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Heterogeneous photocatalytic mineralisation of phenols
in aqueous solutions
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Abstract

The photocatalytic oxidation of phenol and chlorophenols were studied in the presence of ZnO in a batch reactor configuration illuminated
with a 6 W low pressure mercury lamp. The variables studied include catalyst usage, solution pH and phenol concentration. The degradation
rate of phenol was favourable in the neutral pH range. However,o-chlorophenol andp-chlorophenol undergo degradation at a faster rate at
l order decay
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ower pH values. The disappearance of phenols in each case approximately obeyed first-order kinetics with the apparent first-
onstant increasing with decreasing solute concentration. Total organic carbon analysis indicated complete mineralisation of phen
urface.
2004 Published by Elsevier B.V.
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. Introduction

Important organic contaminants in industrial wastewaters
re phenols and phenolic compounds. They are released to the
nvironment, from effluents discharged by industries such as
etroleum refining, coal tar, steel, dyestuff, synthetic resins,
oal gasification and liquefaction, surface runoff from coal
ines, byproducts of agricultural chemicals, paper and pulp
ills, tanning, fiberboard production and paint stripping op-
rations[1]. According to environment protection rules of
entral Pollution Control Board (1992) the discharge lim-

ts of phenols in inland water is 1 mg/L. Among the list of
riority of organic pollutants proposed by the U.S. Environ-
ental Protection Agency, chlorophenols represent a group
f organics frequently found in various industrial effluents
nd reported in hazardous waste sites. Chlorophenols are
idely recognized as one of the most important types of
ollutant in water and wastewater. The widespread utiliza-

ion of chlorinated aromatic compounds as pesticides and
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herbicides is attracting increased concern. More specifi
monochlorophenols constitute an important category of
ter pollutants[2]. Their presence in water stems principa
from industries, which produce chemical intermediate
generate them during the chlorination of effluents contai
phenolic compounds. They can also be formed by the d
dation of phenoxy herbicides. They have been found in
river water, usually at levels of few ppb. Use of chlorine
the dis-infection treatment of drinking water can also re
in the formation of monochlorophenols.

In recent years advance oxidation processes (AOP
volving hydrogen peroxide, ozone and /or Fenton reag
with or without a source of UV light have been reported to
useful for the photo-oxidation of organic pollutants in wa
waters[3–5]. It removes substantial amount of COD and T
from industrial effluents. However, these oxidation meth
results in partial oxidation of organics and more often lea
the generation of potentially harmful chemicals. Total ox
tion of organics by these technologies is both cost and en
intensive. Among the various AOPs, semiconductor med
photocatalysis has been accorded great importance ov
E-mail address:lathasrisriram@hotmail.com (S. Lathasree). last few years due to its potential to destroy a wide range
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of organic and inorganic pollutants at ambient temperatures
and pressures, without the production of harmful byprod-
ucts[6–8]. Over the years, a large number of semiconductors
have been used as photocatalysts. The most commonly stud-
ied catalyst are TiO2, ZnO and CdS. TiO2 has become the
bench mark catalyst against which photocatalytic activity of
other semiconductors is measured because of its high pho-
tocatalytic activity. ZnO is a suitable alternative to TiO2 and
is in fact proved to be more efficient than TiO2 in several
applications. This study represents part of our investigation
on the ZnO-mediated photo-destruction of phenols

2. Experimental

2.1. Materials

ZnO, phenol,o-chlorophenol,p-chlorophenol and other
chemicals used in the present study are of reagent grade
obtained from C.D.H and Merck. Brunauer–Emmett–Teller
(BET) surface area of ZnO determined by flow method us-
ing Micromeritics Pulse Chemisorb 2700 was found to be
8 m2/g. The desired concentrations of the phenol solutions
were prepared using double distilled water. The pH of the
solutions was adjusted to the desired values between 3.5 and
9
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Fig. 1. Photodegradability of phenol. [Phenol] = 50 ppm; catalyst = ZnO
(2.0 g/L); pH = 7.0± 0.1; temperature = 30.0± 0.1◦C. Incident wavelength
= 254 nm; absorbance measured at 500 nm. (1) Phenol solution irradiated
with UV light. (2) Phenol solution treated with 2.0 g/L of ZnO. (3) Phenol
solution irradiated with UV light in the presence of 2.0 g/L of ZnO.

known concentration and unreacted KOH was titrated with
HCl of known concentration[10]. In this 35 ml of the sample
solution was filled up in the annular space between the UV
lamp – quartz (6 W) assembly and the outer glass column
of the tubular batch reactor and the inner wall of the glass
column coated with ZnO. The inlet was connected to the aer-
ator and the outlet tube was immersed into KOH solution of
known concentration taken in a gas washing bottle. After irra-
diating the samples for a specific duration, the KOH solution
was titrated against standardized HCl by volumetry. A blank
was run with 35 ml of water to the same irradiation time, to
nullify the errors due to dissolved CO2 from aeration. The
amount of KOH consumed by the liberated CO2 and hence
the amount of organic carbon present in the sample were cal-
culated and compared with the theoretical values calculated
on the basis of the known stoichiometry of the reaction.

The stability of ZnO was assessed by subjecting the ir-
radiated solutions to atomic absorption spectroscopic (AAS-
Perkin-Elmer 23800) analysis and the amount of zinc in so-
lution resulting from dissolution or photo-corrosion was de-
termined. The reusability of the catalyst was evaluated by
reclaiming the catalyst after reaction in the batch mode, wash-
ing drying in air at 110◦C and using it for the phenol degra-
dation under similar experimental conditions.
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.0 by using dilute solutions of dilute HCl or NaOH.

.2. Photocatalytic reactor

The photodegradation studies were carried out in a b
eactor system. The solutions were illuminated in an o
ectangular tray of 16 cm× 5 cm× 5 cm made of borosilica
lass mounted on a magnetic stirrer. Low pressure me
apour lamp (6 W, 18 cm long) was used as an irradia
ource. The lamp emitted ultra violet radiation with ma
um intensity at 253.7 nm. The lamp was fitted on the
f the reactor. The light source used in the photocatalysi
eriments was standardized by ferrioxalate actinometry

ts intensity was found to be 2.48± 0.1 × 1019 quanta pe
econd.

.3. Procedures

The optimum conditions used in the present study we
atch volume of 250 ml, 8 cm distance between UV so
nd solution with a stirring speed of 70 rpm and 30 min
dsorption equilibrium. In all the experiments, the phe
olution of known concentration containing a suspensio
nown weight of catalyst powder was irradiated with
ight. Samples of 3 ml were withdrawn at regular interval
ime and centrifuged. The estimation of phenols were d
pectrophotometrically using 4-aminoantipyrine method[9].

The estimation of TOC was done subjecting the solut
f phenols to photocatalytic degradation in a closed re

o convert the organic carbon to carbon dioxide. The evo
arbon dioxide was trapped in an aqueous KOH solutio
. Results and discussion

.1. Photodegradability of phenols

Phenols were degraded by illumination with UV light
nO suspension. The photodegradability of the phenols

nvestigated by exposing the phenol solutions to UV ligh
he absence and in the presence of ZnO photocatalyst (Fig. 1).
n the absence of ZnO the phenols were found to be stab
ards irradiation with UV light of 253.7 nm and photodeg
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Fig. 2. Effect of catalyst weight on the initial rate of photocatalytic degra-
dation ofo-chlorophenol. [o-Chlorophenol] = 50 ppm; pH = 7.0± 0.1; cat-
alyst = ZnO; incident wavelength = 254 nm; temperature = 30.0± 0.1◦C;
absorbance measured at 500 nm.

dation was negligible even after one hour of exposure. In the
absence of UV light and in the presence of ZnO in dark about
10% of the phenols was adsorbed on ZnO surface under spec-
ified conditions. However, in the presence of UV light and
ZnO (with a band gap energy of 3.2 eV), the phenols were
completely mineralised to carbon dioxide, water and chloride
in about an hour. The phenol solutions were analysed for TOC
and inorganic ion. All the organic components were oxidised
quantitatively to carbon dioxide as indicated by TOC deter-
minations. Carbon dioxide determined experimentally was
found to tally with theoretical value on the basis of molecu-
lar weight and concentrations employed. The percentage of
carbon photo-oxidised in aqueous suspensions was 98% of
the theoretical value.

3.2. Effect of catalyst weight

The effect of varying amounts of ZnO on the photodegra-
dation of phenols was studied in the range 1.0–3.0 g/L.Fig. 2
shows the variation of initial rate of photodegradation ofo-
chlorophenol as a function of catalyst weight. The initial rate
values indicated that the degradation rate increased with an
increase in the weight of catalyst up to an optimum loading
of ZnO (2.0 g/L). Similar results were obtained by Sehili et
al. [11]. Further increase in the weight of the catalyst showed
a , the
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Fig. 3. Effect of pH on the initial rate of photocatalytic degradation ofp-
chlorophenol. [p-Chlorophenol] = 50 ppm; temperature = 30.0± 0.1◦C;
catalyst = ZnO (2.0 g/L); incident wavelength = 254 nm; absorbance mea-
sured at 500 nm.

results were reported by Wei and Wan[12] for the photodegra-
dation of phenol on TiO2 surface. In the case of chlorophe-
nols it was observed that the rate of degradation was en-
hanced at lower pH (as shown inFig. 3) values. At higher pH,
chlorophenols exist as negatively charged chlorophenolate
anion. Higher removals of chlorophenols in acidic conditions
may be attributed to the increased amount of undissociated
chlorophenol species adsorbed on the catalyst surface. The
zero point charge (zpc) of ZnO was reported as 8[13]. When
the pH > pHzpc, the surface of ZnO is negatively charged and
chorophenolate anions may be repelled, resulting in no ad-
sorption of chlorophenols. Similar results were reported by
Ku et al.[14] in the photodegradation ofo-chlorophenol on
TiO2.

3.4. Effect of phenol concentration

The photocatalytic degradation of the phenol and
chlorophenols at different initial concentrations in the range
40–100 ppm was investigated.Fig. 4shows the degradation of
phenol as a function of time. The time required for complete
mineralisation increased from 70 to 90 min when the initial

F enol.
C
i

negative effect. As the weight of the catalyst increased
umber of phenol molecules adsorbed were increased o

o an increase in the number of ZnO particles. So the rate
nhanced. The decrease in the initial rate beyond the ca

oading of 2.0 g/L may be attributed to the screening e
f excess catalyst particles in the solution.

.3. Effect of pH

The role of pH on the rate of photocatalytic degrada
as studied in the pH range 3.5–9. The initial rates of p

odegradation, expressed in terms of first-order rate cons
ere determined. It was observed that phenol degrad
as favourable at mild acidic and neutral solutions. Sim
ig. 4. Effect of concentration on the photocatalytic degradation of ph
atalyst = ZnO (2.0 g/L); pH = 7.0± 0.1; temperature = 30.0± 0.1◦C;

ncident wavelength = 254 nm; absorbance measured at 500 nm.
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Fig. 5. Plot of logC0/C vs. time for photocatalytic degradation of phenol.
Catalyst = ZnO (2.0 g/L); pH = 7.0± 0.1; temperature = 30.0± 0.1◦C;
incident wavelength = 254 nm; absorbance measured at 500 nm.

concentration was increased from 40 to 60 ppm. The initial
rate increased from 1.2 to 1.8 ppm/min as the concentration
increased from 40 to 50 ppm. Decrease in the initial rate was
observed with further increase in concentration. In the case
of chlorophenols, the initial rate increased with increase in
the initial concentration range 40–60 ppm and decreased with
further increase in concentration.

3.5. Kinetic analysis

Under constant conditions of pH, catalyst weight and pho-
ton flux the effect of variation of concentration of the phe-
nols on its photodegradability were studied. Photocatalytic
degradation of phenols at low concentrations obeyed pseudo
first-order kinetics. A fairly linear relation between phenol
concentration and irradiation time was observed as shown in
the plot of logC0/C versus time (videFig. 5). The computed
data on the pseudo-first-order rate constants ‘k’ at different
concentrations of the phenol are given inTable 1. The rate
constant values were found to decrease with increase in phe-
nol concentration[15]. Similar results were obtained for the
degradation of chlorophenols. Further evidence for the ki-
netic data was obtained from the studies of the phototrans-
formation of chlorophenols on ZnO by Sehili et al.[11] and
Lemaire et al.[16]. The reaction was reported to occur via
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hydroxylation and the intermediates adsorbed on ZnO were
found to decrease the rate of oxidation of the target com-
pounds namely chlorophenols.

3.6. Reusability of ZnO catalyst

Reusability of ZnO for the degradation of phenols by pho-
tocatalysis was evaluated. The solutions resulting from the
photocatalytic degradation of phenols was filtered, washed
and the photocatalyst was dried. The dried catalyst samples
were used for the degradation of phenols, employing similar
experimental conditions. The filtrate was subjected to AAS
analysis to assess the loss of Zn2+ ions to solution as a result
of dissolution of ZnO. Under the present investigation it was
observed that dissolution of ZnO was found to be negligible
(0.04% loss of zinc was observed during two hours of reaction
time). The percentage reduction in the rates of photocatalysis
mediated by ZnO after five cycles for the degradation of phe-
nols was found to be 3, 4 and 4.5 for phenol,o-chlorophenol
andp-chlorophenol, respectively. ZnO samples showed con-
siderably reproducible photocatalytic activity up to five cy-
cles for the degradation of all phenols. The loss in activity
and loss of zinc as zinc ions was more pronounced only after
the fifth cycle of reuse.
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ate constant values for the degradation of phenol

ime (min) Concentration
(ppm)

logC

efore adsorption 40
0 35 0.0
5 29 0.0
0 25 0.1
5 22 0.2
0 18 0.3

irst-order rate constant values,k (min-1) 0.0333± 0.0001

H = 7.0± 0.1; Temperature = 30.0± 0.1◦C; Catalyst = ZnO (2.0 g/L); A
Concentration
(ppm)

logC0/C Concentration
(ppm)

logC0/C

60 80
53 0.00 72 0.00
45 0.07 65 0.04
41 0.11 60 0.08
35 0.18 53 0.13
29 0.26 47 0.18

0.0287± 0.0001 0.0200± 0.0001

ance measured at 500 nm; Incident wavelength = 254 nm.

. Conclusions

Phenol and chlorophenols were completely minera
y photocatalytic degradation on ZnO surface. The deg

ion rate of phenol was favourable in the neutral pH ra
owever,o-chlorophenol andp-chlorophenol was found
ndergo degradation at a faster rate at lower pH values. E

mental results indicated that initial rate of photodegrada
ncreased with increase in catalyst weight up to an optim
oading. Further increase in the catalyst weight showed a
tive effect. The photocatalytic degradation of phenols w
tudied over wide concentration range 40–100 ppm. Th
ial rates of photodegradation were high at lower conce
ion range and it decreased with increase in concentra
he degradation of phenols on ZnO surface was foun

ollow first-order kinetics. The apparent rate constant va
btained was found to decrease with increase in the i
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concentration. ZnO was quite stable and undergoes photo-
corrosion only to a negligible extent. The photocatalytic ac-
tivity of ZnO was retained even up to five cycles.
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