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bstract

In this study, the cationic polyelectrolyte polyepicholorohydrin-dimethylamine (EPI-DMA) was intercalated into bentonite using ultrasonic.
he structure of EPI-DMA/bentonite and its adsorption of Reactive Blue K-GL (RB K-GL) dye were investigated. Compared with raw bentonite,

he EPI-DMA/bentonite had larger interlayer spacing and was more hydrophobic, providing with better surface properties for adsorption. The
dsorption of RB K-GL on EPI-DMA/bentonite was described by the adsorption models of Langmuir, Freundlich and Dubinin–Radushkevic. The
dsorption kinetics was analyzed using pseudo-first- and second-order kinetic models and intraparticle diffusion model. Results showed that both
he intraparticle diffusion and first-order adsorption occur in the initial period of adsorption, and that pseudo-second-order kinetic model was more

uitable for describing the whole adsorption process. The reaction rates were also calculated. The changes of free energy, enthalpy and entropy of
dsorption were evaluated for the adsorption of RB K-GL onto EPI-DMA/bentonite, suggesting that the adsorption process was spontaneous and
xothermic.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Various types of dyes appear in wastewater effluents from
extiles, printing, and dyestuffs, as well as the food and paper-

aking industries. Water-soluble anionic dyes—reactive dyes
re the most commonly dyes used for application ease, bright
olors, and excellent colorfastness [1,2]. It is estimated that
0–20% of reactive dye remains in wastewater during produc-
ion and nearly 50% of reactive dyes may be lost to the effluents
uring dyeing process [3,4], due to its high water-solubility.
eactive dyes are typically azo-based chromophores combined
ith different types of reactive groups, primarily based on substi-

uted aromatic and heterocyclic groups [5]. Many reactive dyes

re toxic to some organisms and hence harmful to aquatic ani-
als [6]. Furthermore, some dyes and their reaction products,

uch as aromatic amines, possess high carcinogenicity [4].
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hermodynamics

The removal of dyes before the disposal of wastew-
ter is necessary. Due to poor biodegredation of dyes,
specially those containing azo-groups, under aerobic con-
itions [7], a conventional biological wastewater treatment
rocess is not suitable [4]. Therefore, investigations have
een conducted for different approaches such as adsorption,
xidation–ozonation, coagulation–flocculation, membrane pro-
esses, etc. [5,8]. Adsorption is one of the most efficient
rocesses to remove dyes from wastewater, which provides an
lternative treatment, especially if the adsorbent is cheap and
idely available [9]. Activated carbon is the most widely used

dsorbent for industrial applications, but it is expensive for each
dsorption cycle [10,11]. Therefore, it is important to find less
xpensive, more efficient, and locally available materials for the
emoval of color from wastewaters.

Clays [12,13] especially chemically modified clays
11,14–16] have been identified as an innovative and promising

lass of adsorbent materials for this purpose. Bentonite is a clay
ineral, which is mainly composed of montmorillonite. It is a

:1 type aluminosilicate, which unit layer structure consists of
ne A13+ octahedral sheet placed between two Si4+tetrahedral
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heets. Replacing the exchangeable inorganic cations (e.g.
a+, Ca2+, H+) on the internal and external surfaces of
ontmorillonite with organic cations, enhances the adsorption

apacity as the bentonite surfaces change from hydrophilic
o hydrophobic [17]. Therefore, organophilic bentonite has
een used extensively for a wide variety of environmental
pplications [18].

In addition, both the advances in the preparation method and
he increase of the kinds of organic cations promote the devel-
pment of organobentonite as adsorbents for environmental and
conomical purposes [19,20]. Recently, sonochemical cavitation
xerted by ultrasound has become a method of concentrating
he diffuse energy of sound to prepare novel materials [21]. As
result, the intercalation of compounds into layered inorganic

olids using ultrasonic has attracted the researchers’ attention
reatly [21,22]. Moreover, cationic polyelectrolytes, which are
uitable for rendering clays more hydrophobic to remove hydro-
arbon from water, also broaden the range of organobentonite
19,23]. Previous studies showed that cationic polyelec-
rolyte/bentonite complexes could not only make bentonite more
ydrophobic but also develop a net positive charge [23–25],
hich would be suitable to remove negatively charged pol-

utants from wastewater. Polyepicholorohydrin-dimethylamine
EPI-DMA), which is a new effectively water-soluble cationic
olyelectrolyte with amidocyanogen and ammonium ion [26],
as the potential to fulfill the main requirements for preparing
rganophilic bentonite. Our previous study also indicated that
ationic polyelectrolyte/bentonite prepared by EPI-DMA is a
ood adsorbent for disperse dyes [27,28].

Many previous studies have been carried out to investigate
he adsorption of anionic dyes onto organobentonite. However,
he adsorption of an anionic reactive dye, such as Reactive Blue
-GL (RB K-GL), onto cationic polyelectrolyte/bentonite has
ot been examined. Thus, in present work, a new adsorbent, EPI-
MA cationic polyelectrolyte/bentonite (EPI-DMA/bentonite),
as prepared using ultrasonic technique. Also investigated in

his study is the possibility of the adsorbent for removal of RB
-GL dye from aqueous solution by adsorption method. Batch

sotherm and kinetic experiments were performed and modeled
y different isotherm equations and kinetic equations. The cal-
ulated thermodynamic parameters from the isotherm constant
ere used to explain the nature of adsorption.

. Materials and methods

.1. Materials

The dye used in this study is Reactive Blue K-GL (RB K-
L) (Color Index number 18245), obtained from Bin Zhou Dye
rinting Co. (Shandong, China). The chemical structure of RB
-GL is depicted in Fig. 1a, where “CuPc” is the abbrevia-

ion of “copper phthalocyanine” and its structure is shown in
ig. 1b. Absorbance values were recorded at the corresponding

aximum absorbance wavelength 597 nm.
The Na+-exchanged form of bentonite used in this study

as obtained from the city of Weifang in Shandong, China. It
ontains about 95% montmorillonite with the chemical com-

t
p

d

Fig. 1. Chemical structure of Reactive Blue K-GL (RB K-GL).

osition of 69.32% SiO2, 14.27% Al2O3, 1.99% CaO, 2.69%
gO, 1.84% Fe2O3, 1.85% Na2O, 1.38% K2O as reported by

he supplier. The cation exchange capacity (CEC) of the clay,
easured by the methylene blue method [29], was 700 mmol/kg.
The cationic polyelectrolyte polyepicholorohydrin-dimethy-

amine (EPI-DMA) was produced by Bin Zhou Chemical Co.
Shandong, China), which has a viscosity of 400 mPa/s, and a
ationic degree of 3.6 mmol/g. The formula is

where the value of n is in the range of 400–600.

.2. Preparation of EPI-DMA/bentonite

To prepare the cationic polyelectrolyte/bentonite, about 20 g
f oven-dried clay was directly added to 100 ml solution con-
aining the respective EPI-DMA equal to twice of the cation
xchange capacity of the bentonite. Then, the whole mass was
ltrasonicated at room temperature for 30 min with the help
f an ultrasonic bath (KQ3200E, China, 40 kHz). The com-
lex was separated from the mixture by vacuum filtering and
ashing several times with deionized water. The cationic poly-

lectrolyte/bentonite complex was dried at 60 ◦C in an oven and
ctivated for 1 h at 105 ◦C, and then stored for further use. This
odified bentonite is designated as EPI-DMA/bentonite.
Furthermore, in order to eliminate the effect of water on

he basal spacing of bentonite, we prepared water-washed ben-

onite at the same condition with that of the EPI-DMA/bentonite
reparation. The experiment condition was as follows.

About 20 g of oven-dried clay was directly added to 100 ml
eionized water. Then, the whole mass was ultrasonicated at
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oom temperature for 30 min with the help of an ultrasonic bath.
he bentonite was separated from the mixture by vacuum filter-

ng, dried at 60 ◦C in an oven and activated for 1 h at 105 ◦C.
his bentonite is designated as water-washed bentonite.

The clay samples were analyzed by X-ray powder diffraction
sing a D/max-RB diffractometer with Cu K� radiation. TGA
hermograms of Na-bentonite and EPI-DMA/bentonite were
ecorded at a heating rate of 10 ◦C/min up to 800 ◦C under N2
ondition using a SDT Q600 (TA Co., USA) thermogravimetric
nalyzer in the range 10–800 ◦C.

.3. Adsorption experiments

The adsorption experiments were carried out by using a
ample having 0.1 g of EPI-DMA/bentonite and 100 ml of dye
olution in 250 ml flasks and shaking on a horizontal shaker. The
H experiments were conducted with 50 mg/l of dye solutions at
96 K for 2 h. The pH was carefully adjusted between 1 and 13,
dding a small amount of dilute HCl or NaOH solution using a
H meter. In the highly pHs (pH > 9) experiments, the accumu-
ated and sedimentated dye was filtrated before the adsorption.
he solutions initial pH value was used throughout all adsorption
xperiments, which were performed at various initial concen-
rations (0–100 mg/l), time intervals and temperatures (23, 28
nd 33 ◦C) to determine the adsorption equilibrium time and
he maximum adsorption amount of dye. The solution was fil-
ered and then analyzed quantitatively. The dye concentration in
he clear supernatant was then determined by spectrophotomet-
ic method. All measurements were recorded at the wavelength
orresponding to maximum absorbance, λmax, which is 597 nm
or RB K-GL, using spectrophotometer (UV-754). The repro-
ucibility during concentration measurements was ensured by

epeating the experiments three times under identical conditions
nd calculating the average values. Standard deviations of exper-
ments were found to be within ±5.0%. The amount of adsorbed
ye, Q (mg/g), under different conditions was calculated by

= V (C0 − Ce)

W
(1)

here C0 and Ce are the initial and equilibrium concentrations
mg/l), respectively, V the volume of dye solution (ml) and W is
he weight (g) of EPI-DMA/bentonite adsorbent.
The study of adsorption isotherms was performed using dye
olution at various concentrations for 2 h to allow attainment of
quilibrium at constant temperatures of 23, 28 and 33 ◦C. The
nitial concentration of 50 mg/l dye solution was selected for the

t
r
(
t

ig. 2. XRD patterns of raw bentonite, water-washed bentonite and EPI-
MA/bentonite.

inetics study at different temperatures (23, 28 and 33 ◦C), and
he adsorption amount was determined at different time intervals.

. Results and discussion

.1. XRD analysis of EPI-DMA/bentonite

X-ray diffraction analysis was performed to investigate the
ffects of intercalary molecular on the basal spacing of ben-
onite. The variation in the basal spacing of bentonite structure
esulting from intercalation process is a strong indicator of the
xtent of intercalary molecular reaching the interlamellar sorp-
ion sites [30]. The exchangeable inorganic cations (e.g. Na+,
a2+, H+) on the internal and external surfaces of bentonite could
e replaced by the amidocyanogen of EPI-DMA to form EPI-
MA/bentonite and the process can be explained as follows:

The characterisation and the intercalation process were
lso reported by Breen [31]. In the case of our study, we
lso had reported the formation and characteristics of EPI-
MA/bentonite complexes [32].
In this study, all the samples used for XRD analysis were dried

t 105 ◦C, which ensured the desorption of physically adsorbed
ater of the surface layer. Then basal spacing of each sample
as calculated using Bragg’s law:

d sin θ = mλ (2)

here d is the basal spacing (Å), θ the angle of diffraction (◦), λ

he wavelength (nm), and m is the path differences between the
eflected waves which equals an integral number of wavelengths
λ). The XRD patterns of the raw bentonite, water-washed ben-
onite and EPI-DMA/bentonite sample are shown in Fig. 2.
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ig. 3. TGA thermograms of raw benonite (a) and EPI-DMA/benonite (b).

The 2θ peaks for air-dried raw, water washed and EPI-
MA/bentonite were 7.23◦, 6.28◦ and 5.36◦. The calculated
asal spacing of the samples according to the 2θ peaks were
2.54, 13.69 and 16.91 Å, respectively. This observation sug-
ested that EPI-DMA molecules intercalated into the interlayers
f bentonite and the interlayer space was extended.

.2. TGA analysis

In order to obtain further evidence for the intercalation
f EPI-DMA cationic polyelectrolyte into the silicate lattice,
GA diagrams were recorded. The TGA plots of raw and
PI-DMA/bentonite are shown in Fig. 3. For raw bentonite,

he TGA diagram exhibited mass losses of 8.738% below
00 ◦C, which could be attributed to the desorption of physi-
ally adsorbed water of the surface layer; 4.627% losses in the
ange of 500–700 ◦C, which could be attributed to the dehy-
roxylation of the aluminosilicate layer. The mass losses of
PI-DMA/bentonite sample were 3.409% below 243 ◦C for

he desorption of physically adsorbed water and 13.60% at
43–670 ◦C for both the decomposition of polyelectrolyte inter-
alated in the layers and the dehydroxylation of the clay layers.

.3. Effect of solution pH

The pH value of the solution, which affects the surface charge
f the adsorbent and the degree of speciation of adsorbate [11],
as an important controlling parameter in the adsorption pro-

ess. The adsorption of RB K-GL onto EPI-DMA/bentonite was
arried out to examine the effect of pH (in a range of 1–13). As
an be seen in Fig. 4, the adsorption capacity of RB K-GL onto
PI-DMA/bentonite decreases significantly with increase the
f pH. The RB K-GL dye is reactive dyestuff. There are –SO3

−
roups in its structure. In the dye-EPI-DMA/bentonite adsorp-
ion system, at strongly acidic pHs, the protonation of –SO3

−

roups increases and more –SO3Na of dye molecule exists as
SO3H, which can react with the amidocyanogens of EPI-DMA
o form −NH2+ SO3

− or = NH+ SO3
− [33]. In addition, accord-

ng to the theory of Lewis acidic and basic, at low pH values, the

a
a
u
r

ig. 4. Effect of pH on adsorption of RB K-GL onto EPI-DMA/bentonite.

ye bears strong negative charge due to the increases of the pro-
onation of –SO3

− groups [5,34,35], thereby a significantly high
lectrostatic attraction existing between the positively charged
dsorption sites and the negatively charged dyes [36]. As a result,
he adsorption of reactive dye anions onto EPI-DMA/bentonite
s significantly enhanced. But as the pH of the system increases,
he protonation of –SO3

− groups decreases and consequently the
egative charge of reactive dye decreases. In strongly alkaline
Hs (pH > 9), the positive charge of adsorbent surface decrease
nd the adsorbent surface becomes negatively charged. There
xit the ionic repulsion between the negatively charged surface
nd the anionic dye molecules, due to the abundance of OH− and
onsequently the adsorption decreases. Also, at higher pH, there
re no exchangeable anions on the outer surface of the adsorbent,
hereby causing an adsorption decrease [12,16,37,38].

.4. Adsorption isotherms

Several models are available to describe experimental data
f adsorption isotherms. Three important isotherms, namely the
reundlich, Langmuir and Dubinin–Radushkevich isotherms,
re the most frequently employed models. In this work, the data
btained from the adsorption experiments using RB K-GL at
oncentrations between 0 and 100 mg/l, the temperatures of 23,
8 and 33 ◦C, and at the dye solution initial pH were described
ith all the three models.
The Freundlich isotherm, which is an empirical equation

mployed to describe heterogeneous systems, was found to
escribe the equilibrium data well [39]. The equation for the
inear fitting is

n Qe = ln KF + 1

n
ln Ce (3)

here Ce and Qe are the adsorbate equilibrium concentrations
n the liquid (mg/l) and solid phases (mg/g), KF (mg/g)(l/mg)1/n
nd n is the Freundlich constant related to adsorption capacity
nd adsorption intensity of the adsorbent, respectively. The val-
es of KF and n can be obtained from the intercept and slope,
espectively, of the linear plot of experimental data of ln Qe
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isotherm model are between 0.940 and 0.974. It indicates that the
surface of EPI-DMA/bentonite is mainly made up of heteroge-
neous adsorption patches [39] in addition to less homogeneous
patches [11].
ig. 5. The Freundlich isotherms for RB K-GL adsorption onto EPI-
MA/bentonite.

ersus ln Ce. Fig. 5 shows the Freundlich linear plots for the
emperatures of 23, 28 and 33 ◦C.

The linear form of the Langmuir isotherm equation [40] is
epresented by

1

Qe
= 1

Q0 +
(

1

Q0KL

)
1

Ce
(4)

here Q0 is the maximum adsorption capacity according to
angmuir monolayer adsorption (mg/g), and KL is the con-
tant according to the Langmuir model (l/mg). The plots of
/Qe versus 1/Ce for the adsorption of RB K-GL onto EPI-
MA/bentonite at various temperatures (Fig. 6) give straight

ines with a slope of 1/Q0KL and an intercept of 1/Q0.
To distinguish the mechanisms involved in RB K-GL dye

ptake by EPI-DMA/bentonite, the Dubinin–Radushkevitch
D–R) isotherm model was applied, which does not require
n assumption of a homogeneous surface or constant adsorp-
ion potential [11]. It is based on the Polanyi theory [41,42]. Its
idely used linear form is expressed as

n Qe = ln Qm − βε2 (5)

here Qm is the theoretical saturation capacity (mg/g), β the
onstant related to the adsorption energy (mol2/kJ2), and ε is the
olanyi potential, which is equal to −RT ln(1 + 1/Ce). The plot
f ln Qe versus ε2 gives β and Qm from the slope and intercept,
espectively. The D–R isotherm for RB K-GL adsorption onto
PI-DMA/bentonite at three different temperatures are shown

n Fig. 7.
The parameters correlating with Langmuir, Freundlich and

–R models for the adsorption of RB K-GL onto EPI-
MA/bentonite are listed in Table 1. Applicability of the

sotherm equations was always compared by judging the correla-
ion coefficients, r2 [16,41,43–47]. The equilibrium adsorption

ata obtained at the three temperatures are better represented by
he Freundlich and D–R isotherm models with higher correlation
oefficients in a range of 0.994–0.997 and 0.998–0.999, respec-
ively, whereas the correlation coefficients for the Langmuir F
ig. 6. The adsorption isotherms (a) and Langmuir isotherms (b) for RB K-GL
dsorption onto EPI-DMA/bentonite.
ig. 7. The D-R isotherms for RB K-GL adsorption onto EPI-DMA/bentonite.
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Table 1
Parameters obtained from Freundlich, Langmuir and D–R models

T (◦C) Freundlich

1/n KF (×103 (mg/g) (l/mg)1/n) r2
F �S.E. (%)

23 0.36 3.58 0.994 4.6
28 0.38 2.96 0.996 4.5
33 0.40 2.64 0.997 3.5

T (◦C) Langmuir

Q0 (mg/g) KL (l/mg) r2
L �S.E. (%)

23 68.60 100.53 0.954 4.7
28 65.69 147.73 0.940 4.9
33 64.46 158.64 0.974 4.5

T (◦C) Dubinin–Radushkevich

Qm (mg/g) β (×103 mol2/kJ2) E (kJ/mol) r2
D–R �S.E. (%)

23 309.67 2.75 13.48 0.998 3.4

t
t
i
1
f
b
o
1
i
K
t

[
m
d
d
o
2
s
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e

3
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F
D
p

c
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w
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d

28 299.70 2.64 13.76 0.999 3.2
33 266.74 2.48 13.98 0.998 3.4

Freundlich constant, n, is a measure of adsorption intensity. If
he value of 1/n is below 1, reflecting favorable adsorption, then
he adsorption capacity of adsorbent is large. As the value of 1/n
ncreases, the adsorption bond becomes weak. As a result, when
/n is above 1, unfavorable adsorption takes place [48]. As seen
rom Table 1, all the values of 1/n for EPI-DMA/bentonite are
elow 1 at the experimental temperatures, which is indicative
f high adsorption intensity. But the increase of the values of
/n along with the temperature increasing presents the decreas-
ng trend of the adsorption capacity. The Freundlich constant,

F, which are related to the adsorption capacity, also shows the
rends.

From the D–R model, the adsorption mean free energy
E = (−2β)−1/2], which is the energy required to transfer one
ole of the adsorbate from solution to the surface of solid, was

etermined to evaluate the nature of interaction between the
ye and the binding sites. As seen in Table 1, the values of E
f RB K-GL dye adsorption onto EPI-DMA/bentonite at 23,
8 and 33 ◦C are 13.48, 13.76 and 13.98 kJ/mol, respectively,
uggesting that the adsorption proceeded by ion exchange
E = 8–16 kJ/mol) [49] and the adsorption process can be
xplained as follows:
.5. Adsorption kinetics

In order to investigate the controlling mechanism of the
dsorption process, such as mass transfer, diffusion control and
ig. 8. Pseudo-first-order kinetic plots for RB K-GL adsorption onto EPI-
MA/bentonite ((a) whole adsorption process and (b) two steps adsorption
rocess).

hemical reaction, experimental data related to the adsorption
f RB K-GL onto EPI-DMA/bentonite at different temperatures
ere applied to several kinetic models including the pseudo-
rst-order equation, the pseudo-second-order equation and the

ntraparticle diffusion equation.
The pseudo-first-order kinetic model may be described by a

ifferential equation
dQ1

dt
= k1(Q1 − Qt) (6)
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Table 2
Kinetic parameters for the adsorption of RB K-GL onto EPI-DMA/bentonite

T (◦C) Qe (mg/g) Pseudo-first-order model

Q1 (mg/g) k1 (×103 min−1) r2
1 k1a (×103 min−1) r2

1a k1b (×103 min−1) r2
1b �S.E. (%)

23 47.70 36.79 7.87 0.887 22.75 0.993 4.25 0.998 3.1
28 46.32 36.47 7.26 0.902 20.33 0.999 4.07 0.962 3.8
33 44.49 35.05 6.21 0.893 18.79 0.999 3.60 0.978 3.3

T (◦C) Qe (mg/g) Pseudo-second-order model

k2 (×104g/(mg min)) Q2 (mg/g) h (mg/min g) r2
2 �S.E. (%)

23 47.70 5.26 52.33 1.43 0.997 3.0
28 46.32 5.60 50.18 1.34 0.997 3.0
33 44.49 5.93 47.92 1.29 0.996 3.1

T (◦C) Intraparticle diffusion model

kint,1 (mg/g min1/2) r2
int,1 kint,2 (mg/g min1/2) r2

int,2 �S.E. (%)

23 5.39 0.985 0.78 0.997 3.0
2
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w
a
amount (mg/g) for the pseudo-second-order adsorption. Values
of Q2 and k2 are calculated from the slope and intercept of the
plots of t/Qt against t (Fig. 9) and shown in Table 2 for compar-
ison with the pseudo-first-order kinetic parameters. The initial
8 5.23 0.992
3 5.00 0.990

The linear form of the equation after integration and rear-
angement is

n(Q1 − Qt) = ln Q1 − k1t (7)

here k1 is the equilibrium rate constant of pseudo-first-order
dsorption (min−1), Q1 and Qt are the amounts of dyes adsorbed
t equilibrium and at time t (mg/g), respectively. The plot of
n(Q1 − Qt) versus t gives a straight line, from which k1 and Q1
an be determined using the slope and intercept (Fig. 8a). All
he calculated values under different temperatures are given in
able 2. However, in many cases the first-order kinetic model
ould not describe the whole range of adsorption time well with
nly one adsorption rate constant [39,50]. The plots in Fig. 8b
ndicate that two steps with two different k1a and k1b are tak-
ng place. It is noted that the magnitude of k1b in all cases is
uch smaller than k1a. Biswas and Chattoraj [51] have studied

he adsorption kinetics of surfactants at solid–liquid interfaces,
hich were found to possess two steps with two rate constants. In

he case of our study about the kinetics of disperse dyes adsorp-
ion at cationic polymer/bentonite surface, it was also found the
wo adsorption steps [52]. Similarly, for the case of adsorption
f RB K-GL on EPI-DMA/bentonite, it could be explained that
fter some initial progress of adsorption with time, the surface
f bentonite becomes crowded with adsorbed molecules of dye
ttached to its active spots with random orientations. After a
ertain elapse of time, the crowded molecules tend to orient in
egular fashion, which may result in the creation of more vacant
paces for further adsorption of dye from the bulk to the surface
51]. Thereby, the adsorption process with two steps occurs. But
his second process is much slower than the first process.

The pseudo-second-order equation, which is also based on

he adsorption capacity of the solid phase, describes the process
ver the whole period of adsorption. This can be explained by the
dsorption mechanism, which involves valency forces through
haring or exchange of electrons between dye anions and adsor-

F
D

0.96 0.985 4.7
0.98 0.987 4.3

ent [47]. The pseudo-second-order adsorption can be obtained
rom the following analysis:

dQt

dt
= k2(Q2 − Qt)

2 (8)

Integrating Eq. (8) and considering Qt = 0 at t = 0, a linear
orm is obtained

t

Qt

= 1

k2Q
2
2

+ t

Q2
(9)

here k2 is the equilibrium rate constant of pseudo-second-order
dsorption (g/mg min) and Q2 is the equilibrium adsorption
ig. 9. Pseudo-second-order kinetic plots for RB K-GL adsorption onto EPI-
MA/bentonite.
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dsorption rate h (h = k2Q
2
2) (mg/(g min)) [50,53] is also list in

able 2.
From the results in Table 2, the pseudo-second-order kinetic

odel could also describe the whole adsorption processes. In
ddition, the calculated Q2 values for second-order also agree
ery well with the experimental Qe values when comparing with
he calculated Q1 values for the first-order model.

The values of the calculated adsorption capacity of EPI-
MA/bentonite at equilibrium for RB K-GL, Q2, drop from
2.33 to 47.92 mg/g, but the pseudo-second-order rate con-
tants, k2, show a steady increase from 5.26 × 10−4 to
.93 × 10−4 g/(mg min) with the temperature increasing from 23
o 33 ◦C. These suggest that high temperature does not favor the
ncrease of adsorption capacity but can accelerate the adsorption

rocessing. The results also indicate that the mechanism associ-
ted with the adsorption of RB K-GL onto EPI-DMA/bentonite
nvolves a physical process, according to Ho and McKay [54]
ho report that in conventional physisorption systems, increas-

ig. 10. Intraparticle diffusion plots for RB K-GL adsorption onto EPI-
MA/bentonite ((a) whole adsorption process and (b) two steps adsorption
rocess).
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ng temperature usually decreases the equilibrium capacity, but
ncreases the adsorption rate of approach to equilibrium.

Adsorption kinetics is usually controlled by different mecha-
isms. The pseudo-first-order and pseudo-second-order kinetic
odels cannot identify the diffusion mechanism. The possibility

f intraparticle diffusion is examined by using the intraparticle
iffusion model:

t = kintt
0.5 + C (10)

here kint is the intraparticle diffusion rate constant
mg/(g min1/2)), Qt the amount of dye adsorbed at time t (mg/g)
nd C is the constant, which is proportional to the boundary
ayer thickness. Such process may include a first sharper portion
stage 1) attributed to boundary layer diffusion or the external
iffusion; a surface adsorption stage (stage 2), which is a grad-
al adsorption stage due to intraparticle diffusion; and followed
y a final equilibrium stage (stage 3) where intraparticle diffu-
ion slows down due to the low concentrations in the solution
55–57].

The plot of Qt versus t0.5 would result in a linear relation-
hip with a slope of kint and an intercept of C when adsorption
echanism follows the intraparticle diffusion process. If this

ine passed through the origin, the particle diffusion would be
he controlling step [58]. Otherwise, the intraparticle diffusion
s not the only rate-controlling step but some degree of bound-
ry layer diffusion also control the adsorption. Moreover, other
dsorption kinetic processes may be operating simultaneously.

According to Özacar and Şengil [57], in the case of intra-
article diffusion model, the plots can present a multi-linearity
Fig. 10b), indicating that two steps with two different kint,1 and
int,2 are taking place. Based on the former discussion about the
seudo-first-order kinetic model, it can be found that all the plots
ndicate the same general features, initial linear portion (stage

, 1–60 min) where both intraparticle diffusion and first-order
inetics reaction occur [59], followed by a plateau (stage 3, after
0 min), where the intra-particle diffusion and first-order reac-
ion slow down. In addition, the calculated values of intraparticle

Fig. 11. Plots of ln(Qe/Ce) vs. Ce at different temperatures.
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Table 3
Thermodynamic parameters for adsorption of RB K-GL dye onto EPI-DMA/bentonite

T (◦C) Ks (kg−1) �G◦
ads (kJ/mol) �H◦

ads (kJ/mol) �S◦
ads (J/mol K) �S.E. (%)

23 3583.82 −3.14 5.0
28 3117.06 −2.86 −17.91 −49.92 4.8
3
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3 2818.74 −2.65

iffusion rate constants, kint,1 and kint,2 for two adsorption steps,
hich have better correlation coefficients (r2

int1 and r2
int1) than

int for the whole adsorption process does, also agree with the
wo steps adsorption. In addition, the first sharper portion (stage
) as reported [55–57] is not described in the present study due
o fast completion within 1 min. But the values of the intercept of
he plots, C, indicate that some degree of boundary layer control
ay be operating simultaneously in the adsorption process.

.6. Thermodynamic parameters

The dependence of thermodynamic equilibrium constant
Ks) on temperature can be used to estimate thermodynamic
arameters, including the free energy changes (�G◦

ads), stan-
ard enthalpy changes (�H◦

ads) and the entropy changes (�S◦
ads)

ssociated with the adsorption process. It can be calculated by

G◦
ads = −RT ln Ks (11)

n Ks = −�H◦
ads

RT
+ �S◦

ads

R
(12)

The values of Ks are obtained by plotting ln Qe/Ce versus Ce
nd extrapolating to Ce = 0 (Fig. 11) as suggested by Khan and
ingh [60,61]. The plot of ln Ks against 1/T (Fig. 12) yields a
traight line, from which the value of �H◦

ads and �S◦
ads can be

alculated from the slope and intercept, respectively. The results

re listed in Table 3.

The Gibbs free energy change �G◦
ads is in the range of

3.14 to −2.65 kJ/mol, which indicates that the process is
pontaneous. Moreover, based on the decrease in �G◦

ads with

Fig. 12. Plot of ln Ks vs. 1/T.
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ncrease in temperature, it indicates that the presence of an
nergy barrier at high temperature in adsorption. Therefore,
dsorption is less favorable at high temperatures. This is also
erified by the adsorption isotherm studies. The enthalpy change
H◦

ads (−17.91 kJ/mol) of the system is negative and lower
han 40 kJ/mol, indicating that the adsorption of RB K-GL dye
nto EPI-DMA/bentonite is exothermic and physical in nature,
nvolving weak forces of attraction [16,62]. In addition, the neg-
tive standard entropy change (�S◦

ads) value (−49.92 J/mol K)
mplies that the regular degree of the adsorption system
ncreases due to the freedom degree of the adsorbed species
ecrease.

. Conclusion

An alternative method of intercalation, employing ultrason-
cs, was adopted to prepare cationic polyelectrolyte/bentonite
ith EPI-DMA. Compared with raw bentonite, the basal spac-

ng of EPI-DMA/bentonite expands from 12.54 to 16.91 Å and
he hydrophobic nature is improved obviously.

The EPI-DMA/bentonite adsorption capacity for reactive
ye RB K-GL was obviously effected by the pH value of
he solution. The adsorption pattern of RB K-GL dye onto
PI-DMA/bentonite at 23, 28 and 33 ◦C was better described
y the Freundlich and Dubinin–Radushkevich isotherms than
y the Langmiur isotherms. The adsorption capacity of EPI-
MA/bentonite decreased with increasing temperature during

he adsorption process of dye. The Freundlich constant n reflects
hat the EPI-DMA/bentonite is favorable adsorbent for RB K-
L dye. The mean energy of adsorption (E) calculated from the
–R isotherm indicates that the adsorption proceeded with ion

xchange.
Pseudo-first- and second-order kinetic models and intra-

article diffusion kinetic models were developed to study the
inetics of the adsorption process. Both intraparticle diffu-
ion and pseudo-first-order adsorption kinetic were involved up
0 min of adsorption process, whereas the pseudo-second-order
inetic model is suitable for the whole process.

Negative �G◦
ads shows that the adsorption of RB K-GL dye

nto EPI-DMA/bentonite is carried out spontaneously at the
tudied temperatures. Moreover, the decrease in �G◦

ads with
ncrease in temperature suggests that the adsorption is less favor-
ble at high temperatures. The negative enthalpy change �H◦

ads
−17.91 kJ/mol) of the system indicates that the adsorption pro-

ess is exothermic and physical in nature, involving weak forces
f attraction. In addition, the standard entropy change �S◦

ads
s negative, implying a decreased random at the solid/solution
nterface.
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It is concluded that the ultrasonic synthesized EPI-
MA/bentonite is an effective adsorbent for removing RB K-GL
ye from aqueous solution at room temperature. It is a suit-
ble adsorbent, representing environmentally clean utilization
f wastewater.
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