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bstract

Disinfection of drinking water is commonly carried out by chlorination, however research has shown this method to be ineffective against certain
rotozoan, viral and biofilm forming microorganisms. Furthermore, chlorination can result in the formation of mutagenic disinfection by-products.
emiconductor photocatalysis may be a possible alternative to chlorination for point-of-use drinking water disinfection. In this work TiO2 electrodes
ere fabricated using electrophoretic immobilisation of commercially available TiO2 powders onto conducting supports, i.e. indium-doped tin
xide-coated glass, titanium metal and titanium alloy. Photocatalytic inactivation of Escherichia coli and Clostridium perfringens spores in water

as demonstrated on all immobilised TiO2 films. The rate of photocatalytic inactivation of E. coli was one order of magnitude greater than that of
. perfringens spores. The application of an external electrical bias significantly increased the rate of photocatalytic disinfection of C. perfringens

pores. The effect of incident light intensity and initial spore loading were investigated and disinfection kinetics determined as pseudo-first order.
2007 Elsevier B.V. All rights reserved.
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. Introduction

In the past decade outbreaks of waterborne gastro-enteritis
ave increased across the developed world with incidences
ttributed to both drinking and recreational waters [1]. Chemical
isinfection (e.g. chlorination and ozonation) is commonly used
o protect potable water against microbial contamination, how-
ver, the efficacy of conventional disinfection strategies against
ertain protozoan, viral and biofilm forming microorganisms,
as been questioned [2]. Furthermore, chlorination can result in
he formation of disinfection by-products, many of which have

utagenic properties [3].
Advanced oxidation technologies are potential alternative

nd/or complementary water purification methods [4]. UV-
emiconductor photocatalysis is an AOP which operates under

mbient temperatures and pressures. Titanium dioxide (TiO2) is
he photocatalyst of choice for water purification applications as
t is non-soluble, non-toxic and photochemically stable. When

∗ Corresponding author. Tel.: +44 2890 368942; fax: +44 2890 366863.
E-mail address: psm.dunlop@ulster.ac.uk (P.S.M. Dunlop).

r
d
F
l
c

h

010-6030/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2007.11.024
ium perfringens; Spores; Photo-electrochemistry

iO2 is irradiated with UV light (λ < 400 nm), an electron is pro-
oted from the valence band to the conduction band, leaving a

ositive hole in the valence band. The holes can migrate to the
article–solution interface where they can oxidise hydroxyl ions
r water to form hydroxyl radicals. In order to maintain electri-
al neutrality, the photogenerated electrons must be removed
rom the conduction band. Dissolved oxygen is a readily avail-
ble electron acceptor, but, under conditions, e.g. high-organic
oading, high-light intensity or low DO, this reduction step

ay be rate limiting [5]. Reduction of dissolved oxygen gen-
rates additional reactive oxygen species including superoxide
adical anion (O2

•−), hydroperoxyl radical (HO2
•) and hydro-

en peroxide (H2O2). These species can feed into the radical
ttack mechanisms responsible for the oxidation of organic and
norganic species present in the water. Photocatalysis has been
eported to completely mineralise organic pollutants to carbon
ioxide, water and mineral acids (treatment time-dependent) [4].
urthermore, photocatalysis has been reported to degrade prob-
ematic drinking water pollutants including endocrine disrupting
hemicals [6] and pharmaceutical residues [7].

The photocatalytic inactivation of microorganisms in water
as been widely reported. Bacterial organisms studies include

mailto:psm.dunlop@ulster.ac.uk
dx.doi.org/10.1016/j.jphotochem.2007.11.024
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ndicator organisms, Escherichia coli [8] and coliforms [9], and
wide range of both Gram-positive and Gram-negative species

10]. The photocatalytic inactivation of viruses [11,12] and pro-
ozoan organisms [13,14] has also been reported. Given E. coli’s
ole as an indicator organism in water quality, it has been widely
sed in photocatalytic disinfection experiments. Reactor sys-
ems using slurry and immobilised TiO2, with E. coli cells
uspended in distilled water, tap water, buffer solutions and
iver/stream water have been reported, and recently reviewed
15]. Bacterial cells have, however been described as a rather
asy target for disinfectants, with bacterial spores and protozoa
uggested as more robust target organisms. Clostridium perfrin-
ens spores have been reported to be chlorine resistant at levels
sed in potable water supplies [16].

The mechanism of photocatalytic disinfection is still not
ully understood [17–20] however, hydroxyl radical-mediated
ipid peroxidation of the outer cell wall components has been
roposed as a key process [20].

Photocatalytic reactors using immobilised catalysts have a
umber of practical and financial advantages in comparison
o slurry-based systems. Immobilisation of TiO2 powder onto
conducting support produces a microporous, nanocrystalline

lectrode [21]. However, the decrease in catalyst surface area
equires strategies to improve the mass transfer of pollutants
o the catalyst surface. Electrochemically assisted photocatal-
sis (EAP), utilises the application of a small potential bias
o a TiO2 electrode and has been reported to increase the
ate of photocatalytic degradation of chemical and micro-
iological pollutants [8,22]. EAP decreases electron–hole
ecombination and physically separates charge carrier redox
ites by removing photogenerated electrons to the counter
lectrode [22].

In this work TiO2 electrodes were used to investigate the pho-
ocatalytic and the EAP disinfection of E. coli cells and chlorine
esistant C. perfringens spores in water.

. Experimental

.1. Photocatalytic disinfection

Immobilised TiO2 electrodes were prepared using the elec-
rophoretic deposition method described by Byrne et al. [23].
iO2 powder, Degussa P25 (80% anatase, 20% rutile, pri-
ary particle size 30 nm) and Aldrich (Cat. No. 232033,

9% anatase, primary particle size <1 �m) were suspended
n methanol (1%, w/v) and coated onto 2 cm × 1 cm sup-
orting substrates by the application of 25 V vs. a stainless
teel counter electrode. Electrically conducting substrates used
ncluded Ti–4Al–6V alloy (Shorts, Belfast), Ti foil (Aldrich)
nd indium-doped tin oxide-coated (ITO) borosilicate glass
Instrument Glasses/Donnely Co.). The average weight of TiO2
eposited onto each substrate was determined by gravimetric
nalysis to be 1.0 mg cm−2 ± 0.2 mg cm−2. The coated sub-

trates were annealed at 500 ◦C in air for 1 h. Electrical contact
as made using a copper wire and conducting expoxy (Circuit
orks). Any area not coated with TiO2 was insulated using

egative photoresist (Casio Chemicals).

f
[
c
s
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In a typical experiment a TiO2 electrode was positioned in
he centre of a quartz water-jacketed reactor [8] and a Philips
25 W HPR lamp used as the irradiation source (mainline emis-
ion 360 nm). The UVA incident on the reactor was determined
o be 5.8 × 10−8 Einstein s−1 cm−2 using chemical actinometry
24]. Irradiation of the ITO glass films was possible in two orien-
ations. Light directed onto the TiO2-coated side is described as
ront-face irradiation and irradiation of the TiO2 layer through
he glass support is referred to as back-face irradiation. The
eactor was thermostatically controlled at 20 ± 2 ◦C and agita-
ion of the bacterial suspensions was provided by a magnetic
ea with stirrer. The solution was air-sparged using an aquar-

um pump at a flow rate of 900 cm3 min−1. Oxygen-free nitrogen
OFN) sparging, at a flow rate of 900 cm3 min−1, was used to
emove dissolved oxygen. The bacterial suspension (3 cm3 of
× 104 C. perfringens spores cm−3) was placed in the reactor
nd gas-sparged in the dark for 15 min. A 10 �l sample was
emoved at t = 0 min, the electrode was irradiated and samples
ere removed every 15 min thereafter for a period of 120 min.
isinfection experiments were carried out in triplicate.

.2. Electrochemically assisted photocatalysis

To investigate the effect of EAP the quartz-jacketed reac-
or was used as a one-compartment photo-electrochemical cell.
he TiO2 electrode acted as the working electrode (WE), the
ounter electrode (CE) was a platinum rod (diameter 5 mm,
ength 30 mm) and the reference electrode, a miniature saturated
alomel electrode (SCE) (ThermoRussell). Potentiometric con-
rol was achieved using an electrochemical workstation (Sycopel
EW 2) with PC control. Photocurrent was recorded against

ime for the duration of the experiments. Experiments were car-
ied out using the Degussa-Ti foil and Aldrich-Ti foil electrodes
nder open circuit, short circuit and under external bias at +1.0 V
SCE). Disinfection experiments were carried out in triplicate.

.3. C. perfringens growth, sporulation and detection

C. perfringens (NCTC 8239) was cultured overnight in
ooked meat media (Oxoid) at 37 ◦C. The C. perfringens cells
ere precultured in fluid thioglycolate media (Difco), incubated
vernight at 37 ◦C, and a 5% inoculum transferred to freshly
repared Sacks and Thompson sporulation media [25]. The
porulation media was modified by a threefold increase in the
oncentration of dextrin and the addition of 50 �g cm−3 of theo-
hylline [25]. Incubation for 56 h at 37 ◦C produced a ratio of
5% spores to cells, determined by phase contrast microscopy.
he spores were harvested by centrifugation (10,000 × g, 4 ◦C,
5 min), washed three times and stored in sterile distilled water
t 4 ◦C. The spores showed no reduction in number, or ratio of
ells to spores, over a period of 3 months. Appropriate dilutions
ere prepared and stored as above.
C. perfringens spores were detected using membrane C. per-
ringens (mCP) agar [26], as modified by Armon and Payment
27]. mCP agar is listed by the European Union as the agar of
hoice for the detection of C. perfringens spores in water. A
pread plate technique was used rather than membrane filtration
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Fig. 1. C. perfringens spores survival vs. photocatalytic treatment time. Aldrich-
Ti foil (×), Degussa-ITO (back-face) (�), and Degussa-Ti alloy (�.)
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ue to the methods simplicity. Samples taken from the reac-
or were diluted appropriately in 1/4 strength Ringer’s solution,
lated in triplicate and incubated under anaerobic conditions
t 44 ◦C for 18–24 h. Colony-forming units (CFUs) were visu-
lly identified and reported as average CFU cm−3. The limit of
etection for this method was calculated to be 100 CFU cm−3.

.4. E. coli growth and detection

E. coli K12 was aerobically subcultured overnight from
tock suspension in Luria Bertani (LB) medium as previ-
usly described [8]. The cells were harvested by centrifugation,
ashed three times in 1/4 strength Ringer’s solution and re-

uspended in distilled water at an initial cell concentration of
7.5 × 106 cells cm−3. Samples removed from the photocat-

lytic reactor were diluted appropriately in Ringer’s solution
nd plated in triplicate onto LB agar, incubated for 24 ± 4 h at
7 ◦C. Colony-forming units (CFUs) were visually identified
nd reported as average CFU cm−3. The limit of detection for
his method was calculated to be 100 CFU cm−3.

.5. Data analysis

Data points represent the average number of colonies counted
n triplicate agar plates. The variance between repeat experi-
ents was determined by standard error calculation, represented

y error bars in the figures. The significance of the inactiva-
ion trends between experiments (i.e. between non-treatment
ontrol and treatment experiments) was assessed using the
ann–Whitney U-test.

. Results and discussion

.1. Photocatalytic inactivation

Photocatalytic inactivation of C. perfringens spores was
bserved using Degussa P25 TiO2 immobilised on Ti alloy, Ti
oil and ITO-coated glass, and Aldrich TiO2 immobilised onto Ti
oil (Fig. 1). The Degussa-Ti alloy electrode showed the great-
st percentage inactivation with 99.7% of the initial spore count

nactivated with 120 min irradiation. No significant difference
as observed between front-face and back-face irradiation of

he Degussa-ITO glass film (p > 0.1) or between Degussa-Ti foil
nd Aldrich-Ti foil electrodes (p > 0.1).

g
d
b
d

able 1
isinfection rate constants for the photocatalytic disinfection of C. perfringens spore

lectrode C. perfringens ina
rate, k × 102 (min

egussa-Ti alloy 2.12
egussa-ITO glass (front-face) 1.95
egussa-ITO glass (back-face) 1.62
egussa-Ti foil 1.32
ldrich-Ti foil 1.07

xperimental conditions: UV intensity 5.8 × 10−8 Einstein s−1 cm−2, air sparging at
oading 7.5 × 106 cells cm−3.

a Experiment not undertaken.
ig. 2. First order rate plot for the photocatalytic disinfection of E. coli. Degussa-
TO (front-face) (�), Degussa-ITO (back-face) (�), UV + air sparging (�), TiO2

lectrode only (�), TiO2 electrode only (×), and no treatment (*).

The rate of photocatalytic inactivation of C. perfringens
pores was calculated using Chick’s law, with −Ln(N · N−1

0 )
lotted as a function of time; where N is the number of bacterial
ells at a given time and N0 is the initial bacterial cell count.
he first order rate constant, k, was calculated per unit area of
iO2 with Degussa P25 showing higher efficiency compared to
ldrich (anatase) (Table 1).

The photocatalytic inactivation of E. coli was also investi-

ated under identical conditions to those used for C. perfringens
isinfection using a Degussa-ITO glass electrode irradiated in
ack-face and front-face configurations (Fig. 2). No significant
ifference was observed (p > 0.1) between front-face and back-

s and E. coli.

ctivation
−1 cm−2)

E. coli inactivation rate,
k × 101 (min−1 cm−2)

a

3.87
3.40
a

a

900 cm3 min−1, C. perfringens spore loading 3 × 104 spores cm−3, E. coli cell
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decrease in the number of colony-forming units. The synergis-
tic effect of UV irradiation and air sparging was responsible for
∼60% spore inactivation in 120 min. The rate of inactivation
under UVA with air sparging was at least an order of magnitude
16 P.S.M. Dunlop et al. / Journal of Photochemistry

ace irradiation (99.9% and 99.6% E. coli inactivation within
0 min irradiation respectively) and the rate constants calculated
y Chick’s law are given in Table 1. The inactivation rate for E.
oli was approximately one order of magnitude greater than that
bserved for C. perfringens spores.

E. coli has been described as an “easy target” for assessment
f new/novel disinfection systems [28,29] however, the disinfec-
ion of chlorine resistant bacterial spores provides a more robust
est model. The photocatalytic inactivation of Bacillus pumilus,
acillus stearothermophilus spores [30–32] and C. perfringens

33] have been reported. However, in later study the authors
ailed to report a sporulation stage, which is required to induce
he production of the disinfection resistant spores [34].

The mechanism of photocatalytic bacterial inactivation is
hought to proceed mainly via hydroxyl radical attack [4,10]. The
ydroxyl radical is a powerful indiscriminate oxidising agent
nd has been shown to cause damage to biological structures
nd systems [35]. Blake et al. reported that the direct attack by
ydroxyl radicals is only partly responsible for the disinfection
f the bacterial spores. Superoxide radical anion, hydroperoxyl
adical and hydrogen peroxide, formed by the reduction of dis-
olved oxygen, can also feed into the photocatalytic disinfection
echanism [10]. Hydrogen peroxide, although less reactive than

he hydroxyl radical, can enter the bacterial structure and be
ctivated by ferrous iron via the Fenton reaction. Fe2+ is incor-
orated into the outer coating of bacterial spores and cells for
se in superoxide dismutases and protein structures. Therefore,
2O2 produced by the photocatalytic reaction may feed into an

n vivo Fenton reaction resulting in OH radical formation within
he target organism. When both hydrogen peroxide and super-
xide radical anion are present, the iron-catalysed Haber–Weiss
eaction (Eq. (1)) could provide a secondary pathway to form
dditional hydroxyl radicals [36].

2O2 + O2
− → O2 + OH− + OH• (1)

The pseudo-first order inactivation rate constants determined,
onfirm that the bacterial spores are more resistant to photo-
atalytic disinfection than bacterial cells. C. perfringens spores
ave a greater ability to endure oxidative attack due to a dipicol-
nic acid–calcium–peptidoglycan complex (∼10–20% of core
ry weight) within the outer spore coating [37]. This complex is
ssociated with resistance to chemical and physical disinfectants
hrough a lowering of the core water content and protection of
he spore DNA from UV and radical damage [38].

Other photocatalytic disinfection studies have reported the
se of TiO2 immobilised onto glass substrates, e.g. soda glass
lates coated with a sol–gel film have been used for the pho-
ocatalytic disinfection of E. coli cells and endotoxin in water
39,40], the disinfection of Lactobacillus casei phage PL-1 [11]
nd the photocatalytic disinfection of air [41]. Belhacova et
l. [42] studied the inactivation of E. coli and the bacterio-
hage �NM1149 using front-face illumination of a Degussa

25-coated glass plate. Disinfection of 8 × 104 CFU cm−3 was
chieved following 6 h illumination however, due to the flow rate
acterial exposure was limited to a total of 9 min. It is difficult
o compare results with this study due to differences in reac-

F
(
s
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or geometries, incident light intensities and UV source spectral
mission.

No significant difference was observed between disinfection
xperiments using the ITO glass electrode in back-face or front-
ace irradiation. The back-face configuration has a number of
dvantages in that it allows the direct irradiation of the TiO2
lm preventing photon loss due to absorption or scattering by
pecies present in the water. However, under back-face irradi-
tion, controlling the film thickness is critical. With low light
ntensities and thick TiO2 films, only the catalyst close to the
upport is activated and diffusion of the pollutant through the
iO2 film may be rate limiting. The porous nature of the film,
roduced using electrophoretic immobilisation of TiO2 powder,
rovides a large surface area to geometric area ratio however,
his is only effective where small molecules are able to diffuse
nto the pores to reach the photo-activated surface [43]. Bac-
eria and spores, with dimensions in the micron scale, will not
e able to penetrate into a meso or micro porous film, leaving
nly the surface layers of the TiO2 available as the active sites
or organism inactivation. ROS generated within the porous film
ould be required to diffuse out to the surface before reacting
ith the target organisms. The later would lead to a lowering of
uantum efficiency for disinfection due to surface recombination
eactions.

.2. Control experiments for C. perfringens

Control experiments were undertaken to assess the contribu-
ion of photolytic disinfection, the effect of dark adsorption and
ir sparging (Fig. 3). The inactivation of C. perfringens spores
n distilled water was not observed under dark conditions. The
ffects of UVA irradiation, adsorption of spores onto the TiO2
lectrode and air sparging resulted in a small, but not a significant
ig. 3. C. perfringens spore count vs. time for control experiments. No treatment
�), TiO2 electrode only (+), UV only (×), air sparging only (�), TiO2 + air
parging (�), UV + air sparging (�).
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Table 2
Disinfection rate constants for the control experiments during photocatalytic
disinfection of C. perfringens spores and E. coli.

Condition C. perfringens
inactivation rate, k × 103

(min−1 cm−2)

E. coli inactivation
rate, k × 101

(min−1 cm−2)

UV + air sparging 7.44 2.96
TiO2 + air sparging 3.01 0.79
Air sparging only 2.46 a

TiO2 electrode only 0.90 0.06
UV only 1.79 a

No treatment 0.50 0.01

Experimental conditions, where appropriate: UV intensity
5.8 × 10−8 Einstein s−1 cm−2, air sparging at 900 cm3 min−1; TiO2 electrode:
C
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. perfringens Degussa-Ti foil; E. coli Degussa-ITO glass, C. perfringens
pore loading 3 × 104 spores cm−3; E. coli cell loading 7.5 × 106 cells cm−3.
a Experiment not undertaken.

ower than that observed for the photocatalytic inactivation, i.e.
VA with TiO2 (Table 2).
The control experiments show that photolytic disinfection is

ffective against C. perfringens spores, but slower than pho-
ocatalytic disinfection, under the conditions studied. Solar
rradiation of water is known to have a bactericidal effect, with
acterial spores showing a greater resistance to treatment than
egetative bacterial cells [44]. Dark controls showed no signifi-
ant reduction in the spore concentration after 2 h confirming that
ark adsorption did not play a significant role in the reduction
f colony-forming units.

.3. The effect of initial spore loading

Photocatalytic experiments were carried out using a Degussa-
i alloy electrode and an initial spore concentration in the range
f 1 × 104 to 2 × 105 spores cm−3. As expected the photocat-
lytic treatment time required for complete spore inactivation
ncreased with higher initial spore loadings, i.e. pseudo-first
rder kinetics were observed (Fig. 4).

Although it is difficult to directly compare data obtained from
arious photocatalytic reactors, a (pseudo) first order kinetic

odel is generally observed in respect of increased initial bacte-

ial loading in slurry reactors [29,42,45]. First order disinfection
inetics using immobilised TiO2 films under EAP conditions
ave also been previously reported [8,46].

Fig. 4. Plot of pseudo-first order rate constants vs. spore loading.
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ig. 5. Rate constant for C. perfringens spore inactivation for photocatalysis
nd EAP treatment. Degussa-Ti foil ( ), Aldrich-Ti foil (�).

.4. Electrochemically assisted photocatalytic (EAP)
isinfection

EAP increased the rate of inactivation in comparison to open
ircuit conditions (WE and CE not connected) and short circuit
onditions (WE connected to CE without electrical bias) (Fig. 5).
he rate of EAP disinfection increased by 72% using Degussa
lectrodes and by 56% using Aldrich electrodes.

The application of a positive bias to the TiO2 electrode lowers
he Fermi level of the contact electrode therefore increasing the
ate of electron transfer from the particulate film to the contact
lectrode. Transfer of electrons to the counter electrode reduces
lectron–hole recombination by physically separating the charge
arrier redox sites [47]. Additionally EAP increases mass trans-
er by electro-migration of negatively charged bacteria towards
he TiO2 electrode. EAP has previously been shown to increase
he degradation rate of organic compounds [48,49] and microbial
ollutants [8,22,33] in comparison to photocatalytic treatment.

The difference in EAP disinfection rate using Aldrich (100%
natase) and Degussa P25 films (20% anatase, 80% rutile) is
hought to result from differing spatial separation of electrons
nd holes in mixed phase films and the subsequent increase in
he charge carrier lifetime and or recombination within the thin
lms. Electron paramagnetic resonance studies of Degussa P25
ave shown that the particles contain a small rutile core sur-
ounded by anatase crystallites. Given this structure, the high
hotocatalytic efficiency has been ascribed to catalytic “hot
pots” at the intersection of the two phases due to the forma-
ion of unique surface chemistry [50]. Further work is required
o elucidate the importance of these characteristics under elec-
rochemical bias.

.5. Photocurrent response of Ti foil electrodes

The steady-state photocurrent for both Degussa and Aldrich
lectrodes was measured during the disinfection experiments.
hort circuit photocurrent was higher for Degussa electrodes

han Aldrich electrodes, 11.0 and 3.0 �A cm−2, respectively and

hotocurrent increased to 83.0 and 28.0 �A cm−2, respectively
uring EAP.

The relatively small photocurrents observed are due to
hotocurrent quenching by dissolved oxygen and surface recom-
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ig. 6. Rate constant for C. perfringens spore inactivation and photocurrent as
function of light intensity. Photocurrent (�) and inactivation rate (�).

ination reactions. Previous studies using electrophoretically
oated electrodes have shown similar photocurrent densities in
.5 M KCl with the absence of effective hole scavengers [21].

.6. The effect of incident light intensity during EAP

Both the disinfection rate constant (k) and the photocurrent
ensity were found to be directly proportional to the incident
ight intensity (Fig. 6). We have previously reported a similar
rend during the PC and EAP disinfection of E. coli using immo-
ilised Degussa P25 electrodes [8]. A log plot of k as a function
f incident light intensity (I) confirmed the commonly observed
rend where rate ∝ I1 at low light intensities [51].

The concurrent and parallel increase in the photocurrent
esponse and disinfection rate suggests that a measure of pho-
ocurrent may be used as an indirect method to predict the
isinfection rate, under strictly controlled conditions. Previ-
usly, the photocatalytic degradation rate of formic acid was
eported to be directly proportional to the photocurrent under
ir-sparged conditions [49]. A decrease in the photocurrent
esponse was correlated with a decrease in the concentration
f pollutant as a function of treatment time. As concentration of
he hole-acceptor became the rate-limiting step, charge carrier
ecombination increased and the photocurrent reduced. In EAP
isinfection experiments a decrease in photocurrent response
ould indicate mineralisation of the bacterial pollutant. This
as not observed during the time-scale of these experiments.
With respect to practical application of photocatalytic tech-

ology using solar irradiation, Sichel et al. show that a minimum
olar dose is required for the inactivation of E. coli, Fusar-
um solani and Fusarium anthophilum. Once this dose has been
eceived, the photocatalytic disinfection efficacy is not enhanced
y a further increase in solar flux. Solar disinfection (no photo-
atalyst) was shown to be more susceptible to changes in solar
rradiation with disinfection only observed at higher irradiation
ntensities [52].

. Conclusion
The photocatalytic disinfection of water containing C. per-
ringens spores was investigated using Degussa and Aldrich
iO2 films. 99.7% inactivation of 3 × 104 spores cm−3 was

[

[
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chieved in 2 h using a Degussa-Ti alloy electrode. Analysis
f pseudo-first order rate constants showed higher photocat-
lytic activity for Degussa TiO2 immobilised onto Ti alloy in
omparison Ti foil and ITO glass as the supporting substrates.
egussa P25 is well known to be an excellent photocatalyst,
ith the high photocatalytic efficiency ascribed to “hot spots” at

he intersection of the anatase–rutile phases present within the
25 particles.

No significant difference was observed (p > 0.1) for E. coli
isinfection using front-face and back-face irradiation of a
egussa-ITO glass electrode (99.9% and 99.6% inactivation
ithin 10 min irradiation, respectively).
The photocatalytic treatment time required for complete

pore inactivation increased with higher initial spore loadings,
.e. pseudo-first order kinetics. The rate of inactivation was
pproximately one order of magnitude greater for E. coli.

Electrochemically assisted photocatalysis (WE biased at
1.0 V (SCE)) significantly increased the rate of disinfection
f Degussa and Aldrich TiO2 films on Ti foil (72% and 56%
espectively, as compared to open circuit conditions).

The inactivation of the C. perfringens spores was found to be
inearly proportional to the incident light intensity (within the
ange investigated).

EAP is an energy efficient, chemical-free and inexpensive
ethod which gives rise to enhanced photocatalytic disinfec-

ion on immobilised photocatalysts. Electrochemical processes
re scalable and as a result are commonly used in industry. We
re currently investigating larger volume EAP reactors for the
isinfection of water.
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