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Abstract

In this paper, the results of a detailed study of the kinetics of photocatalytic oxidation of 3,4-dichlorophenol at various concentrations in
oxygenated solutions on TiO2 are presented. Electron–hole recombination is often suggested to be decreased by increasing the molecular
oxygen concentration; but our study indicates that this is not the primary rate enhancing property of the dissolved oxygen. It is argued
here that a hydroxyl radical is ejected from the catalyst surface by photo-excitation onto a repulsive excited electronic state leading to
a translationally hot OH(2�) radical. In the presence of molecular oxygen, a simple hydroxyl addition to the dichlorophenol occurs. In
the absence of an adsorbed oxygen molecule, the electron transfer to the aromatic ring from a Ti3+ site causes partial dechlorination
of the dichlorophenol. Subsequently, hydroxyl radical addition to the aromatic ring may occur. Hence, we find that dissolved molecular
oxygen has two important roles in the photo-catalytic oxidation of 3,4-dichlorophenol on the semiconducting TiO2 surfaces. One of these
is as a H-atom acceptor required in direct hydroxyl radical addition to the phenyl ring while the other is as an electron transfer inhibitor
when adsorbed at defective Ti3+ sites. A theoretical model of the kinetics is proposed which is able to account semi-quantitatively for
the overall features of the reaction state space. Significantly, monitoring of the intermediate species produced by these two routes shows
that the relative yields can be inverted by changing the dissolved oxygen concentration which significantly is accord with the theoretical
predictions. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Toxic chloroaromatic compounds may be removed from
the effluents by catalytic photo-oxidation [1,2] but the mech-
anism of such light induced degradation is still unresolved
[7–13,15]. In this paper, the results of a detailed study of
the kinetics of photo-oxidation of 3,4-dichlorophenol at
various concentrations in the oxygenated solution on TiO2
and TiO2/SnO2 are presented and a kinetic model of the
system proposed. Illumination of photo-catalytic semicon-
ducting TiO2 based surfaces at energies above the band
gap produces charge carriers (electron and holes) [8,9]
which are the primary cause of the photochemical events.
Electron–hole recombination competes with photochemical
oxidation processes and retardation of this may increase
the desired yield. Such electron–hole recombination is of-
ten suggested to be decreased by increasing the molecular
oxygen concentration, but our study indicates that this is not
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the primary rate enhancing property of the dissolved oxy-
gen. In our elucidation of the mechanism of photo-catalytic
oxidation of 3,4-dichlorophenol on the catalyst surfaces, we
have been guided by product formation in flash photolysis
[3] of chlorophenols in water, where OH(2�) radicals and
solvated electrons may also be present. With chlorophenol,
the dominant reaction with OH(2�) radicals is addition to
the aromatic ring without dechlorination is shown below
(where R= phenyl–OH and OH• = OH(2�))

RCl + OH• → [ROHCl]•

Removal of a hydrogen atom from [ROHCl]• requires some
other radical or an oxidising agent [4]. In oxygenated so-
lutions, the most likely species to achieve this hydrogen
accepting role is molecular oxygen as shown as follows:

[ROHCl]• + O2 → ROHCl+ HO2
•

where the above step is rate determining.
The free electrons generated in flash photolysis reduce the

chlorophenols directly [3].

RCl + e− → R• + Cl−
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Addition of an OH radical then leads to

R• + OH• → ROH

These reaction schemes shown above seem to occur in the
photo-catalytic oxidation of 3,4-dichlorophenol on TiO2.

Thus, a major role for molecular oxygen in photo-catalytic
oxidation of chlorophenols appears to be as a hydrogen atom
acceptor following hydroxyl radical addition to an aromatic
ring [4].

Adsorbed water on the surface of TiO2 appears to pho-
todissociate generating an OH radical. A process with sim-
ilar features is the photo-dissociation of water in the gas
phase [5,6]. In the latter photo-dissociation, an OH(2�) rad-
ical is ejected in a hot ro-vibrational and translational state
from the parent water molecule, by surface crossing onto
a repulsive�-surface associated with a conical intersec-
tion in linear configurations of the molecule [5]. Several
authors [7–11] have suggested that the OH radical gener-
ated by illumination of the catalyst surface plays a dom-
inant role in the photo-catalytic oxidation process. Turchi
and Ollis [7] proposed that the generated OH radical might
diffuse into the solid–liquid interfacial region. A further im-
portant study by Mills and Wang [12] on photo-catalytic
oxidation of 4-chlorophenol showed that the formation of
the OH radical and the dissolved oxygen level have an im-
portant influence on the rate of reaction. Related work by
Serpone et al. [13] have demonstrated the dechlorination
of dichlorophenols at oxygen free TiO2–water interfaces in
the presence of hole scavengers. Tang and Huang estab-
lished that hydroxyl radical attack the unoccupied sites of
the chloroaromatic ring and that chlorine atom will be re-
leased from the chlorinated aliphatic intermediates instead
of the aromatic ring when Fenton’s reagent was used as
a source of OH radicals [14]. Other recent kinetic studies
by Zoulalian and co-workers [15] of the photo-oxidation of
2-chlorophenol and 4-chlorophenol by TiO2 have suggested
the importance of the adsorption of O2 on the defective
Ti3+ sites. Here, we present the outcome of an experimental
study and theoretical analysis of the photochemical oxida-
tion of 3,4-dichlorophenol on TiO2 and TiO2/SnO2 at a range
of concentrations and dissolved oxygen levels. Coupling of
two semiconductors, possessing different redox energy lev-
els for their corresponding conduction band and reduction
band, provides another approach to achieve a more efficient
charge separation and increase the lifetime of the charge
carriers.

A model is proposed which accounts successfully for the
essential features of the photochemical oxidation process
and which is a hybrid of the suggestions for the mechanism
put forward by the above workers [1,3,7–13] and reviewed
there. It is argued here that the hydroxyl radical is ejected
from the catalyst surface by photo-excitation onto a re-
pulsive excited electronic state leading to a translationally
hot OH(2�) radical, which relates to the Turchi and Ollis
proposal [7] for diffusion of the radical into the interfa-
cial region. In the presence of molecular oxygen, simple

hydroxyl addition to the dichlorophenol occurs. In the ab-
sence of an adsorbed oxygen molecule, the electron transfer
to the aromatic ring from a Ti3+ site causes partial dechlo-
rination of the dichlorophenol. Subsequently, hydroxyl rad-
ical addition to the aromatic ring may occur. Hence, we find
that dissolved molecular oxygen has two important roles in
the photo-catalytic oxidation of 3,4-dichlorophenol on the
semiconducting TiO2 surfaces. One of these is as a H-atom
acceptor required in the direct hydroxyl radical addition to
the phenyl ring, while the other is as an electron transfer in-
hibitor when adsorbed at defective Ti3+ sites. A theoretical
model of the kinetics suggests that the former process may
increase in rate while the latter process should be inhibited
by molecular oxygen and such an effect is observed ex-
perimentally. Significantly, monitoring of the intermediate
species produced by these two routes shows that the relative
yields can be inverted by changing the dissolved oxygen
concentration and as such is a striking feature which is in ac-
cordance with the theoretical predictions. Such an inversion
is easily observed in this system because of the fortuitous
balance of the kinetic parameters for 3,4-dichlorophenol
enabling the cross-over of rates with increasing dissolved
oxygen concentration to be straightforwardly monitored.

Ti and O have a rich mixed valence chemistry and a defec-
tive TiO2 surface will contain Ti4+, Ti3+, O− and O2− ions
[16]. These are associated with the surface random potential
and deep electron and hole traps. Molecular oxygen (O2)
preferentially adsorbs at Ti3+ ions [12]. Organic species ad-
sorb preferentially at Ti4+ sites. At an aqueous interface,
these sites will be hydrated giving bound OH− ions anatase
as shown by infrared evidence [17].

2. Experimental

2.1. Catalyst preparation and characterisation

Immobilised catalyst plates were prepared using equimo-
lar amount of TiO2 (Degussa P25) and SnO2 (Alfa 99%)
in a slurry which was ultra-sonicated for 20 min and coated
onto alumina sheets.

Scanning electron micrographs (Hitachi S800) were taken
and a typical example in Fig. 1 appears smooth and dense
to the naked eye, shows a clear evidence of high poros-
ity. The smaller particles (size of approximately 50–60 nm
are TiO2) and slightly bigger clusters (size 120–150 nm)
are SnO2. In the following discussion, the results presented
are virtually identical for both types of catalyst plates with
the SnO2 coupled plates being marginally more active.

Adsorption spectra of the plates were obtained by using
a dual beam spectrophotometer (Perkin-Elmer Lambda 20)
with a background adjusted against a white zero sample (Lab
Sphere ID: USRS-99-010).

The absorption spectra shown in Fig. 2, shows a band
edge at 395 nm (3.05 eV) for TiO2 (P25) and SnO2 at 365 nm
(3.29 eV). Hence, a “blacklight” fluorescence lamp and with
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Fig. 1. SEM image of a packed SnO2/TiO2 powder surface.

an irradiation output between 360 and 370 nm will primarily
excite the TiO2.

2.2. Photocatalytic reactor

The reactor, connected to a replacement pump via an in-
let and outlet, consists of a highly polished stainless steel
box that houses the immobilised catalyst plate. The reactor

Fig. 2. Absorption spectra of annealed TiO2 (P25)/SnO2, TiO2(P25) and SnO2.

chamber was thermostated to 18◦C by a cooling jacket. A
typical flow rate was up to 260 ml/min and the recycled batch
was 270 ml. An important feature of catalytic heterogeneous
processes is the possible control of the reaction rate by either
diffusion or of the intrinsic rate on the surface. Experiments
were performed at several flowrates but no significant effect
on photochemical kinetics could be observed. This is con-
sistent with the small mass-transfer effect expected at low
irradiation levels.

As a light source a “blacklight” fluorescence lamp (Philips
15 W) maximum output at 365 nm was used. The light tube
was placed 50 mm from the catalyst surface, inside the re-
actor. The photon output from the lamp has been estimated
using data given by the manufacturer (Philips Eindhoven) to
be approximately 10−8 Einstein/cm2 which is low enough
for the rate to be less than the mass-transfer diffusion con-
trolled limit [18].

To examine the effect of dissolved O2 on the 3,4-dichloro-
phenol degradation, either N2 or O2 gas was bubbled through
the reactor solution throughout a run, thereby, varying the
dissolved oxygen level between 2.0 and 30.0 ppm.

2.3. Analysis

All reactor runs were carried out for several hours and
samples were taken regularly and analysed chromatograph-
ically (HPLC and GC–MS) and spectrophotometrically
(Perkin-Elmer Lamba 20). A simultaneous pH reading was
carried out to monitor the HCl production.

HPLC instrumentation (Waters), with Millenium 2010
Chromatography Manager software together with a non-
polar column (Wakosil IITM 5C18AR 250 mm× 4.5 mm)
and detector (Waters 996 photodiode array detector) was set
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Fig. 3. Suggested primary intermediate formation from photo-catalytic oxidation of 3,4-dichlorophenol.

to 273 nm. GC–MS instrumentation set-up was GC–MS (Fi-
son 8065) with Autolab software and NIST library, column
(100 m DBI∅ 2.3 mm, film thickness 0.5�m) and detector
(Fison MD800). Oxygen concentration was measured by an
oxygen membrane electrode.

Fig. 4. Yield of OH addition ( ) and chlorine removal routes (�) formed in photo-catalytic oxidation of 1 mmol 3,4-dichlorophenol at low, ambient and
high oxygen level.

3. Experimental results

By comparing GC–MS and HPLC data together with
UV–VIS spectra the following dominant primary interme-
diates are shown below were observed.
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Fig. 5. 3D view showing the yield of 3,4-dichlorophenol disappearance as a function of initial concentration and oxygen level at 2100, 4600 and 7600 s
reaction times, respectively, to the left and yield of OH addition in the middle and Cl removal to the right.

The section to the left, involves chlorine removal from the
3,4-dichlorophenol, while the section to the right involves
an OH radical addition to the ring.

The main products detected were classified as to whether
simple OH addition had occurred or chlorine removal fol-
lowed by hydroxylation had occurred. Typically, each reac-
tor run was repeated four times with a fresh catalyst. Runs
were undertaken at various oxygen levels and initial con-
centrations of 3,4-dichlorophenol. Fig. 3 shows the two in-
termediate formations from the photo-catalytic oxidation of
3,4-dichlorophenol. It can be seen in Fig. 4 how the yield of
the two types of intermediate (shown in Fig. 3) inverts with
the chlorine removal least effective in high oxygen and OH
addition least effective in low oxygen.

The experimental yields, expressed as [RCl]/RCl]0 for
the 3,4-chlorophenol, [RClOH]/[RCl]0 for the OH addition
route and [ROH]/[RCl]0 for the dechlorination route, are
shown in Fig. 5 for various initial parent compound [RCl]0

and oxygen concentrations [O2] at a selection of reaction
times (2100, 4600 and 7500 s, respectively).

It can be seen that the yield ([RCl]/[RCl]0) is higher for
low initial parent compound [RCl]0 concentrations and high
oxygen concentrations [O2]. Most interestingly, the yield of
the intermediates for the OH addition and dechlorination
routes cross over with dissolved oxygen concentration (see
Fig. 4) with the highest yield for the dechlorination route at
the lowest oxygen level and at the highest oxygen level for
the simple OH addition route.

4. Surface crossing and photo-ejection of OH(2�)
radicals from TiO2

It is widely assumed that the TiO2 surface is hydroxy-
lated when in contact with water [7,9,19]. Although, TiO2
can be largely regarded as having the formula Ti4+ O2

2−.
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Degussa P25 (which is predominately anatase) is a mixed
valence compound some of the surface sites must be for-
mally regarded as Ti3+ and O− ions particularly at surface
defect sites, giving rise to impurity bands in the material.
If the defect concentration is, high it is likely that these de-
fects will pin the Fermi level to a position mid-way between
the valence and conduction bands as in amorphous materi-
als [20,21]. It is widely believed that such Ti3+ sites can be
partially oxidised by binding molecular O2 and that organic
substrates bind to surface Ti4+OH− groups [15].

The simplest model of the photochemisty of water on the
surface of anatase can be derived from the studies [17] which
show dissociated water molecules at low coverage. We may
write the removal of an OH fragment from a dissociated
water molecule adsorbed on a TiO2 fragment in anatase
(generally represented as (TiO2)nH)+ OH−) as following
the scheme:

((TiO2)nH) + OH− → ((TiO2)nH))+ · · · OH− (a)

((TiO2)nH) + OH− → ((TiO2)nH) · · · OH(2�) (b)

At the dissociation limit, channel (a) is endothermic byI–A,
whereI is the ionisation potential of the ((TiO2)nH) cluster
(estimated to be about 5 eV from the density functional cal-
culations on hydrated TiO2 [19]) andA the electron affinity
of OH(2�) which is known to be about 1.8 eV [22]. The
numerical value ofI–A = 3.2 eV should be roughly equal
to the charge transfer gap in hydrated anatase which we es-
timate spectroscopically to be 3.07 eV from the absorption
edge in a surface reflectance spectrum. At short range, this
energy cost will be offset by the electrostatic energy change
at the charged centre from which the OH− ion has been re-
moved. Added to this energy is a short range repulsive inter-
action of the formU rep(R) = a · exp(b(Re−R)), whereRe

is taken as 1.9 Å which is the equilibrium TiO bond length
[16] anda = 2.9 eV andb = 4.0/Å. The two adiabatic po-
tential energy curves [23] are shown in Fig. 6.

The point of interest is that an OH(2�) fragment excited
onto the upper state will be ejected from the surface follow-
ing the well-known harpoon mechanism [24]. Illumination
will cause the ejection of translationally hot OH(2�) radicals
from the hydrated TiO2 surface. The excess kinetic energy is
of the order 0–1 eV. The hot OH radical may undergo reac-
tive collision with an organic species in the interfacial region.
The electron released from the OH− ion can be injected in
the Ti3+ impurity band of the TiO2 and by tunnelling across
the interfacial region at an oxygen free Ti3+ site, can directly
reduce the organochlorine compounds. Based on these as-
sumptions, we have formulated a kinetic model presented in
the following section.

5. Kinetic model

We consider a surface containing two types of active
sites, i.e. Ti3+ and Ti4+. The former site may be vacant or

Fig. 6. Suggested adiabatic potential energy curves for removal of an OH
fragment from a hydrated anatase surface. The higher energy curve on
the left corresponds to OH− whole the lower curve to OH.

occupied by an oxygen molecule, while the latter may be
hydrated and bind the organochlorine molecules. The rate
of equilibration of the surface and bulk concentrations is as-
sumed to be faster than any of the surface reactions, which
is justified for the low photon flux used in our experiment
and referred to earlier.

Light is assumed to generate OH radicals at Ti4+ sites and
collision with aromatic organochlorine (RCl) compounds is
expected to yield the intermediate [ROHCl]•.

RCl + OH• → [ROHCl]•

Molecular oxygen bound at the neighbouring Ti3+ site may
then remove a hydrogen atom from [ROHCl]• as follows:

[ROHCl]• + O2 → ROHCl+ HO2
•

The HO2
• radical generated may react with the H atom re-

maining from the photo-dissociation of surface bound water
to give

HO2
• + H• → H2O2

In the absence of O2 the alternative reaction

[ROHCl]• + H• → ROHCl+ H2

generates molecular hydrogen and this is observed experi-
mentally in the photo-oxidation on TiO2 [10]

Reaction of organochlorine compounds with photo-
generated electrons available at the Ti3+ site leads to chlo-
rine removal.

RCl + e− → R• + Cl−
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Addition of an OH radical then leads to

R• + OH• → ROH

The released Cl− anion picks up the surface bound proton
remaining after the release of the free electron from the TiO2
surface to give Cl− + H+ → HCl. The generation of HCl
was observed experimentally by monitoring the pH changes.
If O2 molecules block the Ti3+ site, the above reaction will
not proceed. We assume that the fraction,Θ of hydrated
Ti4+ sites occupied by organic speciesi = 1, 2, 3 is given by

Θi = Kads[c]i
1 + Kads

∑
i [c]i

where, for simplicity, each compound has the same Lang-
muir adsorption constantKads. Oxygen adsorption on the
Ti3+ sites also obeys Langmuir adsorption isotherm, so that
the fraction of these sites occupied by an oxygen molecule
is given by

Θoxygen= Kox[O]

1 + Kox[O]

Therefore, the fraction of Ti3+ sites available for direct
reduction of the chloroaromatic species is given by

1 − Kox[O]

1 + Kox[O]
= 1 − K ′[O]

The classification of the above findings is shown in the
kinetic model scheme presented in Fig. 7; while the out-
come of these findings is shown in Fig. 8. The compounds
in box (b) are chlororesorcinol and chlorohydroxyquinone,
where 3,4-dichlorophenol has lost a chlorine atom, which
subsequently has been replaced by a hydroxyl radical.
The compounds in box (c) are dichlorobenzodiols where
3,4-dichlorophenol has undergone direct hydrogen substitu-
tion by a hydroxyl radical. These groups are subsequently
forming further aliphatic species and finally the end prod-
ucts, CO2, H2O and HCl. The compounds in the boxes
(d)–(g) are a combination of formed aliphates and highly
hydroxylated compounds where accurate concentration
measurements proved difficult.

Fig. 7. Reaction scheme used in kinetic modelling of 3,4-dichlorophenol.

The rate of loss of the parent compound (neglecting the
adsorption on the catalyst, etc.) is given by the sum of
the rates for hydroxyl radical addition and the dichlorina-
tion channels. The rate for direct hydroxyl radical addition
(which requires the presence of an oxygen molecule on a
Ti3+ site neighbouring the organic species on the hydrated
Ti4+ site) is proportional to

[OH]Kads[a]K ′[O]

1 + Kads[a] + Kads[b] + Kads[c]

The rate of dichlorination by electron transfer from an oxy-
gen free Ti3+ site is proportional to

[OH]Kads[a](1 − K ′[O])

1 + Kads[a] + Kads[b] + Kads[c]

In the steady state, the rate constants of proportionality and
the OH concentration can be expressed as single effective
pseudo rate constants (kab andkac, respectively).

Based on these assumptions, the kinetic equations for the
entire reaction scheme is given by

d [a]

dt
= −Kads[a]kacK

′[O] + Kadskab[a](1 − K ′[O])

1 + Kads[a] + Kads[b] + Kads[c]

d [b]

dt
=

Kadskab[a](1 − K ′[O]) − Kadskbd[b]K ′[O]
−Kadskbe[b](1 − K ′[O])

1 + Kads[a] + Kads[b] + Kads[c]

d [c]

dt
=

Kadskac[a]K ′[O] + Kadskcf [c](1 − K ′[O])
−Kadskcg[c]K ′[O])

1 + Kads[a] + Kads[b] + Kads[c]

These equations were solved numerically for plausible val-
ues of the rate constants and other parameters given in Fig. 5
caption. The model predicts a striking cross over in the rates
of the routes with increasing oxygen concentration.

The model parameters, which gave a fit to the overall
trends werekab = 0.9 × 10−8 mmol/s, kbd = 1 × 10−10

mmol/s,kbe = 1×10−10 mmol/s,kac = 0.9×10−7 mmol/s,
kcf = 1.5×10−6 mmol/s,kcg=1.5×10−6 mmol/s. Plausible
values forKox is 9600/mol [15] andKads= 3600/mol [15].
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Fig. 8. Result of the kinetic model showing a 3D view of 3,4-dichlorophenol disappearance as a function of initial concentration and oxygen level at
2100, 4600 and 7600 s reaction times, respectively, to the left and yield of OH addition in the middle and Cl removal to the right.

The discrepancy between the theoretical prediction and
the experiment can be attributed in part to a single value for
Kads for all the compounds and significant variations of cat-
alyst plate activity in the various runs. However, consider-
able effort was put in to using well characterised plates that
have minimised this spread in activity as far as possible.

The model predicts the rate of parent compound degra-
dation should decrease with the parent compound con-
centration, yet, the dechlorination rate should behave
oppositely.

Remarkably, all of these novel trends are seen experimen-
tally. The model gives a reasonable overall prediction of the
reaction state space spanned by the parent and intermedi-
ate compound concentration, dissolved oxygen concentra-
tion and time.

6. Summary and conclusion

It is argued here that a hydroxyl radical is ejected from the
catalyst surface by photo-excitation onto a repulsive excited
electronic state leading to a translationally hot OH(2�) rad-
ical. A detailed study of the kinetics of photo-oxidation of
3,4-dichlorophenol at various concentrations in oxygenated
solutions on TiO2 and TiO2/SnO2 catalyst plates, suggests
that slowing down of electron–hole recombination is not the
primary rate enhancing property of dissolved oxygen. In all
cases, the active oxide is TiO2. In the presence of molecular
oxygen, simple hydroxyl addition to the dichlorophenol oc-
curs. In the absence of an adsorbed oxygen molecule, elec-
tron transfer to the aromatic ring from a Ti3+ site causes
partial dechlorination of the dichlorophenol. Subsequently,
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hydroxyl radical addition to the aromatic ring may occur.
Hence, we find that dissolved molecular oxygen has two im-
portant roles in the photo-oxidation of 3,4-dichlorophenol
on the semiconducting TiO2 surfaces. One of these is as
a H-atom acceptor required in direct hydroxyl radical ad-
dition to the phenyl ring; while the other is as an elec-
tron transfer inhibitor when adsorbed at defective Ti3+ sites.
A theoretical model of the kinetics is proposed. Signif-
icantly, monitoring of the intermediate species produced
by these two routes shows that the relative yields can be
inverted by changing the dissolved oxygen concentration
which is significantly in accordance with the theoretical
predictions.
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