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The crosslinked chitosan/nano-CdS (CS/n-CdS) composite catalyst prepared by simulating bio-
mineralization process was extensively characterized by FT-IR spectra, XRD, SEM, TEM and TGA. An azo
dye, Congo Red (CR), was used as model pollutant to study its photocatalytic activity under visible light
irradiation. The influences of catalyst amount, initial CR concentrations, pH of the reaction solution and
different anions on CR decolorization and degradation reaction kinetics were investigated. Results of char-
acterization indicated the successful formation of hexagonal phase of CdS on raw chitosan under mild
conditions. The photocatalytic degradation was found to follow a pseudo-first-order kinetics according to
hitosan
ano-CdS
isible light photocatalysis
ongo Red
inetics

Langmuir–Hinshelwood (L–H) model. The dye could be decolorized more efficiently in acidic media than
alkaline media. The presence of NO3

− accelerated evidently the degradation of CR, while the other chosen
anions (Br−, SO4

2− and Cl−) had an inhibitory effect on the decolorization of CR, of which the inhibitory
effect of Cl− was the most pronounced. UV–vis spectra were analyzed to indicate that degradation of CR
in the solution was the break up of the N N bonds and degradation of aromatic fragment in this reaction

erim
system. The recycling exp

. Introduction

Estimates indicate that approximately 1–15% of the synthetic
extile dyes used is lost in wastewater streams during manufactur-
ng or processing operations [1,2]. The discharge of highly colored
aste is not only aesthetically displeasing, but it also impedes light
enetration, thus upsetting biological processes within a stream.

n addition, many dyes are toxic to some organisms and may cause
irect destruction of aquatic communities. Hence, removal of dyes
rom such wastewaters is a major environmental problem and com-
lete dye removal is necessary because dyes will be visible even
t low concentrations [3]. Due to the large variability in composi-
ion of textile wastewater and the relative stability of dye molecular

tructures, most of the conventional physicochemical and biological
reatment methods are inadequate for their effective removal [4–6].
dvanced oxidation processes (AOPs) are attractive alternatives to
on-destructive physical water treatment processes, because they
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oi:10.1016/j.jhazmat.2009.04.037
ents confirmed the relative stability of the catalyst.
© 2009 Elsevier B.V. All rights reserved.

are able to mineralize organic water contaminants. Among AOPs,
one of the most efficient and economical methods is probably the
photocatalysis under visible light irradiation because most of the
solar spectra fall in the visible range [7–9].

CdS is a well-known semiconductor with a band gap of 2.42 eV
and its valence electron can be easily evoked to conduction band
when the wavelength of evoking light is less than or equal to
495 nm [10,11]. CdS semiconductor nanoparticles as photocatalyst
have attracted intense interest to treat dyes wastewater due to
their unique photochemical and photophysical properties in recent
years [12,13]. Mechanistically, CdS photocatalyst is first evoked by
relevant light and subsequently initiates the photodegradation of
contaminants. At first, CdS photocatalyst is first evoked by rele-
vant light to create electrons. The electrons are then scavenged by
molecular oxygen O2 to yield the superoxide radical anion O2

•− (Eq.
(2)) and hydrogen peroxide H2O2 (Eq. (3)) in oxygen-equilibrated
media. These new formed intermediates can interreact to produce
hydroxyl radical •OH (Eq. (4)). It is well known that the •OH radical
is a powerful oxidizing agent capable of degrading most pollutants
(Eq. (5)) [14]:
CdS + h� → CdS(h+) + e− (1)

e− + O2 → O2
•− (2)

e− + O2 + 2H+ → H2O2 (3)
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Fig. 1. Chemical structure of Congo Red.

2O2 + O2
•− → •OH + OH− + O2 (4)

OH + dye → degradation products (5)

owever, CdS nanoparticles are easily to aggregation in aqueous
olution during preparation process, which accordingly results in
ather lower efficiency. In addition, as powdery catalyst, there
re still other limitations such as the difficulty in recycle and
euse.

Some recent literature references have revealed that natu-
al polysaccharide plays an important role in the biosynthesis
f nano-sized semiconductor sulfide [15]. The use of natural
rganic materials in the synthesis of nano-sized material pro-
ides an interface for the charge transfer resulting in the increase
f photocatalytic efficiency [16]. Chitosan (�-(1 → 4)-2-amino-2-
eoxy-d-glucose, CS) is a natural hydrophilic and cationic polymer
roduct by N-deacetylation of chitin, the next most abound natural
olysaccharide after cellulose [17]. Chitosan has excellent prop-
rties for the adsorption of metal ions [18,19], principally due
o the presence of high content of amino groups ( NH2) and
ydroxyl ( OH) in the polymer matrix, which makes it a suit-
ble matrix to synthesis semiconductor quantum dots (QDs) and
emiconductor composite catalyst [20,21]. Besides, a large number
f studies have shown that catalyst or absorbent can be effec-
ively separated and reused if catalyst was immobilized on chitosan
22].

In this present study, the crosslinked chitosan/nano-CdS
CS/n-CdS) composite catalyst was prepared by simulating bio-

ineralization process and characterized in detail. Next, Congo
ed (CR) with complex aromatic chemical structure was selected
s object pollutant to examine the photocatalytic efficiency of the
nnovative catalyst for organic dye pollutants. Different factors on
he reactive rate were investigated and the kinetic behaviors of reac-
ion were evaluated for CR. The results obtained from this study
ould provide fundamental information for the design and opera-
ion of such a process for the treatment of azo-dye-contaminated
ndustrial effluents.

. Experimental

.1. Materials

Commercially available Congo Red (C32H22N6O6S2Na2, C.I.
irect Red 28) was purchased from Yongjia Fine Chemical Factory

Zhejiang, China) and used as received without further purification.
ig. 1 displays the chemical structure of the dye. Samples of chi-

osan with 92% of deacetylation degree prepared from shrimp shell
ere purchased from Yuhuan Ocean Biochemical Co., Ltd. (Zhejiang,
hina). CdCl2, (NH2)2CS, OHC(CH2)3CHO(25%, v/v), NaOH, Na2SO4,
aNO3, NaCl, NaBr, HNO3 and H2SO4 were of analytical grade from
hanghai Chemical Reagent Co., Ltd. (Shanghai, China). All the solu-
ions were prepared by double distilled water. 0.1 mol L−1 NaOH or
.1 mol L−1 H2SO4 in proper amounts was used to adjust the suitable
H value.
Fig. 2. Schematic diagram of photocatalytic reaction system.

2.2. Methods

2.2.1. Preparation of CS/n-CdS composite catalyst
CS/n-CdS composite catalyst was synthesized by simulating bio-

mineralization technique modified from previous literature reports
[21]: at room temperature, a 1.5 g amount of chitosan mixed with
a 0.9 g amount of CdCl2 was dissolved in 120 mL 1% (v/v) HNO3
aqueous solution under continuous stirring for 4 h to facilitate a
chelating balance. Chitosan complexes with Cd2+ ions were formed
through the adsorption and chelation between chitosan and Cd2+

ions. The resulting sol solution was kept in water bath at 60 ◦C for
1 h, in which fresh sulfocarbamide solution was dropped slowly.
Cd2+ ions in chitosan/Cd2+ complexes reacted with S2− released
slowly from fresh sulfocarbamide to form chitosan/nano-CdS (CS/n-
CdS). Subsequently, in order to stabilize CS/n-CdS in acid solution,
the CS/n-CdS was dipped into 100 mL 0.25% glutaraldehyde solution
in a 250 mL flash and agitated for 30 min for crosslinking. Crosslink-
ing of chitosan in CS/n-CdS by means of the Schiff’s reaction is
accomplished when amine functional groups from two monomers
of different chitosan chains react with glutaraldehyde [23]. Then
200 mL 0.1 mol L−1 NaOH solution was added. The orange yellow
end product was filtered and washed with absolute ethyl alco-
hol and double distilled water, respectively, for 3–4 times. Finally,
the product (CS/n-CdS) was dried at 60 ◦C under atmospheric
condition.

2.2.2. Physicochemical characterization of CS/n-CdS composite
catalyst

The Fourier transform infrared (FT-IR) spectra were recorded
within KBr pellet on a FTIR-8400 spectrometer (Shimadzu, Japan).
The X-ray diffraction (XRD) spectra of chitosan and CS/CdS NPs
were performed using a D8 ADVANCE X-ray diffraction spectrom-
eter (Bruker, German) with a Cu K� target at 40 kV and 50 mA at a
scan rate of 0.02◦2� s−1. The morphological structure of the photo-
catalyst was examined by scanning electron microscopy (SEM) with
a Hitachi SX-650 machine (Tokyo, Japan) and transmission electron
microscopy (TEM) with model JEOL-JCM-5700 machine (Tokyo,
Japan). Thermogravimetry (TG) was performed using a Setaram
Setsys 16 TG/DTA/DSC (France) under a nitrogen atmosphere of
0.15 MPa from 25 to 800 ◦C with heating rate of 2 ◦C/min.

2.2.3. Photodegradation and analysis of Congo Red
Fig. 2 schematically shows the photocatalytic reaction system.

Photocatalytic experiments were carried out in a cylindrical organic

glass container of dimensions (200 mm diameter, 250 mm height).
A 300 W xenon lamp (PLS-SXE300, Beijing Trusttech Co. Ltd., China)
loaded with a UV-Cut filter was used as simulated visible light
sources to irradiate horizontally into the photocatalytic reactor. A
500 mL of Congo Red solution was mixed with a certain amount of
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Fig. 3. FT-IR spectra of chitosan (a) and CS/n-CdS (b).

hotocatalyst and exposed to the visible light. At given irradiation
ime intervals, 4 mL of the suspensions were collected, then cen-
rifuged and filtered through a Millipore filter (pore size, 0.22 in.)
o separate the photocatalyst particles. The Millipore filter was
ashed using double distilled water every time to ensure that
o residual dye and catalyst remained on the microfilter. The CR
oncentration was measured by Cary 50 Model UV-Visible Spec-
rophotometer (Varian, USA) scanning from 200 nm to 800 nm and
he wavelength of maximum absorption at �max = 496.03 nm was

onitored. A calibration plot based on Beer–Lambert’s law was
stablished by relating the absorbance to the concentration.

The decolorization and degradation reaction kinetics were stud-
ed by varying different parameters such as catalyst amount
[Cata.]), initial concentration of dye ([C]0), pH of the solution and
ifferent inorganic anions. Degradation rate was calculated using
he following equation

egradation rate (%) =
(

1 − Ci

C0

)
× 100

here C0 is the initial concentration of CR (mg L−1) and Ci is the
nstant concentration in the sample at time t (mg L−1).

Photocatalytic reactions kinetics on photocatalyst can be
xpressed by the Langmuir–Hinshelwood (L–H) model [24,25].
hen the initial concentration of dye is lower, the reaction rate

an be expressed as [26]:

n
(

Ci

C0

)
= −kapp t

here kapp is the apparent pseudo-first-order reaction rate constant
nd t is the reaction time. A plot of ln(Ci/C0) versus t will yield a slope
f −kapp.

Adsorption tests in dark were carried out in order to evaluate
he adsorption of dye on catalyst surface.

. Results and discussion

.1. Physicochemical characterization

.1.1. FT-IR
In order to examine the differences between CS/n-CdS and pure

hitosan, the FT-IR spectra were applied to the study. The FT-IR
pectrum of CS/n-CdS (trace b in Fig. 3) exhibited many alterations
rom that of pure chitosan (trace a in Fig. 3). The major differences

−1
ere: the wide peak at 3365 cm , corresponding to the stretching
ibration of hydroxyl, amino and amide groups, moved notice-
bly to lower wave numbers (3321 cm−1) and became broader and
tronger, which indicated the strong interaction between these
roups and CdS [21]. The FT-IR spectrum of chitosan itself showed
Fig. 4. XRD spectra of CS/n-CdS.

some features of amide groups: amide I and amide II bands at
1654 and 1596 cm−1, respectively [27]. While the spectrum of CS/n-
CdS displayed a disappearance of the band at 1596 cm−1 and the
buildup of the band at 1654 cm−1, which maybe was related to the
consumption of -NH2 groups by glutaraldehyde, as a result of the
crosslinking process and the complexation [28]. This consumption
can be confirmed by the decrease of the band related to primary

NH2 groups at 1424 cm−1. As we can observe in Fig. 3, the peak
located at 1076 cm−1 assigned to C3–O stretching shifted to lower
wave number 1068 cm−1.

3.1.2. XRD
XRD method was also employed to investigate the formation of

CS/n-CdS composite (Fig. 4). Major diffraction peaks (1 0 0), (0 0 2),
(1 0 1), (1 1 0), (1 0 3) and (1 1 2) correspond to the hexagonal phase
according to CdS (JCPDS 06-0314) [29], which revealed the success-
ful formation of hexagonal phase of CdS on chitosan by simulating
bio-mineralization. The average size of the crystalline structure of
CS/n-CdS calculated by the analysis of XRD data of (1 1 0), (1 0 2)
and (1 0 3) was approximately 23–29 nm according to the Scherrer’s
formula, that is:

D = ��

ˇ cos �

where D is the crystal size (nm), � is the Cu K� wavelength
(0.15406), ˇ is half-width of the peak in radians and � is the cor-
responding diffraction angle [14].

3.1.3. SEM and TEM
The direct evidence of the formation of nanoparticles on the

surface of chitosan was given by SEM (Fig. 5a) and TEM (Fig. 5b). In
Fig. 5a, there existed many pleats on the surface of CS/n-CdS, which
could provide a much larger surface area for photocatalytic reaction.
The CS/n-CdS had a spherical morphology with about diameters of
25–35 nm in the TEM image (Fig. 5b), which was in close agreement
with XRD data.

3.1.4. TGA
Thermal stabilities of the pure chitosan, crosslinked chitosan

film and CS/n-CdS were measured using thermal gravimetric anal-
ysis (Fig. 6). The TG curve of CS/n-CdS was very different from that
of pure chitosan. The pure chitosan exhibited a weight loss start-
ing at about 21 ◦C and a rapid weight loss at 290–430 ◦C. When
the temperature was above 500 ◦C, chitosan was decompounded

slowly and the total weight loss was about 66.0% at 800 C. How-
ever, the tendency of the TGA curve of CS/n-CdS was similar to that
of crosslinked chitosan film. There were three steps (at 20–250 ◦C,
250–500 ◦C, and 500–800 ◦C, respectively) in the TGA curves of
both CS/n-CdS and crosslinked chitosan film. The first stage ranges
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micrographs (b) of representative CS/n-CdS.
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Fig. 5. SEM micrographs (a) and TEM

howed about 9% weight loss of CS/n-CdS took place, which may be
elated to the loss of adsorbed and bound water [30]. The other two
teps at 250–500 ◦C and 500–800 ◦C were caused by the decompo-
ition of residual organic group. The total weight loss of CS/n-CdS by
00 ◦C was more about 7% than that of crosslinked chitosan films,
nd excess residual components were mostly CdS. It can be con-
luded that CS/n-CdS composite exhibited better thermal stability
han did the pure chitosan.

.2. Decolorization and degradation of Congo Red in different
ystems

Fig. 7 shows the decolorization of the CR dye using three differ-
nt treatment processes, that is under only simulated visible light
trace a), in the presence of CS/n-CdS (1.5 g L−1) in dark (trace b)
nd in the presence of CS/n-CdS (1.5 g L−1) under simulated visi-
le light irradiation (trace c), respectively. For blank experiments

n the absence of the catalyst under simulated visible light, almost
o degradation of the dye took place. In the presence of CS/n-CdS,
ut without irradiation, only 20.4% decolorization was observed
ithin 180 min due to the adsorption of the dye and the amount of

dsorbed dye was 2.72 mg dye/g catalyst. However, when the dye
olution in the presence of CS/n-CdS was exposed to the same simu-

ated visible light irradiation within 180 min, about 85.9% of the dye
as decolored and degradated. The UV–vis spectra of the original
R solution and the degraded dye solutions using three different
reatment processes after 180 min are presented in Fig. 8. The full
pectrum scanning pattern showed extremely obvious difference

ig. 6. Thermal gravimetric curves of pure chitosan (a), CS/n-CdS (b), and crosslinked
hitosan film (c).
Fig. 7. Comparison of change in concentration as a function of irradiation time: (a)
only simulated visible light; (b) CS/n-CdS catalyst (1.5 g L−1) in dark; (c) CS/n-CdS
catalyst (1.5 g L−1) under simulated visible light irradiation.

after 180 min for three different processes. No peak was detected in
the analyzed wavelength range at the end of the 180 min of reaction
time in the presence of CS/n-CdS (1.5 g L−1) under simulated visi-
ble light irradiation (trace d in Fig. 8). As a result, both catalyst and

an appropriate light source are necessary for photocatalytic decol-
orization and degradation of the CR dye on innovative CS/n-CdS
composite to occur.

Fig. 8. UV–vis spectra of azo CR solutions and the degraded dye solutions under dif-
ferent conditions at 180 min: (a) original solution; (b) only simulated visible light; (c)
CS/n-CdS catalyst (1.5 g L−1) in dark; (d) CS/n-CdS catalyst (1.5 g L−1) under simulated
visible light irradiation.
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ig. 9. UV–vis spectral changes with reaction time. [C]0 = 20 mg L−1,
Cata.] = 1.5 g L−1, pH 6.0.

.3. Decolorization and aromatic ring destruction of
hotocatalytic reaction

To clarify the changes of molecular and structural characteris-
ics of CR as a result of photocatalytic degradation, representative
V–vis spectra changes of the dye solution as a function of reac-

ion time are depicted in Fig. 9. As observed from Fig. 9, absorption
pectrum of the original 20 mg L−1 CR solution was character-
zed by one main band in the visible region with its maximum
bsorption at 496.03 nm and by other two bands in the ultravio-
et region located at 235.96 nm and 338.08 nm, respectively. The
bsorbance peaks at 235.96 nm and 338.08 nm were attributed
o “benzene, naphthalene rings” structures, while the absorbance
eak at 496.03 nm was attributed to the azo bonds of CR molecule
31]. During photodegradation the absorbance values diminish and
o more specific peaks at 496.03 nm remain after 180 min of reac-
ion, which was due to the fragmentation of the azo links by
ttack. In addition to this effective bleaching effect, the decay of
he absorbance at 235.96 nm and 338.08 nm were considered as evi-
ence of aromatic fragment degradation in the dye molecule and its

ntermediates.
The abatement rates of the three absorption peaks (235.96 nm,

38.08 nm and 496.03 nm) in the presence of CS/n-CdS (1.5 g L−1)
omposite catalyst under simulated visible light irradiation could
e compared conveniently in terms of first-order rate constants
32,33], obtained from the slopes of plots in Fig. 10. The significantly

aster rate (kapp = 11.08 × 10−3 min−1) of decay of the visible band
as attributed to the priority of cleavage of the azo links in the pho-

ocatalytic decolorization and degradation, resulting in the rapid
isappearance of chromophores in the dye structure. The result

ig. 10. The degradation kinetics of three absorption peaks of CR with reaction time.
C]0 = 20 mg L−1, [Cata.] = 1.5 g L−1, pH 6.0.
Fig. 11. Influence of catalyst amount on the decolorization kinetics of CR.
[C]0 = 20 mg L−1, pH 6.0.

indicated that the break up of the N N bonds, responsible for the
coloration of the azo compounds, was the first step of the oxidative
process. Additionally, the kapp value at 235.96 nm and at 338.08 nm
were 4.27 × 10−3 min−1 and 8.61 × 10−3 min−1, respectively, which
indicated that “benzene-like” structures and naphthalene ring of CR
were also deconstructed to a certain extent during photocatalytic
reaction. Therefore, we can conclude that not only decolorization
but also degradation of CR took place on innovative CS/n-CdS com-
posite catalyst under visible light irradiation.

3.4. The effect of catalyst amount on the decolorization of Congo
Red

The effect of photocatalyst amount on decolorization kinet-
ics of the model compound was studied by varying from 0.5 to
2 g L−1. As seen in Fig. 11, the kapp values increased evidently from
5.33 × 10−3 min−1 to 11.08 × 10−3 min−1 with the increase in cata-
lyst amount at the range from 0.5 g L−1 to 1.5 g L−1. This was due
to the increase in the catalyst amount, which contributed to the
increase in the number of photons adsorbed and also the number
of the dye molecules adsorbed. However, catalyst amount further
increased up to 2.0 g L−1 led to the kapp value increased slowly up
to 11.87 × 10−3 min−1. Higher amounts of catalyst showed a slight
positive effect on the degradation of CR. This could be explained
in terms of availability of active sites on catalyst surface [34], light
scattering and screening effect [35].

3.5. The effect of initial dye concentration on the decolorization of
Congo Red

Influence of initial dye concentration on kapp values of the degra-
dation of CR was studied at different concentrations varying from
10 mg L−1 to 40 mg L−1 in the presence of 1.5 g L−1 CS/n-CdS com-
posite catalyst under simulated visible light. As shown in Fig. 12,
the photodegradation rate depended on the initial concentration
of CR. Correlation coefficient values (R2) decreased generally with
increasing initial dye concentration. The result indicated that when
the initial concentration of dye was lower, the correlation coeffi-
cient values (R2) were higher than 0.99, which was confirmed by
the proposed kinetics for decolorization of CR in this process. On
the other hand, kapp values of the dye degradation were observed

to decrease with increasing initial dye concentration, which was in
accordance with those reported in the literatures [36,37]. The ratio
of degradation related to the probability of hydroxyl free radicals
formation on the catalyst surface and to the probability of hydroxyl
free radicals reacting with dye molecules [34]. As initial concen-
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ig. 12. Influence of initial dye concentration on the decolorization kinetics of CR.
C]0 = 20 mg L−1, [Cata.] = 1.5 g L−1, pH 6.0.

ration of the dye increased, the probability of reaction between
ye molecules and oxidizing species also increased. On the con-
rary, the degradation ratio decreased with further increase in the
ye concentration because the active sites on catalyst surface were
overed by dye molecules. Another possible reason was that a high
ye concentration shielded the visible light thus the light triggered
atalysts decreased, thus concentration of hydroxyl free radicals
ecreased [38].

.6. The effect of pH on the decolorization of Congo Red

The strong influence of pH value on CR photodegradation
as performed as showed in Fig. 13. Natural pH of 20 mg L−1

R is 6.0. The rate constants kapp as a function of pH value
ecreased in the order of 6 > 8 > 10 > 12. The highest kapp value
eached 11.08 × 10−3 min−1 at pH 6 while the lowest kapp value was
.5 × 10−3 min−1 observed at pH 12. CR molecule with two sulfuric
roups ionized easily even in acidic media and became a soluble
R anion [34]. At the same time, the residual amino groups of chi-
osan in CS/n-CdS were much more easily to be protonated at a low
H and could form electrostatic attraction to adsorb a quantity of

ye anions [39]. Therefore, in the acidic solution, CR anions were
asily adsorbed to CS/n-CdS with positive surface charge, while CR
nions were generally excluded away from surface of catalyst at
lkaline media. The CR anions could be oxidized more directly by
ydroxyl radicals produced under visible light excitation in acidic

ig. 13. Influence of initial pH on the decolorization kinetics of CR. [C]0 = 20 mg L−1,
Cata.] = 1.5 g L−1.
Fig. 14. Influence of co-existing anions on the decolorization rate of CR.
[C]0 = 20 mg L−1, [Cata.] = 1.5 g L−1, pH 6.0.

media. That was why higher decolorization rate was obtained in
acidic media.

3.7. The effect of co-existing anions on the decolorization of
Congo Red

As we all know, there are large amounts of negative ions, such as
NO3

−, SO4
2−, Cl− and so on, in real wastewater produced by textile

and dyestuff industries [34], of which great influence on photocat-
alytic decolorization and degradation of CR cannot be neglected.
Because the effect of Na+ could be negligible [40], 0.01 mol L−1 cor-
responding sodium salts were separately added into the 20 mg L−1

CR solution and then carried out photocatalytic experiments under
predetermined conditions. Fig. 14 shows the effects of some anions
on the degradation of CR. Surprisingly, the presence of NO3

−

accelerated evidently the degradation reaction of CR, whereas the
other chosen anions had an inhibitory effect on the decoloriza-
tion of the dye. Addition of 0.01 mol L−1 NaNO3 increased markedly
the kapp value from 11.08 × 10−3 min−1 to 74.44 × 10−3 min−1,
while addition of 0.01 mol L−1 NaCl decreased the kapp value to
5.23 × 10−3 min−1. Daneshaver et al. [41] and Epling and Lin [42]
studied the effects of anionic species on degradation of dyes,
and confirmed that Cl− was a potent hydroxyl radical scavenging
agent. Chang and Kuo [43] reported that NO3

− possessed higher
decolorization efficiency of some dye. The enhancement of decom-
position rate by NO3

− may be linked to the direct or indirect
formation of hydroxyl radical chemically showed as following [44]:

NO3
− + h� → NO2

− + O (6)

NO3
− + H2O + h� → NO2

− + OH− + •OH (7)

O + H2O → 2•OH (8)

3.8. Recycle of CS/n-CdS photocatalyst

For the purpose of practical implementation, it is essential to
evaluate the stability and reuse of the catalyst. Fig. 15 shows the
repetitive photodegradation of CR during five consecutive cycles
with the same 1.5 g L−1 catalyst at 20 mg L−1 dye concentration, pH
6.0 and 0.01 mol L−1 NO3

− addition. After each cycle, the CS/n-CdS
composite catalyst was washed with double distilled water and a
fresh solution of CR was added before each photocatalytic run. The

decolorization rates for the 5 cycling reuse were 93.6%, 86.6%, 86.3%,
84.4% and 82.7%, after 180 min of reaction time, respectively. The
results showed that the catalytic activity of the catalyst had a slight
decrease after first cycles. The reason may be the run off of the cata-
lyst during washing and filtrating, and losing of adsorption ability of
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esidual amino groups ( NH2) and hydroxyl ( OH) in the chitosan.
owever, the decolorization efficiency kept relatively stable in the

ollowing repeated experiences, which confirmed that nano-CdS in
he composite was combined steadily. From this point of view, the
ecycle of CS/n-CdS photocatalyst can confirm the relative stability
f the CS/n-CdS composite.

. Conclusions

CS/n-CdS composite catalyst was prepared by simulating
io-mineralization process and could be efficiently applied for
ecolorization and degradation of the model compound (Congo
ed). It has been found that the photocatalyst amount, initial dye
oncentration, the solution pH and the co-existing anions had
trong influences on the decolorization and degradation of CR. The
hotocatalytic degradation kinetics of CR using CS/n-CdS under
imulated visible light fitted the L–H kinetics model well. The dye
ould be more efficiently decolorized in acidic media than alkaline
edia. The presence of NO3

− accelerated evidently the degrada-
ion reaction of CR. However, the other chosen anions (Br−, SO4

2−

nd Cl−) had an inhibitory effect on the decolorization of the dye,
f which the inhibitory effect of Cl− was the most pronounced.
t was found that 85.9% of degradation rate was achieved within
80 min of irradiation for 20 mg L−1 CR solution at natural pH of
.0 in the presence of 1.5 g L−1 CS/n-CdS composite catalyst under
imulated visible light. UV–vis spectra were analyzed to indicate
hat degradation of CR in the solution was the break up of the N N
onds and degradation of aromatic fragment in this reaction sys-
em. The recycling experiments confirmed the relative stability of
he catalyst.

cknowledgements

The authors are grateful for the financial support of this
esearch from the National Natural Science Foundation of China
No. 50808071). Special thanks to Mr. Changhua Ge and Mrs. Fang

ang for their assistance in this work.

eferences

[1] N.M. Mahmoodi, M. Arami, N.Y. Limaee, N.S. Tabrizi, Decolorization and aro-

matic ring degradation kinetics of Direct Red 80 by UV oxidation in the presence
of hydrogen peroxide utilizing TiO2 as a photocatalyst, Chem. Eng. J. 112 (2005)
191–196.

[2] I.K. Konstantinou, T.A. Albanis, TiO2-assisted photocatalytic degradation of azo
dyes in aqueous solution: kinetic and mechanistic investigations: a review,
Appl. Catal. B: Environ. 49 (2004) 1–14.

[

[

aterials 169 (2009) 933–940 939
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