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The purpose of this research is to evaluate the bactericidal
capacity of different Advanced Oxidation Treatments
(AOTs) based on ozone: ozone, ozone/hydrogen peroxide
and ozone/titanium dioxide on a wild strain of Clostridium
perfringens, a fecal bacterial indicator in drinking water.
The dose of ozone consumed ranges from 0.6 mg L�1 min�1

to 5.13 mg L�1 min�1 depending on the process and on the
sample. In the treatments combined with O3, H2O2 dose
utilized is 0.04 mM and TiO2 dose, 1 g L�1. In order to
evaluate the influence of natural organic matter and suspen-
sion solids over the disinfection rate, treatments are performed
with two types of water – natural water from Ebro River
(Zaragoza, Spain) and NaCl solution 0.9%. To achieve
4 log units of inactivation, 3.6 mg O3 L�1 is necessary in
O3 treatment, 4.25 mg O3 L

�1 in O3/TiO2 system and 2.7 mg
O3 L�1 in O3/H2O2 after processing the natural water. In
NaCl solution, to get the same inactivation, 0.42 mg O3 L

�1 is
necessary in O3 treatment, 1.15 mg O3 L

�1 in O3/TiO2 system
and 0.06 mg O3 L�1 in O3/H2O2 process. Even though the
three treatments studied have a high bactericidal activity due
to the number of surviving bacteria decreases to non-detectable
levels, O3/H2O2 is the most effective system for eliminating
C. perfringens cells in a lower contact time, followed by
O3 and finally O3/TiO2 system.

Keywords Clostridium perfringens, Ozone, Hydrogen Peroxide,
Titanium Dioxide, Drinking Water, Disinfection,
Advanced Oxidation

INTRODUCTION

Historically, the transmission of pathogenic microor-
ganisms through the water has been the more serious
source of epidemics in some diseases. In 1854, London
suffered a cholera epidemic, being one of the early diseases

to be recognized as a waterborne illness (Bates, 2000).
Nowadays, the list of waterborne diseases is considerably
longer and it includes bacteria, viruses and protozoa.
Above all, underdeveloped countries are the most affected
by these types of diseases due to problems of access to
drinking water sources (EPA, 1999).

Due to the pollution of natural water by substances
which come from the environment and from the massive
and indiscriminate use of the human, this type of water,
generally, cannot be used for a certain use without a pre-
vious correction of one of several parameters. If the purpose
of water is the human consumption, the application of a
previous process called potabilization is necessary and it is
carried out in facilities created with this aim called drinking
water plants. Potabilization process has as objectives the
elimination from natural waters of pathogenic microorgan-
isms (disinfection) and the elimination of organic and inor-
ganic pollutants (oxidation). Drinking water disinfection
provides the final barrier to transmission of a wide variety
of potentially waterborne infectious agents.

Most of pathogenic microorganisms are discharged into
natural waters through wastewaters and their presence
indicates fecal pollution, representing a public health risk.
In contrast to chemical pollutants, a lower tolerable limit
for microbiological pollutants is not allowed in analysis of
water for human consumption, due to a little quantity of
pathogens into a host is capable of developing an infection,
even the death of the host. So, water for consumption,
cooking and drinking and personal hygiene must not con-
tain any pathogenic agent for human beings (WHO, 1995).
This characteristic turns the microbiological analysis of
water in a vital analysis.

Consequently to the founding in Europe of the Directive
98/83/CE on quality of water for human consumption, a
systematic control about fecal bacterial indicators must be
made in this type of water. This new Directive has included
the bacterium Clostridium perfringens as a new microbiolo-
gical parameter to check because the traditional indicators
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(such as Escherichia coli and coliforms) are inactivated in a
short time with the conventional disinfection treatments
of water, as the chlorine (Payment, 1999) creating a false
sense of security. Several researches have reported that tra-
ditional bacterial indicators often indicate water is free of
fecal pollution, although viruses, protozoa and bacteria
which form spores appear in it, showing that these indicators
are not completely reliable (Gesche, 2003). C. perfringens, in
view of adverse situations, forms spores and survives in
water for much longer than coliforms. Therefore, its pre-
sence in disinfected water can indicate the treatment has
been deficient and maybe, other resistant pathogens have
also survived. So, in the last years it has been reported that
C. perfringens could be a suitable indicator for the presence
of pathogens of fecal origin in surface waters (Payment and
Franco, 1993; Hijnen et al., 2000) and a biological indicator
of disinfection efficiency in water systems, so it has been
selected to perform this research. C. perfringens is included
in the Spanish Drinking Water Decree (Royal Decree
140/2003) as part of the microbiological standards for
drinking water, monitoring in 100 mL samples at surface
water treatment plants.

Conventional water treatment includes a group of pro-
cesses (preoxidation, activated carbon adsorption, coagula-
tion-flocculation-decantation, intermediate oxidation, sand
filtration and post-chlorination) that when are applied to
raw water sources contribute to the reduction of microor-
ganisms of public health concern. Although chlorine is
the most common water disinfectant currently in use in
the world, undesired by-products such as trihalomethanes
are formed. These disinfection by-products exhibit a poten-
tially carcinogenic activity and as consequence, it has made
possible its gradual substitution by other agents as ozone.
However, it will be used as disinfectant in the final disin-
fection for much longer because chlorine is the only agent
with residual power, ensuring the arrival of disinfected
water to points of consumption (Bueno, 1997).

Today, new processes called advanced oxidation
techniques (AOTs) are being researched as an alternative
for the removal of particular pollutants in water and so,
to avoid the generation of dangerous by-products during
drinking water treatment. These techniques generate
high concentrations of hydroxyl radicals, highly reactive
chemical species.

Ozone in water can follow two pathways: direct oxidation
of compounds by molecular ozone and indirect oxidation
through hydroxyl free radicals produced during the decom-
position of ozone and from reactions between ozone and
some organic and inorganic species in water (Hoigné and
Bader, 1983). Hoigné and Bader (1997) found that under
acidic conditions, the direct oxidation with molecular ozone
is of primary importance. Under conditions favoring hydro-
xyl free radical production, such as high pH, exposure to UV
or addition of hydrogen peroxide, the hydroxyl oxidation
stars to dominate. As well as the hydroxyl radicals, other
radicals are generated such as superoxide, ozonide and

hydroperoxide radicals. The chain mechanism is describing
next (Kuo et al., 1999):

Initiation: O3 þOH� ! O��2 þ� HO2

�HO2 $ O��2 þHþ

Propagation: O��2 þO3 þHþ ! 2O2 þOH�

OH� þO3 ! Hþ þO��2 þO2

Termination: combinations of O�2 ;
�HO2 and OH�

At pH of natural water, both mechanisms of ozone reac-
tion can coexist. In order to favor the radical scheme of
ozone reaction, some substances can be added to ozone
producing AOTs. The ozone decomposition by the radical
scheme can increase with the presence of OH�, hydrogen
peroxide, photolysis by ultraviolet radiation and metallic
catalysts (Oppenländer, 2003).

The result of the addition of hydrogen peroxide to
ozone is the peroxone system. H2O2 is a very important
initiator, which may influence the ozonation process.
After adding hydrogen peroxide to ozone, one part of
this is dissociated to HO2

� which has a higher ability of
initiation than OH� and accelerates the decomposition
of ozone. The result of the addition of titanium dioxide to
ozone is the catalytic ozonation process. The catalyst may
discompose the ozone into free radicals or adsorb one or
both reactants (ozone and pollutants) making easier their
reactions.

It is not well understood which mechanism is respon-
sible for the inactivation of microorganisms: the molecu-
lar ozone or the intermediate radicals formed. Some
researchers believe that ozone disinfection is a result of
direct ozone reaction (Finch et al., 1992; Hunt and
Mariñas, 1999; Labatiuk et al., 1994) while others believe
that the hydroxyl radical mechanism for disinfection is
the most important mechanism (Bancroft, 1984). The first
site to be attacked seems to be the bacterial membrane. It
also disrupts enzymatic activity of bacteria by acting on
the sulfhydryl groups of certain enzymes. Beyond the cell
membrane and cell wall, ozone may act on the nuclear
material within the cell (Giese and Christensen, 1954).
Despite, the sensibility of microorganisms to ozone is
affected by the organic matter present in water and by
the physicochemical parameters (Bezirtzoglou et al.,
1994).

So, the aim of this research is to compare the disin-
fectant capacity of several new oxidation techniques
which are being studied in the last years as a substitute
of the chlorine in the preoxidation and intermediate
oxidation stages in the drinking water treatment, that is
O3 (ozonation) and O3 combined with H2O2 (peroxone)
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and TiO2 (catalytic ozonation) on a population of
C .perfringens and to evaluate in which grade the organic
matter in a surface natural water improves or makes
worth that inactivation.

MATERIAL AND METHODS

Samples

Disinfection treatments are carried out with two
different types of water: natural water and NaCl 0.9%
solution. Water samples are collected from the Ebro
River, higher up of the entrance point to the drinking
water plant in Zaragoza. A sample of 25 liters is distrib-
uted in recollection bottles ISO with a volume of 1 Liter.
Samples are conserved at �20�C for a perfect support.
Total Organic Carbon (TOC) of the natural sample is
3±1 mg L�1. The NaCl solution is prepared from sodium
chloride reactive (Panreac) dissolved in ultrapure milliQ�

water up to get a solution 0.9% and with a pH similar to
natural water to work in the same conditions.

Samples, in a natural way, present a low concentration
on C. perfringens (3–5 � 102 CFU/100 mL) and it is neces-
sary to increase this population in an artificial way, to
fortify them. So, a cell concentrated suspension is prepared.
For this, a wild C. perfringens strain isolated from Ebro
River is incubated on the enrichment Schaedler agar
(Scharlab) with 5% defibrinated sterile sheep blood. After
24 h at 37�C, cells are carefully transferred from the agar
layer and suspended in saline solution. The mixing natural
water or NaCl solution with the cell suspension is the sample
to study. These fortified samples have initial populations of
C. perfringens, which range from 106 to 108 CFU/100mL.

Analysis of Physical-Chemical Parameters

Table 1 shows the relation of physicochemical para-
meters used in the characterization of samples, just as the
analytic methodology and instrumentation related.

Test Clostridium perfringens

The culture and enumeration of C. perfringens is
carried out according to the procedure ISO 6461-2:1986.
The analysis of the samples is performed by the method
membrane filtration. Sterile cellulose membranes
(Millipore) of 0.22 mm pore size and 47 mm diameter
are used. After a sample is filtered under vacuum, the

membrane is placed into a Petri dish, agar SPS (Scharlab)
is poured on it and is incubated in anaerobic jars (Oxoid)
at 37�C. After 18–24 h, black colonies are counted and
Gram stain is made as confirmation test from some of
them.

From each sample taken, several different volumes
are filtered to ensure a reliable count in each sampling
time. The enumeration of colonies is explained as CFU
(colony-forming units) per 100 mL of sample in each
contact time. These concentrations are transformed to
log10 and the removal of bacteria, Log (Nt/N0), is calcu-
lated from the initial C. perfringens population (N0) and
the remaining C. perfringens population at time t (Nt).

OZONATION, PEROXONE AND CATALYTIC
OZONATION ON LABORATORY SCALE

Materials

All glassware used is autoclaved at 121�C for 15 min.
to be sterile. All solutions and culture mediums are pre-
pared with ultrapure MilliQ� water and analytical-
reagent grade chemicals are used throughout.

The catalyst used in this study is treated TiO2 obtained
from commercial TiO2 100% anatase (Panreac). Treated
TiO2 is obtained by a thermal treatment that consists of a
heating at 900�C for 12 h. After cooling down until room
temperature, TiO2 was pressed, crushed and sieved to
obtain a particle diameter of 0.5 mm. It is characterized
by FTIR and BET Methods. Specific area is 6.43 g m�2.
FTIR shows that treated TiO2 is a mixture of 80% ana-
tase and 20% rutile. The solution of hydrogen peroxide is
prepared from a concentrated H2O2 solution at 30% by
weight (Carlo Erba, quality for analysis).

Ozone Generator

Ozonation experiments are performed with ozone gen-
erated ‘‘in situ’’ in the laboratory from dry prefiltered
oxygen by using a Fischer Model 500 ozone generator.
Ozone generator consists of two electrodes. A high vol-
tage is produced between them and pure oxygen current
flows through them. A discharge occurs and atomic
oxygen is produced. When atomic and molecular oxygen
are combined, an ozone molecule is generated. The ozone
generator is connected to a glass closed reactor where
sample is located and the ozone gas is transferred to

TABLE 1. Physical-Chemical Parameters Analysis

Parameter Instrument Brand Model Error Standard Method

pH pH-meter Crison GLP 21 � 0.02 pH � 0.3�C 4500-HB Standard Methods
Conductivity Conductimeter Crison Basic 30 � 0.5�C Norma UNE-EN 27888:1994
Ozone residual Ozone Photometric Tester Merck DPD � 2.0%
Total Organic

Carbon (TOC) TOC tester Shimadzu TOC-Vcsh 5–10% 5310 B Standard Methods
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it through a bubble diffuser contactor (O3generated).
This reactor works in semi-continuous mode: continuous
to gas and discontinuous to liquid. All experiments are
conducted in the ozonation reactor described in Figure 1.

Ozone not transferred into the process water during
contacting is released from the reactor as O3 no consumed.
This O3 no consumed is routed to two ozone destruct
units containing 250 mL of a 2% KI solution. When the
ozone reacts with this KI, it is reduced to oxygen and is
releasing to the atmosphere as an innocuous element.

Both ozone generated and ozone not consumed are
calculated by a iodometric method (Kolthoff and
Belchor, 1957). Ozone residual, dissolved in the sample,
is measured by a color-meter test (Merck) associated to
UV/Vis spectrophotometer (Thermospectronic, Helios a).
Therefore, the ozone consumed by the sample is calcu-
lated according to the next formula:

O3 consumed ¼ O3 generated�O3 no consumed �O3 residual dissolved:

In the O3/TiO2 and O3/H2O2 experiments, the TiO2 and
H2O2 are added into the reactor at the same time that the
ozone begins to spread through the sample.

In order to compare the results obtained with the three
types of disinfection systems, these results are expressed
as mg O3 L

�1 because of the initial volume in the reactor
changes after taking the samples along the experiment,
varying the ozone concentration applied.

Operation Conditions

The three treatments are carried out with each type of
sample at room temperature in triplicate. The reactor used
to house the sample is made of Pyrex glass. It is spherical
and has a capacity of 3 L. Each treatment lasts 10 min. and
the initial sample volume is 1.5 L. Ozone generator produces
577.6 mg O3 h

�1 using an oxygen flow of 100 L O2 h
�1. The

ozone consumed is around 3.5–3.8 mg O3 L�1 min�1 in
natural water. In NaCl solution, the ozone consumed ranges
from 0.6–2.9 mg O3 L

�1 min�1.
The dose of TiO2 added in O3/TiO2 system is 1 g L�1

and the H2O2 concentration utilized in O3/H2O2 process
is 0.04 mM. As well as these three experiments made with
ozone as common element, two control experiments are
carried out: TiO2 and H2O2 alone. At different intervals
of time, samples are taken into sterile glass bottles with
sodium thiosulphate to neutralize the residuals of ozone
and hydrogen peroxide and so, to avoid these compo-
nents go on exerting their bactericidal action.

RESULTS AND DISCUSSION

Physical and Chemical Results

Results relating to analysis of physicochemical para-
meters in each contact time in the experiments performed
are shown in Tables 2 and 3. Table 2 shows the results
obtained using the natural sample and Table 3 the results
from the synthetic sample. There is not a significant

FIGURE 1. Diagram of the ozonation equipment.

TABLE 2. Physicochemical Results of Experiments Realized in Natural Fortified Sample

Sampling
time (min)

Ozone residual (mg L�1) pH Conductivity (ms cm�1)

O3 O3+ H2O2 O3+ TiO2 O3 O3+ H2O2 O3+ TiO2 O3 O3+ H2O2 O3+ TiO2

0 0 0 0 7.32 7.71 7.66 574 610 595
0.5 0.042 0.054 0.136 7.33 7.73 7.77 589 605 597
1 0.035 0.036 0.084 7.58 7.75 7.81 553 584 607
5 0.022 0.004 0.082 7.60 7.97 7.87 577 611 595
10 0.008 0 0.074 7.88 8.11 7.87 798 611 611
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variation in pH and conductivity values after the pro-
cesses studied. It is important to remark that there is
not any important modification in the TOC along the
different treatments.

Influence of Natural Organic Matter on
the Survival of C. perfringens

If the treatments of ozonation, peroxone and catalytic
ozonation are compared in each type of sample, as Figure 2

TABLE 3. Physicochemical Results of Experiments Realized in NaCl Solution

Sampling time (min)

Ozone residual (mg L�1) pH Conductivity (ms cm�1)

O3 O3+ H2O2 O3+ TiO2 O3 O3+ H2O2 O3+ TiO2 O3 O3+ H2O2 O3+ TiO2

0 0 ND 0 6.72 7.96 6.42 14.80 14.95 14.76
0.17 0.024 ND 0.234 7.56 7.84 6.40 14.92 14.98 14.81
0.5 0.028 ND 0.140 8.61 7.73 6.41 14.99 15.01 14.86
1 0.022 ND 0.144 7.78 7.69 6.38 14.89 14.91 14.95
5 0.030 ND 0.126 6.87 7.31 6.32 14.73 14.96 14.80
10 0.020 ND 0.118 6.77 7.10 6.23 14.85 14.91 14.85

ND: no data
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FIGURE 2. Inactivation curves of C. perfringens exposed to O3 (^), O3/H2O2 (�) and O3/TiO2 (&) treatments in natural fortified water (a) and

in NaCl solution (b) as a function of mgO3/L.
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shows, the inactivation curves of C. perfringens in the NaCl
solution show faster inactivation than those with natural
water.

Figure 2a shows that in natural sample, the bacterial
concentration decreases slower and it is necessary a
higher dose of ozone to get the same level of inactivation
than in NaCl solution. To achieve 4 units log of inactiva-
tion or 99.99% reduction, 3.6 mg O3 L

�1 is necessary in
O3 treatment, 4.25 mg O3 L�1 in O3/TiO2 system and
2.7 mg O3 L�1 in O3/H2O2 in the natural sample.
However, as we can observe in Figure 2b, to achieve
the same inactivation, 0.42 mg O3 L�1 in O3 treatment,
1.15 mg O3 L�1 in O3/TiO2 system and 0.06 mg O3 L�1

in O3/H2O2 process is necessary in the synthetic sample.
There is a correlation between these results obtained

and the fact that the presence of organic matter reduces
the inactivation kinetics by competing with bacteria for
the different oxidant species formed along the treatment
(Ireland, 1993).The microbial aggregates can also affect
the efficiency of disinfection because a fortress is created
in the presence of disinfectants. As Hunt and Mariñas
(1999) suggest, the dissolved ozone is decomposed in a
way faster in the presence of humic acids and, so, bacteria
are less exposed to the disinfectant, being slower their
inactivation. Ozone reacts with dissolved, colloidal and
particulate matter existing in natural water and these
reactions might interfere with some of the reactions
responsible for C. perfringens inactivation. However, in
NaCl solution, there is not any natural organic matter
except for integral components of the bacterial cell
membranes and so, ozone and hydroxyl radicals only
can attack organic structures of the bacterial membranes,
altering their composition and functions and causing their
death much faster. So, the slope in the curve is greater.

In Tables 4 and 5, the bacterial logarithmic inactiva-
tion as a function of the contact time and of the quantity
of mg O3 L�1 is represented in the natural water and in
the NaCl solution respectively. It is important to mention
that the high level of logarithmic inactivation is different
in each experiment carried out due to the different initial
concentrations of bacteria because of the inherent diffi-
culty of preparing the bacterial suspension. In all cases,
the removal of bacteria gets non-detectable levels by the
method of analysis, considering a total and successful

disinfection. In the control experiments carried out
with TiO2 and H2O2 (in absence of O3), there is not
practically removal of C. perfringens, so they have a
weak bactericidal activity in water disinfection by
themselves.

Disinfection of O3, O3/H2O2 and O3/TiO2

in Natural Water

If we pay attention in Figure 2a, the most effective
treatment to achieve faster levels of inactivation on the
initial population of C. perfringens is the combined
O3/H2O2 system. It removes 4 units log in a lower
contact time, being this reduction, a suitable disinfec-
tion (Venczel et al., 2004).The addition of H2O2

increases the bactericidal effect that ozone itself has,
getting a reduction of 4 log units in 45 sec. with a dose
of 2.7 mg O3 L

�1 against the 58.2 sec. with O3 alone and a
dose of 3.6 mg O3 L

�1. This combination favors the pro-
duction of high-energy hydroxyl radicals (OH*) from the
accelerated decomposition of ozone by hydrogen peroxide
(Glaze et al., 1987; Staehelin and Hoigné, 1982). The
indirect pathway of ozone is favored in respect of the direct
one due to the conversion of ozone molecules to hydroxyl
radicals, increasing their concentration with respect to O3

system and so, doing more efficiency the peroxone treat-
ment in the conditions studied.

Similar results are shown by Cho and Yoon (2006)
after a study about the enhanced bactericidal effect of
the peroxone followed by chlorination on Bacillus subtilis
spores, suggesting this system as a viable alternative
when O3 alone does not satisfy the disinfection require-
ment and reporting that the OH radical itself is much
more effective in inactivating microorganisms than
ozone molecule.

With respect to the O3/TiO2 system, to achieve a
reduction of 4 units log, a contact time of 1.2 minutes
and 4.25 mg O3 L

�1 is necessary. It is the slowest system
but the disinfection is adequate. In the catalytic ozona-
tion in natural water, several mechanisms are produced at
the same time: the ozonation in the medium of the con-
stituents dissolved by means of a direct pathway of the
molecular ozone and an indirect mechanism of the radical
species formed from the autodecomposition of ozone and
the ozonation on the surface of TiO2 catalyst of the

TABLE 4. Logarithmic Inactivation of C. perfringens and the Respective dose of Ozone Consumed in Natural Fortified Sample

Contact time (min)

Ozone consumed (mg L�1) C. perfringens inactivation (Log Nt/No)

O3 O3+ H2O2 O3+ TiO2 O3 O3+ H2O2 O3+ TiO2

0 0 0 0 0 0 0
0.5 1.57 1.64 1.6 �0.2 ND �0.7
1 3.76 3.53 3.46 �4.3 �5.3 �3.9
5 23.5 21.9 21.42 �5.1 �6.0 �5.7
10 62.5 57.97 56.7 �5.7 �6.0 �6.0
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particles adsorbed. Gogniat (2006) suggests that both OH
radicals and an adsorption of bacteria on active TiO2

particles take part in disinfection. It is important to
remark that the effectiveness of the catalytic ozonation
depends on many factors such as the catalyst surface,
the pH of the solution, and so on. According to the
bibliography reviewed (Nawrocki et al., 1993; Winkler
and Marmé, 2002; Beltrán et al., 2002) the pH of point
of zero charge TiO2 is between 5.6 and 6.4. Therefore,
as TiO2 has Lewis acid sites in its surface, at pH
worked with the natural sample (7.5–8) the adsorption
of pollutants is not effective because the presence of ions
OH- (strong Lewis bases) that adsorb in the TiO2 surface
preventing pollutants adsorption (Kasprzyk-Hordern
et al., 2003).

A common dosage of ozone used in the main drinking
water plants is about 3 mg L�1, so if this value is taken as
a reference, the removal of C. perfringens achieved is
2.8 log units in O3 system, 4.5 log units with O3/H2O2

process and 3.1 units with O3/TiO2 treatment. So, these
results indicate that TiO2 does not suppose a significant
help to the ozone action unlike the H2O2.

If the parameter CT is used as tool to compare the
disinfectant capacity of different agents (CT is calculated
as disinfectant residual (mg L�1) multiplied by contact
time (min) to achieve a specified level of inactivation) on
the inactivation of pathogens, as Table 6 shows, the
treatment with the lower value of CT such as to achieve
2 log units or 99% of removal as to achieve 4 log units
or 99.99% reduction, is O3/H2O2 treatment. So, this
treatment is chosen as the best process to achieve a fast
and effective disinfection. It is followed by the O3 system
and finally, O3/TiO2.

CONCLUSIONS

Advanced Oxidation Processes, O3 and its combina-
tion with H2O2 and TiO2 were conducted to evaluate the
bactericidal capacity of these treatments on C. perfrin-
gens, indicator of fecal pollution. All test C. perfringens
were inactivated more rapidly by O3/H2O2 than by O3

and O3/TiO2 under all conditions tested. The addition of
H2O2 to O3 favors its decomposition increasing the free
hydroxyl radical concentration (a 99.99% of removal is
achieved with 2.7 mg O3 L�1 in 45 seconds in O3/H2O2

treatment against 3.6 mg O3 L�1 and 58.2 sec in O3

system). However, TiO2 does not improve in an impor-
tant way the disinfection efficiency if it is added to ozone
(4.25 mgO3 L�1 and 1.2 min of treatment). The three
treatments studied have a high bactericidal activity due
to the number of surviving bacteria decreases to non-
detectable levels. Our work also indicates that organic
matter in natural water makes difficult the disinfectant
capacity of the treatments studied, getting an inactivation
faster in NaCl solution than in natural water, due to the
particulate matter competes with microorganisms for
the actuation of disinfectants.
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TABLE 5. Logarithmic Inactivation of C. perfringens and the Respective dose of Ozone Consumed in NaCl Solution

Contact time (min)

Ozone consumed (mg L�1) C. perfringens inactivation (Log Nt/No)

O3 O3+ H2O2 O3+ TiO2 O3 O3+ H2O2 O3+ TiO2

0 0 0 0 0 0 0
0.17 0.38 0.066 0.44 �3.9 �4.3 �1.3
0.5 1.19 0.23 1.37 �4.8 �5.3 �4.
1 2.5 0.6 2.88 �5.6 �5.5 �5.8
5 14.73 3.75 16.96 �7.6 �7.2 �7.4
10 36.15 10.9 41.36 �7.6 �8.0 �7.7

TABLE 6. CT(mg� min/L) Parameter to Achieve 2 and 4 Log Units in the Three Treatments Studied

Disinfection treatments CT for 2 log units CT for 4 log units

O3 0.028 0.032
O3/H2O2 0.007 0.030
O3/TiO2 0.080 0.10
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Abstract

Due to public health concerns related to the generation of dangerous by-products from conventional systems of water disinfection,
innovative technologies based on the generation of oxidant radicals are being developed. The aim of this work is to evaluate the bacte-
ricidal activity of different treatments with light (k: 320–800 nm), TiO2 (1 g L�1) and H2O2 (0.04 mM) on the viability of vegetative cells
and spores of Clostridium perfringens. After spiking a natural water sample (from the Ebro River, Zaragoza (Spain)), the population of
vegetative cells was of 108 CFU�100 mL�1 and of spores about 103 CFU�100 mL�1. Treatments without radiation source (TiO2, H2O2,
TiO2/H2O2) show a poor level of inactivation (<0.5 log) on both bacterial forms. The light treatment achieves a vegetative cell inacti-
vation of 1.2 log after 5 min of treatment and <0.5 log on spores after 30 min. The combined light/TiO2 system increases the level of
disinfection with a vegetative cell removal in the order of 6 log after 5 min and 0.6 log of spores after 5 min. Light/H2O2 and light/
TiO2/H2O2 treatments also significantly increase the disinfection of vegetative cells of C. perfringens (>6 log). Regarding spores,
light/H2O2 and light/TiO2/H2O2 treatments achieve constant inactivation of 1 log after 5 min of treatment. The application of a
light/TiO2/H2O2 treatment does not increase the level of inactivation with regard to the level reached by the light/TiO2 and light/
H2O2 systems. This fact shows there is no a significant interaction between TiO2 and H2O2 under the conditions studied.
� 2010 Elsevier Ltd. All rights reserved.

Keywords: Clostridium perfringens; Water disinfection; Spores; Sunlight; Photocatalysis

1. Introduction

One of the great achievements of the 20th century for
the well-being of mankind has been, from a public health
and disease prevention viewpoint, the provision of drinking
water. This improvement is evident in developed countries,
although nowadays frequent outbreaks by waterborne

transmission are still common (OECD, 2000). However,
this improvement is not a reality in many other countries
in Latin America and Africa (Rodrigues et al., 2007).

Conventional disinfection treatments of natural waters
are commonly based on chlorine. Due to its low cost and
easy handling, chlorine has been the most commonly used
agent for achieving an acceptable removal of pathogenic
microorganisms in natural waters. However, dangerous
by-products detected in chlorinated water are generating
a substitution of chlorine as primary disinfectant little by
little (Boorman et al., 1999).

Of these by-products, the most important are trihalome-
thanes (THMs), potentially dangerous substances for

0038-092X/$ - see front matter � 2010 Elsevier Ltd. All rights reserved.
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human health (Environmental Protection Agency, 1999).
The quantity of THMs generated depends on the NOM
concentration existing in the water undergoing treatment.
Research has therefore been directed towards new tech-
niques which avoid the generation of these harmful
substances.

Nowadays, photolysis is an important alternative in the
field of drinking water and wastewater disinfection strate-
gies. The disinfecting properties of photolysis have been
studied previously (McGuigan et al., 1998; Robertson
et al., 2005). However, factors as water turbidity or
regrowth of bacteria after solar treatments can affect in
the effectiveness of process (Rincón and Pulgarin, 2004).

To obtain better results, photolysis can be combined
with a catalyst (photocatalysis) which increases the reac-
tion rate after being activated with the energy from light.
The use of titanium dioxide as a photocatalyst for water
treatment has frequently been reported (Robertson et al.,
2005; Maness et al., 1999; Rincón and Pulgarin, 2004).
TiO2 photocatalysis is an advanced oxidation technology
that could be an alternative to conventional disinfection
processes (Rincón and Pulgarin, 2003). This technique does
not require the addition of consumable reagents and harm-
ful by-products are not generated.

When a semi-conductor such as TiO2 is irradiated with
near ultraviolet light (k < 400 nm), electron (e�)/hole (h+)
pairs are generated in the conduction band and valence
band respectively. These holes and electrons are involved
in the development of redox reactions. The holes on the
catalyst surface react with �OH ions and with H2O mole-
cules generating hydroxyl radicals. At the same time, the
excited electrons react with oxygen molecules present in
the water, generating more oxidant intermediate species
and precursors of �OH radicals, such as superoxide anions
(O2
��), peroxide radicals (HO2

�) and H2O2 molecules.
These reactive oxygen species (ROS) contribute to renew
the radical attack mechanisms (Maness et al., 1999).

Some authors maintain that the addition of hydrogen
peroxide to TiO2 photocatalysis enhances the photodegra-
dation of the existing pollutants because H2O2 has the
capacity to react directly with the electrons in the
conduction band giving rise to hydroxyl radicals (Hart-
mann and Eisenstark, 1978). Moreover, the peroxide also
directly adsorbs UV wavelengths and its peroxidic bond
breaks, forming more oxidant radicals by itself (Mamane
et al., 2007) and thus further improving the disinfection
efficiency.

Many authors have investigated the mechanisms of
photocatalysis bactericidal action since the first research
carried out by Matsunaga and co-workers (1985). These
studies have been recently reviewed (McCullagh et al.,
2007). Most of these researches are been performed in
distilled water or buffer solution. However, the matrix
of the natural water has influence on the effectiveness
of treatments on pathogens. Microorganisms can hide
away from the radiation behind particles without being
affected.

On the other hand, despite the intense existing literature,
the system of photocatalytic disinfection is still not well
understood. The fact of that polyunsaturated phospholip-
ids are an integral component of the bacterial cellular
membrane and they are susceptible to attack by ROS is
well documented (Maness et al., 1999). The loss of the
membrane structure and consequently its derived functions
(semi permeability, respiration, oxidative phosphorylation
reactions) are the main cause of cellular death. Cho et al.
(2003) shows that there are different photocatalytic inacti-
vation behaviours depending on the kind of microorgan-
isms, based on the differences in the sizes and cellular
surface structure.

Escherichia coli has been the most studied microorgan-
ism (Rodrigues et al., 2007; Rincón and Pulgarin, 2004;
Rincón and Pulgarin, 2004; Rincón and Pulgarin, 2003;
Rincón and Pulgarin, 2007; Gumy et al., 2006). However,
only a few works have focused on other bacterial parame-
ters which present greater resistance to disinfection treat-
ments such as Clostridium perfringens (Dolin, 1959; Ando
and Tsuzuki, 1986; Dunlop et al., 2008). European Direc-
tive 98/83/CE has included C. perfringens as a new micro-
biological parameter to check in systematic drinking water
analysis because in adverse situations, it forms spores and
survives in water for much longer than coliforms. Its pres-
ence in disinfected water can indicate that the treatment
has been deficient and maybe other resistant pathogens will
also have survived (Payment, 1999).

Therefore, in this work, the effectiveness of photolysis
and TiO2 photocatalysis and their combination with
hydrogen peroxide has been compared for the inactivation
of the anaerobic bacterium C. perfringens and its spores in
natural water.

2. Methods

2.1. Sample preparation

The natural water studied in this research comes from
the River Ebro (Zaragoza, Spain). The sampling was car-
ried out 1 km away from the entrance point to the drinking
water plant in the city of Zaragoza (Spain). The samples
were conserved at �20 �C. The water quality of the surface
water is presented in Table 1.

Because the presence of C. perfringens in the natural
samples was low (see Table 1), it was decided to increase
this population artificially by the preparation of concen-
trated suspensions of vegetative cells and spores. Before
mixing the water with the vegetative cell suspension or
the spore suspension, the water sample was sterilized at
121 �C/15 min to remove any endogen microorganism.

2.1.1. C. perfringens vegetative cells

A strain of C. perfringens of clinical origin was kindly sup-
plied by the Microbiology Service of the Lozano Blesa Clin-
ical University of Zaragoza (Spain). This strain was
confirmed as C. perfringens after carrying out the following
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biochemical tests: sulphite reduction, lactose and glucose
fermentation, motility, gelatine liquefaction, nitrate
reduction and Gram stain. As described in previous works
(Lanao et al., 2008), the preparation of the concentrated
suspension involves the incubation from a stock culture of
C. perfringens strain on Schaedler blood agar (Scharlab).
After 24 h at 37 �C in anaerobic conditions, a cell
suspension in sterile saline solution was prepared. This
bacterial suspension was added to natural water to obtain
a C. perfringens concentration ranging from 107–
108 CFU�100 mL�1.

2.1.2. C. perfringens spores

The stock culture of C. perfringens was sub-cultured in
thioglycollate broth at 37 �C for 24 h in anaerobic condi-
tions. One millilitre of this thioglycollate culture was inoc-
ulated in sporulation broth according to the procedure
described by Duncan and Strong (Duncan and Strong,
1968), and incubated at 37 �C for 72 h in anaerobic condi-
tions. After the incubation, the spores were recovered by
centrifugation (10,000 rpm, 15 min). The cultures were
washed twice in peptone water 0.1%. After that, the spore
suspension was heated at 80 �C/15 min to remove the veg-
etative cells. After three washes with peptone water 0.1%,
the final spore suspension was obtained. The suspension
of spores in natural water was prepared with a spore con-
centration of around 103 CFU�100 mL�1.

2.2. Detection and enumeration of spores and vegetative cells

The culture and enumeration of C. perfringens (both
vegetative cells and spores) was carried out according
to the procedure ISO 6461-2:1986 (ISO 6461-2, 1986) using
membrane filtration. Sterile cellulose membranes (Milli-
pore) of 0.22 lm pore size and 47 mm diameter were
used. After the addition of SPS agar (Scharlab), plates
were incubated in anaerobic jars (Oxoid) at 44 �C. After
21 ± 3 h, black colonies appeared and the count was
made. The variation coefficient of the analysis method
was determined, resulting in a value of 7.7 %. This degree
of error is applied to all results obtained in the
experimentation.

From each sample taken during the experiment, various
different volumes were filtered to ensure a reliable count in
each sampling time and dilutions were made where neces-
sary. The enumeration of the colonies was expressed as
CFU (colony-forming units) per 100 mL of sample in each
contact time. These concentrations were transformed to
logarithmic units (log10) and the bacterial removal, Log
(Nt/N0), was calculated from the initial population (N0)
and the remaining population at time t (Nt).

2.3. Material and reagents

All glassware in contact with the sample was autoclaved
at 121 �C for 15 min. All solutions and culture mediums
were prepared with MilliQ� water and analytical-reagent-
grade chemicals were used throughout.

The artificial solar illumination was performed with a
solar chamber Atlas Suntest CPS+/XLS + located in the
laboratory. This system enables reproduction in the labora-
tory of natural sunlight conditions with a xenon lamp and
a filter made of window glass (Xenochrome 320) which cuts
off wavelengths below 320 nm. The emission spectrum was
in the range 320–800 nm. The solar chamber was equipped
with a magnetic agitator (500 rpm) and a regulator of
intensity and exposure time, as well as a temperature
control.

The catalyst used in this study was treated TiO2 obtained
by thermal treatment of commercial TiO2 (100% anatase,
Panreac). Its spectrum XRD is shown in the Fig. 1 where
it can be observed that anatase phase is the principal com-
ponent of treated TiO2. As a result of the thermal treatment,
the settling velocity of treated TiO2 increases (0.4 m min�1)
allowing its later removal by sedimentation. The thermal
treatment consisted of heating the catalyst at 900 �C for
12 h. After cooling down until room temperature (23 �C),
the TiO2 was pressed, crushed and sieved to obtain a parti-
cle diameter of 500 lm. It was characterized by the BET
method (Brunauer, Emmett and Teller). The specific area
achieved was 6.43 m2 g�1.

2.4. Operational conditions

In all the experiments, 1 L of water sample in a Schott
Duran reaction vessel was placed inside the solar chamber.
A magnetic stirrer provided an aerated environment and
perfect mix of the sample, avoiding the settling of TiO2 par-
ticles at the bottom of the reactor when this reactive was
used. Previous experiments performed by this research
group established reaction times of 5 min for vegetative
cells and of 30 min for spores, carried out at room temper-
ature (23 �C) and reaching a maximum of 29–30 �C during
the irradiation. The intensity of the radiation selected for
all experiments was 500 W m�2. Samples were taken at dif-
ferent times to perform the kinetic studies. Control assays
were carried out with the lamp switched off using identical
operational conditions.

The TiO2 concentration was 1 g L�1. This dose has been
used by other authors in disinfection treatments in water
(Gumy et al., 2006; Ibarz et al., 2007). A concentration
higher than 1 g L�1 produces the saturation of the medium
and consequently a lower degree of effectiveness in the

Table 1
Water quality obtained from Ebro River.

pH Temperature (�C) TOC (mg L�1) Conductivity (ls cm�1) Turbidity (NTU) C. perfringens (CFU�100 mL�1)

7.83 20.8 3.2 1368 86 102–5 � 102

M. Lanao et al. / Solar Energy 84 (2010) 703–709 705
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treatments due to the fact that light cannot easily penetrate
into the water. Maness (Maness et al., 1999) reports in his
photocatalytic research on E. coli that after working with
different doses of TiO2 (0.1, 0.5 and 1 g L�1), the most
effective concentration for eliminating E. coli is 1 g L�1

for populations between 103 and 108 CFU mL�1.
To study the effect of the H2O2 on the disinfection of C.

perfringens, experiments with 0.04 mM H2O2 (Carlo Erba,
quality for analysis) were performed. The residual H2O2

was quenched with sodium thiosulphate (Panreac) to cut
its bactericidal effect.

3. Results and discussion

In Fig. 2, the bactericidal capacity of light, TiO2 and
light/TiO2 treatments is shown on vegetative cells of C. per-

fringens. The inactivation in logarithmic units is repre-

sented vs. the length in time of treatment. It is observed
how the titanium dioxide, without being activated by the
light, does not exert any bactericidal action. With the pho-
tolytic treatment, a reduced level of inactivation is
observed, obtaining 1.2 log units of inactivation after
5 min of treatment. However, when TiO2 is irradiated with
light, an inactivation of vegetative cells of 6 log units is
effectively achieved. This photocatalysis treatment repre-
sents an improvement in the disinfection compared to pho-
tolysis under the conditions studied.

Spores have a greater resistance to the TiO2, light and
light/TiO2 treatment. As can be seen in Fig. 3, light
removes practically no spores, even after 30 min of treat-
ment (<0.2 log). The synergistic effect of light and TiO2 is
capable of eliminating spores, but only 1.3 log at the end
of the treatment, after 30 min of irradiation. At 5 min,
the removal is lower than 1 log unit, a value much inferior

Fig. 1. Diffractogram of treated TiO2 anatase-rutile.
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to the value detected in the removal of vegetative cells
under the same conditions.

Fig. 4 shows the bactericidal effect that a dose of
0.04 mM of H2O2 combined with light has on a population
of vegetative cells of C. perfringens. The H2O2 by itself has
a low bactericidal effect, the same as light by itself, as Fig. 2
shows. However, the combination of both agents increases
the disinfectant capacity of the treatment until reaching
inactivation values near to 8.5 log units. Better results are
obtained with peroxide due to its radical contribution when
it is irradiated with light.

As can be observed in Fig. 5 and as occurs with the veg-
etative cells, the dose of 0.04 mM of H2O2 by itself has a
low bactericidal capacity on spores. It is observed that this
concentration of peroxide achieves an inactivation lower
than 0.5 log at 5 min and 1 log unit at 30 min. However,
when the sample is irradiated with light, the H2O2 is acti-
vated and the disinfectant capacity of the treatment
increases over that with light by itself (see Fig. 3 and
Fig. 5). As we can observe, inactivation is achieved during
the first 5–10 min of treatment. Later, the spore population
remains practically stable during the treatment until

30 min, achieving a final inactivation of 1.13 log, in spite
of there being a residual concentration of H2O2 of 0.5–
2 mg L�1. It seems that spores die after the first minutes
of attack and subsequently adapt to resist the aggression.

Fig. 6 shows the inactivation capacity of the H2O2/TiO2

and light/H2O2/TiO2 treatments on the C. perfringens veg-
etative cells. The combination of H2O2 with TiO2, without
the presence of light, has practically no effect in the reduc-
tion of colony-forming units, with a removal lower than 0.5
log. However, when light is added to the process (light/
H2O2/TiO2) the disinfectant capacity increases in great
measure until reaching a removal level of 7 log units. This
result is very similar to that obtained with the light/H2O2

treatment and slightly superior to the result obtained with
the light/TiO2 system. Consequently, in this treatment
there is no interaction between the TiO2 and the H2O2 in
the production of oxidant radicals which cause the mortal-
ity of the bacteria studied. The application of the light/
TiO2/H2O2 treatment does not increase the level of inacti-
vation with respect to the level obtained by the light/TiO2

and light/H2O2 systems. This result contrasts with the
study carried out by Hartmann and Eisenstark (1978)
which establishes that the addition of hydrogen peroxide
to TiO2 photocatalysis enhances the photodegradation of
the pollutants. In our study, there is not interaction
between TiO2 and H2O2.

Finally, Fig. 7 shows the inactivation capacity of the
H2O2/TiO2 and light/H2O2/TiO2 treatments on the spores
of C. perfringens. The combination of H2O2/TiO2 without
the presence of light has a slight disinfectant effect on
spores (0.5 log). The curve of inactivation of spores with
the light/H2O2/TiO2 treatment is very similar to that
observed in Fig. 5 with the light/H2O2 treatment. An order
of inactivation of 1 log is obtained with the light/H2O2/
TiO2 system compared to 1.1 log with the light/H2O2 treat-
ment at 30 min, indicating that the addition of TiO2 does
not improve the disinfection in this case either. Thus it is
again observed that there is no interaction phenomenon
between TiO2 and H2O2.
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Fig. 4. Bactericidal effect of H2O2 and light/H2O2 treatment on vegetative
cells of C. perfringens. Light intensity: 500 W m�2. H2O2: 0.04 mM.
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perfringens spores. Light intensity: 500 W m�2. H2O2: 0.04 mM.
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So, it is clear that light by itself, under the operational
conditions, has a poor disinfectant effect both on vegetative
cells and on spores of C. perfringens. When TiO2 and light
act together, an essential improvement in the disinfection is
observed on the vegetative cells and spores because when
TiO2 is irradiated with wavelengths less than 385 nm, it
generates on its surface precursors of OH radicals leading
to an improvement in the disinfectant activity.

Rincón and Pulgarin (2003) emphasizes that during the
first minutes of the photolytic treatment, the self-defence
mechanisms of cells get to work, trying to thwart the direct
effect of the light. Thus during the first minutes, the bacte-
rial inactivation is weak until, if the stress agent persists,
these mechanisms cease to be effective. However, when
the catalyst takes part in the process, the bactericidal activ-
ity is reinforced with the appearance of very reactive oxi-
dant species, ROS, exceeding the protection mechanisms
of the cells. Dunlop et al. (2008) underlines higher initial
cells loading leads to higher treatment times for a complete
inactivation.

Another reagent whose addition improves the activity of
the sunlight by itself is hydrogen peroxide. Just as TiO2 in
the dark does not have any disinfectant effect (Figs. 2 and
3), the H2O2 has a slow effect by itself (Figs. 4 and 5).
Therefore, in the light/H2O2 treatment both on vegetative
cells and on spores, the union of the direct oxidative and
disinfectant effect of H2O2 is evident, as well as the direct
action of the light on bacteria and the break-up of hydro-
gen peroxide under short wavelengths, generating an
important quantity of �OH radicals as by-products. Rincón
and Pulgarin (2004)) establishes in his photocatalytic stud-
ies about E. coli that the direct action of H2O2 weakens the
bacteria, making them more sensitive to the photocatalytic
effect. This is in addition to the fact that irradiation also
debilitates the bacteria, making them more sensitive to
the H2O2 attack. Hartmann and Eisenstark (1978) reported
a synergistic killing of E. coli by near-UV radiation (300-
400 nm) and small quantities of H2O2 (0.006–0.6 mM).

The results of inactivation obtained with the light/TiO2

and light/H2O2 treatments are quite similar for both the

cellular forms of C. perfringens under study. However,
when light, H2O2 and TiO2 are combined, the results are
not significantly different to the previous ones, so this com-
bination did not play an important role in the disinfection
process. There is no synergy between the peroxide and the
TiO2 catalyst because a superior result to the sum of the
results of light/TiO2 and light/H2O2 is not obtained. Thus
the light/H2O2/TiO2 treatment does not contribute any
improvement to the disinfection compared to the light/
TiO2 and light/H2O2 systems.

In spore treatments it is observed, as expected, that
spores are more resistant to the aggression than the vegeta-
tive cells. Works of Dunlop et al. (2008) and Lonnen et al.
(2005) show the same behaviour: bacterial spores show a
greater resistance to treatment than vegetative bacterial
cells. Furthermore, spores are able to resist in spite of a
residual concentration of H2O2 remaining throughout the
treatment. It is also observed with spores that there is no
interaction between the TiO2 and the H2O2 to contribute
to an improvement in the effectiveness of the process.

4. Conclusions

Advanced disinfection systems with light, TiO2 and
H2O2 were studied to compare their effectiveness on the
inactivation of C. perfringens spores and vegetative cells.
Spores show a greater resistance to all treatments than veg-
etative bacterial cells, so it is confirmed that C. perfringens

spores are better indicators of the effectiveness of water
treatments due to their strong resistance to the treatments
carried out in this study.

Both H2O2 and TiO2 produces a reinforcement in the
synthesis of new �OH radicals which act effectively on bac-
terial cells and spores. However, not as we expected, when
light, TiO2 and H2O2 work together, worst results are
obtained. There is no interaction between TiO2 and H2O2.
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Abstract

This paper presents research carried out into the disinfectant power of a series of treatments based on the individual application and
possible combinations of TiO2 (1 g/L), H2O2 (0.04 mM) and irradiation (290–800 nm and 320–800 nm) on Enterococcus sp., a faecal bac-
terial indicator used in water analysis. The main aims are the determination of the influence of the UVB range on the inactivation of
Enterococcus sp. in natural water, the mode of application of irradiation (intermittent or continuous) and the capacity of bacterial recov-
ery after the application of the treatments in darkness conditions. The results show that when the irradiation includes the UVB range, a
very high degree of inactivation is obtained in an Enterococcus sp. solution in natural water (N0 = 108 CFU 100 mL�1) by irradiation
alone. Neither the addition of TiO2 nor of H2O2 are very relevant in these conditions. However, if the irradiation does not include
the UVB range, the bactericidal action of photolysis is practically nonexistent, highlighting the positive effect of TiO2 and H2O2 on
the irradiation, the photocatalysis and photocatalysis/H2O2 treatments obtaining a higher degree of disinfection. Continuous and inter-
mittent illumination give rise to similar inactivation levels in all the treatments studied, except for photolysis in which a significant
increase in inactivation is observed when the irradiation is continuous. During 3 h of darkness following application of the treatments,
there is no change or else a slight recovery of the bacterial population.
� 2011 Elsevier Ltd. All rights reserved.

Keywords: Enterococcus; Hydrogen peroxide; Water disinfection; Photolysis; Photocatalysis

1. Introduction

In general, one of the main purposes of treating water
for drinking or for reuse is disinfection, that is the elimina-
tion of pathogenic microorganisms. Chlorination has tradi-
tionally been the most extensively used technology with
this aim, but since the harmful character was discovered
of organochlorated by-products after the application of
chlorine in water treatments, the scientific literature has

concentrated on finding alternative processes to achieve
the disinfection of water and the removal of pollutants
without the generation of these by-products (Blake et al.,
1999; Chong et al., 2010). Possible treatments for future
application include the use of ozone, the Fenton process,
the photo-Fenton process and photolysis, all of them sus-
ceptible to being combined with other elements to improve
their performance, such as hydrogen peroxide, metallic cat-
ions and other catalysts. These new treatments, generally
called Advanced Oxidation Processes (AOPs) are based
on the generation of highly reactive temporary species with
a short life. These species, known as reactive oxygen species
(ROS), are able to remove a high proportion of patho-
genic microorganisms present in waters and to degrade
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organic compounds into simple products or products more
easily oxidisable by other stages of the treatment (Maness
et al., 1999; Peyton and Glaze, 1988).

Among the various AOPs, photocatalytic water treat-
ment technology is an alternative that could be applied in
the near future. Many research works guarantee its
effectiveness in the removal of highly persistent compounds
in water such as pesticides used in agriculture (Ormad et al.,
2010), antibiotics and other medicines (Elmolla and Chau-
dhuri, 2009, 2010), and microorganisms present in water
(Chong et al., 2010). Currently, the most extensively studied
semiconductor catalyst is titanium dioxide owing to its
characteristics of photoactivity, stability and harmlessness.

The effectiveness of this technology lies in the triggering
of a group of oxidation and reduction reactions at the TiO2

surface when activated under certain wavelengths of the
solar spectrum (k < 385 nm). As consequence of the activa-
tion of the catalyst, dual electron–hole structures are gener-
ated on its surface from which redox reactions are initiated
and ROS are generated, in particular O��2 , HO�2, OH� and
H2O2 species. These species are capable of producing oxi-
dative stress on the microorganisms, although the external
cell wall, composed of peptidoglycans, constitutes the first
obstacle to slowing down any type of attack. Once this
defence is overcome, the ROS radicals will attack the plas-
matic membrane, composed of phospholipids and integral
proteins, until they reach the bacterial cytoplasm and
release the intracellular contents, upsetting the balance of
the vital functions and the death of the bacterium (Huang
et al., 2000; Maness et al., 1999).

As well as the titanium dioxide and UV range which
activate the catalyst, other auxiliary oxidants can be added
to photocatalytic treatments, to improve the effectiveness
of the process. These include hydrogen peroxide or sodium
peroxydisulphate (Na2S2O8) (Kositzi et al., 2004; Rincón
and Pulgarin, 2004a). In this case, it is not only the oxygen
that acts as an electron acceptor in the redox reactions gen-
erated on the catalyst. The H2O2 also participates in the
process, avoiding the recombination of electrons with the
holes created in the TiO2 surface which would lead to infe-
rior disinfection results. However, if there is an excess of
H2O2, it can also act as an OH radical scavenger or form
peroxo-compounds on the TiO2 surface, thus prejudicing
the photocatalytic process (Kositzi et al., 2004).

The UV light which activates TiO2 represents a small
fraction of the solar spectrum, so many photocatalytic
studies use solar radiation as a UV source so that it
becomes a resource of easier access. In the solar spectrum,
the components which can affect the viability of microor-

ganisms are UVB, UVA and visible ranges. UVB directly
affects the genetic material of the cell, while UVA and
the visible range participate in the activation of agents such
as catalysts and oxidants, influencing the ROS generation
(Rincón and Pulgarin, 2004b). At present, pilot plants are
being designed with the aim of applying photolytic and
photocatalytic treatments on a real scale in the near future,
either as a stage within a series of water treatments or as a
single stage of water processing (Blanco et al., 2009; Chong
et al., 2010; Malato et al., 2001). In both cases, the catalyst
recovery is an important economic consideration. Numer-
ous research studies in the disinfection field have been car-
ried out with immobilised TiO2 supports on Escherichia

coli populations or else with TiO2 in suspension, with good
results in diverse study conditions (Alrousan et al., 2009;
Gumy et al., 2006; Rincón and Pulgarin, 2003).

E. coli is one of the most extensively studied faecal pol-
lution indicators in disinfection research (Benabbou et al.,
2007; Rincón and Pulgarin, 2003, 2004a,b, 2007). This
study is focused on Enterococcus sp., another indicator
which has a higher survival rate in the aquatic medium
and is more resistant in dry and disinfectant conditions
than E. coli. The aims are as follows:

1. To research the disinfectant power of irradiation (290–
800 nm and 320–800 nm) in the presence and absence
of TiO2 and/or H2O2 on a natural water sample forti-
fied with Enterococcus sp.

2. To determine the influence of the UVB range on
Enterococcus sp. inactivation.

3. To analyse the influence of the mode of application of
irradiation (intermittent or continuous) on the bacte-
rium in all of the treatments studied.

4. To evaluate the capacity of bacterial recovery after the
application of the treatments in darkness conditions
(for 3 h).

2. Methods

2.1. Sample preparation

All treatments conducted in this study have been carried
out with natural water from the Ebro River, collected at a
point previous to the entrance of the drinking water treat-
ment plant in Zaragoza (Spain). A sample of 25 L was dis-
tributed in ISO collection bottles with a volume of 1 L.
Samples were conserved at �20 �C for a perfect support.
The quality of the surface water is shown in Table 1.

Table 1
Water quality obtained from Ebro River.

pH Tª
(�C)

TOC
(mg L�1)

Conductivity
(ls cm�1)

Turbidity
(NTU)

Enterococcus sp.
(CFU 100 mL�1)

8.16 22 3.3 550 144 1–5 � 102
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Natural water from the Ebro River has a low concentra-
tion of Enterococcus sp. (see Table 1), hindering the
effective evaluation of treatments. For this reason, the bac-
terial population was artificially increased using an Entero-

coccus sp. strain isolated from the same river and
confirmed by biochemical tests. The preparation of the
concentrated suspension involved incubation from a stock
culture of Enterococcus sp. on nutritive agar (Scharlab).
After 48 h at 37 �C in aerobic conditions, a cell suspension
in sterile saline solution was prepared. Before the irradia-
tion inactivation experiments were carried out, the water
sample was sterilized at 121 �C/15 min to remove any end-
ogen microorganism. Natural water was then inoculated
with this bacterial suspension to give an approximate final
concentration of 108 CFU 100 mL�1.

2.2. Enumeration of Enterococcus sp.

The culture and enumeration of Enterococcus sp. was
carried out according to the procedure set out in ISO
7899-2:2000. Measured volumes from each sampling point
were filtered through a sterilized 0.45 lm-pore size cellulose
nitrate membrane (Millipore) using a membrane filtration
apparatus. Cultured Enterococcus sp. organisms were
detected by incubation after 48 h at 37 �C using Slanetz
& Bartley agar (Scharlab) as the selective medium. After
this period, the colonies with a pink–purple colour were
counted and some of them submitted to confirmation tests
by Gram stain.

From each sample taken in the experiments, several
different volumes were filtered to ensure a reliable count
in each sampling time. Dilutions were made where neces-
sary. The enumeration of colonies was carried out in
terms of colony-forming units (CFUs) per 100 mL of
sample in each contact time. These concentrations were
transformed to log10 and the killing efficiency determined
by log (Nt/N0) where N0 and Nt are the Enterococcus sp.
before and after disinfection. All zero counts were
replaced by the lowest possible count. Replicates of the
experiments were performed and a medium value was cal-
culated for each sampling point.

2.3. Material, reagents and instrumentation

All the glassware used was autoclaved at 121 �C for
15 min to ensure it was sterile, an indispensable condition
in microbiological research. All the solutions and culture
mediums were prepared with MilliQ� water and analytical-
reagent-grade chemicals were used throughout.

The irradiation was performed with an Atlas Suntest
CPS+/XLS+ solar chamber located in the laboratory with
a xenon lamp which light intensity ranges from 250 to
765 W m�2. This system enables reproduction in the labora-
tory of natural sunlight conditions with a quartz filter (290–
800 nm) and an additional filter made of window glass
(Xenochrome 320) which cuts off wavelengths below
320 nm, removing the UVB range. The solar chamber was

equipped with a magnetic agitator (500 rpm) and a regulator
of intensity and exposure time, as well as a temperature control.

In the photocatalytic experiments, the catalyst used in
this study was treated TiO2 obtained from commercial
TiO2 (100% anatase, Panreac). The commercial TiO2 was
transformed by thermal treatment into a mixture of 20%
rutile – 80% anatase with a particle size of 500 lm,
described in detail in previous works (Lanao et al., 2010).
This is applied in dissolution but after use it can be elimi-
nated by sedimentation (Fernández-Ibáñez et al., 2003;
Ljubas, 2005; Miguel, 2010).

The solution of hydrogen peroxide used was prepared
from a concentrated H2O2 solution at 30% by weight
(Carlo Erba, quality for analysis).

2.4. Operational conditions

In all the experiments, 1 L of water sample in a Schott
reaction vessel was placed inside the solar chamber. An
aired environment and a perfect mix were provided by a
magnetic stirrer, avoiding the settling of TiO2 particles at
the bottom of the reactor when this reactive was used.
The same experiments were carried out with and without
a window filter. With the window filter, the range of irradi-
ation emitted covered wavelengths between 320 and
800 nm. Without the filter, the range was extended from
290 to 800 nm. The intensity of the irradiation selected
for all experiments was 500 W m�2.

The maximum irradiation time was 30 min for all exper-
iments. Samples were taken at different times. After the
radiation period, the suspension was kept in darkness for
180 min with the aim of assessing the capacity of the dam-
aged population to recover. The temperature of the sam-
ples did not exceed 31 �C at the end of the process.
Control assays were carried out with the lamp switched
off using identical operational conditions.

The dose of TiO2 added in this study was 1 g L�1 and
the H2O2 concentration utilised was 0.04 mM. The TiO2

dose had previously been selected by other researchers
(Cho et al., 2004; Miguel et al., 2010; Rincón and Pulgarin,
2003). The H2O2 dose had also been used in previous works
in which it was established that it showed hardly any inac-
tivation by itself at such a concentration. Its effect can thus
be studied when it is added to solar radiation or to TiO2

(Lanao et al., 2008, 2010). At the end of the experiments,
the residual H2O2 was quenched with sodium thiosulphate
(Panreac) to cut its bactericidal effect.

2.5. Statistical analyses

From the results of inactivation obtained in the microbi-
ological analysis of the samples treated with advanced oxi-
dation treatments, a statistical study was carried out using
the software GraphPad Prism� (version 4.03). A one-way
ANOVA analysis using the Bonferroni test was applied to
determine whether or not significant differences existed
between the different treatments studied. A significance level
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of 95% was used in all the statistical analyses. When the “p”

(p-value) is higher than the significance level (p > 0.05), the
difference between the treatments compared is not consid-
ered significant while if the “p” is lower than the significance
level, the difference between the treatments is considered sig-
nificant (p < 0.05) or highly significant (p < 0.01).

3. Results and discussion

3.1. Treatments with UVA and visible radiation (k = 320–

800 nm)

Fig. 1 shows the inactivation curves of Enterococcus sp.
during the photolysis, photolysis/H2O2, photocatalysis and
photocatalysis/H2O2 processes, with a microbiological
count every 5 min. In addition, by way of reference some
experiments were carried out with only H2O2, TiO2 or
TiO2/H2O2 on Enterococcus sp. populations. It was noted
that these reactives when used individually do not show
any disinfection power under the operational conditions
used.

In the Fig. 1 it can be verified that the application of
irradiation by itself on the sample, photolysis, has practi-
cally no any effect on Enterococcus sp., achieving a disinfec-
tion of 0.3 logarithmic units after 30 min of treatment.

It is well known that the addition of photoactive sub-
stances such as hydrogen peroxide and certain catalysts
provides conditions in the medium under which the levels
of inactivation are higher. When titanium dioxide is com-
bined with solar radiation, photocatalysis, an activation
of the catalyst is produced, promoting its bactericidal
action. In Fig. 1, a final logarithmic reduction of 2.3 units
is observed with this treatment, showing highly significant
differences (p < 0.01) with regard to the photolysis.

After adding the H2O2 dose of 0.04 mM to the sample
and combining it with irradiation, hardly any bacterial
inactivation was observed, the maximum being 0.4 units

log at 30 min. No significant difference was noticed
between photolysis/H2O2 and photolysis (p > 0.05). So,
the poor disinfectant ability of photolysis/H2O2 is observed
in this experiment. This result seems logical given the basis
of the H2O2 breakdown, which is produced under wave-
lengths <320 nm and as a consequence outside the radia-
tion range used in these experiments. However, on
sporulated structures of Clostridium perfringens, the pho-
tolysis/H2O2 treatment reached significantly higher levels
of inactivation compared to the photolysis (Lanao et al.,
2010). It is a well known fact that microorganisms actively
respond to alterations in the medium until the stress pro-
duced reaches high levels. The responses to these attacks
are self-defence mechanisms developed by bacteria; these
mechanisms allow them to thwart the attack for a variable
period of time depending on the aggressiveness of the
attack (Hoerter et al., 2005). It is therefore possible that
the conditions of the matrix in photolysis combined with
H2O2 are not very aggressive for Enterococcus sp. and it
is capable of maintaining its defensive mechanisms during
this time. The radical ROS, when they reach a certain
concentration, manage to destabilize the defensive arts of
the cell and to alter its functionality. Some authors have
established that after the release of iron ions (II and III)
into the medium, hitherto retained inside the bacteria,
photo-Fenton reactions take place at the same time and
accelerate the process of cellular death begun by the oxida-
tive radical species (Benabbou et al., 2007).

The last treatment represented in Fig. 1 corresponds to
the photocatalysis/H2O2 process. This manages to reduce
the initial populations of Enterococcus sp. by 1.9 logarithmic
units, with a similar tendency to that of photocatalysis. Pho-
tocatalysis/H2O2 improves in a significant way (p < 0.05) the
disinfectant capacity obtained with the photolysis and pho-
tolysis/H2O2 processes. On the other hand, in the Fig. 1 the
photocatalysis/H2O2 remains slightly below the photocata-
lytic treatment and analysing the results in statistical terms,
this difference is not significant (p > 0.05). It is possible that
the molecules of hydrogen peroxide present in the aqueous
colloidal suspension have filled spaces in the TiO2 surface
and thus the effectiveness of the treatment is less than that
of the photocatalytic treatment. Hartmann and Eisenstark
(1978) established that the addition of hydrogen peroxide
(with doses between 0.6 and 0.006 mM) to TiO2 photocatal-
ysis enhanced the photodegradation of anE. coli population.
However, the same does not occur in the case of Enterococ-
cus, just as this study shows. The same response was also
observed on cells and spores of C. perfringens under the same
experimental conditions (Lanao et al., 2010). One explana-
tion could be the low dose used in the experiments, unable
to generate enough oxidative stress on Enterococcus sp. If,
on the other hand, the addition of peroxide to photocatalysis
generates a high concentration of active radicals, Kositzi
et al. (2004) established that the peroxide, in presence of
light, can participate as an OH radicals scavenger, forming
hydroperoxide radicals, HO�2, or generating peroxo-
compounds on the TiO2 surface, damaging the activity of
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Fig. 1. Curves of Enterococcus sp. population removal during photolysis,
photocatalysis, photolysis/H2O2 and photocatalysis/H2O2 treatments dur-
ing 30 min and curves of bacterial recovery during 180 min in darkness.
Range of k: 320–800 nm. Intermittent illumination (stops every 5 min).
[TiO2] = 1 g/L. [H2O2] = 0.04 mM. Initial concentration � 108 CFU
100 mL�1.
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the photocatalytic process. These hydroperoxide radicals are
less active as regards disinfection (Legrini et al., 1993). This
demonstrates the importance of establishing the appropriate
dose when combining treatments so as not to obtain an
opposite effect to that being sought.

Maness et al. (1999) established the importance of the
catalyst surface-microorganism interaction in order that
the ROS radicals generated can act directly on the bacte-
rium. If instead of a radical joining to the microorganism,
two radicals join each other because their number is greater
and the probability of joining between radicals increases,
the bactericidal effectiveness of the treatment decreases
and longer exposure times are required. It has also been
recorded that organic and inorganic species naturally
present in the sample and increased in a collateral fashion
by the lysis of bacteria during treatment compete with the
active bacteria for the radicals, reducing the disinfection
effect of the treatments applied. The natural composition
of water is thus another conditioning factor in the effective-
ness of the treatment (Rincón and Pulgarin, 2007).

In a real photoreactor, the irradiation applied is not
continuous on the sample because after treatment the water
passes to areas of darkness. Even in the natural medium,
clouds hinder continuous solar radiation during the hours
of daylight (Rincón and Pulgarin, 2003). In order to eval-
uate the effect of the intermittent stops on the disinfection
when carrying out the microbiological counts in relation to
the time, the experiments were repeated making only one
stop after 15 min (Fig. 2). It was observed that the contin-
uous photolysis resulted in a higher bactericidal effect, with
0.63 logarithmic units of inactivation, compared to the
intermittent photolysis (Fig. 1). The continuous photoca-
talysis obtained a lower disinfection compared to intermit-
tent photocatalysis (1.6 log vs. 2.3 log) and the continuous
photolysis/H2O2 and photocatalysis/H2O2 obtained levels
of inactivation similar to that obtained with intermittent

radiation. It is possible to conclude that the mode of appli-
cation of >320 nm irradiation (intermittent or continuous)
does not have a determining influence on the process of
bacterial inactivation under the conditions applied.

However, Rincón and Pulgarin (2003) observed a clear
difference between the results of the continuous and discon-
tinuous photocatalysis applied to E. coli. Thirty minutes of
continuous photocatalysis produced the same results, total
inactivation, as intermittent photocatalysis after 90 min of
treatment. However, under the study conditions of this
research, the results observed are not conclusive. Longer
treatments are necessary to obtain a total inactivation of
Enterococcus sp. populations, both with the application
of intermittent and continuous processes. These authors
establish that during the stoppage periods, the bacterial
auto-defence mechanisms are favoured, allowing the bacte-
rium to stabilize in the presence of the aggression suffered
and thus to withstand a possible new attack. On the other
hand, some studies defend the effectiveness of interrupted
treatments. Pham et al. (1995) observed that intermittent
illumination reduced the number of spores of Bacillus

pumilus more effectively than continuous exposure. The
results obtained in this research and the diversity of results
published in the scientific literature suggest that it is neces-
sary to investigate the effect of interruptions in treatment
involving solar radiation for each type of microorganism,
as Rincón and Pulgarin (2003) also propose.

Finally, Figs. 1 and 2 illustrate the treatments applied
followed by a dark period of 3 h in which the tendency
of populations to recover after the stress suffered is
observed. In Fig. 1, only the photocatalysis and photoca-
talysis/H2O2 treatments manage to obtain disinfection of
the sample, and a subsequent slight recovery of the popu-
lations is observed. In Fig. 2, where the illumination is con-
tinuous and as a consequence lower recounts would be
expected because of the longer period of aggression, it is
also observed a slight recovery in the photocatalysis and
photocatalysis/H2O2 treatments.

3.2. Treatments with UVB, UVA and visible radiation

(k = 290–800 nm)

Fig. 3 represents the inactivation curves of Enterococcus

sp. during the treatments of photolysis, photocatalysis,
photolysis/H2O2 and photocatalysis/H2O2, all of them irra-
diated with a solar spectrum between 290 and 800 nm,
which includes the UVB range. The results show a high
level of disinfection in all the processes studied. The photol-
ysis obtains an inactivation of 7.6 logarithmic units, the
photolysis/H2O2 treatment achieves 8.2 log and finally
the photocatalysis and the photocatalysis/H2O2 obtain
reductions of 5.5 and 5.9 units log, respectively. The inter-
val of irradiation between 290 and 320 nm (UVB range)
results much more effective in the Enterococcus sp. removal
(see Fig. 1 (k > 320 nm) and Fig. 2 (k > 290 nm)). This
range of irradiation shows a high level of decomposition
of hydrogen peroxide molecules, adding a higher number
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Fig. 2. Curves of Enterococcus sp. population removal during photolysis,
photocatalysis, photolysis/H2O2 and photocatalysis/H2O2 treatments
during 30 min and curves of bacterial recovery during 180 min in
darkness. Range of k: 320–800 nm. Continuous illumination (only one
stop at 15 min). [TiO2] = 1 g/L. [H2O2] = 0.04 mM. Initial concentra-
tion � 108 CFU 100 mL�1.
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of OH radicals to the medium and participating in the dis-
infection phenomenon of the sample. The addition of H2O2

thus improves the level of inactivation obtained by photol-
ysis and photocatalysis. On a statistical level, there are no
significant differences (p > 0.05) between the four treat-
ments applied under the study conditions described.

These results highlight the limited relevance of the addi-
tion of TiO2 and H2O2, individually, on the individual
effect of irradiation when this radiation includes the UVB
range. The high bactericidal capacity of this range
produces serious injuries to the genetic cellular material,
preventing DNA replication and producing genetic muta-
tions, as Benabbou et al. (2007) indicates. Under the condi-
tions studied, the addition of substances which promote the
generation of hydroxyl radicals is not necessary because the
photolytic treatment by itself achieves a high disinfection
level. However, Benabbou et al. (2007) obtained better
results with the UVB/TiO2 system than the UVB system
on E. coli populations.

During the period of darkness after the treatments
applied, the populations recover slightly except for those
subjected to the photolysis/H2O2 process, which remain
constant. It would be expected, as the research of Rincón
and Pulgarin (2003) shows, that in the treatments where
the highest disinfections are obtained and where the level
of cellular aggression is apparently high, a recovery of
the cellular functions and thus of the populations would
be difficult. Benabbou et al. (2007) did not observe bacte-
rial development after the disinfection processes applied
on E. coli populations with UVA, UVB or UVC radiation
with or without TiO2. Dunlop et al. (2002) indicated that
bacteria, after a stress period, can enter a non-growth state.
After a period of darkness, they can recover their capacity
to grow and return to their initial balance (dark repair).
This behaviour could explain the results observed in dark-
ness after the photolysis, photocatalysis and photocatalysis/
H2O2 treatments. Regarding the photolysis/H2O2 treatment,
it is probable that the damage produced by the quantity of

OH radicals generated was so severe that the auto repara-
tion mechanisms of the bacteria were not able to overcome
the attack suffered under the conditions studied. Wist et al.
(2002) defends the activation of microorganisms under
stress conditions, arguing that they are simply inactivated
before the treatment (photoreactivation). It is also impor-
tant to take into account the type of bacterium studied.
It would be of interest to extend the disinfection studies
with other bacterial indicators, including viruses and para-
sites frequently present in waters and more resistant than
faecal indicators, and to obtain in this way results closer
to reality.

In order to avoid posterior regrowths in treated water, it
would be advisable to obtain total inactivation of the micro-
organisms present in such water. Rincón and Pulgarin
(2004b, 2007) suggest analysing the EDT parameter (effec-
tive disinfection time) to ensure the complete disinfection
of the water treated. With this parameter it is hoped to
determine the duration of the disinfection treatment to
make sure of bacterial death and thus the end of the treat-
ment. Another possible option is to use a secondary disin-
fectant, such as chlorine, to avoid regrowth from bacteria
surviving the treatment. In this case, the generation of dan-
gerous halogenated by-products will be substantially
reduced because of the important reduction of organic mat-
ter levels present in water produced by the advanced oxida-
tion treatments applied (Chong et al., 2010).

4. Conclusions

The conclusions of this research work are summarized in
the following points:

– The disinfectant power of UVA and visible irradiation
is statistically improved by the presence of TiO2 in the
process, this not being the case with the addition of
H2O2. When the UVB range is present in irradiation
(290–800 nm), neither the addition of TiO2 nor of
H2O2 produces any significant improvement in Entero-

coccus sp. inactivation compared with the action of light
by itself. Photolytic treatment is sufficient to obtain
complete inactivation.

– The manner of application of irradiation (intermittent
or continuous) does not have an influence on the inacti-
vation process of Enterococcus sp. under the working
conditions considered here.

– No bacterial inactivation or only a slight population
recovery is observed during the period of darkness fol-
lowing all the treatments studied.

– The effectiveness of the process depends mainly on the
type of bacterium on which the experimentation is car-
ried out. Enterococcus sp. is more sensitive to the treat-
ments studied than C. perfringens spores; however, it is
less sensitive than the vegetative cells of this sporulated
bacterium. It is considered of interest to extend knowl-
edge of the effectiveness of AOPs on other microorgan-
isms present in water, such as viruses and parasites,
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Fig. 3. Curves of Enterococcus sp. population removal during photolysis,
photocatalysis, photolysis/H2O2 and photocatalysis/H2O2 treatments
during 30 min and curves of bacterial recovery during 180 min in
darkness. Range of k: 290–800 nm. Intermittent illumination. [TiO2] = 1
g/L. [H2O2] = 0.04 mM. Initial concentration � 108 CFU 100 mL�1.

624 M. Lanao et al. / Solar Energy 86 (2012) 619–625



Author's personal copy

given that their resistance is higher than that of the cur-
rent reference indicators.

Acknowledgements

This work is framed in the research projects “Aplicación
de Técnicas de Oxidación Avanzada en la Potabilización de
Aguas Naturales de la Cuenca del Rı́o Ebro” (CTM2005-
04585/TECNO) and “Regeneración de aguas depuradas
mediante procesos de oxidación avanzada” (CTM2008-
01876/TECNO) funded by the Ministerio de Ciencia e
Innovación, FEDER and Aragon Government-Caixa
Catalunya. The authors thank the Aragon Government
the PhD grant to Munia Lanao.

References

Alrousan, D.M.A., Dunlop, P.S.M., McMurray, T.A., Byrne, J.A., 2009.
Photocatalytic inactivation of E. coli in surface water using immobi-
lised nanoparticle TiO2 films. Water Res. 43, 47–54.

Benabbou, A.K., Derriche, Z., Felix, C., Lejeune, P., Guillard, C., 2007.
Photocatalytic inactivation of Escherichia coli. Effect of concentration
of TiO2 and microorganism, nature, and intensity of UV irradiation.
Appl. Catal. B: Environ. 76, 257–263.

Blake, D.M., Maness, P.C., Huang, Z., Wolfrum, E.J., Huang, J., 1999.
Application of the photocatalytic chemistry of titanium dioxide to
disinfection and killing of cancer cells. Separ. Purif. Method 28, 1–50.

Blanco, J., Malato, S., Fernández-Ibañez, P., Alarcón, D., Gernjak, W.,
Maldonado, M.I., 2009. Review of feasible solar energy applications to
water processes. Renew. Sust. Energy Rev. 13, 1437–1445.

Cho, M., Chung, H., Choi, W., Yoon, J., 2004. Linear correlation between
inactivation of E.coli and OH radical concentration in TiO2 photo-
catalytic disinfection. Water Res. 38, 1069–1077.

Chong, M.N., Jin, B., Chow, C.W.K., Saint, C., 2010. Recent develop-
ments in photocatalytic water treatment technology: a review. Water
Res. 44, 2997–3027.

Dunlop, P.S.M., Byrne, J.A., Manga, N., Eggins, B.R., 2002. The
photocatalytic removal of bacterial pollutants from drinking water. J.
Photochem. Photobiol. A Chem. 148, 355–363.

Elmolla, E.S., Chaudhuri, M., 2009. Degradation of the antibiotics
amoxicillin, ampicillin and cloxacillin in aqueous solution by the
photo-Fenton process. J. Hazard. Mater. 172, 1476–1481.

Elmolla, E.S., Chaudhuri, M., 2010. Comparison of different advanced
oxidation processes for treatment of antibiotic aqueous solution.
Desalination 256, 43–47.
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