
Introduction

As synthetic anionic dyes, reactive dyes consist 
of azo-containing chromophores and various reactive 
groups, including vinyl sulfone, chlorotriazine, trichlo-
ropyrimidine, and difluorochloropy rimidine [1]. The 

active groups in the dye molecules can react with the 
cellulosic fiber to form a covalent bond during the dyeing 
process in the basic environment [2-3]. This type of dye has 
been used widely with the increasing usage of the cotton 
in textile industries, and more than 50% of cotton is dyed 
with reactive dyes due to its excellent washing fastness, 
bright colors, abundant color shades, and easy application 
since the first commercial reactive dye was introduced for 
cotton by ICI in the 1950s [2, 4-5]. Currently, they account 
for almost half of global annual production of commercial 
dyes [6]. However, the features of high water solubility, 
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Abstract

For this study we conducted a series of adsorption experiments to study the adsorption performance 
of reactive red 2 (RR-2), a typical anionic dye, on polyaniline-intercalated bentonite (Pani-Bent). The 
adsorbent was characterized by XRD, FTIR, SEM, TEM, and BET. We investigated the influences of several 
parameters, including pH, reaction time, temperature, inorganic salts, and initial concentrations. The results 
indicate that the adsorption of RR-2 is better in an acidic solution. Both NaCl and Na2SO4 can improve RR-2 
uptake. The adsorption process follows the pseudo second-order kinetic model. The non-linear regression 
method was adopted to analyze the obtained equilibrium data in terms of the Langmuir, Freundlich, Temkin, 
Dubinin-Radushkevich (D-R), and Flory-Huggins models. The Langmuir isotherm fits the equilibrium 
data best among the five models, and the adsorption capacity increases from 202.0 to 257.7 mg/g as the 
temperature increases from 5ºC to 33ºC Pani-Bent can be an efficient adsorbent for adsorption removal of 
RR-2 from its aqueous solutions.
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relatively low fixation efficiency, and the formation of 
the useless hydrolyzed dye in basic condition (pH>10.5) 
has led to a 20-50% loss of their total consumption in 
the dyeing process into effluents [7-8]. The discharge of 
large volumes of dye-bearing effluents causes increasing 
environmental concern since the presence of the residual 
dye even at a very low concentration can cause aesthetic 
problems. Furthermore, their azo bonds and aromatic 
rings make them toxic, mutagenic, and carcinogenic to 
living organisms. Therefore, removal of the residual dyes 
from dyeing effluents is deeply necessary before they are 
discharged into water bodies.

Conventional bio-systems are less effective for dye-
bearing wastewater treatment due to the fact that the 
complex and stable chemical structures of synthetic azo 
dyes make them resistant to bio-degradation. Therefore, 
physical and chemical methods, including coagulation 
[9], adsorption [10-11] membrane filtration [12-13], 
and advanced oxidation [14-15] are employed to treat 
dye wastewater. Among these techniques, adsorption is 
attracting increasing interest due to its properties of simple 
operation, high performance, and low running cost [16-
17]. Both natural and synthetic materials have been used 
as adsorbents to remove dyes from wastewater [18-19]. 
As natural clay, bentonite has been used widely as an 
adsorbent for much pollutant removal, including PPCPs, 
heavy metal, VOCs, etc. [20-22], due to its advantages 
such as large specific surface area, good cation exchange 
capacity, and excellent chemical and physical stability 
[23]. Unfortunately, raw bentonite is inefficient for reactive 
dye adsorption as a result of the repulsion between its 
negatively charged surface and the anionic dye molecules. 
Hence, improving its anionic dye adsorption capacity by 
modification is the key challenge to its application for 
treating wastewater containing reactive dyes.

In this study, the synthesized polyaniline-intercalated 
bentonite (Pani-Bent) was characterized and used as a 
potential adsorbent to remove a typical reactive azo dye, 
reactive red 2 (RR-2), from its synthetic solution. We 
investigated the effects of various parameters, such as pH, 
reaction time, inorganic salts, etc. on RR-2 removal. The 
isotherm and kinetic were evaluated as well.

Materials and methods
 

Characterization of samples

The adsorbent used in this study was synthesized in 
the same way as that described in our previous study  
[24]. The morphological information of the sodium 
bentonite (Na-Bent) and polyaniline-intercalated bentonite 
(Pani-Bent) were characterized by using SEM (JSM-
6460LV, Japan Electronic Co., Ltd.) and TEM (JEM-
2100Plus, Japan Electronic Co., Ltd.). The BET surface 
areas of the two samples were analyzed by a surface  
area and porosity analyzer (Autosorb-I, Quantachrome, 
USA). 

Preparation of artificial wastewater

The RR-2 solution used in this study was prepared by 
dissolving RR-2 purchased via the internet without further 
purification into distilled water. The pH was adjusted using 
0.1M NaOH and 0.1M HCl solutions and measured using 
a pH meter (pHS-3C, Leici Ltd., China). All the reagents 
used were of analytical grade. The chemical structure of 
RR-2 is illustrated in Fig. 1.

Adsorption experiments

The batch RR-2 adsorption experiments were 
conducted in 100 mL stoppered conical flasks. The flasks 
were filled with 0.03 g of Pani-Bent and 20 mL of RR-2 
solutions and shaken at 130 rpm over a period of time at 
fixed temperature. The pH values of the solutions were 
kept at a defined value (7.0±0.1) apart from the test of the 
pH effect. After the adsorption experiments, the solutions 
were centrifuged at 8,000 rpm for 10 min, and the residual 
RR-2 concentrations in supernatants were determined 
using a Uv-vis spectrophotometer (UV-5100, Yuanxi 
Instruments, Shanghai, China) at its longest adsorption 
wavelength of λ = 538 nm [25]. RR-2 uptake by Pani-Bent 
is calculated using the following equation: 

m
VCCq e )( 0 −=

                       (1)

…where q is the RR-2 uptake by per unit Pani-Bent 
(mg/g); C0 and Ce (mg/L) are the initial and final RR-2 
concentrations, respectively; V (L) is the RR-2 solution 
volume; and m is the amount of Pani-Bent (g). (Note that 
the mean values of three independent experiments are 
used in this article, and experimental errors are calculated 
and expressed with error bars.)

Results and discussion

Characterization of samples

As shown in our previous study, the XRD patterns 
indicate that the interlayer spacing increases from 

Fig. 1. Chemical structure of RR-2 (chemical formula: 
C19H10Cl2N6Na2O7S2, molecular weight: 615.33).
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14.77 Å for purified bentonite to 15.61 Å for Pani-
Bent. Meanwhile, there are some characteristic peaks of 
polyaniline appearing in the FT-IR spectrum of Pani-Bent 
[24].

Fig. 2a) shows the N2 adsorption-desorption isotherm 
on the Na-Bent and Pani-Bent. The isotherms of the two 
samples fit the type IV isotherm with hysteresis loop, 
indicating the existence of both mesopore and macropore 
in the two samples. Table 1 summarizes the specific 
surface areas using the BET method. Compared with Na-
Bent, the specific surface area and the total pore volume of 
Pani-Bent decreases dramatically from 22.74 to 8.24 m2/g 
and from 0.04 to 0.022 cm3/g, respectively. These changes 
might result from the fact that the micropores in the 
interlayer of Na-Bent are blocked by the polymerization 
of aniline, whereas the decrease of micropores results in 
the increase of average pore size from 6.68 to 10.51 nm. 

Fig. 2b) shows the SEM image of Na-Bent and Pani-
Bent. The image of Na-Bent shows its typical layered 
structure. Compared with Na-Bent, the particle size of 
Pani-Bent is smaller, resulting from a cleavage fracture 
caused by the polymerization of aniline.

Fig. 2c) shows the TEM image of Na-Bent and Pani-
Bent. The TEM image of Na-Bent shows its dense layered 
structure, whereas the layered structure of Pani-Bent is 
relatively loose, and granular polyaniline can be found in 
its image.

Effect of pH

Solution pH plays a very important role in the adsorption 
process due to the fact that pH variation can change both 
the surface charges of adsorbent and the existing forms 
of adsorbate [19, 26]. So we investigated RR-2 uptake as 
a function of pH, and the result is shown in Fig. 3. It can 
be seen that RR-2 uptake decreases from 140.8 mg/g to  
120.8 mg/g as the solution pH increases from 5 to 9, 
indicating that RR-2 adsorption on Peni-Bent is a pH-
dependent process. The same variation of RR-2 uptake as 
a function of pH was observed when positively charged 
metapenaeus monoceros shells and Fe3O4/chitosan 
nanoparticles were used as adsorbents [27-28]. Qureshi  
et al. reported that the PZC (point of zero electric  
charge) of bentonite is negative in all ranges of pH.  
Hence, the raw bentonite is inefficient for anionic 
dye adsorption due to electrostatic repulsion. After 
modification with polyaniline, its PZC is around  
pH 5, caused by the electrostatic interactions between 
PANI and bentonite surface charges, namely its PZC is 
positive in the range of pH<5 and negative in the range  
of pH>5 [29]. Hence, RR-2 uptake decreases as pH 
increases from 5 to 9. Meanwhile, the competition 
between the RR-2 molecules and increasing OH- groups 
for the active sites are the other cause of the decreased 
uptake of RR-2 at higher pH [30]. 

Fig. 2. Characterizations of Na-Bent and Pani-Bent by BET a), 
SEM b), and TEM c).

Samples Specific surface 
area (m2·g-1)

Total pore 
volume 
(cm3·g-1)

Average 
pore size 

(nm)

Na-Bent 22.74 0.040 6.68

Pani-Bent 8.24 0.022 10.51

Table 1. Brunner-Emmet-Teller (BET) measurements of Na-
Bent and Pani-Bent.

Fig. 3. Effect of pH on RR-2 adsorption on Pani-Bent (T = 25ºC, 
contact time = 24 h).
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Effect of inorganic salts

Dyeing wastewater always contains a large amount of 
inorganic salts since the inorganic salts are widely used 
as dyeing promoter in the dyeing process to improve 
dye-uptake by driving the dye molecules out of solution 
onto the fiber [24]. Hence we investigated the removal 
efficiency as a function of two typical inorganic salts, 
NaCl and Na2SO4, which are widely used for dyeing. As 
shown in Fig. 4, RR-2 uptake increases from 131.4 mg 
g-1 to 141.8 and 142.6 mg/g as NaCl and Na2SO4 increase 
from 0 to 12g/L, respectively. This could be explained by 
the fact that the inorganic salts increased the aggregation 
of the dye molecules, leading to the improvement of RR-2 
uptake on the Pani-Bent surface [31]. Momenzadeh et al. 
reported that NaCl and Na2SO4 increased the adsorption 
of reactive red 120 on chitosan nanodispersion due to the 
same reason [32]. However, the two salts decrease the 
adsorption of reactive blue 4 on modified guar gum and 
silica-based nanocomposite since the H-bonding formed 
between the salt anions and nanocomposites weakened the 
reaction between the dye molecules and active sites on the 
surface of nanocomposites [33].

Effect of contact time 
and adsorption dynamics

Fig. 5 shows the RR-2 uptake as a function of contact 
time at two different initial concentrations. It can be seen 
that there is a fast adsorption of RR-2 within the first  
15 min for both of the two RR-2 initial concentrations 
since the Pani-Bent surfaces offered more free active sites 
in this stage, indicating that chemical adsorption might be 
the main mechanism for RR-2 uptake in this stage. The 
adsorption takes place slowly in the following stage, and 
reaches the practical equilibriums at 1,440 min because 
there were fewer active sites available for adsorption. 
Additionally, the molecules absorbed on active sites 
repelled the free dye molecules in solution to approach the 

surface of Pani-Bent, leading to slower adsorption [19]. In 
the following experiments, 24 h is chosen as the reaction 
time to ensure equilibrium.

A good adsorbent for water treatment must have a fast 
adsorption rate apart from a large adsorption capacity. 
Hence four adsorption kinetic models, including the 
pseudo first-order kinetic model, pseudo second-order 
model, the Elovich model, and intra-particle diffusion 
model are adopted to test the adsorption processes of 
RR-2 by Pani-Bent [34-37].

Pseudo first-order kinetics

The linearized form of the pseudo first-order equation 
is given as:

tkqqq ete 303.2
log)log( 1−=−            (2)

…where qt and qe (mg/g) are the RR-2 uptake at time t and 
at equilibrium. k1 (min-1) is the equilibrium rate constant 
of the pseudo first-order equation. The plots of log  
(qe - qt) vs t are shown in Fig. 6a), and k1 and predicted qe 
can be determined from the slope and intercept of the plot, 
respectively.

Pseudo second-order kinetics

The linearized form of the pseudo second-order 
equation is given as:

                          (3) 

…where k2 [g/(mg min)] is the equilibrium rate constant 
of the pseudo first-order equation. The plot of t/qt vs t is 
shown in Fig. 6b), and k2 and qe can be determined from 
the slope and intercept of the plot, respectively.

Fig. 4. Effect of inorganic salts on RR-2 adsorption on Pani-Bent 
(T = 25°C, contact time = 24 h).

Fig. 5. Effect of contact time on RR-2 adsorption on Pani-Bent 
(T = 25ºC).
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Elovich model

The Elovich equation has been widely used to describe 
chemical adsorption with heterogeneous adsorbing 
surfaces [38]. The linearized form of the first-order 
equation is given as:

               (4)

…where α [(mg/(g min)] is the initial adsorption rate and  
β (g/mg) is associated with the fraction of surface coverage 
and activation energy for chemisorption. The plot of qt vs. 
lnt is shown in Fig. 6c), and α and β can be determined 
from the intercept and slope of the plot, respectively.

Intra-particle diffusion model

The intra-particle diffusion model assumes that film 
diffusion is negligible and the only rate-controlling 
step is intra-particle diffusion in the adsorption process  
[39]. Hence, the adsorbed amount at time t should be 
directly proportional to t0.5 rather than t. The model is 
given as:

                     (5)

…where kid is the intra-particle diffusion rate constant 
(mg/g min0.5), which can be calculated from the slope of 
the linear plot of qt versus t0.5 and can be determined from 
the slope of the plot shown in Fig. 6 d).

Fig. 6. The linearized plots of pseudo first-order kinetics a), 
pseudo second-order kinetics b), the Elovich model c), and intra-
particle diffusion model d) for adsorption of RR-2 on Pani-Bent, 
(T = 25ºC).

Kinetics 
equations Parameters 250 mg L-1 500 mg L-1

Pseudo 
first-order

qe, exp 131.4 220.8

qe,cal 61.43 104.4

k1 0.008 0.005

R2 0.951 0.880

Pseudo 
second-order

qe,cal 133.3 217.4

k2 0.0005 0.0002

R2 0.999 0.999

Elovich

α 958.3 498.5

β 0.083 0.045

R2 0.936 0.969

Intra-particle 
diffusion

kid 1.441 2.756

C 90.90 138.4

R2 0.696 0.770

Table 2. Parameters of the three kinetic equations for RG-19 
adsorption on Pani-Bent.
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The kinetic parameters calculated from the four 
linearized plots are shown in Table 2. The correlation 
coefficients of the pseudo second-order kinetics are higher 
than those of the other three models. The simulation 
results of qe,cal obtained from the equations are  in  good 
accordance  with  those  of  experiment  values of qe, exp at 
the same time. The results suggest that the adsorption of 
RR-2 follows the pseudo second-order kinetics, indicating 
that the rate-determining step of the adsorption process 
might be chemical adsorption or chemisorption, and the 
valency forces between the adsorbent and adsorbate might 
be involved in the adsorption [40-41].

Adsorption isotherms study

In this study, the experimental equilibrium data of 
RR-2 onto Pani-bent are fitted with Langmuir, Freundlich, 
Temkin, Dubinin-Radushkevich (D-R), and Flory-
Huggins models.

Langmuir isotherm

The Langmuir model was developed to describe 
monolayer adsorption on homogeneous surface with all 
active sites having identical adsorption energy [42]. Its 
linearized form is given as:

                        (6)

…where qm (mg/g) is the maximum monolayer adsorption 
capacity and b (L/mg) is the Langmuir constant related to 
binding energy. The plots of Ce versus Ce/qe are shown in 
Fig. 7a), and the values of qm and b are calculated from the 
slope and intercept of the plots, respectively.

Freundlich isotherm

The Freundlich model was developed to describe 
multilayer adsorption on a heterogeneous surface [43]. 
The linearized form of the Freundlich model is given as:

          (7)

…where Kf (mg/g) and n are the Freundlich constants 
related to adsorption capacity and adsorption intensity, 
respectively. The plots of ln Ce versus ln qe were shown in 
Fig. 7b), and the values of 1/n and kf are calculated from 
the slope and intercept of the plots, respectively.

Temkin isotherm

This model assumes a homogeneous distribution of 
binding energies and a linear decrease of adsorption heat 
of all the molecules in the layer with coverage because of 
the interactions between adsorbate and adsorbent [44]. Its 
linearized form was expressed as:

              (8)

                                (9)

…where R [(8.314 J/(mol K)] is ideal gas constant, T 
(K) is the absolute reaction temperature, B (J/mol) is the 
Temkin constant corresponding to adsorption heat, and 
A (l/g) is the binding constant related to the maximum 
binding energy at equilibrium. The plots of ln Ce versus 
qe are shown in Fig. 7c, and the values of B and A can 
be calculated from the slope and intercept of the plots, 
respectively.

Dubinin-Radushkevich (D-R) isotherm

The D-R isotherm is usually adopted to describe 
adsorption with a Gaussian energy distribution onto a 
heterogeneous surface [44]. The model is given as:

                   (10)

                (11)

                       (12)

…where k is the D-R isotherm constant (mol2/ kJ2). The 
plots of ln qe versus ε2 are shown in Fig. 7d), and the values 
of k and qm are calculated from the slope and intercept of 
the plots, respectively.

Flory-Huggins isotherm 

The Flory-Huggins isotherm was developed to describe 
the surface coverage characteristic degree of adsorbate 
onto adsorbent, and the model is given as [45-46]:

tkqqq ete 303.2
log)log( 1−=−

        (13)

 
0

1
C
Ce−=θ

                         (14)

…where KFH is equilibrium constant, nFH is the number of 
adsorbate ions occupying active sites, and θ is the surface 
coverage degree. The plots of log(θ/C0) versus log(1-θ) 
are shown in Fig. 7e), and the values of KFH and nFH can 
be calculated from the slope and intercept of the plots, 
respectively.

All the correlation coefficients, R2 values, and the 
constants calculated from the five models are listed 
in Table 3. The R2 values of the Langmuir equation at 
all three temperatures are highest, indicating that the 
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Langmuir equation is the best model to describe the 
adsorption of RR-2 on Pani-Bent. The Langmuir constant 
qm indicates the adsorption capacity of the Pani-Bent. 
As shown in Table 3, qm value is found to increase with 
rising temperature, indicating that higher temperature is 
favorable for RR-2 adsorption. 

Table 4 compared the adsorption capacities of 
Pani-Bent with several adsorbents described in  
previous documents for the removal of RR-2. It can be 
seen that the maximum adsorption capacity of RR-2  
on Pani-Bent ranks fourth among the 12 types of  
adsorbents, indicating that Pani-Bent is an efficient 
adsorbent for RR-2 removal from aqueous solutions. 
The use of Pani-Bent for RR-2 removal is of particular 
attraction because  China has the largest reserves of 
bentonite in the world. 

A dimensionless constant, RL (namely the separation 
factor), is used to describe the essential characteristics of 
the adsorption process. The constant is given as: 

                         (15)

Fig. 7. Linearized plots of Langmuir isotherm a), Freundlich 
isotherm b), Temkin isotherm c), D-R isotherm d), and Flory-
Huggins isotherm e) for adsorption of RR-2 on Pani-Bent.

Isotherm model
Reaction temperature (ºC)

5 18 33

Langmuir isotherm

qm 202.0 249.6 257.7

b 0.049 0.037 0.034

R2 0.9981 0.9957 0.9964

Freundlich isotherm

n 3.341 2.583 2.425

kf 39.95 32.34 29.39

R2 0.9404 0.9228 0.9105

Temkin isotherm

A 0.863 0.417 0.345

B 36.212 51.766 55.593

R2 0.9846 0.9817 0.9769

D-R isotherm

K (10-6) 1.146 1.868 1.968

qm 152.6 168.3 166.5

E 295.4 231.3 225.4

R2 0.7453 0.7261 0.6588

Flory-Huggins isotherm

nFH -1.113 -1.218 -1.297

KFH 0.0362 0.0316 0.0299

R2 0.9877 0.9483 0.9225

Table 3. Adsorption isotherm constants for adsorption of RR-2 
on Pani-Bent.
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…where c0 (mg/L) is the initial RR-2 concentration and b 
(L/mg) is the Langmuir constant. 

Fig. 8 shows the effect of initial RR-2 concentrations 
on RL at three different temperatures. All the values of RL 
are between 0 and 1, indicating that RR-2 adsorption is 
favorable in experimental conditions [47]. Higher RR-2 
concentration is more favorable for adsorption since the 
RL values tend to decrease as the initial concentrations 
increase from 100 to 480 mg/L.

Conclusion

In this study we used Pani-Bent as an adsorbent to 
remove RR-2 from aqueous solutions. The results show 
that Pani-Bent is a good adsorbent for the removal of 
RR-2 from aqueous solutions over a wide range of 
concentrations. RR-2 uptake decreases with rising pH 
value of solution. Two inorganic salts, NaCl and Na2SO4, 
increase RR-2 adsorption by prompting aggregation of 
the dye molecules. The adsorption of RR-2 increases 
with increased contact times and the adsorption belongs 
to the second-order kinetic model. Five isotherm models, 
including Langmuir, Freundlich, Temkin, D-R and Flory-
Huggins isotherms, are used to fit the equilibrium data, 
and the Langmuir isotherm is demonstrated to be the best 
model for adsorption. The separation factor, RL for all 
the initial concentrations at three reaction temperatures, 
are less than 1, indicating the favorable nature of RR-2 
adsorption on Pani-Bent.
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