
S
d

S
D

a

A
R
R
A
A

K
P
S
Z
C
R

1

c
p
p
d
c
e
r
l
c
h
[
a
t
t
b
s
H
o
i
c

c

0
d

Journal of Hazardous Materials 163 (2009) 403–409

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journa l homepage: www.e lsev ier .com/ locate / jhazmat

olar photocatalytic degradation of resorcinol a model endocrine
isrupter in water using zinc oxide

.K. Pardeshi ∗, A.B. Patil
epartment of Chemistry, University of Pune, Ganeshkhind, Pune 411007, India

r t i c l e i n f o

rticle history:
eceived 29 January 2008
eceived in revised form 20 May 2008
ccepted 27 June 2008

a b s t r a c t

Photocatalytic degradation (PCD) of resorcinol a potent endocrine disrupting chemical in aqueous medium
was investigated by ZnO under sunlight irradiation in a batch photoreactor. The influence of various param-
eters such as photocatalyst amount, initial concentration of resorcinol and pH was examined for maximum
PCD of resorcinol. A considerable influence of pH upon the chemical oxygen demand (COD) disappearance
vailable online 5 July 2008
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was observed. In general, neutral or basic pH is favorable for COD removal of resorcinol. PCD intermedi-
ates were identified using FTIR and GC/MS. Two of the initial oxidation intermediates detected were
1,2,4-trihydroxy-benzene and 1,2,3-trihydroxy-benzene. FTIR studies revealed 1,2,4-trihydroxy-benzene
as the major PCD intermediate. A working photodegradation mechanism is also suggested for PCD of resor-
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cinol. This work envisages
resorcinol from waste wat

. Introduction

The majority of phenols are toxic substances, some have been
lassified as hazardous wastes, and some are known to be sus-
ected carcinogens [1]. The direct or indirect exposure of some
henolic compounds viz. bisphenol A, 17-�-estradiol, ethynylestra-
iol, alkyl phenols, diethyl stilbestrol, estrone, resorcinol, etc.
an affect biological functions of living organisms regulated by
ndocrine systems. These compounds are listed as endocrine dis-
upting chemicals (EDCs) [2]. The implication that background
evel exposures of EDCs lead to an increase in frequency of can-
ers, reproductive deformities and developmental abnormalities
as gained the attention of many groups in US, Europe and Asia
3,4]. Resorcinol is used in the manufacture of adhesives, dyes and
s an ingredient in pharmaceutical preparations for the topical
reatment of skin conditions. Therefore industrial waste water con-
ains resorcinol as one of the hazardous materials, which needs to
e eliminated by employing an effective technique [5]. Extensive
tudies on degradation of phenol have been reported in literature.
owever, very less amount of work has been reported on removal
f EDCs. Recently it has been found that some microbes can eas-

ly consume phenol as sole source of carbon and energy but they
annot consume EDCs [6].

Conventional wastewater treatment methods such as chemi-
al, physical, and biological processes are not always suitable for

∗ Corresponding author. Tel.: +91 20 25601225x514; fax: +91 20 25691728.
E-mail address: skpar@chem.unipune.ernet.in (S.K. Pardeshi).
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reat potential that sunlight mediated photocatalysis has in the removal of

© 2008 Elsevier B.V. All rights reserved.

reating moderate to high concentration wastewaters. Advanced
xidation processes (AOPs) are alternative techniques for destruc-
ion of phenolic compounds and many other organics in
astewater. These processes generally, involve UV/H2O2, UV/O3 or
V/Fenton’s reagent for the oxidative degradation of contaminants

7]. Semiconductor mediated photocatalysis is a newly developed
OP, which can be conveniently applied for complete destruction of
DCs [8]. The process uses atmospheric oxygen as the oxidant and
s carried out under ambient conditions utilizing a semiconductor
atalyst. It has several advantages over conventional oxidation pro-
esses such as the complete mineralization of the pollutant, the
tilization of near-UV light and no addition of chemicals. Metal
xide semiconductors such as TiO2, ZnO, SnO2, WO3, etc. have been
ttempted for the photocatalytic degradation of a wide variety of
nvironmental contaminants [9]. When TiO2 or ZnO particles are
lluminated with near UV radiation, electron–hole pairs are gener-
ted within the metal oxide semiconductor. The valence band hole
as an intensive reduction potential and it leads to the generation
f •OH radicals that are known to be powerful and non-selective
xidizing agents which are responsible for photocatalytic degrada-
ion [10]. Titanium dioxide (TiO2) has been extensively investigated
s one of the most active semiconductor photocatalysts in UV light.
t is used for photocatalytic degradation of various organic com-
ounds. Lam et al. [5] investigated the role of dissolved cupric ions
n the photocatalytic oxidation of resorcinol in oxygenated aque-
us suspension of Degussa P25 TiO2 using UV light. Use of ultra
iolet light in bulk level, for the treatment of huge quantity of indus-
rial effluents is not much feasible and economical. In the countries
here ample amount of sunlight is available, photocatalysis involv-

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.2008.06.111
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ng sunlight will be economical and preferable. Therefore, there is
need of effective photocatalyst which undertakes photocatalytic
egradation of organic pollutants under sunlight or visible light

rradiation. Recent studies have confirmed that zinc oxide exhibits
ore efficiency than TiO2 in visible light photocatalytic degrada-

ion of some organic compounds in aqueous solution [11]. Poulios et
l. [12] studied photocatalytic degradation of Auramine O in aque-
us suspension using ZnO and TiO2 separately in a batch reactor.
hey found that the rate of degradation of pollutants is faster with
nO than with TiO2 (Degussa P25). The biggest advantage of ZnO
s that it absorbs over a larger fraction of solar spectrum than TiO2
13]. Therefore it is of great interest to use solar light which con-
ains ca. 43% of visible and ca. 4% of UV light, which is free and
nexhaustible [14]. The present work focuses on the use of ZnO and
olar radiation for effective elimination of resorcinol a model EDC at
mbient temperature. Resorcinol is chosen since it exhibits a threat
o the endocrine systems, where it has been shown to interfere
ith tri-iodothyronine (T3) and thyroxin (T4) metabolism, causing
isruptions to thyroid activity [15].

. Experimental

.1. Materials

In the present study, zinc oxide (assay 99%), resorcinol (assay
9%), and other required chemicals are of analytical grade, obtained
rom Merck Limited, Mumbai, India and were used without further
urification. The appropriate concentration of resorcinol solutions
as prepared by using double distilled water. The pH of the solu-

ions was adjusted to desired values from 4 to 10 by using dilute
olution of H2SO4 (0.01N) and NaOH (0.01N).

.2. Photocatalytic degradation experiments

The solar light assisted photocatalytic degradation (PCD) of
esorcinol over ZnO surface was carried out in a slurry form. The
CD of resorcinol was investigated by irradiating the resorcinol
olutions with sunlight in the absence and presence of ZnO pho-
ocatalyst. All PCD experiments were carried out in duplicate and
t ambient temperature. It should also be noted that no external
upply of oxygen was employed. Pure resorcinol (Merck, 99%) was
issolved in double distilled water to obtain desired concentra-
ion solutions. In all PCD experiments, 100 mL resorcinol solution
f appropriate concentration was taken in photocatalytic reactor
essel. A known quantity of photocatalyst was added and mixture
as agitated in an ultrasonic bath for 5 min to obtain uniform sus-
ension. Initial pH of suspension was recorded. The whole setup
as then placed in sunlight with constant stirring for a specific
eriod of time. When PCD reaction was stopped after the desired
ime of sunlight irradiation, the whole suspension was centrifuged
t a speed of 5000 rpm for 10 min (Remi, India) and then filtered
hrough a 0.45 �m Polytetrafluro ethylene (PTFE) filter. The liquid
ortion was used for UV absorbance and COD measurement. The
esidue (ZnO adsorbed resorcinol and intermediates) was used for
TIR analysis, after drying at 60 ◦C.

.3. Equipments and light source

Photocatalytic reactions were carried out in batch photoreactor
hich configures with cylindrical glass vessel (200 mL capac-
ty), condensation tube, quartz cool trap and magnetic stirrer.
he extent of PCD at an interval of 1 h sunlight irradiation
as primarily checked by means of decrease in absorbance of

esorcinol (�max = 274 nm) on UV–vis spectrophotometer (UV-
601, Shimadzu). Progress of PCD reaction and identification of
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ntermediates were examined by FTIR spectra, obtained with Shi-
adzu FTIR-8400 spectrometer equipped with KBr beam splitter.

xistence of PCD intermediates was identified by GC/MS (GCMS-
P5050, Shimadzu) and complete mineralization of resorcinol was
nsured by chemical oxygen demand (COD) reduction method. The
OD determination tests were performed according to standard
ichromate method using COD digester [16]. The PCD efficiency
as calculated from the following expression (1)

= CODi − CODt

CODi
× 100 (1)

here � is the photocatalytic degradation efficiency, CODi the initial
hemical oxygen demand, and CODt is the chemical oxygen demand
t time t. pH of suspension was measured with pH meter (EUTECH-
H510)

All PCD experiments were performed under irradiation of sun-
ight between 9a.m.and 5p.m. during summer season (December
o March). The intensity of sunlight was periodically checked with
errioxalate actinometry [17]. The average photon flux calculated
or entire duration of irradiation of sunlight was found to be
.7 × 10−7 Einstein s−1 cm−2.

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

.4. Dark adsorption studies

The adsorption of resorcinol in dark on the surface of ZnO was
nvestigated. In typical experiments, 100 mL of resorcinol solution
100 ppm) was taken in batch photoreactor vessel. Natural pH of
his solution was 6.8. To this solution 250 mg ZnO was added and
esulting suspension was stirred in dark for 7 h. Then the suspen-
ion was centrifuged and filtered. Solid was dried at 60 ◦C and
nalyzed for FTIR. Filtrate was used for UV–vis absorbance mea-
urement and COD determination.

. Results and discussion

The photocatalytic nature of ZnO, effect of the amount of pho-
ocatalyst, substrate concentration, irradiation time and pH on the
fficiency of resorcinol degradation were examined and the results
re discussed in the following subsections.

.1. Effect of the photocatalyst amount

Blank experiments were carried out without photocatalyst to
xamine to what extent the resorcinol ‘photolyze’ if photocatalyst
as not used. There was no evidence of PCD of resorcinol in aqueous

olution in the absence of ZnO. When aqueous solution of resorcinol
ontaining ZnO was irradiated with sunlight, PCD of resorcinol was
bserved. The optimum amount of photocatalyst required for max-
mum PCD of resorcinol was examined in slurry method by varying
he photocatalyst amount from 50 to 300 mg in 100 mL resorcinol
olution of concentration 50–300 ppm at its natural pH. The PCD of
esorcinol was found to increase with increase in amount of ZnO up
o 250 mg, further increase in photocatalyst amount showed neg-
tive effect. The results obtained are illustrated in Fig. 1. At lower
hotocatalyst loading level than the optimum amount, photonic
bsorption controls the efficiency of PCD due to limited surface

rea of photocatalyst therefore efficiency of PCD increased linearly
ith increase in photocatalyst loading up to 250 mg (Table 1). The

ncrease in the amount of photocatalyst increased the number of
ctive sites on the photocatalyst surface, which in turn increased
he number of hydroxyl, and superoxide radicals (Scheme 1). When
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Fig. 1. Effect of the amount of photocatalyst on PCD efficiency [resorci-
nol] = 100 ppm; initial COD = 170.72 ppm; initial pH of suspension = 6.8; intensity of
sunlight 1.7 × 10−7 Einstein s−1 cm−2.

Table 1
Effect of photocatalyst amount on PCD efficiency ([resorcinol] = 100 ppm; ini-
tial COD = 170.72 ppm; initial pH of suspension = 6.8; intensity of sunlight
1.7 × 10−7 Einstein s−1 cm−2)

[ZnO] (mg/100 mL) Sunlight irradiation time (h)

0 1 2 3 4 5 6 7

50
CODt

a 164 155 141 127 93 71 53 46
�b (%) 3.7 09 17.3 25.4 45.7 58.6 69 73

100
CODt

a 162 153 130 115 84 53 39 31
�b (%) 05 11 24 32.6 51 69 77 82

150
CODt

a 162 147 122 106 73 45 28 15.5
�b (%) 05 14 29 38 57 73 83.5 91

200
CODt

a 161 143 116 99 66 36 19 6.5
�b (%) 5.5 16 32 42 61.5 79 88.5 96

250
CODt

a 161 138 108 92 62 31 14.4 0
�b (%) 06 19 37 46 64 82 91.5 100

300
COD a 160 144 118 103 69 38 27 15

t
P
b
r

F
[
o

2
o

3

r
d
T
a
t
m
Z
o
f
t
H
r
r
t
H
o
t
c

t

�b (%) 06 16 31 39.5 60 78 84 91

a Chemical oxygen demand at time t (ppm).
b PCD efficiency.
he quantity of ZnO was increased above the limiting value, the
CD efficiency decreased. This may be due to an increase in the tur-
idity of suspension, which affects the penetration of sunlight as a
esult of increased screening effect and scattering of light [18]. Thus
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Scheme 1
ig. 2. Effect of concentration of resorcinol on PCD efficiency
ZnO] = 250 mg/100 mL; initial pH of suspension = 6–7 (natural pH); intensity
f sunlight 1.7 × 10−7 Einstein s−1 cm−2.

50 mg of ZnO was selected as the optimum amount for the study
f other parameters.

.2. Effect of the initial concentration of resorcinol

The PCD of resorcinol at different initial concentrations in the
ange 50–300 ppm was investigated as a function of sunlight irra-
iation time at the natural pH of suspension (without adjustment).
he results are illustrated in Fig. 2. PCD was found to be inversely
ffected by concentration of resorcinol (Table 2). This may be due
o the fact that as the initial concentration of resorcinol increases,

ore and more resorcinol molecules are adsorbed on the surface of
nO, but the number of •OH and •O2

− radicals formed (Scheme 1)
n the surface of ZnO and the irradiation time are constant. There-
ore relative number of •OH and •O2

− radicals available for attacking
he substrate becomes less in comparison to resorcinol molecules.
ence photodegradation decreases. Also, as the concentration of

esorcinol increases, the photons get interrupted before they can
each the photocatalyst surface hence absorption of photons by
he photocatalyst decreases and consequently the PCD reduces.
ence under given set of conditions, the maximum concentration
f resorcinol that could be degraded by 250 mg of ZnO is found
o be 100 ppm. Thus 100 ppm resorcinol was selected as optimum
oncentration for the study of other parameters.
.3. Effect of initial pH

Most of the semiconductor oxides are amphoteric in nature;
herefore, the pH of suspension is an important parameter gov-
rning the PCD reaction taking place on semiconductor particle

.
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Table 2
Effect of concentration of resorcinol on PCD efficiency ([ZnO] = 250 mg/100 mL; initial pH of suspension = 6–7 (natural pH); intensity of sunlight 1.7 × 10−7 Einstein s−1 cm−2)

[Resorcinol] Sunlight irradiation time (h)

(ppm) CODi
a 0 1 2 3 4 5 6 7

50 86 CODt
b 81 63 51 36.5 20 11 3.2 0

�c (%) 5.6 26 40 57.6 76.6 87 96 100

100 171 CODt
b 161 138 108 92 62 31 14.4 0

�c (%) 06 19 37 46 64 82 91.5 100

150 280 CODt
b 263 232 194 163 84 72 35 15.5

�c (%) 06 17 30.4 41.6 70 74 87.5 94

200 369 CODt
b 350 312 291 227 142 109 90.4 77

�c (%) 05 15.4 21 38.5 61 70.5 75.5 79

250 482 CODt
b 454 410 392 326 236 220 186 171

�c (%) 06 14.8 18.5 32 51 54 61.4 64.5

300 553 CODt
b 524 485 466 417 371 340 324 311

�c (%) 05 12 15.6 24.5 32.8 38.5 41 43.8
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a Initial chemical oxygen demand (ppm).
b Chemical oxygen demand at time t (ppm).
c PCD efficiency.

urface. It influences surface charge properties of photocatalyst
19]. The effect of initial pH of suspension on PCD efficiency
as studied from 4 to 10 with 100 ppm resorcinol solution and
50 mg/100 mL ZnO loading. The pH of the suspension was adjusted
efore irradiation of sunlight and it was not controlled during the
ourse of reaction. All other parameters were kept constant.
In acidic medium less PCD of resorcinol was observed (Table 3).
his may be due to slight dissolution of ZnO at low pH [20]. The
xtent of PCD of resorcinol was found to increase with increase in
nitial pH of suspension exhibiting maximum PCD at pH 9. (Fig. 3). It

able 3
ffect of initial pH on PCD efficiency ([resorcinol] = 100 ppm; initial
OD = 170.72 ppm; [ZnO] = 250 mg/100 mL; intensity of sunlight 1.7 × 10−7

instein s−1 cm−2)

H Sunlight irradiation time (h)

0 1 2 3 4 5 6 7

CODt
a 161 154.5 144.5 122 106 97 83 67

�b (%) 5.6 9.5 15.4 28.5 38 43 51.4 61

CODt
a 160.8 151 134.4 117.5 102.5 92 77.4 63

�b (%) 06 11.5 21.3 31.2 40 46.2 54.7 63

CODt
a 160.6 148.3 121 102 85.6 71.4 56.2 42

�b (%) 06 13.2 29 40.4 50 58 67 75.3

.8c

CODt
a 160.6 138.4 108 92 62 31 14.4 0

�b (%) 06 19 37 46 64 82 91.6 100

CODt
a 160.6 137 107 89.4 60 21 6.4 0

�b (%) 5.9 19.7 37.3 47.7 64.8 87.6 96.3 100

CODt
a 160.6 122 73 62 31.6 14.4 2.4 0

�b (%) 06 28.5 57.4 63.7 81.5 91.6 98.6 100

CODt
a 161 121 69.4 58.8 24.6 6.4 0 0

�b (%) 06 29 59.4 65.5 85.6 96.4 100 100

0
CODt

a 161 120.4 67.4 57.7 21.4 4.8 0 0
�b (%) 06 29.5 60.5 66.2 87.5 97.2 100 100

a Chemical oxygen demand at time t (ppm).
b PCD efficiency.
c Natural pH of 100 ppm resorcinol solution.
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s important to note that, after pH 9 no appreciable change in PCD of
esorcinol was observed. Sakthivel et al. [21] have observed a sim-
lar trend with ZnO commenting that the acid base property of the

etal oxide surface has considerable implications upon the pho-
ocatalytic activity. In alkaline medium, excess of hydroxyl anions
acilitate photogeneration of •OH radicals which is accepted as pri-

ary oxidizing species responsible for PCD [22,23]. This increases
CD efficiency. The pH at zero point charge (zpc) of ZnO is 9.0 ± 0.3.
hen the suspension pH > pHzpc, the surface of ZnO is negatively

harged [18]. As a result, hydroxyl anions may be repelled away
rom the negatively charged ZnO surface. Therefore PCD efficiency
t pH 10 remained nearly same as that at pH 9.The suspension pH
p to 9 (pHzpc of ZnO) is equally favorable for generation of •OH
adicals and adsorption of substrate molecules on the surface of
nO which attributes to the increase in PCD efficiency. Natural pH
f 100 ppm resorcinol is 6.8. This solution has also showed 100%
egradation therefore other parameters were studied at natural pH
f 100 ppm resorcinol.
.4. Effect of irradiation time

The PCD of 100 ppm resorcinol in sunlight was found to increase
ith increase in irradiation time and within 7 h there was 100%

ig. 3. Effect of initial pH on PCD efficiency [resorcinol] = 100 ppm; ini-
ial COD = 170.72 ppm; [ZnO] = 250 mg/100 mL; intensity of sunlight 1.7 × 10−7

instein s−1 cm−2.
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photocatalysis of resorcinol at 1 h irradiation intervals is shown in
Fig. 4. The decrease in the absorption of resorcinol at �max = 274 nm
indicates a rapid degradation of resorcinol. In order to confirm
the role of ZnO and sunlight together, PCD was studied in sun-
light irradiation for 7 h in the absence of ZnO and in dark for
Sch

egradation. When 100 ppm resorcinol solution along with ZnO
as magnetically stirred for 7 h in the absence of light (dark), negli-

ible (6%) photo degradation was observed (Table 2). For reference it
s considered as zero hour irradiation. Thus zinc oxide is an effective
hotocatalyst in sunlight.

. Photocatalytic degradation mechanism

When milky white suspension of aqueous solution of resorcinol
nd ZnO was irradiated with sunlight, the white suspension grad-
ally changed to brown. The intensity of brown color was found to

ncrease up to 4 h irradiation and then it decreased. For the resorci-
ol solution up to 100 ppm, after 7 h of irradiation white suspension
eappeared. The brown color of the photoreaction mixture was
robably due to formation of various reaction intermediates viz.
-hydroxyl phenoxy radical, 1,2,4 -trihydroxyl-benzene (1,2,4-THB)
,2,3-trihydroxyl-benzene (1,2,3-THB), etc. (Scheme 2).

The excitation of ZnO by solar energy leads to the formation of
n electron-hole pair (Scheme 1, A1). The hole combines with water
o form •OH radicals while electron converts oxygen to super oxide
adical (•O2

−), a strong oxidizing species (Scheme 1, A2–A4).
When resorcinol molecules are adsorbed on the surface of ZnO

article, there is activation of these molecules by reaction with
OH radical, formed during photoexcitation of ZnO. The hydroxyl
adical shows electrophilic character and prefers to attack electron
ich ortho or para carbon atoms of resorcinol. It forms trihydrox-
cyclohexadienyl (TCHD) radicals that undergo further reaction
ith dissolved oxygen to yield trihydroxy benzenes (THBs) which

•
re colored intermediates, with simultaneous generation of HO2
adical. TCHD radicals are also converted to 3-hydroxyl phenoxy
adical as shown in Schemes 2 and 3. The existence of 1,2,3-THB and
,2,4-THB was confirmed by GC/MS and FTIR which is discussed in
ollowing sections.

Scheme 3.

F
f
[
o

.

These 3-hydroxyl phenoxy radicals can also react with •OH to
orm THBs. The direct combination of two hydroxyl phenoxy radi-
als can lead to intermediates with two aromatic rings attached to
ach other by a single bond [24].

. Measurements of spectral changes

After irradiation of sunlight for certain hours, the suspension
as immediately centrifuged at 5000 rpm for 10 min, and filtered

hrough a 0.45 �m pore size filter to remove the ZnO particles. The
iquid portion was used to check PCD by measuring absorbance and
o ensure complete mineralization by measuring COD. The filtered
olid was used for FTIR analysis after drying in air at 60 ◦C. The
hange in absorption spectra of resorcinol during ZnO mediated
ig. 4. UV–vis spectral changes recorded during PCD of resorcinol at dif-
erent irradiation time: [resorcinol] = 100 ppm; initial COD = 170.72 ppm;
ZnO] = 250 mg/100 mL; initial pH of suspension = 6.8; �max = 274 nm intensity
f sunlight 1.7 × 10−7 Einstein s−1 cm−2.
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Fig. 5. The FTIR spectra of (a) pure resorcinol; ZnO-adsorbed resorcinol and PCD
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Table 4
Reuse of photocatalyst ([Resorcinol] = 100 ppm; initial COD = 170.72 ppm; amount of
recovered photocatalyst used = 250 mg/100 mL; initial pH = 6.8; sunlight irradiation
time = 7 h)

Photodegradation batch Photocatalysta Final COD (ppm) PCD efficiency (�) (%)

1 Z 0 100
2 Z1 0 100
3 Z2 0 100
4 Z3 7.1 96.15
5 Z4 14.95 91.89
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ntermediates after (b) 1 h sunlight irradiation; (c) 3 h sunlight irradiation; (d) 5 h
unlight irradiation; (e) 7 h sunlight irradiation; (f) ZnO-adsorbed resorcinol in dark;
g) pure ZnO.

h in presence of ZnO. PCD of these two samples was found to
e negligible and absorbance of these samples nearly matches to
hat of original resorcinol solution (Fig. 4a–c). In the presence of
nO and sunlight, absorbance at 274 nm decreased with increase
n irradiation time and finally become zero at 7 h irradiation
Fig. 4d–j).

The FTIR spectra of pure resorcinol and photocatalyst samples
ollected after variable time of sunlight irradiation are shown in
ig. 5. Changes were observed in the FTIR spectra with respect to
hose obtained at t = 0 (Fig. 5a). These spectra reflect the progressive
egradation of adsorbed resorcinol molecules and PCD interme-
iates with time. The intense, broad band near 3385 cm−1 (not
hown in figure) represents the hydrogen bonded O–H stretching
ibrations of resorcinol. The bands at 1383 and 1190–1155 cm−1

Fig. 5a–d) are resulting from the interaction between O–H in plane
ending and aromatic C–OH stretching vibrations. The strong band
ear 1612 cm−1 is assigned for C C conjugation and skeletal vibra-
ions of benzene ring (Fig. 5a–d). The intensity of above mentioned
ands decreases with increase in sunlight irradiation time and prac-
ically disappears after 7 h irradiation (Fig. 5a–e).

In 3 h sunlight irradiation sample new bands at 1726 and
287 cm−1 appear (Fig. 5c) which are most probably due to ‘C O’
tretching vibrations of hydroxyl phenoxy intermediate formed
Scheme 2). The intensity of 1383 and 1190–1155 cm−1 bands
ecreased in 3 h irradiated sample (Fig. 5c) which may be due to
onversion of one of the ‘aromatic-OH’ group to ‘C O’ group. The
ands at 1726 and 1287 cm−1 are absent in pure resorcinol spec-
ra (Fig. 5a) but then appear in 3 h irradiated sample (Fig. 5c). This
upports generation of hydroxyl phenoxy radical as a PCD inter-
ediate during irradiation of sunlight (Scheme 2). The intensity of

726 and 1287 cm−1 bands decreases with increase in irradiation
ime. The characteristic bands of carbonyl group completely dis-
ppear in 7 h irradiated sample (Fig. 5e). The FTIR spectra of 7 h
rradiated sample and that of pure ZnO match appreciably (Fig. 5e
nd g) which indicates that after 7 h irradiation of sunlight there

s 100% degradation of resorcinol. An FTIR spectrum of 7 h dark
dsorption sample (Fig. 5f) is also nearly similar to that of pure
nO spectra. This supports negligible adsorption and degradation
f resorcinol in dark.

t

(

a Z is original ZnO (Merck); Z1, Z2, Z3 and Z4 are recovered ZnO photocatalysts
btained after first, second, third and fourth photocatalytic degradation experi-
ents, respectively.

In pure resorcinol, the weak sharp band at 962 cm−1 and
edium band at 848 cm−1 are the characteristic bands of ‘C–H’ in

lane bending and ‘C–H’ out of plane bending vibrations of phenyl
ing of resorcinol. The intensity of 962–985 cm−1 band decreases
ith irradiation time and disappears after 7 h irradiation of sunlight

Fig. 5a–e).
After 1 h sunlight irradiation a new, strong band appears

t 870 cm−1 (Fig. 5b–d) which may be due to C–H out of
lane bending vibrations of two adjacent H-atoms of 1,2,4-
ri-substituted-benzene ring. This band strongly supports the
ormation of 1,2,4-trihydroxy-benzene intermediate during PCD
eaction (Scheme 2). This was also confirmed by GC–MS. More-
ver, the intensity of 870 cm−1 band slightly increases from 1 to 3 h
nd then decreases with increase in irradiation time and disappears
fter 7 h irradiation in sunlight (Fig. 5b–d). This indicates that the
ormation of intermediates is maximum up to 4 h irradiation. From
to 5 h sunlight irradiation a band at 773 cm−1 appears with very

ow intensity (Fig. 5b–d) which is the characteristic band of ‘C–H’
ut of plane bending vibrations for 1,2,3-tri-substituted-benzene
ing of 1,2,3-THB. The existence of 1,2,3-THB was confirmed by
C–MS. As compared to 870 cm−1 band the intensity of band at
73 cm−1 is very low which supports the formation of 1,2,4-THB
s a major intermediate and 1,2,3-THB as a minor intermediate
Scheme 2). It means para attack of •OH radical dominates over
rtho attack. It also supports the instability of 1,2,3-THB in compar-
son to 1,2,4-THB.

. Reuse of photocatalyst

At the time of study of effect of various parameters, fresh ZnO
Merck) was used for every photo catalytic degradation experiment.
euse of ZnO was separately studied, by keeping all other param-
ters constant. During this study, after sunlight irradiation for 7 h,
very photoreaction mixture was centrifuged and filtered. Filtrate
as used for COD determination and ZnO residue was washed sev-

ral times with double distilled water in ultrasonic bath followed
y filtration and drying at 110 ◦C in an electric oven. Recovered ZnO
as then reused for new photo degradation batch, without any fur-

her treatment such as heating in any kind of furnace. All photo
atalytic degradation experiments are carried out in duplicate,
nder sunlight. Activity of recycled ZnO was found to retain even
fter fifth photo degradation experiment (Table 4). The reusabil-
ty of ZnO is due to its stability in neutral solution and negligible
hotocorrosion [8].

. Conclusions
In the present investigation ZnO was found to be a better pho-
ocatalyst in sunlight for degradation of resorcinol.

1) Zinc oxide photocatalyst was found to be inactive in dark.
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2) Resorcinol solutions of lower concentration were completely
mineralized by photocatalytic degradation on the surface of
ZnO under irradiation of sunlight.

3) The photocatalytic degradation of resorcinol was favorable in
neutral and basic solutions.

4) According to FTIR spectral study, 1,2,4-trihydroxy benzene was
identified as a major intermediate.

5) ZnO can be reused five times as it undergoes photocorrosion
only to a negligible extent.

6) Higher concentration solutions of phenol may be completely
mineralized by modified ZnO, which is the interest of our cur-
rent research.
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