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Abstract

The channel flow method with electrochemical detection (CFMED) of Cl− ion product has been applied to the photodegradation kinetics
of four chlorophenols (CPs) undergoing photolysis (λ > 300 nm) at a TiO2 film. The effects on the rate of photomineralisation of (i) varying
CP concentration, (ii) O2 concentration, (iii) flow rate, (iv) light intensity and (v) supporting electrolyte, have been examined. Of particular
note are the accelerative effects of increasing [O2] and removing background electrolyte. The kinetics have been shown to fit models derived
from Langmuir–Hinshelwood kinetics; at high [CP], the rates fit a surface-limited model, but at low [CP], this model proves inadequate
and a mixed-control model, incorporating mass transfer as an additional parameter, is shown to be necessary. The approach developed
allows the conditions under which mass transfer is important in controlling photomineralisation rates to be identified. © 2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The application of UV-irradiated semiconductors, partic-
ularly TiO2, to the mineralisation of a range of toxic organic
materials, particularly in aqueous solution, has been the sub-
ject of intense study, resulting in hundreds of publications
and a series of review articles [1–5]. The semiconductor, the
band gap of which must fall in the ‘useful’ UV range of
ca. 280–400 nm [3], is usually applied either in the form of
a slurry [6–9] or as a thin-film [10–13] deposited on glass
or other surfaces (beads, helices, tubes [11], plates). It is
generally accepted that the initial photoexcitation results in
generation of a hole–electron pair (h+, e−) in the semicon-
ductor; both species are located at the semiconductor surface
and can function as oxidant and reductant, respectively, in
their initial form towards the pollutant substrate (SH) or go
on to react with water, in the case of h+, or with dissolved
oxygen [8,11] in the case of e−

h+ + 2H2O → •OH + H3O+ (1)
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e− + O2 → O2
•− (2)

Both •OH and O2
•− then attack SH or engage in other

bimolecular processes [8] to form H2O2.
Kinetic studies of photomineralisation have concentrated

on the roles of the semiconductor (nature [3,8], surface area,
dopants, catalysis [8]), the substrate SH (nature and con-
centration [11]), and illumination [14–17] (intensity [14,15],
flux density [16], frequency range [17], intermediates [18]).
In contrast, the role of mass transport for immobilised sys-
tems is only just beginning to be studied [19,20], despite
indications of the importance of this parameter more than
ten years ago [21]. Thus, the rate of degradation of 4-
chlorophenol (4-CP) was recently investigated in a stirred re-
actor where mass transport was considered to be sufficiently
high to have a negligible effect on the rate [19]. In a prelimi-
nary study of the photodegradation kinetics of 4-CP at TiO2,
we used the channel flow method combined with electro-
chemical detection (CFMED) [20] to resolve surface kinet-
ics and mass transport effects [21,22]. In the present paper,
we extend this approach to additional monochlorophenols
and a dichlorophenol (2-CP, 3-CP, 2,4-DCP), and explore
the effects of varying CP concentration, light intensity, oxy-
gen concentration and adding supporting electrolyte.
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2. Experimental

2.1. Chemicals

All solutions were prepared using Milli-Q water
(resistivity 18 M� cm), and contained a particular CP at the
concentration specified herein. The substrates 2-CP (98%)
and 3-CP (99%) were obtained from Lancaster (UK), while
4-CP and 2,4-DCP (both 99%) were from Aldrich (UK).
For some experiments, solutions also contained sodium per-
chlorate (Analar, BDH, UK) at the concentrations specified
later. Previous workers have used KNO3 to control ionic
strength [18].

2.2. Film preparation

The TiO2 film was prepared from a Degussa P25
suspension [23], where 5 g of TiO2 was mixed with 100 cm3

Milli-Q water, sonicated for 1 h and stirred for 5 h with
a magnetic stirrer. The suspension was dropped onto the
glass surface of the coverplate (described below) and then
dried with Ar gas. This process was typically repeated five
times, to achieve an even, complete coating. The cover-
plate was dried in an oven at 373 K for 12 h, resulting in a
mechanically stable film.

2.3. Light source

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 deter-
mined following a modification of the method developed by
Hatchard and Parker [24], and a full emittance profile has
been determined [17].

2.4. Channel-flow instrumentation

The instrumentation for these studies was described in
our preliminary paper [20]. In brief, the home-built channel
flow cell employed for the interfacial photoelectrochemical
studies was a combination of three detachable parts (Fig. 1):
(i) a channel inlet–outlet unit with a quartz window to permit
illumination; (ii) a coverplate containing the reference and
indicator (detector) electrodes together with a glass slide on
which the TiO2 film was deposited and (iii) a Teflon spacer.

The channel inlet–outlet unit was 6.0 cm in length, 4.0 cm
in width and 1.0 cm in height, and was constructed from
PVC. Inlet and outlet ports were drilled at both ends of the
cell to facilitate the flow of solution. The pressure across
the channel width was minimised by setting two ducts
(7.5 mm × 3.0 mm with a depth of 3.0 mm) centrally in the
cell at a distance of 4.0 cm apart but adjacent to the ports. The
quartz window (1.2 cm×1.0 cm) was positioned 2.6 cm from
the upstream edge and 1.8 cm from the downstream edge of
the cell and secured with silicone adhesive (Dow Corning

Fig. 1. Schematic of the channel flow cell employed to study the pho-
todegradation of chlorophenols.

3140 RTV coating). When the flow cell was assembled,
the quartz window was just over the TiO2 substrate of the
coverplate, allowing UV-illumination of the photocatalyst.

The coverplate, of similar dimensions to the channel
inlet–outlet unit, was cast from epoxy resin (CY21 resin
and HY139 hardener, Delta Resin Ltd., Stockport, mixed
at a ratio of 3:1, respectively) using a detachable Teflon
mould. A glass slide (1.20 cm × 1.0 cm) was placed in
the coverplate (onto which TiO2 film was deposited). The
indicator (detector) electrode was positioned 2.0 mm from
the downstream edge of the glass slide, while the reference
electrode was 8.0 mm from the upstream edge.

Two Ag band electrodes, 0.25 mm in length (measured
along the cell) and 4.0 mm wide (across the cell) were coated
in AgCl via the oxidation of 0.1 mol dm−3 KCl solution, as
described previously [20] and served as the reference and in-
dicator electrodes. The width of the indicator electrode was
much smaller than the channel width (12.0 mm) to avoid
possible interference from any viscous effects on the flow
at the channel edge. The coverplate was polished and pre-
pared prior to experiments, as described previously [20].
The spacer was cut from a 0.5 mm thick Teflon sheet (Good-
fellow, Cambridge, UK) and reflected the internal channel
dimensions, producing a rectangular duct 45 mm long and
12 mm wide. The thickness of the Teflon spacer represented
the channel height.

All these three parts were sealed together using six bolts
at the edges of both the channel unit and the coverplate,
with careful positioning of the Teflon spacer providing a
leak-proof channel flow cell. When the cell was assembled,
the electrodes were in the shadow of the PVC plate, ensuring
that there was no illumination of the electrode surfaces. The
complete flow cell was then clamped vertically to avoid any
bubble formation in the system and flow was achieved using
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gravimetric feed system as described previously [20]. For
experiments under 1 atm of O2, the solution in the feed reser-
voir was purged with O2 (99.5% purity, BOC) and the flow
tubing (1.5 mm i.d., Anachem, Luton) was jacketed with
PVC tubing (12 mm i.d.) through which O2 was also passed.

The photodegradation kinetics were monitored via the
formation of Cl−, determined by recording the potential
difference (Keithley 175 Autoranging Multimeter) between
the downstream (indicator) and upstream (reference) elec-
trodes. Although the in-flowing solution did not contain
Cl−, the upstream electode maintained a constant reference
potential over all of the flow rates investigated, presumably
due to the rapid dissolution kinetics of AgCl, ensuring that
the upstream electrode was always in contact with a locally
saturated solution of sparingly soluble salt. Similar results
were obtained when a saturated calomel electrode was em-
ployed as a reference electrode in the reservoir of the flow
system. The measured potential difference was converted to
Cl− using a calibration plot, as described previously [20].
When the lamp was switched off, no detectable levels of
Cl− were produced by the flow of the aqueous chlorophe-
nols over the TiO2 film.

2.5. Batch photoreactor studies

The batch photoreactor used in this study was as
described previously [16]. An aqueous solution of
1.0 × 10−3 mol dm−3 4-CP (with or without supporting
electrolyte) was suspended with 0.1% TiO2 and sonicated
for ca. 15 min. The solution containing suspended TiO2 was
then purged with compressed air for 10 min prior to the illu-
mination and purging was continued during illumination to
maintain a suspension of TiO2. An Ag/AgCl detector elec-
trode (protected from direct illumination) and a saturated
calomel electrode, which served as a reference electrode,
were dipped into the suspension and the formation of Cl−
was monitored as a function of time, during illumination,
using the digital multimeter.

3. Results and discussion

3.1. Formulation of models

The key product for CFMED in the photomineralisation
of CPs is Cl− ion, and modelling of its formation kinetics
is the heart of our methodology.

The photomineralisation process is generally explained by
invoking a Langmuir–Hinshelwood kinetic scheme [1,18,19]

rate = γKO2 [O2]Im
a KCP[CP]

(1 + KO2 [O2])(1 + KCP[CP])
(3)

where KO2 and KCP are the equilibrium adsorption con-
stants for O2 and CP, respectively, at the TiO2 surface, Ia the
light flux, m a power term (varying between 0.5 and 1.0),

and γ a proportionality constant. This rate law has already
been verified in numerous cases of photodegradation stud-
ies in suspensions [1]. However, for immobilised catalytic
processes, a quantitative description is needed considering
the possible involvement of the mass transport effects.

Eq. (3) was treated at two simplified levels. At the simplest
level, it was assumed that there was no depletion of either
O2 or the CP under study at the TiO2 surface. In this case,
Eq. (3) can be simplified, first by considering the fraction of
sites covered by the CP of interest and O2 as follows:

KCP[CP]

1 + KCP[CP]
= θCP (4)

KO2 [O2]

1 + KO2 [O2]
= θO2 (5)

The term γ Im
a can be expressed as a light-intensity-

dependent heterogeneous rate constant for surface-limited
conditions

kSL = γ Im
a (6)

where kSL has units of mol cm−2 s−1.
Combination of the above three equations provides a

simplified version of Eq. (3), which we refer to as the
surface-limited model.

rate = kSLθSPθO2 = k′
SL (7)

The second level approximation was to consider the
reaction under mixed transport–kinetic control. If transport
of CP to the TiO2 surface is considered as an important
factor (without any change of the interfacial concentration
of O2 from that in the bulk solution), then the rate law for
this mixed-control model can be written as

rate = kMCθO2

KCP[CP]i
1 + KCP[CP]i

= k′
MCKCP[CP]i

1 + KCP[CP]i
(8)

where the subscript ‘i’ denotes the solution concentration of
CP adjacent to the TiO2/aqueous interface and

k′
MC = kMCθO2 (9)

The well-defined mass transport of the channel flow
method enabled local concentrations of Cl− at the detector
electrode to be calculated as a function of flow rate, geom-
etry and kinetics for each of the two candidate rate laws.
With reference to the co-ordinate system in Fig. 2, the trans-
port of Cl− (in both the surface-limited and mixed-control
models) and CP (in the mixed-control model only), under
steady-state conditions, is governed by

DCP
∂2[CP]

∂y2
= v0

[
1 − (y − h)2

h2

]
∂[CP]

∂x
(10)

DCl−
∂2[Cl−]

∂y2
= v0

[
1 − (y − h)2

h2

]
∂[Cl−]

∂x
(11)

The x and y co-ordinates are defined in Fig. 2. Di denotes
the diffusion coefficient of species i (Cl− or CP) and v0 is
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Fig. 2. Co-ordinate system for CFMED simulations.

the fluid velocity in the centre of the channel. This latter
variable is related to the volume flow rate, Vf , and geometry
of the channel cell by

v0 = 3Vf

4hd
(12)

where h is the channel half-height and d the channel width.
The two rate laws embodied in Eqs. (7) and (8) form the

boundary conditions at the TiO2 surface for the two models
of interest

y = 0, 0 ≤ x < x1 : −DCl−
∂[Cl−]

∂y
= k′

SL (13)

DCP
∂[CP]

∂y
= − DCl−

∂[Cl−]

∂y
=k′

MC
KCP[CP]y=0

1 + KCP[CP]y=0
(14)

Additional boundary conditions for the other walls and
the non-reactive zones of the channel are

y = 0, x1 < x ≤ x3 : DCP
∂[CP]

∂y
= DCl−

∂[Cl−]

∂y
= 0

(15)

y = 2h, all x : DCP
∂[CP]

∂y
= DCl−

∂[Cl−]

∂y
= 0 (16)

and

x < 0, all y : [Cl−] = 0, [CP] = [CP]∗ (17)

where the asterisk (∗) in superscript represents the bulk
concentration.

The problem outlined was solved using the backwards
implicit finite difference method (BIFDM), which has
been applied extensively to steady-state CFMED prob-
lems [25–27]. For a given cell geometry (cm), [CP] in
mol cm−3, volume flow rate (cm3 s−1) and rate constant
(mol cm−2 s−1) for the heterogeneous process, the simula-
tion provided values for [Cl−] at the downstream electrode,
for the two models, which could then be compared to the
experimental data.

The complete mineralisation process results in the forma-
tion of CO2, H2O and HCl, but with various intermedi-
ates produced in the degradation of a particular substituted
chlorophenol compound. The involvement of intermediates
and the timescales for their production have been detailed
for batch sensitised processes [28–30]. In the present study,
with a continuous flow system, reactants are continuously

Table 1
Equilibrium adsorption constants (KCP) for CPs on TiO2

CPs KCP (dm3 mol−1) Reference

4-CP 4.9 × 103, (29 ± 3) × 103 [33,29]
3-CP 1.6 × 103 [34]
2-CP 3.6 × 103 [9,35]
2,4-DCP 3.2 × 103 [28]

flowed over the TiO2 catalyst and intermediates rapidly
transported to waste. The rates of Cl− formation are thus
initial rates for the degradation of a CP. Thus, the two
models developed here for the numerical simulation of the
[Cl−] presume one Cl− ion is expelled per CP molecule,
even for 2,4-DCP as batch studies [27] show the second Cl
atom is lost relatively slowly.

The literature value [31] for DCl− = 1.9 × 10−5 cm2 s−1

was used for the surface-limited and mixed-control models,
while for the mixed-control model, the values for DCP were
calculated as 0.94 × 10−5 cm2 s−1 for the monochlorophe-
nols and 0.86 × 10−5 cm2 s−1 for 2,4-DCP using the
Wilke–Chang correlation [32]. Literature values [28,33–35]
for the equilibrium adsorption constants of the chlorophe-
nols, as listed in Table 1, were initially considered.

For 4-CP, values of KCP up to 30.0 × 103 M−1 have been
reported for studies in suspensions [28], but this value did
not provide a good description of the experimental results
presented later; the lower value employed in Table 1 is con-
sidered to be appropriate to thin-film systems [33].

To illustrate the different behaviour predicted by the mod-
els, Fig. 3 shows [Cl−] at a detector electrode simulated
for the mixed-control and surface-limited cases for 5.0 ×
10−4 mol dm−3 4-CP solution as a model substrate. A typ-
ical rate constant of k′

MC = 1.0 × 10−10 mol cm−2 s−1 was

Fig. 3. Theoretical simulations of the mixed-control (solid line) and
surface-limited (dashed line) models for 5.0 × 10−4 mol dm−3 4-CP.
The estimated rate constants, k′

MC and k′
SL for the mixed-control and

surface-limited models, respectively, were 1.0 × 10−10 and 7.1 × 10−11

mol cm−2 s−1. The spacer height was 0.5 mm, with the other parameters
cited in the text.
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Fig. 4. Theoretical simulations of the mixed-control model (k′
MC = 1.0 ×

10−10 mol cm−2 s−1) for 5.0 × 10−4 mol dm−3 4-CP with variation of the
values of DCl− over the range of 1.2 × 10−5–4.0 × 10−5 cm2 s−1. The
spacer height was 0.5 mm.

considered. If depletion of CP is unimportant, this corre-
sponds to k′

SL = 7.1 × 10−11 mol cm−2 s−1 (cf. Eqs. (7)
and (8)). Standard cell parameters were as follows: interface
length 1.395 cm; width 1.340 cm; detector electrode length
0.025 cm; gap between the end of the interface and the detec-
tor electrode 0.205 cm; channel height 0.050 cm and chan-
nel width 1.460 cm. These numerical simulations show that
the mixed-control model, embodied in Eq. (13), predicts the
calculated [Cl−] to level off towards [CP]∗ at low flow rate
whereas in this regime, for the surface-limited model, [Cl−]
increases without limit, which is clearly unrealistic. Only at
the very highest flow rates do the two models converge, i.e.
at V f > 0.1 cm3 s−1.

Although the value of DCl− = 1.9 × 10−5 cm2 s−1

was used for this study, for experiments with no sup-
porting electrolyte, the effective diffusion coefficient of
Cl− will depend on the counter cation, which is unknown
under the conditions of the experiments. Thus, simula-
tions were also carried out for the mixed-control model
considering variation of the value of DCl− over the max-
imum possible range of 1.2 × 10−5–4.0 × 10−5 cm2 s−1

for 5.0 × 10−4 mol dm−3 4-CP solutions. A rate constant
k′

MC = 1.0 × 10−10 mol cm−2 s−1 was considered with an
identical cell geometry to that defined above. Overall, sim-
ulated results (Fig. 4) show that variation of DCl− has a
relatively minor effect on the calculated detector electrode
response, under the conditions of interest.

3.2. Photodegradation of 4-CP by CFMED

3.2.1. Effect of 4-CP concentration
The trends of the degradation kinetics with bulk 4-CP

concentration are readily explained by referring to the
observed Cl− ion concentration at the detector elec-
trode during the photomineralisation of 5.0 × 10−3–2.0 ×
10−4 mol dm−3 4-CP under aerated conditions with a light

Fig. 5. [Cl−] at the downstream detector electrode (�) as a function of
log10 (flow rate) for (a) 5.0 × 10−3 mol dm−3 4-CP solution (aerated).
The best fits are shown for the mixed-control model (solid line, with
k′

MC = 5.8 × 10−10 mol cm−2 s−1) and the surface-limited model (dashed
line, with k′

SL = 5.5 × 10−10 mol cm−2 s−1). (b) 5.0 × 10−4 mol dm−3

4-CP solution (aerated). The best fits are shown for k′
MC = 4.1 × 10−10

mol cm−2 s−1 (solid line) and k′
SL = 2.5 × 10−10 mol cm−2 s−1 (dashed

line). (c) 2.0 × 10−4 mol dm−3 4-CP solution (aerated). The best fits
are shown for k′

MC = 4.8 × 10−10 mol cm−2 s−1 (solid line) and
k′

SL = 1.4 × 10−10 mol cm−2 s−1 (dashed line). The behaviour with
k′′

SL = 2.38 × 10−10 mol cm−2 s−1 is shown as the dotted line.

flux density of 2.0 × 1017 q cm−2 s−1. After converting
the measured potential difference responses to [Cl−] at
the downstream Ag/AgCl indicator electrode, the respec-
tive data were obtained for individual bulk concentrations,
[4-CP]∗, of interest, as shown in Fig. 5a–c.

The experimental results are compared alongside the
best fits for the two models developed. These data
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clearly indicate that for the higher concentration of 4-CP
(5.0 × 10−3 mol dm−3) both of the models fit the experi-
mental data with reasonable agreement over the entire range
of flow rates studied. This is because with a high substrate
concentration, the relative extent to which 4-CP is con-
sumed at the surface is quite small so that [CP]i approaches
[4-CP]∗ and the surface-limited model thus provides a good
description of the kinetics. In contrast, the results for the
more dilute (5.0 × 10−4 and 2.0 × 10−4 mol dm−3) 4-CP
solutions conform more closely to the mixed-control model,
over the whole range of flow rates considered, because now
the relative extent of 4-CP depletion is more significant,
particularly as the flow rate is decreased. This pattern of
behaviour is consistent with a rate law where the effective
order of the reaction with respect to the candidate solution
reactant is less than unity [25] as for Eq. (11).

In fitting the data in Fig. 5 to the surface-limited model,
the aim was to achieve at least a match in the high flow rate
limit, where this model is most appropriate, as discussed
earlier (Fig. 3). The deviation of the surface-limited model
for lower substrate concentrations clearly points to the en-
hanced role of the mass transport effect in controlling the
overall rate. The expected importance of mass transport
effects for dilute solutions was also highlighted by Turchi
and Ollis [21]. Accordingly, it is interesting to use the value
of k′

MC deduced to simulate the behaviour that would be
expected if there was no depletion of 4-CP at the TiO2 sur-
face, i.e. a true surface-limited process. The rate constant
(k′′

SL, mol cm−2 s−1) for this case was obtained from

k′′
SL = k′

MCKCP[CP]∗

1 + KCP[CP]∗
(18)

Using the values cited above, k′′
SL = 2.38×10−10 mol cm−2

s−1 was obtained for the case in Fig. 5c. When this is
used to simulate the behaviour, a notably poor fit (dotted
line in Fig. 5c) compared to the experimental data is ob-
tained. This re-emphasises the point that there is a range
of practically important conditions where mass transport
plays a significant role in controlling the kinetics of the
process.

Table 2 summarises values of k′
MC and k′

SL used to obtain
the best fit simulations compared to the experimental data
for the range of [4-CP]∗ investigated. In the limit where there
is no depletion at the surface, we can write from Eqs. (7)
and (8)

1

k′
SL

= 1

k′
MCKCP[CP]∗

+ 1

k′
MC

(19)

Table 2
Values of k′

MC and k′
SL used for the best fit simulations of the theoretical models

[4-CP] (mol dm−3) [O2] (kPa) Light flux density (q cm−2 s−1) k′
MC (mol cm−2 s−1) k′

SL (mol cm−2 s−1)

5.0 × 10−3 20 2.0 × 1017 5.8 × 10−10 5.5 × 10−10

5.0 × 10−4 20 2.0 × 1017 4.1 × 10−10 2.5 × 10−10

2.0 × 10−4 20 2.0 × 1017 4.8 × 10−10 1.4 × 10−10

Fig. 6. Analysis of the data derived from Fig. 5 in terms of Eq. (19).

A plot of 1/k′
SL versus 1/[4-CP]∗ (Fig. 6), then yields an

apparent equilibrium adsorption constant for 4-CP under
the present experimental conditions and k′

MC. The calcu-
lated value for the apparent equilibrium adsorption constant
is 1.5 × 103 M−1 and k′

MC = 5.9 × 10−10 mol cm−2 s−1.
The value of KCP is in close agreement with the value
1.7 × 103 M−1 deduced by Mills and Wang [19] for a
thin-film system, but a little lower than used to analyse the
data in Fig. 5. On the other hand, k′

MC is higher than the
mean value deduced from the curve fitting analysis. This is
probably because even at the highest flow rates considered
in each of Fig. 5a–c, there is some depletion of [4-CP] from
the bulk value. This will become increasingly important at
lower substrate concentration and so the analysis of Eq. (19)
should only be considered as approximate as it will tend to
underestimate KCP.

3.2.2. Effect of light intensity
It is well established that the photomineralisation rate

depends on the intensity of the incident light [2,14–17].
Accordingly, the influence of the light flux density was inves-
tigated by reducing it to 7.2×1016 q cm−2 s−1 for dilute sub-
strate concentrations (5.0 × 10−4 and 2.0 × 10−4 mol dm−3

4-CP) where mass transport has been shown to be a key
parameter governing the mineralisation kinetics under
the defined experimental conditions. The predicted rate
constants providing the best fit for 5.0 × 10−4 mol dm−3

4-CP was k′
MC = 1.5 × 10−10 mol cm−2 s−1, while for

2.0 × 10−4 M 4-CP solution, the best fit resulted with
k′

MC = 1.7 × 10−10 mol cm−2 s−1. Comparison of these
rate constants with those obtained with the same substrate
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concentrations at higher light flux (Fig. 5) suggests that un-
der aerated solution conditions, the apparent rate constant is
closely proportional to the intensity, as found by Mills and
Wang [19], who did more extensive studies.

3.2.3. Effect of [O2]
The presence of higher levels of O2 speeds up the surface

photomineralisation process by scavenging the photogene-
rated electrons at the TiO2 surface, producing superoxide
anions. Accordingly, the degradation kinetics were also ex-
amined under conditions where the level of O2 in 2.0×10−4

mol dm−3 4-CP solution was increased from atmospheric
to saturated levels at a light flux of 7.2 × 1016 q cm−2 s−1.
The experimental results were compared to the best fits to
the theoretical models, obtained with k′

MC = 4.5 × 10−10

mol cm−2 s−1 and k′
SL = 1.5×10−10 mol cm−2 s−1 (Fig. 7).

Again, from the poor fit of the surface-limited approach,
the role of mass transport in photomineralisation kinetics is
clear over the whole range of flow rates considered.

Comparing the results obtained under these conditions,
with those for the same [4-CP]∗ and light intensity but with
an aerated solution, demonstrates that increasing the con-
centration of O2 in solution increases k′

SL by a factor of 2.5.
This type of effect has been seen previously for both immo-
bilised systems [19] and TiO2 in suspension [12].

3.2.4. Effect of supporting electrolyte
After highlighting the significance of the mass transport

effect as a key parameter in controlling the degradation
kinetics of 4-CP (in the absence of supporting electrolyte),
the next approach was to address the case where the
supporting electrolyte is present in excess over the organic
substrate. Accordingly, the kinetics of 5.0 × 10−3 and
1.0 × 10−3 mol dm−3 4-CP mineralisation (under aerated

Fig. 7. [Cl−] at the downstream detector electrode (�) as a function of
log10 (flow rate) for 2.0 × 10−4 mol dm−3 4-CP solution (oxygenated).
The best fits are shown for the mixed-control model (solid line,
with k′

MC = 4.5 × 10−10 mol cm−2 s−1) and the surface-limited model
(dashed line, with k′

SL = 1.5 × 10−10 mol cm−2 s−1). Intensity of
light = 7.2 × 1016 q cm−2 s−1.

Fig. 8. [Cl−] at the downstream detector electrode (�) as a function of
log10 (flow rate) for (a) 5.0 × 10−3 mol dm−3 4-CP solution (aerated)
in the presence of 0.1 mol dm−3 NaClO4 as supporting electrolyte. The
best fits are shown for the models with k′

SL = 2.8 × 10−10 mol cm−2 s−1

and k′
MC = 3.0 × 10−10 mol cm−2 s−1 at a light intensity of 2.0 × 1017

q cm−2 s−1. (b) 1.0 × 10−3 mol dm−3 4-CP solution (aerated) in the pres-
ence of 0.1 mol dm−3 NaClO4 as supporting electrolyte, with best fits to
k′

SL = 0.35 × 10−10 mol cm−2 s−1 and k′
MC = 0.45 × 10−10 mol cm−2 s−1

at a light intensity of 1.0 × 1017 q cm−2 s−1.

conditions) in the presence of 0.1 mol dm−3 NaClO4 as
supporting electrolyte were analysed (Fig. 8a and b).

The respective light fluxes for these two cases were
2.0×1017 and 1.0×1017 q cm−2 s−1. The reason for consid-
ering higher [4-CP]∗ was to investigate the influence of sup-
porting electrolyte in controlling the surface kinetics of the
degradation process under conditions where mass transport
effects were expected (and confirmed) to be unimportant.
The experimental data were compared alongside the best
fits to the surface-limited models (for 5.0 × 10−3 mol dm−3

4-CP, k′
MC = 3.0 × 10−10 mol cm−2 s−1 and k′

SL =
2.8 × 10−10 mol cm−2 s−1; for 1.0 × 10−3 mol dm−3

4-CP, k′
MC = 0.45 × 10−10 mol cm−2 s−1 and k′

SL =
0.35×10−10 mol cm−2 s−1). In both cases, the experimental
results conform to the model fairly well over the range of
flow rates investigated, but the predicted rate constants are
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comparatively low, indicating that the photomineralisation
becomes less efficient under such conditions.

Comparison of rate constants obtained with and without
supporting electrolyte for 5.0×10−3 mol dm−3 4-CP clearly
shows that the presence of supporting electrolyte diminishes
the photomineralisation rate by a factor of ca. 2. The most
plausible explanation for this behaviour is that the supporting
electrolyte may inhibit the adsorption of chlorophenol and/or
O2 on the TiO2 surface.

The effect of KNO3 on the 4-CP-TiO2-O2 photosystem
was demonstrated by Mills et al. [36], who found a grad-
ual decrease in the rate of CO2 formation with increase
of [KNO3], covering the range 0.01–1.0 mol dm−3. More
specifically, it was demonstrated that the presence of ni-
trate anion, at a concentration of ca. 0.4 mol dm−3, could
effectively reduce the rate of the photoprocess by a factor
of 2. This effect was shown to be most likely due to the
absorption of UV-light by KNO3 in the range 300–360 nm,
causing a variation in transmittance values. KNO3 has
also been used to control ionic strength in this system by
Bahnemann’s group [18]; they took care to demonstrate
NO3

− is essentially inert under these conditions.
In order to obtain information on the UV absorp-

tion characteristics of NaClO4, UV spectra (350 >

λ > 200 nm) were recorded for 0.1 mol dm−3 NaClO4,
1.0 × 10−3 mol dm−3 4-CP and 1.0 × 10−3 mol dm−3 4-CP
with 0.1 mol dm−3 NaClO4. Comparison of these UV spec-
tra confirmed Mills’ conclusion [36] that NaClO4 had vir-
tually no effect on the UV absorption of 4-CP, and would
also not partially screen the TiO2 from irradiation under the
conditions of the experiments reported herein. This obser-
vation led us to carry out further investigations on the effect
of NaClO4, employing a batch photoreactor with suspended
TiO2 where mass transport effects are completely negligi-
ble. Accordingly, a solution of 1.0 × 10−3 mol dm−3 4-CP
containing a suspension of 0.1% TiO2 was photominer-
alised in the presence of 0.1 mol dm−3 NaClO4 and without
supporting electrolyte under aerated conditions at a light
flux density of 2.4 × 1017 q cm−2 s−1. Degradation kinetics
were monitored (in situ) by recording the potential differ-
ence as a function of irradiation time, as described in the
experimental section. Again, the faster rate of Cl− forma-
tion observed (1.67 × 10−8 mol dm−3 s−1) in the absence
of supporting electrolyte, compared to that with support-
ing electrolyte (0.92 × 10−8 mol dm−3 s−1) confirms the
deductions of the CFMED measurements (Fig. 9).

As briefly highlighted above, the diminution of the
photomineralisation kinetics with NaClO4 present is most
likely due to partial blockage of the active sites of the TiO2
photocatalyst [37].

3.3. Photodegradation of 3- and 2-chlorophenols solutions
via CFMED

Further assessment of the CFMED approach related to
the photomineralisation of 3- and 2-CPs, considering the

Fig. 9. [Cl−] formation as a function of time during the photodegrada-
tion of 1.0 × 10−3 mol dm−3 4-CP solution (aerated), without supporting
electrolyte (a) and with 0.1 mol dm−3 NaClO4 present (b).

contribution of [O2] (i.e. 0.2 and 1.0 atm O2) and the pres-
ence of supporting electrolyte (under aerated conditions) in
controlling the photomineralisation kinetics. Accordingly,
a series of investigations were carried out at a light flux
density of either 1.0 × 1017 or 1.2 × 1017 q cm−2 s−1 with
the organic substrate at a concentration of 1.0 × 10−3

mol dm−3.
Fig. 10a and b for 1.0 × 10−3 mol dm−3 2-CP solutions

with a light flux of 1.2 × 1017 q cm−2 s−1 (aerated and oxy-
genated, respectively) clearly show that both models provide
a reasonable description of the data, but at slow flow rates,
the mixed-control model is optimal. Similar behaviour was
found for 3-CP solutions under both aerated and oxygenated
conditions.

The faster mineralisation kinetics of oxygenated 2-CP
(k′

MC = 3.6 × 10−10 mol cm−2 s−1), compared to the aer-
ated condition (k′

MC = 2.1 × 10−10 mol cm−2 s−1), follows
a similar trend already identified for 4-CP.

The photomineralisation kinetics of 2- and 3-CPs in the
presence of 0.1 mol dm−3 NaClO4 as supporting electrolyte
were found to fit the theoretical models reasonably well.
With a light flux of 1.0 × 1017 q cm−2 s−1, the values of
k′

MC (0.65 × 10−10 mol cm−2 s−1 for 3-CP and 0.53 ×
10−10 mol cm−2 s−1 for 2-CP and k′

SL (0.40 × 10−10 mol
cm−2 s−1 for both CPs) are consistent with the result ob-
tained for 1.0 × 10−3 mol dm−3 4-CP with 0.1 mol dm−3

NaClO4 (Fig. 8b) at the same light flux. These results clearly
indicate again that the presence of NaClO4 as supporting
electrolyte dramatically reduces the photomineralisation
rate.

3.4. Photodegradation of 2,4-dichlorophenol (2,4-DCP)
solutions via CFMED

Having successfully investigated the degradation pro-
files of monochlorophenols, particularly elucidating the
role of mass transport in controlling the overall kinetics,
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Fig. 10. [Cl−] at the downstream detector electrode (�) as a function
of log10 (flow rate) with a light flux density of 1.2 × 1017 q cm−2 s−1

for (a) 1.0 × 10−3 mol dm−3 2-CP solution (aerated). The best
fits are shown for the mixed-control model (solid line, with
k′

MC = 2.1 × 10−10 mol cm−2 s−1) and the surface-limited model (dashed
line, with k′

SL = 1.6 × 10−10 mol cm−2 s−1). (b) 1.0 × 10−3 mol dm−3

2-CP solution (oxygenated), with best fits for the mixed-control model
(solid line, with k′

MC = 3.6×10−10 mol cm−2 s−1) and the surface-limited
model (dashed line, with k′

SL = 2.5 × 10−10 mol cm−2 s−1).

the application of CFMED was extended briefly to the
photomineralisation of 2,4-DCP under aerated conditions.

Following the earlier approach on the investigation of
the effect of light flux on the photomineralisation kinetics
of 4-CP (Section 3.2.2), our first objective was confined
to an investigation of this effect on 1.0 × 10−3 mol dm−3

2,4-DCP at applied light fluxes of 1.7 × 1017 and
1.0 × 1017 q cm−2 s−1. The observed [Cl−] — flow rate

Table 3
Values of k′

MC and k′
SL for photomineralisation of 2,4-DCP

[2,4-DCP] (mol dm−3) [NaClO4] (mol dm−3) Light flux density (q cm−2 s−1) k′
MC (mol cm−2 s−1)

1.00 × 10−3 0.0 1.7 × 1017 3.0 × 10−10

1.00 × 10−3 0.0 1.0 × 1017 2.0 × 10−10

1.00 × 10−3 0.1 1.0 × 1017 1.0 × 10−10

profiles were found to be best analysed with the mixed-control
model, over the whole range of flow rates investigated, with
the rate constants cited in Table 3. These data again imply
that under aerated conditions the kinetics of the photopro-
cess are closely proportional to the effective light flux, as
found for 4-CP.

Finally, it is useful to assess the effect of supporting
electrolyte in the photodegradation of 2,4-DCP. The re-
sulting analysis of data obtained on an aerated solution of
1.0 × 10−3 mol dm−3 2,4-DCP with 0.1 mol dm−3 NaClO4,
illuminated at an intensity of 1.0×1017 q cm−2 s−1, yielded
a rate constant k′

MC = 1.0 × 10−10 mol cm−2 s−1 (or k′
SL =

0.8 × 10−10 mol cm−2 s−1 since mass transport effects
were negligible). The results again support the conclusion
(Section 3.2.4) that the mineralisation rate is significantly
influenced by added supporting electrolyte and that the di-
minished interfacial fluxes make mass transport of 2,4-DCP
less significant.

3.5. Quantum efficiency

It is informative to estimate the quantum efficiency of
the photoprocesses studied in the CFMED system. The
quantum yield is flow rate dependent, attaining a maximum
value when mass transport is sufficiently high to be unim-
portant. At the high flow rate limit, the apparent quantum
efficiency of the photomineralisation process can be calcu-
lated via

Quantum efficiency = k′′
SL NA

ΦLFD
(20)

where NA is Avogadro’s number, ΦLFD the light flux density
(q cm−2 s−1), and k′′

SL can be calculated from Eq. (18).
The degradation processes described in this study cor-

respond to reasonable values of the quantum yields in the
range 0.1–0.2% for all the CPs studied without supporting
electrolyte present. These values match with the range of
quantum yields 0.1–1.0%, reviewed by Mills and Le Hunte
[1]. Within experimental error, there are no significant ef-
fects of the position of the Cl atom on the overall kinet-
ics and the quantum yield of the process. Most notably, the
quantum efficiency of the photocatalytic reactions of 4-CP
and 2-CP increased when the O2 level was increased to sat-
urated conditions (1 atm O2) compared to aerated solution,
in good agreement with studies carried out mainly in sus-
pension [2]. With supporting electrolyte, the quantum yield
is diminished for the reasons discussed earlier.
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4. Conclusions

CFMED has been shown to be a successful approach to
studying the photodegradation kinetics of various chloro-
phenol compounds, allowing the contribution of surface
kinetics and mass transport effects to be readily identified.
Mass transport has been shown to be a key parameter
in controlling photomineralisation rates, particularly with
low substrate concentrations. Additionally, the rate of pho-
tomineralisation has been shown to be closely proportional
to the light flux intensity. The effect of NaClO4 supporting
electrolyte is to impede the photomineralisation process,
whereas an increasing concentration of oxygen in solution
serves to enhance the photomineralisation rate.

It is useful to identify when mass transport will be
important, generally compared to surface kinetics. For a
given light intensity and oxygen level (assuming depletion
effects are negligible), the key parameters are the effective
mass transfer coefficient, kT, and the bulk concentration of
4-CP. For dilute solutions, where KCP[4-CP] � 1, it may be
concluded from the present studies that mass transport will
be important when kT < k′

MCKCP. Under the conditions of
the experiments described in this paper, the latter product
has a value in the range 7.0 × 10−4–2.2 × 10−3 cm s−1.

Although the mixed-control model developed in this
paper provides a reasonable description of the photomin-
eralisation process, it is also likely that O2 depletion will
become important at the slowest flow rates, which has not
been considered. Refinement of the theoretical modelling,
including the possibility of O2 depletion may provide
further insight into the factors governing the kinetics of
photomineralisation process. Information is needed on O2
photoreduction at immobilised TiO2 surfaces and work in
this direction is ongoing in our group [38].
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