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Bactericidal effects of titanium dioxide-based photocatalysts
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Abstract

The photocatalytic degradation ofE. coli in water by various catalysts was investigated in a batch spiral reactor. Commercial Degussa P25 (P25),
as well as novel magnetic and hydrothermally prepared photocatalysts (MPC and HPC) were investigated in a slurry system. P25 was found to be
the most effective catalyst, followed by the HPC and the MPC. Cell destructions followed first order kinetics. Non-buffered samples displayed a
greater bactericidal efficiency which was attributed to a decrease in electrostatic repulsions between TiO2 andE. coli and also elevated stress onE.
coli at acidic pH. Buffered (NaHCO3) samples showed a decrease in bactericidal efficiency due to HCO3

− ions competing with oxidising species
and blocking (by adsorption) the TiO2 particles. The optimum catalyst loading for P25 and HPC was 1 and 2 g/L for MPC and was attributed to
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ass transfer effects (bulk diffusion, available active site and shadowing). An immobilised P25 system was found to be more efficie
PC and comparable with the HPC in suspension. The addition of silver to the immobilised system was found to enhance the pho
egradation.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Chlorination has long been seen as a suitable means for the
isinfection of waters for drinking purposes. However, chlo-
ine has a propensity to react with dissolved organic carbon
DOC) initially present in the water to form disinfection by-
roducts (DBPs)[1,2]. Of the wide array of DBPs produced,

rihalomethanes (THMs) and haloacetic acids (HAAs) repre-
ent the two largest groups[3]. Concern over the formation of
hese compounds stems from studies indicating they display con-
enial cardiac defects[3,4] and carcinogenic properties[5,6].
urrent Australian Drinking Water Guidelines specify allow-
ble limits of 250 ppb for (total) THMs and 150, 100 and 100

or chloro-, dichloro-, and trichloro-acetic acid, respectively.
t is expected that these values will be reduced to conform
o those implemented by the US EPA (80 ppb (total) THMs
nd 60 ppb for the sum of five HAAs[7]) with the poten-

ial for further restrictions beyond these to be applied in the
uture.

As regulations on allowable levels of DBPs in drinking wa
tighten, alternative technologies capable of meeting these
ifications are required. Advanced oxidation processes (A
provide an alternative to chlorination as a disinfection s
egy. AOPs such as ozonation and hydrogen peroxide ad
are capable of disinfection but possess limitations. Ozon
can lead to DBPs such as bromate[8] and has a short resi
ual residence time[9]. Hydrogen peroxide is a much wea
disinfectant than chlorine or ozone and is subsequently a
favourable option[9]. Photocatalysis is an AOP that has b
shown to possess enhanced disinfection capabilities. The
selective nature of photocatalysis also means it will potent
remove some organics that may be coexisting with the bac
in solution. The cell killing power of illuminated titania susp
sions has been noted since 1988[10]. Numerous studies ha
illustrated the effective bactericidal properties of photocata
on a diverse range of coliforms[11–13], using various photo
catalysts[14–17]and within different reactor systems[18–21].

Heterogeneous photocatalysis utilises a solid semi-cond
(commonly titanium dioxide), either as a suspension of
particles or immobilised on a support, in conjunction with ul
∗ Corresponding author. Tel.: +61 2 9385 4367; fax: +61 2 9385 5966.
E-mail address: r.amal@unsw.edu.au (R. Amal).

violet (UV) radiation to degrade undesirable organic materials.
In this work, two methods of application of the photocatalysts

385-8947/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2005.07.015



56 H.M. Coleman et al. / Chemical Engineering Journal 113 (2005) 55–63

were used—a slurry type reactor and an immobilised system.
The advantages of the slurry type reactor are the large sur-
face area of catalyst and the intimate contact between the target
compounds and the suspended particles, reducing mass transfer
effects inherent in an immobilised system. The disadvantages are
inhibition of light transmittance by the catalyst and the difficul-
ties encountered when attempting to recover the particles from
the treated effluent, due to the need for a solid–liquid separation
process which is both time and energy consuming. A recently
developed magnetic photocatalyst[22,23], comprising insulated
magnetic core particles coated with a layer of photoactive tita-
nium dioxide, provides a solution to this problem. The magnetic
core allows for increased ease of separation of the particles from
the treated effluent whereby the particles can be easily recovered
by the application of a magnetic field. The insulative layer (SiO2)
is necessary to prevent interaction between the magnetic cores
and the TiO2, as any interaction leads to the photodissolution of
the cores during irradiation[22]. A single-phase nanocrystalline
hydrothermally prepared TiO2 photocatalyst was also produced
and assessed for the removal ofE. coli from water and the effects
of solution pH and particle loading of these catalysts investi-
gated. Immobilisation of the catalyst on the reactor walls is a
solution to the solid–liquid separation problem. From the point
of view of water treatment applications, immobilised TiO2 has
the advantages of easy operation and energy saving. However,
the disadvantage of the immobilised system is reduced rate of
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Fig. 1. Schematic of the recirculating glass spiral photocatalytic reactor.

doun et al.[31]. The particles were calcined at 450◦C for 3 h
to convert the amorphous TiO2 into photoactive anatase. Calci-
nation also partially oxidises the magnetite to hematite, result-
ing in a maghemite core. Particle size was determined using a
Brookhaven ZetaPlus and particle surface area was determined
using nitrogen adsorption on a Micromeritics ASAP 2000.

2.2. Reactor set ups

All reactors were illuminated by a 20 W black-light-blue
lamp (NEC Brand), located within the centre of each reac-
tor coil. The lamps emit radiation over a wavelength range of
320–420 nm with a maximum emission at 360 nm.

2.2.1. Slurry systems—P25, HPC and MPC
For P25, HPC and the MPC slurry systems, bactericidal stud-

ies were undertaken in recirculating glass spiral reactors as illus-
trated inFig. 1. The reactors were constructed using borosilicate
glass tubing of 6 mm outer diameter and 1 mm wall thickness.
The total volume available for illumination was 70 mL per reac-
tor. A gas–liquid separator was located within each circuit where
gas was drawn off the line and re-injected at a later stage (see
Fig. 1). This arrangement facilitated a plug-flow reactor sys-
tem which aided solution aeration and particle suspension. The
slurry was circulated through each reactor by a triple-head peri-
s ent
C

2
lass

b rry
r d
o ctor
eaction due to mass transfer effects. One approach that ha
pplied to increase rates of reaction in TiO2 photocatalysis is t

mprove the photoactivity of titania particles by the depositio
etals such as silver, gold, platinum and palladium on the

ocatalyst surface[24,25]. The deposition of noble metals on
itania surface has been reported to accelerate both the re
f electrons from the particles and their transfer to molec
xygen[26]. It has been reported that silver has strong ba
icidal effects[27] and as declared by the WHO, silver d
ot cause adverse health effects setting a secondary min
oncentration level as 90 ppb[28]. In this work silver was pho
odeposited onto the immobilised TiO2 and investigated for th
hotocatalytic degradation ofE. coli in water to determine

here was any enhancement in rates of bacterial destructio

. Experimental section

.1. Photocatalyst preparation and characterisation

Degussa P25 (P25) (79–21% anatase-rutile[29]) was
mployed as the commercial source of TiO2. Hydrothermally
repared single-phased nanocrystalline TiO2 (100% anatase
HPC) was prepared for comparison with Degussa P25. P
ation of these particles involves hydrothermally aging an a
ed solution containing titanium isopropoxide at 90◦C without
urther calcination. A detailed preparation procedure for t
articles is given by Watson et al.[30].

Preparation of the magnetic photocatalyst (MPC) con
f coating colloidal magnetite particles with an initial layer
iO2 and a subsequent layer of TiO2. The colloidal magnetit
articles were prepared according to a method described by
 -

taltic pump (Masterflex Quick-load, Cole-Palmer Instrum
o.) using Masterflex tubing at a flow rate of 220 mL/min.

.2.2. Immobilised systems—P25 and Ag/P25
The photocatalytic experiments were carried out in a g

orosilicate spiral reactor (volume = 85 mL) similar to the slu
eactors (Fig. 1) except the TiO2 catalyst was immobilise
nto the inside wall of the reactor. The glass coil rea
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was connected to a peristaltic pump (Masterflex® Quick-Load,
Cole-Palmer Instrument Co.) by Masterflex flexible tubing to
enable solution circulation through the reactor at a flow rate of
220 mL/min.

The TiO2 was immobilised by first filling the reactor with
20% hydrofluoric acid for 1 h to etch the inside surface of the
reactor. A 1% wt./vol. solution of TiO2 (sonicated in an ultra-
sonic bath for 20 min) was then pumped through the reactor and
allowed to stand for approximately 1 h, drained and dried in an
oven at 60◦C. This process was repeated 3–4 times. A thin film
of TiO2 was formed on the inside wall of the reactor. The immo-
bilisation of silver metal onto the TiO2 particles was carried out
by photodeposition. Based on previous findings[32,33]a 2 atom
percent (at.%) silver loading was used. Silver nitrate was used
as the source of silver. A known calculated amount of AgNO3
was added to 85 mL of 100�g/L formic acid to give a final con-
centration of 2 at.% Ag+ in the glass coil reactor containing the
immobilised TiO2 and circulated in the dark for 15 min to allow
the system to equilibrate. The UV lamp was then turned on and
the solution was circulated for 2 h to allow photooxidation of
the formic acid and photoreduction of the metal ions to occur.

2.3. Microbiology

Escherichia coli (E. coli) (strain HB101) was used as the
t nies
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ment, aiming to commence each experiment at a cell density of
2500 cfu/mL.

Cell density in the reactors was calculated using the viable
plate count method. Three 100�L samples were micropipetted
from the reactor and plated onto three respective agar plates and
spread over the agar surface using a plate spreader. Plates were
then incubated overnight at 37◦C and colonies were observed
and counted the next morning. An average count was calculated
from the three plate counts and results were plotted as percent-
age survival over time. The first order rate constants for each
experiment were calculated from plots of lnC/C0 (whereC is
the concentration andC0 is the initial concentration) over time.

2.6. Parameters investigated

The effect of buffer on cell death was considered for the
catalysts in suspension. Solution preparation was identical to
that described earlier (Section2.4) but without the presence
of the sodium hydrogen carbonate buffer. The catalyst loading
typically used for all three photocatalysts in suspension was
1 g/L. The effect of catalyst loading on bacteria removal was
determined by varying the catalyst concentration over the range
0–2 g/L for P25, HPC and MPC. The effect of immobilising
Degussa P25 on the reactor walls was investigated for the degra-
dation ofE. coli in water and compared with results obtained for
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est strain for all bacterial inactivation studies. Single colo
ere isolated from Luria Bertani agar plate cultures (10
ryptone, 5 g/L Yeast Extract, 5 g/L NaCl, 15 g/L agar)
sed to inoculate 50 mL of Luria Bertani liquid media (10
ryptone, 5 g/L Yeast Extract, 5 g/L NaCl) in a 500 mL baffl
rlenmeyer flask. The flask was incubated overnight at 3◦C
n an orbital shaker at 200 rpm. The next day, the cu
as refreshed by pipetting 5–10 mL into a second 500
rlenmeyer flask containing 50 mL of nutrient broth and lea
n the shaker for 2–3 h to ensure maximum cell viability p

o commencing each experiment.

.4. Bactericidal activity

Autoclaved “MilliQ” (Millipore) water (18 M�/cm2) sup-
lemented with filter sterilised sodium hydrogen carbonat
.06 g/L) buffer was used for all inactivation experiments.
lurry reactions, sufficient catalyst was added to the buff
olution to give the required loading. The pH was adjuste
.0± 0.3 and theE. coli added to the suspension to give
esired initial cell density. 45 mL of the prepared solution
lurry reactions) or 110 mL of buffer andE. coli (for the immo-
ilised system) was introduced to the reactor and circulate
min prior to irradiation. Samples were taken at defined

ntervals for analysis.

.5. Analysis

Bacterial cell density in liquid media was estimated us
bsorbance at 600 nm on a UV–vis spectrophotometer (
acia). Based on this cell density estimation, the inoculum
iluted and used to inoculate the reactor prior to the ex
r

r-

eactions in suspension. The effect of photodepositing 2 at.
n the immobilised TiO2 (P25) was investigated for the remo
f E. coli from water. Control experiments were carried out w
V light alone and photocatalyst in the dark.

. Results and discussion

.1. Effect of photocatalyst – reactions in suspension –
25, HPC and MPC

The results obtained for particle size and surface area
hree catalysts are shown inTable 1.

Table 1shows that the photocatalysts consisted primari
natase. Degussa P25 also contains approximately 21%
lso noticeable fromTable 1is the much larger particle si
f MPC relative to the other photocatalysts. The TEM ima
f the three photocatalysts are shown inFig. 2 [34]. The large
article size of MPC results from aggregation of the magn
articles during the silica coating process and agglomer
uring the calcination process (as shown inFig. 2(a)). Of the

hree samples, HPC has a substantially larger surface are

able 1
article characteristics for the commercial (P25) and prepared TiO2 (HPC and
PC) photocatalysts

ample TiO2 crystal phase Diametera (nm) Surface area (m2/g)

25 79% anatase, 21%
rutile [29]

200 55

PC Anatase 180 302
PC Anatase (coating) 1060 90

a Corresponds to particle diameter in suspension.
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Fig. 2. TEM images of (a) MPC, (b) HPC and (c) Degussa P25[34]. The ability of the three photocatalysts P25, HPC and MPC to inactivateE. coli in water was
investigated with the results shown inFig. 3.

Fig. 3. Bactericidal effect of different TiO2 samples for the removal ofE.
coli. P25: Degussa P25, HPC: hydrothermal photocatalyst, MPC: magnetic
photocatalyst, dark (P25): absence of UV irradiation, UV: absence of TiO2.
Catalyst loading 1 g/L, pH 7–7.8 (buffered using NaHCO3), initial colony count
≈2500 cfu/mL.

the other two samples. This high surface area is due to the large
internal surface area of the particles, created by the aggregation
and bonding of many small anatase crystals during preparation
(seeFig. 2(b)).

The ability of the three photocatalysts P25, HPC and MPC
to inactivateE. coli in water was investigated with the results
shown inFig. 3. Included are the control experiments—UV light
alone (i.e., no photocatalyst) and TiO2 (P25) alone (i.e., under
dark conditions). The initial inactivation follows a first order
dependence agreeing with previous studies on photocatalysis
E. coli in water using Degussa P25[11,12,14,35–39]. The first
order rate constants for each reaction were calculated and a
shown inTable 2. Standard errors were calculated from the log
linear regression function.

Fig. 3 indicates that there is no effect of TiO2 (P25) alone
(dark conditions) onE. coli degradation, indicating no adsorp-
tion of E. coli on the TiO2 or reactor walls. Similar results were
obtained for HPC and MPC under dark conditions. UV light

Table 2
Rate constants for photocatalysis ofE. coli in water

Photocatalyst Rate constant,k (min−1)

Degussa P25 1.32± 0.28
Hydrothermal Photocatalyst (HPC) 0.166± 0.011
Magnetic photocatalyst (MPC) 0.066± 0.003

alone demonstrated bactericidal properties as expected[35] but
was much less efficient than photocatalysis, with 37% of the
initial E. coli still viable after 60 min exposure. All three photo-
catalysts displayed bactericidal properties upon irradiation. Of
the three samples, P25 was found to be the most efficient (100%
E. coli removal within 10 min irradiation). HPC required around
40 min for complete removal, while MPC took 60 min to kill all
E. coli. This can be seen clearly from the calculated first order
rate constants inTable 2. The most effective photocatalyst was
Degussa P25 which was almost 8 times faster than HPC and 20
times faster than MPC in degradingE. coli. HPC is 2.5 times
faster than MPC. The observed results can be related to the par-
ticle size and density of the catalysts. MPC has a larger particle
size and is also denser due to the magnetic core, hence has a lower
available particle population (per mL) for reaction. P25 and HPC
have similar particle sizes but P25 is more active. It has previ-
ously been shown that P25 is more active than HPC and MPC for
the photocatalysis of sucrose[30]. Degussa P25 is well known
for its high activity which may be due to its better crystallinity as
dispersed nano-TiO2 particles may interact better withE. coli.
Cell wall damage followed by cytoplasmic membrane damage
leading to a direct intracellular attack has been proposed as the
sequence of events when microorganisms undergo TiO2 photo-
catalytic attack. It has been found that smaller TiO2 particles
cause quicker intracellular damage[40].
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.2. Effect of buffer

The effect of buffering the pH of the solution (pH 7–7.8)
he bactericidal efficiency was investigated. The pH value
he buffered and non-buffered solutions prior to and follow
h irradiation are given inTable 3.
Table 3indicates that if the solution is not buffered then u

rradiation the pH drops and the solution becomes acidic.
H drop maybe due to two phenomena. TiO2 in suspension has
H of about 5[41]. Even in the absence of bacteria, illumina
iO2 leads to a decrease of pH 7.0 to 5.5 due to the follow
eaction[42]:

2O + h+ (TiO2) → •OH + H+ (1)

he pH drop could also be due to aliphatic acids being prod
hen endo- and exo-bacterial organic compounds are p
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Table 3
Changes in solution pH following irradiation of (sodium hydrogen carbonate) buffered and non-buffered solutions of Degussa P25, HPC and MPCa

Photocatalyst pH with buffer pH without buffer

Before irradiation Following irradiation Before irradiation Following irradiation

P25 7.1 7.0 7.4 5.1
HPC 7.4 7.5 7.2 4.1
MPC 7.3 7.3 7.2 5.6

a Catalyst loading 1 g/L, irradiation time 60 min, initial colony count≈2500 cfu/mL. Initial pH of non-buffered solution adjusted using sodium hydroxide.

catalytically oxidised by hydroxyl radicals (•OH) and radical
oxygenated species (ROS) during the photocatalytic treatment
[42].

endo- and exo-bacterial organic compounds

+ OH, ROS → aliphatic acids (2)

The impact of buffering the solution to a pH of 7–7.8 on the
bactericidal efficiency of P25, HPC and MPC is shown inFig. 4.

It is observed fromFig. 4 that unbuffered solutions display
a greater bactericidal efficiency for each of the photocatalysts.
The greater rate ofE. coli removal is a result of the accom-
panying drop in solution pH during irradiation.E. coli is most
viable within a pH range of 6–8[42] and the additional stress
encountered under acidic conditions leads to an acceleration of
the rate ofE. coli inactivation. Research[38] with urban waste
waters showed that acidic conditions (pH 5) enhanced photo-
catalytic deactivation ofE. coli. At acidic pH the electrostatic
repulsion between TiO2 andE. coli is not as great i.e., the surface
charge of TiO2 is more neutral which allows increased interac-
tion between TiO2 and the bacteria. However, there is not as a
significant effect with P25 compared to the other catalysts. This
is due to the high bactericidal activity of P25. The rate of reac-
tion for P25 is already high under buffered conditions so there
is not as a significant difference in unbuffered conditions.

-
t
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o
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F ution
o ading
1

ical CO3
•−.

HCO3
− + OH → H2O + CO3

•− (3)

This radical shows a wide range of reactivity with organic
molecules but it is mainly a selective electrophilic reagent, and
its reactions are slower than those of•OH. HCO3

−also provides
some photoadsorption that protects bacteria towards light[42].
This screening effect added to the one created by TiO2 parti-
cles, limits the light penetrated into the bacterial suspensions.
HCO3

− ions could also act as scavengers of holes (h+) formed
on the TiO2 surface reducing the inactivation rate[43].

h+ + HCO3
− → HCO3

•− (4)

3.3. Catalyst loading

The effect of catalyst loading on the photobactericidal per-
formance of P25, HPC and MPC are shown inFigs. 5–7,
respectively. The values obtained for rate constants are shown
in Table 4.

Fig. 5 indicates that the optimum loading for P25 is 1 g/L.
Degradation rates are 1 g/L > 2 g/L > 0.5 g/L (seeTable 4) with
1 and 2 g/L being very similar. A loading of 0.5 g/L leads
to a noticeable reduction in efficiency with complete colony
removal taking 30 min. A loading of 2 g/L presented only a minor
d very
s a
r
r ates
w -
i also

F P25.
C olony
c

The decrease in deactivation rates ofE. coli in buffered solu
ions may also be due to the presence of HCO3

− ions (from the
aHCO3 buffer) which retard theE. coli deactivation rates b
ompeting with the oxidising radicals or by blocking (adsor
n TiO2) the active sites of the TiO2 catalyst[42]. HCO3

− reacts
ith the hydroxyl radicals producing the less reactive anion

ig. 4. The effect of buffering (sodium hydrogen carbonate) the initial sol
n the bactericidal efficiency of Degussa P25, HPC and MPC. Catalyst lo
g/L, initial solution pH buffered to 7–7.8, initial colony count≈2500 cfu/mL.
ecrease in the photobactericidal efficiency of P25 and is
imilar to the degradation rate of 1 g/L.Fig. 6 indicates that
eduction in HPC loading to 0.5 g/L resulted inE. coli bacte-
ia still being present after 60 min irradiation. Degradation r
ere in the order 1 g/L > 2 g/L > 0.5 g/L (Table 4) showing a sim

lar trend to Degussa P25. Increasing the loading to 2 g/L

ig. 5. Effect of catalyst loading on bactericidal efficiency of Degussa
atalyst loadings considered were 0.5, 1 and 2 g/L. pH 7–7.8, initial c
ount≈2500 cfu/mL.
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Fig. 6. Effect of catalyst loading on the photobactericidal efficiency of HPC.
Catalyst loadings considered were 0.5, 1 and 2 g/L. pH 7–7.8, initial colony
count≈2500 cfu/mL.

Fig. 7. Effect of catalyst loading on the photobactericidal efficiency of MPC.
Catalyst loadings considered were 0.5, 1 and 2 g/L, pH 7–7.8, initial colony
count≈2500 cfu/mL.

lead to a poorer removal efficiency compared to the 1 g/L load-
ing. These particles are of a similar size to P25 so dispersio
characteristics are expected to be similar. Increasing Deguss
from 1 to 2 g/L only decreases the rate slightly, but increasing
HPC from 1 to 2 g/L affects the deactivation rate significantly.
This decrease in rate with loading may be attributed to the rough
surface of HPC[34] which would cause increased light scat-
ter at higher loadings.Fig. 7 indicates that as the MPC loading
increases from 0.5 to 2 g/L so too does the bactericidal efficiency
Degradation rates were of the order 2 g/L > 1 g/L > 0.5 g/L (see
Table 4). This is a different trend to that observed for P25 and
HPC, indicating that the optimum loading also depends on the
photocatalyst properties.

Table 4
Rate constants at different catalyst loadings for photocatalytic degradation ofE.
coli

Photocatalyst Rate constant,k (min−1)

0.5 g/L 1 g/L 2 g/L

Degussa P25 0.194± 0.046 1.32± 0.28 1.03± 0.10
Hydrothermal

photocatalyst (HPC)
0.058± 0.005 0.166± 0.011 0.068± 0.002

Magnetic photocatalyst
(MPC)

0.051± 0.004 0.066± 0.003 0.081± 0.011

FromFigs. 5–7andTable 4, it is apparent that for P25 and
HPC, a photocatalyst loading of 1 g/L provides the greatest bac-
tericidal efficiency. The decrease in efficiency at loadings lower
than 1 g/L is due to mass transfer effects (i.e., there are a lower
number of particles available to interact with theE. coli). At
loadings higher than 1 g/L the higher number of particles amplify
the light scattering and shadowing effects, reducing the extent
to which the UV light can reach all the particles in suspension.
The loading effects for MPC are different, due essentially to
the larger size (seeTable 1) and increased weight of the par-
ticles (due to the magnetic core) compared to the other TiO2
samples. These factors give a lower particle number density for
MPC (i.e., less particles are available per mL of solution). At the
loadings investigated for MPC, mass transfer effects dominate
as the lower particle number density controls the reaction rate.
It is expected that at higher MPC loadings, light scattering and
shadowing effects will begin to exert an influence.

Bekbolet et al. [36,37] investigated the effect of TiO2 (P25)
loading on the inactivation ofE. coli. in the range 0–1.5 g/L
and found 1 g/L to be the effective optimum concentration. The
effect of loadings in the range 0.25–2.5 g/L at different initial
counts (102 to 104 cells/mL) revealed the same optimum effec-
tive concentration. Maness et al.[44] also found that the most
effective TiO2 (P25) concentration for killingE. coli cells at con-
centrations ranging from 103 to 108 cfu/mL to be 1 g/L. Rincon
and Pulgarin[45] investigated the influence of TiOconcentra-
t lso
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2
ion onE. coli inactivation in the range of 0.25–1.5 g/L and a
ound that initial rates increase with the amount of cataly

plateau at 1 g/L and attributed it to the complete absor
f the incident light by TiO2. Rates at 1.5 g/L were very sim

ar to 1 g/L. Thus, at TiO2 concentrations higher than 1 g/L, t
eak light penetration into the bulk of the solution makes
hotoactivity of the catalyst less effective and the action of
n bacteria (direct photolysis) is also diminished. This is

lar to our findings where loadings of 2 g/L have similar ra
o 1 g/L. The optimal concentration for wastewater was 0.5
ompared to 1 g/L for MilliQ water suggesting that the opti
iO2 concentration depends also on the chemical matrix o
ater. A more detailed study by Cho et al.[35] investigated th
ptimum conditions forE. coli disinfection from 0.1 to 5 g/L o
iO2. Above 1 g/L TiO2 concentration, the disinfection react
as less effective because TiO2 particles may result in scree

ng of the light. At lower TiO2 loadings, much of the light wa
ransmitted through the slurry solution in the reactor, whil
igher catalyst loadings all the incident photons were abso
y the slurry. There was not much difference in the survival

or TiO2 loadings of range from 1 to 5 g/L. The efficiency w
robably limited over 1 g/L of TiO2 because UV light can b
locked by the TiO2 catalyst itself. Thus, it seems reasona

o conclude that 1 g/L loading is sufficient to harvest all of
ncident light and that there is no advantage in going beyond
atalyst loading.

.4. Effect of immobilising titanium dioxide (P25)

Degussa P25 was shown to be the most efficient cataly
he removal ofE. coli in water and was much more efficie
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Fig. 8. Bactericidal effects of immobilised TiO2 (P25) and Ag/TiO2. Sil-
ver loading 2 at.%, initial solution pH buffered to 7–7.8, initial colony count
≈2500 cfu/mL.

than the magnetic photocatalyst. To overcome the problems of
filtration and removal of the catalyst after reaction, Degussa P25
was immobilised onto the reactor walls and this system assessed
for the removal ofE. coli in water. A typical decay curve for the
immobilised system along with a typical decay curve for the
silver/TiO2 system is shown inFig. 8. The reactions were seen
to exhibit first order behaviour. The first order rate constants
were calculated and are shown inTable 5.

Comparing the results for the immobilised catalyst (Table 5)
with optimum results (i.e. 1 g/L loadings for P25 and HPC and
2 g/L for MPC) for the catalysts in suspension (Table 2), it can
be seen that the immobilised P25 is not as efficient as the P2
in suspension. This is due to mass transfer effects and the larg
surface area available for reaction for particles in suspension
However, the immobilised P25 is comparable to rates for the
HPC and is much more efficient than the MPC (almost twice the
rate for MPC). These results indicate that it is therefore much
more efficient to use an immobilised system for practical and
commercial applications as lengthy and expensive filtration and
separation steps are eliminated. Control experiments of immo
bilised TiO2 in the dark showed no change inE. coli indicating
that there is no adsorption ofE. coli on the TiO2 or the reactor
walls.

3.5. Effect of the addition of Ag
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There is yet to be a detailed study on the effects of Ag/TiO2 on
E. coli bacteria and the mechanism involved. However, from the
evidence presented, it seems the TiO2-mediated photocatalytic
attack combined with silver’s ’electron trapping’ and bacterici-
dal properties give a more efficient treatment method than Ag or
TiO2 photocatalysis alone. In a practical situation, it is therefore
viable to add silver to an immobilised TiO2 system since the
bactericidal efficiencies have been significantly enhanced.

4. Conclusions

Photocatalysis is effective for removingE. coli in water using
titanium dioxide Degussa P25, a hydrothermal photocatalyst
(HPC) and a magnetic photocatalyst (MPC). P25 was found to be
the most effective catalyst, followed by the HPC and finally the
MPC. Non-buffered water samples displayed a greater bacteri-
cidal efficiency. This was attributed to a decrease in electrostatic
repulsions between TiO2 andE. coli and elevated stress onE.
coli at acidic pH. Buffered samples showed a decrease in bacte-
ricidal efficiency. This was attributed to the presence of HCO3

−
ions which compete with oxidising species and also block the
TiO2 particles. The optimum catalyst loading for P25 and HPC
were determined as 1 and as 2 g/L for MPC. This was attributed
to factors such as bulk diffusion, available active sites and shad-
owing effects. An immobilised TiO2 P25 system was found to
be effective in removingE. coli from water. It was much more
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