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Abstract

In this study, the cationic polyelectrolyte polyepicholorohydrin-dimethylamine (EPI-DMA) was intercalated into bentonite using ultrasonic.
The structure of EPI-DMA/bentonite and its adsorption of Reactive Blue K-GL (RB K-GL) dye were investigated. Compared with raw bentonite,
the EPI-DMA/bentonite had larger interlayer spacing and was more hydrophobic, providing with better surface properties for adsorption. The
adsorption of RB K-GL on EPI-DMA/bentonite was described by the adsorption models of Langmuir, Freundlich and Dubinin—Radushkevic. The
adsorption kinetics was analyzed using pseudo-first- and second-order kinetic models and intraparticle diffusion model. Results showed that both
the intraparticle diffusion and first-order adsorption occur in the initial period of adsorption, and that pseudo-second-order kinetic model was more
suitable for describing the whole adsorption process. The reaction rates were also calculated. The changes of free energy, enthalpy and entropy of
adsorption were evaluated for the adsorption of RB K-GL onto EPI-DMA/bentonite, suggesting that the adsorption process was spontaneous and

exothermic.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Various types of dyes appear in wastewater effluents from
textiles, printing, and dyestuffs, as well as the food and paper-
making industries. Water-soluble anionic dyes—reactive dyes
are the most commonly dyes used for application ease, bright
colors, and excellent colorfastness [1,2]. It is estimated that
10-20% of reactive dye remains in wastewater during produc-
tion and nearly 50% of reactive dyes may be lost to the effluents
during dyeing process [3,4], due to its high water-solubility.
Reactive dyes are typically azo-based chromophores combined
with different types of reactive groups, primarily based on substi-
tuted aromatic and heterocyclic groups [5]. Many reactive dyes
are toxic to some organisms and hence harmful to aquatic ani-
mals [6]. Furthermore, some dyes and their reaction products,
such as aromatic amines, possess high carcinogenicity [4].
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The removal of dyes before the disposal of wastew-
ater is necessary. Due to poor biodegredation of dyes,
especially those containing azo-groups, under aerobic con-
ditions [7], a conventional biological wastewater treatment
process is not suitable [4]. Therefore, investigations have
been conducted for different approaches such as adsorption,
oxidation—ozonation, coagulation—flocculation, membrane pro-
cesses, etc. [5,8]. Adsorption is one of the most efficient
processes to remove dyes from wastewater, which provides an
alternative treatment, especially if the adsorbent is cheap and
widely available [9]. Activated carbon is the most widely used
adsorbent for industrial applications, but it is expensive for each
adsorption cycle [10,11]. Therefore, it is important to find less
expensive, more efficient, and locally available materials for the
removal of color from wastewaters.

Clays [12,13] especially chemically modified clays
[11,14-16] have been identified as an innovative and promising
class of adsorbent materials for this purpose. Bentonite is a clay
mineral, which is mainly composed of montmorillonite. It is a
2:1 type aluminosilicate, which unit layer structure consists of
one A13* octahedral sheet placed between two Si**tetrahedral
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sheets. Replacing the exchangeable inorganic cations (e.g.

a*t, Ca?*, H*) on the internal and external surfaces of
montmorillonite with organic cations, enhances the adsorption
capacity as the bentonite surfaces change from hydrophilic
to hydrophobic [17]. Therefore, organophilic bentonite has
been used extensively for a wide variety of environmental
applications [18].

In addition, both the advances in the preparation method and
the increase of the kinds of organic cations promote the devel-
opment of organobentonite as adsorbents for environmental and
economical purposes [19,20]. Recently, sonochemical cavitation
exerted by ultrasound has become a method of concentrating
the diffuse energy of sound to prepare novel materials [21]. As
a result, the intercalation of compounds into layered inorganic
solids using ultrasonic has attracted the researchers’ attention
greatly [21,22]. Moreover, cationic polyelectrolytes, which are
suitable for rendering clays more hydrophobic to remove hydro-
carbon from water, also broaden the range of organobentonite
[19,23]. Previous studies showed that cationic polyelec-
trolyte/bentonite complexes could not only make bentonite more
hydrophobic but also develop a net positive charge [23-25],
which would be suitable to remove negatively charged pol-
lutants from wastewater. Polyepicholorohydrin-dimethylamine
(EPI-DMA), which is a new effectively water-soluble cationic
polyelectrolyte with amidocyanogen and ammonium ion [26],
has the potential to fulfill the main requirements for preparing
organophilic bentonite. Our previous study also indicated that
cationic polyelectrolyte/bentonite prepared by EPI-DMA is a
good adsorbent for disperse dyes [27,28].

Many previous studies have been carried out to investigate
the adsorption of anionic dyes onto organobentonite. However,
the adsorption of an anionic reactive dye, such as Reactive Blue
K-GL (RB K-GL), onto cationic polyelectrolyte/bentonite has
not been examined. Thus, in present work, a new adsorbent, EPI-
DMA cationic polyelectrolyte/bentonite (EPI-DMA/bentonite),
was prepared using ultrasonic technique. Also investigated in
this study is the possibility of the adsorbent for removal of RB
K-GL dye from aqueous solution by adsorption method. Batch
isotherm and kinetic experiments were performed and modeled
by different isotherm equations and kinetic equations. The cal-
culated thermodynamic parameters from the isotherm constant
were used to explain the nature of adsorption.

2. Materials and methods
2.1. Materials

The dye used in this study is Reactive Blue K-GL (RB K-
GL) (Color Index number 18245), obtained from Bin Zhou Dye
Printing Co. (Shandong, China). The chemical structure of RB
K-GL is depicted in Fig. 1la, where “CuPc” is the abbrevia-
tion of “copper phthalocyanine” and its structure is shown in
Fig. 1b. Absorbance values were recorded at the corresponding
maximum absorbance wavelength 597 nm.

The Na'*-exchanged form of bentonite used in this study
was obtained from the city of Weifang in Shandong, China. It
contains about 95% montmorillonite with the chemical com-

(SO,NH,)x SO,Na

CuF’C<{SO NHCH,CH NH{ fNH )Y

(SO,Na)z \I/ SO,Na
Cl
x+y+z=3.5~4
(a) Chemical structure of RB K-GL
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Chemical structure of “CuPc”

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

position of 69.32% SiO;, 14.27% Al,03, 1.99% CaO, 2.69%
MgO, 1.84% Fe;03, 1.85% Nay0, 1.38% K,O as reported by
the supplier. The cation exchange capacity (CEC) of the clay,
measured by the methylene blue method [29], was 700 mmol/kg.

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

CH, or-
.cr .
~fH,c—N ~CH,CHOHCH,~N™(CH,),CH,CHOH T,
CH,CHOHCH;—

where the value of 7 is in the range of 400-600.

2.2. Preparation of EPI-DMA/bentonite

To prepare the cationic polyelectrolyte/bentonite, about 20 g
of oven-dried clay was directly added to 100 ml solution con-
taining the respective EPI-DMA equal to twice of the cation
exchange capacity of the bentonite. Then, the whole mass was
ultrasonicated at room temperature for 30 min with the help
of an ultrasonic bath (KQ3200E, China, 40kHz). The com-
plex was separated from the mixture by vacuum filtering and
washing several times with deionized water. The cationic poly-
electrolyte/bentonite complex was dried at 60 °C in an oven and
activated for 1 h at 105 °C, and then stored for further use. This
modified bentonite is designated as EPI-DMA/bentonite.

Furthermore, in order to eliminate the effect of water on
the basal spacing of bentonite, we prepared water-washed ben-
tonite at the same condition with that of the EPI-DMA/bentonite
preparation. The experiment condition was as follows.

About 20 g of oven-dried clay was directly added to 100 ml
deionized water. Then, the whole mass was ultrasonicated at
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room temperature for 30 min with the help of an ultrasonic bath.
The bentonite was separated from the mixture by vacuum filter-
ing, dried at 60 °C in an oven and activated for 1 h at 105°C.
This bentonite is designated as water-washed bentonite.

The clay samples were analyzed by X-ray powder diffraction
using a D/max-RB diffractometer with Cu Ko radiation. TGA
thermograms of Na-bentonite and EPI-DMA/bentonite were
recorded at a heating rate of 10 °C/min up to 800 °C under N»
condition using a SDT Q600 (TA Co., USA) thermogravimetric
analyzer in the range 10-800 °C.

2.3. Adsorption experiments

The adsorption experiments were carried out by using a
sample having 0.1 g of EPI-DMA/bentonite and 100 ml of dye
solution in 250 ml flasks and shaking on a horizontal shaker. The
pH experiments were conducted with 50 mg/1 of dye solutions at
296 K for 2 h. The pH was carefully adjusted between 1 and 13,
adding a small amount of dilute HC] or NaOH solution using a
pH meter. In the highly pHs (pH > 9) experiments, the accumu-
lated and sedimentated dye was filtrated before the adsorption.
The solutions initial pH value was used throughout all adsorption
experiments, which were performed at various initial concen-
trations (0-100 mg/1), time intervals and temperatures (23, 28
and 33°C) to determine the adsorption equilibrium time and
the maximum adsorption amount of dye. The solution was fil-
tered and then analyzed quantitatively. The dye concentration in
the clear supernatant was then determined by spectrophotomet-
ric method. All measurements were recorded at the wavelength
corresponding to maximum absorbance, Amax, Which is 597 nm
for RB K-GL, using spectrophotometer (UV-754). The repro-
ducibility during concentration measurements was ensured by
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Fig. 2. XRD patterns of raw bentonite, water-washed bentonite and EPI-
DMA /bentonite.

kinetics study at different temperatures (23, 28 and 33 °C), and
the adsorption amount was determined at different time intervals.

3. Results and discussion
3.1. XRD analysis of EPI-DMA/bentonite

X-ray diffraction analysis was performed to investigate the
effects of intercalary molecular on the basal spacing of ben-
tonite. The variation in the basal spacing of bentonite structure
resulting from intercalation process is a strong indicator of the
extent of intercalary molecular reaching the interlamellar sorp-
tion sites [30]. The exchangeable inorganic cations (e.g. Na*,
Ca2*, H*) on the internal and external surfaces of bentonite could
be replaced by the amidocyanogen of EPI-DMA to form EPI-
DMA/bentonite and the process can be explained as follows:

ClI-

+ Cl - +
—J H,C—N" =CH,CHOHCH,~ N—(CH,),CH,CHOH}-
CH,CHOHCH;~

| + —
—> —H,C—N (CHy)—CH,CHOHCH, N~ (CH,),CH,CHOHT, [cr], + nNa*
CH,CHOHCH—

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

V(Co — Ce)
0= W ey
where Cy and C, are the initial and equilibrium concentrations
(mg/1), respectively, V the volume of dye solution (ml) and W is
the weight (g) of EPI-DMA/bentonite adsorbent.

The study of adsorption isotherms was performed using dye
solution at various concentrations for 2 h to allow attainment of
equilibrium at constant temperatures of 23, 28 and 33 °C. The
initial concentration of 50 mg/l dye solution was selected for the

The characterisation and the intercalation process were
also reported by Breen [31]. In the case of our study, we
also had reported the formation and characteristics of EPI-
DMA/bentonite complexes [32].

In this study, all the samples used for XRD analysis were dried
at 105 °C, which ensured the desorption of physically adsorbed
water of the surface layer. Then basal spacing of each sample
was calculated using Bragg’s law:

2d sin 0 = m 2)

where d is the basal spacing (A), 6 the angle of diffraction (°), A
the wavelength (nm), and m is the path differences between the
reflected waves which equals an integral number of wavelengths
(A). The XRD patterns of the raw bentonite, water-washed ben-
tonite and EPI-DMA/bentonite sample are shown in Fig. 2.
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Fig. 3. TGA thermograms of raw benonite (a) and EPI-DMA/benonite (b).

The 26 peaks for air-dried raw, water washed and EPI-
DMA/bentonite were 7.23°, 6.28° and 5.36°. The calculated
basal spacing of the samples according to the 26 peaks were
12.54, 13.69 and 16.91 A, respectively. This observation sug-
gested that EPI-DMA molecules intercalated into the interlayers
of bentonite and the interlayer space was extended.

3.2. TGA analysis

In order to obtain further evidence for the intercalation
of EPI-DMA cationic polyelectrolyte into the silicate lattice,
TGA diagrams were recorded. The TGA plots of raw and
EPI-DMA/bentonite are shown in Fig. 3. For raw bentonite,
the TGA diagram exhibited mass losses of 8.738% below
100 °C, which could be attributed to the desorption of physi-
cally adsorbed water of the surface layer; 4.627% losses in the
range of 500-700 °C, which could be attributed to the dehy-
droxylation of the aluminosilicate layer. The mass losses of
EPI-DMA/bentonite sample were 3.409% below 243 °C for
the desorption of physically adsorbed water and 13.60% at
243-670 °C for both the decomposition of polyelectrolyte inter-
calated in the layers and the dehydroxylation of the clay layers.

3.3. Effect of solution pH

The pH value of the solution, which affects the surface charge
of the adsorbent and the degree of speciation of adsorbate [11],
was an important controlling parameter in the adsorption pro-
cess. The adsorption of RB K-GL onto EPI-DMA/bentonite was
carried out to examine the effect of pH (in a range of 1-13). As
can be seen in Fig. 4, the adsorption capacity of RB K-GL onto
EPI-DMA/bentonite decreases significantly with increase the
of pH. The RB K-GL dye is reactive dyestuft. There are —-SO3™
groups in its structure. In the dye-EPI-DMA/bentonite adsorp-
tion system, at strongly acidic pHs, the protonation of —SO3~
groups increases and more —SO3Na of dye molecule exists as
—SO3H, which can react with the amidocyanogens of EPI-DMA
to form —NH?>* SO;~ or=NH* SO;~ [33]. In addition_accord-
ing to the theory of Lewis acidic and basic, at low pH values, the

50 =
45 4
40

354

Q (mg/g)
n

301
25

201
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Fig. 4. Effect of pH on adsorption of RB K-GL onto EPI-DMA/bentonite.

dye bears strong negative charge due to the increases of the pro-
tonation of —-SO3 ™ groups [5,34,35], thereby a significantly high
electrostatic attraction existing between the positively charged
adsorption sites and the negatively charged dyes [36]. As aresult,
the adsorption of reactive dye anions onto EPI-DMA/bentonite
is significantly enhanced. But as the pH of the system increases,
the protonation of —SO3 ™~ groups decreases and consequently the
negative charge of reactive dye decreases. In strongly alkaline
pHs (pH >9), the positive charge of adsorbent surface decrease
and the adsorbent surface becomes negatively charged. There
exit the ionic repulsion between the negatively charged surface
and the anionic dye molecules, due to the abundance of OH™ and
consequently the adsorption decreases. Also, at higher pH, there
are no exchangeable anions on the outer surface of the adsorbent,
thereby causing an adsorption decrease [12,16,37,38].

3.4. Adsorption isotherms

Several models are available to describe experimental data
of adsorption isotherms. Three important isotherms, namely the
Freundlich, Langmuir and Dubinin—Radushkevich isotherms,
are the most frequently employed models. In this work, the data
obtained from the adsorption experiments using RB K-GL at
concentrations between 0 and 100 mg/l, the temperatures of 23,
28 and 33 °C, and at the dye solution initial pH were described
with all the three models.

The Freundlich isotherm, which is an empirical equation
employed to describe heterogeneous systems, was found to
describe the equilibrium data well [39]. The equation for the
linear fitting is

1
In Qe =In K+ — In C¢ 3
n

where C. and Q. are the adsorbate equilibrium concentrations
in the liquid (mg/1) and solid phases (mg/g), Kr (mg/g)(1/mg)!/"
and n is the Freundlich constant related to adsorption capacity
and adsorption intensity of the adsorbent, respectively. The val-
ues of Kr and n can be obtained from the intercept and slope,
respectively, of the linear plot of experimental data of In Q.
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Fig. 5. The Freundlich isotherms for RB K-GL adsorption onto EPI-
DMA/bentonite.

versus In C.. Fig. 5 shows the Freundlich linear plots for the
temperatures of 23, 28 and 33 °C.

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

A ( 1 ) 1 @
Oe QO QOKL Ce
where Q° is the maximum adsorption capacity according to
Langmuir monolayer adsorption (mg/g), and K, is the con-
stant according to the Langmuir model (I/mg). The plots of
1/Q. versus 1/C, for the adsorption of RB K-GL onto EPI-
DMA/bentonite at various temperatures (Fig. 6) give straight
lines with a slope of 1/Q°K; and an intercept of 1/Q°.

To distinguish the mechanisms involved in RB K-GL dye
uptake by EPI-DMA/bentonite, the Dubinin—Radushkevitch
(D-R) isotherm model was applied, which does not require
an assumption of a homogeneous surface or constant adsorp-
tion potential [11]. It is based on the Polanyi theory [41,42]. Its
widely used linear form is expressed as

In Q¢ =In Oy, — Be? )

where Oy, is the theoretical saturation capacity (mg/g), § the
constant related to the adsorption energy (mol?/kJ?), and ¢ is the
Polanyi potential, which is equal to —RT In(1 + 1/C). The plot
of In Q versus &2 gives B and Qp, from the slope and intercept,
respectively. The D-R isotherm for RB K-GL adsorption onto
EPI-DMA/bentonite at three different temperatures are shown
in Fig. 7.

The parameters correlating with Langmuir, Freundlich and
D-R models for the adsorption of RB K-GL onto EPI-
DMA/bentonite are listed in Table 1. Applicability of the
isotherm equations was always compared by judging the correla-
tion coefficients, 12 [16,41,43—47]. The equilibrium adsorption
data obtained at the three temperatures are better represented by
the Freundlich and D—R isotherm models with higher correlation
coefficients in a range of 0.994-0.997 and 0.998-0.999, respec-
tively, whereas the correlation coefficients for the Langmuir

100
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Fig. 6. The adsorption isotherms (a) and Langmuir isotherms (b) for RB K-GL
adsorption onto EPI-DMA/bentonite.

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].

-9.0
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—— Linear fit of experimental data
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Fig. 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
TC0O) Freundlich
1/n K (x10% (mg/g) (I/mg)''™) 2 AS.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 35
T (°C) Langmuir
0° (mg/g) Ki (I/mg) 2 AS.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
Om (mg/g) B (x10°mol?/kJ?) EImol) rd ,  ASE. (%)
23 309.67 2.75 13.48 0998 34
28 299.70 2.64 13.76 0999 32
33 266.74 2.48 13.98 0998 34

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

From the D-R model, the adsorption mean free energy
[E=(—2B)""2], which is the energy required to transfer one
mole of the adsorbate from solution to the surface of solid, was
determined to evaluate the nature of interaction between the
dye and the binding sites. As seen in Table 1, the values of E
of RB K-GL dye adsorption onto EPI-DMA/bentonite at 23,
28 and 33°C are 13.48, 13.76 and 13.98 kJ/mol, respectively,
suggesting that the adsorption proceeded by ion exchange
(E=8-16kJ/mol) [49] and the adsorption process can be
explained as follows:

bentonite cr
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Fig. 8. Pseudo-first-order kinetic plots for RB K-GL adsorption onto EPI-
DMA/bentonite ((a) whole adsorption process and (b) two steps adsorption
process).

chemical reaction, experimental data related to the adsorption
of RB K-GL onto EPI-DMA/bentonite at different temperatures
were applied to several kinetic models including the pseudo-
first-order equation, the pseudo-second-order equation and the
intraparticle diffusion equation.

The pseudo-first-order kinetic model may be described by a
differential equation

| . )
—fH,c—N (CH;)—CH,CHOHCH,~N—(CH,),CH,CHOHT-, + nDyesSO;

CH,CHOHCH;~

bentonite s O; Dye

| ) _
—> —JH,C—N (CH)~CH,CHOHCH,"N—(C H,),CH,CHOH T +nci

CH,CHOHCH;~

3.5. Adsorption kinetics

In order to investigate the controlling mechanism of the
adsorption process, such as mass transfer, diffusion control and

401

o =@ 00 (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
01 (mg/g) ki (x10° min~1) 2 kia (x10% min—!) . kip (x10% min—!) 2 AS.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 33
T (°C) Qe (mg/g) Pseudo-second-order model
ks (x10*g/(mg min)) 0> (mg/g) h (mg/min g) r% AS.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 min2) r12m.1 kint2 (mg/g min'2) r12m,2 AS.E. (%)
23 5.39 0.985 0.78 0.997 3.0
28 5.23 0.992 0.96 0.985 4.7
33 5.00 0.990 0.98 0.987 43

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

In(Q1 — Q) =In Q1 — kit N

where kj is the equilibrium rate constant of pseudo-first-order
adsorption (min~!), @ and Q; are the amounts of dyes adsorbed
at equilibrium and at time ¢ (mg/g), respectively. The plot of
In(Q1 — Qy) versus t gives a straight line, from which k1 and Q;
can be determined using the slope and intercept (Fig. 8a). All
the calculated values under different temperatures are given in
Table 2. However, in many cases the first-order kinetic model
could not describe the whole range of adsorption time well with
only one adsorption rate constant [39,50]. The plots in Fig. 8b
indicate that two steps with two different k1, and ki, are tak-
ing place. It is noted that the magnitude of ki, in all cases is
much smaller than k1,. Biswas and Chattoraj [51] have studied
the adsorption kinetics of surfactants at solid—liquid interfaces,
which were found to possess two steps with two rate constants. In
the case of our study about the kinetics of disperse dyes adsorp-
tion at cationic polymer/bentonite surface, it was also found the
two adsorption steps [52]. Similarly, for the case of adsorption
of RB K-GL on EPI-DMA/bentonite, it could be explained that
after some initial progress of adsorption with time, the surface
of bentonite becomes crowded with adsorbed molecules of dye
attached to its active spots with random orientations. After a
certain elapse of time, the crowded molecules tend to orient in
regular fashion, which may result in the creation of more vacant
spaces for further adsorption of dye from the bulk to the surface
[51]. Thereby, the adsorption process with two steps occurs. But
this second process is much slower than the first process.

The pseudo-second-order equation, which is also based on
the adsorption capacity of the solid phase, describes the process
over the whole period of adsorption. This can be explained by the
adsorption mechanism, which involves valency forces through
sharing or exchange of electrons between dye anions and adsor-

bent [47]. The pseudo-second-order adsorption can be obtained
from the following analysis:
do;

. =02 - 0,)? 8)

Integrating Eq. (8) and considering Q;=0 at =0, a linear
form is obtained

t_1+t
0 k03 O

where kj is the equilibrium rate constant of pseudo-second-order
adsorption (g/mg min) and Q» is the equilibrium adsorption
amount (mg/g) for the pseudo-second-order adsorption. Values
of 0 and kj are calculated from the slope and intercept of the
plots of #/Q; against ¢ (Fig. 9) and shown in Table 2 for compar-
ison with the pseudo-first-order kinetic parameters. The initial
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Fig. 9. Pseudo-second-order kinetic plots for RB K-GL adsorption onto EPI-
DMA/bentonite.
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adsorption rate h (h = k3 Q%) (mg/(g min)) [50,53] is also list in
Table 2.

From the results in Table 2, the pseudo-second-order kinetic
model could also describe the whole adsorption processes. In
addition, the calculated Q» values for second-order also agree
very well with the experimental Q values when comparing with
the calculated Q1 values for the first-order model.

The values of the calculated adsorption capacity of EPI-
DMA /bentonite at equilibrium for RB K-GL, Q;, drop from
52.33 to 47.92mg/g, but the pseudo-second-order rate con-
stants, k>, show a steady increase from 5.26 x 107% to
5.93 x 10~* g/(mg min) with the temperature increasing from 23
to 33 °C. These suggest that high temperature does not favor the
increase of adsorption capacity but can accelerate the adsorption
processing. The results also indicate that the mechanism associ-
ated with the adsorption of RB K-GL onto EPI-DMA/bentonite
involves a physical process, according to Ho and McKay [54]
who report that in conventional physisorption systems, increas-
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Fig. 10. Intraparticle diffusion plots for RB K-GL adsorption onto EPI-
DMA/bentonite ((a) whole adsorption process and (b) two steps adsorption
process).

ing temperature usually decreases the equilibrium capacity, but
increases the adsorption rate of approach to equilibrium.

Adsorption kinetics is usually controlled by different mecha-
nisms. The pseudo-first-order and pseudo-second-order kinetic
models cannot identify the diffusion mechanism. The possibility
of intraparticle diffusion is examined by using the intraparticle
diffusion model:

0 = kint® + C (10)

where ki is the intraparticle diffusion rate constant
(mg/(g min'/?)), QO the amount of dye adsorbed at time ¢ (mg/g)
and C is the constant, which is proportional to the boundary
layer thickness. Such process may include a first sharper portion
(stage 1) attributed to boundary layer diffusion or the external
diffusion; a surface adsorption stage (stage 2), which is a grad-
ual adsorption stage due to intraparticle diffusion; and followed
by a final equilibrium stage (stage 3) where intraparticle diffu-
sion slows down due to the low concentrations in the solution
[55-57].

The plot of Q; versus would result in a linear relation-
ship with a slope of kjn; and an intercept of C when adsorption
mechanism follows the intraparticle diffusion process. If this
line passed through the origin, the particle diffusion would be
the controlling step [58]. Otherwise, the intraparticle diffusion
is not the only rate-controlling step but some degree of bound-
ary layer diffusion also control the adsorption. Moreover, other
adsorption kinetic processes may be operating simultaneously.

According to Ozacar and Sengil [57], in the case of intra-
particle diffusion model, the plots can present a multi-linearity
(Fig. 10b), indicating that two steps with two different kin,; and
kint2 are taking place. Based on the former discussion about the
pseudo-first-order kinetic model, it can be found that all the plots
indicate the same general features, initial linear portion (stage
2, 1-60 min) where both intraparticle diffusion and first-order
kinetics reaction occur [59], followed by a plateau (stage 3, after
60 min), where the intra-particle diffusion and first-order reac-
tion slow down. In addition, the calculated values of intraparticle
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Fig. 11. Plots of In(Q./C¢) vs. C. at different temperatures.
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Table 3

Thermodynamic parameters for adsorption of RB K-GL dye onto EPI-DMA/bentonite

T(°C) K (kg™h) AGy,, (kl/mol) AHZ, (kJ/mol) AS;, (J/mol K) AS.E. (%)
23 3583.82 —3.14 5.0

28 3117.06 —2.86 —17.91 —49.92 4.8

33 2818.74 —2.65 45

diffusion rate constants, kin¢,; and kinc 2 for two adsorption steps,
which have better correlation coefficients (riznll and rizml) than
kine for the whole adsorption process does, also agree with the
two steps adsorption. In addition, the first sharper portion (stage
1) as reported [55-57] is not described in the present study due
to fast completion within 1 min. But the values of the intercept of
the plots, C, indicate that some degree of boundary layer control
may be operating simultaneously in the adsorption process.

3.6. Thermodynamic parameters

The dependence of thermodynamic equilibrium constant
(Ks) on temperature can be used to estimate thermodynamic
parameters, including the free energy changes (AGy,,), stan-
dard enthalpy changes (A H, ) and the entropy changes (A S )
associated with the adsorption process. It can be calculated by

AGSy = —RT In K, (11)
AH; AS?

In Ky = — ads ads (12)
RT R

The values of K are obtained by plotting In Q./C, versus C,
and extrapolating to C. =0 (Fig. 11) as suggested by Khan and
Singh [60,61]. The plot of In K against 1/T (Fig. 12) yields a
straight line, from which the value of AHg, and ASZ,, can be
calculated from the slope and intercept, respectively. The results
are listed in Table 3.

The Gibbs free energy change AGy, is in the range of
—3.14 to —2.65kJ/mol, which indicates that the process is

spontaneous. Moreover, based on the decrease in AG,,;, with
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Fig. 12. Plot of In K vs. 1/T.

increase in temperature, it indicates that the presence of an
energy barrier at high temperature in adsorption. Therefore,
adsorption is less favorable at high temperatures. This is also
verified by the adsorption isotherm studies. The enthalpy change
AHG, (—17.91kJ/mol) of the system is negative and lower
than 40 kJ/mol, indicating that the adsorption of RB K-GL dye
onto EPI-DMA/bentonite is exothermic and physical in nature,
involving weak forces of attraction [16,62]. In addition, the neg-
ative standard entropy change (A Sg; ) value (—49.92 J/mol K)
implies that the regular degree of the adsorption system
increases due to the freedom degree of the adsorbed species
decrease.

4. Conclusion

An alternative method of intercalation, employing ultrason-
ics, was adopted to prepare cationic polyelectrolyte/bentonite
with EPI-DMA. Compared with raw bentonite, the basal spac-
ing of EPI-DMA/bentonite expands from 12.54 to 16.91 A and
the hydrophobic nature is improved obviously.

The EPI-DMA/bentonite adsorption capacity for reactive
dye RB K-GL was obviously effected by the pH value of
the solution. The adsorption pattern of RB K-GL dye onto
EPI-DMA /bentonite at 23, 28 and 33 °C was better described
by the Freundlich and Dubinin—Radushkevich isotherms than
by the Langmiur isotherms. The adsorption capacity of EPI-
DMA/bentonite decreased with increasing temperature during
the adsorption process of dye. The Freundlich constant n reflects
that the EPI-DMA/bentonite is favorable adsorbent for RB K-
GL dye. The mean energy of adsorption (E) calculated from the
D-R isotherm indicates that the adsorption proceeded with ion
exchange.

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

particle diffusion kinetic models were developed to study the
kinetics of the adsorption process. Both intraparticle diffu-
sion and pseudo-first-order adsorption kinetic were involved up
60 min of adsorption process, whereas the pseudo-second-order
kinetic model is suitable for the whole process.
Negative AG,,, shows that the adsorption of RB K-GL dye
onto EPI-DMA/bentonite is carried out spontaneously at the
studied temperatures. Moreover, the decrease in AGyy, with
increase in temperature suggests that the adsorption is less favor-
able at high temperatures. The negative enthalpy change A H
(—17.91 kJ/mol) of the system indicates that the adsorption pro-
cess is exothermic and physical in nature, involving weak forces
of attraction. In addition, the standard entropy change ASZ;
is negative, implying a decreased random at the solid/solution
interface.
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It is concluded that the ultrasonic synthesized EPI-
DMA/bentonite is an effective adsorbent for removing RB K-GL
dye from aqueous solution at room temperature. It is a suit-
able adsorbent, representing environmentally clean utilization
of wastewater.
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