3. Orthophosphoric acid doping process. Pyrazole-
g-Polyglycidyl methacrylate particles reacted with 3%
orthophosphoric acid solution at 50˚C for one hour.

Scheme 1. Reaction of Pyrazole derivative with PGMA
epoxy ring.
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2.2.3. Preparation of basic dye solution

MB, C16H18N3SCl3H2O, the stock solution was pre-
pared by dissolving 0.01 g of MB in 1,000 mL distilled
water. The dye concentration in the supernatant and
residual solutions determined by measuring their
absorbance at 1 cm light-path cell at Max wavelength
660 nm using a spectrophotometer.

2.2.3.1. Batch MB adsorption experiments. The adsorption
experiments were carried out in a batch process using
MB aqueous solution. The variable parameters namely,
the initial MB concentration, the adsorbent dosage, the
contact time, the stirring rate, and the adsorption tem-
perature were studied. The MB adsorption studies
were performed by mixing 0.1 g of OPA-Py-g-PGMA
and/or PGMA with 20 mL of fixed MB concentration.
The mixture was magnetically stirred (200 rpm) at
room temperature (RT) for selected time and then cen-
trifuged at 16,000 rpm for 10 min to separate the adsor-
bent out of the liquid phase. The dye concentration,
before and after the adsorption, for each solution, was
determined by measuring the absorbance at the maxi-
mum wavelength (λmax = 660 nm) using UV–vis spec-
trophotometer. Dye removal percentage was calculated
according to the following formula:

Dye removal ð%Þ ¼ ½ðC0 � CtÞ=C0� � 100 (1)

where C0 and Ct (mg L−1) are the initial concentration
at zero time and the final concentration of MB at a
particular time, respectively.

2.2.3.2. Batch MB re-adsorption experiments. Successive
MB adsorption processes were conducted under the
same experimental conditions using OPA-Py-g-PGMA
particles. MB concentration fixed at 25 ppm. The adsor-
bent regenerated after each adsorption experiment
using 5% NaCl solution at 50˚C for 60 min. The MB
removal percentage calculated as mentioned above.

2.2.4. Infrared spectroscopic analysis

The polymer functional groups were investigated
using a Fourier-transform infrared spectrophotometer
(Shimadzu FTIR-8400S, Japan) connected to a PC, and
the analysis of the data was accomplished using the
IR Solution software, version 1.21.

2.2.5. Scanning electron microscopy (SEM)

The Scanning electron microscopy (SEM) images of
the copolymer particles were collected using a scanning

electron microscope (JEOL JSM 6360LA, Japan) at an
accelerating voltage of 10 kV. The particles affixed to
carbon tape attached to aluminum SEM stubs and
coated with gold to a thickness of a few nanometers
under vacuum.

3. Results and discussion

3.1. Effect of contact time

The effect of variation contact time on MB adsorp-
tion capacity investigated as shown in Fig. 1(A) and
(B) for both PGMA and OPA-Py-g-PGMA particles.
From the figures, it can see that the MB adsorption
capacity of both PGMA and OPA-Py-g-PGMA parti-
cles has been slightly affected by increasing contact
time over 15 and 10 min, respectively. Very fast equi-
librium has achieved due to high surface area and
much available exchange sites. Beyond 30 min adsorp-
tion time, a slight increase of adsorption capacity was

Fig. 1. Effect of contact time on MB adsorption capacity of
PGMA (A) and OPA-pyrazole-g-PGMA (B).
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observed. This behavior may refer to the reduction of
the concentration gradient between the liquid phase
and the adsorbent surface [19]. Such finding was pre-
viously observed by other authors in the removal of
MB using nano polyacrylonitrile particles [20] and
cross-linked chitosan/bentonite composite [21]. Time-
rate adsorption curve is single and continuous, sug-
gesting the possibility of monolayer coverage of MB
onto the surface of adsorbent [22].

3.2. Sorption kinetic models

The kinetic study is necessary for an adsorption
process because it depicts the uptake rate of the adsor-
bate and controls the remaining time of the whole
adsorption process. So, three different kinetic models,
pseudo-first-order, pseudo-second-order, and Elovich,
were selected in this study for describing the MB
sorption process using PGMA and OPA-Py-g-PGMA
particles.

3.3. Pseudo-first-order rate model

The pseudo-first-order kinetic model was the earli-
est model of the adsorption rate based on the adsorp-
tion capacity. The model given by Langergren and
Svenska [23] was defined as:

ln ðqe � qtÞ ¼ ln qe � k1t (2)

where qe is the amounts of sorbed ions (mg/g) at
equilibrium and qt is the amounts of sorbed ions
(mg/g) at a particular time (min). k1 (min−1) is the
first-order reaction rate constant. The values of the
first-order rate constant k1 and correlation coefficient,
R2 obtained from the slope of the plot ln (qe − qt) vs.
time (Fig. 2(A) and (B)) are reported in Table 1. From
the table, it was indicated that the correlation coeffi-
cients are not high for the different MB concentrations.
Also, the estimated values of qe calculated from the
equation differed from the experimental values, which
show that the model is not appropriate to describe the
sorption process.

3.4. Pseudo-second-order rate model

The chemisorption kinetics can also be given by
the pseudo-second-order rate. The integrated liberal-
ized form of this model may express as [24]:

t=qt ¼ ð1=k2q2eÞ þ t=qe (3)

where k2 is the second-order reaction rate equilibrium
constant (g/mg min). If the pseudo-second-order
kinetics applies to the experimental data, the plot of
t/qt vs. t should give a linear relationship as illus-
trated in Fig. 3(A) and (B). From the figures the values
of qe, calculated, and k2 can be determined from the
slope and intercept of the plot, respectively. Also, the
values of the correlation coefficients, R2 for the sorp-
tion of different initial concentrations of MB on PGMA
and OPA-Py-g-PGMA were tabulated in Table 2.
Based on linear regression values from this table
(R2 = 1), the kinetics of MB sorption on to PGMA and
OPA-Py-g-PGMA can be described well by the sec-
ond-order equation. Hence, suggests that the rate-lim-
iting step in these sorption processes may be
chemisorptions involving valent forces through the
sharing or exchanging of electrons between sorbent
and sorbate [25]. Additionally, comparing the values

Fig. 2. First-order plots for different MB concentration
removal using PGMA (A) and OPA-pyrazole-g-PGMA (B).
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of qe,calc resulted from the intersection points of the
second-degree reaction kinetic curves (Table 2) with
that obtained from the experimental data for the dif-
ferent studied MB concentrations. Thus, second-order
rate expression fits the data most satisfactorily.

3.5. Elovich model

The simple Elovich model is one of the most useful
models for describing the kinetics of chemisorption of
gas onto solid systems. However, recently it has also

been applied to describe the adsorption process of pol-
lutants from aqueous solutions. The Elovich equation
may represent in the simple form [26]:

qt ¼ aþ b ln t (4)

where α represents the initial sorption rate (mg/g min),
and β is related to the extent of surface coverage and
activation energy for chemisorption (g/mg). The plot of
qt vs. ln t should give a linear relationship for the appli-
cability of the simple Elovich kinetic. Fig. 4(A) and (B)
illustrate the plot of qt against ln t for the sorption of dif-
ferent initial concentrations of MB ions onto PGMA and
OPA-Py-g-PGMA. From the slope and intercept of the
linearization of the simple Elovich equation, the esti-
mated Elovich equation parameters were tabulated in
Table 3. The value of β is indicative of the number of
sites available for adsorption while α is the adsorption
quantity when ln t is equal to zero; i.e. the adsorption
quantity when t is one h (equilibrium time). This value
is helpful in understanding the adsorption behavior of
the first step [27,28]. Also, from this table, it was
declared that the Elovich equation does not fit well with
the experimental data.

4. Sorption mechanisms

Since the determination of adsorption mechanism
required for design purposes and the previously men-
tioned models could not identify a diffusion mecha-
nism, so we are going to discuss different adsorption
diffusion patterns in the following. It is known that a
typical liquid/solid adsorption involves film diffusion,
intraparticle diffusion, and mass action. For physical
adsorption, mass action is a very rapid process and
can be negligible for kinetic study. Thus, the kinetic
process of adsorption is always controlled by liquid
film diffusion or intraparticle diffusion, i.e. one of the
processes should be the rate-limiting step [29]. There-
fore, adsorption diffusion models are mainly con-
structed to describe the process of film diffusion and/
or intraparticle diffusion. The diffusion rate equation

Table 1
Estimated kinetic parameter of the first-order rate model and comparison between the experimental and calculated qe
values for different MB concentrations

MB (ppm)

PGMA OPA-Py-g-PGMA

qe(cal) qe(exp) K1 R2 qe(cal) qe(exp) K1 R2

50 3.78 2.59 0.1022 0.9664 7 3.633 0.1202 0.936
66.66 5.37 3.11 0.0862 0.9567 12.3 4.225 0.1041 0.8404
75 5.57 2.4 0.0628 0.8394 14.36 4.27 0.0878 0.8264

Fig. 3. Second-order plots for different MB concentration
removal using PGMA (A) and OPA-pyrazole-g-PGMA (B).
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inside particulate of Dumwald–Wagner and intraparti-
cle models were used to calculate the diffusion rate of
MB through PGMA and OPA-Py-g-PGMA particles.
On the other hand concerning the external mass trans-
fer, Boyd model was examined to determine the actual
rate-controlling step for the MB adsorption.

The diffusion rate equation inside particulate of
Dumwald–Wagner can be expressed as [30]:

log ð1� F2Þ ¼ �ðK=2:303Þ� t (5)

where K is the diffusion rate constant and the adsorp-
tion percent F is calculated by (qt/qe). The linear plots
of log (1 − F2) vs. t (Fig. 5(A) and (B)) indicate the
applicability of this kinetic model. The diffusion rate
constants for MB diffusion inside PGMA and OPA-
Py-g-PGMA tabulated in Table 4.

The intraparticle model commonly used for identi-
fying the adsorption mechanism. Intraparticle equation
written as [31]:

qt ¼ kd t1=2 þ C (6)

The intraparticle diffusion plot for MB adsorption
onto PGMA and OPA-Py-g-PGMA gave in Fig. 6(A)
and (B). Two separate linear portions that represent
each line could observe from the Figures. These two
linear portions in the intraparticle model suggest that
the adsorption process consists of both surface
adsorption and intraparticle diffusion. While the ini-
tial linear portion of the plot is the indicator of
boundary layer effect, the second linear portion is
due to intraparticle diffusion [32]. The intraparticle
diffusion rate (kd) calculated from the slope of the
second linear portion and given in Table 5. The value
of C provides an idea about the thickness of the
boundary layer (Table 5).

The larger the intercept, the greater is the bound-
ary layer effect [33]. Increasing of initial MB concentra-
tion leads to the increase in boundary layer effect for
MB adsorption, which by its rule decreased the intra-
particle diffusion rate as discussed.

The sorption data were further analyzed by the
kinetic expression is given by Boyd et al. [34] to char-
acterize what the actual rate-controlling step involved
in the MB sorption process:

F ¼ 1� ð6=p2Þ exp ð�BtÞ (7)

Table 2
Estimated kinetic parameters of the second order rate model and comparison between the experimental and calculated qe
values for different MB concentrations

MB (ppm)

PGMA OPA-Py-g-PGMA

q(calc) q(exp) K2 R2 q(calc) q(exp) K2 R2

50 3.78 4.07 0.988 1 7 7.3 0.3 1
66.66 5.37 5.69 0.6246 1 12.3 12.67 0.125 1
75 5.57 5.8 0.5364 1 14.36 14.66 0.0941 1

Fig. 4. Simple Elovich plots for different MB concentration
removal using PGMA (A) and OPA-pyrazole-g-PGMA (B).
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where F is the fraction of solute sorbed at different
time t and Bt is a mathematical function of F and
given by the following equation:

F ¼ q=qa (8)

where q and qα represent the amount sorbed (mg/g)
at any time t and at infinite time (in the present study

60 min). Substituting Eq. (7) into Eq. (8), the kinetic
expression becomes:

Bt ¼ �0:4978� ln ð1� q=qaÞ (9)

Thus, the value of Bt can calculate for each value of
“F” using Eq. (8). The calculated Bt values were plot-
ted against time as shown in Fig. 7(A) and (B). The
linearity of this plot will provide useful information to
distinguish between external transport- and intraparti-
cle-transport controlled rates of sorption. Fig. 7(A) and
(B) shows the plot of Bt vs. t for different initial MB
concentrations, which were straight lines that do not
pass through the origin, indicating that film diffusion
governs the rate-limiting process [35].

5. Sorption isotherm models

Sorption isotherms are mathematical models that
describe the distribution of adsorbate species among
solid and liquid phases, and they are thus necessary
for chemical design. The results obtained for the sorp-
tion of MB onto the synthesized PGMA, and OPA-Py-
g-PGMA analyzed with the well-known Freundlich,
Langmuir, Temkin, and Dubinin–Radushkevich (D–R)
models. The sorption data obtained for equilibrium
conditions analyzed with the linear forms of these
isotherms.

Table 3
Parameters obtained from the simple Elovich model for different MB Concentration

MB concentration (ppm)

PGMA OPA-Py-g-PGMA

β (g/mg) α (mg/g min) R2 β (g/mg) α (mg/g min) R2

50 0.81 0.868 0.9202 1.1808 2.8714 0.8833
66.66 1.03 1.61 0.9218 1.8391 6.005 0.7878
75 0.984 1.87 0.9365 1.83 7.95 0.8098

Fig. 5. Dumwald–Wagner plots for intraparticle diffusion
using different MB concentration removal using PGMA
(A) and OPA-pyrazole-g-PGMA (B).

Table 4
Parameters obtained from Dumwald–Wagner diffusion
model for different MB concentrations

MB (ppm)

PGMA
OPA-Py-g-
PGMA

K R2
1 K R2

1

50 0.0048 0.9831 0.196 0.946
66.66 0.147 0.9785 0.354 0.9615
75 0.27 0.9264 0.683 0.8499
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The Freundlich isotherm is a widely used equilib-
rium isotherm model but provides no information on
the monolayer sorption capacity, in contrast to the
Langmuir model [36,37]. The Freundlich isotherm
model assumes neither homogeneous site energies nor
minimal levels of sorption. The Freundlich model is the
earliest known empirical equation and has been shown
to be consistent with the exponential distribution of

active centers, which is characteristic of heterogeneous
surfaces [38]:

ln qe ¼ ln KF þ 1=nf ln Ce (10)

where qe is the amount of ions sorbed at equilibrium
(mg/g); Ce is the equilibrium concentration of the
adsorbate (mg/L); and KF and nf are Freundlich
constants related to the adsorption capacity and
adsorption intensity, respectively. When ln qe plotted
against ln Ce, a straight line with slope 1/nf and inter-
cept ln KF obtained. The intercept of the line, KF, is
roughly an indicator of the adsorption capacity, and
the slope, n, is an indication of adsorption effective-
ness. For the sorption isotherms, the initial MB con-
centration was varied, whereas the pH and
temperature of the solution, the agitation speed, and
the sorbents weight in each sample were held con-
stant. Linear fits of the sorption data of MB were pro-
vided in Fig. 8(A) and (B). According to these figures,

Fig. 6. Intraparticle diffusion plots for different MB con-
centration removal using PGMA (A) and OPA-pyrazole-g-
PGMA (B).

Table 5
Parameters obtained from the intraparticle diffusion model
for different MB concentrations

MB (ppm)

PGMA OPA-Py-g-PGMA

R2 C Kd R2 C Kd

50 0.93 2.97 0.11 0.96 6.3 0.092
66.66 0.96 4 0.18 0.99 11.23 0.14
75 0.99 4 0.21 0.99 12.72 0.21

Fig. 7. Boyd expression of the sorption of different MB
concentrations using PGMA (A) and OPA-pyrazole-g-
PGMA (B).
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the Freundlich equation predicts that the MB concen-
tration on the sorbents, PGMA, and OPA-Py-g-PGMA,
will increase as long as there is an increase in the MB
concentration; this is compatible with the experimental
results. Furthermore, by the correlation coefficient (R2)
values (0.976–0.9845), it was demonstrated that the
removal of MB with PGMA and OPA-Py-g-PGMA
obeyed the Freundlich isotherm. The values of
Freundlich constants nf and KF estimated from the
slope and intercept of the linear plot; Table 6. From
the assessed value of nf, it was found that nf > 1 dic-
tated favorable sorption for MB with the synthesized
PGMA and OPA-Py-g-PGMA [39].

The Langmuir equation, which is valid for mono-
layer sorption onto an entirely homogeneous surface
with a finite number of identical sites and with the
negligible interaction between adsorbed molecules, is
as follows [40]:

Ce=qe ¼ 1=qmK þ Ce=qm (11)

where qm and K are Langmuir constants related to the
maximum adsorption capacity (monolayer capacity;
mg/g) and energy of adsorption (L/mg), respectively.

A plot of Ce/qe vs. Ce should present a straight line
of slope 1/qm and intercept 1/qm K. Fig. 9(A) and (B)
illustrates a linear plot of the Langmuir equation for
MB removal with the synthesized polymers at various
initial MB concentrations. According to the R2 value,
which regarded as a measure of the goodness of fit
of experimental data for the isotherm model, the
Langmuir equation represents the sorption process of

Fig. 8. Freundlich isotherm for MB removal with various
initial solution concentrations using PGMA (A) and OPA-
pyrazole-g-PGMA (B).

Table 6
The values of Freundlich constants nf, KF, and the R2

Parameters PGMA OPA-Py-g-PGMA

nf 2.11 4.41
KF 0.85 7.15
R2 0.976 0.9845

Fig. 9. Langmuir isotherm for MB removal with various
initial solution concentrations using PGMA (A) and OPA-
pyrazole-g-PGMA (B).
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MB very well; the R2 values are 0.966–0.9984 for
PGMA and OPA-Py-g-PGMA. That indicates a good
mathematical fit. The Langmuir parameters for MB
removal, qm, and K calculated from the slope and
intercept of these figures (Table 7). It found from the
calculated values of qm are 8.67–15.5 mg of MB/g for
PGMA and OPA-Py-g-PGMA, respectively. That indi-
cates that the OPA-Py-g-PGMA was highly efficient
for MB removal and had a low energy of sorption
(1.54 L/mg) in comparison with PGMA, which had
lower efficiency for MB removal and a relatively high
energy of sorption (28.85 L/mg).

The maximum adsorption data compared to other
data in the literature (Table 8) [41–44]. The adsorption
capacity of this work is moderately low despite the
nano size of the polymeric particles. The fact that the
particle size of OPA-Py-g-PGMA is relatively double
of PGMA ones leads to reduce the surface area avail-
able for adsorption process. Also, a possible consum-
ing of OPA in cross-linking action between the grafted
pyrazole molecules further reduces the ions exchange-
able sites numbers. Both reasons in separate or in syn-
ergetic effect can explain such behavior.

The essential characteristic of the Langmuir iso-
therm defined by a dimensionless separation factor
(RL). That is indicative of the isotherm shape, which
predicts whether an adsorption system is favorable or
unfavorable. RL is defined as follows [45]:

RL ¼ 1=1þ KC0 (12)

where C0 is the MB initial concentration (mg/L). The
calculated values of RL for MB removal (Table 9) show
favorable adsorption because the RL values fall
between 0 and 1 [46]. That again confirms that the
Langmuir isotherm was favorable for the sorption of
MB onto PGMA and OPA-Py-g-PGMA under the con-
ditions used in this study.

Langmuir and Freundlich’s isotherms are insuffi-
cient to explain the physical and chemical characteris-
tics of adsorption. The D–R isotherm is commonly
used to describe the sorption isotherms of single
solute systems. The D–R isotherm, apart from being
an analog of the Langmuir isotherm, is more general

than the Langmuir isotherm because it rejects the
homogeneous surface or constant adsorption potential
[39]. The D–R isotherm expressed as follows:

ln qe ¼ ln V0
m � K0e2 (13)

where qe is the amount of MB removed per unit of
adsorbent mass (mg/g), V0

m is the D–R sorption capac-
ity (mg/g), K´ is a constant related to the adsorption
energy (mol2/kJ2), and e is the Polanyi potential. ε cal-
culated with the following equation:

e ¼ RT ð1þ 1=CeÞ (14)

where R is the gas constant (8.314 × 10−3 kJ/mol K),
and T is the temperature (K). The constant K´ gives
the mean free energy of sorption per molecule of the
sorbate (E) when it is transferred to the surface of the
solid from infinity in the solution.

This energy gives information about the physical
and chemical features of the sorption process [46,47]
and can compute with the following relationship [48]:

E ¼ ð2 K0Þ�0:5 (15)

This energy gave information about the sorption
mechanism and perceived as the amount of energy
required to transfer 1 mol of the adsorbate from infin-
ity in the bulk of the solution to the site of sorption. If
E is between 8 and 20 kJ/mol, the sorption process
follows chemical ion exchange, and if E > 8 kJ/mol,
the sorption process has a physical nature [49,50].

The D–R isotherm model applied to the equilib-
rium data obtained from the empirical studies for MB
removal with the prepared PGMA and OPA-Py-g-
PGMA to determine the nature of the sorption pro-
cesses (physical or chemical). A plot of ln qe against ε

2

given in Fig. 10(A) and (B). The D–R plot yields a
straight line with the R2 values equal to 0.9979–0.9856,
and this indicates that the D–R model well fits the
experimental data in comparison with the Langmuir
and Freundlich isotherm models. According to the
plotted D–R isotherm, the model parameters V0

m, K´,
and E are presented in Table 10. The calculated
adsorption energy (E < 8 kJ/mol) indicates that the
MB sorption processes could be considered physisorp-
tion in nature [51]. Therefore, it is possible that physi-
cal means such as electrostatic forces played a
significant role as sorption mechanisms for the
sorption of MB in this work.

Finally, the Temkin isotherm considers the effects
of indirect adsorbent/adsorbate interactions on the

Table 7
The values of Langmuir parameters qm, K, and the R2

Parameters PGMA OPA-Py-g-PGMA

qm (mg/g) 8.67 15.5
K (L/mg) 28.85 1.54
R2 0.966 0.9984
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adsorption process. The heat of adsorption of all mole-
cules in a layer decreases linearly with coverage
because of adsorbent/adsorbate interactions [52]. That
can be expressed in a linear form as follows [53]:

qe ¼ B ln KT þ B lnCe (16)

where KT is the Temkin equilibrium binding constant
corresponding to the maximum binding energy and B
is the Temkin constant related to the heat of sorption.
A plot of qe vs. ln Ce (Fig. 11(A) and (B)) enables the
determination of isotherm constants B and KT from
the slope and the intercept, respectively (Table 11).

According to Table 11, the calculated value of KT is
0.25 L/g, and this represents the equilibrium binding
constant corresponding to the maximum binding
energy; however, constant B, which is 2.1718 J/mol, is
related to the heat of sorption for PGMA matrix. On
the other hand, the calculated value of KT is 1.12 L/g,
and this represents the equilibrium binding constant
corresponding to the maximum binding energy; how-
ever, constant B, which is 2.3168 J/mol, is related to
the heat of sorption for OPA-Py-g-PGMA matrix.

Finally, all the R2 values obtained from the four
equilibrium isotherm models applied to MB sorption
on PGMA and OPA-Py-g-PGMA polymers are sum-
marized in Table 12. The Langmuir model yielded the
highest R2 value (0.9984) for OPA-Py-g-PGMA, and
this showed that MB sorption on the synthesized poly-
mer described well by this model which monolayer
sorption onto an entirely homogeneous surface with a
finite number of identical sites and with the negligible
interaction between adsorbed molecules. On the other

Table 8
Maximum monolayer adsorption capacities (qm (mg/g)) of MB on different adsorbents

Adsorbent qm (mg/g) Refs.

Poly(acrylic acid–acrylonitrile–N-isopropylacrylamide) 2.79 [41]
Magnetic Fe3O4/HA nanoparticles 200 [42]
Jatropha seed husks-activated carbon 250 [43]
Electrospun ethylenediamine-grafted-Polyacrylonitrile nanofibers membrane 94.07 [44]
Orthophosphoric acid-doped pyrazole-g-poly (glycidyl methacrylate) 15.15 This work
Poly(glycidyl methacrylate) 8.67 This work

Table 9
The RL values for different initial MB concentrations

MB (ppm) RL (PGMA) RL (OPA-Py-g-PGMA)

50 0.00070 0.01300
66.66 0.00050 0.00964
75 0.00046 0.00858

Fig. 10. D–R isotherm for MB removal with various initial
solution concentrations using PGMA (A) and OPA-pyra-
zole-g-PGMA (B).

Table 10
The values of D–R parameters V0

m, K´, E, and the R2

Parameters PGMA OPA-Py-g-PGMA

V0
m (mg/g) 8.32 17.45

K´ (mol2/kJ2) 2.4291 8.3824
E (kJ/mol) 0.45 0.244
R2 0.9979 0.9856
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hand, the D–R model yielded the highest R2 value
(0.9980) for PGMA. That suggested that it was possi-
ble that electrostatic forces played a significant role as
sorption mechanisms for the sorption of MB by PGMA
matrix.

6. Characterization of the synthesized matrices

6.1. FT-IR analysis

The following of the pyrazole grafting, the OPA
doping and the MB adsorption processes verified by

conducting FT-IR analysis of the PGMA, pyrazole-g-
PGMA, OPA- pyrazole-g-PGMA, and MB-OPA-pyra-
zole-g-PGMA particles. The FT-IR spectra of PGMA
(Fig. 12) show the absorption bands at 1,725, 1,300,
and 1,100 cm−1, caused by the stretching vibration of
the ester carbonyl groups, C–O–C stretching in addi-
tion to the characteristic bands of the epoxy ring at
1,260 and 950–815 cm−1 [54]. After performing pyra-
zole grafting process, absorption bands of the epoxy
rings at 1,260 and 950–815 cm−1 start to disappear,
while the band at 760 cm−1 of weak intensity still
noticed the shift to 780 cm−1. That may refer to a
minor fraction of epoxy rings that may have taken
part in the formation of the cross-linking structure
during polymerization [55]. The new characteristic
band appears at 2,300 cm−1 of grafted pyrazole deriva-
tive was recognized. C=C, C=N, NH absorption bands
at 1,650–1,550 cm−1 characteristics of pyrazole com-
pounds acknowledged and the presence of aromatic
rings indicated by bands at 1,589, 1,600, and
1,512 cm−1. For orthophosphoric acid-doped matrix,
P=O stretch band at 1,415–1,085 cm−1 and P–OH
stretch bands at 1,740–1,600 cm−1, while P–O stretch at
1,030–972 cm−1 and 950–917 cm−1. Moreover, for the
MB-OPA-Py-g-PGMA, strong beaks noticed at about
1,598, 1,391, 1,334, and 886 cm−1 which are the charac-
teristic bands of MB spectrum [56]. According to those
results mentioned above, the following sorption mech-
anisms are proposed:

(1) Electrostatic interaction between the negative
PO3�

4 and the cation groups N+ of the MB.
(2) n–π interactions between deprotonated PO3�

4

groups of the sorbent as n-donors with the π
acceptor sites of the aromatic ring of the MB
[57].

(3) Cation-π interactions: the cationic centers N+ of
the MB can make favorable interactions with
the π-electron cloud of aromatic side chains
[58,59].

(4) π–π interactions between π-aromatic ring
donors of MB and π acceptor groups in the sor-
bents (i.e. the aromatic ring of the grafted pyra-
zole derivatives) [57].

6.2. Scanning electron microscope (SEM)

The morphological analysis of pyrazole-g-PGMA
and OPA-pyrazole-g-PGMA samples were performed
using scanning electron microscope (SEM); Fig. 13. It
can see from the photos that irregular shapes of the
particles, the significant variation in the particles size

Fig. 11. Temkin isotherm for MB removal with various
initial solution concentrations using PGMA (A) and
OPA-pyrazole-g-PGMA (B).

Table 11
The values of Temkin constants KT, B, and the R2

Parameters PGMA OPA-Py-g-PGMA

KT (L/g) 0.25 1.12
B (J/mol) 2.1718 2.3168
R2 0.9787 0.9973
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for both matrices. Moreover, the doping with OPA of
pyrazole-g-PGMA obviously increased the average
particle size. White aggregates observed on the
particles surface.

7. Desorption study

Desorption experiments performed with the pur-
pose of reusing the adsorbents and also to understand
the mechanism of adsorption. If the dye adsorbed
onto the adsorbent can be desorbed by water, it can
be concluded that the attachment of the dye onto the
adsorbent is by weak bonds. If the strong acids, such
as HCl can desorb the dye, it can be concluded that
the attachment of the dye onto the adsorbent is by ion
exchange or electrostatic attraction [60]. Desorption of
MB using 5% NaCl solution tried for 10 successive
adsorption–desorption cycles and the data presented
in Fig. 14. It is clear from the figure that a gradual
decrease in the MB adsorption percentage has
observed with successive adsorption–desorption
cycles. At equilibrium, the removal percentage

decreased from 100 to 80% after 10 reuse cycles. On
the other hand, the MB desorption percentage was
ranged from 96 to 78%.

It is worthy to mention that water does not desorb
the adsorbed MB which means that the attachment of
the dye onto the adsorbent is by ion exchange or elec-
trostatic attraction [60]. The obtained results are in
agreement with previously published results by the
author [61].

Table 12
The R2 Values for MB removal with the different studied equilibrium isotherms

Polymer matrix

Equilibrium isotherm models

Langmuir Freundlich D–R Temkin

PGMA 0.9660 0.9760 0.9980 0.9787
OPA-Py-g-PGMA 0.9984 0.9845 0.9856 0.9973

Fig. 12. FTIR spectra of PGMA, Pyrazole-g-PGMA, OPA-
pyrazole-g-PGMA, and MB-OPA- pyrazole-g-PGMA
particles.

Fig. 13. SEM photograph of Pyrazole-g-PGMA (A) and
OPA- pyrazole-g-PGMA particles (B).
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8. Conclusion

The bench-scale studies carried out for MB
removal with PGMA and OPA-Py-g-PGMA showed a
low sorption capacity for PGMA (8.67 mg/g) and a
mediocre one for OPA-Py-g-PGMA (15.15 mg/g) at
25˚C according to the Langmuir isotherm. Among the
four adsorption isotherms tested, the Langmuir model
yielded the highest R2 value (0.9984) for OPA-Py-g-
PGMA. That showed that the MB sorption on the syn-
thesized polymer described well by this model which
monolayer sorption onto an entirely homogeneous
surface with a finite number of identical sites and with
the negligible interaction between adsorbed molecules.
On the other hand, the D–R model yielded the highest
R2 value (0.9980) for PGMA. That suggested that it
was possible that electrostatic forces played a signifi-
cant role as sorption mechanisms for the sorption of
MB by PGMA matrix.

The kinetics of the MB-sorption rate was best
explained by the pseudo-second-order kinetic equation
and the simple Elovich diffusion models because the
sorption kinetics could describe by several indepen-
dent processes that could act in parallel or series.
These kinetic models confirmed that the ion-exchange
mechanism played a significant role in all the studied
MB-sorption systems.

Moreover, diffusion mechanism of MB was
described by different adsorption diffusion models.
The diffusion rate equations inside particulate of
Dumwald–Wagner and intraparticle models were used
to calculate the diffusion rate. E-values > 8 kJ/mol, so
the sorption process has a physical nature. To deter-
mine what was the actual rate-controlling step

involved in the MB sorption process, the sorption data
further analyzed by the kinetic expression given by
Boyd. The obtained results indicate that the film diffu-
sion is the rate-limiting process. Finally, the OPA-Py-
g-PGMA adsorbent particles show a reuse ability
where kept 80% of MB removal capacity after 10
cycles of adsorption–desorption.
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