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Abstract

The initial kinetics of the oxidation of 4-chlorophenol, 4-CP, photocatalyzed by titania films and aqueous dispersions were studied as a function
of oxygen partial pressure, PO2 , and incident light intensity, I. The reaction conditions were such that the kinetics were independent of [4-
CP] but strongly dependent on PO2 —a situation that allowed investigation of the less-often studied kinetics of oxygen reduction. The observed
kinetics fit a pseudo-steady-state model in which the oxygen is Langmuir-adsorbed on the titania photocatalyst particles before being reduced
by photogenerated electrons. The maximum rate of photocatalysis depends directly on Iβ , where β = 1 for films and 0.7 for dispersions of
titania, indicating that the kinetics are dominated by the surface reactions of the photogenerated electrons and holes for the films and by direct
recombination for the powder dispersions. Using the pseudo-first-order model, for both titania films and dispersions, the apparent Langmuir
adsorption constant, KLH, derived from a Langmuir–Hinshelwood analysis of the kinetics, appears to be largely independent of incident light
intensity, unlike KLH for 4-CP. Consequently, similar values are obtained for the Langmuir adsorption constant, Kads, extracted from a pseudo-
steady-state analysis of the kinetics for oxygen on TiO2 dispersions and films in aqueous solution (i.e., ca. 0.0265 ± 0.005 kPa−1), and for both
films and dispersions, oxygen appears to be weakly adsorbed on TiO2 compared with 4-CP, at a rate that would take many minutes to reach
equilibrium. The value of Kads for oxygen on titania particles dispersed in solution is ca. 4.7 times lower than that reported for the dark Langmuir
adsorption isotherm; possible causes for this difference are discussed.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The photocatalytic oxidation of organics dissolved in aque-
ous solution is a well-studied process [1–4] which can be sum-
marized by the following reaction equation:

(1)organic + O2
hν � Ebg

SC
H2O + CO2 + mineral acids,

where Ebg is the bandgap of the semiconductor (SC), invariably
titanium dioxide, TiO2. Research has shown that it is possible
to mineralize completely a wide range and number of different
organics via reaction (1), including dyes, surfactants, aromatics,
insecticides, and pesticides [1–4].
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In most studies of the kinetics of reaction (1), the observed
variation in the initial rate of loss of the organic, −r , with
organic concentration, C, is described well by a Langmuir–
Hinshelwood-type kinetic equation [1–5],

(2)−r = kLHKLHC

(1 + KLHC)
,

where kLH and KLH are the apparent maximum rate and adsorp-
tion constants, respectively. Initially, it was thought that only
kLH was dependent on the incident light intensity [1–5], which
is directly related to the absorbed light intensity, and that KLH,
although not equal to—in fact, usually greater than—the ac-
tual Langmuir adsorption constant recorded in the dark, Kads,
was nevertheless related to Kads. It is now recognized [6–11]
that KLH is also light intensity-dependent, at least in the case
of the few organics that have had its kinetics probed in detail,
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including 4-chlorophenol (4-CP) [11], phenol (PhOH) [7,10],
acetophenone [8], and methyl viologen [9].

A number of different mechanisms have been put forward
to account for this light-intensity dependence. Most notably,
Emeline et al. [7,10] have proposed several that reveal a ki-
netic expression of the same form as Eq. (2), for example, an
Eley–Rideal-based mechanism, where

(3)kLH = aI

and

(4)KLH = b/(dI),

and a LH-based model, where

(5)kLH = aI/(e + dI)

and

(6)KLH = (e + dI)Kads/dI,

where Kads is the dark Langmuir adsorption constant, I is the
incident light intensity, and a, b, d , and e are constants. A brief
inspection of Eqs. (3) and (4) or (5) and (6) reveals an im-
portant prediction of these two models, namely that a plot of
1/KLH versus kLH will yield a straight line with zero intercept.
This prediction is well supported by the values of KLH and kLH
determined by these authors using PhOH as the organic [7]. Un-
fortunately, it does not gain much support from some of the re-
sults of kinetic studies of reaction (1) carried out using other or-
ganics, such as methyl viologen [9] and 4-CP [11]. In the latter
case, reanalysis of the values of KLH and kLH reported therein,
determined for 4-CP in a study of the kinetics of reaction (1) as
a function of incident light intensity and [4-CP], when plotted
as 1/KLH versus kLH, yields a straight line with a clear, pos-
itive intercept when either TiO2 dispersions or films are used
as semiconductor photocatalysts. This latter feature, apparently
at odds with the models of Emeline et al. [7], is readily ex-
plained using the very simple kinetic model proposed recently
by Ollis [6] in which the kinetics of adsorption/desorption of
the key reactant, A (in this case an organic pollutant), are af-
fected by the oxidation process, that is,

(7)A(liquid)
k1⇐⇒
k−1

A(ads)

and

(8)A(ads)
kLH−→products,

so that a pseudo-steady state is set up. In this mechanism, it is
assumed that reaction (8) involves oxidation of the organic by
a photogenerated surface hydroxyl radical, and, because in the
steady state the latter depends on the incident light intensity, it
follows that

(9)kLH = αIβ,

where α is a proportionality constant and β is a constant with
a value usually 0.5 under high-intensity conditions when re-
combination dominates or 1.0 under low-intensity conditions
when the surface reaction dominates [6]. Note that the inten-
sity threshold at which the transition from β = 1–0.5 occurs
is a matter of some debate, with Emeline et al. [10] suggest-
ing that under moderate illumination conditions (∼=1016 pho-
tons cm2 s−1), β is always equal to 1 (i.e., the threshold is
�1016 photons cm2 s−1), whereas, in contrast, the work of
many others [12–16] indicates that it might be much lower. For
example, Egerton and King [12] suggested that the transition
occurs at as low as 6 × 1014 photons cm2 s−1 in the oxidation
of isopropyl alcohol by rutile titania.

The pseudo-steady-state analysis of reactions (7) and (8)
proposed by Ollis [6] reveals a kinetic expression for the rate of
removal of the organic pollutant with the same form as Eq. (2),
that is, a LH kinetics-type expression, where kLH is given by
Eq. (9) and

(10)KLH = k1/(k−1 + αIβ).

This simple model predicts not only a light-intensity depen-
dence for KLH and kLH, but also that a plot of 1/KLH versus
kLH will yield a straight line of gradient = 1/k1 and a posi-
tive intercept of 1/Kads, as found for the 4-CP/TiO2 photocat-
alytic system and noted above. It also predicts that if the latter
plot yields a zero intercept, as it does using the KLH and kLH
data reported by Emeline et al. [7] in their study of the pho-
tocatalytic removal of PhOH, then this is a special case where
k−1 � Iβ , and, as a result, the mechanism effectively involves
two sequential, irreversible steps: adsorption followed by re-
action [6,10]. Thus, the simple pseudo-steady-state model of
Ollis [6] appears to provide a ready interpretation of the ob-
served variations in KLH and kLH as a function of incident light
intensity reported to date for 4-CP, PhOH, methyl viologen, and
acetophenone [7–11].

In the Ollis model [6], as in all of the kinetic models re-
ported so far, it has been assumed that the kinetics of reduction
of the other necessary reactant in reaction (1), namely oxygen,
are not rate-determining. To ensure that this is the case in most
kinetic studies of reaction (1), the reaction solution is usually
saturated with oxygen, and the initial level of organic present
is usually set at some very low value (typically <1 mM). How-
ever, it follows that it should be possible to probe the initial
kinetics of oxygen reduction, and its dependence on light inten-
sity, using a high initial concentration of the organic and low
levels of oxygen. Curiously, given the intense interest in the
kinetics of reaction (1) with respect to the oxidation of the or-
ganic, much less attention has been given to investigating the
kinetics of oxygen reduction, even though there is evidence that
the latter are slow and in some circumstances possibly rate-
determining [17]. In this paper the results of such a study are
reported for both TiO2 dispersions and films and interpreted
using the recent Ollis pseudo-steady-state kinetic model [6] for
semiconductor photocatalysis.

2. Experimental

2.1. Materials

The TiO2 used throughout this work was Degussa P25. The
4-CP (99%), along with all other chemicals, were obtained
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from Aldrich and used as received. The water used to make
up solutions was deionized and double distilled. The gases
used were of a high purity (>99%) and obtained from BOC.
O2/N2 gas mixtures of different known composition, spanning
the oxygen partial pressure (PO2) range of 0–101 kPa O2 (to-
tal pressure = 101 kPa), were generated using a gas blender
(model 852V5-S, Signal Instruments, Surrey, UK).

2.2. Methods

Details of the photochemical reactor have been reported
elsewhere [18]. In brief, the photoreactor comprised two half-
cylinders, each containing six 8 W Black Light Blue UVA
lamps set against a half-cylinder aluminum reflector. Each of
the lamps emitted a narrow range of UVA light, a maximum
emission at 355 nm, and a half-band peak width of 20 nm; the
number of UVA photons emitted per lamp into the 100 cm3

reaction solution was found to be 6.4 × 1015 photons s−1 per
lamp by ferrioxalate actinometry. The reaction vessel presented
a total irradiated surface area of 120.5 cm2. A variation in light
intensity, over the range of (6.4–0.5) × 1015 photons cm−2 s−1,
was achieved by placing very fine metal mesh screens between
the photoreactor and the photoreactor vessel.

The photochemical reaction vessel was placed in the center
of the photochemical reactor. The vessel comprised a 125-cm3

borosilicate glass Dreschel bottle (4 cm i.d.) fitted with a rub-
ber septum to allow withdrawal of samples from the reaction
solution. The vessel had an outer water jacket thermostatted at
30 ◦C by a circulating water stream. In the TiO2 film work, the
reaction vessel was coated with TiO2 using a wash coat pro-
cedure. The TiO2 slurry used to coat the inside of the glass
reaction vessel was 5% (w/v). After photoreactor was in con-
tact with the stirred coating slurry for 30 min, the slurry was
drained off, dried in a stream of air, and then dried in an oven
at 100 ◦C for 1 h. The coat was then washed with excess wa-
ter to remove any poorly attached TiO2 and dried again in a
stream of dry air. The process was repeated three times to pro-
duce a film with optimum activity [19]. The amount of TiO2
attached to the glass was determined spectrophotometrically as
0.102 mg cm−2, using a simple procedure involving washing
the coating off the glass with a strong alkaline solution and
measuring the “absorbance” of the resulting alkaline TiO2 dis-
persion at 380 nm [20].

A typical reaction solution used in the photochemical reac-
tion vessel comprised 10−3 M 4-CP dissolved in 100 cm3 of
0.01 M HClO4. Either a 0.5-g dm−3 dispersion or a 3-coat film
of Degussa P25 TiO2 was used as the photocatalyst. The reac-
tion solution was continually purged with the oxygen/nitrogen
gas mixture being tested and magnetically stirred (600 rpm)
at least 15 min before, as well as throughout, any irradiation.
The level of the oxygen in the gas stream was set using the
calibrated gas blender. Initial results indicated that at a stirrer
speed >400 rpm, with additional agitation provided by contin-
uous N2/O2 purging, the rate of reaction was independent of
stirrer speed when a 3-coat film of TiO2 was used as the photo-
catalyst. Thus, under the typical reaction conditions used in this
work, the observed kinetics were taken to be independent of
mass transfer effects. The Thiele modulus for the system was
evaluated as 0.043–0.028, implying little or no internal mass
transfer effects for this system [21].

HPLC was used to determine the initial rate of disappear-
ance of 4-CP, calculated from the measured decay of [4-CP]
with irradiation time over the first 20% of the reaction. In the
case of work using a TiO2 dispersion, samples were taken from
the reaction solution using a hypodermic syringe fitted with a
0.2-µm in-line filter to remove the TiO2 particles. Details of the
HPLC apparatus are described elsewhere [22].

3. Results and discussion

The initial rates of removal of a 10−3 M 4-CP solution via
reaction (1), using a TiO2 film and a dispersion were deter-
mined as a function of incident light intensity, I , varied over the
range (0.5–6.4) × 1015 photons cm2 s−1, with an ambient par-
tial pressure of oxygen, PO2 , which was also varied with each
experiment over the range 5–100 kPa. The results of this work
are illustrated in Figs. 1a and 1b for a TiO2 film and dispersion,
respectively. These results were analyzed using Eq. (2); the best
fit values of KLH and kLH, determined at the different values of
incident light intensity used for both TiO2 films and dispersions,
are given in Table 1. These optimized values were used to gen-

(a)

(b)

Fig. 1. Plot of the measured initial rate of removal of 4-CP ([4-CP]0 = 1 mM)
as a function of PO2 , using different relative incident intensities of UVA using
TiO2 films (a) and dispersions (b). In (a) the relative incident light intensities,
I , were (from top to bottom): 1, 0.713, 0.616, 0.388, 0.269, 0.143 and 0.084,
respectively. In (b) the values of I used were (from top to bottom): 1, 0.713,
0.616, 0.269, 0.143 and 0.084, respectively.
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Table 1
LH parameters, kLH and K

app
ads for the photocatalytic destruction of 4-CP me-

diated by TiO2 film or dispersiona

Irel TiO2 film TiO2 dispersion

kLH
(µM min−1)

KLH
(MPa−1)

kLH
(µM min−1)

KLH
(MPa−1)

1 31.7 12.5 25.9 23.5
(±6.3) (±2.5) (±2.1) (±2.1)

0.713 30.0 10.2 17.5 20.1
(±1.9) (±0.7) (±3.5) (±4.3)

0.616 21.3 11.2 13.7 23.9
(±3.3) (±1.8) (±3.9) (±7.7)

0.388 12.1 15.4 – –
(±1.8) (±2.4)

0.269 8.5 16.2 9.5 22.6
(±2.2) (±4.2) (±2.0) (±5.0)

0.143 4.8 26.7 6.4 22.2
(±0.9) (±6.1) (±1.0) (±4.9)

0.084 3.5 25.6 4.1 33.0
(±0.3) (±2.7) (±0.6) (±5.7)

a Derived from studies of the initial rate of removal of 4-CP as a function of
PO2 at different relative light intensities and use of Eq. (2) to extract values for

kLH and Kapp
abs at the different light intensities.

erate the solid lines of best fit to the data illustrated in Figs. 1a
and 1b. Plots of these data in the form of KLH and kLH, as func-
tions of relative incident light intensity, Irel, for a TiO2 film are
given in Figs. 2a and 2b, respectively. Similar plots of the data
for a TiO2 dispersion are given in Figs. 3a and 3b.

Assuming a flux-matching model [23], the photogenerated
hole and electron transfer rates at the surface of the TiO2 parti-
cles will be the same at steady state. For the observed kinetics
for 4-CP removal to be dependent on the O2 reduction kinetics
but independent of the concentration of 4-CP, C, from Eq. (2),
the value of C must be sufficiently high so that KLHC � 1.
Previous work on this system [11] revealed that KLH for 4-CP
varied from 9 (low intensity) to 2 mM−1 (high intensity) M−1

over the incident light intensity range used in this work. Thus,
in most of the work reported here, in which the initial concen-
tration of 4-CP used was fixed at 10−3 M, KLHC � 1 and the
overall initial kinetics of 4-CP removal will depend mainly on
the rate at which the oxygen is reduced and will be largely in-
dependent of [4-CP].

In the above situation, the key reactant in reaction (8), A,
is oxygen and involves the reduction of adsorbed oxygen by
trapped photogenerated electrons, possibly at Ti(III) sites. As
with the level of surface hydroxyl radicals responsible for the
oxidation of the organic, the steady-state level of trapped elec-
trons will depend on the incident light intensity, and it follows
that kLH will be related to incident light intensity by an equation
of the same form as Eq. (9). Therefore, it is not surprising that
a pseudo-steady-state analysis of this low O2 concentration–
high 4-CP concentration system, in which PO2 and the incident
light intensity are varied, reveals a kinetic expression identical
to Eq. (2), in which the parameters kLH and KLH are related to
I by Eqs. (9) and (10), respectively. Note, however, that in this
case the values of k1 and k−1 refer to the Langmuir adsorption
of oxygen (not 4-CP) on TiO2 and thus might be expected to be
quite different than those reported previously for 4-CP [11].
(a)

(b)

Fig. 2. Variation in (a) kLH and (b) KLH, calculated from rate data
using Eq. (2), as a function of a relative incident light intensity, Irel
(Irel = 1 ≡ 6.4×1015 photons cm−2 s−1), for the initial photocatalytic removal
of 4-CP sensitized by a TiO2 film (0.102 mg cm−2, 120.5 cm2). In both (a)
and (b) the solid lines have been calculated using Eqs. (2), (9) and (10) of the
pseudo-steady-state model and the optimized fit values, for α, k1, k−1 and θ ,
given in Table 2.

The variations in KLH and kLH as a function of I in this low
[O2]-high [4-CP] system, determined for TiO2 films and disper-
sions, are illustrated in Figs. 2 and 3, respectively, and fit well
with the pseudo-steady-state kinetic model of Ollis [6] and the
associated key processes (7) and (8). Indeed, the solid lines in
the latter figures were generated using Eqs. (9) and (10) derived
from this model, and the optimized best-fitting parameters for
k1, k−1α, and β are given in Table 2. The kinetics of oxygen
reduction by TiO2 films and dispersions appear to depend on I

(β = 1 and 0.7, respectively) in much the same way as found
for the removal of 4-CP (β = 1 and 0.6, respectively). As pre-
dicted by the Ollis kinetic model [6], for both TiO2 films and
dispersions, plots of 1/KLH versus kLH yield positive correla-
tions with positive intercepts, as illustrated by the plots of the
respective sets of data in Figs. 3a and 3b.

The intercept values of the lines of best fit in the latter plots
reveal very similar values for Kads (ca. 0.0265 ± 0.005 kPa−1).
This value, at 30 ◦C, is ca. 4.7 times lower than the value for
the Langmuir adsorption constant for O2 on TiO2, determined
in the dark [i.e., K(O2 dark)], reported by Rideh et al. [24] at
25 ◦C for P25 TiO2 in aqueous solution. However, Kads would
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(a)

(b)

Fig. 3. Variation in (a) kLH and (b) KLH as a function of Irel for the photocat-
alytic removal of 4-CP sensitized by a TiO2 dispersion (0.5 g dm−3; 100 cm3).
In both (a) and (b) the solid lines have been calculated using Eqs. (2), (9) and
(10) and the optimized fit values, for α, k1, k−1 and θ , given in Table 2.

Table 2
Optimized fit parameters to the oxygen kinetic data, based on the pseudo-
steady-state model

θa α

(µM 4-CP
min−1)b

k−1/k1
(kPa)c

k1
(µM 4-CP
min−1 kPa−1)c

k−1
(µM 4-CP
min−1)c

Kads
(kPa−1)c

TiO2
film

0.96 34.4 40 0.58 23.36 0.026
(±0.06) (±3.4) (±9.4) (±0.17) (±8.7) (±0.005)

0.066* 35**

TiO2
disper-
sion

0.68 24.2 38 2.4 90 0.027
(±0.05) (±2.8) (±5) (±2.1) (±80) (±0.004)

a Derived from plots of log kLH vs Irel.
b Derived from plots of kLH vs I θ

rel.
c Derived from plots of 1/K

app
ads vs kLH.

* Units: min−1.
** Units: µM O2 min−1.

be expected to be lower at the higher temperature used in this
work and Kads also may be dependent on pH and ionic strength.
In this work a pH of 2 (HClO4) was used, whereas no details of
pH or ionic strength are given in the work of Rideh et al. [24].
Finally, it should be noted that Ollis [6] suggested two possible
reasons why in a photocatalytic system, Kads �= K (O2 dark).
The first of these is that there are far fewer active catalyst sites
than total surface adsorption sites; the second is that the active
(a)

(b)

Fig. 4. Plot of 1/KLH vs kLH calculated using Eq. (2) for reaction (1) using
4-CP as the organic, sensitized by (a) a TiO2 film and (b) a TiO2 dispersion. In
both (a) and (b) the solid lines are the lines of best fit based on Eq. (10) and the
optimized fit values, for α, k1, k−1 and θ , given in Table 2.

sites exist only under illumination. It is not possible at this stage
to determine which, if either, of the above is appropriate here;
further work is needed.

From the results in Figs. 3b and 4b, it appears that the appar-
ent adsorption constant for oxygen on TiO2 films and, more
strikingly, dispersions is largely independent of the incident
light intensity over the range used. This is in notable contrast
to the variation of KLH for the adsorption of 4-CP, and other
organics, as a function of I observed by us and others [6–11].
The independence of KLH (O2) on I appears to be due to a
high rate of desorption, k−1, so that k−1 � αIβ in the pseudo-
steady-state model (see Eq. (10)). In other words, the reduction
of O2 by TiO2 is relatively slow, so that an adsorption equilib-
rium is nearly achieved, given that the condition for validity of
the Langmuir–Hinshelwood rate forming is kLH � k−1.

In an elegant study of the kinetics of O2 reduction by TiO2

films using a channel flow method, Ahmed et al. [14] found a
value of β = 0.56, using incident light intensities much greater
(>23 times) than those reported here. Using the same method,
the same group [8] also found no evidence of intermediates of
the O2 reduction process and concluded that this occurs pre-
dominantly via a 4-electron process. However, the relationship
between the removal of 4-CP and the consumption of oxygen is
complicated by the likelihood that some will be due to its reac-
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tion with the organic radicals produced via the hydroxyl radical
attack. In contrast, the removal of 4-CP occurs via the reaction
with a OH• radical, a one-hole process to produce either hydro-
quinone or 4-chlorocatechol. Thus, it is no surprise to note that
the work of Fonseca et al. [15], on a scanning electrochemical
microscopy investigation of reaction (1) using TiO2 films and
4-CP as the test pollutant, indicates that in the initial stages of
reaction, the rate of oxygen consumption is ca. 1.5 times that of
4-CP removal. If this initial reaction stoichiometry is assumed
to apply here, and given that an aqueous solution saturated with
oxygen to a partial pressure of 101 kPa has a dissolved oxygen
concentration of ca. 1.3 mM at 25 ◦C, then it is possible to con-
vert the cumbersome units for k1 and k−1 given in Table 2 into
those that relate solely to oxygen, that is, min−1 and µM O2
min−1, respectively. The values for k1 and k−1 in these latter
units for TiO2 films are 0.066 min−1 and 35 µM O2 min−1, re-
spectively (see Table 2). The former is similar to that estimated
for the adsorption of 4-CP on TiO2 films, whereas the latter is
about 4 times larger than its 4-CP counterpart; that is, oxygen
appears to be more weakly adsorbed than 4-CP. The adsorp-
tion of other simple molecules, such as dichloroethane (DCE)
on TiO2 are also similarly slow, ca. 0.084 min−1 for DCE [6],
and it is not too surprising that O2, which is weakly adsorbed
onto TiO2, has a low adsorption rate constant. However, if the
assumptions made in calculating the value of k1 are correct, this
highlights the need in such work to equilibrate the reaction solu-
tion with oxygen for at least a few minutes to achieve an initial,
fully equilibrated system. It also follows that in a photocatalytic
system based on reaction (1), in which the rate of organic re-
moval was rapid, the rate-determining step would most likely
be the rate of adsorption of oxygen. That this does not appear
to be the case in this work indicates that the organic, 4-CP, is
not easily oxidized.

4. Conclusion

The pseudo-steady-state model proposed by Ollis for ra-
tionalizing the kinetics of organic removal by semiconductor
photocatalysis in aqueous solution appears to be also appropri-
ate in the analysis of the kinetics of the concomitant reduction
of oxygen [6]. Using this model, similar values were obtained
for the Langmuir adsorption constant, Kads, for oxygen on
TiO2 particles and films in aqueous solution. Oxygen appears
to be weakly adsorbed on TiO2 at a rate that would take many
minutes to reach equilibrium. In contrast, the rate constant for
desorption, k−1, appears high, so that overall, KLH ∼= Kads for
both films and dispersions and is largely independent of I over
the incident intensity range used in this work. Further experi-
ments on this and other systems will help prove, or disprove,
the general applicability of the pseudo-steady-state model for
semiconductor photocatalysis recently proposed by Ollis. For
the moment, it appears that this model provides a simple ra-
tionale for the observed kinetics associated with the oxidation
of the organic and concomitant reduction of oxygen, that is, the
reactions that underpin most examples of semiconductor photo-
catalysis and reaction (1). As such, this model is an encouraging
advance from most previous kinetic models.
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