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a b s t r a c t

An unusually stable and regeneratable nanosized CdS-based catalyst for visible-light-induced photocatal-
ysis was developed by combining the protection effect of polyelectrolyte and the spatial confinement of
mesopores. This catalyst was fabricated by coating a layer of poly(diallyl dimethylammonium) chloride
(PDDA) around nanosized CdS pre-incorporated hexagonal mesoporous silica (HMS) sphere, and named
as CdS/HMS–PDDA. In contrast to the catalyst without PDDA-coating (CdS/HMS), which loses its activity
at 3rd run, CdS/HMS–PDDA can completely degrade the organic pollutants for over 22 runs. Noticeably,
CdS/HMS–PDDA can be facilely regenerated by H2S treatment, and the catalyst shows the same capability
as the fresh one even after 6 regenerations (accumulatively 151 runs). No cadmium leakage is detected from
CdS/HMS–PDDA during the photocatalytic processes, promising its environmental compatibility. A series
Cadmium sulfide

Mesoporous silica sphere
Photocorrosion

of characterization experiments reveal that the polyelectrolyte layer effectively prevents the cadmium
species from leakage, and further delays the photocorrosion of CdS via a back reaction occurred by use of
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. Introduction

Nowadays, environmental pollution caused by organic com-
ounds has far-reaching negative consequences in the lives of
uman being. Hazardous organic pollutants such as dyes and phe-
olic compounds emitted from various sources have caused severe
cological problems due to their nondegradability and toxicity.
herefore, the removal of these toxicants in water has become one
f the most important issues in environmental science [1–4]. Het-
rogeneous photocatalysis is believed to be a proper method for the
econtamination and mineralization of organic pollutants because
f its high efficiency, low energy consumption and satisfactory envi-
onmental compatibility [5].

Various catalysts have already been employed in photocataly-

is [1–9]. Among them, semiconductors are the most widely used
hotocatalysts [4,9]. Generally, the band gap excitation of the semi-
onductor leads to the formation of electron–hole pairs (e−–h+

airs) that can generate free radical species with superior redox
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ining in CdS, endowing the catalyst with high stability and regeneratability.
© 2008 Elsevier B.V. All rights reserved.

bility and drive photocatalytic processes. Among the various semi-
onductors, TiO2 is the most extensively investigated catalyst owing
o its advantages such as high activity, excellent chemical stability,
ow toxicity and low cost [10–13]. However, TiO2 can only be effec-
ively activated by ultra-violet (UV) light and thereby, its response
o solar light is rather poor because of the low proportion of UV
ight (about 5% [4]). Although some colored contaminants such as
yes can be self-sensitizedly degraded by TiO2 under visible light
4,14,15], such photocatalytic process would cease once the chro-

ophores of dyes are destroyed. To harvest visible light with TiO2,
odification methods such as dye-sensitization [4,16,17], doping

18–20], ion-implanting [21,22] and heterojunction [23] are neces-
ary in order to extend its absorption band into visible range [24],
owever concerns still exist regarding the stability of the modifier
nd the efficiency of the electron transfer between the modifier and
iO2 [25].

Another way to realize efficient photocatalysis under visible
ight irradiation involves the application of the semiconductors

ith relatively narrow band gap [26]. For instance, CdS and

ome other chalcogenide semiconductors [27,28] have shown great
rospect in visible-light-induced photocatalysis. With a proper
and gap (2.4 eV) and an appropriate absolute redox potential, CdS
cquires good response to the solar spectrum and exhibits signif-
cant photophysicochemical properties for water-splitting [29,30],

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:yitang@fudan.edu.cn
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olar cells [31], photocatalytic synthesis [32] as well as for the pho-
ocatalytic removal of organic pollutants [1,33–35]. However, CdS
s prone to react with the photogenerated holes and then undergo
hotocorrosion under light irradiation [36], resulting in a poor
hemical stability during photocatalytic processes. Furthermore,
he cadmium species generated by photocorrosion will escape into
he liquid phase, leading to a secondary pollution by heavy metal.
he photocorrosion together with the consequent leakage of cad-
ium species has become the biggest obstacle for the practical

pplication of CdS-based catalyst in water treatment [35]. In past
ecades, tremendous efforts have been devoted to the enhance-
ent of its activity and the improvement of its photostability.

he former can be achieved by the utilization of CdS nanopar-
icle. Due to the size quantization effect, the nanosizing of CdS
article not only increases the band gap but also decreases the
ossibility of the e−–h+ recombination [37,38], and consequently
romotes the photocatalytic activity of CdS [39]. The latter, as the
ssential key for practical photocatalytic application of CdS, mainly
nvolves the immobilization of CdS onto proper supports such as
ayered compounds [40], Nafion [41], Al2O3 [42,43], zeolite [44]
nd mesoporous materials [45,46]. However, the photostability of
he reported CdS catalysts is far from the desired level, and CdS cat-
lyst with superior photostability and less cadmium leakage is still
eing pursued.

Herein, a stable and regeneratable CdS photocatalyst was fab-
icated via in situ generation of CdS nanoparticles in hexagonal
esoporous silica (HMS) sphere followed by coating a polyelec-

rolyte layer outside. The catalyst not only shows high efficiency in
hotocatalytic removal of organic pollutants, but also exhibits long

ifetime and resistance against cadmium leakage under light irra-
iation. Importantly, the catalyst can be completely regenerated
hrough H2S treatment, and there is no decay on its photocat-
lytic performance even after six regenerations (corresponding to
00 h of irradiation). These distinguished features are attributed
o the anti-leakage and the photocorrosion-delaying effects of the
olyelectrolyte layer on the basis of the results of various charac-
erization methods including X-ray diffraction (XRD), UV–visible,
aman and atomic absorption spectroscopy (AAS).

. Experimental

.1. Materials

The poly(diallyl dimethylammonium) chloride (PDDA, Mw =
00,000) was purchased from Aldrich. The commercial TiO2 cat-
lyst (Degussa P25, specific surface area 50 m2/g) was supplied
rom Degussa. The dyes including Eosin B, Methylene Blue, Neutral
ed and Sudan I were obtained from Shanghai Chemical Reagent
ompany. Phenol, p-chlorophenol and p-nitrophenol were pur-
hased from Runjie Chemical Reagent Company. Hydroquinone
as obtained from Lingfeng Chemical Reagent Company. 2,4,6-

richlorophenol was purchased from Arcos. All chemicals were used
s received without further purification.

.2. Fabrication of catalysts

HMS spheres were synthesized according to the previously
eported method [47], followed by calcination at 600 ◦C for 6 h
o remove the surfactant in the mesopores. The introduction of

admium species into HMS was conducted using the method we
reviously reported [48]. To achieve complete conversion of the

ncorporated cadmium into CdS, the prepared composite was sub-
equently sulfurized by treating it in H2S atmosphere. In detail, the
ulfurization was carried out in an air-isolated vessel. A stream of
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2S was produced by dropping HCl into Na2S and filled into the
essel, and then the vessel was heated to and kept at 100 ◦C for 2 h.
o obtain the final catalyst, the sulfurized sample was ultrasonically
ispersed in 0.2 wt% aqueous solution of PDDA with a liquid/solid
atio of 10:1 (ml/g), and then placed at ambient temperature for
h. After washing with water and centrifugation, the final catalyst
ith polyelectrolyte protective layer was obtained and named as
dS/HMS–PDDA.

For comparison, a catalyst without polyelectrolyte protective
ayer (named as CdS/HMS) was also prepared in the same way as
escribed above but omitting the step of PDDA-coating, and a sam-
le without CdS was obtained directly by coating PDDA onto HMS
nd was named as HMS–PDDA.

.3. Irradiated reactions

The photocatalytic reactor was a quartz vessel with an internal
quipped xenon lamp (120 W, � > 420 nm) surrounded by a quartz
acket with a water-cooling system. In a typical photocatalytic reac-
ion, 20 mg of catalyst was suspended in 80 ml of aqueous solution
f dye or phenol at certain concentration, and the temperature in
he reactor was maintained at 30 ◦C. Before photocatalytic exper-
ment, the suspension was stirred in dark for 10 min to exclude
he possible influence of reactant adsorption on the determina-
ion of the photocatalytic activity. Afterwards, the suspension was
xposed to the irradiation of xenon lamp for photocatalysis. Airflow
as continuously pumped into the system during the whole pro-

ess. The photodegradation of the organic reactants was monitored
y UV–visible absorption spectroscopy. At specified time intervals,
ml of the reaction suspension was taken from the reactor and
entrifuged to separate the catalyst. The separated catalyst was
hen returned to the reactor to avoid the loss of catalyst during
ampling. The content of the reactants in the supernate was deter-
ined at their specified detection wavelength, in detail, 506 nm

or Eosin B, 665 nm for Methylene Blue, 522 nm for Neutral Red,
78 nm for Sudan I, 270 nm for phenol, 280 nm for p-chlorophenol,
98 nm for hydroquinone, 278 nm for p-nitrophenol and 311 nm for
,4,6-trichlorophenol. After each photocatalytic run, the catalyst
as separated from the suspension by centrifugation for the next

un, while the supernate was collected for further analysis such as
admium content and mineralization degree of organic pollutants.
he former was determined by employing AAS while the latter was
easured by total organic carbon (TOC) value and chemical oxygen

emand (COD) value. The COD value was determined by the amount
f potassium dichromate (K2Cr2O7) reduced by the sample after 2 h
f refluxing in a medium of sulfuric acid and silver sulfate catalyst.
he detection limit of this method is 1 mg/l.

In order to estimate the photocorrosion of the catalysts under
rradiation, the catalysts after sulfurized in moist H2S stream were
rradiated under the open-air condition at ambient temperature.
ypically, 100 mg of catalyst was tiled carefully to form a thin wafer
diameter = 4 cm) on an agate mortar in a box shielding from other
ight sources, and a xenon lamp (120 W, � > 420 nm) was hung 5 cm
bove the mortar. The photocorrosion degree of the catalysts was
haracterized by XRD, Raman spectroscopy and UV–visible diffuse
eflectance absorption spectroscopy.

.4. Regeneration of catalysts

The regeneration of catalysts was carried out by a re-

ulfurization process on the spent catalyst powder. In detail, the
pent catalyst was placed in an air-isolated vessel. A stream of H2S
as produced by dropping HCl into Na2S and filled into the vessel.

hen the vessel was placed thermostatically at 100 ◦C for 2 h. The
ffluent gas was absorbed by saturated Na2SO3 solution. Precau-
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ions should be carefully taken to avoid the H2S leakage and isolate
he system from air.

.5. Characterization of catalysts and reactions

Scanning electron microscopy (SEM) measurements were per-
ormed by a Philips XL30 D6716 instrument at an operating voltage
f 25 kV, while transmission electron microscopy (TEM) experi-
ents with selected area electron diffraction (SAED) were carried

ut with a JEOL JEM-2010 instrument at an operating voltage of
00 kV. The XRD patterns were recorded on a Rigaku D/Max-rB
2KW diffractometer (Cu K�). The mean crystallite diameter of
dS nanoparticles was calculated by Scherrer formula. X-ray flu-
rescence (XRF) experiments were performed by a BRUKER-AXS
4 Explorer apparatus. AAS analysis was performed by a Hitachi Z-
000 Polarized Zeeman Atomic Absorption Spectrometer with the
etection limit of 0.002 mg/l. Infrared (IR) spectra were obtained
y a Nicolet FT-IR 360 spectrometer while Raman spectra were
ecorded by a LabRam-1B spectrometer. Adsorption/desorption
sotherms of nitrogen were recorded with a Micromeritics ASAP
000 instrument at 77 K. The UV–visible spectroscopic experiments
ere carried out with a Shimadzu UV 2450 spectrophotome-

er. During measurement, the liquid samples were placed in
uartz cuvettes with 1 cm of path length. The diffuse reflectance
V–visible spectra were obtained with an ISR-2200 attachment.
he TOC value was determined on a Shimadzu TOC-VCPN Analyzer
ith the detection limit of 0.05 mg/l.

. Results
.1. Characterization of catalysts

Fig. 1a and 1b respectively depicts the SEM and TEM images of
he original HMS spheres before the introduction of CdS, which
learly exhibit a uniform spherical morphology with the aver-
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Fig. 1. SEM image (a), TEM image (b) and SAED pattern (c) of HMS; and SEM
tobiology A: Chemistry 201 (2009) 111–120 113

ge diameter of about 1.2 �m. The XRD (Fig. 2A-a and 2B-a)
nd SAED patterns (Fig. 1c) prove their mesoporous structure
ith amorphous wall. The N2 adsorption/desorption experi-
ent (Fig. 3) further confirms their mesoporosity with the

runauer–Emmett–Teller (BET) specific surface area of 643 m2/g
nd the most probable pore diameter of 2.6 nm. These results
re all in agreement with the literature [47]. The unique three-
imensional interconnected mesoporous structure of HMS would
ct as an excellent nanoreactor for CdS nanoparticle formation
nd photocatalytic reactions, while the micrometric size of HMS
pheres ensures considerable convenience for the manipulation in
ractice.

After incorporating CdS and coating PDDA, the final catalyst
dS/HMS–PDDA (Fig. 1d) well retains the spherical morphology of
riginal HMS. The TEM image (Fig. 1e) presents a large number of
lack dots within the HMS sphere, indicating that CdS nanoparti-
les have been generated in the mesopores of HMS. The contents of
d and S in the CdS/HMS–PDDA are determined by XRF to be 5.82
nd 2.16 wt% respectively, and the molar ratio of Cd:S is about 3:4.
he SAED pattern (Fig. 1f) displays clear diffraction rings with dis-
ontinuous diffraction spots. These diffraction rings can be indexed
o (0 0 2), (1 1 0), (1 1 2) planes of CdS referred to its XRD result (cf.
ig. 2B-b).

The XRD pattern of CdS/HMS–PDDA is depicted in Fig. 2. The
mall-angle XRD pattern of CdS/HMS–PDDA (Fig. 2A-b) shows
lmost the same diffraction peak as that of original HMS (Fig. 2A-
), demonstrating the preservation of mesoscopic structure in
dS/HMS–PDDA. The tiny shift of the diffraction peak to a smaller
ngle suggests the slight enlargement of the mesopores as the result
f the formation of cadmium sulfide nanoparticles. Meanwhile, the

ide-angle XRD pattern of CdS/HMS–PDDA (Fig. 2B-b) presents the
iffraction peaks of CdS crystal, which have been indexed to (0 0 2),
1 1 0), (1 1 2) planes of the hexagonal greenockite phase (space
roup: P63/mmc) (JCPDS 41-1049) in good accordance with the
AED pattern (Fig. 1f). The mean crystallite size of CdS nanoparticles

image (d), TEM image (e) and SAED pattern (f) of CdS/HMS–PDDA.
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F CdS/HMS–PDDA (b) and that after irradiation for 100 h (c) and 150 h (d), and the sample
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ig. 2. The small-angle (A) and wide-angle (B) XRD patterns of HMS (a), the fresh
egenerated by H2S gas treatment (e).

s 2.6 nm estimated by Scherrer formula using the (1 1 0) reflec-
ion at 43.7◦ (2�). This value is in good agreement with the most
robable pore diameter of HMS, indicating that the mesopore of
MS acts as a spatially confined nanoreactor for the growth of cad-
ium sulfide particles. A similar effect has also been reported by

u et al. [45] on the fabrication of CdS nanoparticles in MCM-41
nd SBA-15. The quantum-sized CdS [37] generated in mesopore
s supposed to have stronger redox ability and better surface elec-
ron transfer than the bulky CdS [38], promising higher activity for
he photocatalytic degradation of organic pollutants. Besides, the
patial-confinement-effect outlined by Shchukin and Sviridov [49]
nd the interaction between CdS and silica reported by Kisch et
l. [50,51] are also suggested to be helpful for the photocatalytic
ctivity of CdS/HMS–PDDA.

Fig. 3 shows the nitrogen adsorption/desorption isotherms and
he corresponding Barrett–Joyner–Halenda (BJH) pore diameter
istribution of CdS/HMS and CdS/HMS–PDDA. After the in situ

ncorporation of CdS nanoparticles, the mesoporous structure of
MS is well retained, while the BET specific surface area drops from
43 m2/g of HMS to 583 m2/g of CdS/HMS, illustrating that the gen-

rated CdS nanoparticles occupy a part of the mesopores in HMS.
nterestingly, after the coating of PDDA, the peak of the mesopores
f original HMS disappears in the pore diameter distribution curve
Fig. 3) although the XRD pattern of CdS/HMS–PDDA (Fig. 2A-b) still

ig. 3. N2 adsorption/desorption isotherm of HMS, CdS/HMS and CdS/HMS–PDDA
inset); and their BJH pore diameter distributions calculated according to the corre-
ponding adsorption isotherms.
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ig. 4. IR spectra of CdS/HMS and CdS/HMS–PDDA. The inset is the magnified spectra
etween 1450 and 1300 cm−1.

hows the existence of the mesostructure. This phenomenon can
e explained by that the PDDA shell has been well coated onto the
atalyst, and under the condition of the nitrogen adsorption exper-
ment (dry state), the PDDA is in unswelled (or shrunk) form which
nhibits the entrance of nitrogen molecules into the mesopores.

IR was also adopted to prove the existence of PDDA on the final
atalyst and the result is shown in Fig. 4. CdS/HMS–PDDA clearly
xhibits the absorption bands at 1393, 1357 and 718 cm−1 besides
hose belonging to CdS/HMS. The band at 718 cm−1 is assigned to
he C–H in-plane bending vibrational mode of methylene in PDDA

nd the other two are related to the C–H stretching vibrational
ode of methyl in PDDA [52].
According to the above results, the structure of the

dS/HMS–PDDA can be illustrated by Scheme 1. HMS sphere

Scheme 1. The illustrated scheme of the structure of CdS/HMS–PDDA.
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Fig. 5. Results of the visible-light-induced degradation of Eosin B on fr

cts as the support for the CdS nanoparticles, which promises
he size of CdS in nanoscale due to the spatial confinement of

esopores in HMS. The PDDA exists as a protective shell around
he CdS-pretrapped HMS sphere, forming a catalyst with cap-
ular structure. Such structure would benefit the photocatalytic
eactions as proved by the following catalytic experiments.

.2. Catalytic test

.2.1. Degradation of dyes
Eosin B is a widely used stain with xanthene structure and

s harmful if swallowed, inhaled or absorbed through skin.
onsidering its resistance to self-photolysis and biodegradation

53], the photocatalytic degradation of Eosin B is of impor-
ance. Fig. 5 shows the photocatalytic degradation of Eosin B on
dS/HMS–PDDA under the irradiation of xenon lamp, and the

nitial concentration of Eosin B solution is 1 × 10−4 M. For com-
arison, CdS/HMS, HMS–PDDA and a commercial TiO2 (Degussa

t
(
r
i
a

S/HMS–PDDA (a) and on the sample after 1st–6th regeneration (b–f).

25) have also been tested under the same reaction conditions
Fig. 6).

It can be observed from Figs. 5 and 6 that a dramatic improve-
ent has been achieved on the photocatalytic stability by coating

he layer of PDDA on catalyst. The CdS/HMS–PDDA is able to com-
letely degrade Eosin B for 22 runs and is still partially active
t 25th run (Fig. 5a), while the catalyst without PDDA-coating
CdS/HMS) completely loses its activity at 3rd run (Fig. 6c). Notice-
bly, CdS/HMS–PDDA can be regenerated by a re-sulfurization
rocess. After being treated in H2S atmosphere at 100 ◦C for 2 h,
he deactivated catalyst totally restores its activity to the same
evel as that of the fresh one (Run 26 in Fig. 5b), and is again able
o photodegrade Eosin B for over 22 runs (Fig. 5b). This cycle of

he photocatalysis–regeneration can be repeated for several times
Fig. 5c–f). Even after 6 regenerations, both the activity and the
eusability of CdS/HMS–PDDA remain unchanged (cf. 151st run, ♦
n Fig. 5f). This result implies that the photocatalytic degradation
nd the regeneration processes can be further continued.
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ig. 6. Results of the visible-light-induced degradation of Eosin B on CdS/HMS in
st (a), 2nd (b) and 3rd run (c); and the visible-light-induced degradation of Eosin
on P25 (d) and HMS–PDDA (e).

To further describe the effectiveness of CdS/HMS–PDDA on
he photocatalytic degradation of Eosin B under visible light, the
egussa P25 TiO2 and HMS–PDDA have also been tested under the

ame condition. No appreciable degradation takes place on Degussa
25 (Fig. 6d), indicating that neither band-gap-excited degradation
or sensitized degradation process occurs under visible light. In the

ase of the HMS–PDDA, no degradation of Eosin B takes place except
or a small concentration decrease during the initial 10 min in dark
Fig. 6e), illustrating that the sample without CdS acts only as an
dsorbent. The adsorption of Eosin B molecules on the PDDA-coated
amples can be explained by the electrostatic attraction between

D
h
r
d
t

ig. 7. Results of the visible-light-induced degradation of Methylene Blue (a), Neutral Red
ifferent catalyst amounts.
otobiology A: Chemistry 201 (2009) 111–120

he cationic polyelectrolyte PDDA and the Eosin B with negative
harges in aqueous solution (which can be proved by the results
hown in Fig. 7, where the cationic dye Methylene Blue shows no
dsorption on PDDA). The influence of adsorption on the determi-
ation of photocatalytic activity would be excluded by adopting a
re-adsorption process before lighting.

Photocorrosion and the consequent cadmium leakage are con-
idered as the fatal problems of CdS in photocatalysis. To investigate
he possible cadmium leakage of CdS/HMS–PDDA during the
hotocatalysis, cadmium contents in the supernate after photo-
atalytic reactions have been measured by AAS (Table 1). It can
e clearly observed that the leakage of cadmium has been effec-
ively avoided on CdS/HMS–PDDA. Except for the tiny amount of
admium detected in the solution during the initial three runs
probably due to the existence of small quantity of cadmium out-
ide the PDDA layer), the cadmium concentration in the supernate
s always below the detection limit of AAS (0.002 mg/l), which fully
omplies with the norms of various nations and organizations on
rinking water quality in force, e.g. 3 �g/l of World Health Organiza-
ion (Guidelines for Drinking-water Quality, 3rd ed., Vol. 1, Geneva,
004), 5 �g/l of European Union (Drinking Water Standards, Coun-
il Directive 98/83/EC on the quality of water intended for human
onsumption, Adopted by the Council on 3 November 1998), 5 �g/l
f U.S.A. (2004 Edition of the Drinking Water Standards and Health
dvisories, Winter 2004, USEPA) and 5 �g/l of People’s Republic of
hina (Ministry of Health P.R. China, GB 5749-2006, Standards for

rinking Water Quality, 2006). This result clears out the threat of
eavy metal pollution for CdS/HMS–PDDA. Table 1 also summa-
izes the mineralization degree of Eosin B after the photocatalytic
egradation on CdS/HMS–PDDA. Both TOC and COD values show
hat the mineralization degree of Eosin B reaches over 95%, indi-

(b) and Sudan I (c) on CdS/HMS–PDDA at different initial dye concentrations and
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Table 1
Cadmium leakage and mineralization in the photocatalytic degradation of Eosin B.

Sample Leakage Mineralizationa

Run Cd (mg/l) Run TOCb (mg/l) (TOC0 − TOC)/TOC0 (%) Run CODb (mg/l) (COD0 − COD)/COD0 (%)

CdS/HMS–PDDA
Before regeneration 1 0.057 1 0.6 99 1 n.d.c ∼100

2 0.040 10 1.0 98 4 n.d. ∼100
3 0.026 14 0.9 98 8 n.d. ∼100
5 0.002 18 0.8 98 12 n.d. ∼100
9 n.d.c 21 1.4 97 20 n.d. ∼100

13 n.d. – – – – – –
19 0.002 – – – – – –
25 n.d. – – – – – –

After 1st regeneration 26 n.d. 26 0.7 98 30 n.d. ∼100
28 n.d. 40 0.9 98 44 n.d. ∼100
34 n.d. 45 1.1 97 – – –
46 n.d. 47 1.6 96 – – –
50 n.d. – – – – – –

After 2nd regeneration 51 n.d. 52 0.6 99 60 n.d. ∼100
70 n.d. 72 1.7 96 – – –
75 n.d. – – – – – –

After 3rd regeneration 76 n.d. 77 1.1 97 85 n.d. ∼100
95 n.d. 97 1.0 98 – – –

100 n.d. – – – – – –

After 4th regeneration 101 n.d. 102 0.9 98 110 n.d. ∼100
120 n.d. 121 1.6 96 – – –
125 n.d. – – – – – –

After 5th regeneration 126 n.d. 127 1.1 97 135 n.d. ∼100
145 n.d. 147 1.9 96 146 n.d. ∼100
150 n.d. – – – – – –

CdS/HMS
1 3.1 – – – – – –
2 2.1 – – – – – –
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a TOC0 = 42.6 mg/l, COD0 = 40 mg/l. All samples were diluted to 250 ml.
b Measured after the absorbance at detection wavelength reaches 0, meaning tha
c n.d. = not detected.

ating that organic carbon can be effectively converted into CO2 on
his catalyst.

Besides Eosin B, stubborn dyes such as Methylene Blue, Neutral
ed and Sudan I are also widely used in industry and are harmful
o living things. The photocatalytic degradation of these dyes at ini-
ial concentrations of 1 × 10−4 and 1 × 10−5 M is also evaluated on
dS/HMS–PDDA under visible light. The results are shown in Fig. 7.
imilar to the Eosin B, all these dyes can be completely degraded
ithin 240 min when 20 mg of catalyst is put into 80 ml of the dye

olutions at initial concentration of 1 × 10−4 M. In the cases of lower

ye concentration (e.g. 1 × 10−5 M) or higher catalyst amount (e.g.
00 mg in 80 ml of solution), the degradation would finish within
nly 60 min. According to the mineralization data summarized in
able 2, over 92% of the organic carbon of these three dyes has been
ineralized after photocatalytic degradation.

a
i
t
p
h

able 2
ineralization of various dyes at different concentration on CdS/HMS–PDDA under visibl

ye Initial concentration (M) TOC

TOC0 (mg/l) TOCa (mg/l) (TOC

ethylene Blue 1 × 10−4 28.2 1.4
1 × 10−5 2.9 n.d.b ∼1

eutral Red 1 × 10−4 26.6 2.1
1 × 10−5 2.7 n.d. ∼1

udan I 1 × 10−4 36.4 2.9
1 × 10−5 3.7 n.d. ∼1

a Measured after the absorbance at detection wavelength reaches 0, meaning that the d
b n.d. = not detected.
ye molecules are completely degraded.

.2.2. Degradation of phenolic compounds
Phenol and its derivatives are common industrial pollutants

nd their removal is important in wastewater treatment. How-
ver, they are not able to sensitize the catalysts under visible light
ecause they themselves have no chromophore for absorbing vis-

ble light. Therefore, the research on the photocatalytic removal
nder visible light would be significant for phenolic compounds.
ig. 8a displays the UV–visible absorption spectra of p-chlorophenol
uring the photocatalytic degradation on CdS/HMS–PDDA under
isible light. It is found that the absorption bands related to the

romatic structure of p-chlorophenol fades away with the increas-
ng of reaction time and totally disappears after 3 h. Fig. 8b shows
he photocatalytic activity of CdS/HMS–PDDA in the degradation of
henol, p-chlorophenol, p-nitrophenol, 2,4,6-trichlorophenol and
ydroquinone (all with the initial concentration of 1 × 10−4 M). All

e light irradiation.

COD

0 − TOC)/TOC0 (%) COD0 (mg/l) CODa (mg/l) (COD0 − COD)/COD0 (%)

95 108 n.d.b ∼100
00 11 n.d. ∼100

92 97 n.d. ∼100
00 10 n.d. ∼100

92 122 n.d. ∼100
00 13 n.d. ∼100

ye molecules are completely degraded.
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Fig. 8. UV–visible absorption spectra of pure water and p-chlorophenol solution irradiated for 0, 1, 2 and 3 h (a); and results of the visible-light-induced degradation of
phenol, p-chlorophenol, p-nitrophenol, 2,4,6-trichlorophenol and hydroquinone using CdS/HMS–PDDA (b).

Table 3
Mineralization of phenolic compounds on CdS/HMS–PDDA under visible light irradiation.

Sample TOC COD

TOC0 (mg/l) TOCa (mg/l) (TOC0 − TOC)/TOC0 (%) COD0 (mg/l) CODa (mg/l) (COD0 − COD)/COD0 (%)

p-Chlorophenol 41.1 1.1 97 32 n.d.b ∼100
Phenol 40.3 1.1 97 25 n.d. ∼100
2,4,6-Trichlorophenol 42.0 1.5 96 52 n.d. ∼100
p-Nitrophenol 31.6 1.8 94 20 n.d. ∼100
H
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these cationic cadmium species.

On the other hand, it is believed that the photocorrosion is the
ultimate reason for the loss of photoactivity and the concomitant
cadmium leakage. Therefore, to delay the photocorrosion would be

Table 4
Cadmium contents of fresh and used CdS/HMS–PDDA and CdS/HMS.

Sample Cd content (wt %)

CdS/HMS–PDDA CdS/HMS
ydroquinone 38.0 3.0 92

a Measured after the absorbance at detection wavelength reaches 0, meaning tha
b n.d. = not detected.

f these compounds could be completely degraded within 240 min.
he TOC and COD data listed in Table 3 declare the efficient miner-
lization of these phenolic compounds. These facts indicate that the
fficient degradation and mineralization of phenol and its deriva-
ives can be implemented under visible light over CdS/HMS–PDDA
atalyst.

. Discussion

All the above results on the photocatalytic degradation of both
yes and phenolic compounds indicate that CdS/HMS–PDDA is
n efficient catalyst for the degradation and mineralization of
rganic compounds under visible light. Its excellent photostabil-
ty promises that its activity not only can last for about 25 runs
corresponding to an irradiated time of 100 h) but also can be
ompletely recovered by H2S treatment. More than 150 runs (corre-
ponding to an irradiated time of 600 h accumulatively) have been
eached for the photocatalytic degradation of organic compounds
ith six times of regeneration, and this photocatalytic application

nd regeneration processes could be further continued. However,
ithout PDDA-coating, CdS/HMS totally loses its activity at 3rd run,
hich heavily hampers the practical application of CdS in photo-

atalysis as reported in previous literature [35].
To understand the reason why CdS/HMS–PDDA has a far supe-

ior stability than the catalyst without PDDA-coating (CdS/HMS),
he cadmium contents in the fresh and the spent catalysts as well
s the cadmium leakage during photocatalytic reactions are com-
ared with each other. The data of cadmium concentration in the

upernate collected after photocatalytic reactions have been listed
n Table 1, and Table 4 lists the data of cadmium content in the
atalyst powders after the specified photocatalytic runs. It can
e clearly observed that, without the presence of PDDA-coating,
dS/HMS suffers a severe leakage of cadmium. Almost all cadmium

F
A
A
A
A

37 n.d. ∼100

henolic compounds are completely degraded.

as escaped from the catalyst after two runs (Table 1), and in par-
llel, no cadmium could be detected in the CdS/HMS powder after
hree runs (Table 4). This result can be used to explain the phe-
omenon shown in Fig. 6, in which CdS/HMS shows no activity
t 3rd run. Since the irreversible damage caused by the cadmium
eakage has occurred on the catalyst, the loss of its activity can-
ot be retrieved. On the contrary, the catalyst with PDDA-coating
CdS/HMS–PDDA) is able to effectively resist the cadmium leakage.
o cadmium leakage can be detected after three runs (Table 1).
orrespondingly, except for the slight decrease of cadmium con-
ent (from 5.8 to 5.4 wt%) in the initial three runs (Table 4), the
re-incorporated cadmium is well retained. Even after 151 runs,
he cadmium content in the catalyst powder still remains at 5.2 wt%,
ndicating that the PDDA layer does prevent the leakage of cadmium
nd thus provides the premise for the regeneration of catalyst. It has
een reported that [54], in the presence of oxygen, the cadmium
pecies caused by CdS photocorrosion are mainly Cd2+ and Cd2+S−.
he prevention of PDDA on the Cd leakage could be explained by
ts electrostatic repulsion and/or mechanical obstruction towards
resh 5.8 5.8
fter 3rd run 5.4 Not detected
fter 25th run 5.4 –
fter 50th run 5.3 –
fter 151st run 5.2 –
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CdS/HMS–PDDA (a) and CdS/HMS (b) irradiated under visible light.
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Fig. 9. The diffuse reflectance UV–visible absorption spectra of

he key for prolonging the lifetime of CdS-based photocatalysts. To
nvestigate the cause for the delay of photocorrosion on the PDDA-
oated catalyst, CdS/HMS–PDDA and CdS/HMS have been irradiated
nder visible light in open-air condition. Under this condition, the

eakage of cadmium species that would happen in aqueous solution
oes not exist so that the photocorrosion process can be solely esti-
ated. As shown in Fig. 9, the fresh samples of both CdS/HMS–PDDA

nd CdS/HMS clearly exhibit the 1s–1s absorption of CdS [55,56] at
45 nm. This band promises the efficient utilization of solar energy
s it covers the main peak of the solar spectrum of sunlight reaching
he earth’s atmosphere (around 460 nm) [18]. Under light irradia-
ion, the CdS/HMS without PDDA-coating suffers severe corrosion.
dS/HMS partly loses its visible light absorption after 12 h of irra-
iation, and no longer has response to visible light after 15 h of

rradiation, indicating the CdS has been destroyed by the photocor-
osion. In comparison with CdS/HMS, CdS/HMS–PDDA retains its
hotoactivity for much longer time. The 1s–1s absorption band of
dS remains without obvious change even after 100 h and this band
an still be observed after 125 h, approximately 10 times as the case
f CdS/HMS. Moreover, as shown by the dot curve in Fig. 9a, the visi-
le absorption band of the photocorroded catalyst can be recovered
o the same level as that of the fresh sample by H2S treatment. This
esult can well explain the recovery of the photocatalytic activity
f the catalyst after regeneration (Fig. 5).

According to the reports of Henglein [54,57], the CdS photocor-
osion in the presence of oxygen follows the mechanism below:

dS(s) + h� → CdS(e− + h+) (1)

− + O2 → O2
− (2)

+ + CdS(s) → Cd2+S− (3)

d2+S− + O2
− + O2 → Cd2+ + SO4

2− (4)

s described above, the cationic cadmium species generated from
he photocorrosion can be well held in the mesoporous silica sphere
overed by cationic PDDA layer, and the arrested cationic Cd2+S−

pecies can probably undergo a back reaction with photogenerated
lectrons on CdS surface [58] as Eq. (5),

− + Cd2+S− → CdS (5)

hich significantly reduces the apparent photocorrosion rate of
dS. Although the photocorrosion of CdS could not be totally com-

ensated through Eq. (5), the deactivated CdS/HMS–PDDA can still
e regenerated through the reaction between H2S and the cationic
admium species held in the catalyst.

Analogously, the same trend of the deactivation and regenera-
ion of CdS/HMS–PDDA can also be observed from XRD patterns

p
o
r
m
a

ig. 10. Raman spectra of the fresh CdS/HMS–PDDA (a), the sample used after 25
uns (b) and the sample regenerated by H2S treatment (c).

Fig. 2). After 100 h of irradiation, the diffraction peaks of CdS
emains without obvious change (Fig. 2B-c). These peaks disap-
eared after 150 h of irradiation (Fig. 2B-d), indicating that the
hotocorrosion has caused the destruction of CdS nanoparticles.
ortunately, after the regeneration process, the catalyst exhibits the
RD pattern (Fig. 2B-e) similar to that of the fresh one (Fig. 2B-b),
eclaring that CdS in the catalyst has been recovered. Due to the
patial confinement of mesopores, the size of the regenerated CdS
s almost the same as that of the fresh catalyst determined from
he diffraction peak width. To confirm the regeneratability of the
dS/HMS–PDDA in practical photocatalytic process, we also inves-
igated the Raman spectra of the fresh catalyst, the catalyst after
egrading Eosin B for 25 runs (the deactivated catalyst) and the
egenerated one (Fig. 10). The fresh catalyst exhibits absorption
ands at 231 and 300 cm−1, which can be attributed to E1 trans-
erse of CdS [59]. These absorption bands related to CdS disappear
fter 25 runs and can be completely recovered after H2S treatment.

. Conclusion

Utilizing the protective effect of polyelectrolyte layer as well
s the spatial confinement of mesopores, an unusually stable and
egeneratable catalyst CdS/HMS–PDDA for visible-light-induced

hotocatalysis has been fabricated. In contrast to the catalyst with-
ut protective PDDA layer (CdS/HMS), which lost its activity at 3rd
un, CdS/HMS–PDDA achieved complete degradation and efficient
ineralization of organic compounds for more than 22 photocat-

lytic runs (correspondingly over 80 h) before regeneration. The
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DDA-coating catalyst can be facilely regenerated by H2S treat-
ent, promising its extraordinary reusability. Accumulatively 151

uns (correspondingly 600 h) of photocatalytic degradation have
een achieved so far through six times of regeneration, and more
ycles of photocatalysis–regeneration are being further contin-
ed in our laboratory. Importantly, no cadmium leakage from
dS/HMS–PDDA can be detected during the photocatalysis except

or the initial three runs, promising the catalyst to be environmen-
ally compatible. The PDDA layer coated over the catalyst acts as the
ey factor for the stability and regeneratability of CdS/HMS–PDDA.
t significantly enhances the photostability of CdS under irradiation
y delaying its photocorrosion and efficiently prevents the leakage
f cadmium species from the catalyst into liquid phase, promising
he regeneration of the catalyst by H2S treatment. With the inte-
ration of these intriguing advantages, CdS/HMS–PDDA could be
n ideal catalyst for visible-light-induced photocatalysis.
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