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The kinetics of Cl~ production from the UV-photocatalysed degradation of aqueous 4-chlorophenol (CP), by
a thin (Degussa P25) Ðlm, in both aerated and oxygenated solutions, have been determined by theTiO2
channel Ñow method with electrochemical detection. The experimental approach allows surface kinetics and
mass transport e†ects to be readily resolved. For typical irradiation intensities of (0.7È2.0)] 1017 quanta cm~2
s~1, the results obtained with dilute CP solutions (O0.5 mM), in particular, clearly demonstrate that there is a
range of practically important conditions where mass transport plays a role in controlling the kinetics of the
process. When these e†ects are considered, the surface kinetics are consistent with the LangmuirÈHinshelwood
model.

Introduction

The application of UV-irradiated semiconductors, particularly
to the mineralisation of a very wide range of toxicTiO2 ,

organic species in aqueous solution, has been the subject of
hundreds of articles and many reviews over the last few
years.1 The semiconductor is applied either as a colloidal
slurry2 or as a thin Ðlm3d deposited on glass surfaces (beads,
helices, tubes, plates). In the latter case, mass transport e†ects
may play a signiÐcant role in controlling the overall rate, as
evident from the Ñow-rate-dependent apparent rate constants
that have been reported from previous studies in Ñow-through
reactors.3

In order to better understand photodegradation kinetics in
immobilised photocatalyst systems, it is recognised that the
inÑuence of both mass transfer and chemical kinetics must be
taken into account.4 To this end, the degradation rate of 4-
chlorophenol (CP) was recently investigated in a stirred
reactor under conditions where mass transport was con-
sidered to be sufficiently high to have a negligible e†ect on the
rate.5 This approach provides a potentially simple route for
investigating the kinetics of photocatalysis, although experi-
ence from other areas suggests that such methods must be
carefully applied and mass transport fully characterised.6 Sur-
prisingly, apart from this one study,5 there are no other quan-
titative reports on the role of mass transport in controlling
photodegradation rates.

Following our earlier application of a Ag/AgCl
ultramicroelectrode7 to monitor Cl~ formation poten-
tiometrically during the photomineralisation of 2,4-dichloro-
phenol at a Ðlm, we report a kinetic study of theTiO2 TiO2Ðlm (Degussa P25)Èsensitised photodegradation of CP in
aerated and oxygenated solutions using the channel Ñow
method with electrochemical detection (CFMED) as a new
approach to identify the role of mass transfer in controlling
the kinetics. It has been shown in other areas that CFMED
provides both controlled and well-deÐned mass transport con-
ditions, allowing interfacial kinetics to be readily identi-
Ðed.8h10 We describe here how the technique can be adapted
to facilitate the quantitative study of photomineralisation
kinetics, under conditions where contributions from surface
and mass transport processes can be resolved.

Experimental

A home-built channel Ñow cell (Fig. 1) was employed that
consisted of : (i) a PVC plate with inlet and outlet ports for
solution Ñow, and a quartz window; (ii) an epoxy resin cover-
plate containing two Ag band electrodes that were 0.25 mm in
length (measured along the cell) and 4.0 mm wide (across the
cell), positioned upstream and downstream of a glass slide
(12.0 mm long and 10.0 mm wide) onto which the TiO2 Ðlm
was deposited ; (iii) a TeÑon spacer (Goodfellow, Cambridge,
UK), which produced a rectangular duct 45 mm long, 12 mm
wide and 0.5 mm high, when the cell was assembled. A similar
cell for the investigation of (dark) solid/liquid interfaces has
been described more fully elsewhere.11 The indicator electrode
was positioned 2.0 mm from the downstream edge of the TiO2Ðlm, while the reference electrode was 8.0 mm from the
upstream edge. As shown in Fig. 1, when the cell was
assembled, the electrodes were in the shadow of the PVC

Fig. 1 Cross section of the channel Ñow cell used to investigate the
photodegradation of 4-chlorophenol.TiO2-sensitised
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plate, ensuring that there was no illumination of the electrode
surfaces.

Before use, the coverplate was polished with a series of
diamond lapping compounds (25È1 lm; Kemet, UK), fol-
lowed by 0.05 lm alumina (Buehler, USA). The Ag band elec-
trodes were coated in AgCl and calibrated against standard
KCl solutions as described elsewhere.7

An aqueous CP (Aldrich, purity 99%) solution
(concentration in the range (0.2È0.5)] 10~3 mol dm~3) was
Ñowed through the cell from a reservoir using gravimetric
feed, taking care to avoid any bubble formation in the system.
For experiments under 1 atm¤ the solution in theO2 ,
reservoir was purged with (99.5%, BOC) and the ÑowO2tubing (1.5 mm id, OmniÐt) was jacketed with PVC tubing (12
mm id) through which oxygen was also passed.

A high powered xenon lamp (Illuminator 6000, Eurosep
Instruments, Cergy-Pontoise, France) was used as the source
of UV-irradiation. The intensity of the lamp was determined
following a modiÐcation of the method developed by Hatch-
ard and Parker,12 and a full emittance proÐle has been deter-
mined.12b The potential di†erence between the two Ag/AgCl
electrodes was recorded on a Keithley 175 autoranging mul-
timeter, as a function of Ñow rate, in the range 10~4È10~1 cm3
s~1. The photodegradation kinetics were monitored via the
formation of Cl~, determined by recording the potential dif-
ference between the downstream (indicator) and upstream
(reference) electrodes. Although the in-Ñowing solution did not
contain Cl~, the upstream electrode maintained a constant
reference potential, over all of the Ñow rates investigated, pre-
sumably due to the rapid dissolution kinetics of AgCl, ensur-
ing that the upstream electrode was always in contact with a
locally saturated solution of the sparingly soluble salt.13
Similar results were obtained when a saturated calomel elec-
trode was employed as the reference electrode in the reservoir
of the Ñow system. When the lamp was switched o†, no
detectable levels of Cl~ were produced by the Ñow of aqueous
CP over the Ðlm.TiO2The Ðlm was prepared from a Degussa P25 suspen-TiO2sion,14 where 5 g of was mixed with 100 cm3 Milli-QTiO2(Millipore Corp.) reagent grade water (resistivity 18 M) cm),
sonicated for 1 h and stirred for 5 h with a magnetic stirrer.
The suspension was dropped onto the glass surface of the
coverplate and then dried with Ar gas. This process was typi-
cally repeated Ðve times, to achieve an even, complete coating.
The coverplate was dried in an oven at 373 K for 12 h,
resulting in a mechanically stable Ðlm. The topography of the
Ðlm was imaged under water using a Digital Instruments
(Santa Barbara, California, USA) Nanoscope-E atomic force
microscope (AFM), equipped with a standard Ñuid cell, oper-
ating in contact mode.

Results and discussion
Typical height and deÑection mode images of a small area of
the surface are shown in Fig. 2. Both images showTiO2-Ðlm
that the preparation method results in a fairly compact Ðlm.
The distances between some of the boundaries deÐning the
particles are consistent with the mean particle size of 30 nm,1
while apparent larger separations suggest the agglomeration
of several particles. The small height variations in Fig. 2(a)
indicate that the Ðlm is fairly smooth on the scale of channel
Ñow measurements. The degree of surface roughness is similar
to that of a polished electrode and so is not expected to
disrupt solution Ñow through the channel.

Fig. 3 shows the potential di†erence between the indicator
and reference electrodes, as a function of Ñow rate, for an

¤ 1 atm \ 101 325 Pa.

Fig. 2 AFM images of the topography of the Ðlm: (a) heightTiO2mode image and (b) deÑection mode image.

aerated solution containing 5.0] 10~4 mol dm~3 CP in a
Ñow cell with and without a Ðlm, with irradiationTiO2through the quartz window at an intensity of 2.0 ] 1017
quanta cm~2 s~1. In the absence of there is no detect-TiO2 ,
able potential di†erence between the two electrodes, over the
entire range of Ñow rates studied, indicating that Cl~ is not
produced from aqueous CP by direct irradiation of the zone
between the indicator and reference electrodes. In contrast, at
the same irradiation intensity, with present, a sizeableTiO2potential di†erence is established, which increases as the Ñow
rate decreases (attaining values up to 30 mV). This behaviour
can be attributed to the formation of Cl~ at the surface,TiO2due to the photodegradation of CP, with Cl~ subsequently
detected at the downstream electrode. The reaction occurs

Fig. 3 Potential di†erence between the indicator and reference elec-
trodes, as a function of log (Ñow rate), for an aerated solution contain-
ing 5.0 ] 10~4 mol dm~3 4-chlorophenol with and without a(…) (K)

Ðlm. UV illumination intensity was 2.0] 1017 quanta cm~2TiO2s~1.
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with the following stoichiometry :5

ClC6H4OH] 6.5O2 ÈÈÈÕ
TiO2

hl
6CO2] 2H2O ] HCl (1)

In a colloidal slurry, the kinetics follow the LangmuirÈTiO2Hinshelwood model1

rate \
cKO2

[O2]IamKCP[CP]

(1] KO2
[O2])(1] KCP[CP])

(2)

where and are the equilibrium adsorption constantsKO2
KCPfor and CP, respectively, at the surface, is the lightO2 TiO2 IaÑux, m is a power term (varying between 0.5 and 1.0), and c is

a proportionality constant.
This rate law has also been considered to apply to immobil-

ised catalysts, but for all studies considered, it has been
assumed that the concentration of CP at the catalyst surface
remains the same as that in the bulk solution, which is inap-
propriate if mass transport of CP becomes a signiÐcant
parameter in controlling the rate.

The kinetics of the photomineralisation process were
analysed considering two limits. At the simplest level, we con-
sidered the case where there is no depletion of either or CPO2at the surface. In this case, for a given light intensity andTiO2bulk concentrations of CP and all terms in eqn. (2) areO2 ,
constant and we may write for this surface-limited model :

rate \ kSL@ (3)

If the transport of CP onto the surface is consideredTiO2to be signiÐcant (without any change of the interfacial concen-
tration of from that in the bulk solution), the rate law forO2this mixed-control model can be written as :

rate \ kMC@
KCP[CP]s

(1] KCP[CP]s)
(4)

where the subscript “ s Ï indicates the surface concentration.
The well-deÐned mass transport of the channel Ñow cell8

enables us to calculate the local concentrations of Cl~ at the
detector electrode as a function of Ñow rate, geometry and
kinetics for each of the two candidate rate laws. With refer-
ence to the coordinate system in Fig. 4, the transport of Cl~
(in both the surface-limited and mixed-control models) and
CP (in the mixed-control model only), under steady-state con-
ditions, is governed by :

DCP
d2[CP]

dy2
\ v0

C
1 [

(y [ h)2
h2

D d[CP]

dx
(5)

DCl~
d2[Cl~]

dy2
\ v0

C
1 [

(y [ h)2
h2

D d[Cl~]

dx
(6)

The x and y coordinates are deÐned in Fig. 4. denotes theDidi†usion coefficient of species i (Cl~ or CP) and is the Ñuidv0velocity in the centre of the channel. This latter variable is
related to the volume Ñow rate, and geometry of theVf ,channel by :

v0 \
3Vf
4hd

(7)

where h is the channel half-height and d is the channel width.

Fig. 4 Coordinate system for CFMED simulations.

The two rate laws embodied in eqn. (3) and (4) form the
boundary conditions at the surface :TiO2
y \ 0, 0 O x \ x1 :

DCP
d[CP]

dy
\ [DCl~

d[Cl~]

dy
\ kSL@ (8)

DCP
d[CP]

dy
\ [DCl~

d[Cl~]

dy
\ kMC@

KCP[CP]
y/0

1 ] KCP[CP]
y/0

(9)

The value for was calculated as 0.94] 10~5 cm2 s~1DCPusing the WilkeÈChang equation,15 while the literature
values3d,16 for cm2 s~1 andDCl~ \ 1.9] 10~5 KCP \ 4.9
] 103 M~1 were used. Values for up to 3] 104 M~1KCPhave been reported for studies in suspensions,17 but this value
did not provide a good description of our experimental
results ; the lower value employed is appropriate to thin-Ðlm
systems.3d The e†ective di†usion coefficient of Cl~ will depend
on the counter cation, which is unknown under the conditions
of our experiments. However, simulations showed that the
value of when varied over the maximum possible rangeDCl~ ,
of 1.5] 10~5È3.5] 10~5 cm2 s~1, had only a minor e†ect on
the calculated detector electrode response, under the deÐned
experimental conditions.

Additional boundary conditions for the other walls of the
channel are :

y \ 0, x1\ x O x3 :

DCP
d[CP]

dy
\ DCl~

d[Cl~]

dy
\ 0 (10)

y \ 2h, all x :

DCP
d[CP]

Ly
\ DCl~

d[Cl~]

dy
\ 0 (11)

and x \ 0, all y :

[Cl~]\ 0

[CP]\ [CP]* (12)

where the asterisk superscript represents the bulk concentra-
tion.

The problem outlined above was readily solved using the
backwards implicit Ðnite di†erence method, which has been
applied extensively to steady-state CFMED problems.8 For a
given cell geometry and Ñow rate, the simulation provided
values for [Cl~] at the downstream electrode, for the two
models, which could then be compared to the experimental
data.

We Ðrst consider the analysis of the data shown in Fig. 3.
After converting the potential di†erence response to [Cl~] at
the downstream electrode, the data shown in Fig. 5 were
obtained. The data are shown alongside the best Ðts for the
two models, which clearly indicates that the mixed-control
model, embodied by eqn. (4), provides the optimum descrip-
tion, especially in that it predicts the experimentally observed
tendency of [Cl~] to level o† towards [CP]*, at low Ñow rate.
For this experimental data a value of molkMC@ \ 4.1 ] 10~10
cm2 s~1 was found to be the most appropriate.

The importance of mass transport e†ects was highlighted by
Turchi and Ollis, speciÐcally for dilute solutions.4 Accord-
ingly, we next consider the photodegradation kinetics of CP at
2.0] 10~4 mol dm~3 bulk concentration in solutions that
were either aerated or oxygenated with 1 atm (Fig. 6). ForO2these studies the light intensity was reduced to 7.0] 1016
quanta cm~2 s~1. In both cases, the experimental results
conform more closely to the mixed-control model, rather than
the surface-limited model, with mol cm~2kMC@ \ 1.5 ] 10~10
s~1 (aerated solution) and mol cm~2 s~1kMC@ \ 4.5] 10~10
(oxygenated solution). These data underline the importance of
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Fig. 5 [Cl~] at the downstream detector electrode as a function(…)
of log (Ñow rate) for 5.0] 10~4 mol dm~3 4-chlorophenol solution
(aerated). The best Ðts are shown for the mixed-controlled model
(dashed line, with mol cm~2 s~1) and the surface-kMC@ \ 4.1 ] 10~10
limited model (dotted line with mol cm~2 s~1).kSL@ \ 1.5] 10~10

mass transport in controlling the rate of photomineralisation
at lower substrate concentrations. Comparison of the analysed
data in Fig. 5 and 6(a) suggests that under aerated solution
conditions, the apparent rate constant is closely proportional
to the light intensity and the exponent, m, in eqn. (2) is e†ec-
tively unity. Similar behaviour was found in the stirred reactor
studies of Mills and Wang.5 The presence of higher levels of

speeds up the surface photomineralisation process (Fig.O26(b)) and the role of mass transport becomes clearer over the
whole range of Ñow rates considered.

It is useful to identify when mass transport will be impor-
tant generally compared to the surface kinetics of the photo-
mineralisation process. For a given light intensity and oxygen

Fig. 6 [Cl~] at the downstream detector electrode as a function(…)
of log (Ñow rate) for 2.0 ] 10~4 mol dm~3 4-chlorophenol solution,
for both aerated (a) and oxygenated (b) solution conditions. In each
case, the best Ðts are shown for the mixed control model (dashed lines,
simulated with mol cm~2 s~1 (a) andkMC@ \ 1.5] 10~10 kMC@ \ 4.5
] 10~10 (b)) and the surface limited model (dotted lines, simulated
with mol cm2 s~1 (a) and molkSL@ \ 0.4] 10~10 kSL@ \ 0.4] 10~10
cm2 s~1 (b)), the light intensity was 7.0 ] 1016 quanta cm~2 s~1.

level (assuming depletion e†ects are negligible), the key
parameters are the mass transfer coefficient, and the bulkkt ,concentration of CP. For dilute CP solutions, where

we may conclude from the present studies thatKCP[CP]> 1,
mass transport will be important when Underkt \ kMC@ KCP .
the conditions of the experiments in this paper, the latter
product has a value in the range 7 ] 10~4È2.2] 10~3 cm s~1.

Finally, it is informative to estimate the quantum yield of
the photomineralisation process. The quantum yield is Ñow-
rate dependent, attaining a maximum value when mass trans-
port is sufficiently high to be unimportant. In the high Ñow
rate limit, the data in Fig. 5 and 6(a) correspond to quantum
yields of 8.8] 10~4 and 6.4] 10~4, respectively. Increasing
the level of oxygen in solution increases the quantum yield to
ca. 1.9] 10~3.

Conclusions
CFMED represents a powerful new approach for quantitat-
ively investigating heterogeneous photomineralisation
kinetics. The initial studies reported in this paper show that,
for dilute (sub-millimolar) solutions, mass transport is a key
parameter in controlling the photomineralisation rate of CP.
Further studies, employing this methodology to examine a
wider range of reaction conditions and compare the kinetics
for di†erent chlorophenols are now underway. It is also likely
that there will be conditions where transport to the cata-O2lyst surface will play a role in the kinetics of the process. These
possible e†ects are also under investigation with CFMED.
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