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Abstract

The results of a study of the oxidative mineralisation of 4-CP by oxygen, sensitised by thin films of Degussa P25 TiO,, are reported. The
films are used under conditions in which the kinetics of photomineralisation are independent of mass transfer effects and stable towards
repeated irradiation. Using a TiO, film, the process goes through the same mechanism as a TiO, dispersion, generating the same
intermediates, namely: 4-chlorocatechol and hydroquinone. The kinetics of photomineralisation show clear differences between a TiO, film
and a dispersion. With TiO, films the initial rate of photomineralisation is strongly dependent upon photocatalyst loading, (units; g dm ™)
reaching a distinct maximum, which appears to be associated with the formation of a monolayer of aggregated particles — the diameter of
the aggregated particles is estimated as 0.44 pm. A simple 2D model is presented to help illustrate the features of such a system. With TiO,
dispersions the rate usually reaches a plateau at ca. 0.5 g dm™> of TiO,. For TiO, films the initial rate depends directly upon the incident
light intensity, implying that the photocatalytically active particles are under low illumination conditions, partially shielded by the other
particles making up each aggregated particle. In contrast, with TiO, dispersions R; depends upon 1°®*, implying that the different light
intensities used spanned both the high (Ri<I') and low (Rj<]) intensity kinetic regions. The kinetics of photomineralisation of 4-CP,
sensitised by TiO, films obey the same Langmuir-Hinshelwood expressions as found in most semiconductor photocatalyst work conducted
with TiO, dispersions. However, in a study of the variation R; as a function of [4-CP] and [O;] the values for the maximum rates were larger,
and those for the apparent Langmuir adsorption coefficients were smaller, than those found for TiO, dispersions. © 1998 Elsevier Science

S.A. All rights reserved.
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1. Introduction

The use of semiconductors as photocatalysts for a variety
of processes, including the oxidative mineralisation of
organic pollutants in water or in the gas phase, destruction
of bacteria and reduction of trace metals, continues to be an
active field of research [1]. Titanium dioxide is the current
preferred semiconductor, due to its chemical and biological
inertness, cheapness and reasonable photocatalytic activity,
especially when used in its anatase form. Although much of
the early work on semiconductor photocatalysis used the
semiconductor in the form of a dispersed powder, in any
practical device the semiconductor is likely to be used in the
form of a film on an inert support, such as glass. As a
consequence, there is an increasing interest in the photo-
catalytic action of semiconductor thin films, with TiO,, once
again, appearing to be the semiconductor of choice.

Thin films of TiO, on glass can be prepared by a number
of different methods [1]. The simplest is to use as a starting
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material a concentrated (0.5-5% w/v) aqueous dispersion of
Degussa P25 TiO, (effectively the bench standard TiO,
photocatalyst for powder dispersion work) to ‘wash’ the
glass [2,3]. The coat is then usually dried, either with a hair-
dryer or in an oven (e.g. at 150°C for 1 h). After each wash,
poorly attached particles are washed off. With each wash,
more TiO, sticks to the glass and, less effectively, to the
emerging TiO, layer. Thus, using this ‘wash coat’ technique,
a series of stable layers of TiO, can be built up and films of
different opacity can be generated. Most other methods
focus on the production of less opaque, usually less photo-
catalytically active, nanocrystalline thin films of TiO, via
the alkaline hydrolysis of titanium (IV) species, such as
alkoxides or chlorides [1,2,4].

One of the problems with research into semiconductor
photocatalysis is the difficulty in comparing results obtained
by the different research groups. This problem arises
because in semiconductor photocatalysis the rate of reaction
depends upon many different parameters including reactor
geometry, nature and concentration of the semiconductor,
nature and concentration of the electron acceptor (usually
oxygen), nature and concentration of oxidisable ‘test’
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substrate, light intensity, temperature, pH, and the presence
of competitive interfering species. Several groups, including
our own, have suggested that such comparisons would be
made easier if, along with the results of a particular study,
those derived from a standard test system were also reported
by the investigating research group [1]. We have proposed
that such a test system for photocatalytic studies conducted
in an aqueous solution could be: 4-chlorophenol (10~ mol
dm™?), TiO, (Degussa P25, 0.5 g dm ), O, (1.3x 10~ mol
dm ™3, that is, 100% saturated with 0O,) and thermostatted
at 30°C [1].

The photo-oxidative mineralisation of 4-chlorophenol
(4-CP) by oxygen and sensitised by TiO,, can be sum-
marised as follows:

CICeH,OH + (13/2)0, hvj%?ev 6CO, + 2H,0 + HCl (1)
102

This process has been the subject of numerous, detailed,
characterisation studies, the major ones which utilise
Degussa P25 TiO, dispersions are summarised in Table 1
[5-14]. As a result of this work a great deal is known about
this system, especially when TiO, is used in the form of a
dispersed powder. With increasing emphasis in semicon-
ductor photocatalysis on immobilised thin film semiconduc-
tor systems there is need to establish a standard, easily
reproduced test system for thin film semiconductor photo-
catalysis.

Several studies of Eq. (1) have been conducted already
using TiO; film photocatalysts [15-19]. Bideau and his co-
workers [20] have recently provided a brief overview of the
range of photoreactors based on immobilised TiO, films
which have been reported. In many of these photoreactors
the photocatalyst was used in a flow system, in which the
aqueous solution containing the 4-CP was flowed over the
TiO, film; the latter was usually coated over the walls of
narrow glass tubing (i.d. =4-6 mm typically). In such
systems it is usually found that the overall rate of reaction
depends markedly upon the flow rate of the solution. The
latter finding implies that the overall rate of reaction is, at
least in part, controlled by the rate of solution-to-catalyst
diffusion/convection mass transfer. (In contrast, it is well
established that there is normally no such dependence of rate
upon diffusion/convection mass transfer for TiO, disper-
sionsof <1 g dm73.) As a result, in such work, it is difficult
to assign fundamental meaning to any observed parameters
without considering the influence of both mass transfer and
chemical kinetics [21].

In order to establish the fundamental chemical kinetic
processes associated with TiO, films it is necessary to carry
out the work under reaction conditions in which the diffu-
sion/convection mass transfer processes are far from rate-
determining. This can be achieved using very well agitated
solutions. It would appear appropriate and useful, therefore,
to establish the basic characteristics of Eq. (1) using a thin
film of Degussa P25 TiO, on glass, deposited by the simple
wash coat method, under conditions in which the rate of

disappearance of 4-CP is independent of solution-to-particle
mass transfer effects. This paper reports the initial findings
of such a study.

2. Experimental
2.1. Materials

The TiO, used throughout this work was Degussa P25.
The 4-CP (99%), along with all other chemicals, were
obtained from Aldrich and were used as received. The water
used to make up solutions was deionised and doubly dis-
tilled. All gases used were obtained from BOC.

2.2. Methods

Details of the photochemical reactor have been reported
elsewhere [7,8]. In brief, the photoreactor comprised two
half cylinders, each containing six 8W Black Light UVA
lamps set against a half-cylinder aluminium reflector. Each
of the lamps (Coast Air™) emitted a broad range of UVA
light, typically 320-390 nm with A« at 355 nm; the num-
ber of UVA photons emitted per lamp into the 100 cm’
reaction solution was found to be 6.4 x 10'® photons s ™' per
lamp by ferrioxalate actinometry. Light intensity measure-
ments inside the photoreactor with a TiO, dispersion or coat
were made with a calibrated power meter (Lidam Scientific).

The photochemical reaction vessel was placed in the
centre of the photochemical reactor. The vessel comprised
a 125 cm? borosilicate glass Dreschel bottle (i.d. 4 cm) fitted
with a rubber septum to allow samples from either the
headspace or the reaction solution to be withdrawn. The
vessel had an outer water jacket that was always thermo-
statted at 30°C. The vessel was coated with TiO, using a
wash coat procedure. The TiO, slurry used to coat the inside
of the glass reaction vessel was 5% (w/v). After leaving the
photoreactor in contact with the stirrer 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 water to remove any poorly attached
TiO, and dried again in a stream of dry air. The process was
repeated as required to produce up to six coats of TiO,.

The amount of TiO, attached to the glass for 1-6 coats
was determined spectrophotometrically, using a simple pro-
cedure involving washing the coating off the glass with a
strong alkaline solution and measuring the ‘absorbance’ of
the resulting alkaline TiO, dispersion at 380 nm, described
in detail elsewhere [21]. The results of this work are illu-
strated in Fig. 1, a plot of the amount of TiO, adsorbed onto
glass using the wash coat procedure (units: mg cm ™ 2) versus
the number of wash coats laid down. The results show that
the amount of TiO, deposited by the wash coat method
increases with an increasing number of wash coats. From the
results illustrated in Fig. 1 it also appears that as more and
more TiO; is deposited the amount of TiO, that stays to form
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Fig. 1. Amount of TiO, deposited cm™2 of glass, determined spectrophotometrically [22], versus the number of wash coats.

a stable layer decreases. The geometric surface area of the
TiO, film exposed to the reaction solution was 120.5 cm?.

A typical reaction solution placed in the photochemical
reaction vessel comprised 10~ mol dm > 4-CP dissolved in
100 cm® of 0.01 mol dm ™3 HCIO,. The reaction solution
was continually purged with oxygen and magnetically stir-
red (600 rpm) at least 15 min before, as well as throughout,
any irradiation. When required, a variation in the dissolved
oxygen concentration was achieved using a gas blender
(Signal Instruments, model: Series 850) to provide purging
N,/O, gas streams of different levels of O,, ranging from 5%
to 100% O,.

In the initial part of the work HPLC was used to monitor
the temporal variations in [4-CP] and the major reaction
intermediates. However, for most of the work described here
HPLC was used to monitor primarily the temporal variations
in [4-CP] with irradiation time. In any kinetic run, the initial
rate of loss of 4-CP, that is, R;, was calculated from the
measured decay of [4-CP] with irradiation time over the first
20% of reaction. Samples were taken from the reaction
solution using a hypodermic syringe fitted with a 0.2 pm in-
line filter to remove the TiO, particles. Details of the HPLC
apparatus are described elsewhere. In experiments where
CO,; evolved during an irradiation was measured, the system
was sealed and the gas phase (41 cm®) sampled, using a gas-
tight syringe, and analysed by GC, details of which are
described elsewhere [7,8].

3. Results and discussion

3.1. Initial experiments: Relative photocatalytic activity,
stirrer speed dependence and stability,

Unless stated otherwise, in all experiments the 100 cm’®
reaction solution was oxygen-saturated, stirred at 600 rpm,
set at pH 2 using HC10, and contained 10> mol dm > 4-CP.

Table 1 lists some of the characteristics of the mineralisa-
tion of 4-CP, via reaction (1), photosensitised by dispersions
of Degussa P25 TiO,. In such work, the initial rate, R;, of loss
of 4-CP generally increases with increasing [TiO,], reaching
a broad maximum at ca. 0.5 g dm . Above this level, many
find that the rate is independent of [TiO,]. At [TiO;] levels
>0.5 gdm ™ the dispersion is strongly absorbing to UV
photons; for a TiO, dispersion of 0.5 g dm > the measured
transmittance is ca. 0.5 in the centre of our photoreaction
vessel and similar values have been noted by others [14]. Itis
usually assumed that at and above the broad maximum level
of TiO, the amount of UV photons absorbed by the disper-
sion is at a maximum and thus the value of R; is at a
maximum.

A three-coat TiO, film coat, is a film generated by
exposing the glass to the coating slurry three times; this
level of coating was found to be optimum (vide infra) and
used throughout, unless stated otherwise. It might be thought
initially that TiO, films are likely to be much less photo-
active than their dispersion counterparts, since such films
will lose a sizeable fraction of the incident light through
scattering and losses at the glass/TiO, film interface. In
addition, the films will usually use significantly less TiO,
than an optimum dispersion, thus the total available surface
area and UV-photon absorbing potential will be less. How-
ever, it does not appear to be the case that TiO, films are
much less photocatalytically active than their dispersion
counterparts. Thus, we find the optimum-coated TiO, film
(e.g. three coats; [TiO,]=0.102 mg cm~2) of Degussa P25 is
about twice as photocatalytically active than a 0.5 g dm >
dispersion of the same photocatalyst, as indicated by the [4-
CP] versus time profiles in Fig. 2. In the latter system the
total amount of TiO, in the film is four times less than that in
a 0.5 g dm > dispersion. However, the percentage transmit-
tance in the centre of the photoreactor is 16%, that is, ca.
three times less than the dispersion. Although a lot of the
light absorbed by a TiO, film will be reflected and scattered,
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Fig. 2. Observed variation in [4-CP] as a function of time under standard conditions (i.e., 1073 mol dm ™ 4-CP, 30°C, 600 rpm stirrer speed) with the
following conditions with respect to TiO,: none (@), 0.5 g dm™3 dispersion (O) and a 3-coat layer ().

overall it appears that sufficient quantity of light is absorbed
in a three-coat TiO, film to render it more photocatalytically
efficient at mediating Eq. (1) than four times more TiO,
used in dispersion form.

Initial experiments showed that the initial rate of Eq. (1)
was independent of stirrer speed over the range 400—
800 rpm, for both TiO, films and dispersions. Previous
experiments carried out by our group [7,8] and others [6]
established that TiO, dispersions show little evidence of
photochemical wear with repeated use; similar results were
obtained for TiO, films. For example, a three-coat TiO, film
showed no evidence of loss of photocatalytic activity in
mediating Eq. (1) (initial [4-CP]:1O*3 mol dm > for each
irradiation) when used six times in succession.

3.2. Reaction intermediates

HPLC can be used to probe not only the loss of 4-CP, but
also the generation of any major intermediate. In addition
the CO, generated via Eq. (1) can be monitored using GC. In
a previous work using TiO, dispersions we found 4-chlor-
ocatechol (4-CC), hydroquinone (HQ) and benzoquinone
(BQ) to be the major intermediates under the reaction
conditions (i.e. pH 2, [TiO,] =0.5gdm>), with [4-
CCI>[HQ]>>[BQ]. In a detailed study of Eq. (1) Bahne-
mann and his co-workers [13] established that the inter-
mediate product distribution arising from Eq. (1) is very pH-
dependent. Under alkaline conditions, 4-CC is not usually
found in significant amounts and more hydroxylated species,
such as hydroxyhydroquinone (HHQ), hydroxybenzoqui-
none (HBQ) and trihydroxybiphenyl (TBP) are found in
significant amounts, in addition to HQ and BQ. Such species
are more stable, and less strongly absorbed, the greater the
alkalinity of the reaction solution. Under the very acidic
conditions employed in this study, 4-CC appears to be the
most stable of the reaction intermediates.

The generation of the observed reaction intermediates can
be readily explained though reaction schemes which involve
OH’ radical attack of 4-CP, initially to give the 4-chlorodi-
hydroxycyclodienyl radical, leading on to the generation of
4-CC, HQ and BQ as intermediates to the eventual miner-
alisation of 4-CP. The primary oxidant appears to be surface-
absorbed OH radicals generated through the reaction
between a photogenerated valence-band hole and a sur-
face-bound OH™ or H,O group. Other sources of oxidant,
which may also make a significant contribution, include OH’
radicals derived from the oxygen reduction side of the
photomineralisation process and direct attack of the sub-
strate by the photogenerated hole [1,23]. Fig. 3 illustrates a
typical degradation reaction scheme for Degussa P25 TiO,
power dispersions in acidic solution. Fig. 4 illustrates the
temporal variations in: [4-CP], [4-CC], [HQ], [CO,] and
[total carbon content] observed using a three-coat TiO, film
under standard reaction conditions. These results show that
for such a TiO, film: (i) Eq. (1) is stoichiometric and (ii) the
major reaction intermediates generated are the same as a
TiO, dispersion. From the results in Fig. 4 it appears likely
that the reaction scheme illustrated in Fig. 3 is also applic-
able to TiO, films of Degussa P25, that is, there is no major
difference in the overall degradation reaction mechanism for
films or dispersions of the same TiO, source material
(Degussa P25 in this case).

3.3. Rate versus [TiO,] and 1

As noted above, the variation of R; with [TiO,] (units:
gdm ) for TiO, dispersions usually has the form of a
Langmuir-Hinshelwood kinetic expression, that is,
R; = kK[TiO,])/(14+-K[TiO,]), with R; appearing largely
invariant at high [TiO,]. There appears little in the literature
about the variation in R; with [TiO,] (units: g cmfz) for TiO,
films. Fig. 5 illustrates the observed variation in R; with
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Fig. 3. Reaction scheme illustrating the likely mechanistic pathways to the formation of the major intermediates, 4-chlorocatechol (4-CC), hydroquinone
(HQ) and benzoquinone (BQ), generated during the photomineralisation of 4-CP, sensitised by Degussa P25 TiO, under acidic conditions.
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Fig. 4. Observed temporal variations in the relative concentrations of 4-CP (@), CO, ([1]), 4-CC (O), HQ (H) and total carbon concentration (W) during the
illumination of a standard 4-CP system, using a three-coat film of TiO, as the photocatalyst.
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Fig. 5. Observed variation in the initial rate of disappearance of 4-CP, R;, as a function of the amount of TiO, adsorbed on to 1 cm? of the glass inner face of
the photoreactor. From left to right, the data correspond to 0—-6 TiO, coats laid on by the wash coat procedure, respectively.

[TiO,] for TiO, films. Most striking about these results is the
marked maximum in photocatalytic activity with increasing
[TiO,]. It is quite simple to generate profiles of a similar
nature using a very simple two-dimensional kinetic model,
which represents a rough approximation to the likely real
system.

In our simple 2D kinetic model the following approxima-
tions are made: (i) the TiO, particles are squares, with a
reactivity which depends upon the amount of light absorbed
by the particle and the number of ‘free’ sides (i.e. not bound
to glass or another particle); (ii) the particles stick at random
onto a flat glass surface (300 sites) or to attached TiO,
‘particles’; (iii) the amount of light absorbed by a particle is
a fixed fraction of the incident light intensity, progressively
reduced with each particle it traverses and (iv) the incident
light intensity is perpendicular to the flat glass surface.
Fig. 6 illustrates the typical trend in the variation in R; with
[TiO,] predicted by this model; a trend which is similar to
that observed for real TiO, films (compared with the data in
Fig. 5). Fig. 6 also shows a set of five representative ‘snap-
shots’ of part of the surface as the number of TiO, ‘particles’
is increased. From the results in Fig. 6, it appears that as the
number of TiO, ‘particles’ on the surface increases so does
the rate increase, until typically a monolayer coverage is
approached. Around the point of a monolayer coverage, the
rate begins to decrease with increasing TiO, as the ‘parti-
cles’ next to the glass surface begin to screen the second and
third layer of ‘particles’. Of course, the shape of the model
predicted R; versus [TiO,] plot will depend very much on the
fraction of incident light absorbed by each ‘particle.’ In
Fig. 6 this fraction was set at 0.6; Fig. 7 illustrates the
predicted profiles using this fraction set at: 0.9, 0.6, 0.4
and 0.05. From the results illustrated in the latter plot it can
be seen that the higher the fraction: (i) the greater the rate in
the early stages of monolayer coverage and (ii) the greater

the maximum rate and the nearer it is to a monolayer
coverage.

Comparing these results, with those illustrated in Fig. 5
for the real system, it appears that the TiO, particles are
strongly absorbing and that the near optimum rate after three
coats ([TiO,] = 0.102 mg cm ™~ 2) is, most probably, asso-
ciated with the formation of a monolayer of these strongly
absorbing (and scattering) particles. This suggestion is not
unreasonable, although the oft-quoted fundamental particle
size of TiO, in Degussa P25 is 30 nm (diameter, d) — a size
which provides a rationale for its incredible specific surface
area of 50m?g ' (=6/(d.p); p=3.8 gcm ). In practice
these fundamental particles do not operate in isolation but
rather as an irreducible complex of primary aggregates,
typically 0.1 pm in diameter [1]. If the observed maximum
rate of reaction (1) with [TiO,], illustrated in Fig. 5, is due to
an approximate monolayer coverage of aggregate TiO,
particles, that is, [TiO,] = [TiO3]mono, then we can estimate
the approximate size of these aggregate particles, by assum-
ing that they are spherical in shape and closely packed, like
hexagons (of area=2 - V3 r2), on the assumed smooth glass
surface. It can be shown that the diameter, d’, of such
aggregates is given by the expression:
d'(in cm) =3 - \/57[“02}““’"0 )

(- p)
Assuming, [TiOs]nmono = 0.102% 1073 g cm_z, then, from
Eq. (2),d = 0.44 pm, which does not appear unlikely, given
that the basic aggregate particle size is ca. 0.1 pm. The
approximate transmittance of such a monolayer can be
easily estimated, since it should act as an absorbing solid
film of TiO, of thickness ( (units: cm), where
B = [TiOs]mono/p, and in a semiconductor the extinction
of light follows the exponential law, I = I,.exp(a-/3), where
a is the reciprocal absorption length; a = 1.6-10%* cm ™" for
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Fig. 6. Rate of photocatalysis versus number of TiO, monolayers predicted by a simple, rough 2D kinetic model. In this model the semiconductor particles
are envisaged as squares with a reactivity which depends upon the number of free (unbound) faces and the fraction of incident light, perpendicular to the TiO,
film, absorbed by each particle. In the example shown the fraction is set at 0.60. The five smaller diagrams illustrate the typical distribution of ‘particles’ at
different monolayer coverage. The x-axis gives the monolayer number and the glass face of the photoreactor is represented by the y-axis at the ‘zero-th’ (x=0)
layer. The five diagrams represent (from left to right): 0.2, 0.4, 1, 2 and 4 TiO, monolayer coverages, respectively. Each of these coverages are associtated
with a specific value for the overall predicted rate and these are identified by the arrows.
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Fig. 7. Rate of photocatalysis versus number of TiO, monolayers predicted by a simple, rough 2D kinetic model. In the examples given, the fraction of light
absorbed by each particle was set at (from left to right): 0.9, 0.6, 0.3 and 0.05, respectively.
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TiO, at 365 nm [24]. From these expressions it would appear
that the monolayer coverage of aggregated TiO, particles of
0.44 pm diameter would be expected to absorb 19% of the
incident UV light. However, as noted earlier, a three-coat
film of TiO, appears to absorb 84% of the incident light (i.e.
transmittance in the centre of the photoreactor is 16%).
Thus, comparing the two figures highlights the extensive
loss (65%) of incident light by TiO, films via scattering and
reflection. A high degree of reflection and scattering by TiO,
(13-71%) is a general feature of particulate systems and has
been noted by others for dispersions [25,26].

Several studies have been made of the dependence of R;
with incident light intensity, /, for Degussa P25 dispersions,
and some of the results are summarised in Table 1. In theory,
R; is expected to depend upon I°, where 6 =1 for low
intensity irradiation (where electron—hole pair recombina-
tion is not the dominant process) and where § = 1/2 for high-
intensity work (electron—hole pair recombination is the
dominant process) [27,28]. According to the work of others,
the transition of € from a value of 1 to 1/2 occurs around an
intensity of 6-10'* ultra-band gap photons cm > s~ [29] for
rutile TiO,. In our work, typically the maximum irradiation
intensity was 6.4x10'> photons cm 2 s~'. In a preliminary
set of experiments the variation in R; for Eq. (1), photo-
sensitised by a 0.5 g dm ™ dispersion of TiO,, was deter-
mined as a function of irradiation intensity, over the range
(6.4-0.5)x 10" photons cm ™2 s~'. The variation in light
intensity was achieved by placing very fine metal mesh
screens between the light source and the photoreactor vessel.
From the results of this work it appeared that R; depends
upon 1°*; in a previous study using slightly lower (ca. 10%
less) light intensities, R; was found to depend upon I°7* [8].
Others, have found 6 =0.8 [14] for Eq. (1) and Pichat
et al. [6] have reported a value for 0.5 for 6 [14,6] using
the very high intensity range of 3-90x10'° ultra-band gap
photons cm ™2 s~

The above work is consistent with notion that the transi-
tion region for Degussa P25 TiO, is around (2-3)x 10"
ultra-band gap photons cm > s~ ! and that in our work, using
8W black light bulbs, the observed direct dependence of R;
upon 1°°* arises because the intensity range used spanned
both the high- and low-intensity kinetic regions.

In contrast to the TiO, dispersion work, a study of the
variation in R; for Eq. (1), photosensitised by a three-coat
layer of TiO, as a function of irradiation intensity, over the
same intensity range, revealed a direct dependence of R;
upon [, that is, § = 1. The latter finding implies that the
photocatalytically active particles in an optimum coating of
Degussa P25 on glass are subject to lower light intensities
than their dispersion counterparts. We have already sug-
gested that the optimum film coat comprises a layer of
aggregated particles. Thus, it would appear that only those
smaller particles, making up an aggregate particle, which are
in contact with the solution, but partially screened from the
incident irradiation by the other particles making up the
aggregate, are photocatalytically active. The screening

action would provide a rationale for the direct dependence
of R; upon [ for TiO, coats.

Some support for the above suggestion arises from the
results of a study conducted on a one-coat film (in which the
[TiO,] is 2.5 times less than a three-coat film). Such a film
should comprise ca. 40% of a monolayer of aggregated
particles. However, the screening action of the photocata-
lytically active TiO, particles, by those others which go to
make up the aggregated particles should still take place,
even though there is less than a monolayer coverage of
aggregate particles. Thus, from this model it is expected that
even for a one-coat TiO, film R; will still depend directly
upon /, and this was confirmed experimentally.

3.4. Rate versus [4-CP] and [O5]

In most work with aqueous dispersions of TiO, the initial
rate related to the concentrations of 4-CP and O, via a
Langmuir-Hinshelwood-type expression, that is,

R; = f(02)k.I” Ky_cp[4 — CP]/(1 + Ky_cp[4 —CP])  (3)
where
f(02) =Ko, [02]/(1 + Ko, [02]) 4)

Itis usually suggested that the value of Ko, is that associated
with the dark Langmuir adsorption of O, onto TiO, at
Ti(II); a process which is independent of [4-CP], since
the latter adsorbs non-competitively at other sites. However,
the same cannot be said about K4_cp, the value of which, (5—
24)x10° dm® mol™! (see Table 1), is recognised as being
much larger than the dark Langmuir adsorption constant, K,
cp(dark), the value of which we have previously estimated to
be 130 dm> mol ™! [8]. The observation that the value for
Kiubstrate 18 ZKsupstrare(dark) is not specific to 4-CP, but is a
general one and several kinetic models have been proposed
to help explain it and are described elsewhere [29].

In one set of experiments R; for Eq. (1), sensitised by a
three-coat film of TiO,, was determined as a function of [4-
CP] over the range (0.05-1)x 1073 mol dm >, under other-
wise standard conditions, and the results of this work are
illustrated in Fig. 8. A double reciprocal plot of the data
produced a good straight, (see insert diagram in Fig. 8) as
predicted by Eq. (3). The latter plot also revealed values for
k-f(O,). I’ and K4.cp and these are listed in Table 2, along
with those determined for a 0.5 g dm ™ dispersion of TiO,.
From the results of this work it appears that although the
maximum rate of photocatalysis for a three-coat TiO, film,
that is, k><f(02)><1€, is larger than that for a 0.5 g dm~?
dispersion (a feature which is responsible for the results in
Fig. 2), the value for K4 cp for a film is less than that for a
dispersion. It is not clear how much, if at all, this difference
in K4 cp value is due to a difference in K4 cp(dark) for TiO,
dispersions and films and further work is required in this
area.

In another set of experiments R; for Eq. (1), sensitised by
a three-coat film of TiO,, was determined as a function of
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double reciprocal plot of the data in the main diagram. A least squares analysis of the data in the insert diagram revealed the following values for the gradient
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[O2] over the range (0.065-1.3)x 1073 mol dm >, under
otherwise standard conditions, and the results of this work
are illustrated in Fig. 9. A double reciprocal plot of the data
produced a good straight, see insert diagram in Fig. 9 as
predicted by Eq. (4). The latter plot also revealed values for
kxf(4-CP)x I’ (where, f{(4-CP) = Ky cp[4-CP]/(1+K,.cp[4-
CP])) and Kq, and these are listed in Table 2, along with
those determined for a 0.5 g dm ™ dispersion of TiO,. From

the results of this work it appears that, as with the previous
study, the maximum rate of photocatalysis for a three-coat
TiO, film, that is, kX f(4-CP)><1‘9 , is larger than that for a
0.5 g dm ™~ dispersion, but Ko, for a film is less than that for
a dispersion. This latter finding implies that O, adsorbs less
readily on the TiO, aggregated particles that form a film than
it does on those that form dispersions. Further work is
required to examine these differences in more detail.
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Fig. 9. Observed variation in R; versus [O,] for reaction (1), using a standard irradiation system, with a three-coat TiO, film. The insert diagram shows the
double reciprocal plot of the data in the main diagram. A least squares analysis of the data in the insert diagram revealed the following values for the gradient

and intercept, respectively: 0.0409-10° min and 0.02-10® dm® mol ™! min.
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Table 2
kx f(02)><19, K4-CP, kx f(4—CP)><IH and Koy data for TiO, films (three-coat) and dispersions (0.5 g dm’3)
kxf(4-CP).I° Kucp kxfO,)x1° Ko,
(mol dm~> min™}) (dm® mol™") (mol dm~> min™}) (dm® mol™1)
TiO, film 26.10°° 1700 50.10°° 489
TiO, dispersion 14.10°° 4000 33.107° 1170
4. Conclusions References

The oxidative mineralisation of 4-CP by oxygen, sensi-
tised by a thin film of Degussa P25 TiO,, has been studied.
The films were used under conditions in which the kinetics
of photomineralisation appeared independent of the mass
transfer effects and stable towards repeated irradiation. The
process appears to go through the same mechanism, gen-
erating the same intermediates, as when a dispersion of TiO,
is used. A closer inspection of the kinetics of the photo-
mineralisation process shows clear differences between a
TiO, film and a dispersion of the same material. With TiO,
films the initial rate of photomineralisation is strongly
dependent upon photocatalyst loading, reaching a distinct
maximum, which appears to be associated with the forma-
tion of a monolayer of aggregated particles — the diameter of
the aggregated particles was estimated as 0.44 pm. Using
TiO, dispersions, the rate usually reaches a plateau at ca.
0.5 g dm > of TiO,. For TiO, films the initial rate depends
directly upon the incident light intensity, implying that the
photocatalytically active component particles of an aggre-
gated particle are under low illumination conditions and,
therefore, are shielded to some extent by the other particles
that go to make the aggregated particle. In contrast, using
TiO, dispersions R; depends upon 1°%*, implying that the
different light intensities used in this part of the study
spanned both the high (Riodl/ 2) and low (R;x/) intensity
kinetic regions. The kinetics of photomineralisation of 4-CP,
sensitised by TiO, films appeared to obey the same Lang-
muir—Hinshelwood expressions as found in most semicon-
ductor photocatalyst work conducted with TiO, powder
dispersions. However, in a study of the variation R; as a
function of [4-CP] and [O,] the values for the maximum
rates were higher and those for the apparent Langmuir
adsorption coefficients were smaller than those found for
a TiO, dispersion.
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