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a  b  s  t  r  a  c  t

In  order  to  increase  the  adsorption  capacity  of  cationic  starch  and  avoid  the  loss  of  cationic  groups,  novel
and  cost-effective  cationic  starch  (CS)  intercalated  clay  composite  matrix  was  prepared  by  controlling
the  weight  ratio  of  clay  and  CS.  Intercalated  microstructure  of  the  composite  matrix  was  characterized
by  FTIR  and  XRD,  respectively.  Reactive  dye  (brilliant  blue  X-BR)  was  used  to study  adsorption  behav-
iors  of the  matrix  under  various  parameters  such  as weight  ratio  of  clay  to CS,  initial  dye  concentration,
eywords:
ationic starch
omposite matrix
rilliant blue X-BR
dsorption

contact  time  and temperature.  Adsorption  equilibrium,  thermodynamics  and  kinetics  models  were  fur-
ther investigated.  The  results  showed  that  the adsorption  capacity  increased  greatly  with  increasing  the
weight  ratio  of  clay  to CS  from  0.1  to  0.2, and  then  decreased  when  the  weight  ratio  up to  0.3.  The  adsorp-
tion  isotherm  fitted  well  with  the Langmuir  isotherm  model  with  a maximum  adsorption  capacity  of
122.0 mg/g.  Kinetic  study  showed  that  the  pseudo-second-order  model  provided  a better  correlation  of
experimental  data. Furthermore,  the  thermodynamic  parameters  were  also calculated.
. Introduction

In China, water pollution produced by various kinds of syn-
hetic dyes discharged from textile and other industrial facilities
as a serious environmental problem. Colored wastewater is par-

icularly associated with reactive dyes that are used as the most
ommon dyes due to their bright colors, excellent colorfastness
nd ease of application. Around 30% of the total dye market are
ook up by these dyes [Hameed, Ahmad, & Aziz, 2009]. Being highly
ater-soluble and chemically stable, it is rather difficult to remove

hese dyes from wastewater by conventional treatment methods
Gupta & Suhas, 2009]. Moreover, even a very small amount of these
yes in water are highly visible and can also be toxic to creatures
Yang & Al-Duri, 2001]. Thus, the removal of reactive dyes from
astewater becomes an important but challenging area of effluent

reatment. Several popularly removal methods, such as chemical
recipitation, ion exchanger, membrane separation, and adsorp-
ion are still under development [Forgacs, Cserhati, & Oros, 2004;
okhrel & Viraraghavan, 2004; Robinson, McMullan, Marchant, &
igam, 2001; Thompson, Swain, Kay, & Forster, 2001]. Among

hem, adsorption has been recognized as a promising technique

o lower dye concentrations from aqueous solutions [Aksu, 2005].
ome competent adsorbents have already been reported [Guibal,
cCarrick, & Tobin, 2003; Mittal, Kaur, & Mittal, 2008; Orthman,

∗ Corresponding author. Tel.: +86 535 6672176; fax: +86 535 6697667.
E-mail address: xingguoxiu@tom.com (G. Xing).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.09.038
© 2011 Elsevier Ltd. All rights reserved.

Zhu, & Lu, 2003], but high-cost and difficult-regeneration restricted
most of them widespread application. In this respect, modified nat-
ural polysaccharides and their derivatives as cheaper and non-toxic
adsorbents have been extensively studied.

Starch is one of the commonly and economically important
used biomass in nature. However, native starch has weak adsorb-
ing functional groups in its backbone. Many approaches have been
made to modify starch as a dye or metal absorbent by intro-
ducing various active groups, such as carboxylate, acrylonitrile,
acrylamide, phosphate, etc. [Abdel-Aal, Gad, & Dessouki, 2006; Guo,
Zhang, Ju, & Yang, 2006; Khalil & Abdel-Halim, 2001; Xie, Shang,
Liu, Hu, & Liao, 2011; Xu & Wang, 2006]. However, only by chemi-
cal modification is disadvantage for practical operation and also has
relative higher cost. Thus, special attention has been paid to poly-
mer/layered clay composites to improve materials properties in the
field of polymer science. It was  found that the composites could
exhibit remarkably chemical and mechanical properties [Lagaly,
1999]. Layered clay mineral is abundant in China. It has the poten-
tial to act as cheaper adsorbents to remove organic pigments and
dyes because of its small particle size, extremely large surface areas,
cation exchange capacity and intercalation properties, although the
adsorption capacity of clay itself is lower. Recently, chitosan/clay
composites have been developed as a novel sorbent [Wang & Wang,
2008]. However, the relative higher market price of chitosan could

limit its practical application as a biosorbent at present.

Therefore, in order to further lower production cost and enhance
adsorption capacity of starch derivatives, novel and cost-effective
cationic starch intercalated clay composite matrix were prepared

dx.doi.org/10.1016/j.carbpol.2011.09.038
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:xingguoxiu@tom.com
dx.doi.org/10.1016/j.carbpol.2011.09.038
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nd characterized. Up to now, there is no literature focusing on the
dsorption capacity of reactive dyes on the cationic starch and clay
ixed matrix. The intercalated composite matrix was also expected

o be able to control the loss of reactive cationic groups dur-
ng adsorption in aqueous solution. Furthermore, the adsorption
ehaviors of the composite matrix for reactive dye (brilliant blue
-BR) under various parameters such as weight ratio of clay to CS,

nitial dye concentration, contact time and temperature were inves-
igated. The dynamic and thermodynamic characteristics were also
tudied.

. Experimental

.1. Materials

Food-grade quality of corn starch was dried at 105 ◦C before
sed. Layered clay was purchased from Shandong Longfeng Clay
orp., China. The commercial reactive dye (brilliant blue X-BR)
as obtained from a local manufacturer, Yantai Hongjia Chemical
ye Corp., to be used as the adsorbate. 2,3-Epoxypropyltrimethyl-
mmonium chloride was used as received. Other agents used were
ll analytical grade (AR) and all solutions were prepared with dis-
illed water.

.2. Preparation and characterization of the composite matrix

Cationic starch (denoted as CS) containing quaternary ammo-
ium cationic groups was prepared by a dry reaction [Xing,
hang, Ju, & Yang, 2006]. Core starch was  etherified by
,3-epoxypropyltrimethyl-ammonium chloride. The degree of sub-
titution (DS) for cationic starch was 0.2. In previous work, it was
ound that cationic starch with a higher DS had high adsorption
apacity. Therefore, in this study, we would study the effect of the
eight ratio of clay to CS on the adsorption behavior of the CS

ntercalated clay composite matrix.
The composite matrix was prepared by the reaction of cationic

tarch (CS) and clay under different weight ratio. An amount of
0.25 g, 0.5 g and 0.75 g) clay was dispersed in 100 mL  of distilled
ater and then treated in ultrasonic bath for 1 h, respectively. Then,

0 mL  5% (wt.%) cationic starch solution was slowly added to the
lay suspension followed by vigorous stirring at 80 ◦C for 4 h to
btain the wet CS and clay mixed hydrogel. The formed hydrogel
ixture was washed by distilled water until the pH of the super-

atant fluid reached 7, and then dried at 100 ◦C for 4 h to obtain
hree CS intercalated clay composite matrix samples with differ-
nt clay content. All composite matrix samples were ground and
ieved to 200 mesh size. The density of the samples was  measured
y stack density method.

Intercalated microstructure of the composite matrix was stud-
ed by FTIR spectra and X-ray diffraction (XRD) technique,
espectively. FTIR spectra (KBr pellet) were recorded on a Magna-
TIR 550 (series II) Fourier transform spectrometer, Nicolet Corp.,
SA. XRD patterns were performed using a D/Max-2400 (Rigaku
orp., Japan) diffractometer with CuK� radiation in the range of
iffraction angle 2� from 5◦ to 30◦ at 0.6◦ min−1.

.3. Adsorption experiments

Reactive dye (brilliant blue X-BR) was dissolved in deionized
ater to the required concentrations. 100 mL  of reactive dye aque-

us solution with desired concentration and the desired dose of
he composite matrix were placed in a series of dyeing tubes in
 thermostated water bath. Initial pH was adjusted with dilute
ydrochloric acid and 0.2 N sodium hydroxyl aqueous solutions. All
atch adsorption experiments were performed on a thermostated
haker (THZ-98A) with a shaking of 120 rpm. After shaken for the
Fig. 1. (a) XRD patterns clay and Clay/CS/2 and (b) FTIR spectra of CS and Clay/CS/2,
respectively.

definite time, the tubes were removed and the concentration of
the reactive dye in aqueous solution after adsorption was  analyzed
by UV–Vis spectrophotometer (shimadzu2200). The adsorption
capacity of the composite matrix was calculated by the following
expression:

Q = (C0 − Ct)V
m

where Q is the adsorption capacity of the composite matrix (mg/g),
C0 and Ct (mg/L) are the concentration of the reactive dye at the
initial time and at time t, respectively. V is the total volume of the
aqueous solution and m is the dose of the composite matrix. Three
kinds of composite matrix samples were used in this adsorption
experiment, and they were designated as Clay/CS/1, Clay/CS/2 and
Clay/CS/3 with the weight ratios of clay to CS of 0.1, 0.2 and 0.3,
respectively.

3. Results and discussion

3.1. Structure characterization
Intercalated microstructure of the composite matrix was  stud-
ied by FTIR spectra and X-ray diffraction (XRD) technique,
respectively. The XRD patterns of clay and three samples of the
composite matrix are shown in Fig. 1(a). A typical diffraction peak
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Fig. 2. The structure of CS (a), and the intercalation

0 0 1) of clay is 7.01◦, responding to a basal spacing of 1.26 nm.
fter intercalation with the cationic starch, the typical diffrac-

ion peak of clay shifts from 7.01◦ to lower angle of 6.14◦ and
he d-spacing increases from 1.26 nm to 1.44 nm. These suggested
hat the cationic starch could be intercalated successfully into clay
nterlayer with destroying the crystalline structure of clay. The

ovement of the typical diffraction peak of clay to lower angle
as assumed to be related to the intercalation of CS into clay
onolayer or bilayer. FTIR spectra would be used to prove the inter-

alated structure further, as shown in Fig. 1(b). The FTIR spectra
f CS and three samples of the composite matrix are obtained in
he 4000 ∼ 400 cm−1 wavenumber range. It can be found that the
pectrum of Clay/CS/1, Clay/CS/2 and Clay/CS/3 shows the combi-

ation of characteristic absorptions due to cationic starch and clay
roups. The bands at 3441 cm−1 (O–H), 1637 cm−1 (H–O–H bend-
ng), 1384 cm−1 (C–H bending of quaternary ammonium cationic
roups), and 1075 cm−1 (C–O stretching) corresponding to the
or cationic groups

ures of CS into clay: (b) monolayer, and (c) bilayer.

vibration bands of CS remain unaffected by clay in the composite
matrix. However, the bands at 518 and 465 cm−1 in the spectrum
of the Clay/CS/1, Clay/CS/2 and Clay/CS/3 due to Si–O bending of
clay indicate that the cationic starch successfully intercalated into
clay interlayer. This result is in accord with the conclusion of XRD
analysis. The information observed from FTIR spectra indicates that
clay could influence chemical environment of the cationic starch,
and then may  have an influence on its absorption properties. Fig. 2
designed the intercalated composite structure, which was  expected
to be able to control the loss of reactive cationic groups in aqueous
solution during adsorption process.

3.2. Adsorption equilibrium studies
For any adsorption investigation, it is fundamentally important
to obtain the equilibrium isotherm in the design of adsorption sys-
tem. The shape of an isotherm not only provides information about
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he affinity of dye molecules for adsorption, but also reflects the
ossible mode for adsorbing dye molecules. At present, two  com-
on  ways of Langmuir and Freundlich models are widely used

o describe the equilibrium of an adsorption process between the
iquid and solid phases.

The Langmuir isotherm has been successfully applied to a mono-
ayer adsorption with a homogenous distribution of adsorption
ites and sorption energies, without interactions between the
dsorbed molecules and ions [Geundi, 1991; Low & Lee, 1997].
dsorption capacity can be quantified by Langmuir equation, which

s given as follows [Langmuir, 1916]:

Ce

Qe
= 1

Qmb
+ Ce

Qm

here Ce and Qe are equilibrium dye concentration (mg/L) and
quilibrium adsorption capacity (mg/g), respectively. Qm is the

aximum adsorption capacity (mg/g). b is Langmuir constant

L/mg). The straight lines were given by plotting Ce/Qe versus Ce,
s shown in Fig. 3(a). The values of b and Qm calculated from
he intercept and slope of these lines are shown in Table 1. The

able 1
angmuir and Freundlich parameters for the dye adsorption by the composite
atrix.

Sample Langmuir Freundlich

Qm (mg/g) b (L/mg) R2 n KF (mg/g) R2

Clay/CS/1 112.4 1.39 0.99 2.06 57.9 0.98
Clay/CS/2 122.0 2.22 0.99 2.30 76.2 0.98
Clay/CS/3 89.3 0.67 0.99 1.58 31.0 0.96

 = 293 K; adsorption time: 40 min; and dose of absorbents: 50 mg.
ers 87 (2012) 1447– 1452

maximum adsorption capacities of Clay/CS/1, Clay/CS/2 and
Clay/CS/3 are 112.4, 122.0, and 89.3 mg/g, respectively. These
results indicate that Clay/CS/2 has a higher adsorption capacity
compared to Clay/CS/1, while the adsorption capacity of Clay/CS/1
is greater than that of Clay/CS/3. That is to say, Clay/CS/2 shows the
best adsorption capacity. The reason maybe that cationic starch
will be washed away seriously in water and lead to the decrease
of adsorption capacity when the content of clay in the interca-
lated composite matrix is low. On the other hand, if the content
of clay is higher, the content of cationic group will be relatively
less and also cause the decrease of adsorption capacity. Therefore,
the content of clay in the intercalated composite matrix should
be controlled properly. The langmuir constants b decrease in the
order Clay/CS/2 > Clay/CS/1 > Clay/CS/3. The larger b represents the
higher adsorption energy, which is reflected by a fast increase
in adsorption at low dye concentration. The good applicability
of the Langmuir isotherms to the reactive dye adsorption shows
that both monolayer adsorption and homogeneous distribution of
active groups on the surface of the composite matrix are possible.

The Freundlich isotherm is often used for heterogeneous sur-
face energy systems. A linear form of the Freundlich equation is
expressed as [Freundlich, 1906]:

log Qe = log KF + 1
n

log Ce

where KF is the Freundlich dissociation constant (mg/g) and n the
Freundlich exponent. KF and n can be determined from the linear
plot of log Qe versus log Ce. The Freundlich isotherms for the reactive
dye adsorption on the nanocomposites are shown in Fig. 3(b), and
the values of the Freundlich constants together with the correla-
tion coefficient (R2) are also presented in Table 1. It has been stated
that the Freundlich exponent n gives an indication of the favorabil-
ity and capacity of the adsorption/adsorbate system [Ho & McKay,
1999, 2000]. Values where (n > 1) represent favorable adsorption
conditions. In this study, the exponent between 1 < n < 10 shows an
beneficial adsorption for the reactive dye by the composite matrix.
The values of correlation coefficient are lower than the Langmuir
values indicating that the Langmuir equation represents a better fit
of experimental data than the Freundlich equation.

3.3. Adsorption kinetics studies

Adsorption kinetics is important because this is what controls
the efficiency of the process. A number of kinetic models have been
described in an attempt to find a suitable mechanism explanation
for solid/liquid adsorption systems, in which Lagergren’s first-order
and Ho’s pseudo-second-order kinetic models are the most widely
used [Lagergren, 1898].

Lagergren’s pseudo-first-order equation is the earliest known
one describing the adsorption rate based on the adsorption capac-
ity. During the last several decades, the kinetics equilibrium has
been widely applied to the adsorption of pollutants from aqueous
solutions [Ho, 2004]. The linear form of Lagergren’s pseudo-first-
order equation is generally expressed as [Ho & McKay, 1998]:

log (Qe − Q ) = log Qe − K1

2.303
t

where Q (mg/g) is the adsorption capacity at any time t (min); K1
is the pseudo-first-order rate constant of the equation (min−1). Qe

is the equilibrium adsorption capacity (mg/g). The adsorption rate
constant K1 can be determined by plotting of log (Qe − Q) versus t.
Fig. 4(a) shows the plots of log (Qe − Q) versus t for the reactive dye

adsorption by the composite matrix. The rate constants (K1), equi-
librium adsorption capacities (Qe), and the correlation coefficient
(R2) for each system were calculated according to the linear least
square method and are given in Table 2.
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The adsorption kinetics of some systems can also be described by
he pseudo-second-order model, which is fit for the chemisorption
f dyes, metal ions, oils, and organic substances onto adsorbents
rom aqueous solutions with polar functional groups [Ho and

cKay, 1998, 1999]. Pseudo-second-order equation is expressed
s [Ho & McKay, 1998; Ho, 2006]:

t

Q
= 1

K2Q 2
e

+ t

Qe

here K2 is the pseudo-second-order rate constant of adsorption
g mg−1 min−1), Qe is equilibrium adsorption capacity (mg/g). Q is
he adsorption capacity at any time, t (mg/g). Fig. 4(b) shows lin-
ar plots of t/Q versus t curves were used to determine the rate
onstants and equilibrium adsorption capacity. Table 2 lists the
seudo-second-order rate constants (K2), equilibrium adsorption
apacity (Qe) and correlation coefficients (R2) for the reactive dye
dsorption by the nanocomposites. The values of correlation coef-

cient are more close to 1.0; adsorption process is a better fit of
dsorption kinetics model. The values of correlation coefficient of
seudo-first-order equation is lower than that of pseudo-second-
rder model, which indicate a better fit of pseudo-second-order

able 2
seudo first and second order kinetic parameters for the reactive dye adsorption by the c

Sample Pseudo first order 

Qe (mg/g) K1 (min−1) R2

Clay/CS/1 99.1 0.112 0.96 

Clay/CS/2 109.9 0.108 0.98 

Clay/CS/3 74.8 0.113 0.96 

: 293 K; initial dye concentration: 50 mg/L; and dose of absorbents: 50 mg.
Fig. 5. The plots of log KD versus 1/T  for the dye adsorption by the composite matrix
(initial dye concentration: 50 mg/L; time: 40 min; dose of absorbents: 50 mg).

model with the experimental data compared with the pseudo-first-
order model. It means that chemisorption is the determining step
of the reactive dye adsorption process rather than mass transfer in
solution [Wu,  Tseng, & Juang, 2001].

3.4. Adsorption thermodynamic studies

The thermodynamics for the reactive dye adsorption by the
composite matrix was  investigated in the range of 293 ∼ 323 K. The
influence of temperature on the adsorption under the optimized
conditions is shown in Fig. 5(a). It can be found that there is a little
increase for the equilibrium adsorption capacity with the tempera-
ture increase from 293 to 323 K. Thermodynamic parameters such
as change in Gibbs free energy (�G), enthalpy (�H) and entropy
(�S) were determined using the following equations [Reddy &
Dunn, 1986]:

KD = Qe

Ce

log KD = − �H

2.303 RT
+ �S

2.303 R

�G = �H  − T�S

where KD (L/g) is the distribution coefficient. Qe (mg/g) and Ce

(mg/L) are the adsorption capacity and dye concentration at equi-
librium, respectively. T is temperature in Kelvin and R is the gas
constant. �H  and �S  were obtained from the slope and intercept
of the plots of log KD versus 1/T  (Fig. 5). Table 3 shows the cal-
culated values of the thermodynamic parameters. The values of
�G become more negative with increasing temperature, which
indicates that the adsorption process is more favorable at high tem-

perature. The positive values of �S  indicate that there is an increase
in the randomness in the solid/solution interface during the adsorp-
tion process. The �H values are in the range of 3.5 ∼ 28.3 kJ/mol,
which mean the endothermic nature of the adsorption process. In

omposite matrix.

Pseudo second order

Qe (mg/g) K2 (g mg−1 min−1) R2

117.6 0.0009 0.99
135.1 0.0007 0.99

87.7 0.0011 0.99
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Table  3
Thermodynamic values at various temperatures for the reactive dye adsorption by the composite matrix.

Sample T (K) Qe (mg/g) KD (L/g) �G (kJ/mol) �H (kJ/mol) �S (J/mol/K)

Clay/CS/1 293 93.6 29.2 −8.2 14.8 78.6
303 94.5  34.5 −9.0
313 95.7 42.8 −9.8
323 96.4 50.5 −10.6

Clay/CS/2 293 105.0 42.0 −9.0 28.3 127.3
303  106.2 55.6 −10.3
313 107.4 81.4 −11.5
323 108.2 121.1 −12.8

Clay/CS/3 293 66.2 3.9 −3.3 3.5 23.3
303 67.0  4.1 −3.6
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313 68.3 4.3 

323 69.0 4.5 

ddition, the higher values of �H  are compatible with the forma-
ion of strong chemical bonds between the reactive groups of the
anocomposites and the reactive dye molecules, and the adsorp-
ion process is likely to be on account of the strong ionic bond
nteractions between dye and reactive groups.

. Conclusions

Adsorption of reactive dye (brilliant blue X-BR) from aqueous
olutions by a series of novel CS intercalated clay composite matrix
as been investigated under different experimental conditions,

n equilibrium, kinetic and thermodynamic models. Firstly, the
dsorption capacity increased with increasing the weight ratio of
lay to CS from 0.1 to 0.2, and then decreased when the weight ratio
f clay to CS up to 0.3. The adsorption process can be well described
y Langmuir isotherm with a maximum adsorption capacity of
22.0 mg/L. Pseudo-first-order and pseudo-second-order kinetic
odels were tested to investigate the adsorption mechanism. The

seudo-second-order kinetic model fits very well with the dynam-
cal adsorption behavior of reactive dye. The values of �G  become

ore negative with increasing temperature, which indicates that
he adsorption process is more favorable at high temperature.
he positive value of �H indicated that the adsorption process is
ndothermic in nature. The data reported in this study would be
seful for the design or fabrication of economical effective biosor-
ents for reactive dyes removal from wastewaters.

cknowledgement

The authors acknowledge the research grant provided by
udong University, in China (Contract grant number: LY20062907
nd LY2010004).

eferences

bdel-Aal, S. E., Gad, Y. H. & Dessouki, A. M.  (2006). Use of rice straw and radiation-
modified maize starch/acrylonitrile in the treatment of wastewater. Journal of
hazardous materials, 129, 204–215.

ksu, Z. (2005). Application of biosorption for the removal of organic pollutants: A
review. Process Biochemistry, 40,  997–1026.

orgacs, E., Cserhati, T. & Oros, G. (2004). Removal of synthetic dyes from wastewa-
ters: A review. Environment International, 30,  953–971.

reundlich, H. M.  F. (1906). Over the adsorption in solution. The Journal of Chemical
Physics,  57,  385–470.
eundi, E. M.  S. (1991). Color removal from textile effluents by adsorption tech-
niques. Water Research, 25,  271–273.

uibal, E., McCarrick, P. & Tobin, J. M.  (2003). Comparative sorption of dyes
on  chitosan and activated carbon. Separation Science and Technology, 38,
3049–3073.
−3.8
−4.0

Guo, L., Zhang, S. F., Ju, B. Z. & Yang, J. Z. (2006). Study on adsorption of Cu (II) by water-
insoluble starch phosphate carbamate. Carbohydrate Polymers, 63,  487–492.

Gupta, V. K. & Suhas. (2009). Application of low-cost adsorbents for dye removal: A
review. Journal of environmental management, 90,  2313–2342.

Hameed, B. H., Ahmad, A. A. & Aziz, N. (2009). Adsorption of reactive dye on palm-oil
industry waste: Equilibrium, kinetic and thermodynamic studies. Desalination,
247,  551–560.

Ho, Y. S. (2004). Citation review of Lagergren kinetic rate equation on adsorption
reactions. Scientometrics,  59,  171–177.

Ho, Y. S. (2006). Review of second-order models for adsorption systems. Journal of
hazardous materials, 136, 681–689.

Ho, Y. S. & McKay, G. (1998). A comparison of chemisorption kinetic models applied
to pollutant removal on various sorbents. Process Safety and Environmental Pro-
tection,  76B, 332–340.

Ho, Y. S. & McKay, G. (1999). Comparative sorption kinetic studies of dyes and aro-
matic compounds onto fly ash. Journal of Environmental Science and Health,  A 34,
1179–1204.

Ho,  Y. S. & McKay, G. (2000). The kinetics of sorption of divalent metal ions onto
sphagnum moss peat. Water Research, 34,  735–742.

Khalil, M.  I. & Abdel-Halim, M.  G. (2001). Preparation of anionic starch containing
carboxyl groups and its utilization as chelating agent. Starch,  53,  35–41.

Lagaly, G. (1999). Introduction: From clay mineral–polymer interactions to clay
mineral–polymer nanocomposites. Applied Clay Science, 15(1–2), 1–9.

Lagergren, S. (1898). Zur theorie der sogenannten adsorption geloester stoffe. Han-
dlingar,  24,  1–39.

Langmuir, I. (1916). The constitution and fundamental properties of solids and liq-
uids. Journal of American chemical society, 38,  2221–2295.

Low, K. S. & Lee, C. K. (1997). Quaternized rice husk as sorbent for reactive dyes.
Bioresource Technology, 121, 121–125.

Mittal, A., Kaur, D. & Mittal, J. (2008). Applicability of waste materials-bottom ash
and de-oiled soya as adsorbents for the removal and recovery of a hazardous
dye, brilliant green. Colloid and Interface Science, 326, 8–17.

Orthman, J., Zhu, H. Y. & Lu, G. Q. (2003). Use of anion clay hydrotalcite to remove
coloured organics from aqueous solutions. Separation Science and Technology,
31,  53–59.

Pokhrel, D. & Viraraghavan, T. (2004). Treatment of pulp and paper mill wastewater
–  A review. Science of the Total Environment, 333, 37–58.

Reddy, M.  R. & Dunn, S. J. (1986). Distribution coefficients for nickel and zinc in soils.
Environmental Pollution, 11,  303–313.

Robinson, T., McMullan, G., Marchant, R. & Nigam, P. (2001). Remediation of dyes
in  textile effluent: A critical review on current treatment technologies with a
proposed alternative. Bioresource Technology, 77,  247–255.

Thompson, G., Swain, J., Kay, M.  & Forster, C. F. (2001). The treatment of pulp and
paper mill effluent: A review. Bioresource Technology, 77,  275–286.

Wang, L. & Wang, A. Q. (2008). Adsorption behaviors of Congo red on the
N,O-carboxymethyl-chitosan/montmorillonite nanocomposite. Chemical Engi-
neering Journal, 143, 43–50.

Wu,  F. C., Tseng, R. L. & Juang, R. S. (2001). Kinetic modeling of liquid-phase adsorp-
tion of reactive dyes and metal ions on chitosan. Water Research, 35,  613–618.

Xie, G. R., Shang, X. Q., Liu, R. F., Hu, J. & Liao, S. F. (2011). Synthesis and characteri-
zation of a novel amino modified starch and its adsorption properties for cd (II)
ions from aqueous solution. Carbohydrate Polymers, 84,  430–438.

Xing, G. X., Zhang, S. F., Ju, B. Z. & Yang, J. Z. (2006). Study on adsorption behavior of
crosslinked cationic starch maleate for chromium (VI). Carbohydrate Polymers,
66,  246–251.
Xu, S. M.  & Wang, J. D. (2006). Adsorption behaviors of acid and basic dyes on
crosslinked amphoteric starch. Chemical Engineering Journal, 117, 161–167.

Yang, X. Y. & Al-Duri, B. (2001). Application of branched pore diffusion model in the
adsorption of reactive dyes on activated carbon. Chemical Engineering Journal,
83,  15–23.


	Preparation and adsorption behavior for brilliant blue X-BR of the cost-effective cationic starch intercalated clay compos...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation and characterization of the composite matrix
	2.3 Adsorption experiments

	3 Results and discussion
	3.1 Structure characterization
	3.2 Adsorption equilibrium studies
	3.3 Adsorption kinetics studies
	3.4 Adsorption thermodynamic studies

	4 Conclusions
	Acknowledgement
	References


