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Abstract

Cadmium sulfide/multi-walled carbon nanotubes/polymer nanocomposite (CdS/MWCNTs/polymer) was fabricated via a facile precipitation
process by depositing nanocrystalline CdS on carbon nanotubes/crosslinked chitosan nanocomposite and characterized by X-ray diffraction
(XRD) and transmission electron microscope (TEM). Under simulated solar light irradiation, a combination of CdS/MWCNTs/polymer and H2O2

was found to be highly efficient for photocatalytic decolorization of a soluble azo dye, methyl orange (MO), even at neutral pH values. 99.9% of
MO solution was successfully decolorized after 90 min under simulated solar light irradiation with 15 mg L�1 of initial MO concentration,
1.0 mM of H2O2 concentration and 0.70 g L�1 of photocatalyst dosage. Experimental results also indicated that the photocatalytic decolorization
of methyl orange solution was strongly influenced by operational parameters and followed a simplified Langmuir–Hinshelwood (L–H) kinetic
model with high R2 values. When the CdS/MWCNTs/polymer–H2O2 system was reused for the 5th time, the decolorization efficiency was still
about 88.0% after 90 min under simulated solar light irradiation. As a result, the CdS/MWCNTs/polymer–H2O2 will potentially provide cheaper
and cleaner means for the effective treatment of dyeing effluents since it increased substantially the efficiency of dye decolorization and could
take full advantage of economical solar light.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Wastewater effluents discharged from textile, printing, pulp,
tanneries and leather industries have emerged as a focus of
environmental remediation efforts [1]. It is estimated that
30,000–150,000 t of synthetic dyes are released into open
waters [2]. These synthetic dyes are generally stable com-
pounds, which are difficult to be destroyed or removed by
common biological treatment [3]. What is more, these colored
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effluents are often considered to be highly toxic to aquatic
biota [4,5]. All kinds of physical–chemical methods including
photocatalysis and adsorption have been developed to treat
wastewater effluents containing dyes [6,7].
It is well-known that heterogeneous photocatalysis based

photocatalyst is one of the most successful and convenient
methods for the removal of undesirable organic pollutants
existing in wastewater [2]. Recent studies have proven that
photocatalysis is an effective method to treat containing-dye
effluents [7–9]. From both viewpoint of environment protec-
tion and energy utilization, visible light-driven photocatalysis
for organic pollution treatment has attracted great interest in
recent years since UV light accounts for only a small fraction
(5%) of the sun's energy compared to visible region (45%)
[10,11]. Therefore, many attempts have been made to improve
ghts reserved.
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the utilization of visible light during photocatalysis [2]. Cad-
mium sulfide (CdS), as an n-type semiconductor with a relatively
narrow band gap of approximately 2.42 eV (512 nm), is one of
the most studied semiconductors [10–14]. CdS is also used as a
solar light-driven photocatalyst to treat these colored effluents by
heterogeneous photocatalysis [8,15,16]. In addition, heteroge-
neous photocatalytic reactions primarily take place on the surface
of photocatalyst [17]. Therefore, the effective adsorption of
objective pollutants on the surface of photocatalyst was favorable
for pollutant degradation by dOH, which was confirmed by
electron spin resonance spin-trapping technique [18]. Some
studies have also verified that carbon nanotubes (CNTs) are a
promising adsorption material for pollutants and support for
photocatalyst due to their extraordinary mechanical strength and
relatively large specific area [18–21]. Recently, CdS nanoparti-
cles have been successfully attached on carbon nanotubes in situ
[21–23]. The conductive structure of CNTs may facilitate fast
separation of photo-generated electron/hole (e�/hþ ) pairs at the
composite photocatalyst interface, leading to enhanced rates of
photocatalytic oxidation [24].

In order to remove organic pollutants more effectively, the
combination of heterogeneous photocatalysis with some
powerful oxidants such as O3 and H2O2 can be a promising
alternative [17,18,25]. The introduction of H2O2, as an
efficient electron scavenger and a source of hydroxy radical
(dOH) with high oxidizing ability (oxidation potential is
2.8 eV), can prevent the recombination of e�/hþ pairs and
lead to an effectively photocatalytic decolorization of organic
dye pollutants [11]. The reaction rate constant for the
combined system of semiconductor photocatalyst and H2O2

was always much higher than that for an individual system
[25,26]. Therefore, the combination can effectively increase
the rate of photocatalytic decolorization of dye pollutant and
shorten treatment time. However, few studies have been
reported on a full investigation of the efficient simulated solar
light-induced photocatalytic decolorization of azo dye by CdS/
multi-walled carbon nanotubes/polymer nanocomposite (CdS/
MWCNTs/polymer) in the presence of H2O2 (CdS/MWCNTs/
polymer–H2O2 system in short).

In this study, a heterogeneous photocatalytic process (CdS/
MWCNTs/polymer–H2O2 system) was evaluated to decolorize
dyeing effluents. Effects of key operating variables, such as
pH, hydrogen peroxide concentration, and initial dye concen-
tration on decolorization were studied. The present investiga-
tion may provide a practical and cost-effective method for
effective treatment of wastewater effluents containing dyes.

2. Experimental

2.1. Materials

Multi-walled carbon nanotubes (MWCNTs, OD� ID�
length: 8 nm� 2–3 nm� 30 μm, purity 495 wt%) were pur-
chased from Chengdu Organic Chemistry Co. Ltd., Chinese
Academy of Sciences (Chengdu, China) and used without
further treatment. Methyl orange (MO) was purchased from
Yongjia Fine Chemical Factory (Wenzhou, China). Chitosan
obtained from Yuhuan Ocean Biochemistry Co. (Taizhou,
China) was used as a polymer matrix. Its deacetylation degree
(DD) and weight average molecular weight was 91% and
2.1� 105, respectively. CdCl2 and (NH2)2CS were used as raw
materials for CdS nanocrystalline. Other chemicals used in this
study such as glutaraldehyde, NaOH, NaCl, NaNO3, Na2SO4,
Na2CO3, and Na3PO4 were of analytical reagent grade from
Shanghai Chemical Reagent Co., Ltd (Shanghai, China).
2.2. Preparation and characterization of CdS/MWCNTs/
polymer

With continuous ultrasonic stirring, 0.912 g of CdCl2 and
0.100 g of MWCNTs were mixed in 100 mL of 2% (w/v)
chitosan acetate solution for 30 h to form a colloidal system.
Subsequently, the homogeneous colloidal system was cast
evenly on clean glass plates. After drying under ambient
temperature, glass plates with thin films were immersed into
0.2 mol L�1 of NaOH solution and thin composite films were
peeled off from glass plates. The fresh composite thin films
were dipped into a 0.2 mol L�1 of thiocarbamide aqueous
solution (20 mL) in a constant temperature water bath at
7070.2 1C for 30 min. 0.5 mol L�1 of NaOH solution
(40 mL) was added dropwise to the reaction system to adjust
pH to 11 in order to form CdS nanocrystalline slowly in the
composite films. In an alkali medium, hydrolysis reactions of
sulfocarbamide took place at 70 1C as described in Eqs. (1)
and (2). Cd2þ ions embedded in or on MWCNTs/polymer
films reacted slowly with S2� anions to form CdS nanocrystal-
line according to Eq. (3). In order to enhance the acid
resistance, the composite films were subsequently crosslinked
by immersing into a 100 mL of 0.5% (v/v) glutaraldehyde
solution for 30 min. Then the brown composite thin films were
washed using absolute ethanol and double distilled water for
3–4 times, respectively, in order to remove excess glutaralde-
hyde. Finally, the products (CdS/MWCNTs/polymer) were
dried at 60 1C under atmospheric condition and the dry
composite films were cut into flakelets (0.5 cm� 0.5 cm).

ðNH2Þ2CSþOH�-CH2N2þH2OþHS� ð1Þ

HS� þOH�-S2� þH2O ð2Þ

MWCNTs=polymer film–Cd2þ þS2�-MWCNTs=polymer film–CdS

ð3Þ

The MWCNTs/polymer films were prepared using the same
procedure, but without the addition of CdCl2. The crystalline
structure of MWCNTs/polymer films and CdS/MWCNTs/
polymer were analyzed using a D8 Advance X-ray diffract-
ometer (Bruker, Germany) with Cu Kα radiation (1.5406 A).
The accelerating voltage and the applied current were 40 kV
and 30 mA, respectively. Morphology and nanocrystal size of
materials were characterized by using a JEOL 2010 FET
transmission electron microscope (Tokyo, Japan).





Fig. 2. Typical TEM images of MWNTCS (a) and CdS/MWCNTs/polymer (b).
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Fig. 3. Comparison of four different processes for decolorization of MO
solutions: (a) H2O2 in dark, (b) direct photolysis under simulated solar light
irradiation, (c) photocatalytic decolorization on CdS/MWCNTs/polymer under
simulated solar light irradiation, and (d) photocatalytic decolorization on CdS/
MWCNTs/polymer in combination with H2O2 under simulated solar light
irradiation. Experimental conditions: [MO]0¼15 mg L�1; [H2O2]0¼1.0 mM;
initial pH¼5.6; photocatalyst dosage: 0.7 g L�1.
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Fig. 4. UV–visible spectral changes of MO solution during the photocatalytic
decolorization by CdS/MWCNTs/polymer–H2O2 combination system under
simulated solar light irradiation. Experimental conditions: [MO]0¼15 mg L�1;
[H2O2]0¼1.0 mM; initial pH¼5.6; photocatalyst dosage: 0.7 g L�1. Inset: the
chemical structure of MO.
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are 463.0 and 271.9 nm in the range of 200�600 nm, which is
attributed to azo linkage and benzene, respectively. However,
both two characteristic peaks were disappeared and no new
peak appeared in analyzed wavelength range from 200 nm to
600 nm after 90 min under simulated solar light irradiation,
indicated that MO has been completely decolorization and
there were no reaction intermediates formed during the
decolorization process.

The mechanism of highly efficient photocatalytic decolor-
ization by CdS/MWCNTs/polymer–H2O2 system was given in
Fig. 5. At first, electron/hole (e�/hþ ) pairs were photogener-
ated in CdS among CdS/MWCNTs/polymer composite photo-
catalyst under simulated solar light irradiation (Eq. (4)).
Following, the photogenerated electrons transferred partly
from CdS semiconductor to MWCNTs [24]. Another pathway
for the separation of photogenerated electron/hole pairs was
that electrons on the CdS surface of photocatalyst were reacted
with H2O2 to generate both OH� and dOH (Eq. (5)). In
addition, O2, acting as a scavenger, was reacted with the
photogenerated electrons to generate superoxide radicals (O2

d�)
(Eq. (6)), which would be further interacted with protons to
yield dOOH radicals (Eq. (7)) [26,31]. At the same time,
photogenerated holes (hþ ) were also subsequently trapped by
H2O to yield dOH radicals (Eq. (8)). Effective separation of the
photogenerated electron/hole pairs at the composite photocata-
lyst interface led to enhanced rates of photocatalytic decolor-
ization. It is all known that these holes (hþ ) and radicals (dOH
and dOOH) are strong oxidizing agents, which can degrade and
even mineralize completely all kinds of organic pollutants
including azo dyes [26]. As a result, the combination of CdS/









Table 1
Effect of inorganic anions on MO decoloration CdS/MWCNTs/polymer–H2O2

system. Experimental conditions: [MO]0¼15 mg L�1; [H2O2] ¼1.0 mM;
irradiation time: 90 min; photocatalyst dosage: 0.7 g L�1.

Anions kapp (min�1) % Decolorization (90 min)

– 0.042 99.92
Cl� 0.025 91.13
H2PO�

4 0.024 87.45
NO�

3 0.020 83.83

SO2�
4

0.017 79.13

HPO2�
4 þH2PO�

4
0.016 75.60

HPO2�
4

0.014 72.60

CO2�
3

0.0114 65.13

PO3�
4 þCO2�

3
0.0112 64.21

PO3�
4 0.0106 61.41
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Fig. 10. Cycling runs in the photocatalytic decolorization of MO in the
presence of CdS/MWCNTs/polymer and H2O2. Experimental conditions:
[MO]0¼15 mg L�1; [H2O2]0¼1.0 mM; initial pH:6.0; photocatalyst dosage:
0.7 g L�1.
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in Fig. 10. The reused photocatalyst was filtered and then
reused for the next experiment by adding the same dosage of
H2O2. After five recycles, the decolorization efficiency
decreased 11.7% approximately after 90 min irradiation. Thus,
the combinated CdS/MWCNTs/polymer–H2O2 (1.0 mM) pro-
cess is promising method for practical application in water
treatment.
4. Conclusions

In summary, a cadmium sulfide/multi-walled carbon nano-
tubes/polymer nanocomposite (CdS/MWCNTs/polymer) was
fabricated by a facile precipitation process. Under simulated
solar light irradiation, a combinated CdS/MWCNTs/polymer–
H2O2 (1.0 mM) process was found to be highly efficient
for photocatalytic decolorization of a soluble azo dye, methyl
orange (MO), even at neutral pH values. The decolorization
of MO solution was strongly influenced by operational
parameters such as photocatalyst dosage, H2O2 concentration,
pH and initial dye concentration and was followed the first-order
kinetics with high R2 values. 99.9% of azo dye solution was
successfully decolorized after 90 min under simulated solar light
irradiation with 15 mg L�1 of initial MO concentration, 1.0 mM
of H2O2 concentration and 0.7 g L�1 of photocatalyst dosage.
When the CdS/MWCNTs/polymer- H2O2 system was reused for
the fifth time, the decolorization efficiency was still about 88.0%
after 90 min under simulated solar light irradiation. As a result,
this technique will potentially provide cheaper and cleaner means
for treatment of a large volume of dyeing effluents since it
increased substantially the efficiency of decolorization and could
take full advantage of economical solar light.
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