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a b s t r a c t

Chitosan capped CdS (CS/CdS) composite nanoparticles were prepared by biomimetic synthesis method
under mild condition. The CS/CdS composite catalyst was characterized by XRD, SEM, TEM and TGA,
which indicated the successful formation of nanosized hexagonal phase of CdS on chitosan. Visible light
photocatalytic decolourization of C. I. Acid Red 66 (AR 66) was carried out by employing this innovative
eywords:
hotocatalytic decolourization
isible light
. I. Acid Red 66
hitosan

composite catalyst. The effects of catalyst amount, initial dye concentration and initial pH of solution on
decolourization were investigated. The kinetics of photocatalytic decolourization was found to follow a
pseudo-first-order according to Langmiur–Hinshelwood (L–H) model. UV–vis spectra were analyzed to
prove that AR 66 dye can be decolourized effectively by chitosan capped CdS composite nanoparticles
under visible light irradiation. In addition, the recycle and reuse of the catalyst were examined, and the
results showed that dye decolourization efficiency was still about 80.1% after 60 min of reaction time

ed for

admium sulfide

when the catalyst was us

. Introduction

Textile industry discharges large amount of coloured dye
astewater which is toxic and nonbiodegradable in most cases [1].
part from the aesthetic problems created when coloured efflu-
nts reach the natural water runoff, dyes strongly absorb sunlight,
mpending photosynthetic activity of aquatic plants and seriously
hreatening the whole ecosystem [2]. The decolourization of dyes
ffluents has always been an attractive and challenging topic.
esearchers all over the world have developed extensive studies
hrough physical–chemical, biological techniques aiming to find
cost-effective process. However, conventional physical–chemical

echniques such as adsorption on activated carbon, ultrafiltration,
everse osmosis, coagulation by chemical agents, and ion exchange
n synthetic resins can only transfer organic compounds from one
hase to another [3]. On the other hand, due to the large numbers of
romatic compounds present in dye molecules and the stability of

odern dyes, traditional biological treatment by activated sludge

s ineffective for decolourization and degradation [4,5].
In recent years, heterogeneous photocatalysis was proved to

e an effective advanced oxidation technique for the complete
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decolourization of hazardous and refractory organic compounds,
due to the high oxidation potential of active hydroxyl free radical
(•OH) which is generated from irradiated semiconductor catalyst
[6–10]. Among the various semiconductor catalysts employed, TiO2
has been extensively studied because of its relative excellent prop-
erties such as high photosensitivity, strong oxidizing power under
UV light irradiation, nontoxicity, long-term stability, and low cost.
However, there are some drawbacks associated with its use: (i)
electron–hole pairs recombination occurring within nanoseconds
weakens the quantum effects [11]; (ii) the relatively large band gap
(3.2 eV for anatase phase) does not allow the effective utilization of
economical and ecological sunlight [12]. Due to these limitations,
how to prepare the photocatalyst that can be excited by visible light
and how to lengthen the electron–hole pairs recombination lifetime
are of great interest for the development of photocatalytic process
[13].

Cadmium sulfide (CdS) is a kind of semiconductor with narrow
band gap of 2.5 eV, and its valence electron can be easily evoked
to conduction band under visible light irradiation. Therefore, CdS
semiconductor nanoparticles (NPs) have attracted intense interest
due to their unique photochemical and photophysical properties.
However, CdS NPs are easy to aggregate in aqueous solution and

this metal sulfide is prone to photocorrosion. Biological synthe-
sis of CdS NPs by yeasts and bacteria has been reported earlier in
1989 [14], and its photocatalytic activity has been verified [15,16].
The bioformation of CdS NPs is generally considered as the conse-
quence of detoxification of intracellular Cd ions, and the binding

http://www.sciencedirect.com/science/journal/13858947
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Fig. 1. Preparation mechanism o

f heavy metals by organisms through polysaccharide has also
een demonstrated [17]. Furthermore, recent researches revealed
hat semiconductor sulfides could be utilized by some species in
heir energy circle, and in this process a polysaccharide layer was
sed to extract sulfur in the form of colloids [18]. These findings
trongly suggest that polysaccharide plays an important role in the
iosynthesis of CdS NPs. Thus, it is reasonable for us to design a
olysaccharide-mediated route to mimic the biosynthesis of CdS
Ps under relatively mild condition to control nanoparticles growth
nd minimize the electron–hole recombination.

Chitosan (CS) (1,4)-2-amino-2-deoxy-�-d-glucosamine, a nat-
ral basic, hydrophilic, nontoxic and biocompatible biopolymer
btained by the alkaline deacetylation of chitin [19], was reported
o be the structural component of ascospore wall of yeast such as
accharomyces cerevisiae [20]. Moreover, chitosan has good chelat-
ng ability with transition metal ions, which makes it possible for its

etal ion complexes to be used as precursors to synthesize CdS NPs
21]. In addition, the amino and hydroxyl groups on linear chitosan
hains are good capping groups for CdS NPs, and due to the highly
iscous nature, chitosan can also prevent CdS NPs from agglomer-
tion during the growth. Also, chitosan is a well-known excellent
dsorbent for a number of organic dyes, which can further increase
he photocatalytic decolourization of the composite catalyst.

However, there is few report on the effect of decolouriza-
ion using chitosan capped CdS composite nanoparticles without
oading TiO2 for the photodegradation of dyes under visible light
rradiation as far as we know. In this paper, we employed chi-
osan as capping material to biomimetically synthesize CdS NPs,
.e. CS/CdS NPs, under mild condition, and its photocatalytic activ-
ty was examined through C. I. Acid Red 66 (AR 66) photocatalytic
ecolourization under visible light irradiation. Parameters affecting
he photocatalytic decolourization process, such as photocatalyst
mount, solution pH, initial AR 66 concentration and photocatalyst
euse, have been investigated.

. Experimental

.1. Materials

The dye, C. I. Acid Red 66 (i.e. Biebrich Scarlet Red,
22H14N4Na2O7S2) was provided by China National Medicine
roup Shanghai Chemical Reagent Company and used as received
ithout further purification. Chitosan (CS, degree of deacetyla-

ion: 91.7%, Mw = 21 × 104) was purchased from Zhejiang Yuhuan
inke Biochemisty Industry Co., Ltd. (Zhejiang, China). Other chem-

cals used in the experiments, cadmium chloride (CdCl2, Shanghai
ianlian Fine Chemical Industry Co., Ltd., China), sulfocarbamide
(NH2)2CS, Shanghai Chemical Reagent Factory, China), 25% (v/v)
lutaraldehyde (Shanghai Tianlian Fine Chemical Industry Co., Ltd.,
hina) were of analytical grade. All the dye solutions were prepared
y dissolving requisite quantity of dye in double distilled water.
osan capped CdS nanoparticles.

2.2. Preparation of CS/CdS NPs composite catalyst

The synthetic procedure of CdS nanoparticles capped with
chitosan was modified from previous literature report [22]. The
preparation mechanism of chitosan capped CdS NPs is shown in
Fig. 1. At room temperature, 1.5 g chitosan was dissolved in dilute
nitric acid (100 mL, 1%, v/v) and stirring for 2 h. Then 0.9134 g
CdCl2 dissolved in 20 mL water was added into chitosan colloidal
solution and continuously stirred for 4 h to reach a chelating bal-
ance. Subsequently, the colloidal mixture was dropped slowly into
equimolar amounts sulfocarbamide aqueous solution in a constant
temperature water bath at 60 ◦C for 1 h. The cross-linking agent glu-
taraldehyde (100 mL, 0.25%) was added to the mixed solution and
stirred for 30 min. Finally, sodium hydroxide (200 mL, 0.1 mol/L)
aqueous solution was introduced to precipitate chitosan capped
CdS NPs. The golden yellow deposition was filtered and washed
with distilled water and absolute ethyl alcohol for 3–4 times, and
dried at 60 ◦C under atmospheric condition.

2.3. Photocatalytic reaction

The photocatalytic oxidation was carried out using a cylindri-
cal homemade organic glass reactor (80 mm diameter and 110 mm
depth), in which the slurry was composed of dye solution and
catalyst. The reactor vessel was laid on a thermostat magnetic stir-
rer (model 85-2, Gongyi Yuhua Instrument Co. Ltd., China) with
constant stirred magnetically and aerated by a simple air pump.
Initial pH of solution was adjusted using dilute sulfuric acid or
sodium hydroxide, and monitored by a pH/conductivity meter
(model 990, Jiangsu Electroanalytical Instrument Factory, China). A
300 W Xenon lamp (PLS-SXE300, Beijing Trusttech Co. Ltd., China)
loaded with a UV-Cut filter was used as artificial solar light source
which basically emits visible light at 400–780 nm. The light inten-
sity was kept approximately constant at 2 W/cm2 10 cm away from
the light source. At given irradiation time intervals, 4 mL of the sus-
pensions were collected, then centrifuged and filtered through a
Millipore filter (pore size, 0.22 in.) to separate the photocatalyst par-
ticles. The Millipore filter was washed using double distilled water
every time to ensure that no residual dye and catalyst remained
on the microfilter. AR 66 concentration was measured by Cary 50
Model UV–vis spectrophotometer (Varian, USA) scanning from 200
to 600 nm controlled by a Lenovo PC. All of the experiments were
conducted at constant temperature 25 ◦C.

2.4. Characterization and analysis methods

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 photocatalyst was examined by
scanning electron microscopy (SEM) with a Hitachi SX-650 (Tokyo,
Japan) machine.
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3.4. Adsorption in dark and photocatalysis of AR 66 on CS/CdS NPs

As the photocatalytic mechanism suggests, both catalyst and a
light source are necessary for the photocatalysis reaction to occur.
Fig. 2. XRD patterns of chitosan (a) and CS/CdS nanoparticles (b).

The TEM micrographs were taken using a transmittance elec-
ron microscope (TEM) [JEM-2010 FEF (UHR), JEOL, Japan] at an
ccelerating voltage of 200 kV.

Thermogravimetry (TG) was performed using a Setaram Setsys
6 TG/DTA/DSC (France) under a nitrogen atmosphere of 0.15 MPa
rom 25 to 800 ◦C with heating rate of 2 ◦C/min.

Photocatalytic activity of samples was assessed by decolouriza-
ion rate. The percentage of decolourization (R) was estimated by
he following:

(%) =
(

1 − Ci

C0

)
× 100 (1)

here Ci was AR 66 concentration in aqueous solution at time
(mg/L); C0 was initial AR 66 concentration (mg/L). Both were

alculated by the standard curve equation for the wavelength of
aximum absorbance (�max = 507.1 nm).

Several research results have indicated that the photocatalytic
ecolourization of various dyes fitted the Langmuir–Hinshelwood
L–H) kinetics model [23–26], which is commonly expressed:

dC

dt
= kKC

1 + KC
(2)

here k is the reaction rate constant (mg/L min); K is the adsorption
oefficient of the reactant (L/mg); and C is the reactant concentra-
ion (mg/L).

When the concentration C is very small, KC is negligible with
espect to unity, and the photocatalysis can be simplified to an
pparent pseudo-first-order kinetics [23]:

dC

dt
= kKC (3)

.e. ln
(

C0

Ci

)
= kKt = kappt (4)

here kapp is the apparent pseudo-first-order rate constant
min−1).

. Results and discussion

.1. X-ray diffraction (XRD)

X-ray power diffraction analysis method was employed to inves-
igate the formation of chitosan capped CdS NPs (Fig. 2). The XRD
attern of chitosan (trace a) showed two typical peaks at 2� = 11.8◦

nd 20.9◦ [27], while the XRD pattern of chitosan capped CdS NPs

trace b) gave relatively weaken peaks. Other major diffraction
eaks corresponded to the hexagonal phase according to Luan’s
eport [28], which revealed the successful formation of hexagonal
hase of CdS on chitosan by biomimetic synthesis method. The aver-
ge size of the crystalline structure of the chitosan capped CdS NPs
Fig. 3. SEM (a) and TEM (b) of representative chitosan capped CdS nanoparticles.

composite calculated by analysis of XRD data of (1 1 0), (1 0 2) and
(1 0 3) was approximately 27 nm according to the Scherrer formula
[29].

3.2. SEM and TEM

The direct evidence of the formation of nanoparticles on the
surface of chitosan was given by SEM (Fig. 3a) and TEM (Fig. 3b). In
Fig. 3a, there existed many pleats on the surface of chitosan capped
CdS nanoparticles, which could provide a much larger surface area
for photocatalytic reaction and adsorption process. Most of the par-
ticles embedded into chitosan had about diameters of 25–35 nm in
the TEM image (Fig. 3b), which was in close agreement with XRD
result.

3.3. TGA analysis

Fig. 4 presented the results of the DSC–TG analysis of the CS/CdS
NPs composite catalyst. Three stages of weight loss were observed
from the TG curve (trace a): (1) about 8% weight loss from room
temperature to 131 ◦C, (2) 38% weight loss from 250 to 500 ◦C, and
(3) 11% weight loss from 500 to 800 ◦C. The first stage of weight
loss referred to the evaporation of physically adsorbed water [30].
Other stages of weight loss were due to the chemisorbed water and
residual organics in the photocatalyst [19]. The total weight loss of
CS/CdS NPs by 800 ◦C was about 7% more than that of cross-linked
chitosan films, and the excess residual components were mostly
CdS. It could be concluded that CS/CdS NPs composite exhibited
better thermal stability than the pure chitosan.
Fig. 4. TG (a) and DSC (b) analysis of representative chitosan capped CdS.
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ig. 5. Photocatalytic decolourization of AR 66 dye only in the presence of CS/CdS
0.7 g/L) adsorption in dark and in the presence of CS/CdS (0.7 g/L) under visible light
rradiation. Inset: the chemical structure of AR 66.

control experiment was conducted on the irradiation of AR 66
20 mg/L) under only visible light, in the presence of CS/CdS NPs
0.7 g/L) with and without light irradiation, as shown in Fig. 5.
lmost no decolourization was observed in the presence of visible

ight only. In the presence of CS/CdS NPs, without irradiation, only
3.3% was observed due to the adsorption of the dye within 60 min.
t may be explained that a majority of –NH2 and –OH groups, the

ain adsorbent groups in the chitosan, were cross-linked during
ynthesis of the composite. However, in the presence of CS/CdS NPs
ith visible light irradiation, about 36.6% and 94.3% were degraded

fter 10 and 60 min, respectively, as shown in Fig. 5, which indicated
hat the CS/CdS NPs had high photocatalytic activity. The photo-
atalysis and adsorption had synergistic effect for the dye colour
emoval.

.5. Effect of the initial dye concentration

The effect of different initial dye concentrations on photocat-
lytic decolourization was investigated in the presence of 0.7 g/L
atalyst at a normal pH of 5.6, as shown in Fig. 6. The percentage of

ecolourization decreased with the increased of the initial AR 66
ye concentration. The results were in good agreement with those
eported in literatures [31,32]. The decolourization rates of dye were
0.5%, 73.6% and 37.3%, respectively, at the dye initial concentration

ig. 6. Effect of initial dye concentration on AR 66 decolourization (pH 5.6, catalyst
mount of 0.7 g/L). Inset: plot of ln(C0/Ci) versus irradiation time.
Fig. 7. Effect of catalyst amount on AR 66 decolourization (pH 5.6, [AR]0 of 20 mg/L).
Inset: plot of ln(C0/Ci) versus irradiation time.

of 5, 20 and 30 mg/L after 30 min irradiation. The reason was that a
high initial dye concentration shielded the light, which resulted in
the decrease of the light triggered catalyst, thus the concentration
of hydroxyl radicals decreased.

A plot of ln(C0/Ci) versus irradiation time for different initial con-
centration of AR 66 is also shown in Fig. 6. The influence of initial
concentration of the dye can be described by apparent pseudo-first-
order kinetics in terms of the L–H model. Values of kapp can be
obtained directly from the regression analysis of the linear curve
in the plot. The reaction rate constants for 5, 20 and 30 mg/L were
0.07140, 0.04528 and 0.01301 min−1, respectively.

3.6. Effect of catalyst amount

Photocatalyst amount is one of critical parameters to decolour-
ization efficiency. In order to determine the effect of catalyst
amount on decolourization of AR 66 and gain the optimum amount
of CS/CdS NPs, a series of experiments were conducted with varying
catalyst amount from 0.1 to 1.0 g/L, at dye concentration of 20 mg/L
and pH 5.6. The effect of different catalyst amount on decolouriza-
tion of AR 66 was shown in Fig. 7. The increase of catalyst amount
from 0.1 to 0.7 g/L increased the dye decolourization sharply from
30.4% to 94.3% after 60 min irradiation. The decolourization of pol-
lutants is influenced by the active site and the photo-absorption
of the catalyst used. This was due to the increase in the cata-
lyst amount, which contributed to the increase in the number of
photons absorbed and also the number of dye molecule adsorbed
[24,31]. But the increase in the catalyst amount beyond 0.7 g/L did
not have an obvious positive effect on decolourization of AR 66
because of the enhancement of light reflectance and light blocking
by excessive catalyst and decrease in light penetration. Accordingly,
hydroxyl radicals, the primary oxidant in photocatalytic reaction,
decreased and the decolourization efficiency of AR 66 reduced.
The apparent rate constants of different catalyst amounts could be
obtained from the plot of ln(C0/Ci) versus irradiation time inserted
in Fig. 7. It can be clearly seen that the 0.7 g/L catalyst amount had
the highest photocatalytic decolourization of 0.04528 min−1 with
correlation coefficient of 0.99865. Therefore 0.7 g/L was used as the
optimal catalyst amount for photocatalytic reaction.
3.7. Effect of pH

Bahnemann et al. [34] have already reviewed that acid–base
properties of the metal oxide surfaces can have considerable impli-
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ig. 8. Effect of initial pH on AR 66 decolourization ([AR]0 of 20 mg/L, catalyst
mount of 0.7 g/L). Inset: plot of ln(C0/Ci) versus irradiation time.

ations upon their photocatalytic activity. In order to investigate
he effect of initial pH on photocatalytic decolourization of AR 66,
hree experiments were conducted at different pH values of 3.0, 5.6
nd 9.0, at the initial dye concentration of 20 mg/L and the catalyst
mount of 0.7 g/L. The results were illustrated in Fig. 8. Increase in
he pH of AR 66 solution from 3.0 to 5.6 led to mildly decreased
fficiency in the decolourization of AR 66. Further increase in pH
rom 5.6 to 9.0 had apparent decrease in AR 66 decolourization.
fter 60 min of irradiation, the calculated decolourization rate was
6.1% in the acidic medium (pH 3.0), 94.3% in the weak acidic
edium (pH 5.6), and 38.9% in the alkaline medium (pH 9.0).

he results indicated that the photocatalytic decolourization of
R 66 was most efficient in acidic solution than in alkaline solu-

ion.
The linear fit between the ln(C0/Ci) and irradiation time for

ifferent initial pH of AR 66 solution can be approximated as
seudo-first-order kinetics, as shown in Fig. 8 (inset). The values
f rate constants kapp and correlation coefficient R of decolour-

zation process can be obtained directly from the straight line.
he order of rate constants was pH 3.0 (0.10967 min−1) > pH 5.6
0.04528 min−1) > pH 9.0 (0.00834 min−1). Correspondingly, the
eaction half time for pH 3.0, 5.6 and 9.0 were 6.32, 15.31 and
3.11 min, respectively. This was because AR 66 molecule with two
ulfuric groups ionized easily even in acidic media and became a
oluble AR 66 anion. At the same time, the residual amino groups
f chitosan in CS/CdS were much more easily to be protonated at

ower pH and could form electrostatic attraction to adsorb a quan-
ity of dye anions [33]. Therefore, in the acidic solution, AR 66 anions
ere easily adsorbed to CS/CdS with positive surface charge, while
R 66 anions were generally excluded away from surface of cat-
lyst at alkaline media. The AR 66 anions could be oxidized more
irectly by hydroxyl radicals produced under visible light excitation

n acidic media. That was why higher decolourization rates were
btained in acidic media. The possible photocatalytic decolouriza-
ion mechanism of CS/CdS NPs in acidic solution may be expressed
s follows:

1) the first step is mainly the adsorption of azo anions on chitosan:
R1–NH3
+ + R2–SO3

− = R1–NH3
+•O3S–R2;

where R1–NH3
+ is chitosan, and R2–SO3

− is dye anions.
Fig. 9. The decrease of AR 66 concentration with visible light irradiation by recycling
use of CS/CdS NPs (pH 5.6, catalyst amount of 0.7 g/L, [AR]0 of 20 mg/L).

(2) the second step is photocatalytic decolourization of AR 66 on
CS/CdS NPs:

CdS + h� → CdS(h+) + CdS(e−)

CdS(h+) + H2O → CdS + •OH + H+

•OH + RH → decolourization product

3.8. Recycle of the catalyst

The catalyst’s lifetime is an important parameter of the photo-
catalytic process, due to the fact that a longer period of time leads
to a significant cost reduction of the treatment [35]. It is essen-
tial to evaluate the stability and reuse of the catalyst for practical
implication. The photocatalytic experiments were repeated 5 times
with the same catalyst at 20 mg/L dye concentration in the presence
of 0.7 g/L catalyst at a normal pH of 5.6. After each experiment,
the catalyst was centrifuged for 15 min, washed and recycled. The
results showed that the catalytic activity of the catalyst had a slight
decrease after 5 cycles and the results were shown in Fig. 9. The
decolourization for the 5 cycling reuse were 93.1%, 88.1%, 83.7%,
80.7% and 80.1%, respectively, after 60 min of irradiation time. It
showed a relatively small drop in decolourization efficiency, which
was likely due to the loss of the catalyst during washing and filtrat-
ing. In spite of this, it could be concluded that the CS/CdS composite
catalyst has relatively long using life.

3.9. UV–vis spectrum scan

Fig. 10 showed the obvious changes in the absorbance spectra
(200 nm ≤ � ≤ 600 nm) of AR 66 with CS/CdS NPs photocatalysis
at different time intervals under visible light irradiation. The pri-
mary absorption peaks of the original dye solution were 507.1, 352,
and 275 nm in the range of 200–600 nm. The absorbance at the
maximum absorption peak (507.1 nm) corresponded to the n → �*
transition of the azo and hydrazone forms, which is due to the colour
of azo dyes. The absorbance at 200–400 nm was attributed to the

n → �* transition of benzene rings, representing the aromatic con-
tent of azo dyes, and its decrease was due to the deconstruction
of aromatic part of the dye [36,37]. As the reaction time increased,
three peaks decreased gradually and the full spectrum scanning
pattern changed obviously after 60 min. No peak was detected in
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ig. 10. Changes in UV–vis absorbance spectra of AR 66 with CS/CdS NPs at different
ime intervals under visible light irradiation.

he analyzed wavelength range at the end of the 80 min of reaction
ime. It indicated that the main chromophores and aromatic part in
he original dye solution were destroyed in the presence of CS/CdS
Ps under simulated solar light irradiation. UV–vis spectra were
nalyzed to indicate that the dye can be decoloured effectively by
S/CdS under visible light irradiation.

. Conclusions

In the paper, chitosan was used as capping material to mimic the
iosynthesis of CdS nanoparticles under relatively mild condition
ue to its metal sorption and chelation capability. CS/CdS NPs cata-

yst can be used effectively for AR 66 photocatalytic decolourization
nder visible light irradiation and oxygen supply. It is observed
hat the photocatalytic process followed apparent pseudo-first-
rder kinetics model. The decolourization was found to be relatively
igher in the acidic medium with optimum catalyst amount of
.7 g/L at low dye initial concentration. The recycle and reuse
f catalyst was examined, and the results showed that the dye
ecolourization efficiency was still about 80.1% after 60 min of reac-
ion time when catalyst was used for 5 times.
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