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Abstract

Purpose Need, coupled with advances in water treatment

technology, is motivating a growing interest in augmenting

drinking water supplies with reclaimed water. Using

reclaimed water to increase the flow of the Llobregat River

upstream the water catchment site of the complex multi-

step drinking water treatment plant of Sant Joan Despí has

been considered. The impact of reclaimed water discharges

on the load of E. coli, spores of sulphite-reducing clostridia,

somatic coliphages, cytopathogenic enteroviruses, and total

and infectious Cryptosporidium oocysts in the Llobregat

River water was assessed to gain information for funded

decisions in potential future emergencies.

Methods Enterovirus and Cryptosporidium oocysts were

concentrated from great water volumes prior to enumera-

tion, whereas indicators were enumerated directly from the

samples. Both indicators and pathogens were enumerated

by cultural techniques that determine infectious microbes.

Results and discussion Densities of both indicators and

pathogens in reclaimed water, despite that it was disinfected

by UV irradiation alone or by UV irradiation plus

chlorination, were significantly lower than their densities

in the river water, both upstream and downstream the

reclaimed water release site in the river.

Conclusion Results gathered indicate that discharging

reclaimed water into the river does not increment the load

of indicators and pathogens of the river water. Then, in

emergency situations due to severe water shortages after

prolonged droughts, at least from the infectious diseases

point of view, the risks of augmenting drinking water

supplies with reclaimed water can be satisfactorily and

safely managed.

Keywords Indicators . Pathogens . Reclaimed water .

Drinking water sources

1 Introduction

Need, coupled with advances in water treatment technology, is

motivating a growing interest in augmenting drinking water

supplies with reclaimed water. Regarding health risks linked

to indirect reuse of reclaimed water as potable water, the

National Research Council of the USA National Academies

(US National Research Council 1998) and the Australian

National Water Commission (Australian Government 2007)

concluded that reclaimed wastewater can be used to

supplement drinking water sources but only as a last resort

and after a thorough health and safety evaluation, which,

regarding microbial contamination, means testing for viruses

and protozoa in addition to testing for the traditional

bacterial indicators. But, none of these reports are precise

on which viruses or protozoa have to be studied.

Cytopathogenic enteroviruses, defined as those viruses

infecting buffalo green monkey (BGM) cells, and Crypto-

sporidium seem good candidates for this purpose for

several reasons. Both have been included as parameters to

be determined in different water quality regulations

(USEPA 2003, 2004; European Economic Commission

1976; DWI 1999). Moreover, for the purpose of assessing

the quality of reclaimed water, it is essential to test for still

infectious viruses and protozoa, and both cytopathogenic
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enteroviruses and Cryptosporidium can be detected in water

through feasible methods based on cell culture (USEPA

1995; Slifko et al. 1997). Additionally, alternative methods

for testing virus and protozoa are testing indicators other

than the traditional bacterial ones. Bacteriophages of enteric

bacteria, mostly coliphages, had been advocated as indica-

tors of human viruses (IAWPRC Study Group 1991;

Lucena and Jofre 2010) and as such, are included in some

water quality regulations (USEPA 2006; Anonymous 2001;

State of Queensland EPA 2005). Spores of sulphite-

reducing clostridia have also been advocated as indicators

of Cryptosporidium (Payment and Franco 1993).

During a drinking water sources crisis, due to a severe

drought that occurred in 2008, the water authority manag-

ing water resources in the area of Barcelona considered

augmenting drinking water supplies with reclaimed water.

To know the possible environmental, health, and water

quality effects of such water reuse, an experiment consist-

ing in introducing reclaimed water in the river upstream of

the potabilization plant was performed in October 2009.

The climatic and geographic scenarios of such experiment

are described in detail in Munné et al. (2011). The present

work provides an overview of occurrence and levels of

microbial indicators and pathogens in reclaimed water, in

receiving river water, and in river water upstream and

downstream from the point where reclaimed water is

delivered into the Llobregat River which is used as drinking

water source. Indicators studied were E. coli, spores of

sulphite-reducing clostridia and somatic coliphages, and the

pathogens were cytopathogenic enteroviruses and total and

infectious Cryptosporidium oocysts.

2 Materials and methods

2.1 Study site and description of the experiment

The study site and the conditions under which the experiment

of releasing reclaimed water into the Llobregat River is

described in detail in Munné et al. (2011). For the microbiol-

ogy study, two types of reclaimed water were studied: one set

of samples was reclaimed water disinfected by UV irradiation

and chlorination and the other set only by UV irradiation.

2.2 Samples and sampling

Four types of samples were taken for the microbiological

analysis: (1) reclaimed water delivered by the treatment plant

(RW1 samples); (2) reclaimed water discharged in the river

after transport upstream through a 15.6-km long pipe (RW2

samples); (3) river water 0.2 km upstream of reclaimed water

release (R0 samples); (4) river water at the catchment site of

the Sant Joan Despí Drinking Water Treatment Plant

(SJDDWTP), about 6 km downstream from where reclaimed

water was discharged into the river (R2 samples). RW1 and

RW2 samples were of two types—ones disinfected by UV

irradiation plus chlorination and the others disinfected only by

UV irradiation. Sampling of RW1 and RW2 samples was

coordinated as follows: When an RW1 sample was collected,

the corresponding RW2 sample was collected after the time

estimated for the transport through the pipe. This coordination

allowed determining the effect of transport in the concen-

trations numbers of indicators. The 18 RW1 and RW2 samples

were collected in three sets of six samples, each set

corresponding to a day in which one of the proportions of

mixture of reclaimed water/river water (1:1; 1:2 and 1:3) was

applied; see Munné et al. (2011).

RW1 samples, R0 and R2, were tested for indicators

and pathogens, whereas RW2 samples were tested only

for indicators.

The sampling campaign was carried out in during

November 2009. Samples were collected in sterile containers,

transported to the laboratory at 4°C, and the indicators tested

in within 12 h. Testing for enteroviruses and Cryptosporidium

required previous concentration. Samples of 50 and 100 l

were concentrated in the sampling points, whereas 1 l

samples were transported to the laboratory and concentrated

upon arrival.

2.3 Concentration of enteroviruses

Viruses in reclaimed water delivered by the treatment plant

(RW1 samples) were concentrated by adsorption to and

elution from positive charged cartridge filters MK-100

(AMF Corp., CUNO, Meriden, CT, USA). For it, 100 l

were filtered through MK cartridges. Viruses were eluted

with 0.25 M glycine buffer solution at pH 10.5 during

25 min. A secondary concentration step was done by

organic flocculation, adding 3% of beef extract (BBL-

Becton Dickinson, Sparks, MD, USA) and adjusting the pH

to 3.5 as described by Katzenelson et al. (1976).

Viruses in 1 l of river water (R0 and R2 samples) were

concentrated by organic flocculation, adding 3% of beef extract

(BBL-Becton Dickinson, Sparks, MD, USA) and adjusting the

pH to 3.5 as described by Katzenelson et al. (1976).

Prior to infection of the BGM cells, the concentrates

were decontaminated and detoxified by filtration through

0.22 mm pore size low protein binding polyether sulphone

membrane filters (Millipore, Bedford, MA).

2.4 Concentration of Cryptosporidium oocysts

Cryptosporidium oocysts in 100 l of reclaimed water

samples (RW1 samples) were concentrated using

Envirochek-sampling capsules (Pall Gelman Laboratory,

Ann Arbor, MI) according to Method 1623 (USEPA 1999).

Environ Sci Pollut Res (2012) 19:1026–1032 1027



Cryptosporidium oocysts in 1 l of river water samples

(R0 and R2 samples) were concentrated by filtration as

described by Shepherd and Wyn-Jones (1995), with some

modifications detailed in Montemayor et al. (2005).

Concentrated Cryptosporidium oocysts were purified

by immunomagnetic separation with a Dynabeads Anti-

Cryptosporidium kit (Dynal, A.S., Oslo, Norway; Bukhari

et al. 1998). After the dissociation step, the sample was

homogenized and divided in two equal subsamples, one

for the total oocysts detection and the other for the

infectivity assay.

2.5 Quantification of bacterial and viral indicators

Escherichia coli and total coliforms were enumerated by

membrane filtration. E. coli was plated on Chromocult®

Coliform Agar (Merck KGaA, Germany) supplemented

with antibiotics (E. coli/coliform selective supplement;

Merck KGaA, Germany; ref 1.00898.0001), and total

coliforms were plated on mFC Agar (DifcoTM, Detroit,

MI). Spores of sulphite-reducing clostridia were determined

according to Bufton (1959). Somatic coliphages were

quantified by enumerating plaque forming units (PFUs)

on host strain WG5 of E. coli according to the ISO standard

method (ISO 2000).

2.6 Quantification of cytopathogenic enteroviruses

Buffalo green monkey kidney cell line (ECAAC 90092601)

was used for the enumeration of cytopathogenic enterovi-

ruses. The method used for determination of PFUs was the

double-layer plaque assay for Mocé-Llivina et al. (2004).

2.7 Quantification of Cryptosporidium

Detection of oocysts was performed by laser scanning

cytometry and previous staining, with specific fluorescent

antibodies (EStain-c400, TSC Biosciences) as described in

Montemayor et al. (2005).

Infectious Cryptosporidium oocysts were enumerated

according to the method described by Slifko et al. (1997).

Briefly, HCT-8 competent cells were infected with the

oocyst suspensions and, after 48 h incubation at 37°C, the

infected cells were stained with specific fluorescent anti-

bodies (EStain-c400, TSC Biosciences). Results are then

given in fluorescent foci (FF).

2.8 Data treatment and statistical analysis

Data below the detection limit were given the value of the

detection limit value for each one of the parameters analyzed.

Student’s t test was performed in order to determine the

significance of the differences between the series of results

with the Statistical Package for Social Science (Anonymous

1999). Differences were considered significant at P<0.05.

3 Results and discussion

3.1 Indicators and pathogens in reclaimed water

Figures 1 and 2 display the values in log10 units per 100 ml

of the densities of E. coli, spores of sulphite-reducing

Fig. 1 Log10 values of the concentrations of indicators (mean values

and 95% confidence levels) in reclaimed water (RW1 samples) and

transported reclaimed water (RW2) when reclamation treatment includ-

ed UV irradiation plus chlorination. Values are CFU (E. coli and SSRC)

and PFU (somatic coliphages) per 100 ml. ECOLI is E. coli; SSRC are

spores of sulphite-reducing clostridia; SOMCPH is somatic coliphages

Fig. 2 Log10 values of the concentrations of indicators (mean values and

95% confidence levels) in reclaimed water (RW1 samples) and trans-

ported reclaimed water (RW2) when reclamation treatment included only

UV irradiation, but not chlorination. Values are CFU (E. coli and SSRC)

and PFU (somatic coliphages) per 100 ml. ECOLI is E. coli; SSRC are

spores of sulphite-reducing clostridia; SOMCPH are somatic coliphages
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clostridia (SSRC), and somatic coliphages in reclaimed

water (RW1 samples). Densities of E. coli and somatic

coliphages were always below the detection limit (2 CFU

and 10 PFU per 100 ml, respectively) when the water was

UV irradiated and chlorinated. In contrast, quantifiable

densities of SSRC were detected, with maximum values of

55 UFC per 100 ml. In contrast, the three indicators in

water that was only UV irradiated could be quantified,

with values averaging 6.5 CFU per 100 ml for E. coli

and 20 PFU per 100 ml for somatic coliphages. Numbers

of E. coli and somatic coliphages in reclaimed water that

was only UV irradiated were significantly higher

(Student’s t test, P<0.05) than those in UV irradiated and

chlorinated water. In contrast, values of SSRC did not

differ significantly (Student’s t test, P>0.05). The water

reclamation facility operates usually to produce reclaimed

water for irrigation. Under routine operation, disinfection

is carried out as for the RW1 samples. In a routine survey

performed every 15 days during 2009 and 2010, the range

of values (average, maximum, and minimum values) of E.

coli, SSRC, and somatic coliphages was similar to the

range of values reported here. Hence, we can additionally

conclude that the operation of the water reclamation plant

is quite reliable.

The values of pathogen densities in RW1 samples are

shown in Table 1. Independently of the treatment received,

this is UV irradiation plus chlorination versus UV irradia-

tion alone, neither cytopathogenic enteroviruses nor infec-

tious Cryptosporidium were detected over the detection

limits, which were 0.01 PFU per liter and 0.02 FF per liter,

respectively. This is not surprising, taking into consider-

ation the numbers of enteroviruses and Cryptosporidium

found in raw sewage in the area (Montemayor et al. 2005;

Costan-Longares et al. 2008) and that the reclamation

process includes a secondary treatment, followed by sand

filtration prior to disinfection. Non-infectious Cryptospo-

ridium oocysts were still detected in the reclaimed water

samples (RW1), yet at very low levels. However, all

positive values were lower than one oocyst per 10 l that

is the value required for drinking water by the only drinking

water quality regulation that includes Cryptosporidium

(DWI 1999). In any case, it is well known that most

disinfection procedures, which do not include filtration as is

the case of chlorination and UV irradiation, do not

substantially reduce oocysts when these are detected as

physical particles after staining either with fluorescent

specific antibodies or with vital dyes (Black et al. 1996;

Montemayor et al. 2008).

3.2 Indicators in reclaimed water after transport

Figures 1 and 2 also display the values in log10 units of the

densities of E. coli, spores of sulphite-reducing clostridia

(SSRC) and somatic coliphages in reclaimed water after

circulating into the pipe from the reclamation facility to the

point of delivery into the Llobregat River (RW2 samples).

There were no significant (Student’s t test, P>0.05) differ-

ences between the values of RW1 and RW2 samples when

the transported water was only UV irradiated. However,

when the water was UV irradiated and chlorinated, the

densities of SSRC were significantly lower (Student’s t test,

P<0.05) in RW2 samples. This reduction in numbers is

Pathogen Treatment

received

Number of

samples

Min. value Max. value Arith. mean

Enteroviruses UV+Cl 3 <0.01 <0.01 <0.01

Enteroviruses UV 3 <0.01 <0.01 <0.01

Cryptosporidium oocysts UV+Cl 3 <0.02 <0.02 <0.02

Cryptosporidium oocysts UV 3 <0.02 0.04 <0.03

Infectious Cryptosporidium UV+Cl 3 <0.02 <0.02 <0.02

Infectious Cryptosporidium UV 3 <0.02 <0.02 <0.02

Table 1 Pathogens in reclaimed

water (RW1 samples)

Enteroviruses are expressed as

PFU per liter and infectious

Cryptosporidium as FF per liter

Fig. 3 Log10 values of the concentrations of indicators (mean values

and 95% confidence levels) in the Llobregat River upstream (R0

samples) and downstream (R2 samples) the point of discharge of

reclaimed water. Values are CFU (E. coli and SSRC) and PFU

(somatic coliphages) per 100 ml. ECOLI is E. coli; SSRC are spores of

sulphite-reducing clostridia; SOMCPH are somatic coliphages
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likely due to the effect of residual chlorine or by the presence

in the water of by-products of chlorination as for example

chloramines (Rebhun et al. 1997). This effect, if existing,

could not be detected with either E. coli or somatic

coliphages, since their densities were below the detection

limit in both RW1 and RW2 samples.

The similarity of densities prior to and post-transport

when the water was only UV irradiated seems to discard

the occurrence of dark reactivation, which occurs in

bacteria (Zimmer and Slawson 2002) and protozoa (Shin

et al. 2001) after UV irradiation, though this phenomenon

seems not to be significant when medium- or high-

pressure UV lamps are used to irradiate (Hijnen et al.

2006). It can then also be expected that the densities of

pathogens do not vary after transport through the 15.6-km

long pipe.

3.3 Indicators and pathogens in river water

A comparison of geometric means of E. coli, SSRC, and

somatic coliphages sampled in sampling points R0 and R2

are displayed in Fig. 3. The densities of the three indicators

in river water in point R0, which has not yet been impacted

by the delivery of reclaimed water, were significantly

higher (Student’s t test, P<0.05) than those in reclaimed

water (Figs. 1 and 2). The lowest value of each one of the

indicators detected in the river upstream release was higher

than the highest value detected in reclaimed water samples

(RW1 and RW2; Table 3). The densities, as well, after the

mixture of river water with reclaimed water (R2) were

slightly lower than those before the mixture (R0). The

differences, though small, were significant (Student’s t test,

P<0.05). Then, it can be concluded that, if release of

reclaimed water has some effect on the concentration of

indicators in the river, this is a decrease. This is due to the

fact of the numbers in the reclaimed water being lower than

those in the river water; the addition of reclaimed water to

the river causes a dilution of indicators in the mixture. In

contrast, the numbers of indicators in R2 do not differ

significantly (Student’s t test, P>0.05) among them in terms

of the proportion of the mixture of river and reclaimed

water in the river in the day of sampling. Consequently, the

delivery of reclaimed water does not worsen the microbi-

ological quality of the Llobregat River water.

Pathogens were consistently found in the river water as

well. Their densities in points R0 and R2 are shown in

Table 2. The numbers of enteroviruses, oocysts of Crypto-

sporidium, and infectious Cryptosporidium in river water in

R0 and R2 samples are significantly higher (Student’s t test,

P<0.01) than their numbers in reclaimed water (RW2). In

contrast, numbers are similar upstream and downstream

reception of reclaimed water (Student’s t test, P>0.05). If

there was any difference, as noticed for the indicators, this

may be masked by the uncertainty of the numbers of

pathogens detected because of the inherent uncertainty of

all kind of measurements with low numbers of counts

(Kraft et al. 1991; Clough et al. 2005) and the uncertainty

introduced by the two-step detection procedure. As in the

case of indicators, a decrease is to be expected due to the

fact that the numbers in reclaimed water are lower than

those in river water; therefore, the addition of reclaimed

water causes the dilution of pathogens.

Table 3 summarizes the average, maximum, and mini-

mum numbers of indicators in reclaimed water released in

the river and river water samples prior to disposal of

reclaimed water and clearly shows that the disposal of

reclaimed water in the river does not impair the microbi-

Table 3 Summary of average, maximum, and minimum values (in

log10 units per 100 ml) of indicators in reclaimed water released in the

river (RW1+RW2) and river water samples upstream (R0) and

downstream (R2) the point of release of reclaimed water

R0 average

(min–max)

RW1+RW2

average (min–max)

R2 average

(min–max)

Number of samples 18 36 18

E. coli 2.7 (2.3–3.2) 0.8 (0.3–2.1) 2.4 (2.0–2.6)

SSRC 3.1 (3.0–3.3) 1.3 (0.6–2.3) 3.0 (2.9–3.3)

SOMCPH 3.8 (3.6–4.0) 1.3 (1.0–2.5) 3.6 (3.2–3.9)

Pathogen Sample Number of

samples

% Positive

samples

Min. value Max value Arith. mean

Enteroviruses R0 6 66.6 <1 4 <2.0

Enteroviruses R2 6 66.6 <1 5 <2.5

Cryptosporidium

oocysts

R0 6 66.6. <0.7 2.7 <1.2

Cryptosporidium

oocysts

R2 6 66.6 <0.7 2.0 <1.3

Infectious

Cryptosporidium

R0 6 33.3 <0.07 1.4 <0.8

Infectious

Cryptosporidium

R2 6 33.3 <0.07 0.7 <0.7

Table 2 Pathogens in river water

samples, upstream (R0) and

downstream (R2) the point of

reclaimed water release into the

river (RW2)

Enteroviruses are expressed as

PFU per liter and infectious

Cryptosporidium as FF per liter
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ological quality of the river water used as source water by

the multi-step SJDDWTP. Since this facility can satisfacto-

rily reduce the load of the pathogens and indicators studied

herein and those present in the Llobregat River water in

order to obtain drinking microbiologically safe water (Ribas

et al. 1996, 2000; Jofre et al. 1995), we can conclude that

augmenting Llobregat River flow with reclaimed water

does not suppose health risks with regards to water-borne

infectious diseases.

4 Conclusions

During the study period, densities of both indicators and

pathogens in reclaimed water were significantly lower than

their concentrations in the river water, both upstream and

downstream the reclaimed water release site in the river; if

there is any effect of releasing reclaimed water in the river,

this is an improvement of the microbiological quality of the

river water to be used as drinking water source. The

addition of reclaimed water to the Llobregat River does not

suppose an increase of the concentrations of indicators and

pathogens with regard those already present in the river and

consequently, does not add additional stress to the drinking

water treatment facility. Then, in severe water shortages

after prolonged droughts, at least, from the infectious

diseases point of view, the health risks due to water-borne

pathogens linked to augmenting drinking water supplies

with reclaimed water can be satisfactorily and safely

managed in the scenario studied.
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Abstract With the widespread use of reclaimed water all

over the world, there is a clear need to optimise its manage-

ment in order to guarantee water safety. Model microorgan-

isms (with either indicator or index function) are commonly

used to assess risks related to the presence of enteric patho-

gens in water. Samples from five water reclamation plants

located in Northeastern Spain were analysed to validate the

use of three model microorganisms (Escherichia coli, so-

matic coliphages and spores of sulphite-reducing clostridia)

as surrogates of Cryptosporidium total or infectious oocysts

(TOO and IOO, respectively) in reclaimed water. Probabil-

ity plots, simple and multiple linear regression and discrim-

inant analyses were performed to assess their relationships.

Results show that the detection of E. coli alone is not useful

to model either the behaviour or concentrations of Crypto-

sporidium. However, discriminant analyses showed a high

rate of correctly classified samples (91.9 %) when

E. coli and somatic coliphages data were used together

to predict the presence/absence of IOO. Spores of sulphite-

reducing clostridia (SRC) showed parallel reduction patterns

and high correlation values (r00.76) with reductions in TOO.

Furthermore, simple regression analyses of SRC and TOO in

reclaimed water showed high correlation values (r00.85).

Therefore, at the treatment plants studied, SRC can be con-

sidered to have good indicator and index functions for TOO.

From the point of view of health protection, the use of SRC

together with E. coli (which is mandatory in the current

Spanish regulations) would satisfy the need for improved

reclaimed water management.

Keywords Cryptosporidium . Reclaimed water . Indicator .

Spores of sulphite-reducing clostridia . E. coli . Somatic

coliphages

Introduction

Water safety plans are a key instrument for the quality

control of drinking water, therefore, an equivalent system

for reclaimed water, would improve the control of tertiary

treatments and the quality of the final effluent. The wide-

spread use of reclaimed water for non-potable purposes (due

to permanent or periodic water scarcity) as well as the

unremitting trend towards planned or unplanned potable

reuse all over the world requires a much more reliable

system for monitoring water quality, since the presence of

enteric pathogens represents a health risk for users.

However, the detection of pathogens may face some diffi-

culties: concentrations of most pathogens are generally low,

even in non-treated wastewater; expensive and complicated

methods; and low recovery rates. As a consequence, even

standardised methods and molecular techniques are associated

with a high level of uncertainty (Jofre and Blanch 2010). The

use of model microorganisms (with index or indicator func-

tion) can overcome some of these disadvantages; and they

have been used for years to assess microbiological quality of

water and the functioning of water treatments (Lucena and
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Jofre 2010). In the last 20 years, alternative indicators such as

bacteriophages or spores of sulphite-reducing clostridia have

gained acceptance (Costán-Longares et al. 2008; Durán et al.

2003; Payment and Franco 1993). These microorganisms

meet more requirements of a good indicator (Medema et al.

2003) than the traditional ones; they are much more resistant

than Escherichia coli and in general allow a more efficient

monitoring of water treatments. Although the different persis-

tence of process indicators is used to monitor treatment effi-

ciencies, it has been reported that the main factors affecting

correlations between indicators and pathogens are the sample

size and the percentage of positive samples (Wu et al. 2011),

and that correlations between any pathogen and any indicator

are random, site specific or time specific (Payment and Locas

2011). Although it is known that no single indicator will

reflect exactly either the behaviour or the number of a given

pathogen, the study of their relationship is necessary to im-

prove reclaimed water management.

Cryptosporidium has been a reference pathogen in the

attempts to determine the relationship between pathogens and

indicators, and in fact it has been included in 17 % of the

studies performed in the last 40 years (Wu et al. 2011). Hence,

the rationale behind evaluating bacterial indicators for Cryp-

tosporidium is that: (1) health risks related toCryptosporidium

in reclaimed water (Gennaccaro et al. 2003), drinking water

(WHO 2009) and in recreational waters (Amburgey et al.

2012; Polgreen et al. 2012) have been well documented all

over the world; (2) there are no therapeutic measures or

vaccines due to inadequate understanding of its immunopa-

thogenesis in humans (Kothavade 2011) and (3) molecular

tools for assessing viability and infectivity of Crypto-

sporidium are still under developmental and validation stages

(Kothavade et al. 2012).

In Spain, regulations on the microbiological quality of

reclaimed water (RD 1620/2007 2007) consider the detec-

tion of a number of pathogens, but are based mainly on

E. coli as the indicator of faecal contamination, although it

has been described that it may not be useful to protect against

protozoan diseases (Harwood et al. 2005; IAWPRC Study

group on health related water microbiology 1991; Wu et al.

2011).

In this study we selected three model microorganisms as

possible surrogates of Cryptosporidium: first, E. coli, the

indicator mentioned in the Spanish regulations; second,

somatic coliphages; and third, spores of sulphite-reducing

clostridia. Both of the latter have been proposed as alter-

natives in previous studies (Costán-Longares et al. 2008;

Harwood et al. 2005; Payment and Franco 1993; Payment

and Locas 2011; Rubiano et al. 2011). The objective of the

study was to evaluate the use of these traditional and alter-

native faecal indicators to assess the presence of total and

infectious Cryptosporidium oocysts in reclaimed waters in

Catalonia, Northeastern Spain, in order to supply additional

information for stakeholders aiming to improve reclaimed

water safety and management.

Materials and methods

Water reclamation plants

Five water reclamation plants located in different areas of

Catalonia were selected for this study. All apply a biological

secondary treatment based on activated sludge and decanta-

tion. Tertiary treatments are mainly based on sand filtration

plus disinfection. All treatment plants use chlorination and

three of them also use UV irradiation.

Reclaimed water has various reuse purposes, such as

the irrigation of golf courses and public and private gar-

dens and other non-potable urban uses such as street

cleaning and fire fighting. All the treatment plants meet the

Spanish regulations on the specific reuse of reclaimed water

(RD 1620/2007 2007).

Sampling

Twenty-five samples of raw wastewater (RW), 32 samples

of secondary effluent (SE) and 42 samples of tertiary efflu-

ent (TE) were taken to determine the occurrence and levels

of model microorganisms and Cryptosporidium total and

infectious oocysts (TOO and IOO respectively). Water sam-

ples were taken in sterile containers under aseptic conditions

and a solution of 3 % thiosulphate was used to neutralise

chlorinated TE samples. Large volumes of TE for the anal-

ysis of Cryptosporidium were concentrated in situ using

filtrating capsules.

Samples were collected over 3 years (2008 to 2010) in

different sampling campaigns that took place either on a

monthly basis or in punctual samplings, depending on

the treatment plant. All samples were collected in the

morning (from 10 a.m. to 13 p.m.) and immediately

stored in a cool box on ice packs until the analysis.

Filtrating capsules for Cryptosporidium were also stored

in the cool box after concentration. For all microorgan-

isms, the analysis started upon arrival; within 6±2 h of

sampling collection.

Quantification of model microorganisms

E. coli (EC), somatic coliphages (SOMCPH) and spores of

sulphite-reducing clostridia (SRC) were selected as model

microorganisms. E. coli was quantified by membrane filtra-

tion using 47-mm cellulose acetate filters with a nominal

pore size of 0.45 μm (Millipore, Bedford, USA), and incu-

bated on Chromocult ® Coliform Agar with E. coli/coliform

Selective Supplement (Merck KGaA, Germany) for 20±4 h

Environ Sci Pollut Res



at 44 °C. SRC were cultured on SPS agar medium (Bufton

1959) for 24 h at 44 °C. SOMCPH were enumerated by the

double-agar-layer method following the ISO standard

10705–2 (Anonymous, 2000).

In tertiary effluents, the maximum volume analysed was

10 mL, therefore, the detection limit was 10 CFU or PFU/

100 mL for all the model microorganisms.

Quantification of Cryptosporidium

Cryptosporidium total and infectious oocysts were enumer-

ated as described in Montemayor et al. (2005) and modified

as described in Agulló-Barceló et al. (2012). Briefly, all

samples were sieved prior to concentration. RW and SE

samples were concentrated using membrane filtration

(Shepherd and Wyn-Jones 1995). Samples of TE were con-

centrated and eluted with Envirocheck ® Capsules following

USEPA 1623 (USEP 2005). Volumes ranged from 0.08 to

0.75 L for RW, from 0.32 to 2 L for SE and from 10 to 65 L

for TE samples. Oocyst purification was performed using

immunomagnetic separation (IMS) with the Dynabeads

Anti-Cryptosporidium kit (Dynal, A.S., Oslo, Norway) us-

ing a modified version of the manufacturer’s instructions

(Reynolds et al. 1999). After purification, the final volume

was divided into different tubes for the detection of TOO

and for the infectivity assay. Detection of TOO was per-

formed with one of the subsamples. Oocysts were stained

with EasyStain™ antibody following the manufacturer’s

instructions and were then examined with Laser Scanning

Cytometry (LSC). The infectivity assay was performed

with another subsample using a modified version of the

focus detection method described by Slifko et al. (1997).

Purified oocysts were used to infect HCT8 cell mono-

layers; samples were labelled with the A600FLR-20X

Sporo-Glo antibody and the C101 counterstain reagent

(WaterborneTM, Inc., New Orleans, LA) following the

manufacturer’s instructions.

The detection limit ranged from 0.015 to 0.1 oocysts

per litre in tertiary effluents. This limit depended on the

volume analysed which, in turn, depended on the sample

turbidity.

Statistical analyses

MiniTab ® 16.0 statistical software and Statgraphics Plus

5.1 were used to perform the following analyses: (1) de-

scriptive statistics; (2) simple and multiple linear regression

analyses and Pearson correlations to test for dependence

between model microorganisms and Cryptosporidium; (3)

discriminant analyses to establish whether any model micro-

organisms or any combination of them could predict the

presence/absence of IOO. Discriminant analyses were per-

formed with the quadratic model. Cross-validation method

was applied in order to evaluate the performance of the

discriminant rule.

For the descriptive statistics of the concentrations, all the

results were divided into three groups depending on the

origin of the water: raw wastewater, secondary effluent

and tertiary effluent. When values were under a specific

detection limit, this limit was used for the statistical analysis.

For the regression and correlation studies, as well as for the

discriminant analyses, only data from tertiary effluents were

used. In simple and multiple regression analyses, outliers

were detected and removed from the data on the basis of

large standardised values.

All the analyses were performed at a significance level of

0.05. Therefore, every statistically significant result has

a p value<0.05.

Results and discussion

Occurrence and levels of model microorganisms

and Cryptosporidium

Mean concentrations, percentage of positive samples and sam-

ple size are shown in Table 1. In RW, SOMCPH and EC

presented similar concentrations; SRC presented the lowest.

In SE, concentrations of SOMCPH were higher than EC,

although they were still similar. There was a significant reduc-

tion of all model microorganisms from the influent water to SE.

In TE, SRC concentrations were the highest, followed by

SOMCPH; EC were the lowest. These results suggest that

Table 1 Mean concentrations of indicators and Cryptosporidium

Mean Concentrations n RW %(+) n SE %(+) n TE %(+)

Indicators EC 24 6.53 100 32 4.50 100 37 1.29 27

(Log10units of CFU or PFU/100 mL) SOMCPH 25 6.55 100 32 4.79 100 37 2.01 64.9

SRC 25 5.11 100 32 3.70 100 42 2.40 100

Cryptosporidium TOO 25 1.44 88 32 0.86 100 42 0.17 88.1

(Log10units of oocysts/L) IOO 16 1.09 87.5 32 0.26 66.7 42 −1.08 21.4

EC E. coli, SOMCPH somatic coliphages, SRC spores of sulphite-reducing clostridia, TOO Cryptosporidium total oocysts, IOO Cryptosporidium

infectious oocysts, RW raw wastewater, SE secondary effluent, TE tertiary effluent; n number of samples, “%(+)” percentage of positive samples
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EC and SOMCPH were removed more efficiently during the

water treatment than SRC, which were more resistant. All

the indicators decreased significantly from the influent

water to the final effluent. The concentrations of the model

microorganisms are similar to others previously described

in this geographical area (Costán-Longares et al. 2008;

Montemayor et al. 2005).

Concentrations of TOO and IOO decreased significantly

during treatment. Log10 reductions from influent to

reclaimed water were 1.27 for TOO and 2.17 for IOO,

indicating that IOO were more efficiently removed than

TOO. In fact, IOO were detected in 21.4 % of reclaimed

water samples, and TOO in 88.1 %. Similar percentages

of positive samples as well as Cryptosporidium concen-

trations have been described elsewhere in similar water

types (Costán-Longares et al. 2008; Harwood et al. 2005).

The low percentage of IOO in this study is probably due to the

fact that disinfection processes in the tertiary treatment

have a stronger effect on infectivity than the presence of

oocysts. Rates of removal differed between the indica-

tors, between indicators and pathogens, and between

TOO and IOO throughout the reclamation process, indicating

that a given treatment has distinct effects on the various

microbial parameters. Previous studies have reported similar

results (Costán-Longares et al. 2008; Harwood et al. 2005;

Mandilara et al. 2006).

Seasonal distribution of Cryptosporidium

Samples of RW, SE and TE were pooled apart depending on

the sampling season and on the water type in order to

observe whether a seasonal distribution existed and, if so,

in which type of sample. All water types showed higher

concentrations in summer than in the other seasons: mean

concentrations of TOO in summer were 2.36, 1.29 and 0.31

log10 units/L in RW, SE and TE, respectively. These results

are in agreement with the weekly reported cases of crypto-

sporidiosis in Spain during the same period (see Fig. 1). The

summer peak of TOO has not been reported before in

Catalonia; it may be due to the fact that the treatment plants

studied here are located in tourist areas, where there is a high

increase in the population during the summer period. More-

over, it is in summer when recreational water activities are

more common, which contributes to the water transmission

of Cryptosporidium.

Indicator function of model microorganisms: reduction

from SE to TE

Concentrations of model microorganisms and Cryptosporid-

ium (TOO and IOO) were available in 32 SE samples and in

their paired TE samples. Reductions from SE to TE were

analysed to establish whether any of the indicators behaved

in a similar way to Cryptosporidium. Figure 2 shows mean

reductions (a) and probability plots (b) of the reductions

obtained by all microorganisms from SE to TE.

EC and SOMCPH mean reductions were the highest

(3.17 and 2.68 log10 units, respectively) and followed a

similar pattern. Mean reduction of SRC lagged far be-

hind that of the other model microorganisms (1.22 log10

units); nonetheless, it resembled the reduction of TOO

and IOO (0.66 and 1.53 log10 units, respectively). SRC

and TOO presented the same reduction pattern despite

treatment, since the regression lines of the reduction

were parallel (see Fig. 2b). In contrast, comparison of

mean reductions showed significant differences between

SRC and TOO. There were no significant differences

between reductions of SRC and IOO; however, the IOO

regression line in the probability plot was not parallel to

that of SRC.

To explore the indicator function of SRC for Cryptospo-

ridium in more depth, simple linear regression analyses of

the reduction from SE to TE were performed. A significant

and strong correlation (r00.76) was found between SRC

and TOO reductions (1):

TOO reduction ¼ �0:2949þ 0:7918� SRC reduction ð1Þ

These data may be useful in the quantitative assess-

ment of the risk associated with Cryptosporidium at the

treatment plants studied here. In contrast, the same

analyses performed with IOO showed no significant

correlation (r00.034). These results suggest that the mere

comparison of mean reductions (in the case of SRC,

TOO and IOO) may not be precise enough because the

inactivation of TOO and SRC correlated well, but the

comparison of mean reductions showed significant differences

between them.

Season
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Fig. 1 Seasonal distribution of the weekly reported cases in Spain

(Cases) and of the concentrations of TOO (Cryptosporidium total

oocysts) in RW. The white box shows the mean concentrations and

bars are showing 95 % confidence intervals. RW raw wastewater, WI

winter, SP spring, SU summer, AU autumn
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Index function of model microorganisms: multiple

and simple regression

The occurrence of each model microorganism was com-

pared to that of TOO and IOO in order to assess co-

occurrence events in each case. The trend of co-occurrence

between indicators and TOO was SRC>SOMCPH>EC,

with percentages of 86.5, 54.1 and 27 %, respectively.

Therefore, occurrence of TOO was more likely to be asso-

ciated with SRC than with SOMCPH or EC occurrences. In

the case of IOO, the co-occurrence percentages were low:

16.2 % for SRC and SOMCPH and 5.4 % for EC, suggest-

ing that the occurrence of IOO was not related to the

occurrence of any of the model microorganisms tested here.

Multiple regression was performed to assess whether mod-

el microorganisms (predictor variables) can be used to predict

Cryptosporidium TOO or IOO concentrations in TE samples

(n037). The combination of the three (EC, SRC and

SOMCPH) showed a high correlation value (R2
00.64), indi-

cating their capability to predict concentrations of TOO when

used together. The effect of SRC and SOMCPH on the pre-

diction was significant, whereas the effect of EC was not.

Multiple regression performed using only SRC and SOMCPH

showed a high multiple correlation coefficient (R2
00.63),

very similar to that obtained when using E. coli as well. These

two findings suggest that the variable E. coli is not a good

predictor of TOO densities. Multiple regression analyses per-

formed with IOO and all the model microorganisms showed

low correlations (R2
00.13). The relationship between SRC

and IOO was significant, whereas the relationship of EC and

SOMCPH with IOO was not.

Multiple regression analyses support the idea that the

detection of a second model microorganism in addition to

EC (which is mandatory) is useful for assessing the health

risks associated with Cryptosporidium in reclaimed water

(Costán-Longares et al. 2008).

Simple linear regression performed with EC, SOMCPH

and Cryptosporidium (TOO or IOO) showed low, non-

significant correlation values (data not shown). SRC data

together with the corresponding TOO and IOO data (n042)

were used for the simple regression analyses (see Fig. 3).

There was no significant correlation between SRC and

IOO (r00.21), whereas a significant and strong correlation

(r00.85) was observed between SRC and TOO. This high

correlation value between these two parameters has not

been described before; it suggests that SRC are suitable

indicators with index function of TOO in reclaimed

waters. Furthermore, the low correlation values with IOO

may be due to their low concentrations in reclaimed water

samples, which in turn is directly related to the uncertainty of

the detection methodology.

Although direct correlations between SRC and TOO

showed high values in this study, there are some factors

influencing the concentrations of Cryptosporidium in

reclaimed water that should not be ruled out: (1) different

concentrations in influent waters; (2) different reclamation

treatments; (3) the geographical area of the treatment plants;

(4) the seasonal variation in Cryptosporidium concentra-

tions and (5) the uncertainty of the detection methods. In

contrast, model microorganisms are subjected to fewer fluc-

tuations. These differences between model microorganisms

and Cryptosporidium make it more difficult to establish

universal relationships between them. Nevertheless, these

data suggest that in general, SRC can be used to assess

TOO occurrence and levels. In fact, SRC are currently used

as an indicator of Cryptosporidium in Spanish drinking
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Fig. 2 a Log10 reduction of the microbial parameters from SE (sec-

ondary effluent) to TE (tertiary effluent). Symbol asterisk shows mean

concentrations and bars show 95 % confidence interval. EC E. coli,

SOMCPH somatic coliphages, SRC spores of sulphite-reducing clos-

tridia, TOO Cryptosporidium total oocysts and IOO Cryptosporidium

infectious oocysts. b Probability plot representing removal achieved

for indicators and Cryptosporidium oocysts from SE to TE (black

circle EC, while circle SOMCPH, black down-pointing triangle SRC,

black square IOO, white down-pointing triangle TOO)
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water regulations (RD 140/2003 2003) and have been used

previously as water treatment surrogates for parasites (Hill

et al. 2002; Venczel et al. 1997). Moreover, SRC have been

used to assess Cryptosporidium risk in a recent study show-

ing that this could be a conservative strategy for risk assess-

ment (Agulló-Barceló et al. 2012).

Correlation studies between model microorganisms and

infectious Cryptosporidium are scarce, and the methodology

used for their detection is associated with a high level of

uncertainty. More studies with larger datasets are needed to

improve our understanding of the effectiveness of these

microorganisms to predict IOO concentrations.

Presence/absence of infectious oocysts (IOO): discriminant

analyses

No single model microorganism or any combination of them

showed the ability to assess the behaviour (indicator func-

tion) or levels (index function) of IOO. Therefore, IOO

observations were converted to binary data indicating pres-

ence/absence. Discriminant analyses were performed to es-

tablish whether these model microorganisms could predict

presence or absence of IOO. Different discriminant func-

tions were tested to fit the discriminant rule: linear, logistic

and quadratic discriminant functions. The quadratic discrim-

inant function showed the best performance.

Analyses showed that EC, on its own, is not useful for

predicting the presence/absence of IOO; it obtained 75.7 %

of accurately classified samples and 10.8 % of false negatives.

Combinations of EC/SOMCPH, EC/SRC, EC/SRC/SOMCPH

and SRC/SOMCPH were used to predict the presence/absence

of IOO (see Table 2). The highest percentage (94.6 %) of well-

classified samples was obtained with the combination of all

model microorganisms (EC/SRC/SOMCPH), followed by EC/

SOMCPH (91.9 %), SRC/SOMCPH (83.8 %) and finally EC/

SRC (81.1 %). In addition, discriminant analyses also showed

false positives and false negatives. Percentages of false neg-

atives were low in the SRC/SOMCPH combination (2.7 %)

and non-existent in the rest. As the detection limit depends on

the volume, discriminant analysis in this study predicted pres-

ence or absence of IOO in an average volume of 30.5±16.2 L.

The prediction of the presence/absence of TOO with all the

indicators showed low percentages of well-classified samples

(<71 % in any of the combinations) and high percentages of

false negatives (>24 % in any of the combinations), suggesting

that the presence/absence of TOO cannot be accurately pre-

dicted with these indicators.

Although a higher proportion of false positives for IOO

means an overestimation of health risks, this situation is

preferable to an underestimation in which reclaimed water

is considered safe when it is not. Nevertheless, the optimal

situation would be to reach a compromise that minimises the

two types of error (Costán-Longares et al. 2008). SOMCPH

and SRC (in this order) are the model microorganisms that

best complement EC to establish the safety of reclaimed

water linked to the absence of IOO.

Conclusions

Only SRC showed great potential as predictors of TOO oc-

currence and behaviour, since significant, strong correlations
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Fig. 3 Simple regression

analyses between SRC (spores of

sulphite-reducing clostridia)

and Cryptosporidium

concentrations. a Between SRC

and TOO (Cryptosporidium total

oocysts); r00.85 (p value0

0.000). b Between SRC and IOO

(Cryptosporidium infectious

oocysts); r00.21(p value00.2).

Concentrations are expressed in

log10 units of UFC/100 mL for

SRC and log10 units of oocysts/

litre for Cryptosporidium

Table 2 Percentage of correctly classified samples, false positives and

false negatives from the discriminant analysis (quadratic method with

cross-validation) to predict presence/absence of infectious Cryptospo-

ridium oocysts

Combination of model

microorganisms

Well-classified False positive False

negative

EC+SRC+SOMCPH 94.6 % (35/37) 5.4 % (2/37) 0 % (0/37)

EC+SOMCPH 91.9 % (34/37) 8.1 % (3/37) 0 % (0/37)

SOMCPH+SRC 83.8 % (31/37) 13.5 % (5/37) 2.7 % (1/37)

EC+SRC 81.1 % (30/37) 18.9 % (7/37) 0 % (0/37)

EC E. coli, SOMCPH somatic coliphages, SRC spores of sulphite-

reducing clostridia
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between reductions and concentrations of both microorgan-

isms were observed. SOMCPH showed better capability than

E. coli, but not as good as SRC, as indicators of Cryptospo-

ridium concentrations. However, the usefulness of SOMPCH

increases significantly when used together with any of the

other indicators tested here, especially for the prediction of the

presence/absence of IOO. Thus, since E. coli is not able to

predict either the behaviour or the occurrence of Cryptospo-

ridium, at least one more model microorganism should be

included in the Spanish regulations. Therefore, the combina-

tion of SRC and EC appears to be an adequate alternative for

improving reclaimed water management.
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Direct and indirect QMRA of infectious Cryptosporidium

oocysts in reclaimed water

M. Agulló-Barceló, R. Casas-Mangas and F. Lucena

ABSTRACT

Water scarcity leads to an increased use of reclaimed water, which in turn calls for an improvement

in water reclamation procedures to ensure adequate quality of the final effluent. The presence of

infectious Cryptosporidium oocysts (IOO) in reclaimed water is a health hazard for users of this

resource. Here, we gathered information on Cryptosporidium (concentrations, infectivity and

genotype) in order to perform quantitative microbial risk assessment (QMRA). Moreover, data

concerning the spores of sulphite-reducing clostridia (SRC) were used to undertake QMRA at a

screening level. Our results show that the probability of infection (PI) by Cryptosporidium depends on

the tertiary treatment type. The mean PI using the exponential dose-response model was 3.69 × 10�6

in tertiary effluents (TE) treated with UV light, whereas it was 3 log10 units higher, 1.89 × 10
�3, in TE

not treated with this disinfection method. With the β-Poisson model, the mean PI was 1.56 × 10�4 in

UV-treated TE and 2 log10 units higher, 4.37 × 10
�2, in TE not treated with UV. The use of SRC to

perform QMRA of Cryptosporidium showed higher PI than when using directly IOO data. This

observation suggests the former technique is a conservative method of QMRA.
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INTRODUCTION

Water reclamation is a new and sustainable process that pro-

vides non-potable water for a variety of uses. Fluctuations in

drought periods in the Mediterranean area are common,

and Catalonia (northeast Spain) has suffered several periods

of water shortage over recent years. The most recent short-

age took place between 2007 and 2008 and resulted in the

government imposing severe water restrictions. Climate

change is expected to increase the frequency and intensity

of extreme events, such as drought and floods, as well as

to reduce water availability (IPCC ; Falloon & Betts

). Accordingly, improvements in water management

and in water reclamation and reuse will be essential in the

near future.

Microbiological criteria for reclaimed water quality in

Spanish legislation (RD /) are based mainly on

the detection of E. coli and nematode eggs. In addition,

depending on the use made of the water, analyses of

Legionella spp., Salmonella, Taenia saginata and T. solium

are required. Nevertheless, a huge range of pathogens,

such as enteric viruses and other pathogenic bacteria or pro-

tozoan parasites, can be found in reclaimed water, thus

posing a health risk to final users. Alternative indicators,

such as bacteriophages and spores of sulphite-reducing clos-

tridia (SRC), have been proposed as suitable candidates for

modelling the presence or behaviour of certain pathogens in

water (Payment & Franco ; Harwood et al. ; Man-

dilara et al. ; Costán-Longares et al. ).

Cryptosporidium is a ubiquitous protozoan parasite that

causes a type of gastroenteritis known as cryptosporidiosis

and has produced several waterborne outbreaks of this ill-

ness. The most extensive waterborne outbreak caused by

Cryptosporidium on record was in Milwaukee in 1993

(MacKenzie et al. ). Since this incident, Cryptospori-

dium has become an important target of water research
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(WHO ). Given several of its characteristics, such as

high infectivity, resistance to chemical disinfection and

long survival in the environment, this parasite is now

widely considered a reference pathogen. Therefore, efforts

have been focused on water treatments designed to decrease

Cryptosporidium infectivity. As a result, one of the most

common strategies for obtaining reclaimed water has been

the use of multi-barrier systems (combinations of several

physicochemical processes) to achieve adequate quality of

the final effluent. Moreover, as Cryptosporidium is highly

resistant to chlorine, even at very high doses (Betancourt &

Rose ), disinfection processes using ozone and UV

irradiation have been widely applied in combination with

other techniques. UV treatment is highly effective at inacti-

vating protozoa (Hijnen et al. ). The combination of

UV treatment with a secondary disinfectant (such as chlo-

rine) has shown synergistic disinfection effects (Ballester

& Malley ; Shang et al. ; Montemayor et al. ;

Wang et al. ), thereby indicating its utility as a disinfec-

tion treatment in reclamation processes.

Quantitative microbial risk assessment (QMRA) allows

quantification of the potential risks associated with the

presence of pathogens in water. The approach was initially

developed to assess drinking water safety; however, it has

been widely applied to reclaimed water. Reports on the

use of QMRA have increased considerably in the last five

years and it has been repeatedly proven that QMRA is a

useful tool for identifying potential human health risks

associated with the presence of certain pathogens in

reclaimed water (Rose et al. ; Asano et al. ; Hamil-

ton et al. ). Furthermore, indirect QMRA can be

performed using the relationship between a given faecal

indicator and a pathogen, in contrast to direct QMRA,

which uses pathogen concentrations (Craig et al. ;

Van Lieverloo et al. ). Thus, indirect QMRA may be

an advantage when working with water samples with

low concentrations of pathogens, such as tertiary effluents

(TE).

Here we performed direct QMRA related to the pres-

ence of Cryptosporidium in TE samples treated with UV

light and samples not treated thus. For this purpose we

examined the following: (i) Cryptosporidium oocyst occur-

rence; (ii) Cryptosporidium inactivation with the different

tertiary treatments studied; and (iii) genotype identification

data. Finally, we performed indirect QMRA at a screening

level using the relationship between SRC and Crypto-

sporidium in reclaimed water.

MATERIALS AND METHODS

Collection of samples and sampling sites

Samples of raw wastewater (RW), secondary effluent (SE)

and TE from seven wastewater treatment plants (WWTPs)

were taken in order to: (i) monitor the concentrations of

total and infectious oocysts (TOO and IOO) throughout

the treatment process; (ii) assess the efficiency of tertiary

treatments in inactivating infectious oocysts; (iii) study the

relationship between SRC and Cryptosporidium oocysts;

(iv) identify the genotype of the oocysts; and (v) perform

QMRA analyses directly with Cryptosporidium data or

with SRC concentrations, ratios or reductions.

The WWTPs were located in three provinces of Catalo-

nia (Spain). The population served by these plants varied

from 6000 to 1,093,000 inhabitants. All of them used biologi-

cal processes plus sedimentation as secondary treatment

and five of them produced reclaimed water. Tertiary treat-

ments had multiple barrier systems for water reclamation

purposes, including: coagulation-flocculation, sand filtration

or microfiltration; and combined disinfection steps with UV

treatment (dose ranged from 18 to 80 mJ/cm2) and/or

chlorination (1–5 ppm). Reclaimed water from these plants

was used for a number of purposes, such as golf course irri-

gation, environmental restoration (aquifer recharge,

maintenance of water environment to prevent sea water

intrusion), public garden irrigation and other non-potable

urban uses.

Detection of Cryptosporidium oocysts and SRC

Total Cryptosporidium oocyst concentration and elution

A range of sample volumes were taken depending on the tur-

bidity of the sample. Volumes ranged from 0.05 to 1 L for

RW, 0.5 to 3 L for SE and 10 to 100 L for TE. Samples

were processed as described by Montemayor et al. (),

with minor modifications and following USEPA guidelines
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(). Briefly, water samples were filtered through a 160-μm

and a 38-μm sieve to remove large particles before concen-

tration. The elution step of RW and SE samples was

performed twice to improve the recovery efficiency of the

filtration.

Oocysts purification

Oocysts were purified using immunomagnetic separation

with a Dynabeads Anti-Cryptosporidium kit (Dynal, A.S.,

Oslo, Norway) and following a modified version of the

manufacturer’s instructions. Modifications consisted of the

following: (i) a double step of bead capture, to improve

recovery; (ii) two dissociation steps (Reynolds et al. );

(iii) two sample washing – centrifugation steps with PBS to

ensure pH neutralisation; and (iv) homogenisation of the

final volume, which was then divided equally into tubes

and stored at 4 WC for further analyses (detection, infectivity

assay or genotype identification).

Detection of Cryptosporidium oocysts by laser scanning

cytometry

Cryptosporidium oocysts were stained with anti-Crypto-

sporidium EasyStain™ antibody following the

manufacturer’s instructions and examined by laser scanning

cytometry, as described in Montemayor et al. ().

Infectivity assay

Infectivity assays were performed by inoculating an aliquot

of the purified oocysts in a HCT8 cell monolayer to detect

infectious oocysts, using the focus detection method as

described by Slifko et al. () but with the following modi-

fications: (i) after bleach pre-treatment (1/10 bleach solution

of 4.5% sodium hypochlorite, for 8 min at 4 WC), samples

were washed three times with PBS to ensure bleach

removal; (ii) well chamber slides (Lab-Tek®II Chamber

Slide™ System; Nalge Nunc International, Naperville, IL)

were plated with 5 × 104 to 5 × 105 cells per well; (iii) one

sample per well was added; and (iv) after incubation, the

slide was washed, fixed, rehydrated and labelled with the

A600FLR-20X Sporo-Glo antibody and the C101 counter-

stain reagent (Waterborne™, Inc., New Orleans, LA),

following the manufacturer’s instructions. Each slide was

mounted and foci were immediately counted under an epi-

fluorescence microscope. The infection foci fluoresced an

apple-green colour against a relatively red background

(caused by the C101 reagent) of uninfected cells.

Genotype identification

A subsample of purified oocysts was used for DNA extrac-

tion with the QIAamp DNA blood mini kit (QIAGEN

GmbH, Hilden, Germany), following the manufacturer’s

instructions. Next, the polymerase chain reaction-restriction

fragment length polymorphism (PCR-RFLP) procedure

described by Xiao et al. () was performed to identify

the genotype. When the RFLP profile indicated C. hominis

genotype, we amplified and sequenced the gp60 gene

(Peng et al. ; Sulaiman et al. ; Chalmers et al.

). However, when the profile indicated a different geno-

type, the small-subunit rRNA gene was sequenced to

confirm the RFLP result.

SRC detection

SRC were cultured in SPS agar medium following the pro-

cedure described by Bufton () and were then

incubated for 20± 4 h at 44 WC.

Quantitative microbial risk assessment

QMRA was performed to assess the risk associated with

Cryptosporidium as a result of accidental ingestion of

reclaimed water produced in each reclamation plant. More-

over, a possible failure of UV disinfection was considered.

Such a failure would lead to reclaimed water being disin-

fected only with chlorine rather than with the combination

of chlorine and UV irradiation. In addition, a single (one

ingestion of reclaimed water) and a cumulative (more than

one ingestion) PI were determined. Risk of infection by Cryp-

tosporidium was calculated using the exponential model

described by Haas et al. () and the β-Poisson dose-

response model based on data published by Chappell et al.

() and optimised by Enger (). @RISK software ver-

sion 5.5 (Palisade Corporation) was used to perform QMRA.
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Statistical analyses

Statgraphics Plus software version 5.1 (Statistical Graphics

Corporation, Herndon, VA, USA) was used for statistical

analyses. A p-value <0.05 was considered statistically sig-

nificant. Results under the detection limit were taken as

the value of the detection limit except when using the effec-

tive volume strategy (Parkhurst & Stern ).

RESULTS AND DISCUSSION

Cryptosporidium and SRC concentrations and ratios

along the treatment train

Cryptosporidium and SRC concentrations showed a signifi-

cant reduction from influent wastewater to SE and from

SE to TE (see Figure 1).

Cryptosporidium and SRC in RW

FortyRWsampleswere analysed.Oocystswere found inmost

of the samples (97.5% positive samples) with a minimum of

1.33 and a maximum of 7,460 oocysts/L. Previously pub-

lished data on Cryptosporidium concentrations in northeast

Spain showed higher percentages of positive samples as

well as a much narrower range of oocysts/L (Montemayor

et al. ). This variability is probably due to the diversity

of the treatment plants studied (size of population served,

different areas or sampling seasons). Themean concentration

of Cryptosporidium TOO per litre was 1.76 log10 units, while

IOO per litre registered 1.09 log10 and SRC 5.37 log10 units

CFU/100 mL. The mean ratios between the concentrations

of SRC and TOO and between SRC and IOO were 3.83±

0.53 (SD) and 4.65± 0.47 log10 units, respectively.

Cryptosporidium and SRC in SE

Seventy-four SE samples were analysed. Oocysts were found

in 91.9% of the samples, with values ranging from 0.5 to 496

oocysts/L. Mean concentrations of Cryptosporidium in SE

were 1.02 log10 units of TOO/L and 0.54 log10 units of

IOO/L. SRC concentrations were 3.81 log10 units of CFU/

100 mL. With regard to the concentrations of Cryptospori-

dium as well as the percentage of positive samples, our

results are similar to those described previously (Harwood

et al. ; Montemayor et al. ; Costán-Longares et al.

). The mean ratios between the concentrations of SRC

and TOO or SRC and IOO were 2.85± 0.61 and 3.44±

0.51 log10 units respectively.

Cryptosporidium and SRC in TE

Sixty-seven samples of reclaimed water were analysed. The

mean concentrations of oocysts as well as the percentage

of positive samples were significantly lower in TE than in

SE. The percentage of positive samples for TOO was

83.6%, which is higher than other reports in TE samples

(Harwood et al. ; Montemayor et al. ; Costán-Long-

ares et al. ). However, the mean concentrations were

�0.04 log10 units of TOO/L, �1.09 log10 units of IOO/L

and 2.64 log10 units of CFU/100 mL of SRC. The mean

ratios between SRC and TOO were the lowest (2.42±

0.87 log10 units), whereas they were similar but higher

between SRC and IOO (3.66± 0.75 log10 units). This incre-

ment in the ratio with IOO suggests that tertiary

treatments (probably disinfection processes) are more effec-

tive at decreasing oocyst infectivity than SRC viability.

UV treatment: effect on the inactivation of IOO and SRC

Samples of TE were grouped depending on the tertiary

treatment, namely with or without UV irradiation.

Figure 1 | Mean concentrations and 95% confidence intervals of total Cryptosporidium
oocysts (TOO), infectious oocysts (IOO) and spores of sulphite-reducing clos-

tridia (SRC) expressed in log10 units of oocysts/L and CFU/100 mL respectively.

RW: raw wastewater; SE: secondary effluent; TE: tertiary effluent.
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Concentrations of IOO were significantly higher when ter-

tiary treatment did not include UV light as part of the

disinfection process. The mean concentrations of IOO in

tertiary treatments with and without UV irradiation were

�1.41 log10 units and �0.38 log10 units respectively. The

effective volume-averaged concentration of IOO/L was

<� 4.32 log10 units. In contrast, an effective volume-

averaged concentration of �0.45 log10 units of IOO/L was

found when tertiary treatment excluded the application of

UV light. These values were calculated from:

C ¼

Pn
i¼1 OOi

Pn
i¼1 Vi

(1)

whereC is the concentration ofCryptosporidium (oocysts/L),

n is the number of samples, OOi is the number of total or

infectious oocysts detected in a given sample and Vi is the

volume (L) analysed in the given sample.

No IOO were detected out of 7,481 TOO in a total

sample volume (V ) of 896.8 L from UV-treated samples.

On the other hand, in tertiary treatments without UV

irradiation, 124 IOO were detected out of 1,088 TOO

counted in a total sample volume of 345.6 L (V ). Further-

more, the percentage of positive samples was calculated in

accordance to:

INF ¼

Pn
i¼1 IOOiPn
i¼1 TOOi

× 100 (2)

where INF is the infectivity percentage, n is the number of

samples, IOOi is the number of infectious oocysts detected

in a given sample and TOO is the number of total oocysts

detected in the given sample.

Using Equation (2), TE samples subjected to UV

irradiation showed 0.013% of infectivity while those

samples not treated with this disinfection method regis-

tered 11.4% infectivity. When UV treatment was applied,

there was a 5.41-log10 reduction in the IOO from RW to

TE. The concentrations of IOO as well as infectivity per-

centages were 3 log10 units higher when UV irradiation

was not used in the tertiary treatment. The efficiency of

UV irradiation to inactivate Cryptosporidium has pre-

viously been described (Hijnen et al. ; Montemayor

et al. ).

Data from two representative treatment plants that

apply UV irradiation and from two other representative

WWTPs without this disinfection process were selected to

compare the reductions of SRC and IOO in the two treat-

ment options (see Figure 2).

Mean log10 reductions of SRC were 1.49± 0.71 (SD)

log10 units when UV light was included in the tertiary treat-

ment and 0.42± 0.69 log10 units without this disinfection

regime. IOO mean log10 reductions were 1.73± 0.56 log10
units with UV irradiation and 0.57± 0.59 log10 units with-

out. There were no significant differences between mean

log10 reductions of IOO and SRC in either case (with or

without UV irradiation). In contrast, significantly higher

reductions in IOO and SRC were detected when UV treat-

ment was used compared to mean reductions without this

disinfection procedure. These results indicate that SRC

behave in a similar manner to IOO in the tertiary treatments

studied here.

Genotype identification of the circulating

Cryptosporidium oocysts

We analysed the genotypes of the purified oocysts in order

to gather epidemiological data on Cryptosporidium in north-

east Spain. Of the samples, 76% (31/41) were positive by the

nested PCR-RFLP procedure and 87% of these showed

RFLP profiles that belonged to C. hominis (two of them

were mixed profiles of C. hominis and C. muris). Only two

samples showed RFLP profiles belonging exclusively to

Cryptosporidium of animal origin: one sample had a

Figure 2 | Mean reduction and 95% confidence intervals of infectious oocysts (IOO) and
spores of sulphite-reducing clostridia (SRC) from secondary to tertiary effluent

expressed in log10 units of IOO/L and log10 units of CFU/100 mL respectively.
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C. muris profile (infects rodents and some mammals) and

the other had a C. andersoni profile (infects cattle). The C.

andersoni profile came from a WWTP receiving wastewater

from cattle abattoirs and it was confirmed that the slaughter-

house was in operation on the sampling day. The gp60 gene

was amplified and sequenced when the resulting RFLP pro-

files belonged to C. hominis. Family IbA10G2R2 was found

in 100% of the gp60-positive samples. However, 19% (5/27)

of the samples were repeatedly negative in the PCR for the

gp60 gene. Genotype identification revealed that most of

the samples were of human origin, thereby indicating that

oocysts are continuously shed throughout the study area

(ill people plus asymptomatic carriers). This notion is in

agreement with the human carriage rates of Cryptospori-

dium reported in Spain, which can range from 0.4 to

12.8% depending on the population, age range and region

(Compañ-Barco et al. ). Another recent study in the

north of Spain has described prevalence of from 1 to 3.1%

in children (Cardona et al. ). That study also reported

that C. hominis was the only genotype infecting these chil-

dren. However, the annual mean number of reported cases

of cryptosporidiosis from 2000 to 2010 was 102 (data from

the BES, weekly Spanish epidemiological bulletins). This

number is consistent with the low prevalence described

but contrasts with the high concentrations of Cryptospori-

dium oocysts detected in RW in Spain. This observation

could be attributed to failure to diagnose the illness and is

supported by the fact that cryptosporidiosis is not a

notifiable disease in Spain. Furthermore, population immu-

nity may increase as a result of high rates of endemic

Cryptosporidium infections (Bonadonna et al. ). As epi-

demiological studies on Cryptosporidium in Catalonia have

not been published to date, our data should be taken into

account for risk assessment purposes; however, more

studies are required to further our understanding of water-

borne transmission of Cryptosporidium in this area.

QMRA analyses

The Cryptosporidium data gathered in this study were used

to perform QMRA linked to the presence of Cryptospori-

dium in reclaimed water. The worst-case scenario was

selected for the calculation, namely the accidental ingestion

of reclaimed water. This scenario was chosen because one of

the treatment plants studied has a distribution network of

reclaimed water, which can be used for private purposes,

and therefore there is a real risk of accidental ingestion. In

addition, direct ingestion of reclaimed water is one of the

simplest scenarios for risk assessment since there are

fewer assumptions to consider (such as decay rates or time

from release to consumption), thus, final results carry

fewer uncertainties. Hazard was identified as the presence

of IOO, and PI was calculated using Cryptosporidium con-

centrations in TE and also SRC data in SE and TE.

Use of direct Cryptosporidium concentrations

Data were grouped into samples: (i) treated with UV light

and (ii) not treated with UV light, with infectivity percen-

tages of 0.013 and 11.4% respectively. Concentrations of

IOO/L were calculated as follows: the infectivity percentage

was applied to TOO/L and new estimated values of IOO/L

were obtained. This was selected as the best approach to

work with the data because of the great number of values

under the detection limit for IOO. We then assigned a prob-

ability distribution function (PDF) of IOO/L to each

treatment plant. Two other parameters were taken into

account to calculate the dose: the recovery efficiency (%)

and the volume per ingestion of reclaimed water. For the

recovery rate, a normal distribution with parameters mean¼

33.6% and SD¼ 20.2% was selected (Montemayor ).

For the volume per ingestion of reclaimed water, a triangular

distribution with the following parameters was used: most

likely¼ 0.125 L; minimum¼ 0.010 L, and maximum¼

0.2 L. The equation used to calculate the dose was:

Dose ¼ C × (100÷ R) × V (3)

where C is the PDF of concentration of IOO (IOO/L), R is

the PDF of recovery percentage and V is the PDF of

volume (L) per ingestion.

Single and multiple exposures were studied. It was con-

sidered that accidental ingestion of reclaimed water in a

private-use scenario would be more likely to occur in the

summer than in colder seasons. Therefore, the multiple

exposure scenario was calculated on the basis of 12

exposures (one intake per week during 12 summer weeks).

C. hominis was chosen as the only genotype present in
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reclaimed water on the basis of our epidemiological results.

Furthermore, in the worst-case context, it was assumed that

100% of the population is susceptible to the disease (WHO

) and that the ratio of illness to infection is 1. Mean PIs

by Cryptosporidium and 95% percentiles were calculated for

each treatment plant (see Table 1).

The mean PI was 1 to 2 log10 units higher with the β-

Poisson dose-response model than with the exponential

model regardless of the degree of exposure. When all treat-

ment plants using UV irradiation were pooled, the mean

PI was 3.69 × 10�6 (single exposure, exponential dose-

response model) while it was approximately 3 log10 units

higher (1.89 × 10�3) without the inclusion of UV light in

the tertiary treatment. These results are consistent with the

IOO concentrations found in TE, which were 3 log10 units

lower in UV-treated effluents. When the β-Poisson model

was used, the same difference was observed: mean PI of

4.40 × 10�5 in treatment plants using UV irradiation and

1.78 × 10�2 in those not applying this disinfection pro-

cedure. Ryu et al. () found similar results with regard

to the risk of infection in reclaimed water treated with UV

light, or not. In that study, the mean risk of infection was

3 to 4 log10 units higher in treatment plants using only chlor-

ine for disinfection.

Use of SRC data for QMRA analyses

Due to the low densities of TOO and IOO in final effluents,

QMRA performed directly with Cryptosporidium data in TE

samples may carry uncertainties derived from the impreci-

sion inherent to the methodology, namely the use of

several steps such as oocyst concentrations, elution, purifi-

cation and cell line infection. Therefore, QMRA analyses

were also performed at a screening level using the following

SRC data: concentrations of SRC, ratios between SRC and

Cryptosporidium, and reductions from SE to TE. Risk assess-

ment performed with SRC was calculated in a single

exposure scenario and using the data from the treatment

plant with the highest number of TE samples (plant 1,

with UV treatment). Using the concentrations of SRC, we

applied two approaches:

(A) Using the concentrations of SRC in SE samples; the

ratio between SRC and IOO in SE, and the reduction

of IOO from SE to TE. The formula used to calculate

the estimated IOO concentrations was:

Log10eIOO ¼ CSRCSE � RaSRC:IOO SEð Þ

� RedSRC SE�TE (4)

Table 1 | Probability of infection by Cryptosporidium and 95 percentiles (Perc. 95%) calculated for each treatment plant with two dose-response models

Treatment plants with UV Treatment plants without UV

Dose-response model Exposure 1 2 3 4 5 1d

Exponentiala Single

Mean PI 1.10 × 10�5 5.24 × 10�8 3.54 × 10�8 9.58 × 10�4 2.74 × 10�3 1.97 × 10�3

Perc. 95% 2.35 × 10�5 1.20 × 10�7 7.13 × 10�8 2.38 × 10�3 6.93 × 10�3 4.30 × 10�3

Multiplec

Mean PI 1.31 × 10�4 6.29 × 10�7 4.24 × 10�7 8.05 × 10�3 2.63 × 10�2 1.90 × 10�2

Perc. 95% 2.81 × 10�4 1.44 × 10�6 8.56 × 10�7 2.82 × 10�2 8.01 × 10�2 5.04 × 10�2

β -Poissonb Single

Mean PI 4.64 × 10�4 2.42 × 10�6 1.63 × 10�6 1.69 × 10�2 6.40 × 10�2 5.03 × 10�2

Perc. 95% 1.08 × 10�3 5.53 × 10�6 3.29 × 10�6 8.81 × 10�2 1.90 × 10�1 1.38 × 10�1

Multiple

Mean PI 4.51 × 10�3 2.89 × 10�5 1.94 × 10�5 7.69 × 10�2 2.72 × 10�1 2.51 × 10�1

Perc. 95% 1.26 × 10�2 6.64 × 10�5 3.95 × 10�5 3.80 × 10�1 5.21 × 10�1 4.60 × 10�1

aExponential dose-response model (Haas et al. 1996).
b
β-Poisson dose-response model (Chappell et al. 2006; Enger 2011).
c12 hazardous events were taken to calculate multiple exposures.
dUV irradiation was stopped manually in treatment plant 1.
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where eIOO is the estimated IOO concentration,

CSRC SE is the PDF of concentration of SRC (log10
units of SRC/100 mL) in SE samples, RaSRC: IOO SE is

the PDF of the ratio between SRC and IOO in SE (in

log10 units), and RedSRC SE-TE is the PDF of the

reduction from SE to TE of SRC (in log10 units).

There were no significant differences between true

IOO concentrations in SE and estimated IOO concen-

trations with the SRC:IOO ratio in SE. However, we

detected significant differences when true IOO con-

centrations in TE were compared to estimated IOO

concentrations in TE (using SRC reductions from SE

to TE). True IOO concentrations in this effluent were

0.6 log10 units lower than the estimated concentrations.

(B) Using the concentrations of SRC in TE samples and the

ratio between SRC and IOO in TE, the formula used to

calculate the estimated IOO concentrations was:

Log10eIOO ¼ CSRCTE � RaSRC:IOO TE (5)

where CSRCTE is the PDF of concentration of SRC

(in log10 units of SRC/100 mL) in TE samples and

RaSRC: IOO TE is the PDF of the ratio between SRC

and IOO in the TE (in log10 units).

There were no significant differences between true

IOO concentrations in TE and estimated IOO con-

centrations with the SRC:IOO ratio in this effluent.

Using SRC data, mean PIs were 1 to 2 log10 units higher

than when Cryptosporidium was used directly depending on

the model and on the method (see Table 2). The PI in treat-

ment plant 1 calculated with approach A would meet the

annual acceptable risk of infection of 1 × 10�4 (USEPA

; WHO ). In contrast, using approach B, the PI

would not meet this value. However, in treatment plant 1,

no infectious oocysts were detected when UV irradiation

was used for disinfection, despite the considerably higher

concentrations of TOO (1.3 log10 units of TOO/L). There-

fore, these results suggest that the use of indicators to

indirectly calculate the risk of infection by pathogens

could be a conservative method for QMRA.

Nevertheless, there are a few facts that could limit the

applicability of these approaches such as the variability in

the reductions of SRC from SE to TE; that their use does

not provide any epidemiological data for Cryptosporidium,

which is an important issue in terms of health risks and

the fact that the presence of SRC does not imply the pres-

ence of Cryptosporidium. Thus, these results justify further

research to achieve more reliable risk assessment of Cryptos-

poridium using SRC data and to determine the proper

circumstances to apply it.

To sum up, when treatment plants were studied sepa-

rately, great differences (3 log10 units) in the PI were

observed, even when the plants used the same disinfection

treatment. This finding is not surprising because they are

located in different geographic areas, and Cryptosporidium

concentrations in influent water as well as in reclaimed

water varied significantly from one plant to another (data

not shown). Moreover, a theoretical outage of the UV

lamps in a treatment plant could have serious consequences

regarding the risk of Cryptosporidium infection. In fact, risk

of infection in plants that do not apply UV treatment would

not meet the limit of less than one infection per 10,000

people per year (1 × 10�4). However, this limit is only a refer-

ence value for drinking water, and some authors have

considered it overly restrictive (Haas et al. ). Moreover,

all the assumptions for the QMRA made in the present study

were highly conservative.

Table 2 | Comparison of mean probabilities of infection (PI) and 95 percentiles (Perc. 95%)
in treatment plant 1 (with UV irradiation) using SRC (sulphite-reducing clostridia)

data for the calculation

Dose-response

Treatment plant 1 (with UV)

model Directc Ad Be

Exponentiala

Mean PI 1.10 × 10�5 5.50 × 10�4 5.83 × 10�5

Perc. 95% 2.35 × 10�5 2.53 × 10�3 2.24 × 10�4

β-Poissonb

Mean PI 4.64 × 10�4 1.65 × 10�2 2.53 × 10�3

Perc. 95% 1.08 × 10�3 8.70 × 10�2 1.01 × 10�2

aExponential dose-response model (Haas et al. 1996).
b
β-Poisson dose-response model (Chappell et al. 2006; Enger 2011).
cUsing Cryptosporidium oocysts concentrations.
dUsing PDFs (probability distribution functions) of SRC concentrations in secondary efflu-

ents (SE), PDF of ratios between SRC and infectious oocysts (IOO) in SE, and PDF of

reductions of IOO from SE to tertiary effluent (TE).
eUsing PDF of SRC concentrations in TE samples and PDF of ratios between SRC and

IOO in TE.
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CONCLUSIONS

C. hominis family IbA10G2R2 is the most common circulat-

ing genotype in the study area. The WWTPs studied

achieved a significant reduction of Cryptosporidium oocysts

through treatment. In fact, the highest reductions of IOO

were obtained when UV light was included in tertiary treat-

ments. Accordingly, the mean PIs associated with

Cryptosporidium were 3 log10 units lower when UV light

was applied for disinfection purposes, regardless of the

dose-response model used. Thus, multiple barrier tertiary

treatments using UV disinfection, in combination with

other processes, can better guarantee reclaimed water qual-

ity. Moreover, QMRA analyses performed with SRC data

(concentrations, ratios and reductions) resulted in higher

mean PIs in a treatment where no infectious oocysts were

ever detected. Therefore, the use of indicators in QMRA

could be a conservative method for risk calculation.
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Bruno S. Souza,b Renato F. Dantas,a∗ Mı́riam Agulló-Barceló,c,d Francisco
Lucena,c,d Carme Sans,a Santiago Esplugasa,b and Márcia Dezottib

Abstract

BACKGROUND: In this work, photochemical treatment (UV/H2O2) of a municipal secondary effluent was studied to assess its
suitability for preparing water for reuse. Ten water reuse criteria obtained from the legislation of eight countries were used as
indicators of water quality. Effluents from the municipal wastewater treatment plant (WWTP) of Gavà-Viladecans (Barcelona,
Spain) were subjected to UV/H2O2 treatment with low H2O2 concentration ([H2O2]o = 5 mg L−1 and UV fluence = 8.04 mW
cm−2) and the most common water reuse parameters, such as disinfection indicators, turbidity, total suspended solids and
microcontaminant removal (atrazine), were monitored.

RESULTS: Treatment inactivated 100% of the disinfection indicators after 5 min. Afterwards, three levels of treatment
corresponding to different reuse applications were defined according to the legislation used. In addition, according to the
LuminoTox® bioassay, oxidative treatment of the secondary effluent favoured the formation of less toxic intermediates. Finally,
a study was performed to determine the costs of each reuse condition.

CONCLUSIONS: Findings suggest that UV/H2O2 is a suitable method to obtain water of sufficient quality for further reuse.
c© 2012 Society of Chemical Industry
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INTRODUCTION
Water reuse is an attractive strategy that can significantly
contribute to water conservation in areas suffering from water
scarcity or overconsumption. This allows the use of reclaimed
water for specific purposes, which, depending on the application,
require different levels of treatment. Despite the importance of
water reuse, only a few countries carry it out at present. Among
them are the USA, some southern European countries and those
with a humid north-western climate.1 A number of these countries
have also developed guidelines that give water quality criteria and
advice on how effluents should be treated for purposes such as
irrigation, groundwater recharge and recreational reuse. Examples
of these are the ‘Guidelines for water reuse’,2 ‘Queensland Water
Recycling Guidelines’3 and the Spanish ‘Real Decreto 1620/2007’.4

Among the diverse types of effluents with the potential for
reuse are those from municipal waste water treatment plants
(WWTP), which are an attractive and common source of water,
and can be used for a large range of applications such as
in soils on cultivated and marginal areas, various facilities and
within urban building complexes.5 Nevertheless, the presence of
micropollutants in these and other effluents is a topic of great
concern.6 Most of these contaminants, including pharmaceuticals
and pesticides, can affect natural ecosystems7 and bioaccumulate
in the environment.8,9 In this context, the treatment of secondary
effluents (SE) could minimize the discharge of micropollutants and

enteric pathogens into the receiving waters, thereby improving
the overall SE quality for possible reuse.

Water reclamation for non-potable reuse typically requires
conventional water and wastewater treatment technologies that
are already widely practised and readily available in many
countries. However, if the quality of the reclaimed water is not
appropriate for the intended use, a higher level of wastewater
treatment is required. Often, the use of filtration, oxidative and
enhanced disinfection processes is recommended.2 Thus, due to
their ability to remove diverse types of micropollutants from

water10–12 and to disinfect,13 advanced oxidation processes
(AOPs) can be used as alternative methods to recycle SE and
achieve the levels of reuse parameters imposed by current
legislation. Among the AOPs, ultraviolet irradiation in combination
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with hydrogen peroxide (UV/H2O2), which produces hydroxyl
radicals (·OH) by the photolysis of hydrogen peroxide, can
degrade micropollutants14,15 and simultaneously reduce other
physicochemical parameters included in current water reuse
legislations.16 However, there is still little research concerning the
effect of AOPs on microbiological and physicochemical parameters
in municipal effluents for reuse purposes.

In this study, four different model microorganisms were tested
for UV/H2O2 inactivation: E. coli and spores of sulphite-reducing
clostridia (SSRC) as bacterial indicators,17 and somatic coliphages
(SOMCPH) and phages infecting the CB390 strain (CB390PH)
as viral indicators.18 The CB390 strain is a genetically modified
E. coli WG5 strain that can be used to simultaneously detect
somatic coliphages and RNA F-specific coliphages (both suggested
elsewhere as viral indicators). Except for CB390PH, all these
indicators are included in the different reclaimed water guidelines
mentioned above, since they can represent both the occurrence
and the response of different types of pathogens (i.e. bacteria,
viruses and protozoa) to water disinfection. E. coli is considered
as a traditional indicator whereas bacteriophages and SSRC
are considered as alternative indicators. 1-chloro-3-ethylamino-
5-isopropylamino-2,4,6-triazine (Atrazine = ATZ) was chosen as a
model compound to represent micropollutant presence in SE. ATZ
is usually used for pesticide control in the farming of corn and
other crops.19 Although ATZ was banned from the European Union
(EU) in 2004 due to its persistent groundwater contamination, its
considerable use in the past has impacted on the environment

and is often found in surface and ground waters,20–22 as well as

in SE.23–26 Other countries, however, consider this pesticide to be
safe, given that cumulative exposures tests show that it is spread
at levels below the limits that can potentially cause health effects;
therefore, its final concentration has been limited to 3.0 μg L−1 for
drinking water in these countries.2

This work aimed to assess the use of UV/H2O2 as a tertiary
treatment of SE for water reuse purposes. The main concern is what
modifications are produced in SE during disinfection by UV/H2O2

using low H2O2 concentration. The monitored parameters were
those mentioned by the regulations of several countries (USA,
Spain, Panama, Israel, Brazil, Italy, Australia and Portugal) covering
different water reuse practices. To better evaluate water quality
during the treatment, apart from disinfection, microcontaminant
(ATZ) concentration, physicochemical parameters and toxicity
(using LuminoTox®) were monitored. Finally, a cost study for the
laboratory-scale treatment was performed.

MATERIALS AND METHODS
Reagents and WWTP effluent samples
Atrazine of purity higher than 98% and catalase from bovine
liver were obtained from Sigma-Aldrich (Spain). Stock solutions
of ATZ were prepared with Milli-Q water. Other chemicals such
as hydrogen peroxide solution (30% w/w), oxalic acid (>99%),
ammonium metavanadate (>99%), and solutions of acetonitrile,
methanol, dichloromethane and uranyl nitrate were supplied by
Panreac Quı́mica Inc. (Spain).

SE was collected from the secondary treatment outlet of
the Gavà-Viladecans WWTP in Barcelona (Spain). The WWTP
serves a population of 172 208 inhabitants and uses activated
sludge processes plus decantation as secondary treatment. After
collection, 40 L samples were transported to the laboratory within
1 hour and were filtered through 10 μm pores. The disinfection
experiments were performed within 30 min after the samples

were filtered and the microbiological indicators were analysed
immediately. Samples for physicochemical analyses were stored
at 4◦C.

UV/H2O2 device set-up
Photochemical experiments were performed in batch mode using
2.0 L of effluent samples spiked with 0.1 mg L−1 of ATZ. A
single dose of hydrogen peroxide at an initial concentration of 5
mg L−1 was added before starting the radiation. This low H2O2

concentration was chosen in order to reduce costs and minimize
the residual H2O2 in the treated effluent. The photochemical
reactor used was a Pyrex perfect mixing jacketed vessel (i.d. = 9.6
cm, height = 27.7 cm), assisted by a thermostatic system that kept
the temperature at 25◦C. The irradiation system included three
low-pressure Hg UV lamps (Philips TUV 8W, G8T5) emitting at 254
nm and located inside quartz tubes (equally separated) immersed
in the photo-reactor. The actinometrical measurement used to
determine the UV fluence in the photoreactor was based on
the photochemical decomposition of oxalic acid in the presence

of uranyl nitrate, as described previously.27–29 According to the
actinometrical measurement, an incident photonic flux of 1.49 ×

10-5 Einstein s−1, corresponding to a fluency rate of 8.04 W cm-2

for the three 254-nm lamps, was obtained.

Analytical methods
Atrazine concentration in SE and in deionized water was measured
by an HPLC system supplied by Waters Corporation. The HPLC
column used was a Teknokroma C-18 Tracer Extrasil ODS2 (250
mm × 4.6 mm) and the mobile phase consisted of a 60:40 solution
of acetonitrile and water, respectively. The wavelength of the UV
detector was set at 221.0 nm and the flow rate kept at 1 mL min−1.
To monitor the ATZ concentration in the order of magnitude of
μg L−1, a solid phase extraction was necessary. ATZ extraction
was undertaken by filtering the sample through cartridges (Oasis
HLB discs, Waters®). Afterwards, ATZ was extracted from the
retention cartridges using 20 mL of acetonitrile followed by 20
mL of methanol. The solvent was evaporated by a N2 stream and
the obtained solid was dissolved in 2.5 mL of a 60:40 solution of
acetonitrile:water.

Total organic carbon (TOC) levels were measured by a Shimadzu
TOC-VCSN TOC analyser. To determine the chemical oxygen
demand (COD), the standard APHA 5220 D procedure was
followed. UV254 absorbance was used as the aromaticity indicator
and was measured using a Perkin Elmer UV/VIS Lambda 20
spectrophotometer. The most common reuse parameters were:
total suspended solids (TSS) and turbidity, which were analysed
following APHA standard methods guidelines 2540D and 2540E,
respectively. To measure turbidity, a HACH 2100P turbidimeter
was used.

Microbiological analysis
E. coli and SSRC were selected as bacterial indicators. E. coli was
quantified by membrane filtration using 47-mm cellulose acetate
filters with a nominal pore size of 0.45 mm (Millipore EZ-Pack
membrane filters, Cat. Number: EZHAWG474), and incubated on
Chromocult® Coliform Agar (Merck KGaA, Germany) for 20 ± 4 h
at 44◦C. SSRC were cultured on SPS agar medium for 24 h at 44◦C,
following the method of Bufton (1959).30 Somatic coliphages
(SOMCPH) were selected as viral indicators and were detected
following the ISO standard 10705–2.31 Phages infecting the
CB390 strain were enumerated by the double-agar-layer method

wileyonlinelibrary.com/jctb c© 2012 Society of Chemical Industry J Chem Technol Biotechnol (2013)
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following the protocol of Guzmán et al.32 The detection limit in
treated SE was 10 CFU or PFU per 100 mL for all the indicators.

Toxicity testing procedures
To assess toxicity, LuminoTox® was used. The bioassays were
conducted on samples taken from UV/H2O2 runs using [ATZ]o = 0.1
mg L−1 and [H2O2]o= 5 mg L−1. The LuminoTox® SAPS test kit
consisted of a fluorometer biosensor that used stabilized aqueous
photosynthetic systems (SAPS) to recognize toxic chemicals
in the water by measuring photosynthetic activity. SAPS are
algae (Chlorella vulgaris) that fluoresce when photosynthesis is
triggered by light absorption. The absorbed energy is emitted as
fluorescence, which is the signal measured by the LuminoTox®
device. Decreases in fluorescence measurements produced by
a blank and test samples containing toxic contaminants were
expressed as percentage inhibition. An incubation period of 15
min was started when 100 μL of SAPS solution were added to 2 mL
of sample using an amber syringe followed by mixing by inverting
five times. In this incubation period, permeable molecules acting
directly on the photosynthetic electron chain were detected at
low concentrations. Following this exposure period, the content
of the syringe was added to a cuvette within the LuminoTox®
device to determine toxicity. The endpoint determined was the
fluorescence inhibition at 15 min, expressed in %. The samples
were analysed after residual hydrogen peroxide quenching using
catalase solution.

RESULTS AND DISCUSSION
Wastewater characterization
The SE was characterized after filtration and its physicochemical
parameters are shown in Table 1. This first step of filtration was
carried out to avoid suspended and/or flocculated material that
would disturb analytical measurements. This previous filtration
removed about 50% TSS, 20% turbidity and 10% COD. The other
parameters were not affected.

All effluent parameters were within the standard range of
values for municipal WWTP. Variation in the values was considered
normal. It is important to mention that the results in this paper
depended on the WWTP effluent composition. It is well known that
WWTP effluents can differ considerably, despite the treatments
applied being similar. This is due to factors such as the treated
volume, chemical substances, the presence of a variety of industrial
effluents and the season of the year, which directly affect treatment
efficiency.33,34

Disinfection
To carry out disinfection experiments, SE samples were taken and
transported in refrigerated boxes to the laboratory in about 30
min. Disinfection experiments were performed and the samples
were analysed immediately after. SE samples were treated with
UV irradiation alone or UV/H2O2 (using 5 mg L−1 of H2O2) in the
presence and absence of 0.1 mg L−1 of ATZ. The runs lasted a
maximum of 60 min; however, the samples were withdrawn after
0.5, 1, 2, 3, 4 and 5 min of treatment. After 5 min of treatment, no
significant changes were observed in the disinfection parameters
(tailing plateau).

Samples of SE were filtered prior to disinfection to improve
subsequent processes. However, there were no significant
differences (P-value > 0.05) in any of the disinfection indicators
before and after filtration.

Table 1. Characteristics of the pre-filtrated secondary effluent

Parameter Value

pH 7.9 ± 0.1

TSS (mg L−1) 12.2 ± 1.1

Alkalinity (mg HCO3
- L−1) 507 ± 24

Turbidity (NTU) 4.1 ± 0.7

UV254(cm−1) 0.3144 ± 0.0126

TOC (mg C L−1) 15.5 ± 1.2

COD (mg O2 L−1) 52 ± 4

BOD5 (mg O2 L−1) 9.1 ± 1.4

Initial concentrations (in log units) in SE effluents were as
follows: (i) 6.03 ± 0.02 (SD) for E. coli; (ii) 5.26 ± 0.14 for
SOMCPH; (iii) 5.13 ± 0.07 for CB390PH and (iv) 4.53 ± 0.1
for SSRC. In Fig. 1, microorganism inactivation by UV and ·OH
oxidation is expressed as microbial concentration removal (log
units) versus UV fluence. The data were also used to calculate
the inactivation constant (k), which was used to compare the
inactivation rate of all the treatment conditions used. Although
there were weak differences in the inactivation kinetics, all the
indicators were below the detection limit after 5 min of treatment
regardless of the treatment. E. coli as well as SOMCPH and CB390PH
were quickly inactivated, whereas SSRC showed a slightly higher
resistance. Log reductions of these parameters were 5.04, 4.36,
4.08 and 3.6, respectively. The initial concentration of SSRC
in the SE was the lowest. SSRC resistance has been reported
elsewhere; these microorganisms have been described as suitable
surrogates of protozoan pathogens such as Cryptosporidium.17,34

Health risks related to Cryptosporidium in water have been well
described35,36 and it is considered as a reference pathogen due
to its high resistance to one of the most commonly applied
disinfection procedures, chlorination. Therefore, the need for an
appropriate indicator is clear. SSRC have shown similar behaviour
to Cryptosporidium before tertiary treatments such as UV and
chlorination,37 which is a common treatment used in Catalonia for
water reclamation.

A irradiation time of 5 min, corresponding to a UV fluence of
2412 mJ cm-2, was able to inactivate all disinfection indicators.
However, the UV inactivation constant for each microbial indicator
was as follows: E. coli > SOMCPH ≥ CB390PH > SSRC, which is in
agreement with results previously described in real SE samples.38

CB390PH resistance to UV irradiation is slightly higher than that of
SOMCPH because strain CB390 allows the simultaneous detection
of SOMCPH and F-specific RNA phages, which are more resistant
to UV irradiation. The synergistic effect between UV and H2O2

elicited a similar reduction of the disinfection indicators to that
induced by direct UV photolysis. Therefore, it can be suggested
that the contribution of the UV dose was much higher than that
of the OH radical toward disinfection. The H2O2 consumed 5 min
after UV/H2O2 treatment was around 1 mg L−1, thus confirming
the presence of hydroxyl radicals in the medium. The effect of
H2O2 alone was not investigated since it is known that E. coli is
not inactivated within this range of concentration and exposure
time.39,40 ATZ only affected the SSRC inactivation rate, which had
its inactivation rate kinetic constant reduced by about 42%. This
decrease may be explained by the UV absorption by ATZ molecules,
which diminished the UV available for inactivating SSRC. Since the
other inactivation indicators were less resistant to direct UV-C
irradiation, this influence could not be observed in them.
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Figure 1. Indicators of inactivation of the different treatments applied to the filtered SE. SOMCPH, somatic coliphages; CB390PH, phages infecting the
CB390 strain; SSRC, spores of sulphite-reducing clostridia.

Reuse proposal
To obtain the reusable quality required by legislation, the effluent
must meet the desired levels for specific parameters. Figure 2
shows the analysis of the most common water reuse parameters:
turbidity and TSS during UV/H2O2 treatment. After disinfection (5
min of reaction) the treatment was not able to achieve the required
SE quality for reuse, so the treatment time was extended to verify
its effect on reuse parameters. According to Fig. 2, after 120 min of
UV/H2O2 treatment, turbidity was reduced by more than 60% and
TSS by about 40%, indicating that the OH radical decreased specific
reuse parameters. After 90 min of reaction, these parameters
reached a plateau and no further reduction was observed. H2O2

consumption after 120 min was greater than 98% (4.92 mg L−1),
thus this time was considered the end of the UV/H2O2 reaction.
TSS and turbidity were not affected by UV irradiation alone.

To better compare the effects of the treatment, the results were
compared with the recommendations given by different water
reuse legislation. Table 2 summarizes the water quality reuse
criteria of some countries.

As shown in Table 2, turbidity, pH, TSS and coliforms are the most
relevant and widely used water reuse parameters for recreational
and environmental purposes. In some particular applications, COD
and BOD5 can be monitored as probing parameters. Depending on
the industrial water reuse application, specific parameters such as
metal concentrations, temperature and alkalinity are required to be
monitored. Apart from the specific reuse legislation, water quality
should follow the regular water quality legislation of each country
for treating effluents, which in general prohibits the presence of
some hazardous microcontaminants and, in some specific cases,
emerging contaminants.

In this work, the water quality requirements for reuse were
divided into different levels to better suit the differences in
legislation. Thus, three different oxidation periods were considered
based on the level of the treatment, which all achieved the water
quality appropriate for reuse. Figure 3 displays the oxidation steps
including treatment time and UV dose.

Three important steps providing the desired water qualities
using UV/H2O2 were identified. It is important to mention that
according to the legislations followed in this study, the SE was not
suitable for direct reuse due to its high microbiological content.
The disinfection stage based on UV and OH radicals was able
to inactivate microbial indicators in the SE after 5 min. When
the oxidation time was extended to 35 min, in addition to SE
disinfection, the micropollutant ATZ was completely removed
from the effluent. The ATZ elimination step was an important
achievement because ATZ represents a micropollutant that needs
to be removed according to legislation. This treatment time
was called the 1st condition as some appropriate water reuse
parameters were achieved. The 2nd condition was achieved after
60 min of treatment, when TSS and turbidity reached values below
10.0 mg L−1 and 3.0 NTU, respectively; this was sufficient to comply
with new water reuse recommendations. After 100 min of reaction,
the 3rd condition was reached, in which TSS and turbidity were
reduced, reaching 7.0 mg L−1 and 2.0 NTU, respectively. Thus, in
accordance with the criteria used, this level of treatment yielded
the desired quality for all applications. The exception was for reuse
in cooling towers suggested by the Spanish legislation, which
requires a turbidity of 1.0 NTU. Table 3 correlates the UV/H2O2

treatment level with water reuse applications according to diverse
regulations.

wileyonlinelibrary.com/jctb c© 2012 Society of Chemical Industry J Chem Technol Biotechnol (2013)
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Figure 2. Turbidity (A) and total suspended solids (B) versus time during
UV/H2O2 treatment of SE. [H2O2]o= 5 mg L−1, UV fluence = 8.04 mW cm-2.

Toxicity
Although the different legislations for water reuse do not consider
toxicity measurements, we performed some assays to verify
the impact of UV/H2O2 on the acute ecotoxicity of treated SE.
LuminoTox® could detect positive responses in SE, as well as
in SE samples spiked with 0.1 mg L−1 of ATZ. The inhibition
measurement indicated the toxicity responses shown in Fig. 4.

The toxic potential caused by the presence of ATZ and its
transformation by UV/H2O2 was assessed. ATZ clearly affected the
LuminoTox® response in SE samples. An increase in irradiation
time influenced the toxicity of the spiked SE, reducing toxicity
proportionally to ATZ elimination. In the absence of ATZ, the
bioassay detected a positive response; however, inhibition did
not decrease with time during UV/H2O2 treatment. The bioassay
was considered sensitive to the SE samples used and contributed
to the evaluation of water quality obtained by UV/H2O2. The
LuminoTox® assay also suggested that effluent organic matter
(EfOM) transformation induced by UV/H2O2 did not promote the
formation of more toxic compounds, supporting the suitability of
this technique for SE reclamation.

Micropollutant (ATZ) removal
To perform the runs, 100 μg L−1 of ATZ was added to 2 L
of SE or distilled water (DW). The samples were subjected to
UV/H2O2 treatment ([H2O2]o = 5 mg L−1) and ATZ concentration
was recorded during the reaction time. Figure 5 shows the ATZ
removal and H2O2 consumption profiles during the reaction.

When the SE sample underwent UV/H2O2 exposure, the system
lowered the ATZ concentration to undetectable levels, achieving
a reduction of over 99% (ATZ quantification limit = 0.55 ± 0.05
μg L−1) after 35 min of treatment. Blank experiments with DW
were also performed and verified the influence of EfOM on
ATZ degradation, showing ATZ removal in around 2.5 min of
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Figure 3. Water reuse conditions achieved during the experimental time.

Table 3. Conditions for water reuse application

Reuse proposal Water reuse application Legislation or directive

Condition 1 Farming, golf course and green area irrigation All mentioned in Table 2

Steam boiler Italy and Spain

Cooling towers USEPA

Recharging of aquifers Spaina

Restricted recreation USEPA and Australia

Non-restricted recreation Australia

Urban non-potable (restricted use) Spain and Australia

Building construction SINDUSCON-SP/Brazil

Condition 2
Steam boiler California/USA, California/USA, Panamá

Recharging of aquifers Phoenix/USA

Condition 3

Urban non-potable (non-restricted use) USEPA

Non-restricted recreation USEPA

Recharging of aquifers Spainb

a Injection for percolation.
b direct injection.
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Figure 4. Toxicity LuminoTox® analysis results for UV/H2O2 treatment of
SE samples and SE + ATZ samples. [H2O2]o= 5 mg L−1, [ATZ]o = 0.1 mg
L−1 and UV fluence = 8.04 mW cm-2.

treatment. EfOM presence increased the treatment time needed
to remove ATZ. This necessitated an important rise of the required
UV irradiance, which increased from 1206 to 16884 mJ cm-2. It is
important to point out that as expected, ATZ also had an important
direct photolysis rate. Figure 5 also shows that the H2O2 consumed
to achieve total ATZ removal were 2.4 and 1.9 mg L−1 for SE and
DW, respectively.

Mineralization and specific UV absorbance (SUVA) removal
Photochemical treatment, which is considered efficient in
reducing physicochemical parameters, did not promote significant
mineralization of the effluent in this case. Figure 6 presents
TOC removal during the reaction. TOC did not exhibit a clear
decrease when using the hydrogen peroxide concentration of 5
mg L−1. However, when evaluating EfOM aromaticity, a significant
reduction was observed, indicating that the OH radicals affected
mainly the molecular weight of organic substances in SE by
breaking aromatic rings and double bonds. The UV254 and TOC
were used to calculate the aromaticity indicator. It was assumed
that UV254 was a useful indication of the levels of hydrocarbon
content, double bonds and carbonyl organic substances, including
humic acid. The combination of these measurements can be
used to calculate the SUVA (UV254/TOC), a practical parametric
predicting the aromatic carbon content of organic matter in
water.41,42 According to the classification quoted by Edzwald and
Benschoten,41 SUVA values, expressed in L m−1 mg−1 and ranging
from 4 to 6.5, mainly represent organic matter composed of humic
and fulvic acids, suggesting greater aromaticity and stronger
hydrophobicity with larger molecular weights. SUVA values less
than 3 correspond to organic compounds with less aromaticity
and relative hydrophobicity and lower molecular weight. Figure 5
shows SUVA measurements and H2O2 consumption in SE samples

J Chem Technol Biotechnol (2013) c© 2012 Society of Chemical Industry wileyonlinelibrary.com/jctb
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Figure 5. ATZ decay and H2O2 consumption during UV/H2O2 treatment in DW and SE. [H2O2]o= 5 mgL−1.
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Figure 6. Effect of UV/H2O2 on mineralization, aromaticity and hydrogen peroxide consumption in SE samples. [H2O2] = 5 mg L−1, UV fluence = 8.04
mW cm-2.

treated with UV/H2O2 for 120 min. Regarding H2O2 consumption
with time, Fig. 5 demonstrates that the UV/H2O2 process continued
during the entire reaction time. As previously commented,
after 120 min, all the H2O2 was consumed and the reaction
finished.

Energy consumption and costs
Energy consumption of the different steps of UV/H2O2 oxidation
was calculated and compared. The electrical energy required
was calculated using a UV fluence of 8.04 mW cm-2, an
irradiation area of 169.3 cm2 for a 2-L vessel and a reflection
coefficient value for the reactor walls of 1.5, as described in
Equation (1):

GUV =
I0 × A × Cf

V
(1)

where GUV = consumption of light bulbs UV (W L−1); Io = UV
fluence (8.04×10-3 W cm-2); A = irradiation area (169.3 cm2);
Cf = reflection coefficient of reactor wall (1.5); and V = reactor
volume (2 L).

According to Equation (1), the energy needed to treat 1 m3 of
effluent was 1.02 kW m-3. Considering that the local energy cost

in Barcelona city (Spain) is 0.1177 ¤ kWh−1, it was possible to
quantify the energy cost associated with the different oxidation
periods of UV/H2O2 treatment. The expected hydrogen peroxide
consumption cost was also considered, taking into account a
laboratorial commercial value of 5 ¤ kg−1 (hydrogen peroxide
30%). Table 4 shows the electrical energy and H2O2 consumption
costs to treat each m3 of SE.

The calculated total energy costs (UV radiation + H2O2

consumption costs) was considered relatively low, not exceeding
0.23 ¤ m-3 of treated effluent. In particular, the UV radiation
cost represented the major portion of the total cost. However,
for strict energy cost quantification of the UV/H2O2 process,
other variables must be considered such as those associated
with storage and sample handling, reagents, maintenance, reactor
design considerations, thermostatic jacket system and labour
cost. They can strongly affect operational costs. It should also
be considered that if the initial hydrogen peroxide concentration
is increased, the reaction time and the irradiation time (energy
cost) decrease. Therefore, the costs presented in this work refer
only to UV/H2O2 treatment using a low H2O2 dosage. The cost of
the UV/H2O2 treatment is in agreement with some bench scale
studies dealing with the cost of advanced oxidation for water and
wastewater treatment.43,44
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Disinfection and treatment of municipal secondary effluents for water reuse www.soci.org

Table 4. Theoretical energy costs of several stages of the UV/H2O2 treatment process on SE

Reaction stage

Reaction

time (h)

UV consumption

(kWh m-3)

UV energy cost

(¤/m3)

H2O2 consumption

(kg m-3) H2O2 cost (¤ m-3) Total costs (¤ m-3)

Disinfection 0.0670 0.0680 0.0080 6.17 × 10−4 0.0031 0.0111

ATZ elimination / 1st condition 0.5800 0.5950 0.0700 2.55 × 10−3 0.0127 0.0828

2nd condition 1.0000 1.0200 0.1201 3.70 × 10−3 0.0185 0.1386

3rd condition 1.6700 1.7000 0.2001 4.50 × 10−3 0.0225 0.2226

Complete reaction 2.0000 2.0400 0.2401 4.90 × 10−3 0.0245 0.2646

CONCLUSION
In this study, UV/H2O2 treatment of municipal effluents using
low H2O2 dosages achieved E. coli levels allowed by Spanish
legislation (RD 1620/2007) for different reuse purposes such as
for farming, green areas, golf course irrigation and some urban
uses. This, coupled with the fact that bacteriophages and SSRC
were also removed, suggests that UV plus H2O2 are very effective
for SE disinfection and SE recycling even in the presence of more
resistant organisms. Moreover, the treatment was able to achieve
other reuse conditions by increasing treatment time.

With low hydrogen peroxide concentration and increasing
treatment time UV/H2O2 treatment generated reuse parameters
deemed acceptable by most national water reuse legislation, the
exception being for its use in cooling towers (Spanish legislation).
During SE treatment, very low mineralization was observed;
however, the aromaticity of the effluent was considerably lowered.
Despite the low transformation of the EfOM during SE oxidation,
there was a significant reduction in sample ecotoxicity during
treatment. Concerning the costs of recycling SE using UV/H2O2,
the calculated value was not considered unusual for the treatment
of municipal effluents.
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Abstract 26 
The aim of this study was to assess the disinfection of a real secondary effluent from a 27 
municipal wastewater treatment plant using added H2O2 (20 and 50 mg L-1), TiO2 (100 mg L-1)28 
and photo-Fenton under natural solar radiation in compound parabolic collector photo-reactors. 29 
For this purpose, the naturally occurring E. coli, spores of sulphite-reducing clostridia (SRC), 30 
somatic coliphages (SOMCPH) and F-specific RNA bacteriophages (FRNA) were tested before 31 
and along the different solar treatments. Results for E. coli showed the different treatments 32 
efficiency rank: photo-Fenton pH 3 > H2O2 (20 mg L-1)/solar > TiO2/solar > solar photo-33 
inactivation. On the other hand, for viral indicators the ranking was: photo-Fenton pH 3 > 34 
TiO2/solar > H2O2 (20 mg L-1) /solar > solar photo-inactivation. SRC were the most resistant 35 
indicator microorganism in all the evaluated processes. For the first time these solar processes 36 
have been evaluated for naturally occurring conventional indicators such as E. coli and 37 
alternative indicators such as SOMCPH and FRNA as viral indicators or spores of SRC as 38 
protozoan indicators. Some of the tested solar photo-oxidation treatments have shown their 39 
capability to reduce E. coli concentrations to a suitable level for water reuse (according to 40 
different reclaimed water guidelines) within affordable treatment times.  41 

42 
Keywords: Solar disinfection; AOP; E. coli; bacteriophages; reclaimed water 43 

44 
45 
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1. INTRODUCTION 1 
2 

Pathogens causing waterborne infectious diseases constitute one of the health risks 3 
associated with urban wastewater, and they have been identified as the main cause of 4 
contamination in streams, rivers and estuaries in the United States [1]. Diarrhoea is the 5 
most widespread waterborne infectious disease worldwide, mostly among children, and 6 
it is one of the leading causes of mortality in developing countries, where circa 88% of 7 
cases are associated with poor water quality and sanitation [2]. Among other measures, 8 
proper treatment of wastewater and drinking water disinfection are required in order to 9 
tackle this problem [3].  10 

11 
Other situations related to the scarcity of fresh water also render it necessary to conduct 12 
further research on new water disinfection technologies. First, the availability of safe 13 
fresh water is diminishing at an alarming rate both in high and low income countries, 14 
and sunny areas worldwide are particularly affected [4]. This situation will inexorably 15 
lead to the use of non-conventional water resources such as reclaimed water. Second, 16 
there is an increasing presence of disinfection by-products (DBPs) in drinking water 17 
due to the widespread use of chlorination and ozonation [5, 6]. Third, many countries 18 
and communities are unable to assume the economic and energy costs of some of the 19 
current disinfection treatments. Moreover, the efficacy of some widely used 20 
disinfection treatments is limited as regards removal of resistant waterborne pathogens 21 
such as Cryptosporidium and Giardia [7].  22 

23 
Advanced Oxidation Processes (AOPs) have been widely demonstrated to be reliable 24 
for wastewater treatment since they have a high capacity to oxidise nearly all organic 25 
pollutants. This capacity derives from the generation of hydroxyl radicals (OH•), the 26 
second most oxidant species after fluorine which acts unselectively [8]. Moreover, the 27 
use of solar light means that these treatments are environmentally friendly. Among 28 
solar AOPs, heterogeneous and homogeneous photocatalysis (i.e. TiO2 and photo-29 
Fenton) are the processes which have received most research attention in recent 30 
decades for wastewater treatment purposes. Recently, these AOPs have also begun to 31 
be studied for water disinfection purposes [9]. 32 

33 
This study analysed the disinfection capacity of 4 water disinfection methods based on 34 
the use of natural solar radiation. These were: solar photo-inactivation (with no 35 
additives or catalysts), H2O2 (20 mg and 50 mg L-1) with solar light, solar 36 
heterogeneous photocatalysis (TiO2), and solar photo-Fenton. Recently, these 37 
treatments have been proven to have a good capacity to inactivate microorganisms in 38 
water. Solar photo-inactivation has been applied for inactivation of a wide range of 39 
waterborne pathogens [10]. The synergistic effect of H2O2 and sunlight has been 40 
demonstrated to be effective for water disinfection against bacterial cells and fungal 41 
spores [11, 12]. Since the 90’s, the use of TiO2/solar UVA for inactivation of E. coli, E. 42 
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faecalis, total coliforms and several fungal spores has been studied in depth by several 1 
groups [13-16]. Moreover, the almost neutral pH photo-Fenton method has been 2 
studied as a novel mild water disinfection treatment. This treatment was successfully 3 
tested with E. coli, E. faecalis, Salmonella spp. and fungal spores in different 4 
contaminated waters [17-19]. 5 

6 
The concentration of pathogenic microorganisms in highly polluted waters, i.e. 7 
wastewater, may be low and furthermore, difficult to quantify. Consequently, 8 
indicators are used to represent both the potential occurrence and the response of 9 
pathogens to water disinfection, and faecal bacteria (faecal coliforms, E. coli, 10 
enterococci) are commonly used for this purpose. However, these indicators do not 11 
provide information on the occurrence and behaviour of viruses and protozoa. Hence, 12 
alternative indicators are used to evaluate water treatments: somatic coliphages 13 
(SOMCPH), F-specific RNA phages (FRNA) and bacteriophages infecting Bacteroides14 
are used as viral indicators [20], and spores of sulphite-reducing clostridia (SRC) are 15 
used as indicators of oocysts of Cryptosporidium [21, 22]. These indicators are present 16 
in wastewater, and their concentrations in a secondary effluent are sufficiently high to 17 
monitor 4 log reductions of E. coli, 3.5-4 log of SOMCPH, 2.5-3 log of FRNA and 2-18 
2.5 log of SRC without requiring costly and complicated concentration procedures 19 
[23]. 20 

21 
The aim of this study was to assess the disinfection of a real secondary effluent from a 22 
Municipal Wastewater Treatment Plant (MWWTP) using added H2O2, TiO2 and photo-23 
Fenton under natural solar irradiation in Compound Parabolic Collector (CPC) photo-24 
reactors. For this purpose, the naturally occurring E. coli, SRC, SOMCPH and FRNA 25 
were tested before and throughout the different solar treatments in order to: (i) 26 
determine the inactivation of these microbial indicators in real wastewater effluents, 27 
(ii) determine the indicator removal efficiency of the technologies studied, and (iii) 28 
evaluate the feasibility of these disinfection technologies for water reclamation.29 

30 
2. MATERIALS AND METHODS 31 

32 
2.1. Collection of MWWTP samples 33 

34 
Samples of real MWWTP effluent (MWWTP) were collected from the municipal 35 
wastewater treatment plant in the city of Almería (SE Spain) and used to carry out all 36 
the disinfection experiments. This treatment plant uses activated sludge plus 37 
decantation as secondary treatment, and produces 11,594,704 m3 of secondary effluent 38 
per year. Fresh secondary effluent was collected every day in batches of 60 litres. The 39 
samples were used for solar tests within 2 hours of collection. Several parameters were 40 
evaluated for the chemical and microbiological characterisation of the effluent. Table 1 41 
shows pH, inorganic ion concentrations, turbidity, conductivity, Total Organic Carbon 42 
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(TOC) and E. coli concentrations, averaged for all MWWTP effluent samples used in 1 
all the experiments. Ion determination was performed by ion chromatography (IC) 2 
using a DX-600 model (Dionex Corporation, Sunnyvale, California) for anions and a 3 
DX-120 model for cations. TOC and Total Carbon (TC) were analysed using a TOC-4 
5050 (Shimadzu Corporation, Kyoto, Japan). Turbidity was measured with a 5 
turbidimeter (Model 2100N, Hach, USA). The natural presence of iron in MWWTPE 6 
was analysed using a spectrophotometric technique with phenanthroline/acetic acid 7 
(UV-VIS measurements, limit of detection 0.05 mg L-1). No iron was detected in any 8 
of the samples used.  9 

10 
2.2. Indicator detection and quantification  11 

12 
E. coli was detected using the plate counting method in Chromocult® Coliform agar 13 
(Merck, Germany) with different sample volumes: (a) 25, 50, 250, and 500 μL of 14 
sample was spread over 90 mm diameter Petri dishes, and (b) 5 mL of sample was 15 
poured and cultured twice (total of 10 mL) in 140 mm diameter Petri dishes. In both 16 
cases, plates were incubated at 44ºC for 20 ± 4 h and enumerated. For detection of 17 
SRC, water samples were cultured on sulphite polymyxin sulphadiazine (SPS, 18 
Cultimed, Panreac) agar medium at 44˚C under anaerobic conditions for 24 h. Plaque 19 
forming units (PFU) of SOMCPH in the WG5 Escherichia coli strain were counted by 20 
the double agar layer technique following ISO standard 10705-2 [24]. FRNA were 21 
determined in Salmonella strain WG49 according to ISO 10705-1 [25]. The limit of 22 
detection for bacteria and bacteriophages was 10 CFU and PFU/100 mL, respectively. 23 

24 
2.3. Solar CPC photo-reactors 25 

26 
The efficiency of solar photo-activated treatments may be enhanced by the use of solar 27 
Compound Parabolic Collector (CPC) reactors. Their high efficiency in solar radiation 28 
(both direct and diffuse) collection accelerates the inactivation rates of the different 29 
solar treatments due to optimal collection of solar UVA photons [26, 27].  30 

31 
All experiments were performed under natural solar radiation at Plataforma Solar de 32 
Almería, located at 37° 84´ N and 2° 34´ W. The solar CPC reactors used for this study 33 
have been described elsewhere [28]. They consist on a CPC photo-reactor tube module 34 
placed on a tilted platform connected to a recirculation tank and a centrifugal pump. 35 
Total volume of the photo-reactor was 10 L, illuminated volume was 4.5 L and the 36 
irradiated collector surface was 0.4 m2. Based on our previous experience, the selected 37 
water flow rate was 10 L/min. The experimental setup allowed two experiments to be 38 
carried out simultaneously in two identical solar CPC reactors.  39 

40 
41 
42 
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2.4. Solar experiments 1 
2 

All experiments were conducted on sunny days in September and October 2011. The 3 
weather conditions (ambient temperature and solar irradiance) were those typical for 4 
this time of the year at this location. The average solar UVA irradiance for all tests was 5 
38 W m-2 within the period 11:00 – 15:00 local time, with maximum values of 50 W m-6 
2 registered between 13:00 pm and 15:00 pm. The temperature of the water samples 7 
during the solar tests (5h) ranged from 28ºC ± 1.6ºC to 39.8ºC ± 3.8ºC.  8 

9 
Inactivation results are presented as the average of at least two replicates for each 10 
treatment. Water and reagents were added to the reactor tank and re-circulated for 15 11 
min to ensure adaptation and homogenisation, with the CPC mirror covered by an 12 
opaque sheet. After that, the first sample was taken and the reactor was exposed to 13 
solar radiation. Samples were collected at regular intervals to determine indicator 14 
concentrations. Frequency of sampling varied depending on the treatment. Duration of 15 
all experiments was 5 h, starting at 11:00-11:30 a.m. local time. Water temperature 16 
(Checktemp, Hanna instruments, Spain), dissolved oxygen (DO) and pH (multi720, 17 
WTW, Germany) were measured in the reactor during the experiments. For each 18 
treatment, dark control tests were carried out using the same conditions (reactor, 19 
reagents, etc.) in a covered reactor. E. coli re-growth was evaluated 24 and 48 h after 20 
the treatment. This was performed with samples that reached the limit of detection. The 21 
samples were stored in the dark at 25ºC and enumerated again as described above. 22 
These results showed no re-growth in any of the treatments.  23 

24 
2.5. Reagents 25 
  26 
Aeroxide P25 (Evorick Corporation, Germany) TiO2 catalyst was used as received 27 
from the manufacturer as slurry to conduct heterogeneous photocatalytic experiment. 28 
The catalyst concentration used was 100 mg L-1 according to previous findings for the 29 
same CPC reactor configuration [28].  30 

31 
Ferrous sulphate heptahydrate (FeSO4·7H2O, PANREAC, Spain) was used as source of 32 
Fe2+ at concentrations of 5 mg L-1 and 10 mg L-1 for homogeneous photo-Fenton 33 
reaction. Fe2+ and total iron (Fetot) concentrations were measured according to ISO 34 
6332. Fe3+ concentration was determined subtracting Fe2+ from Fetot. The weight ratio 35 
of iron:H2O2 used was 1:2. Sulphuric acid (Merk, Germany, analytical grade) was used 36 
when acidic conditions were required for photo-Fenton experiments. 37 

38 
Hydrogen peroxide 30% w/v (Riedel-de Haën, Germany) solution was added directly 39 
into the samples. H2O2 concentration was determined with spectrometric methods as 40 
described elsewhere [29] with a range of 0.1–100 mg L-1. The experiments of 41 
H2O2/solar UVA were performed with 20 and 50 mg L-1. For photo-Fenton tests, a 42 
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freshly prepared solution of bovine liver catalase (0.1 g L-1, Sigma–Aldrich, USA) was 1 
added to samples in a ratio 0.1/5 v/v to eliminate residual hydrogen peroxide and avoid 2 
Fenton reactions after samples collection. H2O2 and catalase at these concentrations 3 
have been demonstrated to have no detrimental effect on E. coli viability [18]. 4 

5 
2.6. Solar radiation 6 

7 
UVA radiation was measured with a global UVA pyranometer (300 - 400 nm, Model 8 
CUV4, Kipp & Zonen, Netherlands) tilted 37º, the same angle as the local latitude. The 9 
pyranometer provides data in terms of incident UVA-W m-2, which is the solar radiant 10 
UVA energy rate incident on a surface per unit area. In this study, the inactivation rate 11 
is plotted against both experimental time (t), and cumulative energy per unit of volume 12 
(QUV) received in the photo-reactor. QUV (Eq. 1) is commonly used to compare results 13 
under different conditions [9]. 14 

15 

1,1,,           / −− −=ΔΔ+= nnntrnGnnUVnUV tttVAUVtQQ     (Eq. 1) 16 
17 

where QUV,n, QUV,n-1 is the UV energy accumulated per litre (kJ L-1) at times n and n-1, 18 
UVG,n is the average incident radiation on the irradiated area, Δtn is the experimental 19 
time of sample, Ar  is the illuminated area of collector (m2), and Vt is the total volume 20 
of water treated (L). 21 

22 
2.7. Kinetics evaluation 23 

24 
The inactivation results are usually evaluated using the Chick–Watson’s law (Eq. 2). 25 

26 
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log          (Eq. 2)27 

28 
Where N/N0 is the reduction in the concentration of microorganism, kt is the 29 
disinfection kinetic constant, and t is the experimental time. However the kinetics of 30 
the photo-induced disinfection process depends also on the photon flux received inside 31 
the photo-reactor. For this reason, to properly assess the inactivation rates of processes 32 
carried out under natural solar radiation, the modified Chick–Watson’s law was 33 
proposed (Eq. 3, [28]): 34 

35 
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Where kQUV is the new disinfection kinetic constant and QUV accounts for the solar 1 
UVA energy per unit of volume accumulated in the system. 2 

3 
4 

3. RESULTS AND DISCUSSION 5 
6 

3.1. Inactivation of microbial indicators by solar photo-inactivation  7 
8 

The effect of solar radiation on pathogen viability is shown in Figure 1a, while Tables 9 
2 and 3 show the first order decay rate of microbial indicators (kt and kQUV, 10 
respectively) for all the solar treatments evaluated in this study. According to the 11 
inactivation rates, the order of sensitivity to solar photo-inactivation was: E. coli > 12 
FRNA � SOMCPH > SRC.  13 

14 
Dark control experiments were performed under the same conditions in a covered 15 
reactor, so that the water presented the same thermal behaviour as under solar UVA 16 
exposure, thus enabling the effect of mild solar heating on these indicators to be 17 
evaluated (Figure 1b). This effect was either low or null for all indicators except 18 
FRNA, which showed a significant reduction (1.8-log). The sequence of sensitivity to 19 
this increase in temperature (29ºC to 38ºC) was FRNA > E. coli � SOMCPH � SRC.  20 

21 
Different responses to mild heating have been reported for the indicators studied here 22 
[30-33]. Temperature has a clear influence on the inactivation rate of microorganisms 23 
in solar water disinfection [34]. The synergistic effect of UVA radiation and 24 
temperature has also been evaluated in a number of Solar Water Disinfection (SODIS) 25 
articles [10], which have demonstrated that inactivation of bacteria by solar 26 
disinfection is substantially faster at temperatures above 45ºC [35]. In the present 27 
study, the range of temperatures was too low (< 40ºC) to observe such strong synergy. 28 
As can be seen in our results (Figure 1), the inactivation of E. coli and SOMCPH 29 
seemed to be mainly due to solar UVA irradiation. FRNA bacteriophage 30 
concentrations decreased 2 logs under solar exposure, although the thermal effect 31 
accounts for most of the inactivation (1.8 log). No significant reduction in SRC spores 32 
was observed in either case. The bactericidal effect of solar UVA radiation has been 33 
well described elsewhere [30, 10] for a wide range of pathogens. The effect is based on 34 
the oxidative action of several reactive oxygen species (ROS) generated in water under 35 
UVA radiation. The main variables affecting the inactivation rate are photon flux and 36 
the way that solar radiation is delivered into the system [36], and the dissolved oxygen 37 
[37], chemical composition and turbidity of the water [38]. Much research has been 38 
reported on the photo-inactivation of microorganisms, and the results have varied 39 
widely, being influenced not only by the above-mentioned parameters but also by other 40 
factors such as the origin of the microbial contamination (naturally occurring or lab 41 
seeded), water temperature, the source of light (sun, solar light simulators or UV 42 



;B�*8"	"895 �F�	�������T�F�C����
������������

*)W�

lamps) and the design of the photo-reactor. Most studies have been carried out using 1 
low volume static batch systems, such as 2L PET bottles, following the so-called 2 
SODIS method. However, this paper presents results for a re-circulated batch system. 3 
This permitted treatment of higher volumes but also required longer treatment times to 4 
reach the detection limit because the UVA radiation dose was delivered continuously 5 
into the system [36]. Therefore, the total volume of treated water should be taken into 6 
account when comparing the treatment times (or UVA dose in terms of kJ m-2) 7 
required by both types of systems to disinfect water. 8 

9 
Escherichia coli is the most frequently studied bacterium. Using the SODIS method, 10 
this waterborne pathogen has been found to be inactivated within 6 hours under full 11 
sunlight [10]. However, naturally occurring faecal coliforms have shown a higher 12 
resistance to sunlight [39, 40], with a substantial difference being observed between the 13 
inactivation of E. coli and that of bacterial endospores (belonging to Bacillus) in 14 
experiments performed in pure water seeded with laboratory-grown microorganisms, 15 
which is in agreement with the results obtained in this study. Furthermore, in 16 
experiments using UV irradiation, the same sequence of sensitivity, E. coli > human 17 
viruses > spores of Bacillus subtilis, has been reported [41]. Wegelin et al. [30] also 18 
observed that animal viruses and bacteriophages f2 (F-specific RNA bacteriophages) 19 
were more resistant than E. coli to UV irradiation. In contrast, the inactivation kinetics 20 
of E. coli and coliforms reported by Caslake et al. [42] were markedly faster than those 21 
described here. Nevertheless, it should be borne in mind that the coliforms studied by 22 
these authors consisted of a mix of pure laboratory-grown enteric bacteria cultures. 23 

24 
The variability observed in microbial inactivation in the experiments carried out in this 25 
study may have been due to numerous factors which changed daily between the 26 
different experiments, such as the level of solar irradiance, water temperature, and the 27 
load and nature of microbial and chemical contamination of the secondary effluent. 28 
However, although replicates were performed on different days and with the secondary 29 
effluent samples that varied slightly in turbidity and microbial indicator concentrations, 30 
they gave similar results, as shown in standard errors of kt (Table 2) and kQuv (Table 3). 31 
This low variability of the results was observed for all treatments. 32 

33 
3.2. Inactivation of microbial indicators by H2O2/Solar  34 

35 
Figures 2a and 2b show representative observations of microbial indicator inactivation 36 
with 20 and 50 mg L-1 of H2O2 respectively, under natural solar irradiation. The drop in 37 
concentration of each indicator during solar exposure with added 20 mg L-1 of H2O2 38 
was: 5.3-log for E. coli, 3-log for FRNA, 2.3-log for SOMCPH and 1.9-log for SRC. 39 
The addition of 50 mg L-1 of H2O2 resulted in similar inactivation levels, i.e., E. coli40 
(5.2-log), FRNA (2.8-log), SOMCPH (2-log) and SRC (2.1-log). For comparison 41 
purposes, the inactivation rate constants should be taken into account (Tables 2 and 3) 42 
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in order to establish the order of resistance of each indicator to this solar treatment. As 1 
expected, both H2O2 concentrations led to similar k-values, and the sequence of 2 
inactivation rate observed was: E. coli > FRNA > SOMCPH > SRC. During solar 3 
treatment, H2O2 consumption was 12 mg L-1 and 30 mg L-1, respectively. The main 4 
factor responsible for this consumption was the chemical oxygen demand (COD) of the 5 
water samples, although temperature and pH may also have played a role. As 6 
demonstrated in previous contributions [12], there was no direct relationship between 7 
the amount of H2O2 consumed and the inactivation rate. 8 

9 
To determine the influence of the low H2O2 concentrations, we performed dark control 10 
tests in the same reactor under the same conditions except that the reactor was covered. 11 
The viability of each indicator in the presence of H2O2 (20 mg L-1) was evaluated over 12 
5 h (Figure 2c). As reported in the literature for other microorganisms, we observed a 13 
non-significant decrease in the concentration of all of the indicators. The poor effect of 14 
H2O2 in the dark on survival of seeded E. coli has also been described by Rincón and 15 
Pulgarín [43], of naturally occurring E. coli by Fisher et al. [44], and of wild fungi 16 
[11]. The harmful effect of H2O2 itself depends on the microorganism and on the 17 
dosage applied; bacterial growth is inhibited in the range of 10-1000 mg L-1, while at 18 
higher concentrations the organisms are destroyed [45]. The low H2O2 concentrations 19 
used in this study only exerted a damaging effect on the indicators evaluated when 20 
combined with the presence of sunlight. 21 

22 
The synergistic effect of low amounts of H2O2 and solar irradiation to inactivate 23 
different microorganisms has been reported for E. coli, bacteriophage T7, Bacillus 24 
spores and Fusarium spp spores [12, 44, 46]. The different levels of sensitivity to this 25 
treatment shown by the indicators is in agreement with other reported results for 26 
inoculated E. coli [47], Bacillus spores [48], MS2 (F-specific RNA bacteriophage) and 27 
somatic coliphages T4 and T7 [49, 50]. There are some similarities between the values 28 
of T90 (time required to achieve a 90% reduction) for naturally occurring E. coli29 
reported by Fisher et al. [44] in water from contaminated ditch water and our results. In 30 
both cases, T90 ranged between 2 and 3 hours.    31 

32 
These authors attributed cell inhibition or death to the following mechanisms occurring 33 
simultaneously: (i) direct photo-inactivation (Figure 1a), (ii) internal Fenton and 34 
Haber–Weiss reactions leading to internal cell injures (this occurs when small, 35 
uncharged H2O2 molecules diffuse through membranes into the cell, increasing 36 
intracellular H2O2 levels. These molecules then react with free iron or loosely bound 37 
iron from cellular sources of iron (sulphur cluster, enterobactin, ferritin, and 38 
siderophores) leading to OH• generation via a Haber–Weiss reaction), and (iii) 39 
inactivation of catalase and superoxide dismutase (SOD), which occurs under UV-A 40 
radiation stress, favouring an increase in H2O2 inside the cells. Although the complete 41 
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mechanism still remains unclear, since there is no experimental evidence of what is 1 
happening inside the cells, our results may be explained by the above mechanisms.  2 

3 
Moreover, no enhancement of inactivation was observed when 50 mg L-1 of H2O2 was 4 
used (Figure 2b). The same effect has been observed before for Fusarium sp [11, 12, 5 
18]. This finding could be also explained by the internal reaction mechanisms, as they 6 
are limited by the iron available inside cells and not by the concentration of added 7 
H2O2. In this case, as with solar photo-inactivation [36], the amount of oxidative 8 
species needed to induce the destruction or inhibition of a certain microorganism are 9 
generated under given conditions (i.e., 20 mg L-1 of H2O2), but additional generation of 10 
ROS does not necessarily lead to better inactivation results.  11 

12 
3.3. Inactivation of microbial indicators by heterogeneous photocatalysis with 13 
TiO2  14 

15 
Figure 3 shows the inactivation of the 4 microbial indicators under solar heterogeneous 16 
photocatalysis using 100 mg L-1 of suspended TiO2. The improvement in disinfection 17 
achieved by the addition of TiO2 was very different for the microorganisms tested (see 18 
inactivation kinetics in Figure 3 and decay rates in Tables 2 and 3). The viral indicators 19 
(SOMCPH and FRNA) were the most sensitive, particularly FRNA, the inactivation 20 
rates of which were much higher than with solar light alone. E. coli inactivation was 21 
similar under both treatments. In contrast, SRC were hardly affected by the addition of 22 
titanium dioxide. According to inactivation rate constants (Tables 2 and 3), the 23 
sequence of microbial indicator sensitivity to the TiO2/Solar treatment was: FRNA > 24 
SOMCPH � E. coli > SRC.   25 

26 
A similar sequence of sensitivity has been reported elsewhere with seeded 27 
microorganisms. The greater sensitivity of MS2 (F-specific RNA bacteriophage) 28 
compared to E. coli [51] and phages φX174 and PR772 (both somatic coliphages) has 29 
also been reported [52]. In addition, the greater sensitivity of E. coli when compared to 30 
SRC [53] and the greater effect of TiO2 photo-oxidation on bacteriophage MS2 has 31 
been reported [54]. Regarding animal viruses, it has been described that enteroviruses 32 
are more sensitive to TiO2 photo-oxidation than E. coli [55]. On the other hand, some 33 
papers reports contradictory results with seeded E. coli [56-59]. 34 

35 
Under the experimental conditions applied in this study, it was not possible to obtain 36 
the best photocatalytic disinfection results due to the existence of certain detrimental 37 
factors, such as the presence of a high amount of carbonates/bicarbonates in the water, 38 
which decreases photocatalytic efficiency [28]. Similarly, organic matter competed for 39 
hydroxyl radicals generated under solar irradiation. Nevertheless, the reduction in 40 
dissolved organic carbon (DOC) was measured throughout the experiment and this 41 
parameter did not suffer any significant change. The high water pH (7.31 ± 0.30) did 42 



;B�*8"	"895 �F�	�������T�F�C����
������������

*)=�

not favour the interaction between photo-catalyst particles and microorganism cells 1 
[60].  2 

3 
3.4. Inactivation of microbial indicators by solar photo-Fenton 4 
  5 
The inactivation of microbial indicators with photo-Fenton was tested in the real 6 
effluent at pH 3 and at natural pH (7.31 ± 0.30) using 10 mg L-1 of Fe2+ and several 7 
doses of H2O2 (20 mg L-1 per dose), added during the solar experiments when the 8 
hydrogen peroxide fell below 10 mg L-1. The addition time of H2O2 doses varied 9 
depending on each experiment. The inactivation patterns obtained are shown in Figures 10 
4a and 4b and decay rate constants are given in Tables 2 and 3. As expected, the results 11 
differed depending on the pH and also on the microorganisms, and very short 12 
inactivation times were needed at pH 3 compared with natural pH, for all tested 13 
indicators. The sensitivity of the indicators against the photo-Fenton treatment at both 14 
pH values was: E. coli > FRNA > SOMCPH > SRC.  15 

16 
Dark control tests to evaluate the viability of the indicators at pH 3 were also 17 
performed in a covered reactor for 5 h. The indicator most affected by pH 3 was E. 18 
coli, which showed a > 2-log reduction within 60 min. FRNA and SOMCPH showed a 19 
1-log and 0.2-log drop in concentration, respectively, in 60 min. On the other hand, pH 20 
3 did not affect SRC, as its concentrations remained constant throughout the 5 h. 21 

22 
Dissolved iron in the neutral pH photo-Fenton tests was zero or below the detection 23 
limit of the quantification method; consequently kt and kQuv values of microbial 24 
indicators were similar to those obtained for the H2O2/Solar treatment. In contrast, the 25 
effect on all indicators except for SRC of photo-Fenton at pH 3 was dramatic: for E. 26 
coli, FRNA, and SOMCPH, the concentration reductions were 5-log (10 min), 3.8-log 27 
(10 min), and 5-log (1.5 h), respectively. The SRC concentration did not show a 28 
significant enhancement in inactivation, demonstrating the very strong resistance of 29 
this pathogen even to photo-Fenton at pH 3.  30 

31 
The high efficiency of the process at pH 3 was due to the photo-Fenton reaction which 32 
occurred between the added H2O2 and the dissolved iron in the effluent, and the stress 33 
that the very acidic conditions represented for the microorganisms may also have 34 
favoured inactivation. Although 10 mg L-1 of iron was added, only low amounts of 35 
dissolved iron were present due to the chemical composition of the water (Table 4). 36 
The dissolved iron at pH 3 was between 1 and 3 mg L-1, generating sufficient hydroxyl 37 
radicals to produce lethal damage to microbial cells, as has been reported for fungal 38 
spores, virus and bacteria in other papers [12, 18, 61]. It was the photo-Fenton reaction 39 
which was primarily responsible for this dramatic drop in indicator concentrations, 40 
because similar experiments at neutral pH or with only added H2O2 showed slower 41 
inactivation profiles (Tables 2 and 3). Due to the photo-Fenton reactions, the reduction 42 
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in DOC at pH 3 was around 10 mg L-1 in all experiments (from 15 to 5 mg L-1), while 1 
in the near neutral pH photo-Fenton reaction, the decrease in DOC was not 2 
appreciable. Therefore, to minimise the supplementary cost of acidification and 3 
neutralisation, it would seem advisable to conduct further research into the effect of pH 4 
values between 3 and neutral. 5 

6 
3.5. Photo oxidation effects on microbial inactivation 7 

8 
These treatments have typically been studied using laboratory strain microorganisms 9 
seeded in water (i.e., E. coli K12). However, very little information is available about 10 
disinfection of naturally occurring E. coli [44], and nothing has been reported about 11 
viral indicators or bacterial spores until now. Moreover, seeded microorganisms are 12 
more sensitive to disinfection than naturally occurring ones [62-66].  13 

14 
A global comparison of all the inactivation rates achieved for each naturally occurring 15 
indicator (Figure 5) shows that SRC was the indicator with the lowest inactivation rates 16 
for all treatments. In contrast, E. coli was always the most easily inactivated indicator 17 
except in the case of the treatment with TiO2/solar, where FRNA phages were the most 18 
susceptible microorganisms. Regarding the elimination of E. coli, which is currently 19 
the recommended indicator worldwide [67], in the USA [68] and in Spain [69], etc., 20 
the different treatments ranked as follows: photo-Fenton pH 3 > H2O2 (20 mg L-1)/solar 21 
> TiO2/solar > solar photo-inactivation. On the other hand, for viral indicators the 22 
ranking was: photo-Fenton pH 3 > TiO2/solar > H2O2 (20 mg L-1)/solar > solar photo-23 
inactivation. These different rankings should be taken into account when intending to 24 
combine photo-oxidisers.  25 

26 
The sensitivity of the viral indicators to the disinfection procedures tested was 27 
moderate when compared with E. coli and SRC (Figure 5), as suggested in reported 28 
studies of seeded viruses [41]. SOMCPH, which are a mixture of different DNA 29 
viruses, showed a higher resistance than FRNA phages to the tested photo-oxidative 30 
processes (Figure 5), in agreement with other studies performed with seeded 31 
bacteriophages [52]. The few reports on seeded human viruses presented very variable 32 
results: rotaviruses and FRNA phages f2 and MS2 showed similar levels of resistance; 33 
nevertheless the encephalomyocarditis virus presented levels of resistance similar to 34 
those of SOMCPH [30]. Thus, it can be deduced that naturally occurring SOMCPH are 35 
good surrogate indicators for human viruses in photo-oxidative systems, since they 36 
cover viruses that are not covered by either E. coli or F-specific RNA phages. 37 

38 
It is difficult to compare inactivation of SRC and Cryptosporidium oocysts, since data 39 
on inactivation of naturally occurring oocysts with these treatments are not available. 40 
Nevertheless, seeded Cryptosporidium oocysts [70-72] and Achantamoeba cysts [41] 41 
have been described to be quite resistant to photo-oxidation treatments. Additionally, it 42 
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has been reported that with tertiary treatments such as UV irradiation and chlorination, 1 
SRC inactivate similarly to Cryptosporidium infectious oocysts [73-75]. Therefore, 2 
among the currently used model microorganisms, SRC appears to be the best indicator 3 
of the fate of protozoan oocysts when photo-oxidation treatments are used.  4 

5 
3.6. Applicability of photo-oxidation treatments in water reclamation 6 

7 
The treatment time required to fulfil the microbiological criteria stated in water 8 
reclamation policies and guidelines has been estimated for four solar-promoted photo-9 
oxidation treatments. Table 5 presents a summary of the required time (solar exposure) 10 
for each treatment to eliminate 3-, 4- and 6-log of naturally occurring E. coli under the 11 
experimental conditions used in this study. In the worst case scenario of a highly 12 
contaminated secondary effluent (i.e., 106 CFU-E. coli per 100 mL), these reductions 13 
would provide reclaimed water suitable for unrestricted irrigation which fulfilled the 14 
criteria established by: (i) the WHO (2006), (ii) Spanish regulations [69] and (iii) the 15 
USEPA [68]. These three different regulations on reclaimed water quality stipulate 16 
different requirements: < 1000, < 100, and < 1 E. coli (CFU per 100 mL), respectively. 17 
The design of a solar treatment plant which fulfilled these criteria would need a 18 
residence time of at least 6 min for photo-Fenton at pH 3, or 2 h for H2O2 (20 mg L-19 
1)/solar (Table 5). These treatment times are still lengthy for a continuous flow reactor.  20 
Previous experiences with solar pilot reactors are based on batch flow reactors which 21 
can treat variable volumes (tens of litres) of water, as they are modular. Only a few 22 
studies have been reported on continuous flow systems, for example, a sequential batch 23 
photo-reactor based on solar photo-inactivation for drinking water purification in 24 
isolated communities with lack of access to drinking water. In this case, the reactor was 25 
tested using E. coli in natural well water [29].  26 

27 
The capability of several solar technologies for real MWWTP effluents disinfection 28 
(for further reclamation) using a solar CPC photoreactor prototype has been shown 29 
here. According to our results, a continuous flow reactor for the treatment of large 30 
amounts of water (several m3 per day), the CPC field surface area required should be 31 
enormous (hundreds of m2), as the treatment times range from few minutes to 2 hours 32 
(4-log decrease). The design of this system should be enhanced for the real 33 
applications; this will be achieved by reducing the residence time. For example, from 34 
the solar collection point of view, the best choice of the optical path length (it depends 35 
on the water quality) would improve the income of solar photons in the photoreactor. 36 
Therefore, a proper design of a CPC plant for real MWWTP effluents based on the real 37 
load of contaminated water is needed prior to report on surface areas of solar collectors 38 
and capacity of the treated volumes per day. Additionally, more research should be 39 
conducted on these kinds of solar photo-oxidative technologies with the aim of finding 40 
out the limitations of these processes from the photo-chemical and photo-biological 41 
point of view.  42 
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1 
4. CONCLUSIONS 2 

3 
One novel contribution of the study reported here is that it was performed with 4 
naturally occurring microorganisms, and to the best of our knowledge this is the first 5 
time that a description has been given of the effects of photo-oxidation processes on 6 
naturally occurring viral indicators and spores of sulphite-reducing clostridia, which 7 
are considered indicators of protozoan (oo)cysts. In addition, the results confirm 8 
previously described studies suggesting that a single microbial indicator may not be 9 
enough to guarantee a low risk of infection. Nevertheless, it would also be possible to 10 
estimate the effects of these treatments on viruses and protozoa using the indicators, 11 
and to calculate the treatment necessary to bring pathogens down to acceptable levels. 12 
In addition, the photo-oxidation treatments tested were capable of achieving the 13 
disinfection level necessary to reduce microbial health risks for users and they seemed 14 
to be functional as regards the treatment time required to achieve the regulatory limits. 15 
Consequently, from a practical point of view, this is highly valuable information that 16 
will be useful when deciding which of these treatments is the most feasible to obtain 17 
safe reclaimed water. 18 
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Table 1. Chemical and biological characterisation of the municipal wastewater treatment plant 
secondary effluent used (El Bobar, Almería, Spain).

Secondary effluent characterisation 

pH 7.31 �± 0.30 Turbidity (NTU) 8 �± 4 

PO4
3-  (mg L-1) 6�± 3 Conductivity (�S/cm) 1530 �± 152 

NO2
- (mg L-1) 3.4�± NO3

-  (mg L-1) 12 �± 15 �

Cl- (mg L-1) 289.7�± 64 SO4
2- (mg L-1) 114.7 �± 32 

NH4
+ (mg L-1) 35�± 21 Mg2+  (mg L-1) 27�± 3 

HCO3
-  (mg L-1) 85�± 3 K+  (mg L-1) 24.3�± 3 

Na+  (mg L-1) 182�± 11 Ca2+  (mg L-1) 78��± 3 

DOC (mg L-1) 16.3�± 3 Fe2+/3+ (mg L-1) 0 �± 0 

E. coli (CFU/100 mL) 1 × 105 � 9 × 104   

Table 2. Decay rates ± standard errors in min-1 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. 

  Decay rate - kt (min-1 ) 

Treatment E. coli SRC SOMCPH FRNA 

Solar photo-inactivation 0.0133 ± 0.0004 0.0019 ± 0.0012 0.0074 ± 0.0006 0.0085 ± 0.0017 

H2O2/Solar (20 mg L-1) 0.0342 ± 0.0094 0.0065 ± 0.0000 0.0077 ± 0.0002 0.0118 ± 0.0018 

H2O2/Solar (50 mg L-1) 0.0201 ± 0.0032 0.0066 ± 0.0006 0.0065 ± 0.0004 0.0107 ± 0.0014 

TiO2/Solar (100 mg L-1) 0.0135 ± 0.0013 0.0022 ± 0.0004 0.0141 ± 0.0010 0.0627 ± 0.0186 

Photo-Fenton pH 3 0.5377 ± 0.1355 0.0051 ± 0.0005 0.0390 ± 0.0010 0.4525 ± 0.0921 

Photo-Fenton Natural pH 0.0263 ± 0.0000 0.0039 ± 0.0000 0.0126 ± 0.0000 0.0137 ± 0.0000 
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Table 3. Decay rates in L kJ-1 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. 
  Decay rate – kQuv (L kJ-1) 

Treatment E. coli SRC SOMCPH FRNA 

Solar photo-inactivation 0.110 ± 0.010 0.012 ± 0.004 0.061 ± 0.004 0.075 ± 0.007 

H2O2/Solar (20 mg L-1) 0.410 ± 0.050 0.055 ± 0.005 0.068 ± 0.004 0.132 ± 0.007 

H2O2/Solar (50 mg L-1 ) 0.290 ± 0.020 0.064 ± 0.008 0.068 ± 0.003 0.125 ± 0.012 

TiO2/Solar (100 mg L-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 

Table 4. Iron measurement during the photo-Fenton experiment. 

pH Added Fe* Dissolved Fe* Total H2O2
*

3 10 1.1 80 

3 10 3.2 120 

3 10 2.9 140 

8 10 0 100 
*Expressed in mg L-1

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

  Time needed (h) 

Treatment  3-log 
reduction 

4-log 
reduction 

6-log 
reduction 

Solar photo-inactivation 3.76 5.01 7.52 

H2O2/Solar (20 mg L-1) 1.46 1.95 2.93 

TiO2/Solar (100 mg L-1) 3.70 4.94 7.41 

Photo-Fenton pH 3 0.09 0.12 0.19 
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Figure 1. Inactivation of all the microbial indicators tested in a representative single experiment 
of solar disinfection (a) and corresponding experiment performed in the dark (b). E. coli (—�—); 
SRC: Sulphite-reducing clostridia (—�—); SOMCPH: somatic coliphages (—�—); FRNA: F-
specific RNA bacteriophages (—�—); DL: detection limit; CFU: colony forming units; PFU: 
plaque forming units. UVA irradiance (——); temperature (— —). 
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Figure 2. Inactivation of all the microbial indicators tested in a representative single experiment 
of H2O2 (20 mg L-1 and 50 mg L-1)/solar UVA (a) and (b) respectively; experiment performed 
with H2O2 (20 mg L-1) in the dark (c). E. coli (—�—); SRC: Sulphite-reducing clostridia (—�—); 
SOMCPH: somatic coliphages (—�—); FRNA: F-specific RNA bacteriophages (—�—); DL: 
detection limit; CFU: colony forming units; PFU: plaque forming units. UVA irradiance (——); 
temperature (— —). 
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Figure 3. Inactivation of all the microbial indicators tested in a representative single experiment 
of TiO2 (100 mg L-1)/solar UVA. E. coli (—�—); SRC: Sulphite-reducing clostridia (—�—); 
SOMCPH: somatic coliphages (—�—); FRNA: F-specific RNA bacteriophages (—�—).UVA 
irradiance (——); temperature (— —). 
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Figure 4. Inactivation of all the microbial indicators tested in a representative single experiment 
of Photo – Fenton pH3 (a) and natural pH (b): 10 mg -1 of Fe+2 and 20 mg L-1 of H2O2 at pH3. E. 
coli (—�—); SRC: Sulphite reducing clostridia (—�—); SOMCPH: somatic coliphages (—�—); 
FRNA: F-specific RNA bacteriophages (—�—). UVA irradiance (——); temperature (— —). 
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Figure 5. Log inactivation of SRC (a), E. coli (b), FRNA (c), and SOMCPH (d) in each photo 
oxidation treatment: solar disinfection (−�−),  H2O2-20 mg L-1 (−�−), photo-Fenton pH3 
(−�−), TiO2 (−�−),H2O2-50 mg L-1 (−�−), photo-Fenton natural pH (−�−). SRC: sulphite-
reducing clostridia; SOMCPH: somatic coliphages; FRNA: F-specific RNA phages. QUV: 
accumulated energy. 
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