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The aim of this study was to assess the disinfection of a real secondary effluent from a municipal
wastewater treatment plant using added H,0, (20 and 50 mgL~'), TiO, (100 mgL-') and photo-Fenton
under natural solar radiation in compound parabolic collector photo-reactors. For this purpose, the
naturally occurring Escherichia coli, spores of sulphite-reducing clostridia (SRC), somatic coliphages
(SOMCPH) and F-specific RNA bacteriophages (FRNA) were tested before and along the different solar

- treatments. Results for E. coli showed the different treatments efficiency rank: photo-Fenton pH 3 > H,0,
ggfav:(:iricsi;fection (20 mgL-1)/solar > TiO,/solar > solar photo-inactivation. On the other hand, for viral indicators the rank-
AOP ing was: photo-Fenton pH 3 > TiO,/solar > H,0, (20 mg L~!)/solar > solar photo-inactivation. SRC was the
most resistant indicator microorganism in all the evaluated processes. For the first time these solar pro-
cesses have been evaluated for naturally occurring conventional indicators such as E. coli and alternative
indicators such as SOMCPH and FRNA as viral indicators or spores of SRC as protozoan indicators. Some of
the tested solar photo-oxidation treatments have shown their capability to reduce E. coli concentrations
to a suitable level for water reuse (according to different reclaimed water guidelines) within affordable

E. coli
Bacteriophages
Reclaimed water

treatment times.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Pathogens causing waterborne infectious diseases constitute
one of the health risks associated with urban wastewater, and
they have been identified as the main cause of contamination in
streams, rivers and estuaries in the United States [1]. Diarrhoea
is the most widespread waterborne infectious disease worldwide,
mostly among children, and it is one of the leading causes of mortal-
ity in developing countries, where circa 88% of cases are associated
with poor water quality and sanitation [2]. Among other measures,
proper treatment of wastewater and drinking water disinfection
are required in order to tackle this problem [3].

Other situations related to the scarcity of fresh water also render
it necessary to conduct further research on new water disinfection
technologies. First, the availability of safe fresh water is diminish-
ing at an alarming rate both in high and low income countries, and
sunny areas worldwide are particularly affected [4]. This situation
will inexorably lead to the use of non-conventional water resources
such as reclaimed water. Second, there is an increasing presence

* Corresponding author. Tel.: +34 950 387957; fax: +34 950 363015.
E-mail addresses: miriam.agullo.b@gmail.com (M. Agullé-Barceld),

inmaculada.polo@psa.es (M.I. Polo-Lépez), flucena@ub.edu (F. Lucena),
jiofre@ub.edu (J. Jofre), pilar.fernandez@psa.es (P. Fernandez-Ibafiez).

0926-3373/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apcatb.2013.01.069

of disinfection by-products (DBPs) in drinking water due to the
widespread use of chlorination and ozonation [5,6]. Third, many
countries and communities are unable to assume the economic and
energy costs of some of the current disinfection treatments. More-
over, the efficacy of some widely used disinfection treatments is
limited as regards removal of resistant waterborne pathogens such
as Cryptosporidium sp and Giardia sp [7].

Advanced Oxidation Processes (AOPs) have been widely demon-
strated to be reliable for wastewater treatment since they have a
high capacity to oxidise nearly all organic pollutants. This capacity
derives from the generation of hydroxyl radicals (OH*), the second
most oxidant species after fluorine which acts unselectively [8].
Moreover, the use of solar light means that these treatments are
environmentally friendly. Among solar AOPs, heterogeneous and
homogeneous photocatalysis (i.e., TiO; and photo-Fenton) are the
processes which have received most research attention in recent
decades for wastewater treatment purposes. Recently, these AOPs
have also begun to be studied for water disinfection purposes [9].

This study analysed the disinfection capacity of four water
disinfection methods based on the use of natural solar radia-
tion. These were: solar photo-inactivation (with no additives or
catalysts), H,0, (20 and 50 mgL~!) with solar light, solar hetero-
geneous photocatalysis (TiO;), and solar photo-Fenton. Recently,
these treatments have been proven to have a good capacity to inac-
tivate microorganisms in water. Solar photo-inactivation has been
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applied for inactivation of a wide range of waterborne pathogens
[10]. The synergistic effect of H,0, and sunlight has been demon-
strated to be effective for water disinfection against bacterial cells
and fungal spores [11,12]. Since the 90’s, the use of TiO,/solar UVA
for inactivation of Escherichia coli, Enterococcus faecalis, total col-
iforms and several fungal spores has been studied in depth by
several groups [13-16]. Moreover, the almost neutral pH photo-
Fenton method has been studied as a novel mild water disinfection
treatment. This treatment was successfully tested with E. coli, E. fae-
calis, Salmonella spp. and fungal spores in different contaminated
waters [17-19].

The concentration of pathogenic microorganisms in highly pol-
luted waters, i.e., wastewater, may be low and furthermore, difficult
to quantify. Consequently, indicators are used to represent both the
potential occurrence and the response of pathogens to water disin-
fection, and faecal bacteria (faecal coliforms, E. coli, enterococci) are
commonly used for this purpose. However, these indicators do not
provide information on the occurrence and behaviour of viruses
and protozoa. Hence, alternative indicators are used to evaluate
water treatments: somatic coliphages (SOMCPH), F-specific RNA
phages (FRNA) and bacteriophages infecting Bacteroides are used
as viral indicators [20], and spores of sulphite-reducing clostridia
(SRC) are used as indicators of oocysts of Cryptosporidium sp [21,22].
These indicators are present in wastewater, and their concentra-
tions in a secondary effluent are sufficiently high to monitor 4 log
reductions of E. coli, 3.5-4 log of SOMCPH, 2.5-3 log of FRNA and
2-2.5 log of SRC without requiring costly and complicated concen-
tration procedures [23].

The aim of this study was to assess the disinfection of a real
secondary effluent from a Municipal Wastewater Treatment Plant
(MWWTP) using added H,0,, TiO, and photo-Fenton under natural
solar irradiation in Compound Parabolic Collector (CPC) photo-
reactors. For this purpose, the naturally occurring E. coli, SRC,
SOMCPH and FRNA were tested before and throughout the differ-
ent solar treatments in order to: (i) determine the inactivation of
these microbial indicators in real wastewater effluents, (ii) deter-
mine the indicator removal efficiency of the technologies studied,
and (iii) evaluate the feasibility of these disinfection technologies
for water reclamation.

2. Materials and methods
2.1. Collection of Municipal Wastewater Treatment Plant samples

Samples of real MWWTP effluent (MWWTP) were collected
from the municipal wastewater treatment plant in the city of
Almeria (Southeast of Spain) and used to carry out all the disinfec-
tion experiments. This treatment plant uses activated sludge plus
decantation as secondary treatment, and produces 11,594,704 m3
of secondary effluent per year. Fresh secondary effluent was col-
lected every day in batches of 60 L. The samples were used for
solar tests within 2 h of collection. Several parameters were eval-
uated for the chemical and microbiological characterisation of the
effluent. Table 1 shows pH, inorganic ion concentrations, turbidity,
conductivity, Total Organic Carbon (TOC) and E. coli concentrations,
averaged for all MWWTP effluent samples used in all the experi-
ments. lon determination was performed by ion chromatography
(IC) using a DX-600 model (Dionex Corporation, Sunnyvale, CA) for
anions and a DX-120 model for cations. TOC and Total Carbon (TC)
were analysed using a TOC-5050 (Shimadzu Corporation, Kyoto,
Japan). Turbidity was measured with a turbidimeter (Model 2100N,
Hach, USA). The natural presence of iron in MWWTPE was analysed
using a spectrophotometric technique with phenanthroline/acetic
acid (UV-vis measurements, limit of detection 0.05 mgL~1).Noiron
was detected in any of the samples used.

2.2. Indicator detection and quantification

E. coli was detected using the plate counting method in
Chromocult® Coliform agar (Merck, Germany) with different sam-
ple volumes: (a) 25, 50, 250, and 500 p.L of sample was spread over
90 mm diameter Petri dishes, and (b) 5 mL of sample was poured
and cultured twice (total of 10 mL) in 140 mm diameter Petri dishes.
In both cases, plates were incubated at 44 °C for 20+4h and enu-
merated. For detection of SRC, water samples were cultured on
sulphite polymyxin sulphadiazine (SPS, Cultimed, Panreac) agar
medium at 44 °C under anaerobic conditions for 24 h. Plaque form-
ing units (PFUs) of SOMCPH in the WG5 E. coli strain were counted
by the double agar layer technique following ISO standard 10705-2
[24]. FRNA were determined in Salmonella strain WG49 accord-
ing to ISO 10705-1 [25]. The limit of detection for bacteria and
bacteriophages was 10 CFU and 1 PFU/100 mL, respectively.

2.3. Solar CPC photo-reactors

The efficiency of solar photo-activated treatments may be
enhanced by the use of solar Compound Parabolic Collector (CPC)
reactors. Their high efficiency in solar radiation (both direct and
diffuse) collection accelerates the inactivation rates of the different
solar treatments due to optimal collection of solar UVA photons
[26,27].

All experiments were performed under natural solar radiation
at Plataforma Solar de Almeria, located at 37°84'N and 2°34'W.
The solar CPC reactors used for this study have been described
elsewhere [28]. They consist on a CPC photo-reactor tube module
placed on a tilted platform connected to a recirculation tank and
a centrifugal pump. Total volume of the photo-reactor was 10L,
illuminated volume was 4.5L and the irradiated collector surface
was 0.4mZ2. Based on our previous experience, the selected water
flow rate was 10 L/min. The experimental setup allowed two exper-
iments to be carried out simultaneously in two identical solar CPC
reactors.

2.4. Solar experiments

All experiments were conducted on sunny days in September
and October 2011. The weather conditions (ambient temperature
and solar irradiance) were those typical for this time of the year
at this location. The average solar UVA irradiance for all tests was
38Wm~2 within the period 11:00-15:00 local time, with maxi-
mum values of 50 W m~2 registered between 13:00 pm and 15:00
pm. The temperature of the water samples during the solar tests
(5h) ranged from 28°C+1.6°C t0 39.8°C+3.8°C.

Inactivation results are presented as the average of at least two
replicates for each treatment. Water and reagents were added to
the reactor tank and re-circulated for 15 min to ensure adaptation
and homogenisation, with the CPC mirror covered by an opaque
sheet. After that, the first sample was taken and the reactor was
exposed to solar radiation. Samples were collected at regular inter-
vals to determine indicator concentrations. Frequency of sampling
varied depending on the treatment. Duration of all experiments
was 5h, starting at 11:00-11:30a.m. local time. Water temper-
ature (Checktemp, Hanna instruments, Spain), dissolved oxygen
(DO) and pH (multi720, WTW, Germany) were measured in the
reactor during the experiments. For each treatment, dark control
tests were carried out using the same conditions (reactor, reagents,
etc.) in a covered reactor. E. coli re-growth was evaluated 24 and
48 h after the treatment. This was performed with samples that
reached the limit of detection. The samples were stored in the dark
at 25°C and enumerated again as described above. These results
showed no re-growth in any of the treatments.
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Table 1

Chemical and microbiological characterisation of the municipal wastewater treatment plant secondary effluent used (El Bobar, Almeria, Spain).

Secondary effluent characterisation

pH 7.31 + 0.30
PO43~ (mgL) 6+3
NO,~ (mgL) 34405
Cl- (mgL-!) 289.7 + 64
NH,* (mgL1) 35 + 21
HCO;~ (mgL1) 85+ 3
Na* (mgL-1) 182 + 11
DOC (mgL-1) 163 +3

E. coli (CFU/100 mL) 1x 105 + 9 x 104

Turbidity (NTU) 8+4
Conductivity (uS/cm) 1530 + 152
NO;~ (mgL1) 12+ 15
S042~ (mgL) 114.7 + 32
Mg?* (mgL~") 27 +3
K* (mgL1) 243 +3
Ca?* (mgL1) 78 +£3
Fe?** (mgL-1) 0+0

2.5. Reagents

Aeroxide P25 (Evonik Corporation, Germany) TiO, catalyst was
used as received from the manufacturer as slurry to conduct het-
erogeneous photocatalytic experiment. The catalyst concentration
used was 100mgL~! according to previous findings for the same
CPC reactor configuration [28].

Ferrous sulphate heptahydrate (FeSO4-7H,0, PANREAC, Spain)
was used as source of Fe2* at concentrations of 5mgL-! and
10 mgL-! for homogeneous photo-Fenton reaction. Fe2* and total
iron (Fet°t) concentrations were measured according to ISO 6332.
Fe3* concentration was determined subtracting Fe?* from Fet®t,
The concentration ratio of iron:H,0, used was 1:2. Sulphuric acid
(Merk, Germany, analytical grade) was used when acidic conditions
were required for photo-Fenton experiments.

Hydrogen peroxide 30% (w/v) (Riedel-de Haén, Germany) solu-
tion was added directly into the samples. H,O, concentration was
determined with spectrometric methods as described elsewhere
[29] with arange 0of 0.1-100 mg L~ . The experiments of H,0,/solar
UVA were performed with 20 and 50mgL-!. For photo-Fenton
tests, a freshly prepared solution of bovine liver catalase (0.1gL"1,
Sigma-Aldrich, USA) was added to samples in a ratio 0.1/5 (v/v) to
eliminate residual hydrogen peroxide and avoid Fenton reactions
after samples collection. H,O, and catalase at these concentrations
have been demonstrated to have no detrimental effect on E. coli
viability [18].

2.6. Solar radiation

UVA radiation was measured with a global UVA pyranometer
(300-400 nm, Model CUV4, Kipp & Zonen, Netherlands) tilted 37°,
the same angle as the local latitude. The pyranometer provides data
in terms of incident UVA-W m~2, which is the solar radiant UVA
energy rate incident on a surface per unit area. In this study, the
inactivation rate is plotted against both experimental time (t), and
cumulative energy per unit of volume (Qyy ) received in the photo-
reactor. Quyv (Eq. (1)) is commonly used to compare results under
different conditions [9].

AUV pAr
Vi

where Quy.n, Quv.n_1 is the UV energy accumulated per litre (kJ L~1)
at times n and n—1, UV, is the average incident radiation on the
irradiated area, Aty is the experimental time of sample, A; is the
illuminated area of collector (m?), and V; is the total volume of
water treated (L).

Quv,n = Quv,n-1 + Aty =ty — thq (1)

2.7. Kinetics evaluation

The inactivation results are usually evaluated using the
Chick-Watson’s law (Eq. (2)).

log (Nﬁo) =—ke-t (2)

where N/Ny is the reduction in the concentration of microorganism,
k: is the disinfection kinetic constant, and t is the experimen-
tal time. However the kinetics of the photo-induced disinfection
process depends also on the photon flux received inside the photo-
reactor. For this reason, to properly assess the inactivation rates of
processes carried out under natural solar radiation, the modified
Chick-Watson’s law was proposed (Eq. (3) [28]):

log (Nﬂo) = —kqy, - Quv (3)

where kg, is the new disinfection kinetic constant and Quv
accounts for the solar UVA energy per unit of volume accumulated
in the system.

3. Results and discussion

3.1. Inactivation of microbial indicators by solar
photo-inactivation

The effect of solar radiation on pathogen viability is shown in
Fig. 1(a), while Tables 2 and 3 show the first order decay rate of
microbial indicators (k: and kq,, respectively) for all the solar
treatments evaluated in this study. According to the inactivation
rates, the order of sensitivity to solar photo-inactivation was:
E. coli > FRNA > SOMCPH > SRC.

Dark control experiments were performed under the same con-
ditions in a covered reactor, so that the water presented the same
thermal behaviour as under solar UVA exposure, thus enabling
the effect of mild solar heating on these indicators to be evalu-
ated (Fig. 1(b)). This effect was either low or null for all indicators
except FRNA, which showed a significant reduction (1.8-log). The
sequence of sensitivity to this increase in temperature (29-38°C)
was FRNA > E. coli > SOMCPH > SRC.

Different responses to mild heating have been reported for the
indicators studied here [30-33]. Temperature has a clear influence
on the inactivation rate of microorganisms in solar water disinfec-
tion [34]. The synergistic effect of UVA radiation and temperature
has also been evaluated in a number of Solar Water Disinfection
(SODIS) articles [10], which have demonstrated that inactivation of
bacteria by solar disinfection is substantially faster at temperatures
above 45°C [35]. In the present study, the range of temperatures
was too low (<40 °C) to observe such strong synergy. As can be seen
in our results (Fig. 1), the inactivation of E. coli and SOMCPH seemed
to be mainly due to solar UVA irradiation. FRNA bacteriophage con-
centrations decreased 2logs under solar exposure, although the
thermal effect accounts for most of the inactivation (1.8 log). No
significant reduction in SRC spores was observed in either case. The
bactericidal effect of solar UVA radiation has been well described
elsewhere [10,30] for a wide range of pathogens. The effect is based
on the oxidative action of several reactive oxygen species (ROS)
generated in water under UVA radiation. The main variables affect-
ing the inactivation rate are photon flux and the way that solar
radiation is delivered into the system [36], the dissolved oxygen
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Fig. 1. Inactivation of all the microbial indicators tested in a representative single experiment of solar photo-inactivation (a) and corresponding experiment performed in

the dark (b). E. coli (-M-); SRC, sulphite-reducing clostridia (¥

); SOMCPH, somatic coliphages (- @

); FRNA, F-specific RNA bacteriophages (— & — ); DL, detection
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Table 2

Decay rates + standard errors in min~! of the microbiological parameters in the different treatments. SRC, spores of sulphite reducing clostridia; SOMCPH, somatic coliphages;

FRNA, F specific bacteriophages infecting Salmonella strain WG49.

Treatment Decay rate - k; (min—1)

E. coli

SRC

SOMCPH

FRNA

Solar photo-inactivation
H,0,/solar (20mgL-')
H;0,/solar (50mgL-")
TiO,/solar (100mgL-1)
Photo-Fenton pH 3
Photo-Fenton natural pH

0.0133 + 0.0004
0.0342 + 0.0094
0.0201 + 0.0032
0.0135 + 0.0013
0.5377 + 0.1355
0.0263 + 0.0000

0.0019 + 0.0012
0.0065 + 0.0000
0.0066 + 0.0006
0.0022 + 0.0004
0.0051 + 0.0005
0.0039 + 0.0000

0.0074 + 0.0006
0.0077 + 0.0002
0.0065 + 0.0004
0.0141 + 0.0010
0.0390 + 0.0010
0.0126 + 0.0000

0.0085 + 0.0017
0.0118 + 0.0018
0.0107 + 0.0014
0.0627 + 0.0186
0.4525 + 0.0921
0.0137 + 0.0000

[37], chemical composition and turbidity of the water [38]. Much
research has been reported on the photo-inactivation of microor-
ganisms, and the results have varied widely, being influenced not
only by the above-mentioned parameters but also by other fac-
tors such as the origin of the microbial contamination (naturally
occurring or lab seeded), water temperature, the source of light
(sun, solar light simulators or UV lamps) and the design of the
photo-reactor. Most studies have been carried out using low vol-
ume static batch systems, such as 2L PET bottles, following the
so-called SODIS method. However, this paper presents results for
a re-circulated batch system. This permitted treatment of higher
volumes but also required longer treatment times to reach the
detection limit because the UVA radiation dose was not delivered
continuously into the system [36]. Therefore, the total volume of
treated water should be taken into account when comparing the
treatment times (or UVA dose in terms of k] m~2) required by both
types of systems to disinfect water.

E. coliis the most frequently studied bacterium. Using the SODIS
method, this waterborne pathogen has been found to be inactivated

Table 3

within 6 h under full sunlight [10]. However, naturally occurring
faecal coliforms have shown a higher resistance to sunlight [39,40],
with a substantial difference being observed between the inac-
tivation of E. coli and that of bacterial endospores (belonging to
Bacillus) in experiments performed in pure water seeded with
laboratory-grown microorganisms, which is in agreement with the
results obtained in this study. Furthermore, in experiments using
UV irradiation, the same sequence of sensitivity, E. coli>human
viruses > spores of Bacillus subtilis, has been reported [41]. Wegelin
et al. [30] also observed that animal viruses and bacteriophages f2
(F-specific RNA bacteriophages) were more resistant than E. coli to
UV irradiation. In contrast, the inactivation kinetics of E. coli and
coliforms reported by Caslake et al. [42] were markedly faster than
those described here. Nevertheless, it should be borne in mind that
the coliforms studied by these authors consisted of a mix of pure
laboratory-grown enteric bacteria cultures.

The variability observed in microbial inactivation in the exper-
iments carried out in this study may have been due to numerous
factors which changed daily between the different experiments,

Decay rates in LKJ~! of the microbiological parameters in the different treatments. SRC, spores of sulphite reducing clostridia; SOMCPH, somatic coliphages; FRNA, F specific

RNA bacteriophages infecting Salmonella strain WG49.

Treatment Decay rate - ko, (LkJ~1)
E. coli SRC SOMCPH FRNA

Solar photo-inactivation 0.110 + 0.010 0.012 + 0.004 0.061 + 0.004 0.075 + 0.007
H,0;/solar (20mgL-1) 0.410 + 0.050 0.055 + 0.005 0.068 + 0.004 0.132 £+ 0.007
H,0,/solar (50mgL-1) 0.290 + 0.020 0.064 + 0.008 0.068 + 0.003 0.125 £+ 0.012
TiO,/solar (100 mgL-1) 0.150 + 0.010 0.029 + 0.003 0.149 + 0.006 0.500 + 0.300
Photo-Fenton pH 3 0.800 + 0.030 0.064 + 0.004 0.500 + 0.090 0.490 + 0.050
Photo-Fenton natural pH 0.300 + 0.040 0.043 + 0.004 0.133 £+ 0.006 0.135 £ 0.010
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Fig.2. Inactivation ofall the microbial indicators tested in a representative single experiment of H,0, (20 mg L~ and 50 mg L' )/solar UVA (a) and (b) respectively; experiment
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bacteriophages (— & — ); DL, detection limit; CFU, colony forming units; PFU, plaque forming units. UVA irradiance (s ); temperature (s ).

such as the level of solar irradiance, water temperature, and the
load and nature of microbial and chemical contamination of the sec-
ondary effluent. However, although replicates were performed on
different days and with the secondary effluent samples that varied
slightly in turbidity and microbial indicator concentrations, they
gave similar results, as shown in standard errors of k; (Table 2) and
kq,y, (Table 3). This low variability of the results was observed for
all treatments.

3.2. Inactivation of microbial indicators by H,0,/Solar

Fig. 2(a) and (b) shows representative observations of microbial
indicator inactivation with 20 and 50 mgL~! of H,0, respectively,
under natural solar irradiation. The drop in concentration of each
indicator during solar exposure with added 20 mgL-! of H,0, was
5.3-log for E. coli, 3-log for FRNA, 2.3-log for SOMCPH and 1.9-
log for SRC. The addition of 50 mgL-! of H,0, resulted in similar
inactivation levels, i.e., E. coli (5.2-log), FRNA (2.8-log), SOMCPH
(2-log) and SRC (2.1-log). For comparison purposes, the inactiva-
tion rate constants should be taken into account (Tables 2 and 3)
in order to establish the order of resistance of each indicator to
this solar treatment. As expected, both H,0, concentrations led to
similar k-values, and the sequence of inactivation rate observed

was: E. coli>FRNA >SOMCPH > SRC. During solar treatment, H,O,
consumption was 12mgL-! and 30 mgL-!, respectively. The main
factor responsible for this consumption was the chemical oxygen
demand (COD) of the water samples, although temperature and pH
may also have played a role. As demonstrated in previous contrib-
utions [12], there was no direct relationship between the amount
of H,0, consumed and the inactivation rate.

To determine the influence of the low H,0, concentrations, we
performed dark control tests in the same reactor under the same
conditions except that the reactor was covered. The viability of each
indicator in the presence of H,0, (20mgL-!) was evaluated over
5h (Fig. 2(c)). As reported in the literature for other microorgan-
isms, we observed a non-significant decrease in the concentration
of all of the indicators. The poor effect of HO, in the dark on
survival of seeded E. coli has also been described by Rincén and
Pulgarin [43], of naturally occurring E. coli by Fisher et al. [44], and
of wild fungi by Sichel et al. [11]. The harmful effect of H, 05 itself
depends on the microorganism and on the dosage applied; bac-
terial growth is inhibited in the range of 10-1000mgL~1, while
at higher concentrations the organisms are destroyed [45]. The
low H;0, concentrations used in this study only exerted a dam-
aging effect on the indicators evaluated when combined with
sunlight.
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The synergistic effect of low amounts of H,0, and solar irradi-
ation to inactivate different microorganisms has been reported for
E. coli, bacteriophage T7, Bacillus spores and Fusarium spp. spores
[12,44,46]. The different levels of sensitivity to this treatment
shown by the indicators is in agreement with other reported results
for inoculated E. coli [47], Bacillus spores [48], MS2 (F-specific RNA
bacteriophage) and somatic coliphages T4 and T7 [49,50]. There
are some similarities between the values of T90 (time required to
achieve a 90% reduction) for naturally occurring E. coli reported by
Fisher et al. [44] from contaminated ditch water and our results. In
both cases, T90 ranged between 2 and 3 h.

These authors attributed cell inhibition or death to the
following mechanisms occurring simultaneously: (i) direct photo-
inactivation (Fig. 1(a)), (ii) internal Fenton and Haber-Weiss
reactions leading to internal cell injures, this occurs when small,
uncharged H,0, molecules diffuse through membranes into the
cell, increasing intracellular H,O, levels. These molecules then
react with free or loosely bound iron from cellular sources of iron
(sulphur cluster, enterobactin, ferritin, and siderophores) leading
to OH* generation via a Haber-Weiss reaction), and (iii) inacti-
vation of catalase and superoxide dismutase (SOD), which occurs
under UV-A radiation stress, favouring an increase in H,O, inside
the cells. Although the complete mechanism still remains unclear,
since there is no experimental evidence of what is happening inside
the cells, our results may be explained by the above mechanisms.

Moreover, no enhancement of inactivation was observed when
50mgL-! of H,0, was used (Fig. 2(b)). The same effect has been
observed before for Fusarium spp. [11,12,18]. This finding could be
also explained by the internal reaction mechanisms, as they are
limited by the iron available inside cells and not by the concen-
tration of added H, 0. In this case, as with solar photo-inactivation
[36], the amount of oxidative species needed to induce the destruc-
tion or inhibition of a certain microorganism are generated under
given conditions (i.e., 20 mg L~! of H,0,), but additional generation
of ROS does not necessarily lead to better inactivation results.

3.3. Inactivation of microbial indicators by heterogeneous
photocatalysis with TiO,

Fig. 3 shows the inactivation of the four microbial indicators
under solar heterogeneous photocatalysis using 100 mgL~! of sus-
pended TiO,. The improvement in disinfection achieved by the
addition of TiO, was very different for the microorganisms tested

(see inactivation kinetics in Fig. 3 and decay rates in Tables 2 and 3).
The viral indicators (SOMCPH and FRNA) were the most sensitive,
particularly FRNA, the inactivation rates of which were much higher
than with solar light alone. E. coli inactivation was similar under
both treatments. In contrast, SRC were hardly affected by the addi-
tion of titanium dioxide. According to inactivation rate constants
(Tables 2 and 3), the sequence of microbial indicator sensitivity to
the TiO,/solar treatment was: FRNA > SOMCPH > E. coli > SRC.

A similar sequence of sensitivity has been reported elsewhere
with seeded microorganisms. The greater sensitivity of MS2 (F-
specific RNA bacteriophage) compared to E. coli [51] and phages
$X174 and PR772 (both somatic coliphages) has also been reported
[52]. In addition, the greater sensitivity of E. coli when compared
to SRC [53] and the higher effect of TiO, photo-oxidation on bac-
teriophage MS2 has been reported [54]. Regarding animal viruses,
it has been described that enteroviruses are more sensitive to TiO,
photo-oxidation than E. coli [55]. On the other hand, some papers
reports contradictory results with seeded E. coli [56-59].

Under the experimental conditions applied in this study, it was
not possible to obtain the best photocatalytic disinfection results
due to the existence of certain detrimental factors, such as the pres-
ence of a high amount of carbonates/bicarbonates in the water,
which decreases photocatalytic efficiency [28]. Similarly, organic
matter competed for hydroxyl radicals generated under solar irra-
diation. Nevertheless, the reduction in Dissolved Organic Carbon
(DOC) was measured throughout the experiment and this param-
eter did not suffer any significant change. The high water pH
(7.31£0.30) did not favour the interaction between photo-catalyst
particles and microorganism cells [60].

3.4. Inactivation of microbial indicators by solar photo-Fenton

The inactivation of microbial indicators with photo-Fenton was
tested in the real effluent at pH 3 and at natural pH (7.31 £0.30)
using 10mgL~! of Fe2* and several doses of H,0, (20mgL-! per
dose), added during the solar experiments when the hydrogen
peroxide fell below 10 mgL-!. The addition time of H,0, doses
varied depending on each experiment. The inactivation patterns
obtained are shown in Fig. 4(a) and (b) and decay rate constants
are given in Tables 2 and 3. As expected, the results differed
depending on the pH and also on the microorganisms, and very
short inactivation times were needed at pH 3 compared with
natural pH, for all tested indicators. The sensitivity of the indica-
tors against the photo-Fenton treatment at both pH values was:
E. coli > FRNA > SOMCPH > SRC.

Dark control tests to evaluate the viability of the indicators at
pH 3 were also performed in a covered reactor for 5 h. The indicator
most affected by pH 3 was E. coli, which showed a >2-log reduc-
tion within 60 min. FRNA and SOMCPH showed a 1-log and 0.2-log
drop in concentration, respectively, in 60 min. On the other hand,
pH 3 did not affect SRC, as its concentrations remained constant
throughout the 5 h.

Dissolved iron in the neutral pH photo-Fenton tests was zero
or below the detection limit of the quantification method; con-
sequently k¢ and kq,;, values of microbial indicators were similar
to those obtained for the H,0,/solar treatment. In contrast, the
effect on all indicators except for SRC of photo-Fenton at pH 3
was dramatic: for E. coli, FRNA, and SOMCPH, the concentration
reductions were 5-log (10 min), 3.8-log (10 min), and 5-log (1.5 h),
respectively. The SRC concentration did not show a significant
enhancement in inactivation, demonstrating the very strong resis-
tance of this pathogen even to photo-Fenton at pH 3.

The high efficiency of the process at pH 3 was due to the photo-
Fenton reaction which occurred between the added H,0, and the
dissolved iron in the effluent, and the stress that the very acidic
conditions represented for the microorganisms may also have



M. Agullé-Barcelé et al. / Applied Catalysis B: Environmental 136-137 (2013) 341-350 347

450
(a)
: e -
E ~—_ H 40
2 / e I —
2 AN e~
(8]
a S J30 2L
o o @
ra 2 3
5 S8
< v 120 § &
S v £ E
c o]
g 410
Q v
o
© \ DL
A 4
0

T T T T T T
11:00 12:00 13:00 14:00 15:00 16:00
Time (HH:mm)

- 50
®
10° 5
o
£ 440
o
S 104 <
S £ ~
|18
b {30 38
) o 2
o
z 10° cf
) T o
c 420 © o
S £ E
s <
£ 1024 >"
c
8 110
c
o
© 10’
0

T T T T T T
11:00 12:00 13:00 14:00 15:00 16:00
Time (HH:mm)
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favoured inactivation. Although 10mgL-! of iron was added, only
low amounts of dissolved iron were present due to the chemical
composition of the water (Table 4). The dissolved iron at pH 3 was
between 1 and 3mgL-1, generating sufficient hydroxyl radicals
to produce lethal damage to microbial cells, as has been reported
for fungal spores, virus and bacteria [12,18,61]. It was the photo-
Fenton reaction which was primarily responsible for this dramatic
drop in indicator concentrations, because similar experiments at
neutral pH or with only added H,0, showed slower inactivation
profiles (Tables 2 and 3). Due to the photo-Fenton reactions, the
reduction in DOC at pH 3 was around 10mgL-! in all experiments
(from 15 to 5mgL-1), while in the near neutral pH photo-Fenton
reaction, the decrease in DOC was not appreciable. Therefore, to
minimise the supplementary cost of acidification and neutralisa-
tion, it would seem advisable to conduct further research into the
effect of pH values between 3 and neutral.

3.5. Photo oxidation effects on microbial inactivation

These treatments have typically been studied using laboratory
strain microorganisms seeded in water (i.e., E. coli K12). However,
very little information is available about disinfection of naturally
occurring E. coli [44], and nothing has been reported about viral
indicators or bacterial spores until now. Moreover, seeded microor-
ganisms are more sensitive to disinfection than naturally occurring
ones [62-66].

A global comparison of all the inactivation rates achieved for
each naturally occurring indicator (Fig. 5) shows that SRC was the
indicator with the lowest inactivation rates for all treatments. In
contrast, E. coli was always the most easily inactivated indicator
except in the case of the treatment with TiO,/solar, where FRNA
phages were the most susceptible microorganisms. Regarding
the elimination of E. coli, which is currently the recommended
indicator worldwide [67], in the USA [68] in Spain [69], etc., the
different treatments ranked as follows: photo-Fenton pH 3 >H,0,

Table 4
Iron measurement during the photo-Fenton experiment.

pH Added Fe? Dissolved Fe? Total H,0,?
3 10 1.1 80
3 10 32 120
3 10 29 140
8 10 1] 100

2 Expressed in mgL~'.

); SOMCPH, somatic coliphages (- @

); FRNA, F-specific RNA bacteriophages (— & — ). UVA irradiance

(20 mgL-1)/solar >TiO,/solar >solar photo-inactivation. On the
other hand, for viral indicators the ranking was: photo-Fenton pH
3>TiOy/solar>H,0, (20mgL-1)/solar>solar photo-inactivation.
These different rankings should be taken into account when
intending to combine photo-oxidation processes.

The sensitivity of the viral indicators to the disinfection proce-
dures tested was moderate when compared with E. coli and SRC
(Fig. 5), as suggested in reported studies of seeded viruses [41].
SOMCPH, which are a mixture of different DNA viruses, showed a
higher resistance than FRNA phages to the tested photo-oxidative
processes (Fig. 5), in agreement with other studies performed with
seeded bacteriophages [52]. The few reports on seeded human
viruses presented very variable results: rotaviruses and FRNA
phages f2 and MS2 showed similar levels of resistance; neverthe-
less the encephalomyocarditis virus presented levels of resistance
similar to those of SOMCPH [30]. Thus, it can be deduced that nat-
urally occurring SOMCPH are good surrogate indicators for human
viruses in photo-oxidative systems, since they cover viruses that
are not covered by either E. coli or F-specific RNA phages.

It is difficult to compare inactivation of SRC and Cryptosporidium
oocysts, since data on inactivation of naturally occurring oocysts
with these treatments are not available. Nevertheless, seeded Cryp-
tosporidium oocysts [70-72] and Achantamoeba cysts [41] have
been described to be quite resistant to photo-oxidation treatments.
Additionally, it has been reported that with tertiary treatments
such as UV irradiation and chlorination, SRC inactivate similarly to
Cryptosporidium infectious oocysts [73-75]. Therefore, among the
currently used model microorganisms, SRC appears to be the best
indicator of the fate of protozoan oocysts when photo-oxidation
treatments are used.

3.6. Applicability of photo-oxidation treatments in water
reclamation

The treatment time required to fulfil the microbiological crite-
ria stated in water reclamation policies and guidelines has been
estimated for four solar-promoted photo-oxidation treatments.
Table 5 presents a summary of the required time (solar exposure)
for each treatment to eliminate 3-, 4- and 6-log of naturally occur-
ring E. coli under the experimental conditions used in this study.
In the worst case scenario of a highly contaminated secondary
effluent (i.e., 108 CFU-E. coli per 100 mL), these reductions would
provide reclaimed water suitable for unrestricted irrigation which
fulfilled the criteria established by: (i) the WHO (2006), (ii) Span-
ish regulations [69] and (iii) the USEPA [68]. These three different
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regulations on reclaimed water quality stipulate different require-
ments: <1000, <100, and <1 E. coli (CFU per 100 mL), respectively.
The design of a solar treatment plant which fulfilled these criteria
would need a residence time of at least 6 min for photo-Fenton at
pH 3, or 2 h for H,0, (20 mgL~1)/solar (Table 5). These treatment
times are still lengthy for a continuous flow reactor.

Previous experiences with solar pilot reactors are based on
batch flow reactors which can treat variable volumes (tens of
litres) of water, as they are modular. Only a few studies have been
reported on continuous flow systems, for example, a sequential

Table 5
Time needed (h) to achieve 3,4 and 6 log reductions using photo oxidation processes
assayed.

Treatment Time needed (h)

3-log reduction 4-log reduction 6-log reduction
Solar photo-inactivation 3.76 5.01 7.52
H,0,/solar (20mgL~') 1.46 1.95 2.93
TiO,/solar (100mgL-1)  3.70 4.94 7.41
Photo-Fenton pH 3 0.09 0.12 0.19

batch photo-reactor based on solar photo-inactivation for drink-
ing water purification in isolated communities with lack of access
to drinking water. In this case, the reactor was tested using E. coli
in natural well water [29].

The capability of several solar technologies for real MWWTP
effluents disinfection (for further reclamation) using a solar CPC
photoreactor prototype has been shown here. According to our
results, in the case of a continuous flow reactor for the treatment of
large amounts of water (several m3 per day), the CPC surface area
required should be enormous (hundreds of m?2), as the treatment
times range from few minutes to 2 h (4-log decrease). The design
of this system should be enhanced for the real applications; this
will be achieved by reducing the residence time. For example, from
the solar collection point of view, the best choice of the optical path
length (it depends on the water quality) would improve the income
of solar photons in the photoreactor. Therefore, a proper design of a
CPC plant for real MWWTP effluents based on the real load of con-
taminated water is needed prior to report on surface areas of solar
collectors and capacity of the treated volumes per day. Additionally,
more research should be conducted on these solar photo-oxidative
technologies with the aim of finding out the limitations of these
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processes from the photo-chemical and photo-biological point of
view.

4. Conclusions

The novelty of the study reported here is that it was performed
with naturally occurring microorganisms, and to the best of our
knowledge, this is the first time that a description has been given
of the effects of photo-oxidation processes on naturally occur-
ring viral indicators and spores of sulphite-reducing clostridia,
which are considered indicators of protozoan (oo)cysts. In addi-
tion, the results confirm previously described studies suggesting
that a single microbial indicator may not be enough to guaran-
tee a low risk of infection. Nevertheless, it would also be possible
to estimate the effects of these treatments on viruses and proto-
zoa using the indicators, and to determine the treatment required
to bring pathogens down to acceptable levels. In addition, the
photo-oxidation treatments tested were capable of achieving the
disinfection level necessary to reduce microbial health risks for
users and they seemed to be functional as regards the treatment
time required to achieve the regulatory limits. Consequently, from
a practical point of view, this is highly valuable information when
deciding which of these treatments is the most feasible to obtain
safe reclaimed water.

Acknowledgements

The authors wish to thank the Spanish Ministry of Science
and Innovation for the financial support under the AQUASUN
project (reference: CTM2011-29143-C03-03), the Generalitat de
Catalunya (reference: 2009-SRG-01043) and the Xarxa de Referén-
cia en Biotecnologia (Unitat de Microbiologia Ambiental). Finally,
we would like to thank the Language Services (Serveis Lingiiistics
de la Universitat de Barcelona) for their job.

References

[1] USEPA, National Water Quality Inventory: Report to Congress, 2004 Reporting
Cycle, US Environmental Protection Agency, 2009.

[2] WHO, The Global Burden of Disease: 2004 Update, 2008 http://www.who.int/
healthinfo/global_burden_disease/en/ (accessed 13.11.12).

[3] J.Jancangelo, R. Trusell, Water Supply 2 (2002) 147-157.

[4] UNDP (United Nations Development Programme), Human Development
Report. Beyond Scarcity: Power, Poverty and the Global Water Crisis, Palgrave
Macmillan, New York, 2006 http://hdr.undp.org/en/reports/global/hdr2006/
(13.11.12).

[5] E.M. Smith, M.J. Plewa, C.L. Lindell, S.D. Richardson, W.A. Mitch, Environmental
Science &Technology 44 (2010) 8446-8452.

[6] U. von Gunten, Water Research 37 (2003) 1469-1487, http://dx.doi.org/10.
1016/S0043-1354(02)00458-X.

[7] WHO, Evaluating Household Water Treatment Options: Health-Based Targets
and Microbiological Performance Specifications, 2011.

[8] C. Comninellis, A. Kapalka, S. Malato, S.A. Parsons, 1. Poulios, D. Mantzavi-
nos, Journal of Chemical Technology & Biotechnology 83 (2008) 769-776,
http://dx.doi.org/10.1002/jctb.1873.

[9] S.Malato, P. Fernandez-Ibafiez, M.I. Maldonado, J. Blanco, W. Gernjak, Catalysis
Today 147 (2009) 1-59, http://dx.doi.org/10.1016/j.cattod.2009.06.018.

[10] K.G. McGuigan, R.M. Conroy, H. Mosler, M.D. Preez, E. Ubomba-Jaswa, P.
Fernandez-Ibafiez, Journal of Hazardous Materials 235-236 (2012) 29-46,
http://dx.doi.org/10.1016/j.jhazmat.2012.07.053.

[11] C. Sichel, P. Fernandez-Ibafiez, M. de Cara, ]. Tello, Water Research 43 (2009)
1841-1850, http://dx.doi.org/10.1016/j.watres.2009.01.017.

[12] M. Polo-Lépez, I. Garcia-Fernidndez, 1. Oller, P. Fernindez-Ibafiez, Journal of
Photochemistry and Photobiology B: Biology 10 (2011) 381-388.

[13] A. Rincén, C. Pulgarin, Applied Catalysis B: Environmental 49 (2004) 99-112,
http://dx.doi.org/10.1016/j.apcatb.2003.11.013.

[14] A. Rincén, C. Pulgarin, Catalysis Today 122 (2007) 128-136, http://dx.doi.
org/10.1016/j.cattod.2007.01.028.

[15] J.Lonnen, S.Kilvington, S.C. Kehoe, F. Al-Touati, K.G. McGuigan, Water Research
39 (2005) 877-883, http://dx.doi.org/10.1016/j.watres.2004.11.023.

[16] C. Sichel, J. Tello, M. de Cara, P. Ferndndez-Ibafez, Catalysis Today 129 (2007)
152-160, http://dx.doi.org/10.1016/j.cattod.2007.06.061.

[17] F. Sciacca, ].A. Rengifo-Herrera, . Wéthé, C. Pulgarin, Chemosphere 78 (2010)
1186-1191, http://dx.doi.org/10.1016/j.chemosphere.2009.12.001.

[18] I. Garcia-Ferndndez, M.I. Polo-Lépez, L. Oller, P. Ferndndez-Ibafiez, Applied
Catalysis B: Environmental 121-122 (2012) 20-29.

[19] E. Ortega-Gomeza, P. Fernindez-lbafiez, M. Ballesteros Martin, M. Polo-
Lopez, B. Esteban Garcia, J. Sanchez Pérez, Water Research 46 (2012)
6154-6162.

[20] IAWPRC Study Group on Health Related Water Microbiology, Water Research
25(1991) 529-545, http://dx.doi.org/10.1016/0043-1354(91)90126-B.

[21] P. Payment, E. Franco, Applied and Environmental Microbiology 59 (1993)
2418-2424.

[22] J. Wu, S.C. Long, D. Das, S.M. Dorner, Journal of Water and Health 9 (2011)
265-278, http://dx.doi.org/10.2166/wh.2011.117.

[23] F. Lucena, ]. Jofre, in: P.M. Sabour, M.W. Griffiths (Eds.), Bacteriophages in the
Control of Food- and Waterborne Pathogens, ASM Press, Washington DC, 2010,
pp. 103-118.

[24] Anonymous, ISO 10705-2. Detection and Enumeration of Bacteriophages. Part
2. Enumeration of Somatic Coliphages, 2000.

[25] Anonymous, ISO 10705-2. Detection and Enumeration of Bacteriophages. Part
2. Enumeration of Somatic Coliphages, 1995.

[26] C. Navntoft, E. Ubomba-Jaswa, K. McGuigan, P. Fernandez-Ibafiez, Journal of
Photochemistry and Photobiology B: Biology 93 (2008) 155-161.

[27] O.A.McLoughlin, P.F.Ibafiez, W. Gernjak, S.M. Rodriiguez, L.W. Gill, Solar Energy
77 (2004) 625-633, http://dx.doi.org/10.1016/j.solener.2004.05.017.

[28] P. Fernandez-Ibaiiez, C. Sichel, M.I. Polo-Lépez, M. de Cara-Garcia, J.C. Tello,
Catalysis Today 144 (2009) 62-68, http://dx.doi.org/10.1016/j.cattod.2009.
01.039.

[29] M.I. Polo-Lépez, P. Ferniandez-lbafiez, E. Ubomba-Jaswa, C. Navntoft, I
Garcia-Fernandez, P.S.M. Dunlop, M. Schmid, J.A. Byrne, K.G. McGuigan, Jour-
nal of Hazardous Materials 196 (2011) 16-21, http://dx.doi.org/10.1016/
jjhazmat.2011.08.052.

[30] M. Wegelin, S. Canonica, K. Mechsner, T. Fleischmann, F. Pesaro, A. Metzler,
Journal of Water Supply: Research and Technology - AQUA 43 (1994) 154-169.

[31] T.M. Joyce, K.G. McGuigan, M. Elmore-Meegan, R.M. Conroy, Applied and Envi-
ronmental Microbiology 62 (1996) 399-402.

[32] L. Mocé-Llivina, M. Muniesa, H. Pimenta-Vale, F. Lucena, ]. Jofre, Applied
and Environmental Microbiology 69 (2003) 1452-1456, http://dx.doi.
org/10.1128/AEM.69.3.1452-1456.2003.

[33] M.D. Aitken, M.D. Sobsey, KE. Blauth, M. Shehee, P.L. Crunk, G.W.
Walters, Environmental Science & Technology 39 (2005) 5804-5809,
http://dx.doi.org/10.1021/es048004h.

[34] M. Berney, H. Weilenmann, J. lhssen, C. Bassin, T. Egli, Applied and
Environmental Microbiology 72 (2006) 2586-2593, http://dx.doi.org/10.
1128/AEM.72.4.2586-2593.2006.

[35] K.G. McGuigan, T.M. Joyce, RM. Conroy, J].B. Gillespie, M. Elmore-
Meegan, Journal of Applied Microbiology 84 (1998) 1138-1148,
http://dx.doi.org/10.1046/j.1365-2672.1998.00455.X.

[36] E. Ubomba-Jaswa, C. Navntoft, M. Polo-Lépez, P. Fernandez-Ibaiiez, K.G.
McGuigan, Journal of Photochemistry and Photobiology B: Biology 85 (2009)
1028-1037.

[37] RH. Reed, Letters in Applied Microbiology 24 (1997) 276-280,
http://dx.doi.org/10.1046/j.1472-765X.1997.00130.x.

[38] B. Sommer, A. Marifio, Y. Solarte, M. Salas, C. Dierolf, C. Valiente, D. Mora, R.
Rechsteiner, P. Setter, W. Wirojanagud, H. Ajarmeh, A. Al-Hassan, M. Wegelin,
Journal of Water Supply: Research and Technology - AQUA 4 (1997) 127-137.

[39] RH. Reed, S.K. Mani, V. Meyer, Letters in Applied Microbiology 30 (2000)
432-436, http://dx.doi.org/10.1046/j.1472-765x.2000.00741.X.

[40] M. Boyle, C. Sichel, P. Fernandez-Ibafez, G.B. Arias-Quiroz, M. Iriarte-Pufa, A.
Mercado, E. Ubomba-Jaswa, K.G. McGuigan, Applied and Environmental Micro-
biology 74 (2008) 2997-3001, http://dx.doi.org/10.1128/AEM.02415-07.

[41] J.C. Chang, S.F. Ossoff, D.C. Lobe, M.H. Dorfman, C.M. Dumais, R.G. Qualls, ].D.
Johnson, Applied and Environmental Microbiology 49 (1985) 1361-1365.

[42] LF. Caslake, DJ. Connolly, V. Menon, CM. Duncanson, R. Rojas, ].
Tavakoli, Applied and Environmental Microbiology 70 (2004) 1145-1151,
http://dx.doi.org/10.1128/AEM.70.2.1145-1150.2004.

[43] A.Rincén, C. Pulgarin, Applied Catalysis B: Environmental 63 (2006) 222-231,
http://dx.doi.org/10.1016/j.apcatb.2005.10.009.

[44] M.Fisher, C.Keenan, K. Nelson, B. Voelker, Journal of Water and Health 6 (2008)
35-53.

[45] D.L. Pardieck, EJ. Bouwer, A.T. Stone, Journal of Contaminant Hydrology 9
(1992) 221-242, http://dx.doi.org/10.1016/0169-7722(92)90006-Z.

[46] P.Hartman, A. Eisenstark, Journal of Bacteriology 133 (1978) 769-774.

[47] C.E.Bayliss, W.M. Waites, Journal of Applied Microbiology 48 (1980) 417-422,
http://dx.doi.org/10.1111/j.1365-2672.1980.tb01030.x.

[48] D.W.M. Gardner, G.Shama, Journal of Applied Microbiology 84 (1998) 633-641,
http://dx.doi.org/10.1046/j.1365-2672.1998.00391.X.

[49] HN. Ananthaswamy, P.S. Hartman, A. Eisenstark, Journal of Pho-
tochemistry and Photobiology B: Biology 29 (1979) 53-56,
http://dx.doi.org/10.1111/j.1751-1097.1979.tb09259.x.

[50] H. Mamane, H. Shemer, K. Linden, Journal of Hazardous Materials 146 (2007)
479-486.

[51] M. Cho, H. Chung, W. Choi, ]. Yoon, Applied and Environmental Microbiology
71 (2005) 270-275, http://dx.doi.org/10.1128/AEM.71.1.270-275.2005.

[52] D. Misstear, L.W. Gill, Journal of Photochemistry and Photobiology B: Biology
107 (2012) 1-8.

[53] P.S.M. Dunlop, T.A. McMurray, J.W.. Hamilton, ]J.A. Byrne, Journal of
Photochemistry and Photobiology A: Chemistry 196 (2008) 113-119,
http://dx.doi.org/10.1016/j.jphotochem.2007.11.024.


http://www.who.int/healthinfo/global_burden_disease/en/
http://www.who.int/healthinfo/global_burden_disease/en/
http://hdr.undp.org/en/reports/global/hdr2006/
dx.doi.org/10.1016/S0043-1354(02)00458-X
dx.doi.org/10.1016/S0043-1354(02)00458-X
dx.doi.org/10.1002/jctb.1873
dx.doi.org/10.1016/j.cattod.2009.06.018
dx.doi.org/10.1016/j.jhazmat.2012.07.053
dx.doi.org/10.1016/j.watres.2009.01.017
dx.doi.org/10.1016/j.apcatb.2003.11.013
dx.doi.org/10.1016/j.cattod.2007.01.028
dx.doi.org/10.1016/j.cattod.2007.01.028
dx.doi.org/10.1016/j.watres.2004.11.023
dx.doi.org/10.1016/j.cattod.2007.06.061
dx.doi.org/10.1016/j.chemosphere.2009.12.001
dx.doi.org/10.1016/0043-1354(91)90126-B
dx.doi.org/10.2166/wh.2011.117
dx.doi.org/10.1016/j.solener.2004.05.017
dx.doi.org/10.1016/j.cattod.2009.01.039
dx.doi.org/10.1016/j.cattod.2009.01.039
dx.doi.org/10.1016/j.jhazmat.2011.08.052
dx.doi.org/10.1016/j.jhazmat.2011.08.052
dx.doi.org/10.1128/AEM.69.3.1452-1456.2003
dx.doi.org/10.1128/AEM.69.3.1452-1456.2003
dx.doi.org/10.1021/es048004h
dx.doi.org/10.1128/AEM.72.4.2586-2593.2006
dx.doi.org/10.1128/AEM.72.4.2586-2593.2006
dx.doi.org/10.1046/j.1365-2672.1998.00455.x
dx.doi.org/10.1046/j.1472-765X.1997.00130.x
dx.doi.org/10.1046/j.1472-765x.2000.00741.x
dx.doi.org/10.1128/AEM.02415-07
dx.doi.org/10.1128/AEM.70.2.1145-1150.2004
dx.doi.org/10.1016/j.apcatb.2005.10.009
dx.doi.org/10.1016/0169-7722(92)90006-Z
dx.doi.org/10.1111/j.1365-2672.1980.tb01030.x
dx.doi.org/10.1046/j.1365-2672.1998.00391.x
dx.doi.org/10.1111/j.1751-1097.1979.tb09259.x
dx.doi.org/10.1128/AEM.71.1.270-275.2005
dx.doi.org/10.1016/j.jphotochem.2007.11.024

350 M. Agullé-Barcelé et al. / Applied Catalysis B: Environmental 136-137 (2013) 341-350

[54] J.C. Sjogren, R.A. Sierka, Applied and Environmental Microbiology 60 (1994)
344-347.

[55] RJ. Watts, S. Kong, M.P. Orr, G.C. Miller, B.E. Henry, Water Research 29 (1995)
95-100, http://dx.doi.org/10.1016/0043-1354(94)E0122-M.

[56] C. Wei, W. Lin, Z. Zainal, N. Williams, K. Zhu, A. Kruzic, R. Smith, K. Rajesh-
war, Environmental Science & Technology 28 (1994) 934, http://dx.doi.
org/10.1021/es00054a027.

[57] K. Sunada, Y. Kikuchi, K. Hashimoto, A. Fujishima, Environmental Science &
Technology 32 (1998) 726, http://dx.doi.org/10.1021/es9708600.

[58] LH. Cho, L.Y. Moon, M.H. Chung, H.K. Lee, K.D. Zoh, Water Science and Technol-
ogy 2(2002) 181-190.

[59] FEM. Salih, Journal of Applied Microbiology 92 (2002) 920-926,
http://dx.doi.org/10.1046/j.1365-2672.2002.01601.x.

[60] D. Gumy, C. Morais, P. Bowen, C. Pulgarin, S. Giraldo, R. Hajdu, J. Kiwi,
Applied Catalysis B: Environmental 63 (2006) 76-84, http://dx.doi.org/
10.1016/j.apcatb.2005.09.013.

[61] J. Nieto-Juarez, K. Pierzchla, A. Sienkiewics, T. Kohn, Environmental Science &
Technology (2010) 3351, http://dx.doi.org/10.1021/es903739f.

[62] L.A. Carson, M.S. Favero, W.W. Bond, N.J. Petersen, Applied Microbiology 23
(1972) 863-869.

[63] F.D.Dryden, C. Chen, M.W. Selna, Journal (Water Pollution Control Federation)
51(1979) 2098-2109.

[64] E.M. Aieta, ].D. Berg, P.V. Roberts, R.C. Cooper, Journal (Water Pollution Control
Federation) (1980) 810-822.

[65] J.D. Berg, A. Matin, P.V. Roberts, Applied and Environmental Microbiology 44
(1982) 814-819.

[66] J.A. Tree, M.R. Adams, D.N. Lees, Applied and Environmental Microbiology 69
(2003) 2038-2043, http://dx.doi.org/10.1128/AEM.69.4.2038-2043.2003.

[67] WHO, Guidelines for the Safe Use of Wastewaters, Excreta and Greywater,
World Health Organization, 2006.

[68] USEPA, Guidelines for Water Reuse EPA/624/R-04/108, Office of Water, U.S.
Environmental Protection Agency, Washington, DC, 2004.

[69] Real Decreto 1620/2007, de 7 de diciembre, por el que se establece el rég-
imen juridico de la reutilizacién de las aguas depuradas, BOE n° 294, 2007,
http://www.boe.es/boe/dias/2003/02/21/pdfs/A07228-07245.pdf (13.11.12).

[70] F. Méndez-Hermida, J.A. Castro-Hermida, E. Ares-Mazas, S.C. Kehoe, K.G.
McGuigan, Applied and Environmental Microbiology 71 (2005) 1653-1654,
http://dx.doi.org/10.1128/AEM.71.3.1653-1654.2005.

[71] H.Ryu, D. Gerrity, J.C. Crittenden, M. Abbaszadegan, Water Research 42 (2008)
1523-1530, http://dx.doi.org/10.1016/j.watres.2007.10.037.

[72] O. Sunnotel, R. Verdoold, M. Dunlop, W. Snelling, J. Lowery, ]. Dooley, ]. More,
J. Bryne, Journal of Water and Health 8 (2010) 83-91.

[73] M. Montemayor, B. Galofré, F. Ribas, F. Lucena, Cytometry Part A 71A (2007)
163-1609, http://dx.doi.org/10.1002/cyto.a.20373.

[74] M. Montemayor, A. Costan, F. Lucena, ]. Jofre, J. Mufioz, E. Dalmau, R. Mujeriego,
L. Sala, Water Science and Technology 57 (2008) 935-940.

[75] M. Agullé-Barceld, R. Casas-Mangas, F. Lucena, Journal of Water and Health 10
(2012) 539-548, http://dx.doi.org/10.2166/wh.2012.082.


dx.doi.org/10.1016/0043-1354(94)E0122-M
dx.doi.org/10.1021/es00054a027
dx.doi.org/10.1021/es00054a027
dx.doi.org/10.1021/es970860o
dx.doi.org/10.1046/j.1365-2672.2002.01601.x
dx.doi.org/10.1016/j.apcatb.2005.09.013
dx.doi.org/10.1016/j.apcatb.2005.09.013
dx.doi.org/10.1021/es903739f
dx.doi.org/10.1128/AEM.69.4.2038-2043.2003
http://www.boe.es/boe/dias/2003/02/21/pdfs/A07228-07245.pdf
dx.doi.org/10.1128/AEM.71.3.1653-1654.2005
dx.doi.org/10.1016/j.watres.2007.10.037
dx.doi.org/10.1002/cyto.a.20373
dx.doi.org/10.2166/wh.2012.082

	Solar Advanced Oxidation Processes as disinfection tertiary treatments for real wastewater: Implications for water reclama...
	1 Introduction
	2 Materials and methods
	2.1 Collection of Municipal Wastewater Treatment Plant samples
	2.2 Indicator detection and quantification
	2.3 Solar CPC photo-reactors
	2.4 Solar experiments
	2.5 Reagents
	2.6 Solar radiation
	2.7 Kinetics evaluation

	3 Results and discussion
	3.1 Inactivation of microbial indicators by solar photo-inactivation
	3.2 Inactivation of microbial indicators by H2O2/Solar
	3.3 Inactivation of microbial indicators by heterogeneous photocatalysis with TiO2
	3.4 Inactivation of microbial indicators by solar photo-Fenton
	3.5 Photo oxidation effects on microbial inactivation
	3.6 Applicability of photo-oxidation treatments in water reclamation

	4 Conclusions
	Acknowledgements
	References


