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Abstract

This paper reports the oxidation of aqueous 4-nitrophenol solutions in a photo-electrochemical bubble column
reactor (BCR) in which mass transfer has been shown not to be rate limiting. The work represents the first steps in
the scale-up of active photoanodes and efficient reactors for the disinfection and detoxification of water.
The preparation, optimization and application of two types of electrode are described and the results are com-

pared with those for a TiO2 electrode supplied by Ineos Chlor. Photocurrents measured in tap water and in aqueous
methanol were used for the initial characterization of the electrodes. The methanol was employed for diagnostic
purposes only, as discussed below; methanol can react either by direct hole transfer or by hydroxyl radical
recombination, but the balance of these reactions depends upon the nature of the electrode surface. The most active
thermal electrodes were fabricated by heating titanium metal in air at 750 �C for 10 min, whilst the most active sol–
gel electrodes were heated at 600 �C for 10 min.
Three of the central achievements of the work were to: (1) show that it is possible to design and fabricate

photoelectrochemical reactors capable of effecting the mineralization of strongly absorbing organics; (2) confirm
that the photocatalytic decomposition of 4-NP in reactors with a 4 dm3 capacity can be increased by the application
of a small positive potential and (3) that the application of such a potential significantly enhances the mineralization
of 4-NP.
For the mineralization of 0.25 mM nitrophenol solutions the reactivity sequence is:

Photoelectrocatalytic > Photocatalytic > Photochemical > Electrochemical.

However, even at 3 V applied potential, charge recombination is not eliminated. The order of electrode activity
was:

Ineos > Sol Gel > Thermal:

Differences between the activities of different electrodes were attributed to changes in the structure andmorphology
of the TiO2. It is noteworthy that although, for nitrophenol oxidation, the thermal electrodes were the least active, for
photoelectrocatalytic disinfection in the same type of reactor, thermal electrodes were the most active.

1. Introduction

The photocatalytic properties of both anatase and rutile
polymorphs of TiO2 are well-attested in the literature
[1–3]. UV generation of an electron–hole pair initiates
the subsequent catalytic activity, and it is generally
believed that the active oxidant at the surface of
irradiated TiO2 is the hydroxyl radical (•OH) which is
only slightly less oxidizing than fluorine [2]. Although
the photocatalytic activity of TiO2 has been known for
many years [4] the ability to generate •OH radicals on
irradiation with UV light of wavelength >350 nm has

been exploited for destruction of organics [5, 6] or for
photocatalytic disinfection [7] only comparatively
recently.
The papers referred to above describe the application

of TiO2 in the form of a powder added to contaminated
water (i.e. as slurry), unfortunately, there are two
significant problems associated with this approach:
(1) The TiO2 must be removed from the treated water.
(2) The majority of the light energy is wasted as heat

due to the recombination of the electron–hole
pairs, thus the quantum efficiency for •OH genera-
tion has been reported as being only ca. 4% [8].
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The recognition of the practical problems of removing
the TiO2 from treated water has led to numerous
attempts to immobilize the catalyst particles on a variety
of substrates [9–12] including carbon [9] and glass fibre
[10]. However, immobilization introduces its own
potential problems; in particular, target molecules must
diffuse much further to the catalyst surface if it is
immobilized. An order of magnitude calculation sug-
gests a diffusion distance of 102–103 nm in an ideally
dispersed 0.1 wt% slurry of 70 m2 g)1 TiO2, and this is
significantly less than the length scale of a few mm in a
typical reactor with an immobilized catalyst.
As shown in Figure 1, providing that the electrolyte

concentration exceeds the dopant density, the applica-
tion of a positive potential to an n-type TiO2 photoan-
ode generates an electric field within the semiconductor
[13–15]. The thickness W of the depletion layer varies as
[15] (V)Vf)

1/2 where V is the potential at the conduction
band edge, and Vf is the flat band potential. Photons of
sufficient energy to excite electrons across the band gap
are absorbed to a depth 1/a where a is the absorption
coefficient of the incident light at the wavelength of
interest. If 1/a is less than (W + Lp), where Lp is the
minority carrier length [14], separation of the charge
carriers is enhanced by the potential gradient as holes
are driven ‘uphill’ to the surface and electrons are swept
towards the interior of the semiconductor, where they
eventually reach the back contact and are driven around
the external circuit by the applied potential difference to
the counter electrode. Hence, in contrast to the situation
in slurries, capture of photogenerated electrons is no
longer rate limiting [16] even though charge-carriers
generated at depths greater than (W + Lp) will mostly
recombine.
From the above discussion it may be seen that

adherence to the relationship Jpa(V)Vf)
1/2 constitutes a

simple test of the classical theory. In contrast, the
applicability of the simple theory to nanocrystalline
materials is not necessarily straightforward; e.g. the

crystal size may be too small to allow the depletion
layer to develop fully. Therefore, we report the
performance of two different nanocrystalline electrode
types. The first, a ‘thermal film’, made by heating
titanium metal in air [17–19] may be expected to
approximate to the theory described above – the rutile
crystal size in the optimum thermal electrodes is
50–70 nm. The second prepared by the deposition of
nano-particles [17–19] is expected to have a very
different morphology, and the X-ray line broadening
measurements described below suggest that the anatase
crystal size in the optimum electrodes is �20 nm.
Therefore, a comparison of the properties of the two
electrodes highlights the contribution of electrode
morphology to the observed photoelectrocatalytic
behaviour. To ensure a sound basis of comparison,
the preparation conditions leading to optimum perfor-
mance were established by current–voltage measure-
ments on small (1 cm · 1 cm) or (5 cm · 5 cm)
electrodes of each type, after which larger scale
electrodes were tested with respect to the photo-
electrochemical oxidation of 4-nitrophenol (4-NP).
We also tested a third TiO2 electrode type, supplied
by Ineos Chlor, in order to benchmark our electrodes
against possible commercial suppliers.
Nitrophenol is a demanding choice with respect to

photocatalytic oxidation because it is a large molecule,
and hence a number of electron transfers are required to
effect its mineralization. In addition, the oxidation of
nitrophenol involves many potential intermediates, any
one of which may be intractable. Although the degra-
dation of 4-NP has been achieved photocatalytically
using TiO2 slurries [20], the strong UV absorption of
4-NP makes it a demanding target molecule for photo-
catalytic oxidation at an immobilized surface. A partic-
ular objective of this work was to establish whether
practical photoelectrocatalytic reactors employing
immobilized TiO2 films could be realized for such
strongly absorbing solutions.

g p ,

Fig. 1. Schematic representation of the electric field enhancement effect, see text for details.
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2. Experimental

2.1. Electrode preparation and characterization

Results are reported for thermal and sol–gel films
formed on Ti plates, either 1 cm · 1 cm · 0.1 cm or
5 cm · 5 cm · 0.3 cm (Goodfellow, 99.6+%), or mesh
15 cm · 10 cm · 0.02 cm (Expanded Mesh Ltd), and
for commercial Ineos Chlor electrodes. The thermal
electrodes were formed by heating the plate or mesh in
air at the required temperature for 10 min. The sol–gel
electrodes were prepared by the method of O’Regan and
colleagues [21]. The plate or mesh titanium substrates
were dip-coated, spun at 2500 rpm and then heated at
the required temperature for 10 min in air. The highest
photocurrents were measured after five dip/spin/heat
cycles and this procedure was used for all the sol–gel
results reported below.
The electrodes were characterized, using a Sycopel

AEW2 potentiostat interfaced to a PC, by the measure-
ment of the cyclic voltammograms of the plate elec-
trodes in a 250-cm3 glass cylindrical cell [18], in which a
Pt mesh counter electrode (90 mm diameter, 63% open
area, Goodfellow) was mounted above the 1 (or 25) cm2

TiO2 photoanode. The Ag/AgCl wire reference electrode
was checked regularly against a commercial Ag/AgCl
reference electrode (Sentek). The TiO2 electrodes
were irradiated by 2 · 36 W Philips PL-L lamps
(kmax�360 nm) positioned horizontally above the cell.
The crystallinity of the 1-cm2 TiO2 electrode plates

was determined from powder diffractograms (Philips
Xpert X-ray diffractometer (CuKa source)). Calibration
curves were prepared by measuring the diffractograms
of calibration standards made by mixing powders
consisting of 100% anatase (Tioxide AHR) and (97%
rutile + 3% anatase, Tioxide RFC5) and measuring the
peak areas of the 2h=25.28 (anatase, (101)) and 27.45
(rutile, (110)) lines. Crystallite sizes were determined
from the Debye–Scherrer equation [22].

2.2. The photoelectrocatalytic reactor

The�1 dm3 photoelectrocatalytic bubble column reactor
(BCR), whichwas specifically designed for operationwith
strongly absorbing solutions such as 4-NP, was con-
structed from two concentric PyrexTM tubes (inner tube:
42 mm external diameter, outer tube: 80 mm internal
diameter). It was connected by non-absorbing silicone
tubing (TYGON) to an external 3 dm3 tank and NP
solution was recirculated at �3 · 10)5 m3 s)1, see Fig-
ures 2 and 3; a detailed description is given elsewhere [23],
excellent mass transfer can be achieved in this reactor by
gas-sparging with small bubbles generated by passing gas
through a sintered glass distributor at its base. However,
since control experiments demonstrated that mass trans-
port was not rate-limiting in our photoelectrocatalytic
experiments, gas sparging (5 dm3 min)1) was only
employed in the studies using the P25 slurry (Degussa)
in order to maintain the TiO2 particles in suspension.

The anodes used in the reactor were made from the
treated titanium mesh, welded along its 10-cm side to
form a cylinder (see Figure 2). Nickel mesh (Goodfel-
low, open area 55%, nominal aperture 0.73 mm2 wire
diameter 0.25 mm) was formed into a slightly larger
cylindrical counter electrode. The coaxial cylinders were
then held in a Teflon housing to form a single ‘cassette’.
The reactor was used in 2-electrode mode, with all
potentials (voltages) quoted with respect to the counter
electrode. Figure 2 shows a single ‘cassette’, two such
cassettes were employed in the reactor, as shown in
Figure 3. Including the volume above the cassettes and
below the outlet arms of the reactor, the volume of
solution in the reactor was ca. 1 dm3.
The light source was either two actinic lamps (36 W

Philips PL-L) or a 400 W Hg lamp (sharp emission
peaks near 365, 405 and 436 nm) axially mounted in the
core void. Both lamps have their most intense emission
at ca. 436 nm; for comparison purposes only (as neither
the anatase nor rutile forms are excited by light of this
wavelength) the intensity of the Hg lamp at 436 nm was
found to be ca. 102· that of the 2 · 36 W lamps.
Mineralization per unit charge was very similar for both
lamps; however, more mineralization was observed with
the Hg lamp, possibly because the relatively greater
long-wavelength output of this lamp is less strongly
absorbed by the 4-NP.

2.3. Materials and analytical methods

Titanium tetra-isopropoxide (97%, Aldrich), propan-2-ol
(99+%, Aldrich) and nitric acid (70%, Aldrich) were
used as received. Because the aim of the work was to

g p

Fig. 2. Schematic representation of the electrode ‘cassettes’ employed

in the bubble column reactor.
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treat aqueous waste streams containing NPs, the use of
well-defined solutions of analytical grade electrolytes in
Millipore water has to be supplemented by measure-
ments in more relevant systems, as in our disinfection
studies [18, 19, 23]. Therefore, 0.1 M Na2SO4 (98%,
Aldrich) in Millipore Milli-Q water (18 MX cm) and
tapwater (Fe < 0.05 mg dm)3, HCO3

2) 22 mg dm)3,
Cu 0.09 mg dm)3, Na 13 mg dm)3, Mg 5.2 mg dm)3,
and K 2.9 mg dm)3) were used as electrolytes.
HPLC analyses were carried out using Pye Unicam

HPLC or Dionex UVD170S HPLC systems, both
utilized separation by a Supelco Discovery reverse phase
C18 column and 40:60:0.001 Methanol (Aldrich, HPLC
grade):Milli-Q water:acetic acid (Aldrich). 4-NP was
analyzed using its absorption at 320 nm. TOC analyses
were measured with a Dohrmann Phoenix 8000 UV/
persulphate TOC analyser.
UV–Vis measurements were carried out using a

Shimadzu UV–Vis 1201 Spectrophotometer and quartz
cuvettes.

3. Results and discussion

3.1. Optimization of the photo-anodes

The thermal TiO2 films were formed on Ti substrates by
heating in air [17–19, 23, 24]. Their colours ranged from
grey through golden and blue to white, and may be
attributed to optical interference [25], a consequence of
increasing film thickness as the temperature is raised or
heating time increased.
Figure 4(a) shows a typical cyclic voltammogram for

a thermal film electrode. A systematic programme to

Fig. 3. Schematic representation of the bubble column reactor.

Fig. 4. (a) Typical cyclic voltammogram of a 1 · 1 cm2 thermal elec-

trode, prepared at 750 �C, immersed in tap water and irradiated

with 2 · 36 W Philips Actinic lamps. Scan rate 100 mV s)1. (i)

Dark response in both tap water and 1 M methanol; (b) Illuminated

response in both tap water and 1 M methanol. (ii) The photocurrent

observed at 1.2 V vs. Ag/AgCl as a function of the film fabrication

temperature, 1 · 1 cm2 Ti/TiO2 electrode in tapwater, 2 · 36 W

Philips Actinic lamps, 100 mV s)1. Sol gel electrodes with (D) and

without (j) 1 M methanol. (s) thermal electrodes.
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identify the most effective electrode-fabrication proce-
dure assumed that the photocurrent, measured during
cyclic voltammetric runs in tap water, is a direct measure
of the rate of production of .OH radicals. Figure 4(b)
shows the variation in photocurrent (light–dark current
at 1.2 V) for a series of 1 cm2 thermal and sol–gel film
electrodes heated at the designated temperature in air
for 10 min, removed from the tube furnace and then
allowed to cool naturally. The optimum temperature for
the thermal films was 750 �C. Neither multiple heating
cycles nor longer heating times led to significantly higher
photocurrents; in addition, no significant change in the
photocurrent was observed if the cyclic voltammetry
measurements were made in the presence of 1 M
CH3OH.
Figure 5 shows a voltammogram, analogous to that in

Figure 4(a), for a sol–gel electrode; in contrast to the
behaviour of the thermal TiO2 films, the addition of 1 M
methanol resulted in a marked increase in photocurrent.
Figure 4(b) shows the variation of the photocurrent
with fabrication temperature in the presence and
absence of methanol. On the basis of the voltammo-
grams, measured both in the presence and absence of
methanol, the optimum preparation exemplified by the
600 �C electrode in Figure 4(b) was identified as ca.
148 g dm)3 sol–gel, heated at 600 �C for 10 min. Under
similar measurement conditions, the Ineos Chlor elec-
trode gave the highest photocurrent in the presence of
1 M methanol, of 1300 lA cm)2.

3.2. Electrochemical characterization of the photoanodes
and the effect of added methanol

The shapes of the cyclic voltammogramms observed
under irradiation very much depend upon electrode
type. Those for thermal films, see Figure 4(a), generally
conform to the �V dependence of the photocurrent [14]
predicted by classical semiconductor theory. The other
extreme is typified (Figure 5) by the voltammogramm,

in the absence of methanol, of the sol–gel film. Here, at
potentials ca. 300 mV above onset (i.e. in the region
where the theory predicts recombination is not signif-
icant) the photocurrent is essentially independent of
potential [26]. This behaviour may be interpreted in
terms of the model of Vinodgopal et al. [27] who
reported laboratory scale studies on the photo elec-
trocatalytic degradation of organics in aqueous solution
with a photoanode of undoped, particulate TiO2 immo-
bilized on a conducting substrate. These authors postu-
lated that the small size of the undoped particles resulted
in only a very small electric field across each particle
which was insufficient to facilitate charge separation.
The increase in degradation observed on the application
of a potential to the TiO2 electrodes was attributed to
increased efficiency of charge separation, caused by both
the differing rates of electron and hole transfer at the
solution interface (requiring ready access to the interface
by hole and electron acceptors, and hence the films to be
porous) with a contribution from the potential gradient
across the whole film. Jiang and co-workers [26]
postulate that diffusion-limited access to the TiO2/water
interface by hole and electron acceptors controls pho-
tocurrent. Hence, the increased recombination associ-
ated with small particles can produce photocurrents
which are independent of applied potential and there-
fore differ markedly from those predicted by classical
theory [14].
In our experiments, the exact I/V behaviour shown by

a particular particulate TiO2 photoanode could vary
anywhere between the two extremes discussed above.
However, for the sol–gel and Ineos Chlor films, addition
of methanol inevitably led to an increased, and
potential-dependent, photocurrent which often showed
an approximately linear dependence on �V. For the sol–
gel electrodes the enhancement was at a maximum at a
fabrication temperature up to ca. 600 �C, after which it
decreased to zero at �750 �C, i.e. the range over which
anatase converts to rutile.
The effect of dissolved organic on the measured

photocurrent from electrophoretically deposited TiO2

electrodes has recently been reported by Jiang and
co-workers [26] who also found an increasing photo-
current for an increasing concentration of dissolved
organic. They attributed this to direct capture of holes
by the adsorbed organic. An earlier, more detailed
analysis was reported by Fujishima and co-workers [28]
for the specific case of methanol. Fujishima and co-
workers interpreted their results in terms of a model in
which at low overpotentials (i.e. within ca. 100 mV of
the onset of the photocurrent in the absence of added
organic) methanol adsorbs on the TiO2 surface and so
blocks surface active sites, possibly surface Ti–O)

groups [29] that would otherwise act as recombination
centres. Hence methanol can compete effectively with
charge recombination and cause an enhanced photo-
current and a lower onset potential (see Figure 5). An
alternative proposed mechanism was that the alcohol
reduces surface electron–hole recombination by removing

2

Fig. 5. Typical cyclic voltammograms of a sol–gel electrode, spun

onto a conducting glass substrate, immersed in tap water and irra-

diated with 2 · 36 W Philips Actinic lamps with (a) dark response

in both tap water and 1 M methanol; (b) illuminated response in

tap water; (c) illuminated response in 1 M methanol. Scan rate

100 mV s)1.
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hydroxyl radicals as they form, and hence reduces back
donation of electrons. At higher potentials, where
surface recombination was postulated to be a less
significant factor, due to the high band bending (electric
field) in the depletion layer, photocurrent doubling was
believed to enhance the photocurrent by direct hole
transfer to the alcohol from the valence band, followed
by electron injection into the conduction band from the
intermediate(s) so formed. Both mechanisms render
methanol a probe of, essentially, the ‘total oxidizing
power’ of the TiO2 electrode. The arguments detailed
above point to the possibility of surface modification
being exploited to differentiate between the two mech-
anisms, see the work of Park and Choi [30].

3.3. Structural characterization of the photoanodes

Estimates of the amount of anatase and/or rutile phase
and the average crystallite sizes in the various electrodes
derived from powder diffraction are presented in
Table 1. X-ray diffraction (XRD) showed no discernible
crystallinity in thermal films prepared below ca. 650 �C;
above this temperature, there was an increasing amount
of rutile, reaching ca. 38 wt.% at 850 �C. No anatase
was detected at any temperature. The results from all the
optimization runs (extended heating time etc.) carried
out on the thermal films are plotted in Figure 6 (which
includes the data in Figure 4(b)), and clearly show a
maximum photocurrent at ca. 22 wt.% rutile. This is the
phase composition of the best electrode identified above
from the preliminary photocurrent measurements (see
Table 1 and Figure 4(b)).
The sol–gel films are more complex. In contrast to the

thermal films, anatase was detected in the low-temper-
ature electrodes and increases to a maximum of ca.
6 wt.% at 500–600 �C. The XRD line-broadening indi-
cated a steady growth of anatase crystallites, from 7.5 to
30 nm, as the temperature was increased from 450 to
650 �C. Rutile was detected in the electrodes prepared
above 500 �C and increases to 40 wt.% at 800 �C (see

Table 1). The smallest rutile crystals were �30 nm and
grew to �250 nm at 800 �C. Therefore, as the temper-
ature increases and the crystallites grow they convert to
rutile. Although massive rutile is thermodynamically
stable with respect to anatase at all temperatures, the
observed behaviour is consistent with recent calculations
[31] which suggest that for very small crystallites the
normal stability pattern is reversed, because of the
enhanced contribution of the surface.
The increase in anatase crystallite size and also, we

assume, the amorphous grain size, is predicted to
increase the chance of recombination of charge carriers
generated deep within a crystal, but in our experi-
ments, the photocurrent observed with both thermal
and sol gel films initially increased. This suggest that
either the potential gradient is insufficiently developed
initially to reduce charge carrier recombination in
nanocrystals and/or that even if the applied electric
field reduces recombination within the crystal, recom-
bination at the surface, which is of less relative
importance in big crystals, is still important. For both
types of electrode, the photocurrent in water decreases
at high preparation temperatures. The optimum in the
current probably results from a balance between the
beneficial effects of growth and the detrimental effect
of the conversion of amorphous grains (in thermal and
sol–gel films) and anatase crystallites (in sol–gel films)
to rutile (anatase is generally considered to be more
catalytically active than rutile [1, 2]). Since the
Vinodgopal model [27] requires relatively high surface
area, porous, particulate films that are readily acces-
sible to the electrolyte, we speculate that the photo-
current enhancement on addition of methanol requires
both anatase crystallites and porous films and is
essentially blocked by rutilization. However, such
enhancement has also been seen with single crystal
rutile TiO2 and zinc oxide [28].

3.4. Nitrophenol degradation

The most active sol–gel and thermal electrode fabrica-
tion methods identified by the screening process dis-

Table 1. Estimated rutile and anatase content, in wt.%, and the crys-

tallite size (nm, in brackets) of the thermal and sol–gel electrodes

studied in this paper, see text for details

Preparation

temperature �C
Thermal electrode Sol–gel electrode

Wt.%

Anatase

Wt.%

Rutile

Wt.%

Anatase

Wt.%

Rutile

300 0 0

400 0 0

450 4 (7.5) 0

500 0 0 6 (10) 0

550 0 0

600 0 0 6 (20) 4 (30)

650 0 6 (30) 5 (30) 7 (45)

700 0 15 (50) 2 (40) 12 (60)

750 0 22 (65) 1 (45) 27 (150)

800 0 32 (135) 0 40 (250)

850 0 38 (270)

Fig. 6. Photocurrent density, measured at 1.2 V vs. Ag/AgCl by cyc-

lic voltammetry (100 mV s)1), as a function of the rutile content of

the 1 · 1 cm2 thermal TiO2 films. See text for details.
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cussed above were employed to produce mesh electrodes
for the BCR, and the degradation of 4-NP, in Millipore
water with added 0.1 M Na2SO4, was investigated.
UV absorption measurements on 4-NP solutions over

the concentration range 1 · 10)4 to 2 · 10)3 mol dm)3

showed that at 360 nm, the wavelength of maximum
emission from the 36 W lamps, 1 mM 4-NP absorbs
90% of the UV radiation within 2 mm of the lamp-wall
of the BCR. As the concentration of 4-NP in the BCR
was increased from 0 to 2 mM, there was a steady drop
in photocurrent from ca. 100 mA (sol–gel electrode) or
130 mA (thermal mesh electrode) to �50 mA and this
was attributed to reduction, caused by absorption, of
the effective intensity of the incident UV light. The
photocurrents fell by a factor of �2.6. This is not
consistent with a linear dependence on light intensity,
I, as found for example by Jiang et al. [26]; but is entirely
consistent with a �I dependence, which suggests signif-
icant electron–hole recombination [32, 33], a rather
surprising result at the high overpotentials employed.
Thus, whilst the results shown in this paper clearly show
the positive benefits of the EFE effect, recombination is
still important.
Significantly, the Ineos Chlor electrode showed a 33%

increase in photocurrent (from ca. 135 to ca. 180 mA)
on addition of 0.25 mM 4-NP, declining to ca. 105 mA
on addition of 2 mM 4-NP. This suggests that on this
electrode the initial addition of 4-NP causes current
doubling, which is expected to increase with the con-
centration of organic. At higher concentrations of 4-NP,
UV absorption offsets this effect. For this electrode,
current doubling dominates at 0.25 mM, and is still
significant up to 2 mM 4-NP.
The degradation of 4 dm3 of 0.25-mM 4-NP in

0.1 M Na2SO4 at the sol–gel mesh electrode is shown in
Figure 7(a) and (b); Figure 7(a) shows the loss of 4-NP
determined from HPLC measurements, and Figure 7(b)
the total organic carbon content of the solution in the
reactor as a function of time. A 3-V applied potential
does not, without UV, result in any degradation of the
4-NP. Although UV irradiation of the solution in the
absence of electrodes results in the apparent degrada-
tion of 4-NP (ca. 20% in 11 h), but the unchanged
TOC content indicates restricted photochemical con-
version to intermediates rather than mineralization to
carbon dioxide. Irradiation with the electrode cassettes
present but with no applied potential does cause
significant photocatalytic (as opposed to photo electro
catalytic) degradation of 4-NP and the amount of
degradation is similar for open circuit and short circuit
conditions, i.e. approximately 50% of the 4-NP is
degraded and 20% mineralized in 500 min. However, if
a 1 V potential is applied at the start of irradiation 70%
of the 4-NP is degraded and 40% mineralized after
500 min. For 3 V potential the corresponding figures
are 95% degraded and 75% mineralized. However,
Figure 7(b) shows that increasing the potential from 1
to 3 V doubles the rate of mineralization (corrected for
the photochemical contribution) from 0.045 to

0.92 min)1, a clear demonstration of electric field
enhancement.
Although 0.25-mM 4-NP generated insufficient inter-

mediates to allow their reproducible analyses, at higher
concentrations of 4-NP, 4-nitrocatechol, benzoquinone,
hydroquinone and 1,2,4-benzenetriol were detected.
Similar intermediates have been reported from NP
degradation by P25 slurries [20]. A possible mechanism
for the degradation of 4-NP at our TiO2 electrodes is
shown in Scheme 1. Although 4-NP mineralization is
slower than the reduction in concentration of the 4-NP,
it is important to note that, after 10 h, 75% of the 4-NP
is mineralized in the photoelectrocatalytic experiment.
In the absence of applied potential, only 30% is
destroyed; the difference is significant in any practical
system. Thus, the reactivity sequence is:

Photoelectrocatalytic > Photocatalytic >

Photochemical > Electrochemical:

The importance of destroying not just starting com-
pounds, but also reaction intermediates was highlighted
by the work of Pelizzetti et al. [34], who demonstrated
that although the TiO2 slurry photocatalyzed degrada-
tion of 25 ppm atrazine was complete within ca. 20 min,

Fig. 7. (a) Loss of 4-NP (0.25 mM, 4 dm3 total volume) determined

by HPLC (k=320 nm during photoelectrolysis in the BCR using

two sol–gel mesh electrode cassettes. (h) Dark, 3 V applied voltage

(i.e. between photoanode and counter electrode); (s) No electrode,

UV only; (D) UV with counter electrode and TiO2 photoanode

short-circuited (m) followed by the simultaneous UV irradiation and

application of 3 V : (d)UV, sol–gel electrodes, 1 V applied voltage.

(j) UV, sol–gel electrodes, 3 V applied voltage. 400 W Hg lamp. (b)

TOC data from the experiments in Figure 7(a). Symbols as in 7(a)

except that the 3 V dark and UV only are both represented by h.
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the TOC results only attained a steady state after ca.
120 min, whilst the stoichiometric formation of cyanuric
acid, (the final product, rather than CO2 etc) required
�70 h.
The activities of all three electrodes for the degrada-

tion of 1.0-mM 4-NP are compared in Figure 8(a)
showing the HPLC analyses, and (b) the TOC results.
The relative mineralization rates followed the order

Ineos > Sol Gel > Thermal

in both 0.25 and 1.0 mM 4-NP solution. At the higher
concentration the increased UV absorption was accom-
panied by lower (· ca. 5) relative mineralization by
sol–gel and thermal electrodes but – because of the
current doubling – a much less (·2) relative decrease
occurred for the Ineos electrodes. Absolute mineraliza-
tion rates were much less affected. The difference
between the Ineos Chlor electrode and the sol–gel and
thermal electrodes is probably the result of current
doubling, as discussed in the electrode characterization
section. We speculate that the origin of this difference
may be related to the porosity/adsorption capacity of
the Ineos Chlor electrode facilitating direct electron
transfer into photogenerated holes in the valence band
which would result in intermediates which can react
rapidly at the surface, and are less able to escape into
solution than those species participating in the appar-
ently outer sphere reactions at the sol–gel and thermal
electrodes. This hypothesis emphasizes the role of
structure and surface morphology in determining the
detailed mechanism by which organics are oxidized at

the irradiated TiO2 surface. However, the role of pores
inside the TiO2 film is still uncertain since, when
degradation takes place, intermediates may be confined
within the pores.
Figure 8(a) and (b) also provide a direct comparison

of the photoelectrocatalytic oxidation at immobilized
TiO2 electrodes with the photocatalytic degradation
and mineralization at the surface of Degussa P25 in
suspension. The rutile content of Degussa P25 is �30%
and the surface area is �55 m2 g)1; hence, even if all
the TiO2 mesh were photoactive with a roughness
factor of 10, the surface areas of the mesh electrodes
would be ca. 3500· less than that of the slurry.
However, in 1 mM solution the activity of the com-
mercial powder was only 2–3 times faster than the
commercial electrodes and �12 times faster than the
optimum sol–gel electrode. Mineralization of 0.25 and
1 mM 4-NP by the slurry was complete within
450 min, suggesting that its high surface area and the
fact that its particles are continuously swept very close
to the UV lamp are responsible for the high activity.
The HPLC analyses in Figure 8(a) show that the slurry
degrades 90% of the 4-NP within 300 min, whilst the
TOC falls by 85% in the same time. Thus, at the P25
surface, intermediates are oxidized equally as rapidly as
the 4-NP. At the sol–gel electrode, by contrast, 50% of
the 4-NP is lost after 580 min with only 12% decrease
in TOC over the same period and neither the sol–gel
nor thermal electrodes achieved 50% loss in TOC even
after 1200 min irradiation. This again shows that both
electrodes show lower activities towards the oxidation

Scheme 1. Postulated intermediates in the degradation of 4-NP at an irradiated TiO2 photoanode.
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of the intermediates produced from 4-NP than towards
the reactant itself.
In our study on the mineralization of oxalate [35] the

order of catalyst activity was:

IneosChlorð7:5Þ¼SolGelð7:5Þ> slurryð3Þ> thermalð1Þ
Whilst the activity pattern with respect to the disinfec-
tion of water inoculated with E. coli [36] was:

thermal > sol–gel > slurry

All the above results indicate that the activity of
irradiated TiO2 photoanodes towards a particular target
species is highly sensitive to the electrode structure and
morphology. Further characterization of electrode mor-
phology is therefore in hand.

4. Conclusions

This work demonstrates that the photocatalytic oxida-
tion of 4-NP is increased by an applied field and that the
effect can be implemented, even for strongly absorbing
solutions, at litre scale. In addition, the application of an
electric field significantly enhances the mineralization of
4-NP.

Although the oxidation rate in the BCR reactor is
not mass-transfer limited – as demonstrated in an
earlier paper [18] and confirmed by the different
activities of different electrodes – reaction at our best
electrode is slower than reaction at the surface of
commercial TiO2 particles in suspension. However,
despite the limitations imposed by strongly absorbing
solutions the rates of oxidation, though slower, are
comparable with rates of oxidation by the Degussa
P25. This shows that photodegradation by immobilized
TiO2 is a worthwhile goal.
Practical achievement of the goal requires more active

electrodes. Consequently, catalyst development is a key
priority. The effect of methanol on measured photocur-
rent provides the basis for electrode preliminary classi-
fication, but different activity patterns in different
reactions show that this optimization must be tailored
to the specific reaction. Thus, a comparison of the
photoelectrocatalytic oxidation of 2-NP and 4-NP is
expected to help elucidate the link between adsorption
and catalytic activity since separate measurements (see
other paper by same authors in this journal) have
demonstrated that adsorption of these two isomers is
very different. In this way, understanding of the link
between electrode morphology and reaction specificity
will be enhanced.
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