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a b s t r a c t

The iron-pillared bentonite (Fe-Ben) was prepared by ion-exchange using the natural bentonite (GZ-
Ben) from Gaozhou, China, at room temperature without calcination. Both Fe-Ben and GZ-Ben were
characterized by X-ray diffraction, N2 adsorption and Fourier transform infrared spectroscopy. The results
show that the d(0 0 1) value and surface area of the bentonite material increased after iron pillaring. Fe-
Ben adsorbed much more Rhodamine B (RhB) than GZ-Ben, which can be ascribed to the special surface
vailable online 3 December 2010

eywords:
lay
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properties and large surface area of Fe-Ben. The optimum pH value for the adsorption of RhB on Fe-Ben is
5.0. The adsorption of RhB onto Fe-Ben can be well described by the pseudo-second-order kinetic model
and the intraparticle diffusion kinetic model. The adsorption isotherm of RhB onto Fe-Ben matches well
with the Langmuir model.

© 2010 Elsevier B.V. All rights reserved.

hodamine B
dsorption

. Introduction

Dyes and pigments are widely used in the textile, paper, plas-
ic, leather, guest–host liquid crystal displays, solar cells, food and

ineral processing industries. The effluents containing dyes and
igments have been paid great attention in recent years since
hey can cause environmental problems. The removal methods of
yes include physical adsorption, chemical degradation, biological
egradation, photodegradation or the synergic treatments of dif-
erent methods [1–5]. Among them, physical adsorption by clay
dsorbent plays an important role in the removal of dyes and pig-
ents [6,7]. Several researches have shown that natural bentonite

nd iron-pillared bentonite represent the innovative and promis-
ng classes of clay adsorbent materials for removal of dyes. In
eplacing the natural inorganic exchange cations by metal polyhy-
roxy cations, especially by iron polyhydroxy cation, bentonite can
e modified to promote adsorption and degradation of pollutants
8–11].

Rhodamine B (RhB) is a highly water soluble, basic dye of the
anthene class and is widely used in biological, analytical, and

ptical sciences [12]. It is reported that RhB is harmful to the envi-
onment [13]. The removal of this basic dye by bentonite-based
aterials is a promising alternative [14]. In this paper, the iron-

illared bentonite was prepared and the adsorption of RhB onto

∗ Corresponding author. Tel.: +86 20 8711 4099; fax: +86 20 8711 4099.
E-mail address: zhangwd@scut.edu.cn (W.-D. Zhang).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.11.110
the iron-pillared bentonite was investigated. For comparison, the
adsorption of RhB onto the natural bentonite was also investigated.
The adsorption mechanism of RhB on these adsorbents was dis-
cussed.

2. Materials and methods

2.1. The natural bentonite and chemicals

The natural bentonite from Gaozhou in Guangdong province,
China was named as GZ-Ben, which was ground to pass 300 mesh
sieves and then dried at 373 K for 12 h. The chemical composi-
tion of GZ-Ben is summarized in Table 1. The target dye pollutant
rhodamine B (RhB) was obtained from Guangzhou Chemical Co.,
China. Fe(NO3)3

•9H2O, HCl and NaOH were purchased from Shang-
hai Chemical Co., China. All chemicals were of analytical grade and
used as received. In the experiments, deionized water was used for
preparing the solutions and suspensions.

2.2. Preparation of bentonite materials

The iron-pillared bentonite materials were prepared with the
following procedure. Firstly, the pre-dried GZ-Ben was modified

to Na-bentonite using the method reported in reference [14], and
then 5 g Na-bentonite was dispersed into 200 mL deionized water.
Secondly, the pillaring agents were prepared by adding 1.0 M NaOH
into 100 mL, 1.0 M Fe(NO3)3 solution with molar ratio of [Fe]/[OH−]
1:1 under vigorous stirring, and then continued to stir for 24 h fol-

dx.doi.org/10.1016/j.jhazmat.2010.11.110
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhangwd@scut.edu.cn
dx.doi.org/10.1016/j.jhazmat.2010.11.110
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Table 1
The CEC value of GZ-Ben and its main chemical composition.
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The FTIR results of GZ-Ben and Fe-Ben show that Al–OH–Al
stretching band at 3637 cm−1 and bending band at 913 cm−1 should
be characteristic of bentonite (Fig. 2) [19]. Bands at 3412 cm−1

(H–O–H stretching) and 1639 cm−1 (H–O–H bending) contribute
to the adsorbed water. The weak band at 1384 cm−1 of Fe-Ben can

Table 2
The basal spacing d(0 0 1), BET surface area and pore volumes of Fe-Ben and GZ-Ben,
and the removal of RhB onto these adsorbents.
CEC* (meq. per
100 g of bentonite)

SiO2

(%)
Al2O3

(%)
Fe2O3

(%)
TiO2

(%)
MgO
(%)

CaO
(%)

Na2O
(%)

95.48 68.73 14.61 0.63 0.10 4.48 1.11 0.31

owed by aging at 298 K for 2 d. Thirdly, the prepared pillaring agent
f 50 mL was added into the prepared Na-bentonite suspension of
00 mL and aged at 373 K for 2 d, and then the iron-pillared ben-
onite powder was collected, washed by deionized water for several
imes, dried in an oven under air at 305 K for 24 h and ground for
se. The prepared iron-pillared bentonite was named as Fe-Ben.
he iron content of Fe-Ben was up to 12.7%.

.3. Characterization

The X-ray powder diffraction (XRD) measurement was carried
ut by a Rigaku D/max 2500 diffractometer using Cu K� radi-
tion (� = 0.15418 nm); the accelerating voltage was 30 kV and
he emission current was 30 mA. The Fourier transform infra-red
FTIR) spectra were recorded as KBr pellets in the spectral range
000–400 cm−1 on a Perkin–Elmer 1725X FTIR spectrometer. The
pecific surface area and pore distribution of the prepared samples
ere investigated by N2 adsorption using a Micromeritics ASAP

020 instrument.

.4. Adsorption experiments

At the reported optimum pH 7.0 for adsorption of RhB onto
ontmorillonite [14], comparison between Fe-Ben and GZ-Ben for

dsorption of RhB was investigated in the following experiments.
.03 g adsorbent was added into 20 mL solution of 10 mg/L RhB at
H 7.0, and then the mixture was shaken in a glass vial sealed with
eflon-lined screw caps at 298 ± 1 K for 1 h. Then, the suspensions
ere taken and separated by centrifugation at 4500 rpm for 30 min

o get the supernatant for analysis. All the adsorption experiments
ere conducted in dark.

The experiments were also carried out for selecting the opti-
um pH for the adsorption of RhB onto Fe-Ben. The initial pH

alue in the solution of RhB was adjusted by 1.0 M HCl and
.0 M NaOH. 0.03 g adsorbent was added into 200 mL solution
f RhB with the initial concentration of 20 mg/L at different pH
3.0–11.0) and then the mixture was stirred in a flask at 298 ± 1 K
or 10 min. The optimum pH was selected for favoring the adsorp-
ion of RhB and then used in the following kinetic and isotherm
xperiments.

The concentration of RhB was quantified by UV–Visible absorp-
ion spectrophotometry (TU1800-PC, Beijing). The measurements
ere carried out right after each sampling. Reaction solution was
iluted 5 times before recording spectra in the most prominent
bsorbance region. The concentration of RhB in the solution at dif-
erent pH values was determined with the standard curve at the
ame pH value. The pH value was detected by a pH meter (pHS-3,
hanghai, China).

The leaching of iron cation from Fe-Ben during the experiments
nder different pH was monitored colorimetrically according to
he 1,10-phenanthroline method [15] with UV–Visible spectropho-
ometry (TU1800-PC, Beijing).

.5. Adsorption kinetics
The batch experiments were carried out for investigating the
dsorption kinetics of RhB onto Fe-Ben at room temperature under
ifferent conditions, including the initial concentration of RhB
10–50 mg/L) and the Fe-Ben dose (0.075–0.50 g/L). For all exper-
Fig. 1. The XRD patterns of Fe-Ben and GZ-Ben (M: montmorillonite; Qz: quartz).

iments, Fe-Ben was added into the 200 mL solution of RhB at the
optimum pH.

2.6. Adsorption isotherms

Batch experiments were conducted to determine the adsorp-
tion isotherms of RhB in the aqueous solutions as follows: 0.01 g
Fe-Ben was added into 20 mL solution of RhB, and then the mix-
ture was shaken in a glass vial sealed with Teflon-lined screw caps
at 298 ± 1 K for 24 h to reach the adsorption equilibrium at the
optimum pH.

3. Results and discussion

3.1. Characterization of adsorbents

The XRD patterns of GZ-Ben and Fe-Ben were shown in Fig. 1.
For the GZ-Ben, peaks at 2� values of 6.1◦ and 19.8◦ are assigned
to the (0 0 1) and (0 2, 1 1) reflections of montmorillonite [16], and
the peaks at 2� value of 20.8◦ and 26.6◦ are from quartz [17]. After
iron pillaring, the d(0 0 1) reflection for basal spacing of the natural
bentonite shifted from 1.47 nm (GZ-Ben) to 1.51 nm (Fe-Ben). It is
noticed that no new major peaks appeared at 14.2◦ to �-FeOOH,
21.2◦ to �-FeOOH, 26.7◦ to �-FeOOH, 33.2◦ to hematite (Fe2O3)
and 35.4◦ to magnetite (Fe3O4) [18], which suggested that there is
no iron oxides or hydroxides in the Fe-Ben. The BET surface area
and pore volume of the bentonite materials obviously increased
after iron pillaring (Table 2). It can be derived that poly-hydroxyl
ferric intercalated in the interspaces of GZ-Ben and iron-pillared
bentonite (Fe-Ben) of high surface area was prepared successfully
at room temperature.
Materials d(0 0 1)
(nm)

BET (m2/g) Pore volume
(�L/g)

RhB removal (%)

Fe-Ben 1.51 36.8 42 >99
GZ-Ben 1.47 7.5 28 19
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Fig. 2. The FTIR spectra of Fe-Ben and GZ-Ben.

e ascribed to the stretching of NO3
−. The strong band at 1029 cm−1

s assigned to the Si–O–Si stretching vibration. The bands at 797,
97, 518 and 462 cm−1 are attributable to quartz [20].

Table 2 shows that the adsorption of RhB onto Fe-Ben is much
etter than that onto GZ-Ben, which can be attributed to the much

arger surface area and pore volume of Fe-Ben.

.2. Effect of pH on adsorption of RhB onto Fe-Ben

It is well known that the adsorption of dye onto adsorbent is
ighly dependent on the pH value of the solution, which influ-
nces the structure of dye and the surface properties of adsorbent
1,14,21–23]. The experiments were carried out to investigate the
ffect of pH value of the reaction solution on the adsorption of RhB
nto Fe-Ben. At 10 min, the removal of RhB was up to 98%, reach-
ng the highest degree at pH 5.0 in a system containing 20 mg/L
hB and 0.15 g/L Fe-Ben (Fig. 3). The optimum pH for different dyes
eing adsorbed onto different clay adsorbents is various [1,21,24].
ince the structure of RhB at different pH is diverse, its adsorp-
ion is complicated [23]. As for the natural bentonite, a significantly

igh electrostatic attraction exists between the negatively charged
urface of the adsorbent and positively charged dye at pH 7.0 [1].
fter iron pillaring, more surface hydroxyl groups present on the
e-Ben than on natural bentonite. The surface hydroxyl groups of

ig. 3. The effect of pH value on the adsorption of RhB by Fe-Ben at 298 K (RhB:
0 mg/L; Fe-Ben: 0.15 g/L).
aterials 186 (2011) 1118–1123

Fe-Ben are also pH-sensitive. Thus, the optimum pH for the natu-
ral bentonite and iron pillared bentonite is different. The adsorption
mechanism of RhB onto the Fe-Ben at different pH will be discussed
later in details.

The experimental results also show that there was little leaching
of iron cations from Fe-Ben under different pH, so the leaching of
iron cations was omitted in the following experiments. Thus, the
following experiments were conducted at pH 5.0 for the adsorption
of RhB onto the Fe-Ben.

3.3. Adsorption kinetics of RhB

To investigate the effect of different initial concentration of RhB
and different adsorbent dosage on the adsorption kinetics of RhB
by Fe-Ben, a series of adsorption experiments were carried out at
pH 5.0 and 298 K.

The adsorption kinetics can be described by the pseudo-first-
order kinetic model and the pseudo-second-order kinetic model
[1,24]. The pseudo-first-order equation is generally expressed as
Eq. (1):

1
qt

=
(

k1

q1

)(
1
t

)
+ 1

q1
(1)

where q1 and qt are the equilibrium adsorption capacity (mg/g)
and the adsorption capacity at time t, respectively; k1 is the rate
constant of pseudo-first-order adsorption (min−1). The plot of 1/qt

vs. 1/t should give a linear relationship from which k1 and q1 can be
determined from the slope and intercept of the plot, respectively.
The pseudo-second-order equation is expressed as Eq. (2) [1,24]:

t

qt
= 1

k2q2
2

+ 1
q2

t (2)

where q1 and qt are the equilibrium adsorption capacity (mg/g) and
the adsorption capacity at time t, respectively; k2 is the rate con-
stant of pseudo-second-order adsorption kinetic (g/mg min) and
there is a linear relationship between t/qt and t, q2 and k2 can be
determined from the slope and intercept of the plot of t/qt vs. t,
respectively.

The intraparticle diffusion kinetic of RhB onto Fe-Ben was also
investigated with the following model (Eq. (3)) [24]:

qt = kpt0.5 + C (3)
where kp is the intraparticle diffusion rate constant [mg/(g min0.5)],
C is a constant. kp and C can be derived from the plot of qt vs. t0.5.

As shown in Figs. 4 and 5, the adsorption rate of RhB onto Fe-Ben
decreased with the increasing of the initial concentration of RhB

Fig. 4. The effect of initial concentration of RhB on its adsorption onto Fe-Ben at pH
5.0 and 298 K.
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ig. 5. The effect of Fe-Ben dosage on the adsorption of RhB at pH 5.0 and 298 K.

rom 10 mg/L to 50 mg/L, but increased with the increasing of the
osage of adsorbent from 0.075 g/L to 0.50 g/L. The better adsorp-
ion of RhB with lower initial concentration onto Fe-Ben of the
ettled dosage could be attributed to the larger amount of available
noccupied binding sites on the surface of Fe-Ben [25]. Increasing
he dosage of adsorbent at a fixed dye concentration provided more
vailable adsorption sites for dye [21], so the adsorption of RhB onto
e-Ben is better with higher dosage.

The adsorption kinetics of RhB follows the pseudo-second-order
dsorption kinetic model much better than the pseudo-first-order
dsorption kinetic model under different initial concentration of
dsorbate and different adsorbent dosage, which is coincident with
he adsorption of RhB onto montmorillonite [1] or other basic
yes onto clay adsorbents [21,26]. According to the pseudo-second-
rder adsorption kinetic model, the adsorption capacities and the
inetic constants were listed in Table 3. The experimental results
howed that intraparticle diffusion kinetic was also involved in the
dsorption process of RhB onto Fe-Ben and the intraparticle diffu-
ion kinetic constant was also listed in Table 3. It can be seen that the
dsorption capacity and the intraparticle diffusion kinetic constant
f RhB increased but the adsorption kinetic constant decreased
hen the initial concentration of RhB increased from 10 mg/L to

0 mg/L. With the increasing of the dosage of adsorbent, the adsorp-
ion capacity and the intraparticle diffusion kinetic constant of RhB
ecreased whereas the adsorption kinetic constant increased.
.4. Adsorption isotherm of RhB

The adsorption isotherm of RhB was investigated at 298 K for the
esign of adsorption systems. In this study, the Langmuir isotherm
odel and the Freundlich isotherm model were used to fit the

able 3
seudo-first-order and pseudo-second-order adsorption kinetic parameters for RhB onto

Pseudo-first-order kinetic Pseudo-se

q1 (mg/g) k1 (min−1) R2 q2 (mg/g)

RhB C0 (mg/L)

10 40.16 23.33 0.960 40.23
20 79.18 38.37 0.996 79.43
30 108.11 29.01 0.914 113.12
40 134.95 46.13 0.857 140.25
50 160.26 43.29 0.929 166.94

Dose (g/L)

0.075 136.61 17.25 0.953 152.44
0.15 92.25 4.60 0.960 96.43
0.25 79.18 2.06 0.996 79.43
0.50 39.75 0.05 0.970 39.75

omenclature: q1 and q2: the equilibrium adsorption capacities according to pseudo-firs
seudo-first-order rate constant of adsorption (1/min); k2: pseudo-second-order rate con
Fig. 6. The adsorption isotherm of RhB onto Fe-Ben at 298 K.

experimental data of adsorption equilibriums of RhB onto the Fe-
Ben.

Langmuir isotherm model is a monolayer adsorption model,
which can be expressed as Eq. (4) or Eq. (5):

Ce

qe
= 1

qmKL
+ Ce

qm
(4)

1
qe

= 1
CeqmaxKL

+ 1
qmax

(5)

where Ce is the equilibrium concentration of adsorbates in the solu-
tion (mg/L), qe is the equilibrium adsorption amount of adsorbates
(mg/g), qm is the monolayer adsorption capacity of adsorbents for
adsorption of adsorbates in the experiments (mg/g), and KL is the
Langmuir adsorption equilibrium constant (L/mg). The qm and KL
can be determined by the intercept and the slope of the linear plot
of Ce/qe versus Ce, respectively.

Different from Langmuir isotherm, Freundlich isotherm is char-
acterized by a heterogeneity factor of 1/n, describing reversible
adsorption, and is not restricted to the formation of the monolayer.
Freundlich equation can be expressed as Eq. (6).

qe = KFC1/n
e (6)

where qe is the equilibrium adsorption amount of adsorbates
(mg/g), KF is the Freundilich adsorption equilibrium constant
((mg/g)(mg/L)n), Ce is the equilibrium concentration of adsorbates

in the solution (mg/L), 1/n is the heterogeneity factor. Eq. (6) can
be rearranged in a linear form as Eq. (7). KF can be determined by
the intercept of ln qe versus ln Ce.

ln qe = ln KF + 1
n

ln Ce (7)

Fe-Ben.

cond-order kinetic Intraparticle diffusion kinetic

k2 (10−3 g/mg min) R2 kp (mg/g min1/2) C (mg/g) R2

14.06 0.999 0.74 33.14 0.841
5.76 0.999 1.67 63.20 0.859
1.54 0.998 4.22 68.99 0.980
1.54 0.999 4.51 93.64 0.966
1.08 0.998 6.14 103.14 0.975
0.27 0.982 11.25 19.05 0.971
1.55 0.998 3.99 54.40 0.971
5.76 0.999 1.67 63.20 0.859

614.59 1 0.02 39.53 0.747

t-order kinetic and pseudo-second-order kinetic models, respectively (mg/g); k1:
stant of adsorption (10−3 g/mg min); R2: relative coefficient.
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Fig. 7. Different stru

Table 4
Langmuir and Freundilich model parameters for RhB onto Fe-Ben.

Langmuir model Freundilich model

R2 = 0.9613 R2 = 0.8540
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qmax (mg/g) KL (L/mg) KF ((mg/g)(mg/L)n) n

98.62 3.63 57.1 2.06

Fig. 6 shows the adsorption isotherm of RhB onto Fe-Ben. Table 4
ummarizes the parameters for two isotherm models from the
xperimental results. It can be seen that the adsorption isotherm
f RhB fits Langmuir isotherm model much better than Freundlich
sotherm model, which can be ascribed to the effective mono-
ayer chemisorption of RhB onto Fe-Ben. According to the Langmuir
sotherm model, the adsorption equilibrium constant (KL) for the
dsorption of RhB onto Fe-Ben was 3.63 L/mg and the monolayer
dsorption capacity (qm) was 98.62 mg/g. Since Fe-Ben can adsorb
hB easily and quickly at room temperature, the dependence of
dsorption of RhB onto Fe-Ben on the temperature was omitted in
his paper.

.5. Adsorption mechanism of RhB

Rhodamine B is a kind of a xanthene dye (Fig. 7). The solvents, its
oncentration, pH value of the solutions and the surface properties
f the adsorbents significantly influence the properties of RhB.

RhB forms three kinds of protonated species with different
harges: the zwitterion (RhB±) and the positively charged species,
hBH+ and RhBH2

2+ [23,27]. They respectively predominate at
H values >4.0, in the pH range 1.0–3.0 and pH < 1.0 [27,28]. The

ncrease in competition for adsorption sites by H+ [1] could be
resent at much lower pH value of the reaction solution, which

eads to lower adsorption capacity of RhB onto Fe-Ben at pH 3.0
han that at pH 5.0. The basic form and lactone form of RhB in the
olutions of higher pH values are predominant, which are unfavor-
ble for their adsorption onto adsorbents [1,22]. Thus, pH 5.0 is the
ptimal pH value for the adsorption of RhB onto the Fe-Ben.

Since there was little leaching of iron from Fe-Ben under dif-
erent pH, it can be deduced that Fe-Ben is very stable, which can
e further used as a promising catalyst to degrade and mineralize
rganic contaminants [29,30]. The research on the adsorption of
hB onto Fe-Ben might be favorable for investigating the catalytic
egradation of RhB on Fe-Ben in the future.

. Conclusions

The iron-pillared bentonite can be prepared at room tempera-

ure and it is a more effective adsorbent for removal of RhB than the
atural bentonite. The specific surface area of bentonite increased
reatly after iron pillaring. The pH value of the reaction solution
ignificantly influences the adsorption of RhB onto Fe-Ben and pH
.0 was found to be the most favorable for the adsorption of RhB

[

[

ctures of RhB.

onto the Fe-Ben through acid-base chemisorption. The adsorption
capacity of RhB onto Fe-Ben increased when increasing the initial
concentration of RhB. The work provides new sight for developing
novel adsorbents and catalysts to remove RhB.
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