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Comparative photocatalytic study of two selected pesticide derivatives,
indole-3-acetic acid and indole-3-butyric acid in

aqueous suspensions of titanium dioxide
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Abstract

Heterogeneous photocatalysed degradation of two selected pesticide derivatives such as indole-3-acetic acid (IAA) and indole-3-butyric
acid (IBA) has been investigated in aqueous suspensions of titanium dioxide by monitoring the change in substrate concentration employing
UV spectroscopic analysis technique and depletion in total organic carbon (TOC) content as a function of irradiation time. The degradation
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inetics was studied under different conditions such as pH, types of TiO2, substrate and catalyst concentration, and in the presence of e
cceptor such as hydrogen peroxide (H2O2) besides molecular oxygen. The degradation rates were found to be strongly influenced b
bove parameters. The photocatalyst Degussa P25 showed comparatively highest photocatalytics. The pesticide derivative, ind
cid was found to degrade slightly faster than indole-3-butyric acid.
2005 Elsevier B.V. All rights reserved.

eywords: Photocatalysis; Indole-3-acetic acid; Indole-3-butyric acid; Titanium dioxide

. Introduction

A wide variety of organic pollutants especially pesticides
re introduced into the water system from various sources
uch as industrial effluents, agricultural runoff and chemi-
al spills[1,2]. Their toxicity, stability to natural decompo-
ition and persistence in the environment has been the cause
f much concern to the societies and regulation authorities
round the world[3].

The control of organic pollutants in water is an impor-
ant measure in environmental protection. Among many pro-
esses proposed and/or being developed for the destruction
f the organic contaminants, biodegradation has received the
reatest attention. However, many organic chemicals, espe-
ially those that are toxic or refractory, are not amendable to
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microbial degradation. Recently considerable attention
been focussed on the use of semiconductor as a means
idize toxic organic chemicals[4–12]. The mechanism cons
tuting heterogeneous photocatalytic oxidation processe
been discussed extensively in the literature[13,14]. Briefly,
when a semiconductor such as TiO2 absorbs a photon of e
ergy equal to or greater than its band gap width, an ele
may be promoted from the valence band to the condu
band (ecb

−) leaving behind an electron vacancy or “hole
the valence band (hvb

+). If charge separation is maintaine
the electron and hole may migrate to the catalyst su
where they participate in redox reactions with sorbed spe
Specially, hvb

+ may react with surface-bound H2O or OH−
to produce the hydroxyl radical and ecb

− is picked up by oxy
gen to generate superoxide radical anion (O2

•−) as indicated
in the following Eqs.(1)–(4).

TiO2 + h� → ecb
− + hvb

+ (1)

O2 + ecb
− → O2

•− (2)
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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O2
•− + H2O → OH• + OH− +O2 + HO2

− (3)

H2O + hvb
+ → OH• + H+ (4)

It has been suggested that the hydroxyl radicals (OH•) and
superoxide radical anions (O2

•−) are the primary oxidizing
species in the photocatalytic oxidation processes. In many of
these studies, although the initial disappearance of the pollu-
tant is rapid, a number of by-products are formed, which can
potentially be harmful to the environment.

The pesticide derivative, indole-3-acetic acid (IAA) is a
plant growth regulator that affects cell division and cell elon-
gation and it is used to stimulate rooting and cuttings of herba-
ceous and woody ornamental plants. The pesticide derivative,
indole-3-butyric acid (IBA) enhances the growth and devel-
opment of food crops and ornamentals plants when applied
to soil, cuttings or leaves. As pesticides, these chemical sub-
stances attract, kill and repel insects. They also help to keep
cats and dogs away from places where they are not wanted.

To the best of our knowledge, no efforts have been
made to study the photocatalysed degradation of these two
systems. We have, therefore, made an attempt to study
the degradation of IAA and IBA in aqueous suspension of
titanium dioxide under a variety of condition.
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Fig. 1. Schematic diagram of the photochemical reaction vessel used for the
irradiation experiments.

in this study such as NaOH, HNO3, H2O2 were obtained from
Merck.

2.2. Procedure

Solutions of pesticide derivative IAA and IBA of the de-
sired concentration were prepared in double distilled water.
An immersion well photochemical reactor made of Pyrex
glass equipped with a magnetic stirring bar, a water circulat-
ing jacket and an opening for supply of molecular oxygen was
used. A simplified diagram of the reactor system is shown in
Fig. 1.

For irradiation experiment, 250 cm3 solution was taken
into the photoreactor and required amount of photocatalyst
was added and the solution was stirred and bubbled with
molecular oxygen for at least 15 min in the dark to allow
equilibration of the system so that the loss of compound due
to adsorption can be taken into account. The pH of the reac-
tion mixture was adjusted by adding a dilute aqueous solution
of HNO3 or NaOH. The zero time reading was obtained from
blank solution kept in the dark but otherwise treated similarly
to the irradiated solution. The suspensions were continuously
purged with molecular oxygen throughout each experiment.
Irradiations were carried out using a 125 W medium pressure
mercury lamp (Philips). Samples (8 cm3) were collected be-
f ere
c
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. Experimental methods

.1. Reagent and chemicals

Indole-3-acetic acid and indole-3-butyric acid were
ained from Otto Chemika Biochemika Reagents, M
ai, India and used as such without any further puri

ion. The water employed in all the studies was double
illed. The photocatalyst, titanium dioxide Degussa P25
sed in most of the experiments, whereas other catalyst
ers, namely, Hombikat UV100 (Sachtleben Chemie Gm
C500 (Millennium Inorganics) and TTP (Travancore T
ium Products, India) were used for comparative studies
ussa P25 contains 80% anatase and 20% rutile with a
ific BET surface area of 50 m2 g−1 and a primary particl
ize of 20 nm[15]. Hombikat UV100 consists of 100% pu
natase with a specific BET surface area of 250 m2 g−1 and a
rimary particle size of 5 nm[16]. The photocatalyst PC50
as a BET-surface area of 287 m2 g−1 with 100% anatas
nd primary particle size of 5–10 nm[17] whereas, TTP ha
BET-surface area of 9.82 m2 g−1. The other chemicals us
ore and at regular intervals during the irradiation. They w
entrifuged before analysis.

.3. Analysis

The mineralization of the pesticide derivatives was m
ored by measuring the Total Organic Carbon (TOC) con
ith a Shimadzu TOC 5000A Analyzer by directly inject

he aqueous solution whereas the degradation was mon
y measuring the absorbance on a Shimadzu UV–vis S

rophotometer (Model 1601). The absorbance of IAA
ollowed at 222.6 nm whereas the absorbance of IBA
ollowed at 221.9 nm wavelength after 43.33% dilution.

For the characterization of the intermediate product
queous solution (0.25 mM, 250 cm3) of the pesticide deriva

ives containing photocatalyst (Degussa P25, 1 g L−1) was
aken in the immersion well photochemical reactor and
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irradiated with a 125 W medium pressure mercury lamp for
2 h. The photocatalyst was removed through filtration. The fil-
trate was extracted with chloroform, which was subsequently
dried over anhydrous sodium sulphate and the solvent was re-
moved under reduced pressure to give a residual mass, which
was analyzed by GC/MS. For GC/MS analysis a Shimadzu
gas chromatograph and mass spectrometer (GCMS-QP 5050)
equipped with a 25 m CP SIL 19 CB (d= 0.25 mm) capillary
column, operating temperature programmed (injection tem-
perature, Column temperature, 260◦C for 53 min at the rate
of 10◦C min−1) in split mode, injection volume (1.0�L).

3. Results and discussion

3.1.1. Photolysis of TiO2 suspensions containing
pesticide derivatives

Irradiation of an aqueous solution of pesticide derivative
IAA and IBA in the presence of TiO2 samples, led to decrease
in the absorption intensity and depletion in TOC as a func-
tion of time. The change in absorption intensity and deple-
tion in TOC as a function of irradiation time for the pesticide
derivatives is shown inFigs. 2–5. It was observed that 95%
decomposition and 76% mineralization of IAA takes place.
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Fig. 3. Change in absorption intensity at 222.6 nm as a function of irra-
diation time for an aqueous solution of IAA in the presence and absence
of different photocatalysts. Experimental conditions: substrate concentra-
tion (0.2 mM),V= 250 cm3, immersion well photo-reactor, 125 W medium
pressure Hg lamp, Degussa P25 (1 g L−1), Sachtleben Hombikat UV100
(1 g L−1), PC500 (1 g L−1), TTP (1 g L−1), cont. O2 purging and stirring,
irradiation time = 40 min.

ticide derivatives as a function of irradiation time, i.e. first
order degradation kinetics. The resulting first order rate con-
stant has been used in all the subsequent plots to calculate the
degradation rate for the mineralization and decomposition of
the compounds using formula given below,

−d[TOC]

dt
= kcn

−d[A]

dt
= kcn

F ous
s lysts.
E
i gussa
P
T

hereas, in case of IBA, 93% decomposition and 74
ineralization, was observed after 40 min of irradiation.
egradation and mineralization curves of both the pest
erivatives can be fitted reasonably well by an expone
ecay curve suggesting first order kinetics. For each e

ment, the degradation rate for the mineralization and
omposition of the pesticide derivatives was calculated
he initial slope obtained by linear regression from a plo
he natural logarithm of the TOC and absorbance of the

ig. 2. Depletion in TOC as a function of irradiation time for an aque
olution of IAA in the presence and absence of different photocatalystEx-
erimental conditions: substrate concentration (0.2 mM),V= 250 cm3, im-
ersion well photo-reactor, 125 W medium pressure Hg lamp, Deguss

1 g L−1), Sachtleben Hombikat UV100 (1 g L−1), PC500 (1 g L−1), TTP
1 g L−1), cont. O2 purging and stirring, irradiation time = 40 min.
ig. 4. Depletion in TOC as a function of irradiation time for an aque
olution of IBA in the presence and absence of different photocata
xperimental conditions: substrate concentration (0.18 mM),V= 250 cm3,

mmersion well photo-reactor, 125 W medium pressure Hg lamp, De
25 (1 g L−1), Sachtleben Hombikat UV100 (1 g L−1), PC500 (1 g L−1),
TP (1 g L−1), cont. O2 purging and stirring, irradiation time = 40 min.
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Fig. 5. Change in absorption intensity at 221.9 nm as a function of irra-
diation time for an aqueous solution of IBA in the presence and absence
of different photocatalysts. Experimental conditions: substrate concentra-
tion (0.18 mM),V= 250 cm3, immersion well photo-reactor, 125 W medium
pressure Hg lamp, Degussa P25 (1 g L−1), Sachtleben Hombikat UV100
(1 g L−1), PC500 (1 g L−1), TTP (1 g L−1), cont. O2 purging and stirring,
irradiation time = 40 min.

where TOC is the total organic carbon,A the absorbance,k
the rate constant,c the concentration of the pollutant andn is
the order of reaction.

The degradation rate was calculated in terms of
[mole L−1 min−1]. Using the ferrioxalate actinometry, an av-
erage light intensity entering the irradiated solution was de-
termined to be 15.5× 10−6 Einstein min−1.

Blank experiments of both the pesticide derivatives were
carried out in the absence of photocatalyst, where no observ-
able loss of compounds was found that can be seen from
Figs. 2–5.

F ension
o d
o : (a)
0

Fig. 7. Change in absorption spectrum on irradiation of aqueous suspension
of TiO2 containing IBA (0.18 mM, 250 cm3). Light source: ‘Pyrex’ filtered
output of a 125 W medium pressure mercury lamp. Irradiation time: (a)
0 min, (b) 5 min, (c) 10 min, (d) 20 min, (e) 30 min and (f) 40 min.

The course of reaction of the substrate decay of IAA and
IBA in aqueous suspensions of TiO2 has also been followed
UV spectroscopically as a function of irradiation time as
shown inFigs. 6 and 7, respectively. It could be seen from
both the figures that the absorption intensity decreases with
the increasing irradiation time.

The adsorption of pesticide derivatives IAA and IBA on
the surface of the photocatalyst was investigated by stirring
the aqueous solution in the dark for 24 h in a round-bottomed
flask containing varying amount of photocatalyst such as 0.5,
1, 2 and 5 g L−1. Analysis of the solution after centrifugation
indicates some observable loss of compound in case of both
the pesticide derivatives as illustrated inFigs. 8 and 9, re-
spectively. It can be seen from the figures that the adsorption
of pesticide derivative, IAA on the surface of photocatalyst,
is better and hence, degrades more efficiently as compared to
IBA.

F and
a ium
d

ig. 6. Change in absorption spectrum on irradiation of aqueous susp
f TiO2 containing IAA (0.2 mM, 250 cm3). Light source: ‘Pyrex’ filtere
utput of a 125 W medium pressure mercury lamp. Irradiation time
min, (b) 5 min, (c) 10 min, (d) 20 min, (e) 30 min and (f) 40 min.
ig. 8. Effect of titanium dioxide concentration on the TOC content
bsorbance of a solution of IAA (0.2 mM) after its adsorption onto titan
ioxide in the dark.
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Fig. 9. Effect of titanium dioxide concentration on the TOC content and
absorbance of a solution of IBA (0.18 mM) after its adsorption onto titanium
dioxide in the dark.

3.2. Comparison of different photocatalysts

We have tested the photocatalytic activity of four different
commercially available TiO2 powders (namely, P25, UV100,
PC500 and TTP) on the degradation kinetics of pesticide
derivatives under investigation. It has been observed that,
fromFigs. 10 and 11, respectively, the degradation of both the
pesticide derivative proceeds much more rapidly in the pres-
ence of Degussa P25 as compared with other TiO2 samples.
The reason for the better photocatalytic activity of Degussa
P25 could be attributed to the fact that P25 being composed
of small nano-crystallites of rutile being dispersed within an
anatase matrix. The smaller band gap of rutile “catches” the
photons, generating electron–hole pairs. The electron trans-
fer, from the rutile CB to electron traps in anatase phase, takes

F com-
p ntal
c 5
(
( mp,
c

Fig. 11. Comparison of degradation rate for the mineralization and decom-
position of IBA in the presence of different photocatalysts. Experimental
conditions: substrate concentration (0.18 mM),V= 250 cm3, Degussa P25
(1 g L−1), Sachtleben Hombikat UV100 (1 g L−1), PC500 (1 g L−1), TTP
(1 g L−1), immersion well photo-reactor, 125 W medium pressure Hg lamp,
cont. O2 purging and stirring, irradiation time = 40 min.

place. Recombination is thus inhibited, allowing the hole to
move to the surface of the particle and react[18].

In all the following experiments, Degussa P25 was used
as the photocatalyst since this material exhibited the high-
est overall activity for the degradation of model com-
pounds.

3.3. pH effect

An important parameter in the photocatalytic reactions
taking place on the particulate surfaces is the pH of the so-
lution, since it dictates the surface charge properties of the
photocatalyst and size of aggregates it forms, therefore, we
have investigated its influence on photocatalytic activity in
detail in the pH range between 4 and 11. The degradation
rate for the TOC depletion and decomposition of pesticide
derivatives under investigation as a function of reaction pH is
shown inTables 1 and 2. The efficiency of the degradation rate
for the mineralization and decomposition of both the com-
pounds increases with the increase in reaction pH from 4 to 9
and a further increase in pH led to decrease in the degradation.
The higher efficiency of degradation in alkaline medium may
be attributed to more efficient generation of hydroxyl radicals
by TiO2 with increasing concentration of OH−. In the case of
Degussa P25, the zero point of charge (pHzpc) is at pH 6.25.
H posi-
t vely
c
e n the
n -
q r pH.
A UV
s of
O

ig. 10. Comparison of degradation rate for the mineralization and de
osition of IAA in the presence of different photocatalysts. Experime
onditions: substrate concentration (0.2 mM),V= 250 cm3, Degussa P2
1 g L−1), Sachtleben Hombikat UV100 (1 g L−1), PC500 (1 g L−1), TTP
1 g L−1), immersion well photo-reactor, 125 W medium pressure Hg la
ont. O2 purging and stirring, irradiation time = 40 min.
ence, at more acidic pH values, the particle surface is
ively charged, while at pH values above 6.25, it is negati
harged. After an optimal concentration of OH−, unfavorable
lectrical forces generate viz., repulsion occurs betwee
egatively charged surface of the catalyst and OH−. Conse
uently, the degradation efficiency decreases at highe
nother reason for this behavior could be attributed to
creening the TiO2 particles due to higher concentration
H− present in the solution[19].
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Table 1
Photocatalytic degradation of indole-3-acetic acid (IAA) in aqueous suspen-
sion under different conditions

Parameter Degradation rate (×10−3 moles L−1 min−1)

Mineralization Decomposition

pH
5.2 0.00486 0.01260
7.0 0.00612 0.01422
9.1 0.00630 0.01451

10.8 0.00461 0.01320

Substrate concentration (mM)
0.20 0.00486 0.01260
0.30 0.00632 0.01773
0.40 0.00302 0.01361
0.60 0.00183 0.00562

Catalyst concentration (P25, g L−1)
0.5 0.00414 0.01170
1.0 0.00486 0.01260
2.0 0.00673 0.01371
5.0 0.00604 0.01302

3.4. Effect of substrate concentration

It is important both from mechanistic and application
points of view to study the dependence of photocatalytic re-
action rate on the substrate concentrations. Hence the influ-
ence of substrate concentration varying from 0.18 to 0.6 mM
on the degradation rate has been studied in the presence of
different TiO2 powders namely Degussa P25, UV100 and
PC500. It could be seen fromTables 1 and 2that in pres-
ence of P25, for both the pesticide derivatives, the optimal
substrate concentration is 0.3 mM, however, in presence of
UV100 and PC500, the optimal substrate concentration is
0.4mM as illustrated inFigs. 12 and 13, respectively. A fur-
ther increase in the concentration of both the substrate led to
decrease in the degradation rate. This may be due to the fact
that as the concentration of model pollutant increases, more

Table 2
Photocatalytic degradation of indole-3-butyric acid (IBA) in aqueous sus-
pension under different conditions

Parameter Degradation rate (×10−3 moles L−1 min−1)

Mineralization Decomposition

pH
4.1 0.00463 0.01210
6.2 0.00600 0.01401
8.8 0.00620 0.01424

Fig. 12. Influence of substrate concentration on the degradation rate for the
decomposition of IAA in presence of UV100 and PC500. Experimental con-
ditions: substrate concentrations (0.2, 0.3, 0.4 and 0.6 mM),V= 250 cm3, im-
mersion well photo-reactor, 125 W medium pressure Hg lamp, catalyst con-
centration (1 g L−1), cont. O2 purging and stirring, irradiation time = 40 min.

and more molecules of the compound get adsorbed on the
surface of the photocatalyst. Therefore, the requirement of
reactive species (OH• and O2

•−) needed for the degradation
also increases. However, the generations of relative amounts
of OH• and O2

•− on the surface of the catalyst do not increase
as the intensity of light, irradiation time and amount of cata-
lyst are constant. Consequently, the degradation efficiency of
the model pollutant decreases as the substrate concentration
increases.

3.5. Effect of catalyst concentration

Whether in static, slurry or dynamic flow reactors, the
initial reaction rates were found to be directly proportional

F te for
t peri-
m mM),
V Hg
l -
r

11.0 0.00451 0.01280

Substrate concentration (mM)
0.18 0.00463 0.01210
0.30 0.00592 0.01612
0.40 0.00510 0.01481
0.60 0.00312 0.00821

Catalyst concentration (P25, g L−1)
0.5 0.00400 0.01152
1.0 0.00463 0.01210
2.0 0.00638 0.01282
5.0 0.00644 0.01293
ig. 13. Influence of substrate concentration on the degradation ra
he decomposition of IBA in presence of UV100 and PC500. Ex
ental conditions: substrate concentrations (0.18, 0.3, 0.4 and 0.6
= 250 cm3, immersion well photo-reactor, 125 W medium pressure

amp, catalyst concentration (1 g L−1), cont. O2 purging and stirring, ir
adiation time = 40 min.
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Fig. 14. Comparison of degradation rate for the mineralization and decom-
position of IAA in the presence of hydrogen peroxide. Experimental condi-
tions: substrate concentration (0.2 mM), V = 250 cm3, TiO2 (Degussa P25,
1 g L−1), H2O2 (10 mM), immersion well photo-reactor, 125 W medium
pressure Hg lamp, cont. O2 purging and stirring, irradiation time = 40 min.

to catalyst concentration indicating a heterogeneous regime.
However, it has been observed that above a certain concen-
tration, the reaction rate levels off and becomes independent
of the catalyst concentration. This limit depends on the
geometry and working conditions of the photoreactor and
for a defined amount of TiO2 in which all the particles, i.e.,
the entire surface exposed, are totally illuminated. When the
catalyst concentration is very high, after traveling a certain
distance on an optical path, turbidity impedes further pene-
tration of light in the reactor. In any given application, this
optimum catalyst concentration [(TiO2)OPT] has to be found
in order to avoid excess catalyst and ensure total absorption
of efficient photons. Therefore, the effect of catalyst concen-
tration on the degradation kinetics of pesticide derivatives

F com-
p ondi-
t ,
1 um
p .

Fig. 16. Change in absorption spectrum on irradiation of aqueous suspension
of H2O2/TiO2 containing IAA (0.2 mM, 250 cm3). Light source: ‘Pyrex’
filtered output of a 125 W medium pressure mercury lamp. Irradiation time:
(a) 0 min, (b) 5 min, (c) 10 min, (d) 20 min, (e) 30 min and (f) 40 min.

was investigated employing different concentrations of De-
gussa P25, varying from 0.5 to 5 g L−1and results have been
shown inTables 1 and 2, respectively and are in agreement
with numerous studies reported in the literature[20].

3.6. Effect of electron acceptors

Since hydroxyl radicals appear to play an important role
in the photocatalytic degradation, electron acceptors such as
hydrogen peroxide, was added into the solution in order to
enhance the formation of hydroxyl radicals and also to inhibit
the electron/hole (e−/h+) pair recombination, which, in the
absence of proper electron acceptor or donor, is extremely ef-
ficient and thus represent the major energy wasting step thus
limiting the achievable quantum yield. With this view, we
have studied the effect of electron acceptors such as hydro-
gen peroxide on the photocatalytic degradation of the model

F ension
o ’
fi time:
(

ig. 15. Comparison of degradation rate for the mineralization and de
osition of IBA in the presence of hydrogen peroxide. Experimental c

ions: substrate concentration (0.18 mM), V = 250 cm3, TiO2 (Degussa P25
g L−1), H2O2 (10 mM), immersion well photo-reactor, 125 W medi
ressure Hg lamp, cont. O2 purging and stirring, irradiation time = 40 min
ig. 17. Change in absorption spectrum on irradiation of aqueous susp
f H2O2/TiO2 containing IBA (0.18 mM, 250 cm3). Light source: ‘Pyrex
ltered output of a 125 W medium pressure mercury lamp. Irradiation
a) 0 min, (b) 5 min, (c) 10 min, (d) 20 min, (e) 30 min and (f) 40 min.
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compounds under investigation and the results have been il-
lustrated inFigs. 14 and 15, respectively. Hydrogen peroxide
is known to generate hydroxyl radicals according to the fol-
lowing Eqs.(5)and(6). As expected, the addition of hydrogen
peroxide found to enhance the degradation rate as shown in
figures.

H2O2 + ecb
− → OH• + OH− (5)

H2O2 + O2
•− → OH• + OH− + O2 (6)

There was no observable loss of the compound when ir-
radiations were carried out using this additive in the absence
of TiO2 particle.

The course of reaction of the substrate decay of IAA and
IBA in aqueous suspensions of H2O2/TiO2 has also been
followed UV spectroscopically as a function of irradiation
time as shown inFigs. 16 and 17, respectively. It could be seen
from both the figures that the absorption intensity decreases
with the increasing irradiation time.

3.7. Intermediate products

An aqueous suspension of pesticide derivatives in pres-
ence of TiO2 was irradiated with a 125 W medium pressure
mercury lamp for 2 h. The GC/MS analysis of the irradiated
mixture showed the formation of several intermediate prod-
Scheme
 1.
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ucts. A probable degradation pathway for the photocatalytic
reaction of the pesticide derivative IAA, involving electron
transfer reaction and reaction with hydroxyl radical and su-
peroxide radical anions is proposed inScheme 1.

4. Conclusion

TiO2 can efficiently photocatalyse the pesticide derivative
indole-3-acetic acid (IAA) and indole-3-butyric acid (IBA)
in presence of light and oxygen. The indole-3-acetic acid was
found to degrade slightly faster as compared to the indole-
3-butyric acid. The photocatalyst Degussa P25 was found
to be more efficient as compared with other photocatalyst
TiO2 powders. The addition of electron acceptor enhanced
the degradation rate of the pollutants. The observations of
these investigations clearly demonstrate the importance of
choosing the optimum degradation parameters to obtain high
degradation rate, which is essential for any practical applica-
tion of photocatalytic oxidation processes. The best degrada-
tion condition depends strongly on the kind of pollutant.
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