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Abstract

Pathogens in drinking water supplies can be removed by sand filtration followed by chlorine or ozone disinfection. These processes reduce
the possibility of any pathogens entering the drinking water distribution network. However, there is doubt about the ability of these methods
to remove chlorine resistant microorganisms including protozoan oocysts. Concern has also been raised about the production of disinfection
by-products following the chlorination process. Titanium dioxide @)ifhotocatalysis is a possible alternative/complementary drinking
water treatment method.

TiO; electrodes were prepared by the electrophoretic immobilisation of fa@der (Aldrich and Degussa P25). These electrodes were
tested for their photocatalytic bactericidal efficiengy.coli K12 was used as a model test organism. The rate of disinfection was greater
for the P25 electrode compared to the Aldrich electrode under open circuit conditions. The application of an electrical bias to the working
electrode increased the rate of disinfection-b40% for the P25 electrode and80% for the Aldrich electrode. The effect of applied
potential was more pronounced under conditions of high initial bacterial cell loading and high light intensities. Bacterial recovery did not
occur up to 48 h after disinfection. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction photocatalytic removal of organic, inorganic and microbial
pollutants [5-7]. When Ti@ particles are illuminated with
Alternative technologies are being investigated for the near UV irradiation '( < 400 nm)' electron hole pairs are
disinfection of water intended for human Consumption, be- generated within the metal oxide semiconductor. The va-
cause commonly used potable water disinfection methods,lence band hole has a very positive reduction potential and
e.g. chlorination and ozonation, are not efficient for the inac- js capable of oxidising water, or hydroxide ions, to form hy-
tivation of some pathogens, e@yptosporidiunl]. There  droxyl radicals in water [7]. Hydroxyl radicals are known
have been a number of outbreaks of cryptosporidiosis asso+o be powerful, indiscriminate oxidising agents [8]. Mecha-
ciated with the consumption of treated drinking water [2,3]. nisms for the bactericidal action of Tihotocatalysis have
Concerns have also been raised about secondary pollutiorheen proposed by a number of authors [9-13] and reviewed
from disinfection by-products. Chlorination in the presence by Blake et al. [5]. Results from the above studies suggest
of organic material results in the production of chlorinated that the cell membrane is the primary site of reactive oxygen
organic compounds, e.g. trihalomethanes (THMs) which are species attack. Oxidative attack of the cell membrane leads
mutagenic [4]. to lipid peroxidation. The bacterial cell membrane provides
Titanium dioxide (TiQ) photocatalysis is a possible alter-  an attachment site for cellular respiration and when damaged
native or complementary technology to current drinking wa- beyond repair respiration ceases [14]. The combination of
ter treatment processes. THiPphotocatalysis does notrequire  cell membrane damage, and further oxidative attack of inter-
the addition of consumable chemicals and does not producena| cellular components, ultimately results in cell death [5].
hazardous waste products. There have been many pUb"C&- TiOy powder is Common|y emp|0yed in the |ab0ratory in
tions reporting the application of photocatalysis towards wa- the form of a slurry or suspension. This method yields a
ter remediation with recent review papers summarising the high catalyst surface area to volume ratio for pollutant hy-
droxyl radical interaction, but the catalyst must be removed
"+ Corresponding author. Tel+44-28-90366224: by a post—treatment separation stagg, Which may not be cost
fax: +44-28-90366028. effective on a large scale. Immobilisation of the catalyst
E-mail addresspsm.dunlop@ulst.ac.uk (P.S.M. Dunlop). removes the need for post-treatment separation. However,
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this method is associated with a decrease in surface area \ reference electrode
to volume ratio and decreased mass transfer resulting in a | il B

. . . . . amin
reduction in the pollutant degradation rate. The application cork bung—_ —’——:““—
of a small electrical bias to the immobilised film has been cadling =, gas out
shown to increase the rate of degradation of both chemical water out b
[15-18] and microbial [19] pollutants. Kim and Anderson e]tei‘l’;‘zlfr
[15] reported the photoelectrocatalytic degradation of formic
acid concluding that the application of 0V vs. saturated E. coli

X . : —— suspension

calomel electrode (SCE) resulted in optimum degradation susp
enhancement. The degradation of 4-chlorophenol was stud- - U cooling
ied by Vindogopal and Kamat [17] who reported a 10-fold e water in
increase in the degradation rate, under anaerobic conditions130W Xenon lamp working electrode
and with the application of 0.83V vs. SCE to the working . . .
electrode (WE). Rodriguez et al. [18] reported an increase in Fig. 1. Quartz water jacketed photocatalytic reactor.

the degradation rate of 4-chlorophenol with applied potential

using sputtered Ti@films. Butterfield et al. described the The contact and any uncoated substrate were insulated using
photoelectrochemical disinfection @&scherichia coliand a layer of negative photoresist (Casio Chemicals).
Clostridium perfringensAn increase in the percentage dis-

infection was observed upon the application of an electrical 2.2. Photocatalytic reactor configuration

bias [19].

The drinking water treatment industry uses a system of A 150W xenon arc lamp (Applied Photophysics) was
surrogate bacterial indicators in order to assess the effi-used as the illumination source, with a borosilicate glass fil-
ciency of the disinfection proces&. coli is extensively ter to remove wavelengths below 300 nm. Ferioxalate acti-
used as a treatment efficiency indicator and if not detectednometry was used to measure the light intensity incident
the treated water is regarded as free from faecal contami-on the electrode using a UG11 300-400 nm band pass fil-
nation [20]. Photocatalytic inactivation studies uskgcoli ter (Speirs Robertson) [26]. Tyl electrodes were posi-
as a model bacterial pollutant have been previously car-tioned in a quartz water-jacketed reactor 6 cm from the lamp,
ried out. Disinfection rates or inactivation times are usu- see Fig. 1. The reactor was thermostatically controlled at
ally not comparable from study to study due to a wide 20+ 2°C and the solution was stirred using a small mag-
range of operational parameters and reactor configurationsnetic flea. The solution was air sparged, using an aquarium
used in different laboratories. Reactor configurations range pump, at flow rate of 900 chmin—1. For deoxygenated con-
from small volume Pyrex beakers and Petri dishes, typi- ditions, the solution was sparged with oxygen-free nitrogen
cally 1-10 crd, illuminated from the side or top by a tubu-  (OFN) at 900 crm® min—2.
lar lamp [11,12,21,22] to the modification of commercial Experiments were carried out using both Degussa P25-
UV disinfection apparatus [23] and the design and con- and Aldrich-coated electrodes. Quarter strength Ringers so-
struction of large volume immobilised flow through reactors lution (Oxoid) was used as the bacterial suspension medium,
[24]. consisting of 25x 10° mg dni3 NaCl, 105x 10? mg dni3

This paper reports the disinfection of water containing KCI, 1.2 x 10? mgdnt23 CaCh and 50 mgdm® NaHCGQ;

E. coli, using immobilised commercially available TiO in distilled water.

powders, in order to assess the potential of photocatalytic In a typical experiment, 10 ctnof bacterial suspension

and electrochemically assisted photocatalytic disinfec- in Ringers solution was placed in the reactor in the dark

tion as an alternative to the conventional water treatment for 10 min with air sparging. At time zero, a 10 sample

systems. was removed and the electrode illuminated; further samples
were removed at 10 min intervals.

2. Materials and methods 2.3. Electrochemically assisted photocatalysis (EAP)

2.1. TiG electrode preparation The quartz cell was used as a one-compartment photoelec-
trochemical cell to investigate the effect of EAP. The 710

TiO2 powders Degussa P25 (70% anatase, 30% rutile) foil electrode acted as the WE. The counter-electrode (CE)
and Aldrich (99.9% anatase) were electrophoretically immo- was a platinum wire and the reference electrode (RE), a sat-
bilised onto titanium foil by a method previously described urated calomel electrode (Thermo Russell). Potentiostatic
[25]. The coated substrate area wak.35 cnf with a catal- control was effected by using a potentiostat with PC con-
ysis loading of~0.8 mg cnT2. Electrical contact to the con-  trol (Sycopel AEW2). A fixed potential 0f-1000 mV vs.
ducting support was made by the attachment of a copperSCE was applied to the WE. The photocurrent was recorded
wire using silver loaded conducting epoxy (Circuitworks). against time for the duration of the experiment.
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2.4. Bacterial growth and detection 100u.! aliquots were withdrawn and plated onto LB agar at
intervals between 10 min and 48 h after disinfection. In or-
E. coli K12 was aerobically subcultured overnight from der to ensure detection of any recovered cells, samples were
stock suspension in Luria Bertani (LB) medium. Compo- transferred to LB medium to allow reproduction to larger
nents of LB medium included sodium chloride (Sigma) numbers. 1 crhaliquots were aseptically removed from the
10.0 g, tryptone (Difco) 10.0 g and yeast extract (Difco) 5.0 g sterile vessel and transferred to 15%ofi LB medium at 12,
in 1dn? distilled water, corrected to pH 7 and autoclaved 24, 36 and 48 h after disinfection. Control experiments were
at 121°C for 20 min. The culture absorbance at 520 nm was carried out with the addition of 1 chof sterile distilled wa-
used as an index of cell density allowing prediction of the ter (negative control) and 1 chof untreated bacterial sus-
initial bacterial cell loading. The cells were harvested by pension (positive control) to LB medium. All samples were
centrifugation (at 5000 rpm for 10 min) and washed three incubated for 24 h at 37C. The absorbance at 520 nm was
times in 1/4 strength Ringers solution before resuspensionfollowed during the incubation of the LB medium samples,
in Ringers solution at an initial cell count of approximately as an indicator of bacterial growth. After 24 h incubation,
5 x 10°cellscnt3. Samples removed from the photocat- 100ul samples were plated onto LB agar to confimcoli
alytic reactor were diluted appropriately in Ringers solution regrowth. The experiment was repeated in triplicate.
and plated onto LB agar, LB meduim supplemented with
20 g dn1 3 bactoagar (Difco) [27]. Plates were incubated for
24+ 4h at 37C and colony-forming units (CFUs) were 3. Results
visually identified and reported as average CFU2m
3.1. Photocatalytic disinfection of E. coli cells
2.5. Bacterial regrowth study
The percentage survival &. coli cells vs. time for the
In order to assess the ability of bacteria to undergo repair Open circuit electrodes is shown in Fig. 2. Following an ini-
and regrow after photocatalytic disinfection, experiments tial lag phase, in the first 20 min, the rate of disinfection fol-
were set up using a Degussa foil electrode under standardowed zero order kinetics. Disinfection rates were calculated
conditions, light intensity 8 x 10~8 Einsteins cm?s71, using the data points between 20 and 60 min. In the absence
initial bacterial cell loading~5 x 10° CFU cn1 3. The pho- of TiO, and/or UVA, disinfection was not observed. Bacte-
tocatalytic inactivation of the bacterial cells was assessedTial inactivation occurred at a faster rate on the Degussa film.
by removing samples every 15 min for 120 min and plating
onto LB agar as before. After 120 min treatment, the con- 3.2. Control experiments
tents of the photocatalytic reactor were aseptically removed
to a sterile vessel. The disinfected sample was kept in Fig. 3 shows the results of the control experiments. No
dark at room temperature to allow bacterial repair to occur. significant bacterial inactivation was observed in the pres-
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Fig. 2. Photocatalytic inactivation d. coli using Degussa and Aldrich TiCelectrodes. Percentage bacterial survival is plotted against disinfection time.
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Fig. 3. Control experimentation. Percentage survival plotted against disinfection time. (1) No treatment,>(2)ofi€ (3) TiQ + UVA + OFN sparging,
(4) TiO2 + air sparging, (5) air sparging only, (6) UVA only, (7) UVA air sparging.

ence of TiQ in the dark. Disinfection occurred under UVA  3.4. Effect of initial cell loading
illumination without TiG, in both aerobic and anaerobic

conditions. Fig. 5 shows the effect of initial cell loading on the rate
of disinfection for the Degussa electrode. As the initial cell
3.3. Electrochemically assisted photocatalysis loading increases the rate of disinfection increases. The ef-

fect of EAP was more pronounced at higher initial bacterial
Fig. 4 compares the rate of disinfection with the applica- cell loading.
tion of 1000 mV (SCE) to the working electrode in compar-
ison to that of open circuit conditions. A significant increase 3.5. The effect of light intensity
in the disinfection rate of both films was observed. The rate
increased with EAP by~40% for Degussa electrode and The effect of light intensity on the rate of disinfection was
~80% for Aldrich electrode. studied at incident light intensities betwee ¥ 108 and

6000 -
E Degussa electrode
5000 - O Aldrich electrode

4000 A

3000 A

Rate (CFUcni’min™)

2000 A

1000 A

Open circuit +1000mV
Treatment conditions

Fig. 4. Disinfection rates during photocatalytic and electrochemically assisted photocatalytic disinfe@&iaobbn Degussa and Aldrich Tielectrodes.
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Fig. 5. Double log plot of rate of disinfection vs. initial bacterial cell loading during photocatalytic and electrochemically assisted pjiitocatal
experimentation.

4x10-8Einsteinscm?s~! (Fig. 6). The rate of disinfection ~ Table1
increased with increasing light intensity. EAP increased the Effect of illumination on the steady-state photocurfent

rate of disinfection compared to the open circuit electrode Degussa foil electrode  Aldrich foil electrode
at all light intensities studied. The effect of EAP was more photocurrent (A) photocurrent |{A)
pronounced at higher light intensities. Dark 0 0

Light SC° 14 NME

Light 4 1000 mV 151 57

3.6. Bacterial recovery

aConditions: bacterial cell loading5 x 10° CFU cnT 3, light intensity
After 120 min illumination, 99.996% of the initial bac- 28 ¥ 10-° Einsteins cm®s ™.
terial cells had been inactivated. Bacterial growth was cﬁgmgggzi?nd't'ons'
not detected by the absorbance or plating methods from
any of the samples, with the exception of the positive

control. duction of anodic photocurrent. Photocurrents were higher
for the Degussa electrodes when compared to the Aldrich
3.7. Photocurrent response of Ti@lectrodes electrodes.

Table 2 shows the steady-state photocurrent of the De-
Table 1 shows the steady-state photocurrent measured durgussa electrode in solutions with different initial bacterial
ing the short circuit and fixed potential experiments. The il- cell loading. The photocurrent response was unaffected by
lumination of the TiQ-coated electrodes resulted in the pro- the initial bacterial cell concentration.

14000

O Degussa electrode +1000mV

12000 1 ® Degussa electrode open circuit
10000 A
8000 -

6000 -

Rate (CFU cm® min™)

4000 -

2000 T T T T T T 1
1.0E-08 1.5E-08 2.0E-08 2.5E-08 3.0E-08 3.5E-08 4.0E-08 4.5E-08

Light intensity (Einsteins sec¢' cm?)

Fig. 6. Disinfection rate vs. incident light intensity during photocatalytic and electrochemically assisted photocatalytic experimentation.
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Table 2 to chlorine and hypochlorite. Additional experiments were
Effect of initial bacterial cell concentration on the steady-state cgrried out in distilled water, under open circuit conditions
photocurrerit to assess the efficiency of disinfection in the absence of an-
Initial cell concentration (CFU cr?) Photocurrent £A) ions. The rate of disinfection in distilled water was greater
2.80 x 107 128 than that in Ringers solution and therefore the presence of
5.60 x 103 137 inorganic ions in the Ringers solution inhibited the photo-
330x 10* 135 catalytic disinfection process. The production of chlorine,
540 x 10° 134 from the oxidation of chlorides, did not increase the rate of
345 10° 132 disinfection.
2Conditions:  Degussa  electrode, light intensity .8 2x A third factor involved in the kinetics observed dur-

10-® Einsteins cm?s~*, +1000mV bias. ing the disinfection could be the ability of the bacteria

b . . . .
Colony forming units per cubic centimetre. to recover from the inflicted oxidative damage during the

initial stages of treatment. In order to detect bacterial

Table 3 regrowth, and therefore accurately monitor disinfection
Effect of incident light intensity on the steady-state photocufrent experimentation, a non-selective growth agar should be
Light intensity (einstein crm?s—1) Photocurrent (A) used. Selective agars, commonly used for the detection of
202 100 72 vv_a'Ferborne-mlcroorgan|sms, contain components tha'_[ in-
280 10-8 154 hibit or promote the growth of specific bacterial species,
214 % 10-8 131 or groups of organisms. The absence of some basic micro-
1.83x 1078 106 bial metabolites from selective agars can prevent bacterial
150x 1078 103 injury repair and regrowth [35,36]. Within the disinfection
aConditions: Degussa electrode, cell loading x 10° CFUcnt3, experiments_, Ringers 50|U_ti0r_| was used as both the experi-
+1000mV bias. mental medium and the dilution buffer before plating onto

non-selective LB agar providing suitable conditions for bac-
terial repair and recovery [12,37,38]. The samples removed
Table 3 shows the steady-state photocurrent response oty the reactor during the early stages of disinfection could
a Degussa electrode measured at different light intensities.;, 3 e undergone only cell wall damage, subsequent injury
The in(_:rea_f,e in the photocurrent was directly proportional repair and regrown during incubation on LB agar plates
to the light intensity. therefore demonstrating that disinfection had not occurred.
If a selective agar had been used as the detection media the
lag phase would not have been observed [39].

4. Discussion The theory of bacterial recovery, due to cell wall dam-
age occurring during the initial stages of the disinfection
4.1. Disinfection kinetics was reported by Zheng et al. [12]. In that work the pro-

cess of bacterial inactivation was studied using.(P

The bactericidal activity of Ti@ photocatalysis towards E. coli cellscnt3 in a TiO, slurry reactor. Bacterial vi-
E. coli cells has previously been reported by a number of ability was followed using LB agar with the disinfection
authors [5,11-13,22,24,28-33]. Fig. 2 shows the disinfection kinetics showing a lag phase over the first 15 min of the ex-
results obtained in this study and confirms the findings of periment. Ano-nitrophenolB-p-galactopyranoside (ONPG)
the above authors, however, only Zheng et al. [12] report probe was used to assess the level of cellular damage during
an initial lag period. Ringers solution was chosen as the the photocatalytic process. This approach demonstrated that
electrolyte for our disinfection experiments as it provided cell membrane damage did not take place during the initial
a more challenging test solution than distilled water, i.e. stages of the reaction but occurred approximately 15—20 min
Ringers solution is also known to increase bacterial stability after the treatment. The decrease in cell viability followed
due to its isotonic properties. In distilled water the leakage the same trend, a lag period over the first 15 min of reaction
of calcium and magnesium ions from the cell wall surface followed by a linear decline in viable cell numbers. Cell
is believed to reduce the bacterial stability [5]. In Ringers membrane damage is known to result in cell death, however
solution the bacterial cells, being more stable than cells in mechanisms to repair cell wall damage do exist and there-
distilled water, require a larger number of reactive oxygen fore bacterial cell wall damage alone will not cause bacterial
species attacks therefore resulting in a more prolonged initial inactivation.
disinfection time. In summary, the combination of increased initial bacterial

The detrimental effects of anions on the photocatalytic stability towards disinfection, anion concentration decreas-
degradation of organic compounds were reported by Abdul- ing the efficiency of the photocatalytic mechanism, and the
lah et al. [34]. The anion content of Ringers solution could provision of conditions favourable for bacterial repair and
reduce the initial bactericidal activity due to competitive ad- recovery, could be responsible for the lag period observed
sorption onto the Ti@film. Chloride ions may be oxidised during the first 20 min of the experiments.
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4.2. Control experiments level of the supporting substrate resulting in more efficient
electron transfer from the particulate film to the supporting

Fig. 3 shows that bacterial inactivation was possible in substrate [51]. EAP also increases mass transfer of nega-
the absence of the photocatalyst. UVA or air sparging alone tively charged bacterial species [52,53] towards the positive
showed some bactericidal effect, however when combined TiO2 anode via electromigration. This helps reduce mass
the effect was synergistic with a marked increase in the transfer limitations imposed by the reduction of catalyst sur-
disinfection rate. Oxygen is thought to have a direct effect face area to volume ratio encountered when using an immo-
on microorganisms. bilised catalyst.

Sunlight has been used as a method of water disin- Under applied potential, the rate of disinfection of both
fection [40] where in addition to the heating effect the Degussa and Aldrich electrodes were similar (Fig. 4). The
mechanism of treatment has been attributed to the pro-largerincrease in disinfection rate observed with the Aldrich
duction of reactive oxygen species by the UVA photo- electrode under EAP compared to open circuit is prob-
sensitization of oxygen within the water sample [41-45]. ably due to a reduction in charge carrier recombination

Therefore the inactivation d&. coliin this study by combi- rates within the particulate films. Electron trapping is known
nation of UVA and air sparging is consistent with previous to occur in both anatase and rutile forms of Zi(54]
reports. and could play a significant role in the interfacial diffu-

sion of electrons. The rutile component of Degussa2TiO
could influence the diffusion rate acting as an electron sink
thus preventing the Degussa films taking advantage of the
modified-diffusion gradient created by the application of a

. . . otential bias to the same extent as a purely anatase Aldrich
Fig. 4 compares the rate of disinfection for Degussa and F')I purely

Aldrich electrodes. The Degussa electrode showed better
photocatalytic efficiency than the Aldrich electrode under
open circuit conditions. This may be attributed to differences
in crystal structure and particle size of Degussa and Aldrich
powders.

Degussa P25 is comprised of a 70:30 anatase—rutile mix-
ture, average particle size 30 nm, with Aldrich being pre-
dominantly anatase with a larger particle size-dfum [46].

i ) . Increased initial cell loading raises the probability of in-
Degussa P25 is reported to havg a high phqtoreactlvny dueteraction between the catalyst film and the pollutant. This
to slow electron hole recombination [47]. This has been at-

tributed to efficient charge separation as a result of defects inreduces the overall mass transfer limitations and results in
9 P an increase in disinfection rate with increased initial bacte-

the crystgl structure and surface mQrpho_Iogy cause_d by_TiO rial loading. Pham et al. [55] observed a similar trend dur-
preparation method [48]. The particle size of Aldrich 3i0 ing the inactivation oBacillus pumilusspores in a slurry
is such that when the immobilised catalystis heat-treated the, - .« The effect was attributed to the increased proba-

;i?ggg%;'mgvt'g Ir;arVZrkienstser(-eﬁzlacrlt?gte %Zirggatzigifénci]hag;eb"‘ty of collision between hydroxyl radicals and bacterial
9 b spores. The same workers later published a mathematical

Ltz(uncir\:v;:g? 153 ee?]ursesao?tlqus'toELeecﬁreosl t;?r?;];er:ttﬁ] rlr;tr)lecyrlie(;r model explaining their findings [56]. At high initial bacterial

pa>r/tgijcles than within zmall Tieparticles [49]. In this w%?k cell loading the effect of applied potential was more pro-

poor electron transfer from the Aldrich filmsio oxygen Ie:ald- noun_cgd. Increaseq electron transfer efficiency, under bias
' conditions, results in the transfer of holes becoming the

Y centration of bacterial pollutant will increase the rate of

the decreased disinfection observed on Aldrich films during disinfection
photocatalytic disinfection. '

4.3. The effect of catalyst source on photocatalytic
disinfection of E. coli

Butterfield et al. [19] previously described photoelectro-
chemical disinfection oE. coli; however sufficient details
of the photoelectrochemical methods were not given to al-
low comparison with this work.

4.5. The effect of initial bacterial concentration

4.6. The effect of incident light intensity
4.4. Electrochemically assisted photocatalytic

disinfection of E. coli A linear increase in both the disinfection rate and the

photocurrent response was observed with increasing light

The rate of disinfection for both Degussa and Aldrich intensity, Fig. 6 and Table 3. For the open circuit electrode

electrodes was increased with the application of a positive under the higher light intensities charge carrier recombi-
potential (Fig. 4). The increase in rate can be attributed to nation becomes a rate determining factor. The application
a reduction in photogenerated charge carrier recombinationof an applied potential serves to remove CB's which
within, and at the surface of the semiconductor film [50]. The reduces the number of charge carrier recombinations, re-
application of a positive potential lowers the Fermi energy sulting in more efficient disinfection.
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