
A

t
a
i
e
s
t
e
1
a
©

K

1

t
o
p
w
A
e
s
t
a

d
t
l

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 155 (2008) 253–260

Cross-linked quaternary chitosan as an adsorbent for the removal
of the reactive dye from aqueous solutions

Sirlei Rosa b, Mauro C.M. Laranjeira a, Humberto G. Riela b, Valfredo T. Fávere a,∗
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bstract

Adsorption of reactive orange 16 by quaternary chitosan salt (QCS) was used as a model to demonstrate the removal of reactive dyes from
extile effluents. The polymer was characterized by infrared (IR), energy dispersive X-ray spectrometry (EDXS) analyses and amount of quaternary
mmonium groups. The adsorption experiments were conducted at different pH values and initial dye concentrations. Adsorption was shown to be
ndependent of solution pH. Three kinetic adsorption models were tested: pseudo-first-order, pseudo-second-order and intraparticle diffusion. The
xperimental data best fitted the pseudo-second-order model, which provided a constant velocity, k2, of 9.18 × 10−4 g mg−1 min−1 for a 500 mg L−1

olution and a value of k2, of 2.70 × 10−5 g mg−1 min−1 for a 1000 mg L−1 solution. The adsorption rate was dependent on dye concentration at
he surface of the adsorbent for each time period and on the amount of dye adsorbed. The Langmuir isotherm model provided the best fit to the

quilibrium data in the concentration range investigated and from the isotherm linear equation, the maximum adsorption capacity determined was
060 mg of reactive dye per gram of adsorbent, corresponding to 75% occupation of the adsorption sites. The results obtained demonstrate that the
dsorbent material could be utilized to remove dyes from textile effluents independent of the pH of the aqueous medium.

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

The textile industry consumes a significant volume of water in
he process of dyeing fibers and fabrics. This water is highly col-
red due to the presence of dyes and can affect the photosynthesis
rocess due to the occurrence of reduced water transparency,
hich makes the penetration of sun rays more difficult [1].
lthough many organic molecules are degradable, many oth-

rs are stable and, due to their complex chemical structures and
ynthetic organic origin, are not totally degradable [2]. Due to
heir xenobiotic nature, azo reactive dyes can cause toxicity to
quatic organisms [3].

The classes of dyes mostly used by the textile industry are azo

yes containing reactive groups. Reactive dyes are compounds
hat contain one or more reactive groups, which form covalent
inks with oxygen, nitrogen or sulfur atoms from cellulose fibers

∗ Corresponding author. Tel.: +55 483 319 230; fax: +55 483 319 711.
E-mail address: favere@qmc.ufsc.br (V.T. Fávere).

t
a
i
t
[
e
a

304-3894/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2007.11.059
hydroxyl group), protein fibers (amino, hydroxyl and mercap-
an groups) and polyamides (amino group), providing greater
tability to the fabric color [4].

The conventional treatment process of textile effluents
nvolves numerous stages due to the characteristics of the pro-
uction process. The effluents can exit the processes at high
emperature, between 60 and 90 ◦C, or at ambient tempera-
ure. The effluents are collected and receive an injection of
arbon dioxide gas to neutralize the pH. In the neutralization
ank, new pH measurements are necessary, since the stations are
rojected to treat effluents with pH varying between 8 and 10
5].

Conventional treatment involves a process of coagula-
ion/flocculation. This is a versatile process, which can be used
lone or combined with biological treatments, as a way of remov-
ng suspended solids and organic material, as well as promoting

he extensive removal of dyes from textile industry effluents
6,7]. However, this approach presents the disadvantage of gen-
rating a large volume of sludge. This sludge is rich in dyes,
s well as other substances used in the textile process. This is

mailto:favere@qmc.ufsc.br
dx.doi.org/10.1016/j.jhazmat.2007.11.059
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problem, as the waste must be discarded properly to avoid
nvironmental contamination [5].

Other techniques that have been employed for toxic substance
ontent reduction in industrial wastewater include advanced
xidation; membrane filtration; and reverse osmosis [6–10].
owever, these methods are limited due to their high operational

osts [2,7].
The adsorption method has been used for dye removal from

he aquatic environment [8,11–15]. The major advantage of
his technique over others is its low generation of residues and
he possibility of adsorbent recycling and reuse [16]. Several
iterature reports concern the development of more effective,
elective and cheaper adsorbent materials [2,8,9,11–13,17,18].
t is important to mention that an increase in adsorption capacity
ay help compensate for the cost of additional processing.
Biopolymers constitute a promising class of biosorbents used

or the removal of pollutant from aquatic environments and
mong these, chitosan should be highlighted. This polymer is
erived from chitin, which is one of the most abundant biopoly-
er in nature, obtained from crustacean shells of shrimps, crabs

nd lobsters, which are themselves waste products of the seafood
rocessing industry [19,20].

Chitosan has excellent properties for the adsorption of anionic
yes, principally due to the presence of protonated amino groups
–NH3

+) in the polymer matrix, which interact with dyes in
olution by ion exchange, at an appropriate pH [21–23]. The
igh content of amino groups also facilitates various chemical
odifications in the polymer, for the purpose of improving its

dsorbent properties and adsorption capacity.
The purpose of this work was to study the kinetics and adsorp-

ion equilibrium of reactive dye orange 16, which is used in the
yeing process in the textile industry, in aqueous solution with
odified chitosan biopolymer.

. Experimental

.1. Materials

Chitosan, used for the preparation of the adsorbent, was
btained from Purifarma (Brazil) and reported to have 90.0%
egree of deacetylation, 8.0% water content, 1.0% maximum
sh content and pH between 7.0 and 9.0. Glycidyl trimethyl
mmonium chloride was purchased from Fluka Biochemica
Switzerland). The dye, reactive orange 16 (RO16, 50%) in
odium form, was acquired from Aldrich (USA). A stock solu-
ion of 2000 mg L−1 of the reactive dye was prepared by massing
n appropriate amount of the dye and diluting to find volume
ith distilled water. Fig. 1 shows the structure of RO16.

.2. Instrumentation

Infrared spectra were obtained using a PerkinElmer PC FTIR
6 spectrophotometer. The initial microprobe analysis using

nergy dispersive X-ray spectrometry (EDXS) of the new adsor-
ent was realized using Philips equipment, model XL 30, by
lacing a sample in stabes and covering it in gold. The number
f quaternary functional groups was determined by conducto-

s
m
1
l

Fig. 1. Structure of RO16.

etric titration using a Mettler MC 226 conductivimeter from
icronal, model B 330, and a Schott Geräte automatic titra-

or, model T 80/20. UV–vis absorption measurements using a
icronal B572 spectrophotometer were employed to determine

he reactive dye concentration in solution.

.3. Preparation of quaternary chitosan with glycidyl
rimethyl ammonium chloride

Quaternary chitosan salt (QCS) was prepared according to the
ethod proposed by Lang et al. [24]. Cross-linking of quaternary

hitosan salt was achieved by taking a chitosan suspension in
thanol and adding glutaraldehyde 25% (w/v) to the suspension
25]. The mixture was continuously stirred for 24 h at room
emperature. The product was filtered and dried at 50 ◦C and
ieved size using 80–270 mesh. Fig. 2 shows the structure of
ross-linked QCS.

.4. Adsorption experiments

The removal of reactive dyes by the adsorption process in
queous medium depends on various factors, such as the amount
f adsorbent, pH, contact time and temperature. The effect of
hese parameters with the affinity of the quaternary chitosan to
dsorb a model textile azo dye, RO16, from aqueous solution
as examined.
A known amount of adsorbent and a measured volume of

eactive dye solution were placed in 250 mL closed Erlenmeyer
asks. The system remained under agitation in a thermostatized
ath (Shaker Lab-line). The material was separated from the
olution by decantation and the non-adsorbed dye concentration
as determined by UV–vis spectrophotometry using calibration

urve in λmax of 508 nm.
The pH effect on adsorption was conducted using 50 mg

f QCS, 50 mL of 170 mg L−1 dye solution, shaking rate at
50 rpm and buffered with CH3COOH/CH3COONa (pH 3–6);
aH2PO4/Na2HPO4; (pH 7 and 8); NH4OH/NH4Cl (pH 9 and
0).

The adsorption kinetics were carried out in closed flasks each
ontaining 100 mg of QCS and 100 mL of dye solutions 500 and
000 mg L−1 buffered at pH 4.0. At predetermined times, the

haker was turned-off and immediately thereafter the adsorbent
aterial was decanted for 15 min, and 200 �L aliquots of the

000 mg L−1 solution was removed, diluted with 3 mL of distil-
ated water in a cuvette, and the absorbance was determined. The
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of cross-linked QCS.
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Fig. 3. EDXS spectrum of the QCS.
Fig. 2. Structure

bsorbance of the 500 mg L−1 solution was determined without
ilution.

For adsorption equilibrium experiments, 100 mg of QCS and
00 mL of buffered solutions, containing different concentra-
ions of dye (100–1000 mg L−1), were maintained under shaking
t 250 rpm until adsorption equilibration was attained. Aliquots
ere then removed, diluted in volumetric flasks, and the dye

oncentration determined from absorption measurements.

. Results and discussion

.1. Adsorbent characterization

The new adsorbent material was characterized by means of
nfrared (IR) and EDXS analyses and its quaternary groups
uantified by conductometric titration.

The bands obtained in the infrared of chitosan and the new
dsorbent material were very similar, however, there are minor
ifferences which allowed for the identification of the quaternary
roup inserted into the chitosan. Relative to chitosan the infrared
pectra QCS, exhibited a new band at 1482 cm−1, which was
ttributed to the asymmetric angular deformation of the methyl
roups of the quaternary nitrogen [25]. In addition, the presence
f counter-ion chloride of the quaternary group was identified
y EDXS, as illustrated in Fig. 3.

After characterization, the material was cross-linked with
lutaraldehyde, which rendered it insoluble in water. The
mount of the quaternary groups was determined by conducto-
etric titration of chloride ions using a standard AgNO3 solution

nd to end to be 2.29 mmol g−1 [25].

.2. Effect of pH on adsorption

Fig. 4 illustrates the effect of pH on reactive dye adsorption

y QCS. The pH-dependence profile indicates that adsorption
s independent over the entire pH range examined. Both the
dsorbent and the dye are completely disassociated, which is
ttributed to the fact that the adsorbent is a strong basic anionic

Fig. 4. Quantity of RO16 adsorbed by QCS at different pH values. Adsor-
bent mass = 50 mg; [Dye] = 170 mg L−1; temperature = 25 ◦C; contact time = 3 h,
shaking rate = 250 rpm.
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Fig. 5. Amount of dye adsorbed by QCS as a function of time. Adsorbent
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ass = 100 mg; [Dye] = 500 and 1000 mg L−1; pH = 4.0, temperature = 25 ◦C;
haking rate = 250 rpm.

xchanger and the dye sulfonate is derived from a strong acid.
revious work with microspheres of cross-linked chitosan and
O16 dye indicated that adsorption is dependent on pH [26]. At
H < 3, chitosan is completely protonated and adsorption is prin-
ipally attributed to ionic interaction between its cationic sites,
he protonated polymer groups and the dye sulfonate groups.
n an alkaline medium, adsorption decreased because the poly-
eric chain was not positively charged and does not interact
ith the negative charges of the dye.

.3. Adsorption kinetics

Fig. 5 shows the amount of dye adsorbed by QCS as a func-
ion of time. The adsorption kinetics curve was studied at dye
oncentrations of 500 and 1000 mg L−1 and showed a faster
inetic adsorption at a concentration of 500 mg L−1, reaching
quilibrium in 2 h, while at a concentration of 1000 mg L−1,
quilibrium was reached in 19 h. Thus, the slower equilibrium
or the higher concentrated dye solution could be attributed to
he adsorption driving force being stronger than that for lower
nitial concentrations [22,27].

In order to evaluate the kinetic mechanism which controls
he process, the pseudo-first-order [28], pseudo-second-order
29] and intraparticle diffusion [30] models were tested, and
he validity of the models were verified by the linear equation
nalysis log (qe − qt) vs. t, (t/qt) vs. t and qt vs. t1/2, respec-
ively. Good correlation with the kinetic data explains the dye
dsorption mechanism in the solid phase [21–23,29].

Eq. (1) represents the pseudo-first-order equation:

og(qe − qt) = log qe − k1
t (1)
2.303

here k1 (min−1) is the pseudo-first-order adsorption kinetic
arameter; qt is the amount adsorbed at time t (min); and qe
enotes the amount adsorbed at equilibrium, both in mg g−1.

d
t
t
f

Materials 155 (2008) 253–260

he plot of the log (qe − qt) as a function of t provides the k1
nd qe values. The correlation coefficient obtained for the two
oncentrations were R2 = 0.810 (500 mg L−1) and R2 = 0.973
1000 mg L−1), however, they did not present good linearity and
discrepancy was observed, the experimental log qe value is not
qual to the intercept of the log (qe − qt) vs. t graph. When these
alues were compared with the experimental values, deviations
f 68 and 43%, respectively, were observed.

The pseudo-second-order equation based on the adsorption
apacity at equilibrium may be expressed by the following equa-
ion:

t

q
= 1

k2q2
e

+ 1

qe
t (2)

where k2 (g mg−1 min−1) is the pseudo-second-order adsorp-
ion kinetic parameter. From the intercept and slope of the graph
t/qt) as a function of t, k2 and qe can be obtained.

The plots according to Eq. (2) provided excellent
inearity R2 = 1.000 with (500 mg L−1) and R2 = 0.998
1000 mg L−1) with rate constants (k2) of 9.18 × 10−4 and
.7 × 10−5 g mg−1 min−1, respectively. Comparison of the
xperimental values of qe (qe = 476 and 890 mg g−1) and those
btained from the slope (qe = 485 and 917 mg g−1) showed
ood agreement with deviations of 2.1 and 3.1%.

Adsorption passes through several stages involving the trans-
ort of the adsorbate from the aqueous phase to the adsorbent
urface and diffusion of the adsorbate into the interior of the
dsorbent pores, which is a slow process. The kinetic model of
ntraparticle diffusion, proposed by Weber and Morris, consists
f a simple model in which the intraparticle diffusion rate can
e obtained from the following equation:

t = kt1/2 (3)

hen intraparticle diffusion controls the adsorption kinetics
rocess, the plot of qt vs. t1/2 gives a straight line passing through
he origin and the slope gives a rate constant k.

The plot of qt vs. t1/2 gave a poor correlation coefficient
2 = 0.676 (500 mg L−1) and R2 = 0.765 (1000 mg L−1) and the
traight lines did not pass through the origin, indicating that
ntraparticle diffusion is not a determinant factor in the kinetic
rocess. Table 1 shows the kinetics parameters obtained by fit-
ing the kinetic models.

The analysis of the kinetic models showed that adsorption
rocess was best described by pseudo-second-order kinetics, and
he adsorption rate was dependent on the dye concentration at
he adsorbent surface and on the amount of dye adsorbed at
quilibrium.

The initial adsorption rate were 216.4 mg (g min)−1 for
he 500 mg L−1 solution and 22.72 mg (g min)−1 for the
000 mg L−1 solution. The comparative data of adsorption
inetics showed that the initial adsorption rate of the reactive

ye for the 500 mg L−1 solution was 9.53-fold faster than for
he 1000 mg L−1 solution; an important parameter that must be
aken into consideration regarding the removal of reactive dyes
rom textile effluents.
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Table 1
Parameters kinetic model obtained by fitting kinetic models

Co

(mg L−1)
qe, experimental
(mg g−1)

Pseudo-first-order Pseudo-second-order Intraparticle diffusion

k1 (l min−1) qe, calculated
(mg g−1)

R2 d (%) k2 (l min−1) qe, calculated
(mg g−1)

R2 d (%) K (min1/2) R2 d (%)

500 475.6 0.0372 151.78 0.8098 68.08 9.2E−4 485.4 0.9999 −2.06 40.83 0.6759 0.67
1 5 2

p
t
[

3

t
a
[
a
t
s

s
i

q

w
m
e
(

T
C

R

T

[

[

[

[

[

[

[

[

[

[

000 890.0 0.0037 504.18 0.9726 43.3

Previous dye adsorption kinetic studies indicated that the
seudo-second-order kinetic model also provided the best fit for
he experimental data observed; these are presented in Table 2
21–23,31–37].

.4. Adsorption isotherm

The equilibrium studies were carried out at pH 4.2 with
he contact time required to reach adsorption equilibrium. For
dsorption data interpretation, the Langmuir isotherm model

38,39] was used due to the homogeneous surface of the
dsorbent, since the Freundlich isotherm [40] is applied in
he case heterogeneous surfaces. The Langmuir isotherm con-
iders the adsorbent surface as homogeneous, with identical

r
t
a
s

able 2
omparison of the kinetic mechanisms of the present work and other studies from th

eference Adsorbent

his work Quaternary chitosan salt cross-linked (powder)

31] Chitosan (powder)
Chitosan (beads)

21] Chitosan
Chitosan
Chitosan

32] Chitosan cross-linked
Chitosan cross-linked
Chitosan cross-linked
Chitosan (powder)
Chitosan (powder)
Chitosan (powder)

33] Chitin
Chitin

23] Chitosan
Chitosan

34] Chitosan (beads)
Chitosan + clay (beads)

35] Chitosan dried (bead)
Chitosan wet (wet)

22] Chitosan cross-linked (beads)
Chitosan cross-linked (beads)

36] Chitosan cross-linked (beads)

37] Chitosan cross-linked beads
Chitosan cross-linked beads
Chitosan cross-linked beads
Chitosan cross-linked beads
.7E−5 917.4 0.9982 −3.08 21.40 0.7647 39.5

ites in terms of energy. Eq. (4) represents the Langmuir
sotherm:

= qmKadsCeq

1 + KadsCeq
(4)

here q is the amount adsorbed (mg g−1); qm is the maxi-
um quantity of adsorption (mg g−1); Kads is the adsorption

quilibrium constant; and Ceq is the equilibrium concentration
mg L−1).

In the dye adsorption by QCS represented Fig. 6a, the

elationship between the amount of metal ions adsorbed at
he adsorbent surface and the concentration remaining in the
queous phase at equilibrium can be verified. This relation-
hip showed that the adsorption capacity increased with the

e literature, involving several reactive dyes

Dye Model

RO16 Pseudo-second-order

RR222 Intraparticle diffusion
RR222 Intraparticle diffusion

RR222 Intraparticle diffusion
RY145 Intraparticle diffusion
RB222 Intraparticle diffusion

RR222 Pseudo-second-order
RY145 Pseudo-second-order
RB222 Pseudo-second-order
RR222 Pseudo-second-order
RY145 Pseudo-second-order
RB222 Pseudo-second-order

RY2 Intraparticle diffusion
RBK5 Intraparticle diffusion

RY2 Intraparticle diffusion
RBK5 Intraparticle diffusion

RR222 Pseudo-first-order
RR222 Pseudo-first-order

RR222 Pseudo-first-order
RR222 Pseudo-first-order

RR189 Pseudo-second-order
RR189 Pseudo-first-order

RR189 Pseudo-second-order

RB2 Pseudo-second-order
RR2 Pseudo-second-order
RY2 Pseudo-second order
RY86 Pseudo-second-order
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Fig. 6. Amount dye absorbed by QCS at different concentrations. Adsorbent
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ass = 100 mg; [Dye] = 100–1000 mg L−1; pH = 4.0; temperature = 25 ◦C; shak-
ng rate = 250 rpm.

quilibrium concentration of dye in solution, progressively
eaching adsorbent saturation.
The adsorption parameters can be determined by trans-
orming the Langmuir equation into linear form.The following
quation was represents the best linear regression of the

b

R

able 3
omparison of maximum adsorption capacity of the present work and various studie

eference Adsorbent D

his work Quaternary chitosan salt cross-linked (powder) R

31] Chitosan (powder) R
Chitosan (beads) R

32] Chitosan cross-linked-(beads) R
Chitosan cross-linked-(beads) R
Chitosan cross-linked-(beads) R
Chitosan (flakes) R
Chitosan (flakes) R
Chitosan (flakes) R

26] Chitosan cross-linked (beads) R
Chitosan cross-linked (beads) R

34] Chitosan (beads) R
Chitosan (beads) + clay R

35] Chitosan (beads) dried R
Chitosan (beads) wet R

22] Chitosan cross-linked-beads R
Chitosan R

36] Chitosan cross-linked beads R
Chitosan R

37] Chitosan cross-linked beads R
Chitosan cross-linked beads R
Chitosan cross-linked beads R
Chitosan cross-linked beads R

27] Chitosan cross-linked (beads) R
42] Chitosan R
Materials 155 (2008) 253–260

sotherm [41]:

Ceq

q
= 1

Kadsqm
+ 1

qm
Ceq (5)

he plot of Ceq/q as a function of Ceq allows for calculation
f the qm and Kads values. From the adsorption parameters, the
aximum adsorption capacity of the adsorbate by the adsorbent

nd the Langmuir constant can be evaluated. Fig. 6b represents
he linearization of the adsorption isotherm according to the
angmuir model.

The linear regression equation obtained, Y = 7.69 × 10−3 +
.436 × 10−4X, gave a correlation coefficient of 0.988. The
alue determined for maximum saturation capacity of the adsor-
ent monolayer was 1060 mg of dye per gram of adsorbent and
he Langmuir constant was 0.123 L mg−1.

Several adsorption studies have been carried out using differ-
nt adsorbents and reactive dyes. Table 3 illustrates the capacity
f reactive dye adsorption using different chitosan as adsorbent
22,26,27,31,32,34–37,42].

.5. Surface fraction occupied by the reactive dye
e represented by the following chemical equation:

+Cl(s)
− + Dye(sol)

− → R+Dye(s)
− + Cl(sol)

− (6)

s from the literature involving different reactive dyes

ye pH qm (mg g−1) Model

O16 4.0 1060 Langmuir

R222 – 494, 293, 398 Langmuir
R222 – 1026,1106,1037 Langmuir

R222 – 1653 Langmuir
Y145 – 885 Langmuir
B222 – 1009 Langmuir
R222 – 339 Langmuir
Y145 – 188 Langmuir
B222 – 199 Langmuir

O16 2 30 Langmuir
O16 10 5.6 Langmuir

R222 – 1965 Freundlich
R222 – 1912 Freundlich

R222 – 1215 Freundlich
R222 – 1498 Freundlich

R189 3 1936, 1686, 1642 Langmuir
R189 3 1189 Langmuir

R189 3 1840 Langmuir
R189 3 950 Langmuir

B2 3 2498 Langmuir
R2 3 2422 Langmuir
Y2 3 2171 Langmuir
Y86 3 1911 Langmuir

B15 4 722 Langmuir
R141 2–5 156 Langmuir
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here, “s” represents the solid phase and “sol” represents the
olution.

The surface fraction occupied by the Dye− ion upon dis-
ocation from the chloride ion to the solution is given by the
ollowing equation:

Dye- = N

N0
(7)

here θDye− represents the surface fraction occupied by dye in
he solid phase, N0 is the amount of exchangeable Cl− ion per
ram of adsorbent (2.29 mmol/g) determined by conductometric
itration and N is the amount of dye adsorbed; calculated from
he maximum adsorption capacity of the reactive dye by the
dsorbent (1.72 mmol/g). The value calculated, 0.75 or 75%,
epresents the occupation of the adsorption sites on the adsorbent
y the reactive dye.

. Conclusions

The IR and EDXS techniques used for characterization
roved that the quaternary ammonium group was immobilized
n the chitosan surface, thus forming a new adsorbent. The
esults indicated that the adsorption process is not dependent on
olution pH, since the most probable mechanism for adsorption
s the interaction of the polymer quaternary ammonium groups
ith the dye sulfonate groups. Adsorption kinetics followed the
seudo-second-order mechanism, which was the model that pro-
ided the best correlation with the experimental data. In the
dsorption equilibrium studies, the Langmuir equation was used
o fit the experimental data obtained, providing a maximum
dsorption capacity of 1060 mg g−1 corresponding to 75% occu-
ation of the adsorption sites. The results obtained showed that
he new adsorbent material could be tested on textile effluents
ndependent of the pH of the aqueous medium.
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