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a b s t r a c t

The photocatalytically driven removal of eco-persistent 4-chlorophenol from water using ZnO is reported
here. Kinetic dependence of transformation rate on operating variables such as initial 4-chlorophenol
concentration and photocatalyst doses was investigated. A complete degradation of 4-chlorophenol at
50 mg L−1 levels was realised in 3 h. Analytical profiles on 4-chlorophenol transformation were consis-
eywords:
-Chlorophenol
nO photocatalysis
ntermediate

tent with the best-line fit of the pseudo zero-order kinetics. The addition of small amounts of inorganic
anions as SO4

2−, HPO4
−, S2O8

2− and Cl− revealed two anion types: active site blockers and rate enhancers.
Fortunately, Cl− and SO4

2− commonly encountered in contaminated waters enhanced the rate of 4-
chlorophenol degradation. The reaction intermediates and route to 4-chlorophenol mineralisation were
elucidated by combined RP-HPLC and GC–MS methods. In addition to previously reported pathway

ol ph
d to a
nion products of 4-chlorophen
hydroxylation is propose

. Introduction

In recent years, attention has been paid globally to the eradi-
ation of hazardous materials from wastewaters [1,2]. Nowadays, a
igh number of contaminants are resistant to conventional treat-
ent methods. Generally, the traditional methods of treatment
ay be non-destructive [3], slow at higher concentration [4] or

ather ineffective at low contaminant levels. It is therefore crucial
o develop newer technologies. Advanced oxidation technologies
AOTs) constitute a collection of established treatment methods
hich rely on the photogeneration of highly oxidising radical

pecies to effect the destruction of persistent pollutants. For over
wo decades, heterogeneous photocatalytic AOT is placed in the
orefront of vigorous research activity due to its efficiency of total
estruction of pollutants, non-selectivity and formation of benign
roducts.

Photocatalytic oxidation technology exploits photoactivated
emiconductors to degrade low levels of contaminants in both

ir and water. TiO2 is the chief semiconductor used owing to its
nertness (chemically and biologically), efficiency, cost effective-
ess and ready availability [5–8]. However, the extensive use of
iO2 is uneconomical for large-scale water treatment. Given the

∗ Corresponding author at: Department of Chemistry, Faculty of Science, Univer-
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oto-oxidation catechol was detected. A radical mechanism involving o-
ccount for the formation of catechol.

© 2009 Elsevier B.V. All rights reserved.

drawbacks to the application of titania in the waste remediation,
there is renewed interest to search for more reliable photocatalysts.
ZnO exhibits comparatively analogous attributes and versatility to
TiO2. ZnO has nearly the same band gap energy and follows the
same mechanism of photodegradation as TiO2. In fact ZnO is con-
sidered as a suitable alternative to TiO2, sometimes ranked higher
in photocatalytic performance [9,10].

Chlorophenols constitute a group of serious environmental pol-
lutants that must be eliminated. As a result of their widespread
use in mothproofing, miticides, pesticides, herbicides, germicides,
fungicides and wood preservation, chlorophenols pose a serious
threat to the environment. Chlorophenols can be found in surface
water, soil and industrial water [11–13]. The US EPA consolidated
list of chemicals contains inter alia several chlorophenols under
the Emergency Planning and Community Right-To-Know (EPRC)
section. 4-Chlorophenol has direct relevance to water remediation
due to its solubility and the severity of hazard to both terrestrial
and aquatic life [14–17]. 4-Chlorophenol has attracted wealth of
publications due to its direct relevance to environment and infor-
mative photochemical behaviours [18–20]. We report herein the
photocatalytic decomposition of 4-chlorophenol (4CP) over ZnO
particles stressing on the effect of operating variables such as
catalyst doses, initial concentration, pH and inorganic anion addi-

tives on the photodegradation rate. We shall report the stable
photo-formed products more specifically as addendum to the pre-
viously reported intermediates of 4-chlorophenol decomposition
[21]. Even though pollutants are invariably associated with anions
in most real waters, to the best of our knowledge the effect of the

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:halim@science.upm.edu.my
dx.doi.org/10.1016/j.jhazmat.2009.01.130
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atter on photocatalytic degradation of 4-chlorophenol has not been
nvestigated.

. Materials and methods

.1. Materials

4-Chlorophenol (98% pure) was obtained from Fluka Chimie,
witzerland. Solutions were prepared by using desired amount of
-chlorophenol in deionised distilled water. ZnO (99%, Merck)) was
sed without further preparation for all adsorption and photo-
atalytic experiments. The ZnO has a surface area of 3.28 m2 g−1

easured by static BET using Thermo Finnigan Sorptomatic 1990
eries analyser. The particle size of ZnO recorded on Nanophox facil-
ty was 0.4–0.5 �m. Band gap measured using PerkinElmer Lambda
5 UV/vis/NIR was 3.02 eV. HPLC grade solvents were used in the
nalytical determinations. Chemical standards include Zn(NO3)2
rom ChemPur, hydroquinone from Ajax Chemicals, phenol from

erck, benzoquinone from ACROS Organics, catechol from BDH,
a2HPO4 from Fischer Chemicals, Na2S2O8 from BDH.

.2. Photocatalytic experiments

All experiments were carried out in an immersion well photore-
ctor (Fig. 1). The photoreactor is made of 300 mm long cylindrical
tainless steel, having a diameter of 80 mm and effective volume of
.19 L. The light source was a 6 W (New York Spectronics) UV lamp
aving irradiation density peaking at 365 nm. The photoreactor was
aintained at controlled temperature of 299 K. In a typical exper-

ment, 1 L solution constituting of the appropriate amounts of 4-

hlorophenol and ZnO photocatalyst was added to the photoreactor.

here required, pH adjustment was done using equimolar NaOH
nd H2SO4 solutions. The solution was stirred for 5 min at speed of
95 rpm to attain adsorption equilibrium before irradiation. Dur-
ng equilibration and photocatalytic degradation, reaction solution

ig. 1. Schematic view of the immersion photoreactor. (1) Magnetic stirrer with
peed controller, (2) temperature controlled jacket, (3) cooling water inlet, (4) mag-
etic bar, (5) cooling water outlet, (6) 6 W UV lamp jacketed in quartz, (7) air draft
ube and (8) sampling port.
s Materials 168 (2009) 57–63

was constantly aerated at the rate of 2 L min−1. Aliquots of 20 mL of
test samples were let out of the sampling tap at periodic intervals
of time. ZnO was immediately filtered out using through 0.45 �m
cellulose nitrate filter. The reaction progress was followed by mea-
suring the concentration of filtrates at different irradiation times
using Shimadzu model UV-1650 PC UV–vis spectrophotometer.

2.3. Analytical determinations

The pH of all test samples was measured using calibrated
Radiometer PHM 201 pH meter. ICP-OES (PerkinElmer) was used
to estimate the dissolution of ZnO in the course of photoreaction.
Standard solutions bracketing the Zn2+ content of samples were
prepared and run at the same time as the test samples.

The conversion of 4CP was chromatographed by Waters
HPLC and Acquity UPLC fitted with Ascentis RP-C18 column
(25 cm × 4.6 mm × 5 �m) and Acquity BEH phenyl C18 column
(10 cm × 2.1 mm × 1.7 �m) respectively. The detection wavelength
used was 280 nm. Methanol–water mobile phase in the ratio of
60–40% (v/v) was used for HPLC (isocratic) elution at flow rate
of 1 mL min−1. 25 mL of each test sample filtrate was extracted
three times using 25 mL of diethyl ether in order to determine
the intermediate product. The extract was dried with anhydrous
Na2SO4 and concentrated under stream of nitrogen. The struc-
tural determination of intermediates was done using Shimadzu’s
GCMS-QP5050A operated in DI mode. BPX-5 capillary column
(30 m × 0.25 mm × 0.25 �m) was used for separation. Carrier gas
was helium. The column was initially maintained at 70 ◦C for 2 min
followed by temperature increase at the rate of 10 ◦C min−1 up to
310 ◦C. The injector and detector temperatures were fixed at 300
and 320 ◦C respectively.

2.4. Multivariate experimental design

Multivariate experimental design was performed according to
response surface modelling methods [22,23]. The design factors
investigated were the analytical doses (g L−1) of ZnO and 4CP con-
centration. Other design factors such as stirring rate, temperature,
light intensity and oxygen supply were held constant. The number
of experiments carried out in the design was guided by the formula
N = 2n + 2n + 3, where N is the number of experiments and n is the
number of factors studied.

3. Results and discussion

3.1. Preliminary analysis

In order to validate the removal route of 4CP, the role of photoly-
sis (UV/4CP) and adsorption (ZnO/4CP) was assessed and compared
with photocatalysis (UV/ZnO/4CP). The plot of concentration of 4CP
as a function of time showed no noticeable change in the concen-
tration 4CP over 300 min except for photocatalysis (Fig. 2). 4CP was
completely degraded by photocatalytic process in 180 min. Fig. 3
shows the UV–vis spectral changes during the photodegradation
process. The diminution of the band peak to baseline level shows
that the photodecomposition of 4CP is deemed complete.

3.2. Optimisation of 4CP decomposition

3.2.1. Central composite and response surface methodology

Multivariate experimental design delivers desirable information

on the appropriate operating conditions with minimum experi-
mental effort [24–26]. In this study, a 22 central composite design
was employed to fit response surface of 4CP. The central composite
layout consists of three sets of points: centre points, axial points
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Fig. 2. Time-course profile of 50 mg L−1 4CP subject to (A) adsorption on 2 g of ZnO
in the dark (B) photolysis and (C) irradiation in the presence of 2 g ZnO. Initial pH
7.1–7.5.
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varying other factors. The nature of the response surface was planar
which indicates the absence of interaction of the study variables on
the response function. This observation is supported by the absence
of interaction term in Eq. (2) and parallel nature of response con-
tours. The distribution of observations on the response surface plot
ig. 3. UV–vis absorption spectra depicting the degradation profile of 4-
hlorophenol. Initial conditions: 50 mg L−1, 2 g ZnO catalyst, pH 7.5.

nd factorial points. The low and high values of the factors under
nvestigation were normalised to unity and coded as −1 and +1.
able 1 shows the actual operating variables used in the study and
heir coded levels. The factorial points are located at the vertices of
square having coordinates which are combinations of −1 and +1.
he central values were coded as 0. The coordinates of the centre
oints are 0.0. Star point points were augmented to the factorial at
distance ±˛ = 1.41 along the centrepoint so as to make the design

otatable. Both actual values and codified levels of factors were
ssigned on the central composite layout (as shown in Fig. 4). The
alues in parentheses correspond to [ZnO] and [4CP] respectively
or a given experiment. Their corresponding codes were displayed

t an adjacent position. The experimental design reported here
epicts 11 experiments. Four experiments were carried out at the
tar points as well as the factorial points. Three of the experiments
eplications carried out at the central point to provide an estima-

able 1
ctual values and coded levels of operating variables.

actor Coded levels

−Alpha Low Middle High +Alpha
−1.41 −1 0 +1 +1.41

ZnO] g L−1 1.00 1.50 2.00 2.50 3.00
4CP] g L−1 0.01 0.03 0.05 0.07 0.10
Fig. 4. Two factors central composite design used in the 4CP study.

tion of pure error and to evaluate the aptness of the response model.
The experimental response factor Yexp was the percentage of 4CP
decomposed after 60 min of illumination. Yexp was calculated by
using Eq. (1).

Yexp = 1
[4CP]o

× [[4CP]o − [4CP]t] × 100 (1)

Yexp = 39.91(±2.45) + 2.89(±2.87)[ZnO] − 18.33(±2.87) [4CP]

(2)

Response data were analysed using Stat-ease Design Expert pro-
gram. The measured and predicted responses achieved in this study
are shown in Table 2. The response function of 4CP is best described
by the first degree polynomial model shown in Eq. (2). Each coef-
ficient of a variable in the equation estimates the change in mean
response per unit increase in the associated independent variable
when the other variable is held constant. The standard error associ-
ated with the mean response and the partial regression coefficients
of the equation is enclosed in the parenthesis. Analysis of vari-
ance indicated significance of all the model terms (p-value � 0.05).
Fig. 5 shows the response surface plot of 4CP with observations
scattered about the experimental region. The response plots were
generated by keeping one factor constant at the centrepoint and
Fig. 5. Fitted surface for 4CP decomposition constructed 60 min after illumination.
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Table 2
Codified variable levels from the central composite layout and responses for 4CP degradation.

Run no. Level of variables and codes Response after 60 min, Yexp (%)

[ZnO] g L−1 [4CP] mg L−1 Measured Predicted

1 2.50 (+1) 100 (+1) 29 24
2 1.50 (−1) 70 (+1) 22 19
3 2.50 (+1) 30 (−1) 51 61
4 1.50 (−1) 30 (−1) 66 55
5 3.00 (+1.41) 50 (0) 44 44
6 1.00 (−1.41) 50 (0) 22 36*

7 2.00 (0) 50 (0) 39 40
8 2.00 (0) 50 (0) 37 40
9 2.00 (0) 50 (0) 38 40
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A plot of [4CP] versus t would give a straight line with slope = −k
and intercept = [4CP]o. The applicability of the zero-order kinetics to
this study has been confirmed by the linearity of the plot of [4CP]
against irradiation time for various experiments (Fig. 8) with R-
10 2.00 (0) 10 (−1.41)
11 2.00 (0) 100 (+1.41)

* The value exceeds diagnostic limits.

ortrays three scenarios around the centrepoint (i) low response
or excessive amount of either 4CP or ZnO (ii) high response with
ery low [4CP] and exceedingly high [ZnO] (iii) moderate [4CP] and
ery high [ZnO]. For economic process these combinations may be
ndesirable. It is evident from the response surface that the opti-
um operability would be consistent with 50 mg L−1 4CP and 2 g

nO.

.2.2. Conventional experimental validation
The effect of ZnO loading on the overall decomposition rate was

tudied at initial 4CP concentration of 50, 70 and 100 mg L−1. The
nO load was varied for each of the initial 4CP concentration hold-
ng all other experimental conditions identical. Fig. 6 shows that as
he photocatalyst amount is increased there is enhancement in pho-
oremoval due to ready availability of total surface area and active
ites of the photocatalyst. A reduction in reaction rate was generally
bserved at photocatalyst overdose due to opacity caused by excess
hotocatalyst clusters. The presence of these clusters reduces the
V penetration and at the same time increases the scattering effect.

t can be concluded that the optimum amount of photocatalyst
s dependent on the concentration of the substrate. The optimal
olution for 4CP decomposition would therefore correspond to 2 g
f ZnO and 50 mg L−1 of 4CP since the highest removal rate was
btained at these values.

The influence of substrate concentration on the initial rate
f degradation was investigated for a wide range of initial con-
entration at fixed catalyst dosage of 1, 1.5 and 2 g. A graphical
epresentation of the effect of substrate concentration on the pho-

odestruction rate is shown in Fig. 7. The following explanations

ay be considered. First, at low ZnO dosage (1 g) the photodecom-
osition rate decreased with rise in concentration up to 50 mg L−1.
his may be as a result of the growing inadequacy of the number
f catalytic sites. Beyond 50 mg L−1 the degradation rate was nearly

ig. 6. Observed influence of catalyst concentration on degradation rate. Initial 4CP
oncentration range = 50–100 mg L−1; catalyst load = 0.5–3 g; pH ∼ 7.5.
74 66
17 14

constant. Secondly, by keeping the photocatalyst dose at 1.5 and
2 g L−1 and varying the 4CP concentrations reaction rate increased
at the initial stage due to the ready availability of catalytic sites
of the ZnO. However, as initial concentrations exceed 50 mg L−1

the rate of degradation decreased because the active sites of the
photocatalyst were tightly occupied. Another factor which may be
responsible for the drop in photocatalytic degradation rate is the
competition between 4CP and hydroxyl ions for surface-trapped
photogenerated holes. Hence, the optimal 4CP concentration for
photodegradation is confirmed to be 50 mg L−1.

3.3. Photocatalytic kinetics

The degradation of 4CP under the experimental conditions of the
study agreed remarkably with the zero-order kinetics. Generally
speaking, the rate law for degradation of 4CP may be represented
by the Eq. (3). Accordingly, the integrated zero-order rate law may
take the form (4).

−d[4CP]
dt

= k (3)

[4CP]t = −kt + [4CP]o (4)

where [4CP]t and [4CP]o is the concentration of 4CP (M, mol L−1 or
ppm) at time t and when t = 0 respectively and k is the pseudo zero-
order constant (usually expressed as M s−1, mol L−1 s or ppm s−1).
square value > 0.99.

Fig. 7. Effect of substrate initial concentration at different catalyst loading on initial
rate of degradation. 4CP concentration range = 30–100 mg L−1; catalyst load = 1–2 g;
pH 7.1–7.9.
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ig. 8. Zero-order rate graph of 4CP degradation. Initial conditions: 50 mg L−1 4CP;
nO = 1 g, 1.5 g or 2 g (as appropriate); pH range 7.2–7.7.

.4. Photocorrosion of ZnO surface

Since ZnO is susceptible to dissolution it is imperative to know
he amount of zinc ion left in the decontaminated water. ZnO dis-
olution data collected on ICP-OES indicated little ZnO loss under
rradiation. The initial pH during the test averaged 7.54 with mean
eviation of ±0.17. The dissolution observed is mostly low (<0.02%)
nd does not increase appreciably with irradiation time.

.5. Influence of solution pH on photomineralisation rate

The effect of pH of reaction solution on photo-oxidation rate
as studied at pH of ca. 4–10. Reactivity solutions were adjusted

o initial pH of 4, 6, 7, 9 and 10. Fig. 9 shows a comparison of
hotodecomposition rate at various pH values. As observed, the
hotocatalytic reaction of 4CP is inhibited at pH 4 which may be
ue to substantial loss of ZnO at exceedingly low pH in accord with
q. (5). The degradation rate increases up to pH 6 as ZnO stability is
ess disturbed (see Eq. (6)). There is imperceptible change in degra-
ation rate between pH 6 and 7. Beyond pH 7 there is substantial
nhancement in the degradation rate. The maximum degradation
fficiency in this study was attained at pH 9.

nO + 2H+ → Zn2+ + H2O (acidicdissolution) (5)

hOH(Cl)
OH−
�
H+

(Cl)phO− (6)

The 4CP photodecomposition rate was nearly constant between
he pH and pH 10. A priori aqueous ZnO is largely in hydrol-
pzc

sed form or ‘zinc-ol’ as shown in Eq. (7). Since in the update by
osmulski [27] ZnO has been reported to possess the point of zero
harge of 9 zinc-ol group would be protonated to ZnOH2

+ below
Hpzc or deprotonated to Zn–O− as pHpzc is exceeded. Thus, at pH

ig. 9. Variation of decomposition rate with pH. Initial 4CP concentra-
ion = 50 mg L−1, ZnO = 2 g.
s Materials 168 (2009) 57–63 61

10 the negatively charged ZnO surface and the high concentration
of phenoxide above the pKa value of 4CP (9.38) may result in elec-
trostatic repulsion which cannot be overcome by the low enthalpy
possessed by ZnO active sites thereby leading to decreased rate.
Moreover, the stability of ZnO may not be guaranteed at this high
pH due to possibility of alkaline dissolution of ZnO (shown in Eq.
(8)).

ZnO + H2O → Zn–OH + OH− (7)

ZnO + H2O + 2OH− → [Zn(OH)2]2+ (alkalinedissolution) (8)

3.6. Effect of additives on 4CP decomposition rate

Since real waters usually contain inorganic ions coexisting with
organic pollutants the effect of inorganic anions on reaction rate
was studied at levels of 0.4 mg L−1. The inorganic ions investigated
include HPO4

2−, SO4
2−, Cl− and S2O8

2− added as sodium salts. The %
4CP removal in ion free solution at pH 7 was 71%. Initial solution pH
was adjusted to 7 so as to establish a standard for comparison. Pho-
toremoval rate was enhanced by the presence of inorganic anions in
the order Cl− (74%) < SO4

2− (96%), S2O8
2− (96%). The photocatalytic

reaction was totally inhibited by HPO4
2− due to strong binding

of the anion to the active sites thereby preventing the adsorption
of 4CP. The enhancement of decomposition rate by sulphate and
peroxodisulphate ions is may be linked to the direct or indirect
formation of SO4

•− chemically shown by Eqs. (9)–(12). Previous lit-
erature has shown that this in situ generated radical can sufficiently
act as strong oxidising agent or initiate the formation of hydroxyl
radical [28,29].

S2O8
2− + eCB

− → SO4
2− + SO4

•− (9)

SO4
2− + •OH → SO4

• + OH− (10)

SO4
2− + h+ → SO4

•− (11)

SO4
•− + H2O → SO4

2− + •OH + H+ (12)

Usually Cl− has been reported to retard photodegradation rate.
In contrast, our results showed a slight increase in the rate of 4CP
transformation. It is worth noting that the inhibitive effect of Cl−

ion is favoured by acidic pH since this anion would adsorb strongly
onto the surface of the semiconductor particles thereby hindering
the pollutant [29]. Since our initial working environment was neu-
tral this effect was not observed. Lair et al. [30] reported increase in
photocatalytic oxidation rate of naphthalene degradation by chlo-
ride ions attributed it to substrate loss through volatilisation of
4CP caused by rise in ionic strength. However, Wiszniowski et al.
[31] have shown that the addition of Cl− at pH > 7 did not have
any influence on the mineralisation of humic acid. At any rate, the
enhancement of decomposition rate by Cl− and SO4

2− will be most
welcome as they are among the commonest anions in open waters.

3.7. Photoproducts and mineralisation

The photocatalytic 4CP degradation yielded catechol, phenol,
4-chlorocatechol and hydroquinone as pathway products. These
products were identified by GC–MS and chromatographic com-
parison with external standards. Table 3 shows the retention
times of the detected compounds at natural pH. To the best
of our knowledge, we are reporting catechol for the first time
in the photocatalytic degradation of 4CP. All other photoprod-
ucts determined were reported previously in 4CP decomposition

either by photolysis or photocatalysis [32,33]. The degradation
of 70 mg L−1 4CP was recorded on UHPLC. Fig. 10(A) shows the
UHPLC peaks of phenolics detected after 180 min of irradiation.
Hydroquinone, 4-chlorocatechol and 4-chlorophenol emerged on
the UHPLC at retention times of 0.7, 1.2 and 1.7. The amount of
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Table 3
Retention times of detected photoproducts.

Photoproduct Retention times on HPLC

Experiment External standard GC–MS

Hydroquinone 2.9/3.1 2.9 Detected
Catechol 4.0 4.1 –
Phenol 6.1 4.4 Detected
4-Chlorocatechol 9.7 n.a. Detected
4-Chlorophenol 15.4 15.5 Detected

Fig. 10. (A) UPLC chromatogram showing the chromatographic peak of 4CP
(
t
a
7

4
4
t
I
3
c
m
4
s
3

major) and intermediate products. UPLC parameters: Injection volume = 2 �L; run
ime = 3 min; detection wavelength = 280 nm; detector = PDA. (B) Changes in peak
rea recorded on UPLC during photomineralisation process. Initial conditions:
0 mg L−1 4CP, 1 g ZnO; pH 7.2.

CP has been reduced to 18 mg L−1. The depletion of 70 mg L−1

CP during 300 min of photomineralisation process is shown by
he time-course plot of % peak area recorded on UPLC (Fig. 10(B)).
t was observed that about 6 mg L−1 4CP is left in solution after
00 min. Also, a high amount of undecomposed intermediates are

ategorically readable from the chromatograms. Conversely, at opti-
um experimental levels of ZnO and 4CP the mineralisation of

CP was confirmed by using HPLC. An inspection of HPLC peaks
hows that maximum level of the photoproducts was attained in
0–60 min. The relative amounts of hydroquinone, catechol and

Fig. 11. HPLC chromatograms depicting eluted peaks at different reaction times
Fig. 12. A radical mechanism to account for the pathways of photoproducts in the
course of mineralisation. Initial conditions: 50 mg L−1 4CP; 2 g ZnO; pH 7.5 (natural).

4-chlorocatechol were 32, 8 and 15%. The initial growth of inter-
mediate products and decay of 4CP peak can be seen from sample
chromatograms in Fig. 11. After 300 min chromatograms indicated
no traces of 4-chlorophenol and intermediates in the solution.

3.8. Reaction mechanism

Upon illumination of aqueous semiconductor particles with
light of sufficient energy, charge separation is induced resulting
in the formation of valence band holes and conduction band elec-
trons. These charge carriers may participate in the formation of
active oxidising species such as hydroxyl radical, hydroperoxyl rad-
ical, hydrogen peroxide and superoxide [34]. Several literatures
attributed the oxidation of organic compounds mainly to positive
hole and/or hydroxyl radical [35,36]. Based on quantum yield study
the oxidative mechanism over semiconductor ought to proceed
via positive hole [37]. However, there are convincing experimen-
tal proofs that both valence band hole and hydroxyl radical are
involved in oxidative conversions on semiconductor photocatalysts
[19,38]. More specifically, hydroxyl radical has been shown to be the
major oxidant involved in 70–90% of the photo-oxidation of organic
compounds notably chlorophenols [36,39]. In order not to depart
from these conclusions and the fact that hydroxylated products are
reported in this study, hydroxyl radical mechanism is employed to
explain the photo-oxidation mechanism.

Since the phenolic ring is labile to hydroxyl radical attack at
various positions many mechanistic pathways can be described to
account for the products of 4CP oxidation. In this report, we would

limit our mechanism to catechol which is a new intermediate.
Fig. 12 shows a mechanistic scheme to account for the formation
of catechol. It has been established that the first process in 4CP
photo-oxidation involves the scission of C–Cl bond [40,41]. Primar-
ily, if 4CP is homolysed at ring-Cl bond a short-lived hydroxyphenyl

(A) 30 min (B) 90 min. Initial conditions: 50 mg L−1 4CP; 2 g ZnO; pH 7.5.
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adical (HPR) is formed (Eq. (1)). This organic radical may combine
ith proton to form phenol (Eq. (2)). Evidence for the formation

f HPR has been provided by Lipczynska-Kochany et al. [42].
robably catechol is formed by o-hydroxylation of phenol (Eq.
3)). If 4CP is hydroxylated at the ortho position (scheme B, Fig. 9)
-chlorocatechol is formed (Eq. (4)). The para-dechlorination of 4-
hlorocatechol yields 1,2-dihydroxyphenyl radical (1,2-diHPR; Eq.
5)). In a similar way to HPR (vide supra) the 1,2-diHPR radical can
lso combine with proton in the presence of conduction band elec-
ron to form catechol (Eq. (6)). The subsequent processes that lead
o mineralisation of 4CP have been highlighted by Theurich et al.
33] in a study of the degradation of 4CP over TiO2. Further oxidative
ydroxylation of catechol and phenol gives hydroxyhydroquinone
nd hydroquinone. Subsequently, hydroquinone and hydroxyhy-
roquinone are converted to benzoquinone hydroxybenzoquinone.
inally, quinone rings are opened to form aliphatic compounds
hich upon further oxidation are mineralised to CO2 and H2O.

. Conclusions

Optimal degradation solution corresponds to 50 mg L−1 4CP and
2 g ZnO respectively.
The photo-oxidative degradation of 4CP under the experimental
conditions of the study follows essentially the zero-order kinetics.
Maximum degradation rate was attained at mild basic environ-
ment.
The degradation was more favourable in the mild alkaline range
with maximum rate at pH 9.
Inorganic anions such as Cl−, SO4

2− and S2O8
2− enhanced pho-

tomineralisation rate of 4CP whereas HPO4
2− hampered the

process.
The stable products identified during the degradation pro-
cess at natural initial pH environment are catechol, phenol,
4-chlorocatechol and hydroquinone. The mechanism for the for-
mation of catechol is proposed.
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