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a b s t r a c t

The S-doped ZnO was prepared by new ecofriendly method, which involves simple mechanochemical
synthesis followed by thermal decomposition of bisthiourea zinc oxalate (BTZO) powders. The BTZO was
characterized by FTIR and TG–DTA analysis while S-doped ZnO crystallite was characterized by XRD,
XPS, SEM, EDXS, and photoluminescence (PL) spectra. X-ray diffraction data suggest the single phase
wurtzite structure for S-doped ZnO and the incorporation of sulfur expand the lattice constants of ZnO.
eywords:
-doped ZnO
PS
hotoluminescence
hotocatalysis

Room temperature PL spectra show more number of oxygen vacancies in S-doped ZnO as compare to
that of pure ZnO. Photocatalytic activity of S-doped ZnO was checked by means of solar photocatalytic
degradation (PCD) of resorcinol, using a batch photoreactor. The PCD efficiency of S-doped ZnO was
found to be 2 times greater than that of pure ZnO. The inherent relationship between PL intensity and
photocatalytic activity of S-doped ZnO was discussed.
esorcinol
unlight

. Introduction

Semiconductor mediated photocatalysis is an efficient method
or environmental detoxification [1–4], which is capable of convert-
ng the toxic and nonbiodegradable organic compounds into carbon
ioxide and inorganic constituents. Among the various semicon-
uctors applied, titanium dioxide is the most widely employed
hotocatalyst but it is effective only under irradiation of UV-light
5]. The photocatalytic degradation of organic contaminants using
olar light could be highly economical compared with the processes
sing artificial UV radiation, which requires substantial amount of
lectrical power. In this regard, a photocatalyst with strong absorp-
ion in the visible region needs to be developed.

Zinc oxide is another important wide band gap semiconduc-
or, which is bio-safe and biocompatible material and can be
irectly used in heterogeneous photocatalysis [6]. Basically ZnO
xhibits more efficiency than TiO2 in photocatalytic degradation of
ome dyes under visible light illumination [7]. In order to improve
hotocatalytic activity of ZnO in visible light, it is doped with non-
etal such as nitrogen [8], sulfur [9]. The sulfur doping in ZnO

s expected to modify the optical, electrical and photocatalytic

roperties because of large electronegativity and size difference
etween S and O [10]. Doping sulfur is an efficient method for nar-
owing the band gap energy of semiconductor oxide and shifts the
hreshold wavelength to the visible light region [11]. This could
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be helpful to utilize solar energy for the elimination of organic
hazards by photocatalysis. Chen et al. [9] observed that the non-
metal impurities (N, S, C) can interfere with the crystallization
of ZnO which can improve photocatalytic activity by enhancing
absorption of light and transport of photogenerated charge carri-
ers. The S-doped ZnO have been synthesized by variety of methods
such as chemical solution-conversion process [12], electrochemical
deposition [13] and air oxidation of ZnS [14]. The mechanochem-
ical doping is one of the convenient methods employed for the
doping of nonmetal elements into metal oxides [8,15]. In most
of the mechanochemical doping methods grinding operations are
performed by zirconia/planetary ball mill. In present study we
are reporting the ecofriendly synthesis of S-doped ZnO which
involves solution free mechanochemical synthesis and simple ther-
mal decomposition of bisthiourea zinc oxalate. The S-doped ZnO
synthesized by this method shows better solar photocatalytic
degradation (PCD) of resorcinol as compare to that of pure ZnO.

2. Experimental

2.1. Materials

In present study, zinc acetate (assay ≥ 98%), oxalic acid (assay

99.5%), thiourea (assay 99%), resorcinol (assay 99%) and other
required chemicals are of analytical grade, obtained from Merck
Limited, Mumbai, India and were used without further purification.
The appropriate concentration of resorcinol solutions was prepared
by using double distilled water.

dx.doi.org/10.1016/j.jhazmat.2010.07.026
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:skpar@chem.unipune.ernet.in
dx.doi.org/10.1016/j.jhazmat.2010.07.026


316 A.B. Patil et al. / Journal of Hazardous Materials 183 (2010) 315–323

of bist

2

c
b
t
i
o
g
o
T
w
o
1
m
F
t
t

2

t
(
c
e
t
(
(
u
(
s
p
d
w
w
o
b
a
w
e
l
a
C
o
t
[
d
e

�

w
t
a
f
f

Scheme 1. Synthesis

.2. Synthesis of S-doped zinc oxide

Sulfur-doped zinc oxide was prepared by a novel two-step pro-
ess. The first step is solution free mechanochemical synthesis of
isthiourea zinc oxalate (BTZO) powders and the second step is
hermal decomposition of BTZO to form S-doped ZnO. In a typ-
cal synthesis, 219.5 mg of zinc acetate dihydrate and 151.2 mg
f oxalic acid were taken in agate mortar and mixture was hand
round for 10 min at room temperature to obtain paste (semisolid)
f zinc oxalate dihydrate and acetic acid by-product (Scheme 1a).
hen 152.2 mg of thiourea was added and hand grinding process
as continued for next 20 min. The thiourea coordinates with zinc

xalate to form bisthiourea zinc oxalate complex (Scheme 1b). After
h, most of the acetic acid by-product goes off from the reaction
ixture and semisolid gradually turns into fine powder of BTZO.

inally, dark yellow colored S-doped ZnO was obtained by calcina-
ion of BTZO at 600 ◦C. Same procedure is repeated, without adding
hiourea to obtain zinc oxalate (ZO) and pure ZnO for comparison.

.3. Equipments

The BTZO was characterized by FTIR (Shimadzu FTIR-8400 spec-
rometer equipped with KBr beam splitter) and thermogravimetry
Shimadzu TG–DTG-60H). While, S-doped ZnO crystallite were
haracterized by X-ray diffractometer (D-8 Advance Brkur AXS),
nergy dispersive X-ray spectra (EDXS) attached to scanning elec-
ron micrograph (SEM JEOL JSM-6360A) and photoluminescence
PL) spectra (Shimadzu, RF-5301PC). X-ray photoelectron spectra
XPS) of S-doped ZnO were recorded with a V. G. Microtech (UK)
nit ESCA 3000 spectrometer equipped with Mg K� X-ray source
h� = 1253.6 eV) and a hemispherical electron analyzer. The X-ray
ource was operated at 150 W. The residual pressure in the ion-
umped analysis chamber was maintained below 1.0 × 10−9 Torr
uring data acquisition. The C 1s peak at a binding energy 284.6 eV
as taken as an internal standard. The accuracy of BE values
as within ±0.2 eV. The photocatalytic reactions were carried

ut at ambient temperature under the irradiation of sunlight in
atch photoreactor. The details of setup of photoreactor were
lready explained elsewhere [16]. The initial pH of suspension
as recorded with the help of pH meter (EUTECH-pH510). The

xtent of photocatalytic degradation (PCD) at an interval of 1 h sun-
ight irradiation was primarily checked by means of decrease in
bsorbance on UV–vis spectrophotometer (UV-1601, Shimadzu).
omplete mineralization of resorcinol was confirmed by chemical
xygen demand (COD) reduction method. The COD determination
ests were performed according to standard dichromate method
17] using COD digester (SPECTRALAB 2015M). The photocatalytic
egradation (PCD) efficiency was calculated from the following
xpression (1):

= CODi − CODt

CODi
× 100 (1)
here � is the photocatalytic degradation efficiency, CODi is the ini-
ial chemical oxygen demand, CODt is the chemical oxygen demand
t time t. The intensity of sunlight was periodically checked by
errioxalate actinometry [18]. The average photon flux calculated
or sunlight was found to be 1.7 × 10−7 Einstein s−1 cm−2. The PCD
hiourea zinc oxalate.

intermediates were identified by HPLC and GC–MS analysis. HPLC
analysis was performed with a Shimadzu 20A instrument equipped
with C18 column. Acetonitrile/water (40:60) was used as mobile
phase at a flow rate of 1 mL min−1. The sample injection volume of
10 �L and UV wavelength of 254 nm were employed. GC–MS anal-
ysis was done with Shimadzu GCMS-QP5050 instrument equipped
with DB-5 capillary column and Quadrapole detector. Helium was
used as a carrier gas. The GC injection volume of 2 �L and the split
ratio of 25:30 were used.

The reusability of the photocatalyst was evaluated by reclaiming
the photocatalyst after PCD reaction in the batch mode, washing,
drying in electric oven at 110 ◦C and using it for resorcinol degra-
dation under similar experimental conditions.

2.4. Photocatalytic degradation experiments

The PCD efficiency of S-doped zinc oxide was investigated by
means of solar photocatalytic degradation of resorcinol a model
endocrine disruptor. All PCD experiments were carried out in dupli-
cate and at an ambient temperature, without external supply of
oxygen. Pure resorcinol (Merck, 99%) was dissolved in double dis-
tilled water to obtain desired concentration solutions. In all PCD
experiments, 100 mL resorcinol solution (150 ppm) was taken in
batch photocatalytic reactor vessel and optimum amount of photo-
catalyst was added and mixture was agitated in an ultrasonic bath
for 5 min to obtain uniform suspension. Initial pH of suspension
was recorded and whole setup was then placed in sunlight with
constant stirring for specific period of time between 9:00 a.m. to
5:00 p.m. during the months of December to March. After the spe-
cific sunlight irradiation time PCD reaction was stopped and whole
suspension was centrifuged at a speed of 3000 rpm for 5 min (Remi,
India) and then filtered through a 0.45 �m polytetrafluro ethylene
(PTFE) filter. The filtrate was directly used for absorbance and COD
measurement. While, some part of filtrate was acidified with dil.
H2SO4 and extracted with ethyl acetate. The resulting sample was
then dried under vacuum and used for GC–MS analysis.

The extent of degradation of resorcinol was also studied under
similar experimental conditions in the dark as a control experi-
ment.

3. Results and discussion

3.1. Characterization of BTZO complex

Fig. 1 shows the FTIR spectrum of BTZO and ZO synthesized by
mechanochemical method. The FTIR frequencies and assignment
of bands of ZO and BTZO in the region 4000–400 cm−1 are summa-
rized in Table 1. The high frequency N–H absorption bands in the
region 3400–3100 cm−1 of the BTZO spectrum were not shifted to
a lower frequency upon formation of metal thiourea complex, indi-
cating that nitrogen to zinc bonds are absent and that the bonding

must be between sulfur and zinc atoms [19]. There is distinct band
at 2705 cm−1 in BTZO which corresponds to symmetric stretching
modes of NH2 groups of thiourea. Similar observation was reported
by Dhumane et al. [20] for Zn [CS(NH2)2]2Cl2 complex, stating that
there is bonding between sulfur and zinc.
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Fig. 1. FTIR spectra of bisthiourea zinc oxalate and zinc oxalate dihydrate.

Table 1
Infrared spectral data of BTZO and ZO.

FTIR bands common in BTZO and ZO Exclusive FTIR bands of BTZO

Wave number
(cm−1)

Assignment Wave number
(cm−1)

Assignment

1700 s vs C O stretch 3410 vs vas N–H stretch
1380 m vs C–O stretch 3200 m vs N–H stretch
1330 m vs C–O stretch 2910 w vs C–C stretch
820 sh vs O–C–O def 2705 sh vs NH2 stretch

1670–1640 vs ı NH2

1430 sh vas C–S

m
s
a
c

1100 sh vs C–N
725 m vs C–S
640 w t NH2

500 m ıs S–C–N def
The thermal behavior of BTZO complex has been studied by
eans of TG–DTA–DTG presented in Fig. 2. The thermal decompo-

ition process of BTZO is complicated and produces several endo-
nd exothermal effects. There are three major weight loss pro-
esses from 30 ◦C to 600 ◦C in TG. The 12% weight loss from 30 ◦C

Fig. 2. TGA–DTA analysis of bisthiourea zinc oxalate.
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to 150 ◦C was assigned to the loss of adsorbed water and release
of remaining acetic acid by-product. The acetic acid molecules
easily volatilized into air during the process of hand grinding.
However, it has a boiling point of 118 ◦C, so the remaining acetic
acid can only be totally removed at a temperature higher than
its boiling point. The endothermic effect at 120 ◦C registered on
DTA was assigned to the dehydration and removal of acetic acid
while that at 210 ◦C was attributed to the melting of BTZO. The
17% weight loss observed from 150 ◦C to 225 ◦C was attributed to
decomposition of thiourea molecules coordinated with Zn into
CS2, HNCS and NH3 [21]. The 36% weight loss observed from
225 ◦C to 450 ◦C in TG curve is due to decomposition of oxalate
moiety of BTZO to form zinc sulfide. This is seen in terms of broad
exothermic peak in DTA at this temperature range. The ZnS is
unstable in air at higher temperature and undergoes air oxidation
to form ZnO; this shows gradual weight loss of 6.5% from 450 ◦C to
600 ◦C in TG curve. During this conversion there is incorporation
of S into ZnO. The DTG curve shows three major peaks centered
at 97 ◦C, 243 ◦C and 425 ◦C corresponding to the weight losses in
TG curve. The observed weight loss of 71.5% was very close to that
of calculated values (73.4%) and matches to Zn[C2O4][SC(NH2)2]2
formula (structure 1) for BTZO.

3.2. Characterization of S-doped ZnO

The BTZO complex was calcined to obtain S-doped ZnO and
characterized by various techniques.

3.2.1. XRD analysis of S-doped ZnO
Fig. 3 illustrates the XRD pattern of stepwise formation of S-

doped ZnO from BTZO complex. The XRD pattern of powders
obtained by calcination of BTZO at 450 ◦C and 500 ◦C shows peaks
at 2� = 28.8◦ (1 1 1), 47.7◦ (2 2 0), 56.5◦ (3 1 1), 76.9◦ (3 3 1) which
exactly matches XRD data of JCPDS card No. 5-0566, for ZnS spha-
lerite cubic phase (a = 5.3926 Å) and that of pure commercial ZnS
(Sigma–Aldrich, 99.99%) (Fig. 3a–c). When the BTZO calcined at
550 ◦C, intensity of 28.8◦ (1 1 1) peak was found to be decreased
and five peaks are newly appeared at 2� = 31.7◦ (1 0 0), 34.3◦ (0 0 2),
36.2◦ (1 0 1), 62.7◦ (1 0 3) and 67.9◦ (1 1 2) (Fig. 3d). New diffrac-
tion peaks can be indexed for hexagonal wurtzite structure of ZnO
(a = 3.249 Å; c = 5.206 Å) and diffraction data were in good agree-
ment with the JCPDS card 36-1451 for ZnO. When BTZO calcined at
600 ◦C all the characteristic peaks of ZnS disappeared with simulta-
neous development of complete XRD pattern of ZnO (Fig. 3e). This
indicates that when BTZO is calcined from 450 ◦C to 550 ◦C it forms
ZnS, which is further oxidized into the ZnO from 550 ◦C to 600 ◦C.
The XRD pattern of BTZO calcined at 600 ◦C (Fig. 3e) was broader
than that of pure ZnO obtained by calcination of zinc oxalate at
600 ◦C (Fig. 3f). The broadening of XRD peaks indicates that there is

incorporation of S into the ZnO when BTZO was calcined at 600 ◦C.
The successful doping of S in ZnO was supported by lower Bragg
angle shift (by 0.18◦) in XRD pattern of S-doped ZnO as compare
to that of pure ZnO. The lower Bragg angle shift of (1 0 1) peak is
shown separately in Fig. 3.
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Fig. 3. XRD pattern of S-doped ZnO obtained by calcination of bisthiourea zinc oxalate, (a) commercial ZnS; bisthiourea zinc oxalate calcined at (b) 450 ◦C; (c) 500 ◦C; (d)
550 ◦C; (e) 600 ◦C (S-doped ZnO) and (f) zinc oxalate calcined at 600 ◦C (pure ZnO).

Fig. 4. XPS whole scanning spectrum (a); fine spectra of Zn 2p3/2, Zn 2p1/2 (b); O 1s (c); and S 2p1/2 (d) of S-doped ZnO.
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3.3.1. Effect of the initial concentration of resorcinol
The PCD of resorcinol over S-doped ZnO at different initial con-

centrations in the range 50–300 ppm was investigated as a function
of sunlight irradiation time at the natural pH of suspension (without
adjustment). The PCD efficiency is measured in terms of decrease in
ig. 5. SEM of Bisthiourea zinc oxalate calcined at (a) 550 ◦C and (b) 600 ◦C (S-doped
nO).

.2.2. XPS analysis of S-doped ZnO
The composition of S-doped ZnO was determined by XPS analy-

is. Fig. 4a shows the whole scanning spectrum of S-doped ZnO.
he peaks located at 1022 eV and 1045 eV are assigned to elec-
ronic states of Zn 2p3/2 and Zn 2p1/2 respectively (Fig. 4b). Fig. 4c
hows O 1s XPS spectrum, the peak at 530 eV was attributed to O2−

ons of ZnO, while another at 531.5 eV is usually associated with
he adsorbed O2 [13]. In Fig. 4d, the peaks positioned at 162 eV
nd 163 eV are assigned to the S 2p3/2 and S 2p1/2 electronic states
espectively. Thus the XPS data supports the incorporation of S into
he ZnO.

.2.3. SEM–EDXS analysis
The SEM pictures of BTZO calcined at 550 ◦C and 600 ◦C are

hown in Fig. 5. At 550 ◦C there are two distinct phases of ZnS and
nO which clearly shows heterogeneous morphology with agglom-
ration (Fig. 5a). On the other hand the single homogeneous phase
f S-doped ZnO was observed at 600 ◦C (Fig. 5b), which indicates
he uniform doping of S into ZnO. Energy dispersive X-ray spectrum
EDXS) of S-doped ZnO is shown in Fig. 6. It shows peaks corre-
ponding to Zn, O and S. No trace amount of other impurities could
e seen in the detection limit of the EDXS which also supports the
oping of sulfur in ZnO.
.2.4. Optical properties of S-doped ZnO
The PL spectra of S-doped ZnO and pure ZnO obtained by cal-

ination of BTZO and ZO, respectively, at 600 ◦C with excitation
avelength of 300 nm are shown in Fig. 7. The pure and S-doped
Fig. 6. Energy dispersive X-ray spectra of S-doped ZnO.

ZnO samples exhibit relatively weak UV emission band at about
390 nm and 370 nm, respectively, corresponds to the near band
edge (NBE) emission, which is responsible for the recombination
of the free excitons of ZnO. It is well known that the green yellow
emission band at 507 nm originates from deep level (DL) defect
emission associated with oxygen vacancies in ZnO lattices. Larger
the content of oxygen vacancy or defect, stronger is the PL signal
[22]. The green emission band of S-doped ZnO (Fig. 7a) was found to
be 1.5 times stronger than that of pure ZnO (Fig. 7b) which indicates
that large number of oxygen vacancies exists in S-doped ZnO.

3.3. Photocatalytic activity of S-doped ZnO

We selected resorcinol as a model organic pollutant for the study
of PCD efficiency of S-doped ZnO because it is endocrine disrupting
chemical.
Fig. 7. Photoluminescence spectra of S-doped ZnO and pure ZnO (�ex = 300 nm).



320 A.B. Patil et al. / Journal of Hazardous Materials 183 (2010) 315–323

ation

C
r
S
t
w
n
i
a
s
Z
b
Z
a
o
i
e
v
i
e
t
a
i
v
t
p
c

Scheme 2. Photocatalytic degrad

OD of resorcinol and results are illustrated in Fig. 8. The 150 ppm
esorcinol was completely mineralized by using 250 mg/100 mL of
-doped ZnO and it shows approximately double PCD efficiency
han that of pure ZnO. However after 150 ppm, PCD efficiency
as found to be inversely affected by concentration of resorci-
ol. As the concentration of resorcinol increases, the photons get

nterrupted before they can reach the photocatalyst surface hence
bsorption of photons by the photocatalyst decreases and con-
equently the PCD was reduced. The PCD efficiency of S-doped
nO was found to be greater than that of pure ZnO. This could
e correlated with more number of oxygen vacancies in S-doped
nO than that of pure ZnO as seen in PL spectra of these materi-
ls (Fig. 7a and b). During the process of photocatalytic reaction,
xygen vacancies and defects become centers to capture photo-
nduced electrons, as a result the recombination of photo-induced
lectrons and holes can be effectively inhibited. Moreover, oxygen
acancies also promote the adsorption of O2 which is converted
nto superoxide radicals (•O2

−) by interacting with photo-induced
lectron (Scheme 2a–c). These •O2

− radicals are active to promote
he oxidation of organic substances by forming other radicals such
s •OH, HO2

• (Scheme 2d–f). Thus, oxygen vacancies and defects are

n favor of photocatalytic reactions and larger the content of oxygen
acancy or defect, higher is the photocatalytic activity. This shows
hat S-doped ZnO is effective photocatalyst in solar light as com-
are to pure ZnO. The 150 ppm resorcinol was selected as optimum
oncentration for the study of other parameters.
of resorcinol over S-doped ZnO.

3.3.2. Effect of photocatalyst loading
The blank experiments were carried out without photocatalyst

to examine the extent of resorcinol ‘photolyzed’ in the absence of
photocatalyst. No detectable PCD of resorcinol was evidenced in
aqueous solution in the absence of photocatalyst. When 150 ppm
resorcinol containing photocatalyst was irradiated with sunlight,
PCD of resorcinol was observed. Fig. 9 shows degradation profile
of 150 ppm resorcinol under loadings of photocatalyst from 100
to 350 mg/100 mL. The PCD efficiency was gradually increased up
to 250 mg/100 mL and then it was decreased. At lower photocata-
lyst loading level than the optimum amount, photonic absorption
controls the efficiency of PCD due to limited surface area of photo-
catalyst. The increase in the amount of photocatalyst also increased
the number of active sites on the photocatalyst surface, which
in turn increased the number of hydroxyl, and superoxide radi-
cals. Therefore efficiency of PCD increased linearly with increase
in photocatalyst loading up to 250 mg. It is interesting to note that
for every photocatalyst loading the PCD efficiency of S-doped ZnO
was found to be approximately 2 times greater than that of pure
ZnO. This is due to fact that the S doping into the ZnO introduces
nonradiative relaxation pathway as well as increases surface to vol-

ume ratio in ZnO that enhances visible light absorption. The same
observation was reported by Foreman et al. [23]. The S doping
also interfere with the crystallization of ZnO and helps to absorb
more photons and transport of the photogenerated charge carri-
ers which improves PCD efficiency of S-doped ZnO. Above 250 mg



A.B. Patil et al. / Journal of Hazardous Materials 183 (2010) 315–323 321

F
t
s

P
c
i
d
o

3

s
2
w
d
s
l
d
w

F
c
(

ig. 8. Effect of concentration of resorcinol on PCD efficiency of S-doped ZnO. [Pho-
ocatalyst] = 250 mg/100 mL; initial pH of suspension = natural (6.7); intensity of
unlight = 1.7 × 10−7 Einstein s−1 cm−2.

CD efficiency declined with increasing photocatalyst loading. This
ould be attributed to shadowing effect, wherein the high turbid-
ty due to high photocatalyst loading decreased the penetration
epth of solar radiation. Hence, the optimal photocatalyst loading
f 250 mg/100 mL was employed throughout the present study.

.3.3. Effect of initial pH of the suspension
The effect of initial pH of suspension on PCD efficiency was

tudied from 4 to 10 with 150 ppm resorcinol solution and
50 mg/100 mL photocatalyst loading. The pH of the suspension
as adjusted before irradiation of sunlight and it was not controlled
uring the course of reaction. All other parameters were kept con-

tant. It is well known that in the acidic medium pure ZnO shows
ower PCD efficiency due to slight (<1%) dissolution [24]. The S-
oped ZnO shows greater PCD efficiency than the pure ZnO (Fig. 10)
hich indicates that it undergoes negligible dissolution in acidic

ig. 9. Effect of amount of photocatalyst on PCD efficiency of S-doped ZnO. [Resor-
inol] = 150 ppm; initial COD (CODi) = 278 ppm; initial pH of suspension = natural
6.7); intensity of sunlight = 1.7 × 10−7 Einstein s−1 cm−2.
Fig. 10. Effect of pH on PCD efficiency of S-doped ZnO. [Resorcinol] = 150 ppm;
initial COD (CODi) = 278 ppm; [photocatalyst] = 250 mg/100 mL; intensity of sun-
light = 1.7 × 10−7 Einstein s−1 cm−2. *Natural pH of suspension (without adjust-
ment).

medium. The extent of PCD of resorcinol was found to increase with
increase in initial pH of suspension exhibiting better PCD in the neu-
tral and alkaline pH. In alkaline medium, excess of hydroxyl anions
facilitate photogeneration of •OH radicals which are accepted as
primary oxidizing species responsible for PCD [25]. The natural pH
(without adjustment) of 150 ppm resorcinol is 6.7. This solution
was completely mineralized over S-doped ZnO; therefore other
parameters were studied at natural pH of 150 ppm resorcinol.

3.3.4. Effect of irradiation time
The PCD efficiency of S-doped ZnO and pure ZnO in sunlight was

found to increase with increase in irradiation time (Fig. 11). When

150 ppm resorcinol solution along with photocatalyst was magnet-
ically stirred for 7 h in the absence of light (dark), negligible (5%)
degradation was observed. For reference it is considered as zero
hour irradiation. After 7 h irradiation of sunlight resorcinol solu-

Fig. 11. Effect of sunlight irradiation time on PCD efficiency of S-doped
ZnO. [Resorcinol] = 150 ppm; initial COD (CODi) = 278 ppm; [photocata-
lyst] = 250 mg/100 mL; initial pH of the suspension = natural (6.7); intensity
of sunlight = 1.7 × 10−7 Einstein s−1 cm−2.
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Fig. 12. UV–vis spectra showing photocatalytic degradation of resorci-
nol. [Resorcinol] = 150 ppm; initial COD (CODi) = 278 ppm; initial pH of
the suspension = natural (6.7); [S-doped ZnO] = 250 mg/100 ml; intensity of
s
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unlight = 1.7 × 10−7 Einstein s−1 cm−2.

ions of 150 ppm were completely mineralized over S-doped ZnO. It
s observed that with increase in irradiation time, the absorbance of
esorcinol at 274 nm (�max) was found to decrease and it becomes
early zero after 7 h irradiation of sunlight (Fig. 12a–i). Thus 7 h

rradiation time was selected for the study of other parameters.
ig. 13 shows a plot of ln (CODi/CODt) versus irradiation time for
CD of resorcinol over S-doped ZnO and bare ZnO. The linearity of
inetic curves reveals that the photocatalytic degradation of resor-
inol follows apparent first order reaction kinetics. The apparent
ate constants of PCD of resorcinol over S-doped ZnO are greater
2.51 × 10−1 h−1) than that over pure ZnO (8.09 × 10−2 h−1). Thus,
he photocatalytic activity of S-doped ZnO determined in terms of
he rate constant was found to be higher than that of bare ZnO.
ig. 13. Apparent first order linear transform ln (CODi/CODt) = f (t) of the kinetic
urves of resorcinol degradation over S-doped ZnO and pure ZnO.
Materials 183 (2010) 315–323

3.4. Photocatalytic degradation mechanism

When optimum amount of S-doped ZnO was added to clear,
aqueous solution of resorcinol (50–150 ppm) and agitated in an
ultrasonic bath for 5 min, uniform milky white suspension was
appeared. The white suspension was gradually masked to brown
coloration when it was irradiated with sunlight because of forma-
tion of colored intermediates such as trihydroxy benzenes (THBs)
[16]. The intensity of brown color was increased up to 4 h irra-
diation of sunlight. From 4 h to 7 h, the intensity of brown color
was decreased as intermediates are converted in to CO2 and H2O.
After 7 h irradiation of sunlight brown color was completely disap-
peared (milky white suspension was reappeared). When resorcinol
molecules are adsorbed on the surface of S-doped ZnO particle,
there is activation of these molecules by reaction with •OH radi-
cal, formed during photoexcitation of S-doped ZnO. The hydroxyl
radical shows electrophilic character and prefer to attack electron
rich ortho or para carbon atoms of resorcinol. It forms trihydroxycy-
clohexadienyl (TCHD) radicals that undergo further reaction with
dissolved oxygen to yield THBs, with simultaneous generation of
HO2

• radical. TCHD radicals are also converted to 3-hydroxyl phe-
noxy radical as shown in Scheme 2. The existence of 1,2,3-THB and
1,2,4-THB was confirmed by GC/MS and HPLC analysis. The further
attack of •OH radical on TCHD and THB undergoes ring opening to
form CO2 and H2O as a PCD products (Scheme 2).

4. Reuse of photocatalyst

The reuse of S-doped ZnO was separately studied, by keeping
all other parameters constant. During this study, after sunlight
irradiation for 7 h, photoreaction mixture was centrifuged and fil-
tered. Filtrate was used for COD determination and residue was
washed several times with double distilled water in ultrasonic
bath followed by filtration and drying at 110 ◦C in an electric oven.
Recovered S-doped ZnO was then reused for new PCD batch, with-
out any further treatment such as heating in any kind of furnace.
Activity of recycled S-doped ZnO was found to retain even after fifth
photodegradation experiment.

5. Conclusions

In present study S-doped ZnO was synthesized by ecofriendly
mechanochemical method. When bisthiourea zinc oxalate was cal-
cined at 600 ◦C it forms S-doped ZnO, as confirmed by XRD, XPS,
SEM, EDXS, and PL studies. The incorporation of S into ZnO was
supported by broadening and lower Bragg angle shift (by 0.18◦) in
XRD pattern of S-doped ZnO as compare to that of pure ZnO. The XPS
of S-doped ZnO shows the peaks positioned at 162 eV and 163 eV
which are assigned to S 2p3/2 and S 2p1/2 electronic states respec-
tively. The green emission band in room temperature PL spectra
of S-doped ZnO was found to be 1.5 times stronger than that of
pure ZnO which suggest that the large number of oxygen vacancies
exist in S-doped ZnO. The oxygen vacancies and defects are in favor
of photocatalytic reactions. The complete PCD of 150 ppm resorci-
nol was achieved over 250 mg/100 mL loading of S-doped ZnO at
its natural pH within 7 h irradiation of sunlight. The rate constants
of PCD of resorcinol over S-doped ZnO are greater (2.51 × 10−1 h−1)
than that over pure ZnO (8.09 × 10−2 h−1). Hence, the solar PCD effi-
ciency of S-doped ZnO was found to be 2 times greater than that
of pure ZnO. Activity of recycled S-doped ZnO was found to retain
even after fifth PCD experiment.
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