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bstract

A series of biopolymer chitosan/montmorillonite (CTS/MMT) nanocomposites were prepared by controlling the molar ratio of chitosan (CTS) and
ontmorillonite (MMT). The nanocomposites were characterized by FTIR and XRD. The effects of different molar ratios of CTS and MMT, initial

H value of the dye solution and temperature on adsorption capacities of samples for Congo Red (CR) dye have been investigated. The adsorption

apacities of CTS, MMT and CTS/MMT nanocomposite with CTS to MMT molar ratio of 5:1 for CR were compared. The results indicated that the
dsorption capacity of CTS/MMT nanocomposite was higher than the mean values of those of CTS and MMT. The adsorption kinetics and isotherms
ere also studied. It was shown that all the sorption processes were better fitted by pseudo-second-order equation and the Langmuir equation.
2007 Elsevier B.V. All rights reserved.

ed

e
t
i
p
w
[
i
T
a

e
t
e
C
l
i
r

eywords: Chitosan; Montmorillonite; Nanocomposites; Adsorption; Congo R

. Introduction

Colored organic effluent is produced in industries such as
extiles, rubber, paper, plastic, cosmetics, etc. Discharging of
yes into water resources even in a small amount can affect
he aquatic life. Therefore, colored wastewater cannot be dis-
harged without adequate treatment. As dyes are designed to
esist breakdown with time and exposure to sunlight, water,
oap, and oxidizing agent, they cannot be easily removed by
onventional wastewater treatment processes due to their com-
lex structure and synthetic origins [1]. Thus, dye removal has
een an important but challenging area of wastewater treatment.

To remove dyes and other colored contaminants from
astewaters, several physical, chemical, physico-chemical and
iological methods have been developed. Among these meth-
ds, adsorption has been found to be one of the most popular
hysico-chemical treatment methods for removing dyes with

otential applications [2]. It has been reported that many dif-
erent types of adsorbents are effective in removing color from
queous effluent. Natural polymeric materials are gaining inter-
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st for application as adsorbents in wastewater treatment due to
heir biodegradable and non-toxic nature [3]. Chitosan (CTS)
s the N-deacetylated derivative of chitin and the second most
lentiful natural biopolymer. As a well-known sorbent, CTS is
idely used for the removal of heavy, transition metals and dyes

4–6]. Nevertheless, the market cost of CTS is relative high and
ts specific gravity should be improved for practical operation.
herefore, several attempts have been made to develop cheaper
nd effective adsorbents.

Natural phyllosilicates, commonly known as clays consid-
ring their particle size, such as montmorillonite (MMT), have
he potential to act as alternative low-cost adsorbents. Wang
t al. compared the adsorption properties of basic dyes onto
a-MMT and Ti-MMT and found that Ca-MMT possessed

arger adsorption capacity than Ti-MMT because Ca2+ is eas-
er to be displaced by ion exchange [7]. Özcan and Özcan
eported that the removal of acid dyes was promoted using sul-
uric acid-activated MMT compared with untreated MMT [8].
hey showed that the modified clays displayed higher adsorption
apacity than the original clay.
Polymer/layered silicate nanocomposites frequently exhibit
emarkably improved mechanical and materials properties and
re attracting considerable interest in polymer science field
9]. Wang et al. prepared chitosan/montmorillonite (CTS/MMT)

mailto:aqwang@lzb.ac.cn
dx.doi.org/10.1016/j.jhazmat.2007.01.145
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anocomposites and discovered that the flocculated–intercalated
anostructure formed at high MMT content and the intercalate-
xfoliated nanostructure formed at low MMT content [10].
arder et al. prepared CTS/MMT nanocomposites and used

hem in potentiometric sensors for the anionic detection [11,12].
ecol et al. investigated the removal of tungsten from water
sing CTS/MMT nanocomposites [13]. However, the reports
bout the removal of dyes of CTS/MMT nanocomposites as an
dsorbent are very scarce though Chang and Juang studied the
dsorption of tannic acid, humic acid, and dyes (methylene blue,
eactive dye RR222) from water using the composite of CTS and
ctivated clay [3]. Therefore, a series of CTS/MMT nanocom-
osites were synthesized and characterized, and the adsorption
inetics and isotherms for Congo Red (CR) dye from water
olution onto nanocomposite with CTS to MMT molar ratio of
:1 were compared with those of CTS and MMT in this study.
he effects of various experimental conditions, such as different
olar ratios of CTS to MMT, initial pH value of the dye solution

nd adsorption temperature, have been investigated.

. Experimental

.1. Materials

The degree of deacetylation and a viscosity–average molecu-
ar weight of CTS (Zhejiang Yuhuan Ocean Biology Co., China)
s 85% and 9.0 × 105, respectively. The cation exchange capac-
ty (CEC) of MMT (Shandong Longfeng Montmorillonite Co.,
hina) is 102.8 mequiv./100 g. The molecular weight of CR

Tianjin Kermel Chemical Reagent Co., China) is 696.66 g/mol.
ther agents used were all analytical grade and all solutions
ere prepared with distilled water.

.2. Preparation of the nanocomposites

The nanocomposites were prepared by the method of Wang
t al. [10]. Four grams of MMT was swelled by 100 mL distilled
ater. CTS solution (containing CTS amounts of 0.0660, 0.132,
.660, 3.30, 6.60 g) was prepared by dissolving CTS in 1% (v/v)
queous acetic acid solution, and then the pH of the resulting
olution was adjusted to 4.90 with 20 wt% NaOH solution, then
TS solution was slowly added to MMT suspension followed
y stirring at 60 ◦C for 6 h to obtain nanocomposites with CTS to
MT molar ratios of 1:10, 1:5, 1:1, 5:1 and 10:1, respectively.

he formed composites were washed with distilled water until
he pH of the supernatant (fluid) reached 7.00, and then dried at
0 ◦C for 12 h. All samples were ground and sieved to 200 mesh
ize. The density of the samples was measured by stack density
ethod.

.3. Characterization

IR spectra of the samples were characterized using a FTIR

pectrophotometer (Thermo Nicolet, NEXUS, TM) in KBr pel-

ets. XRD analyses of the powered samples were performed
sing an X-ray power diffractometer with Cu anode (PAN alyt-
cal Co. X’pert PRO), running at 40 kV and 30 mA, scanning

v
c

Fig. 1. Structure of CR (molecular formula: C32H22N6O6S2Na2).

rom 4◦ to 18◦ at 3◦/min. The surface area and pore size of
he samples were measured using an Accelerated Surface Area
nd Porosimetry System (Micromeritics, ASAP 2010) by BET-
ethod at 76 K.

.4. Adsorption experiments

For the all batch adsorption experiments, were performed on
thermostated shaker (THZ-98A) with a shaking of 120 rpm.
uring the effect of molar ratios of CTS to MMT on adsorp-

ion capacities of CR experiments, 0.10 g of the nanocomposite
nd 25.00 mL of CR solution (initial concentration 200 mg/L,
nitial pH) were used. The system was maintained under shak-
ng at 30 ◦C until adsorption equilibrium reached. The influence
f pH on CR removal was studied by adjusting CR solutions
400 mg/L) to different pH values (4–9) using a pH meter
DELTA-320) and agitating 25.00 mL of dye solution with 0.10 g
f adsorbent at 30 ◦C for 12 h. The effect of temperature on
ye removal was carried out in the 25.00 mL of dye solutions
400 mg/L, pH 7.00) with 0.10 g of adsorbent for 12 h.

For kinetic study, 400 mg/L dye solutions (25.00 mL, pH
) were agitated with 0.10 g of adsorbent at 30 ◦C for pre-
etermined intervals of time. Batch equilibrium adsorption
xperiments were carried out by agitating 25.00 mL various dye
oncentrations of CR solution at pH 7 with 0.10 g of adsorbent
t 30 ◦C until equilibrium was established.

The samples were withdrawn from the shaker at predeter-
ined time intervals and the dye solution was separated from

he adsorbent by centrifugation at 4500 rpm for10 min. The
bsorbencies of solution were measured using a UV–vis spec-
rophotometer (Specord, 200) at wavelength 500 nm. (CR has

maximum absorbency at wavelength 500 nm on a UV–vis
pectrophotometer. The molecular structure of CR is shown in
ig. 1.) Then, the concentrations of the solutions were deter-
ined by using linear regression equation (y = 0.0342x + 0.0698,
2 = 0.9999) obtained by plotting a calibration curve for dye
ver a range of concentrations. The amounts of CR adsorbed
nto samples were calculated by subtracting the final solution
oncentration from the initial concentration of dye solutions.

. Results and discussion

.1. IR analysis of nanocomposites
IR spectra of MMT, CTS, and five nanocomposites with
arious molar ratios of CTS to MMT are shown in Fig. 2. It
an be found the absorption band of the nanocomposites at
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ites. The test results indicate, compared with MMT (1.56 g/m3,
61.4 m2/g), the density and the surface area of nanocomposites
decrease with increasing of the molar ratio of CTS to MMT
from 1:5 (1.52 g/m3, 55.5 m2/g) to 5:1 (1.39 g/m3, 22.3 m2/g).
ig. 2. IR spectra of the MMT (a), the nanocomposites with the molar ratios
TS to MMT of 1:10 (b), 1:5 (c), 1:1 (d), 5:1 (e), 10:1 (f) and CTS (g).

424 cm−1 becomes enhancement, which suggests the vibra-
ion bands in CTS (O–H and N–H stretching) overlap with the
ands of MMT (–OH stretching of H2O). The bands attributed
o the intercalated CTS (C–H stretching on methyl (2923 cm−1)
nd methylene (2882 cm−1) groups) are observed in the spectra
f the nanocomposites, and the intensity of the both adsorption
ands increased with increasing the molar ratio of CTS to MMT.
n addition, the bands attributed to the intercalated CTS (C–H
ending on methyl (1424 cm−1) and methylene (1380 cm−1)
roups) are also observed in the spectra of the nanocompos-
tes, and the intensity of the both adsorption bands increased
ith increasing the molar ratio of CTS to MMT. The inten-

ity of the band at 1630 cm−1 increased, which indicates the
rst NH–CO group stretching vibration of CTS overlap with
OH bending vibration of H2O of the MMT. The absorption
and at 1530 cm−1, attributed to the deformation vibration of
he protonated amine group of CTS also becomes stronger with
ncreasing the molar ratios of CTS to MMT. The information
bserved from IR spectra indicates that the molar ratio of CTS
o MMT could influence chemical environment of the nanocom-
osites, and then may have an influence on absorption properties
f the nanocomposites.

.2. X-ray diffraction analysis of nanocomposites

Three nanocomposites with the molar ratios of CTS to MMT
f 1:5, 1:1 and 5:1 was analysed by XRD and the powder pat-
erns of MMT and nanocomposites are presented in Fig. 3. In
cidic solutions, CTS shows an extended structure that may facil-
tate the biopolymer intercalation in the clay interlayer space
n opposition to analogous polysaccharides with coiled or heli-
oidal structures that are only adsorbed in the external surface of
lays [11]. A typical diffraction peak of MMT is 6.94◦, respond-
ng to a basal spacing of 12.74 Å. After intercalation with CTS,

his peak disappears. The movement of the typical diffraction
eak of MMT to lower angle (5.61◦) indicates the formation of
he flocculated–intercalated nanostructure with the molar ratios
TS to MMT of 1:5. It is reported that the formation of floc-

F
m
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ulated structure in CTS/MMT nanocomposites is due to the
ydroxylated edge–edge interaction of the silicate layers [14].
he intensity of the peak decreases and even disappears with

ncreasing of the molar ratios of CTS to MTT indicated that the
ormation of an intercalated–exfoliated structure in CTS/MMT
anocomposites. According to the results of XRD and FTIR, it
an be concluded that almost all CTS intercalated into MMT
nterlayer with destroying the crystalline structure of MMT.

.3. Effect of molar ratios of CTS to MMT of
anocomposites on adsorption

As the molar ratios of CTS to MMT increases, CTS/MMT
ixtures tend to shrink and which enhances the capability of
TS and MMT to agglomerate. This can facilitate the separation
f the adsorbents from the solution, which is especially impor-
ant for the practical applications. Fig. 4 shows the effect of molar
atios of CTS to MMT of the nanocomposites on adsorption
apacity of CR. As seen from Fig. 4, the adsorption capaci-
ies of CR increase with increasing of the molar ratios of CTS
o MMT, but the adsorption capacities increase slowly when the

olar ratio of CTS to MMT exceeds 1:1. This is because increas-
ng the amount of CTS is helpful to balance the initial negative
harges of MMT and enhance the adsorption capacities of anion
R for the nanocomposites. So, it is found that the adsorption
apacities of dye increase rapidly with increasing of the molar
atio of CTS to MMT from 1:10 to 1:1. However, the adsorption
apacities increase slowly when the molar ratio of CTS to MMT
xceeds 1:1, which is attributed to the amount of intercalated
TS is saturated.

To further support the explanation mentioned above, we also
nvestigated the effect of molar ratio of CTS to MMT on the
ensity, the surface area as well as the pore size of nanocompos-
ig. 3. XRD powder patterns of the MMT (a), the nanocomposites with the
olar ratios of CTS to MMT of 1:5 (b), 1:1 (c) and 5:1 (d).
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Fig. 4. Effect of the molar ratios of CTS to MMT on adsorption capacity
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f the nanocomposites for CR. Adsorption experiments—dye concentration:
00 mg/L; sample dose: 0.1 g/25.00 mL; natural pH; temperature: 30 ◦C; equi-
ibrium time: 720 min.

owever, the pore size of nanocomposites increase with increas-
ng of the molar ratio of CTS to MMT from 1:5 (7.4 nm) to
:1 (11.8 nm) by compared with MMT (6.7 nm). The synergic
ffects of these factors may be result in the higher adsorption
apacity of nanocomposite with CTS to MMT molar ratio of 5:1
or CR dye. Therefore, the nanocomposite with the molar ratio
f CTS to MMT was selected as 5:1 in this study.

.4. Effect of pH value on adsorption

The pH value of the dye solution is an important factor for the

etermination the adsorption of solutes [15]. The influence of
he pH value in the original solution on the adsorption capacity
f dye is shown in Fig. 5. This result indicated that when the

ig. 5. Effect of the pH values on adsorption capacity of CTS, MMT and the
anocomposite for CR. Adsorption experiments—dye concentration: 400 mg/L;
ample dose: 0.1 g/25.00 mL; pH range: 4–9; temperature: 30 ◦C; equilibrium
ime: 720 min.
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H value of the dye solution was raised from 4 to 7 (it is worth
ointing out that CR was slightly soluble in water at the pH 2), the
dsorption capacity reduced from 96.62 to 74.73, 29.52 to 6.25
nd 72.11 to 50.63 mg/g for CTS, MMT, and the nanocomposite,
espectively, and then slowly decrease with the increasing of the
H from 7 to 9. At that, it is worth pointing out that the adsorption
apacity of the nanocomposite is higher than the mean values
f those of CTS and MMT at any pH, which help to reduce the
arket cost of CTS.
Two possible mechanisms of adsorption of CR may be con-

idered: (a) electrostatic interaction between the protonated
roups of CTS and the dye, and (b) the chemical reaction
etween the adsorbate and the adsorbent [16]. Given that the
Ka of the primary amine groups in the CTS structure is 6.3,
n acidic pH value is necessary to provide –NH3

+ groups in the
TS structure facilitating a increase of dye adsorption [12]. On

he other hand, the anion dye sorption through exchange of ions
s favored at low pH values especially when the sorption rate is
argely controlled by ion exchange rather than by complexation
17]. At pH above 7, the excessive hydroxyl ions may compete
ith the dye anions and hence a slow reduction in dye uptake was
bserved. However, significant adsorption of the anionic dye on
he adsorbent still occurred at alkaline pH values. This suggests
hat the chemisorption mechanism might be operative. Similar
rend observed in the adsorption of CR on wollastonite [18], bio-
as residual slurry [19], banana pith [20], waste Fe(III)/Cr(III)
ydroxide [21], waste orange peel [22], waste red mud [23] and
ctivated carbon [16].

.5. Effect of temperature on adsorption

Fig. 6 shows the relationship between the temperature and the

dsorption capacity of CR by the nanocomposite. The adsorp-
ion capacity of the nanocomposite increased with increasing
f the temperature from 30 to 50 ◦C. It is found that the higher
emperature is to the advantage of adsorption and that the adsorp-

ig. 6. Effect of the temperature on adsorption capacity of the nanocomposite
or CR. Adsorption experiments—dye concentration: 400 mg/L; sample dose:
.1 g/25.00 mL; pH 7; temperature: 30–50 ◦C; equilibrium time: 720 min.
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0.999, 0.999 and 0.999 for CTS, MMT and the nanocomposite,
respectively. Therefore, the adsorption of CR on CTS, MMT
and the nanocomposite were better described by the pseudo-
second-order rather than by the pseudo-first-order. This result
ig. 7. Effect of the contact time on adsorption capacity of CTS, MMT and the
anocomposite for CR. Adsorption experiments—dye concentration: 400 mg/L;
ample dose: 0.1 g/25.00 mL; pH 7; temperature: 30 ◦C.

ion is an endothermic reaction. The endothermic adsorption has
lso been reported for the adsorption of CR on activated carbon
repared from coir pith [16] and calcium-rich fly ash [24].

.6. Adsorption kinetics

Fig. 7 shows the effect of contact time on the adsorption
apacities of CR by CTS, MMT and the nanocomposite, respec-
ively. It is clear that the adsorption capacity of CTS, MMT
nd the nanocomposite increased rapidly in the initial stages of
ontact time and gradually increased with prolonging the contact
ime until equilibrium. It can be seen that the adsorption equilib-
ium of CR on CTS, MMT and the nanocomposite were reached
t 600, 120 and 480 min, respectively. So, in the test we choose
adsorption time of 720 min to obtain the adsorption isotherms,
hich make sure the adsorption equilibrium was reached.
Two simplified kinetic models including pseudo-first-order

nd pseudo-second-order equations are analysed. A simple
inetic model that describes the process of adsorption is the
seudo-first-order equation. It was suggested by Lagergren [25]
or the adsorption of solid/liquid systems and its formula is given
s

dqe

dt
= k1(qe − qt) (1)

here k1 is the pseudo-first-order rate constant (min−1), qe and
t are the amounts of dye adsorbed (mg/g) at equilibrium and at
ime t (min).

After integration with the initial condition qt = 0 at t = 0, Eq.
2) can be obtained:

og(qe − qt) = log qe − k1t

2.303
(2)
Pseudo-second-order model is based on adsorption equilib-
ium capacity can be expressed as [26]:

dqe

dt
= k2(qe − qt)

2 (3) F
t

ig. 8. Pseudo-first-order model for the adsorption of CR by CTS, MMT and
he nanocomposite.

When the initial condition is qt = 0 at t = 0, integration leads
o Eq. (4):

t

qt

= 1

k2q2
e

+ t

qe
(4)

here k2 (g mg−1 min−1) is the rate constant of the pseudo-
econd-order adsorption. The linear plots of log(qe − qt) versus
and (t/qt) versus t drawn for the pseudo-first-order and the
seudo-second-order models, respectively. The rate constants
1 and k2 can be obtained from the plot of experimental data.

As seen from Figs. 8 and 9, the correlation coefficients (R)
f the pseudo-first-order model are 0.979, 0.961 and 0.987
or CTS, MMT and the nanocomposite, respectively. For the
seudo-second-order model, the correlation coefficients (R) are
ig. 9. Pseudo-second-order model for the adsorption of CR by CTS, MMT and
he nanocomposite.
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T
hydroxide, waste orange peel, waste banana pith, biogas waste
slurry, waste red mud and paddy straw were 44.00 mg/g [21],
22.44 mg/g [22], 20.29 mg/g [20], 9.50 mg/g [19], 4.05 mg/g
[23], 1.01 mg/g [29], respectively. So, the CTS/MMT nanocom-
ig. 10. Effect of the dye concentration on adsorption capacity of CTS,
MT and the nanocomposite for CR. Adsorption experiments—sample dose:

.1 g/25.00 mL; pH 7; temperature: 30 ◦C; equilibrium time: 720 min.

lso indicates that the adsorption rate of CR dye depends on the
oncentration of dye at the absorbent surface and the absorbance
f these absorbed at equilibrium [27].

.7. Adsorption isotherms

Fig. 10 shows the adsorption capacity of CR by CTS, MMT
nd the nanocomposite at different dye concentrations and at
0 ◦C for samples. The adsorption capacities of CTS, MMT and
he nanocomposite increased with increasing of the dye concen-
ration. It can be seen from Fig. 10 that the sharp increase in
dsorption capacity from 200 to 325 mg/L, from 25 to 100 mg/L
nd from 100 to 225 mg/L for CTS, MMT, and the nanocom-
osite, respectively. However, only a slight increase in the
dsorption capacity of CTS, MMT and the nanocomposite can
e observed with further increasing the initial concentration of
ye.

The amount of dye adsorbed at equilibrium qe (mg/g) was
alculated from the following equation:

e = (C0 − Ce)v

m
(5)

here C0 (mg/L) is the initial dye concentration, Ce (mg/L) the
quilibrium concentration of dye solution, v (L) the volume of
ye solution, m (g) is the mass of adsorbent.

The adsorption process can be generally expressed by two
sotherm equations, namely, the Langmuir and the Freundlich
quations [28], which are represented by the following equa-
ions, respectively:

Ce

qe
= 1

bqm
+ Ce

qm
(6)

1/n

e = KfCe (7)

here qm (mg/g) and b (L/mg) are Langmuir isotherm coef-
cients. The value of qm represents the maximum adsorption
apacity. Kf (mg/g) and n are Freundlich constants.

F
n

ig. 11. Langmuir plot for the adsorption of CR by CTS, MMT and the nanocom-
osite.

The linear plot of Ce/qe versus Ce drawn for the Langmuir
odel of the adsorption of CR (Fig. 11). The applicability of

he Langmuir isotherm suggests the monolayer coverage of the
ye on the surface of CTS, MMT and the nanocomposite. The
inearization of the equations and the values of R2 for CTS,

MT and the nanocomposite are y = 0.01231x − 0.0225, 0.999,
= 0.09539x − 0.7878, 0.999 and y = 0.01834x − 0.0843, 0.999,

espectively. The qm values for the adsorption of CR by CTS,
MT and the nanocomposite were 81.23, 12.70, 54.52 mg/g,

espectively, which are same as the experiment data 80.59, 12.10,
3.42 mg/g for CTS, MMT and the nanocomposite, respectively.
he adsorption capacity of CTS/MMT nanocomposite for CR
as higher than the mean values of those of CTS and MMT.
he qm values for the adsorption of CR by waste Fe(III)/Cr(III)
ig. 12. Freundlich plot for the adsorption of CR by CTS, MMT and the
anocomposite.



ardou

p
w
m
a
M
i

4

l
C
o
t
o
m
h
l
n
r

A

T
0

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
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osite can be used as an alternative-adsorbing agent in dye
astewaters. Fig. 12 shows that the values of R2 of Freundlich
odel for CTS, MMT and the nanocomposite are 0.877, 0.939

nd 0.878, respectively. So, the adsorption of CR on CTS,
MT and the nanocomposite do not follow the Freundlich

sotherm.

. Conclusion

The CTS/MMT nanocomposites were prepared by control-
ing the molar ratios of CTS to MMT. The results show that the
R dye adsorption process is dependent on the molar ratios
f CTS to MMT, initial pH value of the dye solution and
emperature. The adsorption kinetics obeys the pseudo-second-
rder model, and the isotherm follows the Langmuir monolayer
odel. Compared with CTS, the CTS/MMT nanocomposite

as well flocculation ability in aqueous solution, comparative
ow cost and relative high adsorption capacity. Therefore, the
anocomposite can be effectively used as an adsorbent for the
emoval of CR from wastewaters.
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