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New insights in the use of a strong cationic resin
in dye adsorption
Paola Santander, Estefanía Oyarce and Julio Sánchez

ABSTRACT
The adsorption of methyl orange (MO) in aqueous solution was evaluated using a cationic polymer
(Amberlite IRA 402) in batch experiments under different experimental variables such as amount of
resin, concentration of MO, optimum interaction time and pH. The maximum adsorption capacity of
the resin was 161.3 mg g1 at pH 7.64 at 55  C and using a contact time of 300 min, following the
kinetics of the pseudo-ﬁrst-order model in the adsorption process. The inﬁnite solution volume
model shows that the adsorption rate is controlled by the ﬁlm diffusion process. In contrast, the
chemical reaction is the decisive step of the adsorption rate when the unreacted core model is
applied. A better ﬁt to the Langmuir model was shown for equilibrium adsorption studies. From the
thermodynamic study it was observed that the sorption capacity is facilitated when the temperature
increases.
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INTRODUCTION
Water pollution is one of the largest and most important
problems of our time. There are a variety of pollutants in
aqueous environments that can produce serious health
effects in plants, animals and humans. These contaminants
can be of organic (e.g., dyes, pharmaceuticals, pesticides,
etc.) or inorganic (e.g., heavy metals) origin (Vakili et al.
; Saxena et al. ).
Dyes are difﬁcult to treat because of their synthetic
origin and complex molecular structure, which makes
them more stable and difﬁcult to be biodegraded (Forgacs
et al. ; Rai et al. ).
Some dyes are toxic and mutagenic, and they have the
potential to release carcinogenic species. Because of their
toxic properties, dyes can also contribute to the failure of
biological processes in wastewater treatment plants
(Zahrim et al. ). The presence of very small amounts
of dyes in water, even less than 1 mg L1 for some dyes, is
highly visible and undesirable (Crini ).
In general, synthetic dyes are widely used in many
industries, e.g., textile, paper, leather tanning, food processing, plastics, cosmetics, rubber, printing and dye
manufacturing (Sokolowska-Gajda et al. ; Kabdaşli
et al. ; Wróbel et al. ; Bensalah et al. ; Aravind
et al. ). Several classes of synthetic dyes (over 7 × 105
doi: 10.2166/wst.2020.158
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metric tons) are produced worldwide every year for industrial purposes, and approximately 5–10% of this quantity
is released into the ecosystem along with wastewater.
Because of increasingly stringent restrictions on the organic
content of industrial efﬂuents, it is necessary to eliminate
dyes from wastewater before discharge. One type of dye,
methyl orange (MO), which is anionic, has applications in
different ﬁelds, including coloring paper, temporary hair
coloring, and dyeing cottons and wools, among others
(Robati et al. ). Various treatment processes, such as
coagulation/ﬂocculation, ozonation, membrane ﬁltration,
adsorption, chemical oxidation, solvent extraction, and ion
exchange have been widely used to eliminate dyes from
wastewater (Foo & Hameed ; Karadağ & Üzüm ;
Moradi et al. ; Allouche et al. ). Among these proposed methods, adsorption technology is considered to be
one of the most effective methods because of its simplicity,
high efﬁciency, ﬂexibility and insensitivity to toxic substances (Qin et al. ). Various types of sorbents,
including activated carbon, silica gel, clay minerals, ﬂy ash
and agricultural solid wastes, have been employed as adsorbents for the removal of dyes from wastewater (Mohan et al.
; Yan et al. ; Gómez et al. ; Wang & Peng ;
Salleh et al. ; Chen et al. ). In the literature, some
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studies on the removal of dyes using synthetic-based polymer materials have been reported. These materials are
for example an ammonium-functionalized hollow polymer
(Qin et al. ) a polyaniline-based nanotube (Ayad & ElNasr ), a polymer-loaded bentonite (Li et al. ), an
ionic-liquid-based cross-linked polymer (Gao et al. ),
quaternary ammonium polyethylenimine (Liu et al. ),
and poly(acrylic acid–acrylamide) hydrogels (Li et al. )
among a few others. However, the literature is limited to
some few polymers and dyes. More research should be
done to evaluate well the performance.
Considering the scarce information about the use of
commercial resins in dye removal, the aim of this work is
to contribute with new information about the use of this
kind of resin in the adsorption of sulfonated azo dyes. In
this study, we use a commercial cationic resin Amberlite
Chloride (IRA 402), a strong cationic resin, to remove
methyl orange (MO) dye using the batch method under
different conditions such as: amount of resin, MO concentration, and kinetic studies at different pH.

METHODS
Sorption performances of Amberlite Chloride (IRA 402)
(Sigma-Aldrich) were examined using the batch adsorption
method. MO was purchased from Sigma-Aldrich (85% dye
content) and a standard solution of 1,000 mg L1 was prepared and used. For batch adsorption tests, various
amounts of resin (15, 30, 50, 75 mg) were contacted with
40 mL of MO solution (20 mg L1 to 200 mg L1) and stirred to 175 rpm for different times. After that, the resin–
MO solution was ﬁltrated and the ﬁltrate was measured in
triplicate by UV–vis (Biobase BK560) at 460 nm and the
average values of the results were plotted. In the study on
the effect of pH, the pH was adjusted using 0.1 mol L1

Figure 1

|

Molecular structures of (a) Amberlite IRA 402 resin and (b) methyl orange dye.
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HCl (Merck) and 0.1 mol L1 NaOH (Merck). For the kinetic study, the interaction times were between 30 and
300 min at 20, 35 and 55  C in separate experiments.
Figure 1 shows the molecular structure of the Amberlite
IRA 402 resin adsorbent and MO dye.
The retention percentage (%R) was determined according to Equation (1):
%R ¼ (1  CP =CF )

(1)

where CF and CP are the concentrations of MO in the feed
and permeate, respectively. The retention proﬁles are
expressed with the average value.

RESULTS AND DISCUSSION
Batch adsorption of MO on Amberlite IRA 402 resin
A batch test was performed in order to determine the ideal
resin amount needed to remove MO. Therefore, different
resin loads in a solution of 150 mg L1 of MO at 20  C
and 300 min of contact time were used as initial conditions.
The amount of resin was changed from 0.125 to 1.75 g-resin
L1-MO solution. Figure 2 shows that the maximum adsorption of MO was obtained at 119.8 mg MO/g-resin, reaching
99.8% of MO removal. The removal capacity increased
when the amount of resin increased until reaching a saturation. This removal can be explained by the attractive
interaction between quaternary ammonium groups of polymer and sulfonate groups of MO.
In order to determine the inﬂuence of pH on the adsorption capacity of the resin, a study at different pH was
performed. The pH studied was 3.00, 7.64 (pH of the MO
solution without adjustments) and 10.00. In Figure 3 it is
possible to observe that the maximum adsorption is
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Removal of MO at different initial concentration as a function of time.

, 300 min of contact

time at 20  C).

Figure 3

|



Inﬂuence of the pH on MO removal (MO ¼ 150 mg L 1, resin amount of 1.25

g-resin L 1-solution, 120 min of contact time at 20  C).

obtained at pH 7.64 under the studied conditions (MO ¼
150 mg L1, resin amount of 1.25 g-resin L1-solution,
120 min of contact time at 20  C). Thus, this pH was
chosen as a working condition in next experiments. The
pH of the MO solution affects the adsorption capacity of
the resin. The quaternary ammonium groups can interact
with MO dye in a wide range of pH due to its low pKa
(pKa ¼ 3.4), however at pH 3.00, the removal capacity of
the polymeric resin is lower. This is probably due to the protonation of the sulfonate group of the MO, which hinders
the attractive interaction between polymer and dye.
Subsequently, a study of the inﬂuence of the initial concentration of MO was performed. Resin amount was kept
constant while the solution concentration was changed
from 50 to 200 mg L1. Figure 4 shows the adsorption
capacity of the Amberlite IRA 402 against each MO concentration. As it is possible to observe, the best adsorption
results were obtained at 100 mg L1, therefore this concentration was used in further experiments. The resin showed
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a good adsorption performance at higher MO concentrations (above 100 mg L1). It can be considered an
advantage for dye removal in industrial wastewater treatment due to the wide range of dye concentrations.
In order to study the adsorption performance of the
resin, the effect of the temperature as a function of time
was analyzed (see Figure 5). As it is possible to observe,
the adsorption capacity increases with the increase of the
contact time. Under the studied conditions, after 180 min
there is no further increase of the sorption capacity, which
remains practically constant. Additionally, it is possible to
observe that the increase of temperature increases the
adsorption capacity, however there are no signiﬁcant differences in removal capacity at 55  C and 75  C.
Based on the experimental data it is possible to establish
the best experimental conditions, which are established
in Table 1.
Using the best operational conditions, a maximum
adsorption capacity of 161.3 mg MO/g-resin was achieved.
This result is highly superior to the previous results reported

Figure 5

|

Inﬂuence of temperature and contact time on the MO adsorption capacity of
the Amberlite IRA 402.
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Best adsorption conditions of Amberlite IRA 402

Parameter

Value
1

Concentration MO (mg L )

100

Mass of resin (mg)

50

pH

7.64

Temperature ( C)

55

Contact time (min)

300

in the literature. Leszczyńska & Hubicki () used
Amberlite IRA 402 to remove another sulphonated azo
dye (brilliant yellow), obtaining a maximum adsorption
capacity of 27 mg g1. On the other hand, Behera et al.
() used Amberlite IRA 400 to remove MO, obtaining a
maximum adsorption capacity of 74.4 mg g1.
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of interfering anions on MO retention was sulfate > chloride
when Amberlite IRA 402 resin was used as adsorbent. However, the resin decreased the removal percentage less than
20% in all the experiments with interfering anions.
Similar results have been obtained in previous research
related to chromate anion sorption using quaternary
ammonium polymer as sorbent and in the presence of chloride and sulfate as interfering anions. The results indicate
that when interfering anions were added to the solution,
the chromate retention decreased. In general, the concentration, charge, nature of interfering anions, and nature of
the functional polymers have effects on its retention
capacity. The divalent anions (sulfate) produce a greater
reduction than the monovalent anions (chloride) (Sánchez
et al. ).

Kinetic tests
Effect of interfering anions
In this study, the adsorption of MO was evaluated in the presence of anionic species (chloride and sulfate) that compete
with the dye, interfering with the adsorption capacity of the
resin. The study was performed at different anion/MO
molar ratios (see Figure 6). The results show a gradual
decrease of the adsorption capacity as the concentration of
chloride and sulfate increases when the initial concentration
of MO is 100 mg L1 and at a pH of 7.64. The chloride and
sulfate anions interact with the resin and this interferes with
the level of MO adsorption as the concentration of interfering
anions increases, hindering the purpose of the adsorbent and
decreasing the adsorption capacity of the resin for the dye.
This may be because of the competitive interaction of the
MO and the interfering anions with the quaternary
ammonium of the resin. In the present study, the inﬂuence

In order to determine some kinetic parameters, some
models taken from the literature were used (Guo et al.
; Yilmaz et al. ). Equations (2) and (3) show the
expressions for pseudo-ﬁrst and pseudo-second order,
respectively:
dq
¼ k1 (qe  qt)
dt

(2)

dq
¼ k2 (qe  qt)2
dt

(3)

Integrating and applying the boundary conditions (qt ¼
0 at t ¼ 0 and qt ¼ qt at t ¼ t) give Equations (4) and (5),
respectively:
log (qe  qt) ¼ log qe 
t
1
1
¼
þ t
qt k2 q2e qe

Figure 6

|

Effect of interfering anions on the MO adsorption. The adsorption experiments
with interfering salts were done in solutions of 100 mg L

1

of MO with 50 mg

of resin, pH 7.64, 50  C and a contact time of 300 min.
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k1
t
2:303

(4)
(5)

where k1 is the rate constant of pseudo-ﬁrst order (min1),
k2 is the rate constant of pseudo-second order (g mg1
min1) and qe and qt are the adsorbed amounts of MO at
equilibrium and at time t (mg g1), respectively. The correlation coefﬁcients were obtained by plotting log (qe  qt)
vs t, for the pseudo-ﬁrst-order model, and t/qt vs t, for the
pseudo-second-order model (Guo et al. ).
Figure 7 shows the plots for the (a) pseudo-ﬁrst-order
model and (b) pseudo-second-order model at different working temperatures.
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Plot of (a) pseudo-ﬁrst-order model and (b) pseudo-second-order model for MO adsorption at different temperatures.

Table 2 shows the kinetic parameters calculated for each
temperature. In all the cases the kinetic data ﬁt well with the
pseudo-ﬁrst-order model. As expected, the kinetic constants
increase with the increase of the temperature.
To determine the rate-determining steps in the adsorption process, diffusion and reaction models, such as the
inﬁnite solution volume (ISV) model and unreacted core
model (UCM) equations, were also used. These kinetic
models are developed for spherical particles (Yilmaz et al.
). Table 3 summarizes the ISV and UCM models and
Table 4 shows the correlation coefﬁcients for each model
at different temperatures.
The ISV model shows that the rate is controlled by the
ﬁlm diffusion process. On the other hand, the chemical

Table 2

Water Science & Technology

Evaluation of kinetic data of MO adsorption on Amberlite IRA 402 resin accord-

reaction is the rate-determining step when the UCM model
is applied.

Equilibrium studies
In order to understand the mechanism of the adsorption
process, the Langmuir isotherm was used. Owing to some
parameters being undetermined for the Freundlich model,
a linear behavior was assumed.
The Langmuir isotherm establishes that the adsorption
of the adsorbate takes place as monolayer adsorption on
the homogeneous surface of the adsorbent. All adsorption
sites are equal and the activation energy for the adsorption
is uniform for all adsorbed molecules. Equation (6) represents the linear expression of the Langmuir adsorption
isotherm (Langmuir ):

ing to pseudo-ﬁrst-order and pseudo-second-order kinetic models

Temperature


( C)

k1
(min

20

1

)

0.0249

35

0.0281

R 2 pseudo-

k2

ﬁrst order

(g mg

0.990
0.977

1

1

min

)

R 2 pseudosecond order

4

0.588

4

0.565

3

5.2 × 10

4.8 × 10

55

0.0477

0.997

1.5 × 10

0.921

75

0.0571

0.983

1.4 × 103

0.932

Ce
1
Ce
¼
þ
qe k l ql ql

where qe is the equilibrium adsorption capacity (mg g1), Ce
is the equilibrium concentration of MO (mg L1), ql is the
Langmuir maximum adsorption capacity (mg g1), and kl
is the Langmuir constant.

Table 4
Table 3

|

(6)

|

Evaluation of MO adsorption kinetic data according to diffusion and reaction
models

Diffusion and reaction models

R2

Model

Equation

Rate-determining step

ISV

ln(1  X) ¼ kt where k ¼ Drp 2/r 20

Film diffusion

ISV

ln(1  X 2) ¼ K1i t where K1i ¼
3DC/r0dCr

Particle diffusion

Temperature
( C)

ln(1  X) ln(1  X 2) X

UCM

X ¼ (3CA0KmA/ar0Cs0)t

Liquid ﬁlm

20

0.989

0.938

0.939 0.962

0.996

UCM

3  3(1  X)2/3 
2X ¼ (6DeRCA0/ar02Cs0)t

Reacted layer

35

0.983

0.960

0.902 0.962

0.970

55

0.990

0.991

0.745 0.957

0.929

75

0.968

0.934

0.744 0.976

0.978

UCM

1/3

1  (1  X)

¼ (ksCA0/ar0Cs0)t

Chemical reaction
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Equation (7) represents a linear model of adsorption:
qe ¼ kl Ce þ I

(7)

where qe is the equilibrium adsorption capacity (mg g1), kl
is the linear constant of the process, Ce is the remnant concentration of MO (mg L1) and I is the intercept. Table 5
shows the calculated parameters for the Langmuir and
linear equations.
It seems that the Langmuir model ﬁtted better than the
linear model due to the higher correlation coefﬁcient. This
result shows that MO adsorption is determined for the
homogeneous surface of the adsorbent with sites energetically equivalent.

Thermodynamic studies
The inﬂuence of temperature on the adsorption capacity of
MO was investigated in order to determine the spontaneity
and thermal properties of the adsorption process.
Using the Arrhenius equation (Equation (8)), it is possible to evaluate the values of the activation energy
associated with the MO adsorption process. The speed constant used was determined by the pseudo-ﬁrst-order model
(see the section above on ‘Kinetic tests’).

Figure 8

|

The thermodynamic parameters for adsorption of MO
by the resin were calculated in order to explain the sorption
process. The value of Gibbs free energy was obtained from
the Gibbs–Helmholtz equation (Equation (9)) (Pandey
et al. ):
ΔGo ¼ ΔHo  T ΔSo

where K is the rate constant of pseudo-ﬁrst order (min ),
A is the Arrhenius constant (g min mg1), Ea is the activation energy (kJ mol1), R is the ideal gas constant
(8.314 J mol1 K1), and T is the absolute temperature (K).
Figure 8 represents the Arrhenius plot of the MO
adsorption.
According to the experimental data, activation energy
value Ea ¼ 13.92 kJ mol1 and correlation coefﬁcient R 2 ¼
0.9532 were obtained. These values could suggest that MO
adsorption onto the resin is a physisorption process.

|

ΔSo ΔHo

R
RT

where Kd is the distribution constant, obtained by multiplying Langmuir constant Kl and maximum adsorption
capacity ql (mg g1), R is the universal gas constant
(8.314 J mol1 K1) and T is the absolute temperature (K).
Thermodynamic parameters calculated from the plot
are summarized in Table 6. The negative values of Gibbs

Adsorption isotherm model parameters for MO adsorption on Amberlite IRA
402, 20  C

Langmuir isotherm
ql (mg g

161.3

1

)

kl (L mg

20.67

(10)

(8)
1

Table 5

(9)

where ΔS is the standard entropy change and ΔH is the
standard enthalpy change. These last parameters can be calculated from the intercept and slope of Equation (10)
(Figure 9):
ln Kd ¼

Ea
ln K ¼ ln A 
RT

Arrhenius plot of MO adsorption on Amberlite IRA 402.

Linear model
1

)

1

R2

I (mg g

0.989

68.18

)

1

kl (g L

47.06
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)

R2

0.808

Figure 9

|

Plot of ln Kd vs 1/T for MO adsorption on Amberlite IRA 402.
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Thermodynamic parameters of MO adsorption on Amberlite IRA 402

Thermodynamic parameter

ΔG (kJ mol1)

ΔH (kJ mol1)

ΔS (kJ mol1 K1)

293

18.31

37.18

0.1893

308

21.15
24.94

348

28.72

free energy indicate that the MO sorption is of spontaneous
nature. It is possible to observe also that the ΔG value is
more negative with increasing temperature, which suggests
that higher temperature facilitates the adsorption process.
The positive value of ΔH indicates that the process is
endothermic and the positive value of ΔS indicates a greater
stability of the adsorption process with no structural
changes at the solid–liquid interface, conﬁrming the spontaneity of the process.

CONCLUSIONS
The present work studied the adsorbent properties of
Amberlite IRA 402 on MO removal. It was demonstrated
that Amberlite IRA 402 can efﬁciently remove MO dye.
The adsorption capacity is affected by different parameters
such as initial concentration, contact time, and temperature, among others. The maximum adsorption capacity of
the resin was 161.3 mg g1 at 20  C, better than the results
obtained in previous work for similar studies. Kinetic
studies showed that the optimum contact time was
300 min with an optimum temperature of 55  C. The sorption process follows a pseudo-ﬁrst-order kinetic model. The
rate is controlled by a ﬁlm diffusion process according to
the ISV model and by the chemical reaction, according
to the UCM model.
The thermodynamic parameters were also studied.
Equilibrium data presented a better ﬁt to the Langmuir isotherm, indicating monolayer sorption. The positive value
of activation energy (13.92 kJ mol1) suggested that the
adsorption process was endothermic, and the mechanism
was physical adsorption. The values of thermodynamic parameters (ΔG , ΔH , ΔS ) were calculated and showed that
the adsorption process was endothermic and spontaneous.
This resin seems to be a good solution for the removal of
this type of dye in wastewater.
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