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Llistat d’abreviatures

°C Graus Celsius

pL Microlitre

AR Aigua residual crua (sense tractar, d’entrada a la depuradora)

ATZ Atrazina

BES Boletin epidemiolégico semanal

CB390PH Fags que infecten la soca CB390 (soca modificada d’Escherichia coli)
CFU De I'angles colony forming unit, unitats formadores de colonies

CIEMAT Centro de investigaciones energéticas, medioambientales y tecnoldgicas
cm Centimetre

DNA De I'anglés deoxyribonucleic acid, acid desoxiribonucleic

E Efluent d’entrada a la depuradora, és a dir, aigua residual crua.

E. coli Escherichia coli

EDAR Estacié depuradora d’aigua residual

EEUU Estats Units

ERA Estaci6 regeneradora d’aigua

ES Efluent secundari

ET Efluent terciari

ETAP Estacio6 de tractament d’aigua potable

FDA De l'anglés food and drug administration, agéncia d’administracié d’aliments i
farmacs

Fe 16 ferro

FRNAPH Fags RNA F especifics que infecten la soca WG49 de Salmonella

h Hora

H;0: Peroxid d’hidrogen

IDESCAT Institut d’estadistica de Catalunya

ISO De I'anglés International standardization Organization, organitzaci6 internacional per
'estandarditzacio.

100 De I'angles infectious oocysts, oocists infecciosos de Cryptosporidium

Km Quilometre

K] Quilojoule

L Litre
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m Metre

MBR De I'angles membrane bioreactor, bioreactor de membranes

mg Mil-ligrams

min Minut

m] Mil-lijoule

mL Mil-lilitre

mRNA RNA missatger (vegeu RNA)

MST De I'angles microbial source tracking, tragabilitat de la font de contaminacid

OCDE Organitzacié per la cooperacié i el desenvolupament economic

OMS Organitzacié mundial de la salut

ONU Organitzacio de les nacions unides

MDG De l'angles millenium development goals, objectius del mil-lenni per al
desenvolupament.

NTU De I'anglés nefelometric turbidity unit, unitat nefelomeétrica de terbolesa

PCR De l'angles polymerase chain reaction, reacci6 en cadena de la polimerasa

PDF De I'angles probability distribution function, funci6 de distribucié de probabilitats
PFU De I'angles plaque forming units, unitats formadores de placa

pH Potencial d’hidrogen

PI Probabilitat d’infecci6

PMA De I'anglés propidium monoazide

POA Processos d’oxidacié avancada

PPCP De I'angles pharmaceutical and personal care products, productes farmaceutics i
d’higiene personal

PSA Plataforma solar de Almeria

gPCR De 'angles quantitative PCR, PCR quantitativa

QMRA De I'angles, quantitative microbial risk assessment, valoracions quantitatives de risc
microbiologic

Quv Energia acumulada per unitat de volum

r coeficient de correlacid

RD Real decret

RFLP De l'angles restriction fragment length polymorphism, polimorfisme de longitud de
fragments de restriccié.

RNA De I'angles ribonucleic acid, acid ribonucleic

ROS De I'anglés reactive oxygen species, especies reactives de I'oxigen

s. Segle
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RT-qPCR De I'anglés reverse transciptase-qPCR, qPCR amb transcriptasa inversa

SCADA De l'anglés supervisory control and data acquisition, control supervisor i adquisicié
de dades

SIDA Sindrome d’'immunodeficiéncia adquirida

SODIS De I'angles solar disinfection, desinfeccié solar

SOMCPH Fags somatics (somatic coliphages) que infecten la soca WG5 d’E. coli

SSRC (o SRC) De l'angles spores of sulphite-reducing clostridia, espores de clostridis
reductors del sulfit

t temps

TiO; Dioxid de titani

TOO De I'angleés total oocysts, oocists totals de Cryptosporidium

TSS De I'anglés total suspended solids, solids totals en suspensio.

UE Uni6 europea

uLog unitats logaritmiques

UV Ultraviolat —ada

VIH Virus d'immunodeficiencia humana

W Watts

WWAP De I'angles world water assessment programme
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INTRODUCCIO - Antecedents i contextualitzacié

1.1. ANTECEDENTS I CONTEXTUALITZACIO

1.1.1. L’Aigua ésvida

S’estima que a la Terra hi ha aigua des de fa uns 5000 milions d’anys i que I'aigua que
tenim avui és la mateixa que la que hi havia fa 3000 milions d’anys, és a dir, que s’ha anat
movent continuament pels seus diversos reservoris: processos d’evapotranspiracio,
sublimacid, condensacio, fusié, precipitacié i escolament (Rohli i Vega, 2011). Per tant,
podem considerar que tota I'aigua que tenim avui en dia és, de fet, aigua reciclada.

Un 71% de la superficie de la terra és aigua, i d’aquesta, un 97,2% esta en forma
d’aigua salada en oceans i mars interiors. La resta, aproximadament un 2,8%, és aigua
dolga. Tot i aixi, només una petita porcié d’aquest 2,8% esta disponible, ja que a grans
trets, esta distribuida de la segiient manera: 0,008% en llacs; 0,62% en aqiiifers; 2,15% als
pols nord i sud; un 0,0001% en rius; un 0,001% pertany a l'atmosfera; un 0,005% és la
humitat del sol i el 0,008% mars interiors (vegeu figura 1).

H;r;itat Llacs i Rius
2% 0,3%

Resta d'aigua Pols =
3% Nord i Sud '

Oceans i mars
interiors
97%

77%

Figura 1: Grafic esquematic de la distribuci6, en percentatge, de I'aigua a la Terra.

Tenint en compte el temps que l'aigua esta en cadascun dels seus reservoris i la
velocitat amb la que la poblacié6 humana l'esta consumint, el resultat és un deficit hidric
global que fa que l'aigua hagi passat a ser un recurs escas i finit. Altres factors com
I'increment de la poblacié (A) i el canvi climatic (B) contribueixen significativament a
la sobreexplotacio6 de I'aigua fent que la situacié empitjori. D’aquesta manera, cada vegada
hi ha menys aigua disponible i més demanda, cosa que és insostenible a llarg termini.

(A) Pel que fa a I'increment de la poblacid, s’estima que al 2050 (d’aqui a 37
anys), al mon hi haura entre 9.300 i 10.600 milions de persones en funcié de com varii
la fertilitat (vegeu figura 2; UNWPP, 2010). A més a més, es preveu que el creixement
sera desigual, és a dir, molt més alt en paisos en vies de desenvolupament que no pas
en paisos desenvolupats. En aquest sentit, cal remarcar que és en paisos en vies de
desenvolupament on les necessitats d’aigua s6n més elevades, on les condicions
higiéniques i sanitaries son més pobres i on el tractament d’aigua contaminada, si és
que existeix, es un procés que tot just esta a les beceroles. A més a més, 'OCDE estima
que, si no s’apliquen mesures correctives i d’adaptacid, al 2050, un 40% de la poblacio
viura en zones amb un estrées hidric significatiu.
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Figura 2: Poblacié mundial del 1950 al 2100 segons diferents projeccions i variants. Adaptacié
del grafic de I'informe 2010 de 'ONU sobre creixem de la poblacio

Sense anar més lluny, a la Provincia de Barcelona, la poblaci6 ha augmentat de

manera exponencial des que se’n tenen registres. Aquest augment ha estat
especialment important des de I'inici del s. XX (vegeu figura 3).
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Figura 3: Poblacid historica del territori al que avui en dia correspondria a la provincia de
Barcelona. Grafic elaborat utilitzant dades de I'IDESCAT. 1947-1553: fogatges (a la Catalunya
vella, s. XIII). 1717-1981: poblacié de fet i 1990-2010: poblacié de dret; ambdues a la provincia
de Barcelona.

(B) En relaci6 al canvi climatic, els models actuals (IPCC, 2007) indiquen que
durant el s. XXI, hi ha probabilitats altes (>90%) que s’incrementin tant els episodis de
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pluja intensa com les arees afectades per la sequera (>66% probabilitat). Aixi doncs, la
disponibilitat d’aigua a nivell global sera molt menor. L'IPCC (2007) considera que
aquest estres hidric podria, de retruc, tenir influencia en la salut de les persones ja que
d’'una banda, disminuiria la disponibilitat d’aigua, i de I’altra, empitjoraria la qualitat de
les aigiies tant superficials com subterranies incrementant el risc de patir malalties
infeccioses transmeses per l'aigua. Aquests mateixos estudis consideren que la
Mediterrania sera una de les regions que es veura més afectada per aquests canvis.

En el mateix sentit, altres previsions indiquen que hi haura reduccions
generalitzades dels cabals, d’entre un 10 a un 50%, en funci6é de l’escenari
socioeconomic (tendencial o sostenible) i del tipus d’escenari de canvi climatic (lleu o
greu); que canviara l'estacionalitat dels cabals; que hi haura efectes sobre la
descarrega dels aqiifers i que augmentara del nombre de dies que els rius estan per
sota del seu cabal de manteniment (ACCUA, 2011).

1.1.2. El paper de I'aigua al llarg dels temps: aigua i desenvolupament

Al llarg de la historia, les civilitzacions més antigues s’han establert al voltant de
'aigua, essent aquesta un condicionant molt important pel que fa al desenvolupament, a
'estat sanitari de la poblacid, al comerg, a la industria, i en definitiva a la generacié de
riquesa i a I'estat del benestar. Fins i tot ha estat motiu de disputes en algunes ocasions: en
els registres historics hi tenim, per exemple, els usatges de Barcelona, que al voltant del s.
XII ja especificaven que l'aigua era de propietat publica perdo que era el rei qui
s’encarregava de repartir-ne l'usdefruit a qui pagués els impostos corresponents.
Actualment al mén, I'aigua segueix sent motiu de conflicte: tot i que segons I'ONU el
conflicte per I'aigua només s’ha donat excepcionalment, en els tltims 50 anys hi ha hagut
diversos episodis de violencia relacionats amb I'aigua (UNDP, 2006). A Espanya mateix, el
pla hidrologic nacional, aprovat per llei el 5 juliol de 2001, va ser i encara és motiu de
conflictes politics, socials i economics lligats a la gestié de 'aigua. A més a més, hi ha altres
tipus de conflictes, com per exemple, els que es generen quan el govern imposa
restriccions en eépoques de sequera, ja que provoquen un gran impacte en 'economia i
malestar social en general.

A nivell de desenvolupament global, I'aigua juga un paper clau en tots els territoris del
planeta. Aixi, si s’analitzen detalladament els 8 objectius del mil:lenni per al
desenvolupament (UNDP, 2000), es veu clarament com l'aigua té un paper fonamental en
'assoliment de la majoria d’ells (vegeu figura 4).
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de la dona
Promoure una associacié
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Figura 4. Els vuit objectius del mil-lenni per al desenvolupament (MDG) establerts en el
programa de desenvolupament de 'ONU (UNPD), que s’haurien d’assolir a finals del 2015.
L’asterisc blau marca tots aquells objectius en els que l'aigua hi esta directament
involucrada.

Tot i que com hem vist, I'aigua és un afer global, a Catalunya, durant I'dltima decada,
també ha crescut el nombre d’iniciatives i de campanyes de sensibilitzacié tant contra el
malbaratament de I'aigua com per al seu us racional i per al seu estalvi; comengant pel
projecte Catalunya Estalvia Aigua (CEA, 2002-2004 i 2004-2006) i continuant amb altres
campanyes com: Gota a gota s’esgota; Estima l'aigua. Cada gota compta; Tanca l'aixeta;
L’aigua no té preu, estalviem-la, etc. amb I'objectiu de conscienciar la societat que l'aigua és
un bé escas. Campanyes similars s’han dut a terme en la majoria de paisos industrialitzats
durant els ultims anys.
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Finalment, és molt important que sigui quina sigui l'estratégia escollida, estigui
adaptada a I'entorn i al moment en que es vol aplicar, ja que factors economics, técnics,
climatics, o socials poden determinar quina o quines opcions sén les més adequades pel
que fa a la gesti6 de l'aigua.

1.1.3. Tractament de I'aigua i reutilitzacio

A I'antiga mesopotamia, aproximadament 3000 anys AC, ja hi havia tot un sistema de
clavegueram, tot i que possiblement rudimentari, per allunyar els residus fecals de les
cases, i generalment aquesta aigua era abocada als rius. Els primers indicis de reutilitzacio
d’aigua residual els trobem a I'antiga Grecia al voltant dels anys 300 AC - 500 DC, on s’han
localitzat restes de sistemes de drenatge que recollien tant les aigiies de pluja com les
aiglies residuals dels habitatges i les transportaven lluny de la poblacié. Des d’alla,
diferents conductes dirigien 'aigua cap als camps, on era utilitzada com a font d’aigua per
als cultius i per a la fertilitzacié d’horts i conreus (Cooper, 2001).

En els seus inicis, pero, la reutilitzaci6 va ser més aviat una activitat fortuita,
conseqiiencia de la depuracié d’aigua, i no pas una activitat dirigida a la idea de
regeneracid que tenim avui en dia. Un altre exemple n’és la ciutat de Londres, a finals del s.
XIX, on es va prohibir llencar aigiies brutes al carrer ja que aquestes s’havien de
recol-lectar en pous negres, el contingut dels quals era transportat al camp per la seva
aplicaci6 al sol. Un altre exemple situat en la mateixa época (1890), pero geograficament
més llunya, és el de Ciutat de Mexic, on es van construir una série de canals que drenaven
'aigua residual sense tractar i l'utilitzaven per irrigar zones agricoles properes.

No va ser fins al 1913 que s’establirien els primers processos de fangs activats amb la
finalitat de depurar 'aigua residual. Les primeres proves es van desenvolupar a nivell de
laboratori al Lawrence Experiment Station, a Massachusetts (EEUU) i durant el 1913 i el
1914 es van posar en practica a Manchester (Anglaterra), a escala pilot. Finalment, la
primera ciutat Britanica que va aplicar aquest procés complet va ser Sheffield, el 1920. El
procés d’implantaci6 al Regne Unit va ser for¢ca més lent que no pas als EEUU, ja que els
britanics havien invertit molts diners durant els anys anteriors en sistemes de filtracié de
'aigua residual tot utilitzant terrenys propers a les ciutats. Aquesta estrategia, pero, va
acabar no sent tant efectiva com s’esperava, ja que les materies més grolleres acabaven
obstruint les terres que no deixaven passar l'aigua.

Mica en mica, el que havia comencat com un incident, és a dir, la reutilitzacié d’aigua
contaminada, es va anar convertint en una necessitat, principalment en zones on
I'escassetat d’aigua era i ha seguit sent un problema. Des d’aleshores, el tractament d’aigua
enfocat a la reutilitzaci6 s’ha anat estenent arreu del moén. A Los Angeles, California, els LA
County Sanitation Districts han proveit aigua tractada per al reg de parcs i camps de golf
des del 1929; i el 1962 ja s’hi havia construit la primera planta regeneradora a gran escala
(Okun, 2000).
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Pel que fa a Catalunya, I'origen de la regeneracié d’aigua el tenim cap a I'any 1985, any
en que el Consorci de la Costa Brava (CCB) va posar en marxa un projecte de regeneracio i
reutilitzacio a 'EDAR de Castell-Platja d’Aro per al reg de camps de golf. A la Provincia de
Girona, degut a 'augment de poblaci6 i de la demanda d’aigua durant les temporades
d’estiu, la manca d’aigua era un problema evident. Per tant, el CCB va considerar que era el
lloc ideal per desenvolupar un projecte de reutilitzaci6. Des d’aleshores, han anat
augmentant les estacions regeneradors d’aigua, el volum d’aigua que es regenera i la
qualitat de I'aigua que es produeix. A més a més, s’han diversificat els usos per als quals
s’ha fet servir: actualment s’utilitza per al reg de jardins publics i privats, de zones
agricoles, per la recarrega d’aqiiifers, per protecci6é ambiental, per a usos urbans no
potables, etc.

A la resta de Catalunya, s’han anat
implantant estrategies similars, i amb els
anys, la regeneracio i la reutilitzacio
s’han convertit en wuna practica
absolutament necessaria i molt estesa
per tot el territori. S’estima que l'any
2008 a Catalunya es reutilitzava un 7,6%

11% 9%

1%

W Agricola B Ambiental
de l'aigua i que durant l'estiu podia B Municipal B Recreatiu
arribar al 12%. D’aquesta, la majoria
(79%) s'utilitza per a usos ambientals Figura 6. Percentatges de reutilitzaci6
(vegeu figura 6). per usos a Catalunya l'any 2008.

Enllagant amb les possibles conseqiiencies del canvi climatic a la Mediterrania
esmentades anteriorment, és obvi que la reutilitzaci6 d’aigua regenerada per a usos
ambientals com la recarrega d’aqiifers, el manteniment d’aiguamolls o el manteniment
dels cabals ecologics dels rius, pot suposar una manera molt eficient de gestionar les
sequeres. D’altra banda, si tenim en compte que els rius sén la nostra font més important
d’aigua potable, lI'increment del cabal d'un riu implica la reutilitzacié indirecta per
potabilitzacié. El terme “indirecta”, fa referencia a que aquesta activitat no consisteix a
agafar aigua regenerada i tractar-la directament per obtenir aigua de beguda, sin6 que
'aigua és abocada a un medi receptor, com un riu, que en algun moment sera utilitzat com
a font d’aigua potable. Aquest tipus de reutilitzacié passa de facto ja que hi ha moltes
poblacions que aboquen els efluents de les seves depuradores al riu. Quan aixo passa, es
tracta de reutilitzacié per a usos potables no planejada, terme que en angles s’"anomena
unplanned IPR (indirect potable reuse). Tot i aixi, si aquest tipus de reutilitzacié es vol fer
de manera planejada, s’ha de fer una avaluacié completa per determinar si I'aigua és
segura i si no implica riscos per a la salut publica.

A nivell d’estat, des de I'any 2007, es disposa d'una normativa especifica, el RD
1620/2007 del 7 de desembre, per al qual s’estableix el regim juridic de la reutilitzaci6 de
les aigiies depurades. A més a més, les tecnologies actuals de regeneracié i de tractament
d’aigua fan que cada vegada aquesta es gestioni de manera més eficient i més economica.

8
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L’objectiu de regeneraci6 a curt i mitja termini és el d’arribar a regenerar un 30% de
'aigua residual que produim.

Actualment, Israel regenera el 75% de I'agua residual que produeix, i es converteix aixi
en el lider mundial en temes de regeneracié. Tot i que molt allunyada d’aquest
percentatge, en segon lloc hi tenim Espanya, que en regenera un 12%, seguida d’Australia
(9%), d’Italia (8%), de Grecia (5%) i finalment de centre-Europa i EEUU amb un 1%.

A nivell internacional es creu que si s’estengués la reutilitzacié per a usos agricoles i
industrials aixi com per augmentar el cabal de les aigiies superficials, es podria
incrementar de manera significativa la disponibilitat d’aigua total (NRCR, 2012). Aixi
doncs, és normal que en els Ultims anys els esfor¢cos s’hagin dirigit a una millora global
dels processos de regeneracié6 com a nova font d’aigua. Nogensmenys, la regeneracié
d’aigua té certs inconvenients, la majoria dels quals fan referéncia al risc per a la salut
publica ja que 'aigua residual original és d’origen fecal i conté microorganismes patogens.

1.1.4. Aiguaregeneradai salut

El 1840, la taxa de mortalitat a la ciutat de Londres era tan alta i la situacié sanitaria
tan precaria, que I’esperanca de vida mitjana era de 37 anys. El 1855, una carta de Michael
Faraday (fisic i quimic angles) al diari The Times, descrivia aixi I'estat de contaminaci6 del
riu Thames:

"The whole of the river was an opaque pale
brown fluid. [...] surely the river which flows for so
many miles through London ought not to be
allowed to become a fermenting sewer."

i cap al 1858 el Thames s’havia convertit en una claveguera (vegeu figura 7).

Figura 7. Imatge presa al
Museum of London. Foto
original “Silent Highway
Man” de John Leech,
publicada a la revista

Punch (35), el 10 de juliol
1858 Failing drainage turns the

River Thames into a deadly, de 1858, que feia
stinking sewer.

{The ‘Great Stink’

referéncia a I'estat de
contaminacio del riu
Thames, especialment
’ _ durant I'onada de calor
Tho Sdent Highaymas, Punch magasia que es va patir aquell

estiu.
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El lamentable estat de contaminacié del Thames va fer que des del 1830 al 1860, a
Londres, desenes de milers de persones morissin de colera. Tot i que s’intuia que era la
pol-lucié extrema del riu la que feia emmalaltir i morir les persones, no va ser fins uns
anys més tard (1862-1865) que Louis Pasteur va demostrar d'una banda, que la generacié
espontania no existia i de I'altra, que es podia relacionar els microorganismes (“gérmens”)
amb la produccié de malalties. Aquesta relacié pero, va ser estudiada i establerta cap al
1890, després que Robert Koch, amb I'ajut de Friedrich Loeffler formulés els avui tant
coneguts “Postulats de Koch”.

Tornant al s. XXI, avui es calcula que cada any hi ha 1,8 milions de morts infantils
relacionades amb 'aigua i la falta de sanejament (UNDP, 2006) i que als paisos en vies de
desenvolupament, el 70% de les aigiies residuals (industrials i urbanes) s’aboquen a
I'ambient sense tractar, contaminant molts subministraments d’aigua utilitzable (UN-
Water, 2009). A nivell global, 'OMS estima que si es pogués disposar d’aigua segura, es
podrien prevenir 1,4 milions de morts infantils cada any causades per diarrea.

A part de la preséncia de microorganismes d’origen fecal, a les aiglies contaminades
també hi ha riscos que provenen d’altres substancies, com microcontaminants quimics,
'origen dels quals pot ser tant d’aigiies urbanes com de vessaments industrials o agricoles
i que poden ser perjudicials per a la salut de les persones. Aquest tipus de substancies
solen ser molt més dificils de detectar i d’eliminar que no pas els microorganismes, i els
seus efectes sobre la salut no acostumen a ser immediats sin6 que s6n a llarg termini, la
qual cosa complica les mesures que s’han de prendre per a evitar danys a les persones.
Alguns exemples d’aquestes substancies sén: productes farmaceutics, disruptors
endocrins, pesticides, drogues, tints, desinfectants, tensioactius, additius de gasolines, i
qualssevol dels seus productes de transformacid. A I'apartat 1.3. d’aquesta introducci6 es
parlara de manera més extensa sobre aquest tipus de contaminants i sobre les tecnologies
més adequades per al seu tractament.

En definitiva i a mode de resum, aqui hi ha algunes idees clau que defineixen
el context en el que s’emmarca aquesta tesi doctoral:

i. L’aigua és necessaria per a la vida en general i per al desenvolupament de
persones i societats en particular.
ii. Globalment, podem considerar que I'aigua és un bé escas.

iii. Les previsions, tant pel que fa a I'increment de la poblaci6 com pel que fa
al canvi climatic, indiquen que la situacié empitjorara si no es comencen a
aplicar mesures que ho evitin. En aquest sentit, una bona gesti6 de I'aigua
als paisos desenvolupats és fonamental.

iv. La regeneracié d’aigua residual urbana i la seva reutilitzacié en usos que
no requereixen de qualitat d’aigua potable, per exemple, per al reg de
zones agricoles, es perfila com una de les solucions a I’estres hidric.

v. La regeneraci6, ha de ser un procés controlat, que ha de seguir la
normativa vigent i que ha de poder garantir que l'aigua regenerada és
segura (tant quimicament com microbiologica) en termes de salut publica.
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1.2. CAPITOL I: Riscos microbiologics lligats a la reutilitzacié: el cas de
Cryptosporidium

En aquest capitol farem un repas dels riscos microbiologics que poden anar associats a
la reutilitzacié d’aigua residual regenerada centrant-nos en Cryptosporidium com a
patogen de referencia. A més a més, farem una breu revisié dels indicadors més estudiats
pel que fa a la qualitat microbiologica de 'aigua regenerada i ens centrarem en aquells que
s’han utilitzat en els articles publicats que formen part d’aquesta tesi.

1.2.1. Risc microbiologic de la reutilitzacio: patogens i indicadors de qualitat

Patogens. Com ja s’ha comentat anteriorment, la contaminacié de l'aigua pot tenir
implicacions molt negatives, no només des del punt vista sanitari per a les persones sin6
també pels impactes ambientals i economics. Pel que fa al risc sanitari, aquest es deu a
preséncia de microorganismes patogens d’origen enteric a aiglies superficials, recreatives,
potables, regenerades, etc. Els principals agents causants de malalties infeccioses es poden
classificar en 3 grans grups: bacteris, virus i parasits (protozous o helmints).

i. Bacteris. Els bacteris s6n microorganismes procariotes ubics a la natura. Alguns
son patogens intestinals, i si és aixi, estaran presents a les femtes dels individus
afectats. Obviament doncs, la preséncia de bacteris patogens d’origen fecal és molt
comu en aiglies residuals. Alguns dels més destacats son: Salmonella, Shigella, E. coli
enteropatogena, Campylobacter, Vibrio cholera, Yersinia etc. Els tres primers han estat
causants de brots de transmissié hidrica associats a aigua potable en nombroses
ocasions. En una aigua residual, tant la concentracié com el tipus de bacteris patogens
que hi haura, vindran determinats, en gran part, per ’estat sanitari de la poblacié.

ii. Virus. Els virus son parasits intracel-lulars obligats que només es poden
multiplicar dins la cel-lula hoste. Els virus enterics es multipliquen al tracte intestinal i
son alliberats a 'ambient a través de les femtes. La persistencia d’aquests virus en
aigua residual pot variar molt en funci6 del tipus de virus. Dels virus enterics, els
Enterovirus, els Rotavirus, i els Adenovirus enterics s’han aillat d’aiglies residuals, i
Norovirus i Rotavirus s’han descrit com a causants de grans brots associats a aigua. Tot
i aixi, s’han detectat molts altres virus en aigiies residuals i les infeccions que poden
produir solen causar una amplia diversitat de simptomes que poden anar des de
gastroenteritis fins a malalties del sistema nerviés central passant per malalties
cardiovasculars o respiratories.

ii. Protozous parasits o helmints. Els parasits no poden multiplicar a 'ambient i
necessiten un hoste per reproduir-se. Es tracta de microorganismes eucariotes molt
senzills, majoritariament unicel-lulars. Com en la resta de casos, els que produeixen
malalties gastrointestinals s6n excretats per les femtes. En aquest punt del seu cicle
vital solen estar formant espores, cists, oocists, o ous: totes elles son formes de
resistencia que romandran a I'ambient fins a poder infectar un nou hoste, permetent
aixi que es tanqui el seu cicle vital. Dins d’aquest grup hi ha generes com
Cryptosporidium, Giardia, Cyclospora i Toxoplasma. En els ultims anys, els dos primers
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de la llista han guanyat protagonisme, ja que han causat nombrosos brots d’origen
hidric o alimentari. A 'apartat 1.2.2. d’aquesta introducci6é parlarem amb més detall
sobre Cryptosporidium com a patogen a l'aigua. Les amebes, també formen part dels
protozous patogens i dins d’aquest grup en podem destacar alguns géneres com
Entamoeba, Acanthamoeba o Naegleria, que poden causar malalties molt importants,
pero que afortunadament s6n poc freqiients en la nostra area.

L’objectiu del tractament de les aiglies residuals, és el de reduir significativament les
concentracions de patogens per no contaminar 'ambient receptor. Si el que es pretén és
obtenir aigua regenerada, les concentracions de patdgens s’han de reduir prou com per
assolir la qualitat requerida per a I's que se li vulgui donar. Els criteris de qualitat vénen
donats per la normativa vigent aplicable en cada pais, en aquest cas, pel RD 1620/2007.
En qualsevol cas, hi ha dues estrategies, 'una, és la separacio fisica dels bacteris, virus o
protozous i l'altra, la seva inactivacié amb desinfectants o altres processos quimics. La
combinacié d’ambdues, també és molt comu. Sigui quina sigui I'opci6 escollida, el resultat
sera la disminuci6 de la concentracié de microorganismes infecciosos a I’efluent final.

Amb sistemes convencionals de sedimentacio, decantacio i filtracié s’aconsegueix una
bona reducci6 dels nivells de bacteris, protozous i d’helmints. Aquesta reducci6 sol ser
més evident en protozous i helmints ja que per qliestions de mida (sén molt més grans)
son més facils de separar. Les concentracions de virus també disminueixen amb processos
de sedimentacié o filtracié, pero degut a que la seva mida és molt petita, I'eficiencia
d’aquests sol ser for¢a baixa. Part de la reduccié dels nivells de virus es deu a I'agregacio
d’aquests a les particules i solids en suspensi6 de l'aigua. Aixi, quan se separen aquests
solids també se separen els virus. D’altra banda, pel que fa a la desinfeccid, els resultats
poden variar molt en funcié del tipus de desinfeccié i del microorganisme que es tracti.
L’Gs de la cloracié és un dels més utilitzats per a la desinfeccié d’aigua. Per exemple, la
majoria de virus tenen tendencia a ser forga sensibles al clor, en canvi, protozous com
Cryptosporidium s’hi mostren molt resistents (Betancourt i Rose, 2004). Altres
tractaments pero, tenen l'efecte contrari: molts virus es mostren més resistents a
'aplicacié de llum UV que no pas Cryptosporidium, que n’és molt sensible.

Tot i aixi, avui en dia la detecci6 de patogens a I'aigua encara suposa un problema,
sobretot si és aigua tractada, ja que en aquest cas les concentracions sén baixes, i per tant,
els metodes de deteccié son llargs, tediosos, amb molts passos intermedis que en fan
disminuir 'eficiéncia i economicament poc atractius. Tot aquest seguit d'inconvenients fan
que la deteccid de patogens no es pugui fer de manera rutinaria a les EDAR o ETAP.

Microorganismes indicadors. 1'is de microorganismes indicadors de la qualitat
microbiologica de I'aigua s’ha fet servir amb gran éxit des de fa més de 100 anys. El 1885
Theodor Escherich, pediatra alemany, va descriure un bacteri que es trobava en les femtes
de nadons sans. Escherich el va anomenar a Bacillus coli commune, que més endavant es
va acabar anomenant Escherichia coli en honor al metge. El 1891 Percy i Grace Frankland,
després d’haver-se passat uns anys analitzat les aigiies a Londres de manera rutinaria, van
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arribar a la conclusi6é que hi havia alguns microorganismes que eren caracteristics de les
aiglies residuals, és a dir, aiglies contaminades amb materia fecal. Aixi, aquests
microorganismes es podien utilitzar com a evidéncia d’aiglies potencialment perilloses ja
que s’havia observat que les aiglies contaminades amb materia fecal portaven malalties.
Amb la caracteritzacié d’aquests microorganismes es va anar definint el concepte de
coliform i més endavant es definirien les caracteristiques metaboliques tant dels coliforms
totals com del subgrup dels coliforms fecals. Cal remarcar que avui en dia la detecci6 de
coliforms fecals és un dels parametres més utilitzats en normatives de qualitat
microbiologica de I'aigua arreu del mén. Aquests, estan presents de manera natural en
femtes d’animals de sang calenta a concentracions molt més elevades que no pas els
patogens, son facilment detectables i mostren una correlaci6 positiva amb la contaminacio
fecal. A més a més, solen mostrar un comportament similar als bacteris patogens davant
d'un tractament determinat. Avui en dia, ja que el concepte de microorganisme
d’'indicador de la qualitat és molt ampli, se suggereix que se’n podria classificar els
segiients tipus (WHO, 2001):

. Microorganismes indicadors de contaminaci6 fecal. Indiquen que 'aigua ha estat

contaminada amb materia fecal i per tant, que hi podria haver patogens.

ii. Microorganismes indicadors de procés. Es aquell grup de microorganismes que

permet valorar l'eficacia d'un procés, per exemple la cloracié, per saber si aquest
és prou efectiu.

iii. Microorganismes model. Poden tenir funcié index o indicadora. La funcié index fa

referencia a la presencia del patogen, és a dir, la presencia del microorganisme
indicador implicaria la presencia del microorganisme patogen. La funcié
indicadora fa referéncia al comportament davant d'un tractament, és a dir, que
I'indicador es comporta de la mateixa manera que el patogen al que representa.

Al llarg del temps s’han descrit alguns dels criteris que definirien un bon indicador.
Aquests criteris, tot i que representen les funcions que hauria de complir un
microorganisme model amb funcié index i indicadora alhora, han estat acceptats per la
comunitat cientifica i s'utilitzen sovint:

i. L’indicador ha d’estar a I'aigua quan el patogen al que representa també hi
és,1ino hi ha de ser, quan I'aigua no esta contaminada.
ii. L’indicador no ha de multiplicar a I'ambient.
iii. L’indicador ha d’estar en concentracions més altes que el patogen.
iv.  L’indicador ha de respondre de manera similar al patogen davant de les
condicions ambientals que es puguin donar de manera natural a I'aigua.
v. L’indicador ha de ser facil d’aillar identificar i comptar.
vi. L’analisi de l'indicador no ha de ser car, permetent aixi la presa de
multiples mostres.
vii. L’indicador no hauria de ser un patogen per aixi minimitzar el risc per a
'analitzador.
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En termes generals, alguns dels indicadors classics més utilitzats sén els coliforms
fecals, E. coli, enterococs, especies del genere Bifidobacterium spp. Rhodococcus
coprophilus, etc. Alguns d’aquests, a més a més, tenen la peculiaritat que es poden utilitzar
per a microbial source tracking (MST), terme que fa referencia a la tracabilitat de I'origen
de la contaminacid. Tot i la gran importancia d’aquests indicadors bacterians al llarg de la
historia aixi com actualment, amb el temps han anat sorgint alguns dubtes sobre la seva
eficiéncia per a la proteccié6 davant de malalties causades per virus o protozous. Arran
d’aquests dubtes, s’ha anat aprofundint en la recerca d’'indicadors alternatius com per
exemple els bacteriofags com a indicadors virics (IAWPRC study group, 1991; Lucena i
Jofre, 2010) o les espores de clostridis reductors del sulfit (SRC) (Payment i Franco, 1993;
Wu et al, 2011). Aquests ultims vans ser descrits com a possibles indicadors molt al
principi del s. XX, i pel que fa als bacteriofags, no va ser fins al 1930 que es van comengar a
fer servir com a indicadors. Tant bacteridofags com SRC han estat inclosos en normatives
de qualitat (USEPA, 2006; State of Queensland EPA, 2005). Tot seguit n’explicarem
algunes de les caracteristiques més importants.

BACTERIOFAGS. Els bacteriofags sén virus de bacteris que s’han utilitzat com a
microorganismes model de virus enterics humans en aigiies. Quan fem referencia al
seu Us com a indicadors de qualitat de l'aigua, en podem destacar 3 grups: colifags
somatics (SOMCPH), colifags RNA F-especifics (FRNAPH) i fags que infecten
Bacteroides fragilis. Els dos primers estan presents en femtes d’animals homeoterms
(humans i no humans) i la seva suma ddéna una idea del recompte de colifags totals. De
fet, també s’han descrit soques bacterianes com ara la CB390 (Guzman et al., 2008) o la
E. coli C-3000 (ATCC 15597), que poden detectar de manera simultania SOMCPH i
FRNAPH.

i. SOMCPH. Aquest tipus de fags infecten cel-lules d’E. coli mitjangant el
reconeixement de receptors de membrana. La metodologia per a la seva

deteccié esta ben estandarditzada i establerta (ISO 10705-2:2000) i si és
necessari, permet obtenir resultats en unes 4h.

ii. FRNAPH. Infecten bacteris a través del pili sexual, que esta codificat en el

plasmidi F. Com que el plasmidi F és facilment transferible, aquest tipus de fag
pot infectar un gran nombre de bacteris gram-negatius. De la mateixa manera
que amb els SOMCPH, la metodologia de deteccié esta estandarditzada i
establerta (ISO 10705-1:1995).

iii. Fags que infecten Bacteroides fragilis. 1SO 10705-4:2001. En aquest cas també

infecten la cél-lula a través de la paret cel-lular. Un dels requeriments per a la
deteccié d’aquests fags és que s’ha de fer en condicions d’anaerobiosi. A més a
més, alguns d’aquests fags son especifics d’humans i d’altres especifics
d’animals, de manera que s’utilitzen per a MST ja que permeten discriminar
'origen de la contaminacié fecal.
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Fags que pertanyen a tots tres grups s’han utilitzat recurrentment per avaluar la
resistencia a condicions ambientals i a processos de desinfecci6. De fet, disposar de
diferents tipus de bacteriofags és avantatjos ja que cada tipus de fag pot comportar-se
de manera diferent davant I'aplicacié d’'un mateix tractament.

ESPORES DE CLOSTRIDIS REDUCTORS DEL SULFIT. S6n microorganismes
gram-positius, formadors d’espores, anaerobis estrictes i amb la capacitat de reduir el
sulfit a sulfhidric (HzS). Dins d’aquest grup, la detecci6 de Clostridium perfringens s’ha
considerat la més adequada, ja que no tots els SRC que hi ha a I'aigua sén indicadors de
contaminacié fecal (Bonde, 1963). Un gran nombre d’estudis han utilitzat bacteris
formadors d’espores, com els SRC, com a indicadors de Cryptosporidium per tal de
valorar l'eficiéncia de tractaments de depuraci6, regeneracio i potabilitzacié (Harwood
et al,, 2005; Mandilara et al., 2006; Costan-Longares et al., 2008). De fet, en el RD
140/2003 del 7 de febrer, pel que s’estableixen els criteris sanitaris de la qualitat de
I'aigua de consum huma, s’esmenta que si en algun cas, l'analisi de Clostridium
perfringens és positiu i la terbolesa és > 5 NTU, és recomanable fer l'analisi de
Cryptosporidium.

1.2.2. Cryptosporidium com a patogen de referencia

Cryptosporidium és un protozou del filum Apicomplexa, parasit intracel-lular, que causa
un tipus de gastroenteritis anomenada criptosporidiosi. Va ser descrit per primera vegada
I'any 1907 per Ernest Edward Tyzzer, tot i que no va ser fins molts anys més tard, el 1976,
que es va considerar com a patogen huma (Nime et al., 1976; Meisel et al., 1976).

La caracteristica més important de Cryptosporidium és que una de les formes en queé es
presenta durant el seu cicle vital és la d’oocist (vegeu figura 8). Els oocists, sén
extraordinariament resistents tant a les condicions ambientals com a la majoria de
tractaments de depuracié que s’apliquen avui en dia. Els oocists tenen forma esferica, fan
de 4 a 6 um de diametre i contenen 4 esporozoits. Tot el cicle vital té lloc dins I'hoste, i els
oocists s’alliberen a I'ambient a través de les femtes mentre dura la infeccié. La dosi
infecciosa és molt baixa, cosa que facilita la infecci6 i la seva transmissio.
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Figura 8. Esquema de la ruta d’infecci6 i cicle vital de Cryptosporidium.
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Hi ha més de 20 espeécies descrites que varien en funcié de I'’hoste al que infecten. Les
especies especifiques d’humans soén C. hominis i C. parvum. Tot i aixi, s’han descrit molts
casos en que altres espécies han infectat humans. Aquest, és un fet comu quan es tracta de
persones immunodeprimides com canalla, persones grans, persones amb SIDA o persones
que reben quimioterapia. Hi ha altres espécies que poden infectar mamifers com, C. muris
(sol infectar rosegadors), C. felis (infecta felins), C. canis (infecta canins), C. andersoni
(infecta ramat bovi), etc. També s’han descrit espécies que infecten reptils com C.
serpentis, amfibis (C. fragile), o aus, com C. galli, C. meleagridis i C. baileyi.

Criptosporidiosi. La criptosporidiosi se sol manifestar de 2 a 10 dies després de la
infecci6. En persones immunocompetents és autolimitant i té una durada que pot anar de
pocs dies a dues setmanes a tot estirar. La simptomatologia, en general, és una diarrea
aquosa, sense sang i amb dolor abdominal durant la qual s’excreten a 'ambient de 10> a
108 oocists de Cryptosporidium per gram de femtes. La deshidratacié severa és un dels
simptomes més greus de la infeccio. Pel que fa a les persones immunodeprimides, la
criptosporidiosi es pot convertir en una malaltia cronica i recurrent, es pot estendre a
altres teixits més enlla de l'intesti prim (p. ex. vesicula biliar), i pot presentar una
simptomatologia molt més severa fins a arribar a causar la mort. Actualment no hi ha cap
tractament efectiu contra la malaltia, degut en part, a la falta de comprensié dels
mecanismes immunopatogéenics de la infeccié6 en humans (Kothavade et al., 2011). Tot i
aixi, en alguns casos es pot administrar algun agent antiparasitari com la nitazoxanida,
que als EEUU ha estat aprovat per la FDA com a tractament per la criptosporidiosi, o altres
medicaments que puguin estimular el sistema immunitari. El diagnostic clinic se sol fer
amb una analisi de les femtes de la persona infectada. També se sap que hi ha portadors
asimptomatics que tot i trobar-se bé, excreten oocists a 'ambient a través de les seves
femtes (DWI, 2006).

La malaltia es transmet a través dels oocists de Cryptosporidium per contacte entre
persones, entre animals i persones i a través del consum d’aliments i aigua contaminats.
Tot i que la transmissié persona-persona és la més important, sobretot si es tracta de
criatures, la transmissio hidrica és la més comuna i probablement la més coneguda, ja que
ens els ultims 20 anys s’han donat desenes de casos de brots de criptosporidiosi associats
a aigua arreu del mén. El més important és el que es va donar a Milwaukee, EEUU, el 1993
(Mc Kenzie et al,, 1994) i ha significat un punt d’inflexié pel que fa totes les normatives
d’aigua dels EEUU i al coneixement de Cryptosporidium i la criptosporidiosi en aquest pais
i de retruc, a tot arreu. Es considera el brot més gran de transmissié hidrica d'una malaltia
infecciosa en la historia dels EEUU: hi va haver més de 400.000 afectats i se li atribueixen
més de 100 morts; a més a més, al cap dels anys es va veure que la taxa de mortalitat de
persones amb SIDA era significativament més alta en aquelles que havien estat afectades
pel brot. El brot es va originar perque d’'una banda, hi va haver una contaminacié6 de les
aiglies superficials (font d’aigua potable) i de l'altra, perque una de les plantes
potabilitzadores, que abastia unes 800.000 persones, va fallar. Arran de I’esmentat brot,
les normatives de qualitat de les aigiies aixi com els controls de qualitat al llarg de
sistemes de potabilitzacié han anat augmentant.
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Epidemiologia. L’avang en tecniques moleculars (PCR, RFLP, seqiienciacid, etc.) ha
suposat una millora significativa pel que fa als estudis epidemiologics i a la comprensié de
la transmissio6 dels oocists de Cryptosporidium. Aixi, avui en dia se sap que de les families
de C. hominis (Ia, Ib, Id, le If i Ig), 1a més comuna és la Ib (Pangasa et al., 2010) i que el tipus
IbA10G2R2 és el causant de la majoria de criptosporidiosis transmeses a través de I'aigua
en paisos industrialitzats (Igbal et al, 2012).

Cryptosporidium s’ha trobat a molts paisos de tots els continents excepte a ’Antartida
(Fayer i Xiao, 1997), i la criptosporidiosi s’ha descrit a paisos desenvolupats i en vies de
desenvolupament, tant en zones rurals com urbanes i en climes temperats i tropicals. A
més a més, s’han detectat oocists en aigiies superficials, aigiies subterranies, sols, aliments
i begudes.

Cryptosporidium és el tercer patogen dels quatre més identificats habitualment al mén,
i s’ha observat que les taxes d’infecci6 s6n més altes en paisos en vies de
desenvolupament. S’han fet centenars d’estudis epidemiologics i pel que fa a la seva
prevalenca en humans, els resultats poden variar del 0 al 100% (Hunter, 2002). Aquesta
variabilitat no és tan estranya com podria semblar si es tenen en compte tots els factors
que hi intervenen, entre els quals podem destacar:

i. El pais. Principalment pel que fa a I'estat sanitari de la poblacid, que sol anar
lligat al nivell de desenvolupament d’aquest.
ii. Zona rural o urbana. La majoria d’estudis demostren que com més proper

s’esta a arees rurals, més facil és que es doni el contacte amb Cryptosporidium
(degut a activitats ramaderes, etc.) (Ramirez et al, 2004).

iii. Metodologia de deteccié. Els resultats obtinguts poden variar molt en funcié
de si es tracta d'una analisi de seroprevalenca o si es tracta de I'analisi en
femtes. Dins d’aquests dos grans grups, també s’utilitzen técniques molt
variades, que en cas de detecci6 en femtes, per exemple, poden anar de la
deteccié per metodes moleculars a la deteccié microscopica.

iv. Variacio estacional. En moltes ocasions s’han descrit patrons estacionals pel
que fa a la presencia de Cryptosporidium que han anat associats al numero de
casos de criptosporidiosi. Alhora, I'estacionalitat pot anar lligada a un clima
determinat o a una zona geografica concreta.

V. Franja d’edat. Generalment, els infants s6n més susceptibles a patir la
malaltia i les prevalences solen ser més altes en nens d’1 a 4 anys que no pas
en adults.

Vi. Salut. L’estat immunitari de les persones és un dels punts clau pel que fa a la
prevalenca de Cryptosporidium. En alguns grups d’estudi concrets s’han
descrit prevalences del 100% en pacients amb VIH/SIDA.

A grans trets pero, s’estima que la prevalenca a Europa i Nord-America és d'un 1 a un
4%: i a I’Africa, I’Asia, Australia i centre i Sud-America d’'un 3 a un 20%. D’altra banda, la
franja d’edat dels nens menors de 5 anys té una prevalenca forca més alta en paisos
industrialitzats. Mentre que en paisos en vies de desenvolupament la franja d’edat

17



INTRODUCCIO - CAPITOL I: Riscos microbiologics lligats a la reutilitzacio: el cas de Cryptosporidium

s'estreny a nens de 0 a 1 any i és estranya en adults. Finalment, el percentatge de
portadors asimptomatics, per presencia d’oocists en femtes, es calcula que és < 1% en
paisos industrialitzats i d'un 10 a un 30% en paisos no industrialitzats. Aquests
percentatges incrementen considerablement quan es tracta de seroprevalenca. A Espanya
s’han fet alguns estudis en qué s’ha determinat que la prevalenca de Cryptosporidium pot
anar del 0,4 al 12,8% (Compafi-Barco et al.,, 1991) o deI'1 al 3,1% (Cardona et al., 2011).

En definitiva, Cryptosporidium és un dels microorganismes que més costa d’eliminar
durant el tractament de l'aigua; ha estat capa¢ de superar les multiples barreres que
formen part del tractament de I'aigua en nombroses ocasions; és un dels que ha provocat
més brots d’origen hidric; és altament resistent al les condicions ambientals i a molts
processos de desinfecci6 i finalment I'efecte de la infeccié sobre la salut de les persones
pot ser moderat o fins i tot sever en alguns casos. De tot aixd se’n desprén que la seva
absencia en un efluent final és indicadora de que els tractaments han funcionat
correctament i que s’ha assolit una determinada qualitat (WHO, 2009), i és precisament
per aixo que es considera un patogen de referencia.

1.2.3. Quantitative microbial risk assessment (QMRA)

La presencia d’oocists de Cryptosporidium, aixi com de molts altres patogens en aigiies
regenerades i recreatives ha estat ben descrita (Gennacaro et al., 2003; Polgreen et al,,
2012) . Aixi doncs, és clar que 1'is de I'aigua regenerada podria ser un perill per a la salut
de les persones per la preséncia de patogens d’origen enteric. Les valoracions
quantitatives de risc microbiologic (QMRA) s6n una eina que s’ha utilitzat de manera
creixent en els ultims anys per a fer aproximacions d’aquest risc en escenaris de
reutilitzacio concrets (Ryu et al,, 2007; Page et al., 2010; Rodriguez-Manzano et al., 2012).

A grans trets, el QMRA és el procés que es fa servir per fer una estimacié del risc
d’infeccié d’'un microorganisme determinat mitjancant dades sobre la seva distribucié a
'aigua, models dosi-resposta, coneixent vies d’exposicio, etc. Aixi, alhora de fer QMRA s’ha
de tenir en compte la probabilitat d’exposicio al patogen i I'efecte sobre la salut que tindria
si es donés I'exposicio.

Les primeres aproximacions al QMRA es van desenvolupar per avaluar la seguretat de
I'aigua potable i avui en dia s6n un punt clau en la gestié de 'aigua. En aquest sentit es
considera que el QMRA ajuda a la gestio del risc ja que:

i. En base a la informacié cientifica disponible, proporciona una idea del nivell de
seguretat de I'aigua.
ii. Ajuda a la comprensi6 tant de les vies com de les barreres que estan involucrades

en la transmissi6 de patogens alhora que fa paleses les debilitats del sistema.

Les etapes per al desenvolupament d’un estudi de QMRA sén: (1) Identificaci6 del
perill i formulacié del problema; (2) valoracié de I'exposicio; (3) avaluacié de
I'efecte mitjancant la relacié dosi-resposta i (4) caracteritzacio del risc. Tot seguit
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s’expliquen amb més detall cadascuna d’aquestes etapes en el context de la possible
presencia de Cryptosporidium en aigua regenerada.

1) Identificacio del perill i formulaci6 del problema

En el context en el que estem emmarcats, la identificacié del perill seria la presencia
d’oocists de Cryptosporidium a l'aigua regenerada i la definici6 del problema fa
referéncia a la concrecid de en quina situacid es pot donar aquest perill, per exemple,
en una planta de tractament determinada on es té informacié sobre les concentracions
de Cryptosporidium, de 'eficiéncia dels tractaments aplicats, i de possibles avaries en el
tractament que podrien significar un perill.

(2) Valoracio de I'exposicio

Aquesta etapa serveix per a definir les possibles vies d’exposicié i per a
caracteritzar-les. En el nostre cas, la via d’exposicio seria el contacte (ingestié) d’aigua
regenerada i per tant, I'exposicié dels humans a Cryptosporidium esta condicionada
principalment per dos factors: (i) la concentracié d’oocists (infecciosos) de
Cryptosporidium i (ii) el volum d’aigua al que estariem exposats en cas que es donés un
esdeveniment perillés (vegeu equacié 1), com podria ser la ingestié accidental o la
ingestié d’aliments que han estat regats amb aigua regenerada, etc.

P=CxV (1)

On P és la probabilitat de I'exposici6, C és la concentracié d’oocists infecciosos i V és el
volum (WHO, 2009). L’exposicié vindria a ser la dosi, és a dir, la quantitat d’oocists,
que podria ingerir una persona en el nostre escenari.

Aquesta és la versi6 més senzilla de I'estimaci6 de I'exposicio, pero a I’hora de fer el
calcul, també s’ha de tenir en compte la freqiiencia en que es pot donar I'’esdeveniment
perillds, que pot ser puntual, o multiple al llarg d'un any.

Estima de la

Concentracié de Reduccié en Reduccié en Reduccid en concentracié a

Cryptosporidium tractament tractament tractament I'aicua

en aigua residual primari secundari terciari 8
regenerada

Figura 9: Esquema d'una possible determinacié de la concentraci6 d’oocists de manera
indirecta, en aquest cas utilitzant les reduccions de cadascun dels tractaments aplicats

D’altra banda, la determinaci6 de la concentracié d’oocists es pot fer de manera
directa, és a dir, utilitzant valors reals de la concentraci6 d’oocists en l'aigua
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regenerada o de manera indirecta: (i) utilitzant valors de Cryptosporidium en aigua
residual crua i mitjan¢ant les dades d’eficiencia dels diferents tractaments, fer una
estimacié de la concentracié a l'aigua regenerada (vegeu figura 9), o també (ii)
utilitzant dades d’indicadors en comptes de dades de Cryptosporidium.

Sigui com sigui, les concentracions de Cryptosporidium vindran determinades en
gran part per la metodologia de detecci6 que s’utilitzi. El meétode 1623 (USEPA, 2005)
o la ISO 15553:2006 s6n dels més utilitzats per a la determinacié d’aquest patogen en
mostres ambientals. Tot i aixi, com ja s’ha comentat abans, les concentracions de
Cryptosporidium en aigua no son elevades, de manera que els protocols acaben essent
molt llargs i amb etapes intermedies. Aix0 fa que els metodes de deteccié tinguin
percentatges de recuperacié forca baixos, és a dir, que al final del procés de deteccio
estarem infravalorant la concentracié real d’oocists a I'aigua. Es obvi doncs, que per a
I'estimaci6 de la concentraci6 final en un assaig de QMRA s’ha de tenir en compte el
factor “percentatge de recuperaci6 del metode”.

Un altre factor que no es pot eludir en aquest calcul, és la “viabilitat o infectivitat
dels oocists”, ja que la sola presencia de Cryptosporidium no implica un perill si aquests
oocists no son infecciosos. Durant molts anys, aquests dos termes es van fer sevir
indistintament per indicar si els oocists eren capacos de produir una infeccié. Avui en
dia pero, la viabilitat s’entén com la integritat de la membrana externa dels oocists, que
generalment s’estableix mitjancant la tinci6 amb colorants vitals i I'observaci6 al
microscopi de la seva morfologia. Aixi, un oocist sera viable si la seva membrana
externa esta intacta i si conté els 4 esporozoits en el seu interior. No obstant aixo,
podria passar que un oocist fos viable, perd que per algun motiu no fos capa¢ de
produir una infeccié. Es per aixd que existeixen métodes de determinacié de la
infectivitat, que es basen fonamentalment en la capacitat d’infecci6é en cultiu cel-lular
(Slifko et al., 1997) o en models animals. Es molt important explicar bé aquests dos
conceptes ja que alguns tractaments com la llum UV, molt utilitzat com a tractament
terciari i també durant la potabilitzaci6, poden afectar a la capacitat d’'infecci6 dels
oocists, perd mantenir-ne intacta la viabilitat. D’altra banda, les técniques moleculars
avancen a un gran ritme i ja existeixen algunes aproximacions que permeten tenir
dades sobre la viabilitat dels oocists com per exemple 'RTqQPCR d’'mRNA o la PMA-
qPCR (Brescia et al.,, 2009; Liang i Keeley, 2012).

Per ultim, també és important tenir en compte el factor “especificitat genéetica” dels
oocists detectats, ja que no totes les espécies de Cryptosporidium son capaces d’infectar
persones sanes. Aixi, si una aigua conté C. hominis, C. parvum o fins i tot C. meleagridis
(WHO 2009; Chappell et al.,, 2011) la situacié és més perillosa que no pas si conté
especies que no infecten persones. A més amés, el genotipatge de les especies
circulants proporciona informacié molt interessant des del punt de vista
epidemiologic.

Hi ha altres factors, com la probabilitat de malaltia donada la infeccié que també
s’han de valorar quan es fa QMRA. Si es disposa de dades referenciades que s’adapten
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al nostre estudi, aquests valors també es poden tenir en compte. Tot i aixi, una
estratégia molt utilitzada és la de definir un escenari conservador, de manera que es
considera que tots els individus que desenvoluparan la infeccié també desenvoluparan
la malaltia.

3) Avaluacio de I'efecte: Relaci6 dosi-resposta

En aquest punt del QMRA el que es pretén és arribar a saber quins efectes tindra
sobre la salut d’'una poblaci6 determinada, el contacte (a través d’'una via concreta)
amb una dosi definida del patogen. En definitiva, es tracta de construir models
matematics que representin el comportament de la poblacié pel que fa a emmalaltir a
causa de la infeccio. Els models dosi-resposta solen provenir de 'analisi de dades d’'una
poblacié infectada durant un brot real de la malaltia o d’assajos clinics amb voluntaris
als quals s’ha subministrat una concentracié coneguda del patogen.

Per tant, s’ha de tenir en compte per exemple, la variabilitat tant pel que fa a I'hoste
com pel que fa al patogen. Aixi, les persones es poden mostrar més o menys
susceptibles a patir la malaltia per predisposicié geneética, per resistencia adquirida
(per exposicions préevies), o per circumstancies especifiques en 'estil de vida etc.

L’efecte final sobre la salut sera sempre la combinaci6 de tots aquests factors.

Fins al moment, s’han descrit dos tipus de models dosi-resposta per a
Cryptosporidium: el model Exponencial (equacié 2) i el model 3-Poisson (equaci6 3):

PI = ¢-7xP) (2)

On PI és la probabilitat d’infeccié, D és la dosi de patogen i r és una constat que
representa la probabilitat que un sol oocist de Cryptosporidium sobrevisqui a les
barreres de defensa de l'hoste (sistema immunitari, pH estomacal, moviments
peristaltics, etc.). Aquesta constant és especifica del patogen i pot presentar certa
variabilitat en funcié de com s’hagi calculat. Diferents autors han donat diferents
valors d’r en els seus estudis.

Molts autors, pero, consideren aquest model massa simple, ja que la interaccié
hoste-patogen és massa complexa per si sola com perque sigui definida tan sols amb
un parametre (r). El model 3-Poisson té en compte la variabilitat que hi pot haver en
la infectivitat d'un oocist i també la variabilitat de I'’hoste pel que fa a la susceptibilitat
davant de la infeccié.

PI ~ 1—(1+§)_a 3)

En aquest cas, se li dona a 'anteriorment esmentat parametre r una distribucié 8
per tenir en compte I'’heterogeneitat en les interaccions hoste patogen. La versio
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simple d’aquest model és I'’equaci6 3. Els parametres o i 3 s6n constants que vénen
determinades per qui fa el model.

Tot i que teoricament aquest model és més precis, només es aconsellable quan o
<< B1ip>>1(WHO 2009). D’altra banda, s’ha descrit que en alguns casos I'is d’aquest
model pot portar a una gran sobreestimacio del risc a dosis baixes del patogen (Teunis
i Havelaar, 2000).

(4) Caracteritzaci6 del risc

La caracteritzacié del risc vindria a ser la integracié conceptual de la probabilitat de
I'exposicio i 'efecte sobre la salut de la poblaci6, expressada en una probabilitat
d’'infeccié o de malaltia en funci6 de com es dugui a terme I'analisi. Aquest concepte
també inclou la discussi6 sobre si el risc que s’ha calculat (PI), és o no és acceptable per
a la poblacio.

La caracteritzaci6 del risc pot ser puntual o mitjancant distribucions
probabilistiques. Si és puntual, estem fent una estimaci6é de la probabilitat d’infeccié
amb un valor concret d'un parametre determinat. Per exemple, per definir la
concentracio d’oocists, agafem el valor corresponent a la mitjana d’oocists en aquella
aigua (1 oocist/L); o per definir el volum ingerit, agafem el volum mitja pres en cas
d’'ingesti6 accidental d’aigua regenerada (0,1L). En canvi, si volem fer una aproximacié
probabilistica, el que fem és definir una funcié de distribucié de probabilitat (PDF) pel
parametre que vulguem tenir en compte. L's d’'una PDF en comptes d'un valor puntual
(com la mitjana) per definir un parametre (volum o concentracié d’oocists), és una
aproximacio molt més acurada i molt més real del risc.

Per fer aquest tipus d’analisis existeixen programaris especialitzats amb interficies
intuitives i millorades que faciliten el procés de calcul de les probabilitats d’'infeccid.
Aquest tipus de programari sol utilitzar simulacions de Monte Carlo per calcular la
probabilitat d’infeccié resultant de la nostra analisi. Les simulacions de Monte Carlo
son una tecnica matematica que es basa en qué pren valors a 'atzar dels parametres
que se li defineixen per al calcul del risc. A més a més, aquests programes permeten fer
iteracions; fer-ne unes 10000 per simulaci6, és una de les opcions més utilitzades.

392 mlL Vol (mL) ingerit 173 ml,
Per exemple, pel que fa al volum o —
ingerit, podem definir (amb dades
obtingudes experimentalment o usant oo
referencies) una PDF triangular amb
un numero més probable de 125 mlL; o
un minim de 5 mL i un maxim de 200

mL (vegeu figura 10).

[ 8 8 g g

Figura 10: PDF triangular del volum.
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Si seguim amb l'exemple del volum, durant una simulacié de Monte Carlo, el
programa prendria valors d’entre 0 i 200 (establerts com a minim i maxim de la PDF).
seguint la PDF que hem definit per al volum, el 90% de les vegades prendria valors
molt propers als 125 mL, aproximadament entre 40 i 170 mL (vegeu figura 10).

Finalment, el programa déna com a resposta una caracteritzacio6 de la PI que inclou,
entre d’altres, una PDF de la PI (resultat), el valor mitja, percentils, i grafics de
sensibilitat. Aquests ultims ajuden a interpretar els resultats obtinguts ja que faciliten
la comprensid de quins sén els parametres més importants per al calcul de la PI (vegeu

figura 11).

Figura 11. Exemple d'un grafic de
sensibilitat per al calcul de la dosi
d’oocists de Cryptosporidium. En
aquest cas, el % d’infectivitat seria el
parametre amb més pes en el calcul de
la PI de Cryptosporidium.

% infectivitat
Oocists /L 4
Volingerit (L) 1

% recuperacio -
meétode

Dosi Cryptosporidium

0,07

-0,10

0,05 1

0,00
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0,10
0,15
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0,25
0,30
0,35

Coeficient

Acceptabilitat del risc. Al final del procés, tindrem un valor entre 0 i 1 que ens
indicara, en el nostre escenari d’exemple, la probabilitat de patir una infeccié de
Cryptosporidium deguda a la ingesti6 d’aigua regenerada. Un cop obtingut aquest valor, és
el moment de valorar si aquesta PI és o0 no és acceptable, sense oblidar en cap moment que

el risc zero no existeix.

Qui decideix si una PI és acceptable o tolerable? Com es decideix? Aquestes preguntes
no tenen una resposta facil ja que hi ha molts factors a tenir en compte quan s’esta
valorant I'acceptabilitat d’'un risc. Segons I'OMS (2001) aquest concepte és diferent en
funcié del punt de vista amb queé s’analitzi (social, economic, cientific). Aixi doncs, un risc
es pot considerar acceptable si alguna d’aquestes condicions es compleix:

i. Esta per sota d’'una PI definida arbitrariament.
ii. Esta per sota d’'un nivell que, de fet, ja s’esta tolerant.
iii. El cost de reduir aquest risc esta per sobre del cost que estalvia.
iv. Els professionals del sector diuen que ho és.
V. La societat percep que si que ho és (o més aviat, no diu que no ho és).
Vi. Els politics diuen que és acceptable.

A més a més, aquests factors interaccionen entre ells, de manera que la decisié final

haura d’intentar complir com més d’aquestes condicions millor.
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Pel que fa a l'aigua potable, la USEPA i I'OMS, consideren que el llindar de
'acceptabilitat és d’1 infecci6 per cada 10.000 habitants (1 x 10-4) per any (Macler i Regli,
1993). D’altra banda, les conseqiiencies d’'una infeccié poden ser molt diferents i el greuge
que aquesta provoqui (burden of disease), es pot intentar mesurar tenint en compte
conceptes com les seqlieles a llarg termini, severitat de la infeccio, taxa de mortalitat, etc.
En aquest sentit, es considera que la mesura de DALYs (disabled adjusted live years) és una
mesura més precisa del risc (AAM, 2006), ja que té en compte els factors esmentats
anteriorment. Pel que fa a la ingesti6 d’aigua potable, es considera que el risc és acceptable
si ésinferiora 1 x 10-¢ DALYs.

Com que aquests llindars no s’han definit en un escenari de reutilitzaci6 d’aigua
regenerada, la majoria d’assajos de QMRA adopten els mateixos llindars que per aigua
potable, és a dir, una PI anual < 1 x 104, i DALYs < 1 x 10 Tot i aixi, molts autors
consideren que tractant-se d’aigua regenerada s6n massa restrictius (Haas et al., 1996).

Finalment, perque el procés del QMRA tingui sentit i sigui efectiu, és molt important
treballar en la comunicacié del risc aixi com en la seva percepci6 per part de la societat.

Aixi doncs, en el primer capitol d’aquesta tesi es pretén aprofundir sobre la
seguretat d’algunes de les estratégies de reutilitzacié que s’estan aplicant avui en
dia a Catalunya i de manera més especifica fer valoracions de risc associades a
Cryptosporidium en aquestes aigiies regenerades.
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1.3. CAPITOL II. Noves tecnologies per al tractament de I’aigua regenerada

Al llarg dels estudis que formen aquesta tesi s’han analitzat mostres provinents de
diferents plantes depuradores i regeneradores d’aigua. Totes elles disposaven de
tractament primari i de tractament secundari convencional amb fangs activats. Pel que fa
als tractaments terciaris, a continuacié es mostra una taula amb la descripci6é dels que
s’aplicaven a les plantes d’estudi (vegeu taula 1).

Poblacioé servida

Descripcio del tractament terciari

PE Hab.
1 175.000 36.548 FS + UV (18 a 25 m]/cm?) + Cloracié (x5 ppm)
2 43.100 5.976 C-F + Dec. Lamel-lar + FS + Cloraci6 + UV (max. 48 m]/cm?)
3 2.275.000 1.092.573 C-F + Dec + FS + UV + Cloraci6 (> 0,6 ppm de Cl res.)
4 70.000 21.871 2 linies: A) FS + Cloraci6; B) MF + Ol
5 210.583 42.076 Pre-Cloraci6 + C-F + Dec. Lamel-lar + FS - cloracié (1 ppm de Cl res.)

Taula 1. Descripcié dels tractaments terciaris utilitzats a les 5 ERAs (estacions regeneradores
d’aigua). PE: poblacié equivalent; Hab.: nimero d’habitants; FS: filtre de sorra; C-F: coagulaci6-
floculaci6; Dec.: decantacié; MF: microfiltracié; Ol: osmosi inversa; Cl res.: clor residual.

Pel que fa a la desinfeccié en tractaments terciaris, I'is de la cloraci6 aixi com de la
llum UV so6n practiques molt esteses. De fet, I'efecte sinergic entre aquests dos tractaments
per a la inactivaci6 de microorganismes, ha esta descrit en nombroses ocasions
(Montemayor et al. 2008; Wang et al,, 2011 i 2012). Tot i aixi, hi ha certs aspectes de la
desinfeccié convencional amb clor que s’han de tenir en compte, com ara els productes
derivats de la desinfeccid (trihalometans, cloramines o nitrosamines). La cerca de noves
tecnologies aixi com l'optimitzacié de les que ja existeixen, és una de les estrategies que es
poden adoptar en el marc de la millora de la qualitat de I'aigua.

A la figura 12 s’hi poden observar algunes de les tecnologies que s’estan utilitzant i
intentant optimitzar per al tractament de I'aigua. Aquestes es podrien englobar, a grans
trets, en tecnologies de membranes i en tecnologies d’oxidaci6 avangada.

NOVES TECNOLOGIES PER AL TRACTAMENT D’AIGUA

TECNOLOGIES DE MEMBRANES TECNOLOGIES D’OXIDACIO AVANCADA
*Microfiltracié (MF) eIncineraci6 (oxidacid térmica)
Ultrafiltracié (UF) *Oxidacié Humida (catalitica i no catalitica)
*Nanofiltraci6 (NF) *Ozonitzaci6 (03) i 05/UV
*Osmosi Inversa (RO) *Peroxid d’hidrogen i H,0,/UV
*Bioreactors de membranes (MBR) *Dioxid de Titani (Ti0;)/UV
*Electrodialisi (ED) *Fenton i Foto-Fenton
*Electrodialisi inversa (EDR) *Ultrasons

Figura 12. Llistat d’algunes tecnologies en les que es treballa actualment, separades en dos grans
grups: tecnologies de membranes i tecnologies d’oxidacié avancada.
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Avui en dia s’estan invertint molts esforcos en la millora d’aquest tipus de
procediments per tal de millorar-ne les limitacions, ja que tenen un gran potencial per al
tractament d’aigua. Tot i aix0, en aquest capitol no pretenem fer una revisi6é exhaustiva de
tots ells, sin6 que només volem fem un repas de les tecnologies amb més perspectives de
futur per acabar centrant-nos en els processos d’oxidacié avancada (POA) que s’han
avaluat en els articles 4 i 5 d’aquesta tesi.

Les tecnologies de membranes es basen en la separacié-filtraci6 de substancies
(microorganismes o particules) mitjancant membranes selectives amb permeabilitats
variables. Aquesta separacio6 es pot aconseguir, per exemple, amb la diferéncia de pressio
osmotica (OI), o la de potencial electric (electrodialisi). També existeixen processos
d’'MBR, que combinen l'acci6 de les membranes (generalment MF o UF) amb un
bioreactor. Aquest tipus de processos s’han utilitzat amb exit per al tractament d’aigua
residual (Marti et al., 2011). Pel que fa a la MF i a I'UF, han demostrat la seva habilitat per
reduir les concentracions d’(oo)cists de protozous (Cryptosporidium o Giardia) per sota
dels nivells de deteccid, i la terbolesa fins a assolir els requeriments exigits en les
normatives de tractament per aigua potable (USEPA, 2001). L’inconvenient principal de
les membranes és el d’'una possible esquerda en la seva integritat, ja que aix0 podria
comprometre la capacitat de separacié de microorganismes o particules. Tot i aixi, hi ha
d’altres factors que n’estimulen I'is com la facilitat d’operacio, requeriments minims de
personal o que mantenen l'eficiéncia tot i les fluctuacions en la qualitat inicial de 'aigua.

Pel que fa a les tecnologies d’oxidaci6 avangada, s’originen com a tractaments associats
a la reducci6 de compostos quimics a l'aigua, principalment els que avui en dia
s’anomenen contaminants emergents. Aquests, sén compostos quimics que fins ara no
s’havien reconegut i que per tant, no estan regulats. Tot i aixi, existeix certa preocupacid,
pels efectes que puguin tenir sobre la salut ja que han estat detectats en efluents de
depuradores, en aiglies marines i continentals, en aigiies subterranies i fins i tot en aigiies
de beguda (Benotti et al.,, 2009; Rosal et al., 2010). Entre aquests contaminants hi ha tant
productes de nova generaciéo com substancies que sempre hi han estat pero que fins ara
no es detectaven perqué les metodologies de deteccié no eren prou sensibles. Alguns
exemples en son els productes farmaceutics i d’higiene personal (PPCP), hormones,
desinfectants, tensioactius, additius de gasolines i els seus subproductes (Kiimmerer,
2001; Farré et al,, 2008; Pal etal., 2010).

Generalment, aquests productes acaben anant a parar a 'aigua a través dels efluents de
les EDARs, que amb els sistemes fisicoquimics i biologics convencionals, no sén
especialment eficients en la seva eliminacié. Com que els efluents de depuradora acaben
essent abocats a 'ambient (llacs, rius, mar, etc.), facilment poden contaminar les aigiies
superficials. Tot i que les concentracions a les que es detecten a la sortida de les
depuradores estan en el rang dels pg/L, quan aquests microcontaminants es detecten a
I'ambient (aigiies superficials), el rang sol ser de ng/L (Gros et al., 2010; Vulliet i Cren-
Olivé, 2011). A la taula 2 es poden observar alguns exemples d’aquestes substancies en
aiglies superficials i subterranies: en el cas de les hormones, sén principalment estrogens i
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esteroides; i en cas dels productes farmaceéutics, hi ha diferents antibiotics,
antiinflamatoris, medicaments psiquiatrics etc.

Aigiies superficials Aigiies subterranies

Freq. Mitjana Freq. Mitjana
COMPOST %) (ng/Ll) (%) (ng/L)
17B-Estradiol 1 0,2 10 0,4
Testosterona 96 2,2 100 1,4
Androstendiona 97 0,8 99 0,8
Levonorgestrel 47 3,6 49 4,0
Progesterona 89 1,6 93 1,6
Propranolol 7 1,2 1 1,8
Lorazepam 6 2,1 4 1,2
Carbamazepina 61 13,9 70 10,4
Trimetoprim 13 0,9 1 1,4
Paracetamol 28 14,7 17 10,3
Ibuprofén 9 5,5 0 0
Acid salicilic 54 6,7 53 6,5
Naproxen 9 3,5 3 1,2
Diclofenac 37 5,4 20 9,7

Taula 2. Freqiiencia de deteccid i concentracié a I'aigua (ng/L) d’alguns d’aquests
compostos a Franca. Taula adaptada de Vulliet i Cren-Olivé. (2011).

Anant més a prop de casa nostra, al riu Llobregat també s’hi ha estudiat la presencia de
molts principis actius de productes farmaceutics. Estudis recents demostren que n’hi ha
una gran varietat i que les seves concentracions poden variar molt en funcié de 'estacié i
de circumstancies climatiques o meteorologiques concretes com ara sequeres, 0
avingudes sobtades del riu (Osorio et al.,, 2012). A la taula 3 es pot apreciar com molts
d’aquests compostos descrits al Llobregat també havien estat descrits a Franca.

Concentracio al riu Llobregat (ng/L)

COMPOST 2009-2010 2005-2006
Ketoproféen 0,7 2249 160 2710
Ibuprofén 2,7 868 160 9890
Diclofenac 0,4 785,9 80 18740
Paracetamol 4,4 1059,8 60 2420
Benzafibrat 0,2 217,1 30 15060
Carbamazepina 1,2 266,7 80 3090
Atenolol 0 251,2 50 670
Sotalol 0,1 3552,6 110 1820
Sulfametoxazol 0,2 1500 30 11920
Trimetoprim 0 35,6 20 470

Taula 3. Concentracions minimes (Min.) i maximes (Max.) en ng/L, d’'una
seleccié de productes farmacéutics representatius a les aigiies del riu Llobregat
en dos periodes diferents. Taula adaptada d’Osorio et al.,, (2012).

27



INTRODUCCIO - CAPITOL II: Noves tecnologies per al tractament de l'aigua regenerada

Tot i que existeixen diferents tecniques per determinar el possible impacte -tant per a
la salut com per a 'ambient- d’aquests contaminants, la seva eliminacié s’ha convertit en
'objectiu de molts projectes de millora de la qualitat de les aigiies ja que de moment, no se
sap si una exposicié continuada podria provocar alteracions endocrines o tenir efectes
genotoxics a llarg termini.

A dia d’avui s’han fet centenars d’estudis que avaluen l'efectivitat dels processos
d’oxidacié avangada per a I’eliminacié d’aquest tipus de microcontaminants. Dels resultats
obtinguts se’'n despren que els POA tenen un gran potencial per mineralitzar
completament molts d’aquests compostos. No obstant aixo, es té molt poca informaci6
sobre I'efecte d’aquests processos en la inactivacié de microorganismes, la qual cosa s’ha
de tenir en compte quan s’esta fent una gestié integral de I'aigua. De fet, I'efecte dels POA
en les concentracions d’indicadors i patogens en aigiies reals és un camp que tot just es
comenca a explorar ja que de moment la majoria d’estudis s’han fet amb aigiies artificials
o netes, dopades amb soques de laboratori de determinats microorganismes i per tant, la
seva inactivaci6 i el seu comportament davant d’'un tractament concret pot ser molt
diferent al d’'un microorganisme present de manera natural en un efluent real. De
moment, es desconeixen els mecanismes d’accié concrets que acaben inactivant els
microorganismes, pero se sap que les especies reactives de I'oxigen (ROS) formades poden
malmetre les membranes dels microorganismes o el seu material genetic i oxidar-ne
proteines. A continuacid, s’explicaran alguns dels aspectes més caracteristics dels
processos fotocatalitics que s’han estudiat en els articles 4 i 5.

1.3.1. Processos d’oxidaciéo avancada (POA)

Els POA es podrien definir com aquelles tecnologies que promouen la formacio
massiva de radicals hidroxil (OH), que gracies a la seva alta reactivitat i baixa especificitat,
son els que finalment oxidaran els contaminants. Els processos fotocatalitics sén POAs en
els quals hi esta involucrada I'absorci6 de llum (fotons), per part del substrat.

L’4s de POA com a tractaments de regeneracio6 podria oferir alguns avantatges
respecte altres tecnologies existents, que el converteixen en una opci6 molt
atractiva:

i. Poden arribar a la completa mineralitzacié dels contaminants.

ii. La seva alta reactivitat amb la majora de compostos organics i la seva
baixa especificitat els fan idonis per a l'eliminacié total d’alguns
microcontaminants aixi com dels subproductes d’altres contaminants que
s’hagin pogut generar durant tractaments previs.

iii.  Els reactius utilitzats com a oxidants s’acaben descomponent en productes
que soén innocus.

iv. S6n molt efectius per a contaminants refractaris que solen resistir els
metodes convencionals.
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Degut a l'elevada taxa d’oxidacié dels radicals hidroxil, el comportament dels
microcontaminants pot canviar després del tractament, de manera que contaminants
d’origen organic es poden transformar en productes més petits i biodegradables.
L’aplicacié de POAs com a tractament directe d’aigua residual crua no és, ara per ara, una
opcid viable ja que l'elevat cost economic d’aquests processos, en comparaciéo amb els
processos fisicoquimics i bioldgics convencionals, ho impedeix. No obstant aixo, utilitzar-
los de manera combinada i integrada amb d’altres tractaments és una de les opcions que
ha estat més estudiada en els ultims anys. Aixi doncs, que aquests tractaments formin part
d’'un procés més ampli d’obtencié d’aigua regenerada o potable, si que podria ser una
opcié viable i beneficiosa, si es fes de la manera adequada.

Tot i aixi, per poder decidir si els POA son els més adequats per a la regeneracio, hi ha
una serie de factors que s’han de valorar molt bé previament a la seva aplicacio:

~ Concentraciéo maxima de contaminant. En processos de fotocatalisi, no es
recomana que sigui massa alta (vegeu figura 13).

~ La naturalesa dels contaminants. Poden ser organics o inorganics i tenen
caracteristiques diferents pel que fa a la seva estructura quimica, solubilitat,
biodegradabilitat, volatilitat, toxicitat, polaritat, potencial d’oxidaci6, carrega
electrica i als seus subproductes.

~ Normativa. Suposant que existeixi, s’han de tenir en compte els limits
permesos en cada cas.

~ El cost economic. Costos d’operacié, temps d’operacid, consum energetic, etc.

’:‘ 2000 Oxidacié Humida Avangada / Incineracié
;‘E 1000-{ Incineracié Oxidacié Humida Avangada
E Oxidacié Quimica Oxidacié H,"Imid,a
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=
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En processos fotoquimics, els fotons implicats han d’aportar I'energia necessaria per
excitar els electrons i formar radicals lliures. Els métodes que utilitzen llum com a font
d’energia solen utilitzar llum UV ja que els seus fotons tenen més energia. L'us de
lampades d’'UV és una practica molt comuna com a tractament de desinfeccié per a
I'obtenci6 d’aigua potable i d’aigua regenerada. Per tant, I'Gs de radiacié solar en
substitucié de les lampades, suposaria un gran avantatge economic a més a més d’'un
d’ambiental, ja que es tractaria d'una tecnologia molt més sostenible.
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No tots el processos de fotooxidacié sén capacos d’aprofitar la radiacié solar de
manera eficient, ja que n’hi ha que requereixen longituds d’ona a les que no s’hi arriba
utilitzant la radiaci6 solar. Tot i aixi, n’hi ha molts que han demostrat una gran eficiéncia
en els estudis fets fins ara, com per exemple, la fotocatalisi amb peroxid d’hidrogen i llum
UV (Hz02/UV); el dioxid de titani i llum UV (TiO2/UV) i les reaccions de foto-Fenton
(Stasinakis, 2008). Tot seguit parlarem amb una mica més de detall d’aquests POA.

H202/UV

La fotolisi de I'H,0, amb radiacié UV es produeix quan la llum trenca ’enllag 0-O de
I'aigua produint dos OH (equaci6é 4). Aquesta reaccié pot tenir lloc sempre i quan la
longitud (1) d’ona aplicada estigui entre 200 nm i 400 nm.

hv
H,0, — 2 0H o 4)

El procés H,0,/UV produeix un efecte sinergic molt més gran que no pas l'efecte
additiu de I’'H20; i de I'UV. Aquest, és capa¢ de destruir molts dels contaminants organics
més dificils de degradar com ara I'atrazina o el tricloroetile. Cal recordar pero, que hi ha
algunes limitacions com la terbolesa, que pot actuar absorbint la radiacié UV i fent menys
eficient el procés global.

Teoricament, radiacions amb A < 300 nm, no soén eficients, pero la llum UV d’origen
solar conté una fracci6 d’'UV-B (280-320 nm) i la major part d'UV-A (320-400 nm). A més a
més, hi ha molts estudis que demostren I'efecte sinergic entre H,0,/UVA en 'eliminacié de
microorganismes a l'aigua tot i que no se’n coneixen els mecanismes exactes.

Fotocatalisi heterogénia amb TiO2/UV

S’entén per fotocatalisi heterogénia, aquell procés fotocatalitic que utilitza un solid
semiconductor (per exemple el TiOz), que forma una suspensié estable i que com a
resultat a I’absorcié de la radiacio, estimula la formacié de radicals hidroxil.
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A
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Durant aquest procés, els fotons han de tenir prou energia com per fer saltar un electr6
de la banda de valencia (BV) a la banda de conduccié (BC) i produir aixi un forat en la
banda de valéencia. Tant els electrons com els forats produits en aquesta reacci6 poden
provocar reduccions o oxidacions respectivament (vegeu figura 14). Tot i que hi ha molts
catalitzadors, el TiO; ha demostrat tenir una gran estabilitat, eficiéncia i baix cost,
caracteristiques que I'han fet preferible a d’altres catalitzadors en moltes ocasions.

Fotocatalisi homogeénia amb Foto-Fenton (Fe/H,0,/UV)

Quan es tracta de fotocatalisi homogenia, el catalitzador esta en dissolucid. La reaccié
de Fenton, és a dir, una barreja de ferro i peroxid d’hidrogen, va ser desenvolupada el
1894 per Henry John Horstman Fenton, pero no va ser fins anys més tard, el 1930, que
Haber i Weiss la van descriure (vegeu equaci6 5).

Fe?* + H,0, — Fe3* + OH -+ OH™ (5)

En la reacci6 de Fenton, el ferro actua com a catalitzador i se sol afegir a 'aigua en
forma de FeSO4 (sulfats de ferro), que seran la font d’ions Fe(II). En aquesta reaccid, I'H,0;
oxida I'i6 Fe(Il) i forma I'i6 Fe(III) i radicals hidroxil. En el cas del foto-Fenton, 1'i6 Fe(III)
sera reduit una altra vegada a i6 Fe(II) gracies a la radiaci6 UV (solar o amb lampades), i
com que esta dissolt a I'aigua, donara com a resultat la formacié d’'un radical hidroxil i un
proto (vegeu equacio 6).

Fe3* + H,0 —» Fe?*+0H-+H* (6)

Si es tenen en compte les dues reaccions es pot apreciar que I'inic component que es
consumeix és I'H,0,. Aixi, si 'anem afegint a l'aigua a mesura que es va consumint,
aconseguirem una reaccié en cadena de continua alliberaci6é de radicals OH, que podran
actuar oxidant tot el que hi hagi a I'aigua.

3
< >
£/
Fe 2+ H,0,
Figura 15. Esquema lL)
del procés d’oxidacio Foto-reducci6 Oxidacié

mitjancant el foto-

Fenton solar. Fe 3+ - OH + OH"

Com ja s’ha comentat, la font de llum UV pot ser radiacié solar, de manera que si
s’aplica en la reacci6 de Fenton, tindrem el que s’"anomena foto-Fenton solar (vegeu figura
15). Aquest POA s’ha utilitzat molt sovint en els darrers anys i ha demostrat ser molt
eficient en l'eliminaci6 de substancies toxiques i també a l'hora d’augmentar la
biodegradabilitat d’alguns components (Chamarro et al., 2001). A més a més, s’ha fet
servir amb exit per a la mineralitzacié d’algunes substancies com ara el fenol (Esplugas et
al,, 2002).
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Tot i aixi, una de les limitacions que té aquest procés és el pH. Perque aquestes
reaccions siguin possibles, el ferro ha d’estar en dissoluci6, cosa que només passa a pHs
molt baixos, al voltant de 3. Quan el pH esta entre 3 i 5, el Fe esta en forma col-loidal i a un
pH > 5, el Fe precipita en forma d’oxids de Fe (Al-Momani, 2003).

Cada vegada més, pero, s’estan estudiant els efectes del foto-fenton a pHs propers als
naturals, i en algunes ocasions hi ha resultats molt esperancadors pel que fa a aquest
procés (Sciacca et al.,, 2010; Garcia-Fernandez et el., 2012; Ortega-Gomez et al., 2012).
Aquest tipus d’estudis son particularment interessants perqué l'aplicaci6 real del foto-
Fenton esta limitada en gran part per I'efecte del pH, ja que de moment, per cabals grans
no és viable I'acidificacié previa ni la neutralitzacié posterior d’efluents de depuradora.

Us de I'energia solar com a tractament d’aigua. L’ds de la radiacié solar per a la
desinfeccié (SODIS) de l'aigua és un procés que des de fa anys s’esta utilitzant a molts
paisos en vies de desenvolupament per a I'obtenci6 d’aigua de beguda. De fet, és un
procediment recomanat per I'OMS ja que és senzill i eficient. Basicament es tracta d’'omplir
ampolles d’aigua (1,5 a 2L) de plastic (PTE) transparent i exposar-les al sol entre 6 i 48h
en funcié de si es esta ntvol o no (EAWAG/SANDEC, 2002). L’efecte de la radiacié solar
aixi com de la temperatura acaben reduint significativament el nombre de
microorganismes causants de malalties gastrointestinals. De fet, s’ha descrit que els
episodis de diarrea en nens disminueixen en un 24% en families que utilitzen SODIS, i
també que aquests nens tenen una probabilitat 8 vegades inferior d’agafar colera (Conroy
etal, 19991 2001; Hobbins et al., 2000) que en families que no I'apliquen.

D’altra banda, als paisos industrialitzats s’intenta anar més enlla per tal d’optimitzar
I'ts de la radiaci6 solar. Aixi, en els darrers anys s’han optimitzat materials i dissenys de
foto-reactors (de moment a escala pilot) per poder tractar aigua de manera més eficient.
En l'estudi 5 d’aquesta tesi s’utilitzen foto-reactors CPC (vegeu figura 16, Sichel et al,,
2007), que permeten recuperar la llum directa i difusa, que incideix en el col-lector.
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Figura 16. Diagrama d'aire

de flux d’'un foto-reactor
CPC. Adaptaci6 de Sichel
etal. (2007).

Sortida Bomba

recirculaci6é

En el segon capitol d’aquesta tesi s’avalua 'efecte de la radiacié solar aixi com
dels processos fotocatalitics explicats (H.0,/UV; TiO,/UV i Fe/H,0,/UV), en la
inactivaci6 de microorganismes indicadors amb I'objectiu d’obtenir aigua
regenerada de qualitat.
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Objectius

2.1. CAPITOL I: Riscos microbiologics lligats a la reutilitzacié d’aigua regenerada: el
cas de Cryptosporidium

@  L’objectiu d’aquest primer capitol era el d’aprofundir en aspectes relacionats amb
la seguretat de I'aigua regenerada, tot avaluant algunes de les estrategies de reutilitzacio
que s’estan aplicant avui en dia a Catalunya i explorant els seus beneficis i inconvenients.
De manera més especifica es pretenia:

— Avaluar l'impacte al riu Llobregat d'un experiment d’IPR planejat (Planned
Indirect Potable Reuse) per a futures situacions d’emergéncia de falta d’aigua. Es a
dir, avaluar els canvis en la qualitat microbiologica del riu després d’abocar-hi, de
manera controlada, aigua regenerada per augmentar-ne el cabal.

— Estudiar 'eficiéncia de les SRC com a indicadors dels oocists de Cryptosporidium,
tant totals com infectius, tenint en compte els diferents tractaments terciaris
utilitzats a les plantes depuradores estudiades.

— Analitzar les concentracions, la viabilitat, la infectivitat i els genotips dels oocists
de Cryptosporidium a les aigiies residuals de les plantes estudiades aixi com
I'efecte dels diferents tractaments (de depuracié i de regeneraci6) en els
microorganismes indicadors i en Cryptosporidium.

— Avaluar, amb QMRA, el risc microbiologic lligat a Cryptosporidium en un escenari
de reutilitzaci6 real, utilitzant: (i) concentracions de Cryptosporidium totals i
infectius, i (b) dades de la relacié entre SRC i Cryptosporidium en els diferents
efluents.

2.2. CAPITOL II: Noves tecnologies per al tractament de I’aigua regenerada

®  L’objectiu del segon capitol de la tesi era el d’explorar noves tecnologies pel que fa
a l'obtencié d’aigua regenerada, és a dir, testar alguns processos fotocatalitics com a
possibles tractaments terciaris per a l'obtencié d’aigua regenerada. De manera més
especifica es pretenia:

— Avaluar 'efecte de 'H20,/UV, amb baixes concentracions de peroxid d’hidrogen i
utilitzant lampades d’UV, en la inactivacié d’alguns microorganismes indicadors
com: E. coli, SOMCPH, SRC i fags que infecten la soca CB390, en un efluent
secundari real.

— Avaluar I'efecte de diferents POA que utilitzen radiacié solar - UV solar; H,0,/UV;
TiO2/UV; i Fe/H20,/UV- com a possibles tractaments terciaris, tot determinant
les cinetiques d’inactivaci6 de diferents microorganismes indicadors: E. colj
SOMCPH, SRC i FRNAPH, partint d’'un efluent secundari real.
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3.1. ARTICLE 1

Autors: M2 Eugenia Rubiano, Miriam Agullé-Barceld, Raquel Casas-Mangas, Joan Jofre i
Francisco Lucena

Titol: Assessing the effects of tertiary treated wastewater reuse on a Mediterranean River
(Llobregat, NE Spain), part IlI: Pathogens and indicators.

Revista: Environmental Science and Pollution Research. Vol 34; 373-388 (2011)

RESUM

Introduccio

En els darrers anys ha acrescut considerablement l'interes en I'obtencié de recursos
hidrics alternatius degut a diferents episodis de manca d’aigua. A més a més, els avengos
tecnologics per al tractament d’aiglies residuals i per a 'obtenci6 d’aigua regenerada, han
fet possible que es plantegi I'opcié d’'incrementar, de manera puntual, els recursos hidrics
existents amb aigua regenerada per a la produccié d’aigua potable. Aquesta activitat
podria suposar un risc per a la salut degut a I'origen de l'aigua, i és per aixo que el National
Research Council of the USA National Academies (1998) i 'Australian National Water
Commission (2007), van concloure que 'aigua residual regenerada només es pot utilitzar
per augmentar les reserves hidriques destinades a la potabilitzacié si es fes com a ultim
recurs i sempre després d’'una avaluacié exhaustiva dels riscos microbiologics que
d’aquesta activitat se’'n podrien derivar. Aquesta avaluaci6 hauria d’incloure l’analisi
d’'indicadors de contaminacio fecal aixi com de patogens (virus i protozous).

Els oocists de Cryptosporidium (tant totals com infecciosos) aixi com els enterovirus
citopatogenics (definits com aquells virus que infecten les cel-lules BGM), es van
seleccionar com a patdgens en aquest estudi ja que ambdés han estat inclosos en
nombroses ocasions, en diferents normatives que regulen la qualitat de I'aigua. A més a
més, s’han utilitzat indicadors de contaminacié fecal tradicionals com la E. coli i alternatius
com els fags somatics (SOMCPH) i les espores de clostridis reductors del sulfit (SRC).

Durant la crisi hidrica del 2007-2008, les autoritats de gestié de I'aigua pertinents es
van plantejar la possibilitat d’augmentar el cabal del riu Llobregat amb aigua regenerada
de I'ERA del Prat de Llobregat, uns quilometres més amunt del punt de captacié de 'ETAP
de Sant Joan Despi. En aquest estudi es presenten els resultats obtinguts de 1’avaluacié
dels possibles riscos tant ambientals com de salut publica com a conseqiiéncia d’aquesta
reutilitzacio tan particular.

Resultats i discussio

Indicadors i patogens a l’aigua regenerada (abans i després del transport)

Aplicant llum UV i cloraci6 durant el procés de regeneracio, les concentracions d’ E. coli
i de SOMCPH van estar sempre per sota el limit de detecci6é (2 CFU i 10 PFU per 100 mL
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respectivament). D’altra banda, quan l'aigua estava tractada només amb UV, les
concentracions mitjanes d’E. coli i SOMCPH van ser significativament més altes que usant
ambdos tractaments. Pel que fa a les SRC, es van detectar en ambdos tractaments i no hi va
haver diferéncies entre ells. Tots els valors obtinguts estan dins del rang habitual de la
planta, i per tant es va considerar que aquesta funcionava amb normalitat durant I'estudi.

Pel que fa als patogens, no es van poder detectar ni oocists infecciosos de
Cryptosporidium ni enterovirus citopatogenics en cap dels dos tractaments emprats (en
volums analitzats de 50 i 100 L respectivament). Tot i aixi, si que es van detectar oocists
totals de Cryptosporidium, perd sempre en concentracions inferiors a 1 oocist per 10 L.
Aquest fet pero, no és estrany, ja que és sabut que els processos de desinfeccié no
eliminen la presencia del parasit pero si que en redueixen o n’eliminen la infectivitat.

Les concentracions d’E. coli i de SOMCPH no van variar després que I'aigua regenerada
fos transportada riu amunt a través d’'una canonada de 15,6 Km, més amunt del punt de
captacié de la planta potabilitzadora de Sant Joan Despi. Pel que fa a les SRC, es van
detectar concentracions significativament més baixes després del transport quan l'aigua
s’havia tractat amb UV i cloracié. Efecte degut, probablement, al clor residual present a
'aigua regenerada, que hauria seguit actuant durant un temps. Aixi doncs, es va descartar
que hi hagués recreixement en la foscor (durant el transport), procés descrit en alguns
bacteris i protozous després del tractament amb UV.

Indicadors i patogens a l'aigua de riu

A l'aigua del riu Llobregat, les concentracions dels indicadors de contaminacio6 fecal
van ser significativament més altes que a l'aigua regenerada. De fet, la concentracié més
baixa de qualssevol dels indicadors al riu va ser més alta que a l'aigua regenerada. Aixi
doncs, després de l'abocament d’aigua regenerada al riu, la qualitat microbiologica
d’aquest millorava. Les concentracions de patdogens després de l'abocament van ser
menors, pero no significativament diferents, a les del riu abans de la barreja amb aigua
regenerada. Tot i aixi, al riu, les concentracions eren significativament més altes que a
l'aigua regenerada. Es possible que el fet que no es trobin diferencies es degui més aviat a
la incertesa inherent als metodes de detecci6 quan les concentracions sén baixes, que no
pas al fet que en realitat no ho fossin.

Conclusions

El vessament d’aigua regenerada provinent de I'ERA del Prat de Llobregat al riu
Llobregat, en millora la qualitat microbiolodgica. Tenint en compte que l'aigua del riu
Llobregat a I'alcada de Sant Joan Despi s’utilitza com a font d’aigua potable, podriem dir
que si en una situacié d’emergencia de manca d’aigua, es decidis augmentar el cabal del
riu amb aigua regenerada, aixo no implicaria un risc per a la salut de les persones des de la
perspectiva de les malalties infeccioses que es transmeten a través de 'aigua.
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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 Despi 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
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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 (RO samples); (4) river water at the catchment site of
the Sant Joan Despi Drinking Water Treatment Plant

(SJIDDWTP), about 6 km downstream from where reclaimed
water was discharged into the river (R2 samples). RW1 and
RW?2 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, RO 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 1
were concentrated in the sampling points, whereas 1 1
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 1
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 1 of river water (RO 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 1 of reclaimed water
samples (RW1 samples) were concentrated using

Envirochek-sampling capsules (Pall Gelman Laboratory,
Ann Arbor, MI) according to Method 1623 (USEPA 1999).

@ Springer
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Cryptosporidium oocysts in 1 1 of river water samples
(RO 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 (Difco™, 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 WG5S 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 ¢ test was performed in order to determine the
significance of the differences between the series of results

@ Springer
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Fig. 1 Logo 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

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 log;, units per 100 ml
of the densities of E. coli, spores of sulphite-reducing
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Fig. 2 Log, 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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Table 1 Pathogens in reclaimed
water (RW1 samples) Pathogen Treatment Number of Min. value Max. value Arith. mean
received samples
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
Enteroviruses are expressed as Infectious Cryptosporidium UV+Cl 3 <0.02 <0.02 <0.02
PFU per liter and infectious Infectious Cryptosporidium UV 3 <0.02 <0.02 <0.02

Cryptosporidium as FF per liter

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 ¢ test, P<0.05) than those in UV irradiated and
chlorinated water. In contrast, values of SSRC did not
differ significantly (Student’s ¢ 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 1 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 log;( 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 ¢ 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 7 test,
P<0.05) in RW2 samples. This reduction in numbers is
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3,5 K3
3,0 + 3

2,5 T

2,0
1,5
1,0

0,5

95% IC Log10 concentrations of indicators

0,0

T T T
ROECOLI l ROSSRC | ROSOMCPH I
R2ECOLI R2SSRC

R2SOMCPH

Fig. 3 Log, values of the concentrations of indicators (mean values
and 95% confidence levels) in the Llobregat River upstream (RO
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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Table 2 Pathogens in river water

samples, upstream (R0) and Pathogen Sample  Number of % Positive =~ Min. value =~ Max value  Arith. mean
downstream (R2) the point of samples samples
reclaimed water release into the
river (RW2) Enteroviruses RO 66.6 <1 4 <2.0
Enteroviruses R2 66.6 <1 5 <2.5
Cryptosporidium RO 66.6. <0.7 2.7 <1.2
oocysts
Cryptosporidium R2 66.6 <0.7 2.0 <13
00cCysts
Infectious RO 333 <0.07 1.4 <0.8
. Cryptosporidium
Enterov1rqses are c;xpregsed as Infectious R2 333 <0.07 0.7 <0.7
PFU per liter and infectious Cryptosporidium

Cryptosporidium as FF per liter

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 RO and R2
are displayed in Fig. 3. The densities of the three indicators
in river water in point RO, which has not yet been impacted
by the delivery of reclaimed water, were significantly
higher (Student’s ¢ 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 ¢ 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 ¢ test, P>0.05) among them in terms
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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 RO and R2 are shown in
Table 2. The numbers of enteroviruses, oocysts of Crypto-
sporidium, and infectious Cryptosporidium in river water in
RO and R2 samples are significantly higher (Student’s ¢ 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 ¢ 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
logio units per 100 ml) of indicators in reclaimed water released in the
river (RW1+RW2) and river water samples upstream (R0O) and
downstream (R2) the point of release of reclaimed water

RO average ~RWI1+RW2 R2 average
(min—max)  average (min—max) (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(3.64.0) 1.3 (1.0-2.5) 3.6 3.2-3.9)
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ological quality of the river water used as source water by
the multi-step SIDDWTP. 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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RESUM

Introduccio

Els plans de seguretat de I'aigua sén un instrument clau en el control de la qualitat de
I'aigua potable i per tant, un sistema equivalent per al control de l'aigua regenerada
suposaria una gran millora en la seva gestio.

Degut a les dificultats en la detecci6 de patogens a l'aigua regenerada (baixes
concentracions, metodologies complexes, etc.), s’utilitzen microorganismes model (amb
funcié index o bé amb funci6é indicadora) per valorar tant la qualitat de 'aigua com
'efectivitat dels tractaments que s’apliquen durant la regeneracié. En els ultims anys
alguns indicadors com ara fags somatics i espores de clostridis reductors del sulfit
(SOMCPH i SRC respectivament) s’han utilitzat de forma alternativa als habituals (E. col,
coliforms fecals) ja que els primers permeten fer un seguiment més acurat de l'eficiencia
dels tractaments. L'us d’aquests indicadors alternatius ha anat guanyant adeptes en la
comunitat cientifica ja que s’ha observat que poden ser molt ttils.

Com ja s’ha comentat a la introduccié d’aquesta tesi, Cryptosporidium s’ha convertit en
un patogen de referéncia pel que fa als intents de relacionar-lo amb algun indicador de
contaminacié fecal en concret ja que al llarg de la historia s’han descrit molts brots de
criptosporidiosi lligats a aiglies contaminades. Tot i aixi, la legislacié espanyola que regula
la qualitat de 'aigua regenerada, el RD 1620/2007, esta basada en E. coli com a indicador
classic de contaminaci6 fecal, i no contempla aquest patogen tot i que s’ha descrit que E.
coli podria no ser massa efectiu en relaci6 a la protecci6 de malalties causades per
protozous.

En aquest estudi, s’han seleccionat 3 microorganismes model com a possibles
indicadors de Cryptosporidium: E. coli, ja que és el que esta inclos a la legislacié, SRC i
SOMCPH ja que han estat proposats amb anterioritat com a possibles indicadors
alternatius de qualitat, amb l'objectiu de valorar quin d’ells és el més adequat per indicar
la preséncia d’oocists de Cryptosporidium totals i infecciosos.

Resultats i discussio

Concentracié de microorganismes model i Cryptosporidium

Les concentracions dels microorganismes indicadors a l'aigua residual crua sén
significativament més elevades que les dels oocists de Cryptosporidium. Tots ells
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disminueixen significativament al llarg del tractament, tot i aixi, les proporcions relatives
en cada tipus d’aigua (entrada, efluent secundari o efluent terciari) varien, indicant que els
tractaments tenen un efecte diferencial segons el tipus de microorganisme. Les SRC van
ser I'indicador més resistent, essent la seva reducci6é des de 'aigua d’entrada a l'efluent
terciari de 2,7 uLog. D’altra banda, la reduccié d’E. coli i de SOMCPH vas ser de 5,24 i 4,24
uLog respectivament.

A Tefluent terciari (ET), es van detectar un 21,4% de mostres positives per 100
(oocists infecciosos) i un 88,1% per TOO (oocists totals). Aquesta diferéncia suggereix que
els tractaments terciaris (de desinfecci6) sén més eficients en la reduccio6 de la infectivitat
que no pas en la presencia d’oocists.

D’altra banda, també s’ha observat una distribucié estacional amb un marcat
increment de les concentracions de Cryptosporidium durant els mesos d’estiu. Aquest
resultat coincideix amb un pic estiuenc pel que fa al nimero de casos de criptosporidiosi
registrats al butlleti epidemiologic setmanal (BES).

Funci6 indicadora dels microorganismes model

En comparar la reduccié de l'efluent secundari (ES) a I'ET dels microorganismes
model, s’observen diferéncies significatives entre Cryptosporidium (TOO i 100) i els
indicadors E. coli i SOMCPH. En canvi, les SRC es redueixen de manera semblant als 100,
pero no gaire semblant als TOO. Tot i aixi, hi ha una correlacié forta (r = 0,76) entre SRC i
TOO pero una correlacié debil (r = 0,034) entre SRC i [00.

Funcié index dels microorganismes model

El percentatge de coincidéncia de TOO amb SRC, SOMCPH i E. coli, va ser de 86,5%,
54,1% i 27% respectivament. En fer-ho amb 10O, els percentatges van ser de 16,2% per
SRC i SOMCPH i de 5,4% per E. coli. Les analisis de regressié multiple van assenyalar que
la combinacié dels 3 microorganismes model resultava en una correlaci6 (R?) de 0,64 amb
TOO. Lts de SOMCPH i SRC presentava una correlaci6 practicament identica (R2 = 0,63)
indicant que la E. coli no és una variable predictora adequada ja que el seu Us no té cap
efecte en el coeficient de correlacié. Les analisis de regressié multiple amb 100 van
mostrar valors molt baixos de correlacié (R? = 0,13) amb els 3 microorganismes model
combinats. Aquests resultats donen suport a la idea que I'is d'un altre microorganisme
model, a part de la E. coli, seria util sobretot en l'avaluaci6 del risc associat a
Cryptosporidium.

Les analisis de regressié6 simple en mostres d’ET van mostrar una correlacié6 no
significativa (r = 0,21) entre SRC i I0O i una correlacio significativa i forta (r = 0,85) entre
SRCiTOO. Uns valors tan elevats (0,85) no s’havien trobat fins al moment, tot indicant que
de manera general, les SRC es poden utilitzar com a indicadors de procés de
Cryptosporidium. Pel que fa a la relacié amb 00, és possible que la incertesa associada a la
metodologia de deteccié aixi com les baixes concentracions de Cryptosporidium en els
efluents terciaris hagin tingut una gran influéncia en els resultats obtinguts.
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Analisi discriminant

Per intentar relacionar les concentracions dels microorganismes model, tant en
combinacié com sols, amb la preseéncia/absencia d’l00, es van fer analisis discriminants
tot seguint la funcié discriminant quadratica, ja que és la que s’adequava millor a les
dades. El percentatge més elevat de mostres ben classificades (94,6%) corresponia a la
combinacié de tots tres microorganismes, seguit de la combinaci6 EC/SOMCPH amb
91,9% i SRC/SOMCPH amb un 83,8% de mostres classificades correctament. Les analisis
discriminants amb TOO, en canvi, van mostrar baixos percentatges de mostres ben
classificades (< 71%) i alts percentatges de falsos negatius (> 24%).

Conclusions

De tots els indicadors estudiats, només les SRC van mostrar un gran potencial com a
indicadors tant de la incidencia com del comportament de TOO. Els SOMCPH van mostrar
millors resultats que E. coli perd no tan bons com les SRC. Tot i aixi, les analisis
discriminants ens indiquen que 1'ds de SOMCPH en combinacié amb E. coli és til en la
determinaci6 de la preséncia/abséncia d’I00. Per tant, recomanem que s’utilitzi com a
minim un indicador més, a part de la E. coli, com a parametre de qualitat en aigua
regenerada. L’eleccié de la combinacié, SRC/E. coli o bé SOMCPH/E. coli, podria variar en
funcié de cada cas.
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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 10O, 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 100. Spores of sulphite-
reducing clostridia (SRC) showed parallel reduction patterns
and high correlation values (»=0.76) with reductions in TOO.
Furthermore, simple regression analyses of SRC and TOO in
reclaimed water showed high correlation values (r=0.85).
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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 (Costan-Longares et al. 2008; Duran 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 to Cryptosporidium
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 (Costan-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
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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 um (Millipore, Bedford, USA), and incu-
bated on Chromocult ® Coliform Agar with E. coli/coliform
Selective Supplement (Merck KGaA, Germany) for 20+4 h
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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 Agullo-Barceld 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.

Table 1 Mean concentrations of indicators and Cryptosporidium

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 100. 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

Mean Concentrations n RW %(+) n SE %(+) n TE %(+)
Indicators EC 24 6.53 100 32 4.50 100 37 1.29 27
(Logounits 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
(Logjounits of oocysts/L) 100 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, 7TOO Cryptosporidium total oocysts, /0O Cryptosporidium
infectious oocysts, RW raw wastewater, SE secondary effluent, TF tertiary effluent; » 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 (Costan-Longares et al. 2008;
Montemayor et al. 2005).

Concentrations of TOO and 100 decreased significantly
during treatment. Log;, reductions from influent to
reclaimed water were 1.27 for TOO and 2.17 for 100,
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 (Costan-Longares et al. 2008; Harwood et al. 2005).
The low percentage of 10O 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 100 throughout the reclamation process, indicating
that a given treatment has distinct effects on the various
microbial parameters. Previous studies have reported similar
results (Costan-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
logo 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 IO0O) 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
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Fig. 1 Secasonal 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, W/
winter, SP spring, SU summer, 4U autumn

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 log;( units, respectively) and followed a
similar pattern. Mean reduction of SRC lagged far be-
hind that of the other model microorganisms (1.22 log;g
units); nonetheless, it resembled the reduction of TOO
and 10O (0.66 and 1.53 log; 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 I0O; however, the I0OO
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 (r=0.76) was found between SRC
and TOO reductions (1):

TOO reduction = —0.2949 + 0.7918 x SRCreduction (1)

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 10O showed no significant
correlation (¥=0.034). 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.
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Fig. 2 a Log, 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 /OO Cryptosporidium

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 100, the co-occurrence percentages were low:
16.2 % for SRC and SOMCPH and 5.4 % for EC, suggest-
ing that the occurrence of 10O 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
(n=37). The combination of the three (EC, SRC and
SOMCPH) showed a high correlation value (R*=0.64), 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 (R*=0.63),
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 10O and all the model microorganisms showed
low correlations (R*=0.13). The relationship between SRC
and 100 was significant, whereas the relationship of EC and
SOMCPH with I0O was not.

Multiple regression analyses support the idea that the
detection of a second model microorganism in addition to
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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 100, white down-pointing triangle TOO)

EC (which is mandatory) is useful for assessing the health
risks associated with Cryptosporidium in reclaimed water
(Costan-Longares et al. 2008).

Simple linear regression performed with EC, SOMCPH
and Cryptosporidium (TOO or 100) showed low, non-
significant correlation values (data not shown). SRC data
together with the corresponding TOO and 10O data (n=42)
were used for the simple regression analyses (see Fig. 3).
There was no significant correlation between SRC and
100 (r=0.21), whereas a significant and strong correlation
(=0.85) 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 100
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. 3 Simple regression
analyses between SRC (spores of

a) TOO = -2,875 + 1,156 SRC

sulphite-reducing clostridia)

and Cryptosporidium
concentrations. a Between SRC
and TOO (Cryptosporidium total
oocysts); 7=0.85 (p value=
0.000). b Between SRC and 100
(Cryptosporidium infectious
oocysts); ¥=0.21(p value=0.2).
Concentrations are expressed in
logo units of UFC/100 mL for

TOO (Log;, units of oocysts/L)
o

SRC and log;, units of oocysts/ -4

litre for Cryptosporidium Lo 15 20 25

SRC (Log;, units of CFU/100mL)

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 (Agullo-Barcel6 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 (I00): 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 I0O. Therefore, I0OO
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 100. Different discriminant func-
tions were tested to fit the discriminant rule: linear, logistic

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 Well-classified False positive False
microorganisms 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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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 100; 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 [OO 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 [0O
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 (Costan-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 I00.

Conclusions

Only SRC showed great potential as predictors of TOO oc-
currence and behaviour, since significant, strong correlations
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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 I00. 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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RESUM

Introduccio

La regeneraci6 d’aigua és un procés nou i sostenible d’obtencié de recursos hidrics
alternatius per a usos no potables. Catalunya ha sofert historicament, pero cada vegada
més, diversos episodis de manca d’aigua, i alguns d’ells han suposat la imposici6 de
restriccions severes en 1'is de 'aigua. EI RD 1620/2007 estableix els criteris de qualitat
microbiologica de 'aigua regenerada en funci6 de I'iis que se’n vol fer. Aquests criteris es
basen principalment en E. coli, pero hi ha un ampli rang de patogens (com altres bacteris,
virus i parasits) que poden estar a 'aigua regenerada. En aquest sentit, per modelar tant la
preséncia com el comportament d’aquests patogens, s’utilitzen indicadors alternatius com
les SRC o els SOMCPH.

Com ja s’ha explicat a la introduccié general, Cryptosporidium és 1'agent causal de la
criptosporidiosi. Al llarg dels ultims anys s’han produit diversos brots de criptosporidiosi,
entre els quals hi ha un dels brots de transmissié hidrica més gran, descrits fins al moment
en paisos desenvolupats (Milwaukee, EEUU, 1993). Una de les caracteristiques més
importants d’aquest parasit és que és molt resistent a les condicions ambientals i a
tractaments de desinfecci6 ampliament utilitzats com la cloracié. Aix0 ha portat a
estendre 1'is de tractaments multibarrera, entesos aquests com la combinaci6 de diversos
processos fisicoquimics, per aconseguir una qualitat final adequada. Els processos de
desinfeccié que utilitzen llum UV han resultat ser molt efectius en la inactivacié de
Cryptosporidium.

Les valoracions de risc microbiologic permeten la quantificacié dels riscos potencials
associats a I'is de l'aigua regenerada. Els estudis de QMRA en aigua regenerada han
incrementat substancialment en els ultims anys, tot demostrant que s6n una eina molt util
en l'estimaci6 de riscos associats a la presencia de patogens. Per tant, son un gran
avantatge a I'hora d’establir si determinats tractaments son fiables i segurs des del punt
de vista sanitari. Per dur a terme aquestes analisis es poden utilitzar directament les
concentracions de patdogens o també se’'n pot fer una aproximacié indirecta amb les
concentracions d’indicadors especifics. Aixi, aquest estudi es va plantejar amb I'objectiu de
fer valoracions de risc microbiologic tant directes com indirectes, lligades a la presencia
de Cryptosporidium, en aigua regenerada.
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Resultats i discussio

Les concentracions d’oocists de Cryptosporidium aixi com de les SRC es van analitzar
en 5 EDARs al llarg del tractament: entrada de la depuradora, efluent secundari i efluent
terciari. Les concentracions d’oocists totals de Cryptosporidium (TOO) aixi com les d’'SRC
van disminuir significativament al llarg del tractament amb concentracions d'1,76, 1,02 i -
0,04 TOO/L en E, ES i ET respectivament. Les concentracions d’'SRC van ser 5,37, 3,81 i
2,64 uLog de CFU/100mL. Els resultats dels oocists infecciosos (I00) es van separar en
funcié del tipus de tractament terciari aplicat: (1) tractaments que utilitzaven UV i (2)
tractaments sense UV. Les concentracions d’I00 (en uLog) van ser <-4,32 I00/L quan
s’utilitzava UV i -0.45 I00/L quan no s’utilitzava UV, i el percentatge d’infectivitat va ser
del 0,0134% i de I'11,3971% respectivament. No hi va haver diferéncies estadisticament
significatives entre les concentracions d’I00 i les d’'SRC en els efluents terciaris, ni en els
tractats amb UV ni en els no tractats amb UV.

El genotipat dels oocists trobats va permetre identificar les espécies a les quals
pertanyien: un 87% de les mostres positives, van mostrar perfils de PCR-RFLP
pertanyents a C. hominis i la seva seqiienciaci6 va mostrar que tots formaven part de la
familia IbA10G2R2. Només dues mostres van donar perfils d’origen animal: C. andersoni i
C. muris, especies que infecten bestiar bovi i rosegadors respectivament. Per tant, podem
suposar que hi ha un alliberament continu d’oocists d’origen huma a I'ambient, cosa que
coincideix amb la freqliencia de persones que son portadores del parasit a Espanya, que
s’ha descrit que esta entre el 0,4 i el 12,8%. D’altra banda, el registre del nimero de
persones que desenvolupen la malaltia cada any, és molt petit, indicant un possible
increment de la immunitat al parasit degut a l'exposicié constant a concentracions
subcliniques d’oocists.

Per a les avaluacions de risc (QMRA), es va considerar que el pitjor escenari seria la
ingesti6 accidental d’aigua regenerada. A més a més, es van considerar dos models dosi-
resposta, el model exponencial i el model B-Poisson. La probabilitat d’infeccié (PI) per
Cryptosporidium amb el model exponencial, va ser 3,69 x 10 en ET tractats amb UV,
mentre que va ser 3 uLog més elevada, 1,89 x 10-3, en ET tractats sense UV. Amb el model
-Poisson, la PI mitjana va ser de 1,56 x 10 en mostres tractades amb UV, i 2 uLog més
gran, 4,37 x 10-2, en ET tractats sense UV.

Per al calcul de PIs utilitzant els valors d’SRC, es van fer servir dues técniques: (A) les
concentracions d’SRC a I'ET i la ratio entre SRC i 100, i (B) les concentracions d’I00 a I'ES,
la ratio entre SRC i I00 en aquest efluent i la reducci6 de secundari a terciari d’'SRC. L'as
d’'SRC per a fer QMRA va mostrar Pl més altes que quan s’utilitzaven els valors d'100
directament. Aquesta observaci6 suggereix que 1'iis dels indicadors podria ser una eina
conservadora per a la valoracié dels riscos microbiologics lligats a Cryptosporidium.
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Conclusions

Les EDARs estudiades assoleixen una disminucid estadisticament significativa de les
concentracions de Cryptosporidium aixi com de les d’SRC. La reducci6 més gran s’obté
quan s’utilitza UV en el tractament terciari. Aixo coincideix amb les dades de la PI de
Cryptosporidium, que sén 3 uLog més elevades quan no s’utilitza UV al tractament terciari,
independentment del tipus de model dosi-resposta que s’utilitza. Per tant, els sistemes
multibarrera de tractament d’aigiies, poden garantir una millor qualitat de I'efluent final.
A més a més, I'is d’SRC per a fer valoracions de risc, podria ser una eina conservadora per
a la determinaci6 de riscos lligats a Cryptosporidium.

65



PUBLICACIONS - Article 3

INFORME SOBRE EL FACTOR D’'IMPACTE - ARTICLE 3

L’article Direct and indirect QMRA of infectious Cryptosporidium oocysts in
reclaimed water va ser publicat el desembre de 2012 a la revista Journal of Water and
Health, dins del Q3 en la tematica d’Environmental Sciences. L’Any 2011, la revista va
presentar un index d’'impacte d'1,367.

INFORME DE PARTICIPACIO - ARTICLE 3
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Dr. Francisco Lucena Gutiérrez

66



539

RN SI-@IEPE Journal of Water and Health | 10.4 | 2012

Direct and indirect QMRA of infectious Cryptosporidium

oocysts in reclaimed water

M. Agullé-Barcel0, 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 (I00) 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 x 107
in tertiary effluents (TE) treated with UV light, whereas it was 3 logyo units higher, 1.89 x 1073, in TE
not treated with this disinfection method. With the g-Poisson model, the mean Pl was 1.56 x 10~% in
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UV-treated TE and 2 logqo units higher, 4.37 x 1072, in TE not treated with UV. The use of SRC to
perform QMRA of Cryptosporidium showed higher PI than when using directly 100 data. This
observation suggests the former technique is a conservative method of QMRA.

Key words | Cryptosporidium, infectivity, QVRA, reclaimed water, sulphite-reducing clostridia

spores, UV irradiation

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 2007; Falloon & Betts
2010). 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 1620/2007) are based mainly on
the detection of E. coli and nematode eggs. In addition,
depending on the use made of the water, analyses of

doi: 10.2166/wh.2012.082

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 1993; Harwood et al. 2005; Man-
dilara et al. 2006; Costan-Longares et al. 2008).
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. 1994). Since this incident, Cryptospori-
dium has become an important target of water research
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(WHO 2009). 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 2004), 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 ef al. 2006). The combination of
UV treatment with a secondary disinfectant (such as chlo-
rine) has shown synergistic disinfection effects (Ballester
& Malley 2004; Shang et al. 2007; Montemayor et al. 2008;
Wang ef al. 20m), 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. 1991; Asano et al. 1992; Hamil-
ton et al. 2006). 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. 2003;
Van Lieverloo et al. 2007). 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 I0O) 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/cm? 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 3L for SE and 10 to 100 L for TE. Samples
were processed as described by Montemayor ef al. (2005),
with minor modifications and following USEPA guidelines
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(2005). Briefly, water samples were filtered through a 160-um
and a 38-um 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. 1999);
(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 °C 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. (2005).
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. (1997) 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 °C), 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 5x 10* to 5x 10° 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. (2001) was performed to identify
the genotype. When the RFLP profile indicated C. hominis
genotype, we amplified and sequenced the gp60 gene
(Peng et al. 2001; Sulaiman et al. 2001; Chalmers et al.
2005). 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
incubated for 20 = 4 h at 44 °C.

(1959) and were then

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 ef al. (1996) and the S-Poisson dose-
response model based on data published by Chappell ef al.
(2006) and optimised by Enger (2011). @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 1998).

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

Forty RW samples were analysed. Oocysts were found in most
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. 2005). This variability is probably due to the diversity
of the treatment plants studied (size of population served,

Logw units

T
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i

RW SE TE RW SE TE
TOO 100 SRC

RW SE TE

Figure 1 | Mean concentrations and 95% confidence intervals of total Cryptosporidium
oocysts (TOO), infectious oocysts (I00) and spores of sulphite-reducing clos-
tridia (SRC) expressed in logq units of oocysts/L and CFU/100 mL respectively.
RW: raw wastewater; SE: secondary effluent; TE: tertiary effluent.

different areas or sampling seasons). The mean concentration
of Cryptosporidium TOOQ per litre was 1.76 log;o units, while
100 per litre registered 1.09 log;o and SRC 5.37 log;, units
CFU/100 mL. The mean ratios between the concentrations
of SRC and TOO and between SRC and 100 were 3.83 +
0.53 (SD) and 4.65 + 0.47 log; 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 1.02log;o units of TOO/L and 0.54logio units of
I00O/L. SRC concentrations were 3.81 log; 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. 2005; Montemayor et al. 2005; Costan-Longares et al.
2008). The mean ratios between the concentrations of SRC
and TOO or SRC and I0O were 2.85 + 0.61 and 3.44 +
0.51 log; 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. 2005, Montemayor et al. 2005, Costan-Long-
ares et al. 2008). However, the mean concentrations were
—0.04 log;o units of TOO/L, —1.09 log;o units of IOO/L
and 2.64 logio units of CFU/100 mL of SRC. The mean
ratios between SRC and TOO were the lowest (2.42 +
0.87 log;o units), whereas they were similar but higher
between SRC and 100 (3.66 + 0.75 log; units). This incre-
in the ratio with I00
treatments (probably disinfection processes) are more effec-

ment suggests that tertiary

tive at decreasing oocyst infectivity than SRC viability.

UV treatment: effect on the inactivation of 100 and SRC

Samples of TE were grouped depending on the tertiary

treatment, namely with or without UV irradiation.
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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 10O in
tertiary treatments with and without UV irradiation were
—1.411og;o units and —0.38 log;o units respectively. The
effective volume-averaged concentration of I0OO/L was
<—4.321log;o units. In contrast, an effective volume-
averaged concentration of —0.45 log;o units of IOO/L was
found when tertiary treatment excluded the application of
UV light. These values were calculated from:

_ 2100

C==5
Zi:l Vi

1

where Cis the concentration of Cryptosporidium (oocysts/L),
n is the number of samples, OO; is the number of total or
infectious oocysts detected in a given sample and V; 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 10O 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:

Z?:l 100;

INF==—~——
>, TOO;

% 100 2

where INF is the infectivity percentage, n is the number of
samples, IOO; 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-log;o reduction in the IOO from RW to
TE. The concentrations of IOO as well as infectivity per-
centages were 3logio 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. 2006; Montemayor
et al. 2008).

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 log;, reductions of SRC were 1.49 + 0.71 (SD)
log;o units when UV light was included in the tertiary treat-
ment and 0.42 + 0.69 log;o units without this disinfection
regime. IOO mean log;o reductions were 1.73 + 0.56 log;o
units with UV irradiation and 0.57 + 0.59 log;o units with-
out. There were no significant differences between mean
logio 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 I0OO 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

——

—

100 SRC 100 SRC
Without TV With UV

Figure 2 | Mean reduction and 95% confidence intervals of infectious oocysts (I00) and
spores of sulphite-reducing clostridia (SRC) from secondary to tertiary effluent
expressed in logso units of I00/L and logqo 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
(il 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
(Compafi-Barco et al. 1991). Another recent study in the
north of Spain has described prevalence of from 1 to 3.1%
in children (Cardona ef al. 2011). 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 ef al. 2002). 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 100, 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
I00/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 mean =
33.6% and SD =20.2% was selected (Montemayor 2007).
For the volume per ingestion of reclaimed water, a triangular
distribution with the following parameters was used: most
likely =0.125 L; minimum =0.010 L,
0.2 L. The equation used to calculate the dose was:

and maximum =

Dose = Cx (100 + R) xV 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
2006) 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 log;o units higher with the g-
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 3.69x10°°® (single exposure, exponential dose-
response model) while it was approximately 3 log;o units
higher (1.89x 1073) without the inclusion of UV light in
the tertiary treatment. These results are consistent with the
100 concentrations found in TE, which were 3 log;o units
lower in UV-treated effluents. When the p-Poisson model
was used, the same difference was observed: mean PI of
4.40%107° in treatment plants using UV irradiation and
1.78x1072 in those not applying this disinfection pro-
cedure. Ryu et al. (2007) 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 logyo 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 10O 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 10O in SE, and the reduction
of 10O from SE to TE. The formula used to calculate
the estimated IOO concentrations was:

Log;,el00 = (Csrcse — Rasrci100 sE)

— Redgrc 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 a4 5 19
Exponential® Single
Mean PI 1.10x107° 5.24x1078 3.54x1078 9.58x10~* 2.74x107° 1.97x1073
Perc. 95% 2.35x107° 1.20x 1077 7.13x 1078 2.38x107° 6.93x107° 4.30%x 1073
Multiple®
Mean PI 1.31x107* 6.29x 1077 424x1077 8.05x107° 2.63x 1072 1.90x 1072
Perc. 95% 2.81x107* 1.44x10°° 8.56x 1077 2.82x1072 8.01x1072 5.04x1072
B -Poisson® Single
Mean PI 4.64x107* 242x107° 1.63x10°° 1.69% 1072 6.40x 1072 5.03x1072
Perc. 95% 1.08x 1073 5.53x107° 3.29x107°° 8.81x 1072 1.90x 107! 1.38x107!
Multiple
Mean PI 451x1073 2.89%107° 1.94x107° 7.69x 1072 2.72x1071 251x107?
Perc. 95% 1.26x 1072 6.64x107° 3.95%x107° 3.80x107! 521x1071 4.60x 107"

2Exponential dose-response model (Haas et al. 1996).

bB-Poisson dose-response model (Chappell et al. 2006; Enger 2011).
€12 hazardous events were taken to calculate multiple exposures.
dyV irradiation was stopped manually in treatment plant 1.
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where eIOO is the estimated IOO concentration,
Csre s is the PDF of concentration of SRC (log;o
units of SRC/100 mL) in SE samples, Rasrc: 100 sk i$
the PDF of the ratio between SRC and 10O in SE (in
logio units), and Redsgc sere is the PDF of the
reduction from SE to TE of SRC (in logo units).
There were no significant differences between true
100 concentrations in SE and estimated IOO concen-
trations with the SRC:IOO ratio in SE. However, we
detected significant differences when true 100 con-
centrations in TE were compared to estimated 100
concentrations in TE (using SRC reductions from SE
to TE). True IOO concentrations in this effluent were
0.6 log;o units lower than the estimated concentrations.
(B) Using the concentrations of SRC in TE samples and the
ratio between SRC and 10O in TE, the formula used to
calculate the estimated IOO concentrations was:

Log;,el00 = Csrcrr — Rasrci00 e ©)

where Csgrcrg is the PDF of concentration of SRC
(in logio units of SRC/100 mL) in TE samples and
Raggrc: 100 T 18 the PDF of the ratio between SRC
and 10O in the TE (in log;o units).

There were no significant differences between true
100 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 log; 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 1x10~* (USEPA
1989; WHO 2006). 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 log;o 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

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

Treatment plant 1 (with UV)

ose P

model Direct® AY B®
Exponential®
Mean PI 1.10x 1075 550x107* 5.83x107°
Perc. 95% 2.35%x107° 2.53%107° 2.24x107*
B-Poisson®
Mean PI 4.64x107* 1.65x1072 253%x107°
Perc. 95% 1.08x 1073 8.70x 1072 1.01x1072

2Exponential dose-response model (Haas et al. 1996).

bB-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 (I00) in SE, and PDF of
reductions of 100 from SE to tertiary effluent (TE).

€Using PDF of SRC concentrations in TE samples and PDF of ratios between SRC and
100 in TE.

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 (3logjo 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 x 10~%). However, this limit is only a refer-
ence value for drinking water, and some authors have
considered it overly restrictive (Haas et al. 1996). Moreover,
all the assumptions for the QMRA made in the present study
were highly conservative.
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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 100
were obtained when UV light was included in tertiary treat-
ments. Accordingly, the mean PIs associated with
Cryptosporidium were 3 log;o 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 PlIs 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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RESUM

Introduccio

La regeneraci6o d’aigua residual és una estrategia atractiva que pot contribuir de
manera significativa a la preservaci6 de 1'aigua, sobretot en zones on hi ha escassetat o un
consum excessiu. L’aigua regenerada haura de tenir una qualitat determinada segons 1'ts
final que se n’hi vulgui donar. Arreu del mén s’ha anat establint legislacié al voltant
d’aquesta qliesti6 per poder controlar i gestionar l'aigua regenerada. Tot i aixi, la
preséncia de microcontaminants (medicaments, drogues, hormones, pesticides, etc) pot
afectar els ecosistemes i acumular-se a I'ambient, a més amés, la presencia de patogens
pot afectar la salut publica. Per aixo els POAs, dels que s’ha parlat a 'apartat 1.3.1. de la
introduccié general, s’estan utilitzant cada vegada més en processos de regeneracio.

En aquest estudi es van analitzar quatre microorganismes model després de l'aplicacié
d’'un POA, UV/H;0; (H20: a baixes concentracions), com a tractament de desinfeccié per a
la producci6é d’aigua regenerada. Com a indicadors bacterians es van utilitzar E. coli i
espores de clostridis reductors del sulfit (SRC), i com a indicadors virics es van utilitzar
fags somatics (SOMCPH) i fags que infecten la soca CB390 (CB390PH). Com ja s’ha
comentat, aquesta soca pot detectar simultaniament fags somatics i fags RNA F especifics.
A més a més, es va utilitzar atrazina (ATZ) com a compost model per a representar la
presencia de microcontaminants a I'efluent secundari. Tot i que I'is d’ATZ com a herbicida
esta prohibit a la UE des del 2004, es fa servir de model ja que encara se’n troba molt
sovint en aiglies superficials i subterranies.

Resultats i discussio

La caracteritzacié de I'efluent secundari de la planta de Gava-Viladecans va mostrar
que, tot i la variaci6 habitual en els efluents municipals, tots els parametres estaven dins
dels rang normal d'una EDAR. Pel que fa a la desinfecci6, després de 5 minuts de
tractament (ja fos UV o UV/H;0>) tots els parametres microbiologics estaven per sota el
limit de detecci6 (10 CFU o PFU en 100 mL). Tot i que tots ells es van inactivar molt
rapidament, les cinetiques d’inactivacié van mostrar que les SRC eren els més resistents,
cosa que coincideix amb dades previament descrites a la bibliografia.
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El flux necessari d’'UV per a la inactivacié d’E. coli va ser de 2412 m]/cm?, i 'efecte en la
resta de parametres va seguir la tendencia: E. coli > SOMCPH = CB390PH > SRC. L’efecte
sinergic entre UV i H,02 no va mostrar diferencies significatives amb el de 'UV sol. Quan
I'experiment va tenir lloc amb ATZ a I'efluent, es va poder observar que la inactivaci6 de
les SRC era encara més lenta, suggerint que aquesta actua absorbint la llum UV i per tant,
disminuint-ne I’efecte a ’hora d’inactivar les SRC. Amb la resta de microorganismes no es
va observar |'efecte esmentat.

Tot i la rapida inactivaci6 dels parametres microbiologics, després de cinc minuts,
I'efluent secundari no havia assolit la qualitat necessaria per ser reutilitzada. Per tant, el
temps de tractament es va allargar. Després de 120 min, la reduccié de la terbolesa va ser
> 60% i dels TSS =~ 40%. Tot seguit, es van identificar 3 nivells de qualitat de l'aigua
regenerada: (1) establert als 35 min, en que s’eliminaven tant els parametres
microbiologics com I'’ATZ; (2) establert als 60 min, en qué a més a més, els TSS i la
terbolesa assolien nivells per sota els 10 mg/L i les 3 NTU respectivament i finalment (3)
després de 100 min de reaccio, es va arribar a nivells de 7,0 mg/L de TSS i a les 2,0 NTUs.
En aquest altim nivell, I'aigua tindria una qualitat adequada per a tots els usos excepte en
torres de refrigeracié ja que en aquest cas la terbolesa no hauria de ser superior a 1,0
NTU. A més a més, la toxicitat es va eliminar després del tractament i el contingut en
compostos aromatics va disminuir significativament.

Finalment es va realitzar un estudi del cost economic i energetic que aquest tractament
tindria si s’apliqués, que va resultar ser de 0,23 €/m3 d’efluent tractat. D’aquest preu, la
porci6 més important correspondria a la despesa en llum UV. Tot i aixi, aquest balang¢ no
contemplava altres costos com per exemple 'emmagatzematge, la manipulacié de les
mostres, el manteniment, etc i per tant podria ser una infravaloracié del preu real.

Conclusions

El tractament amb UV/H;0, d'un efluent secundari urba permetria assolir les
concentracions necessaries de tots els parametres de qualitat descrits a la legislaci6 de
diferents paisos (excepte per torres de refrigeracio) pel que fa a la reutilitzacié d’aigiies
residuals, reduint a més a més la toxicitat, i ho faria a uns costos assumibles en els calculs
preliminars.
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INFORME SOBRE EL FACTOR D’'IMPACTE - ARTICLE 4

L’article Evaluation of UV/H:0: for the disinfection and treatment of municipal
secondary effluents for water reuse va ser publicat el 29 de desembre de 2012 ala
revista Journal of Chemical Technology & Biotechnology, que esta dins del Q1 en la tematica
d’Environmental Sciences. L’any 2011, la revista va presentar un index d'impacte de 2,168.
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La doctoranda Miriam Agull6-Barcel6 ha dut a terme la majoria de les tasques
relacionades amb la vessant microbiologica de I'article, incloent-hi la participacié en la
deteccié dels microorganismes escollits (E. coli, SRC, SOMCPH i CB390PH), en la presa de
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Abstract

BACKGROUND: In this work, photochemical treatment (UV/H,0,) 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 Gava-Viladecans (Barcelona,
Spain) were subjected to UV/H,0; treatment with low H,0, concentration ([H,03], =5 mg L™! 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/H, 0, is a suitable method to obtain water of sufficient quality for further reuse.
(© 2012 Society of Chemical Industry

Keywords: disinfection; water reuse; advanced oxidation; wastewater treatment plant; atrazine; cost study
|

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.” A number of these countries

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.? Thus, due to
their ability to remove diverse types of micropollutants from

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’,? ‘Queensland Water
Recycling Guidelines”® and the Spanish ‘Real Decreto 1620/2007".%
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.> Nevertheless, the presence of
micropollutants in these and other effluents is a topic of great
concern.® Most of these contaminants, including pharmaceuticals
and pesticides, can affect natural ecosystems’ and bioaccumulate
in the environment.®? In this context, the treatment of secondary
effluents (SE) could minimize the discharge of micropollutants and

water'712 and to disinfect,'> 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

* Correspondence to: R.F. Dantas, Chemical Engineering Department, University
of Barcelona, Marti i Franqués 1, 08028, Barcelona, Spain. E-mail:
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with hydrogen peroxide (UV/H,0;), which produces hydroxyl
radicals (-OH) by the photolysis of hydrogen peroxide, can
degrade micropollutants'*'> and simultaneously reduce other
physicochemical parameters included in current water reuse
legislations.'® 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/H,0; inactivation: E. coli and spores of sulphite-reducing
clostridia (SSRC) as bacterial indicators,'” and somatic coliphages
(SOMCPH) and phages infecting the CB390 strain (CB390PH)
as viral indicators.’® 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.'® Although ATZ was banned from the European Union
(EV) 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,2°~22
in SE.?3726 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 ug L~ for
drinking water in these countries.?

This work aimed to assess the use of UV/H,0, as a tertiary
treatment of SE for water reuse purposes. The main concernis what
modifications are produced in SE during disinfection by UV/H,0,
using low H,0, 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.

as well as

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 Quimica Inc. (Spain).

SE was collected from the secondary treatment outlet of
the Gava-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 pum 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
at4°C.

UV/H,0, device set-up

Photochemical experiments were performed in batch mode using
2.0 L of effluent samples spiked with 0.1 mg L™' of ATZ. A
single dose of hydrogen peroxide at an initial concentration of 5
mg L~! was added before starting the radiation. This low H,0,
concentration was chosen in order to reduce costs and minimize
the residual H,0, 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.?” ~2° According to the
actinometrical measurement, an incident photonic flux of 1.49 x
10 Einstein s~ corresponding to a fluency rate of 8.04 W cm™
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 x 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~".
To monitor the ATZ concentration in the order of magnitude of
ug L1, 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 N, 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. UV,s4 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).3° Somatic coliphages
(SOMCPH) were selected as viral indicators and were detected
following the I1SO standard 10705-2.3' Phages infecting the
CB390 strain were enumerated by the double-agar-layer method
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following the protocol of Guzman et al.3? 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/H, 0, runs using [ATZ], = 0.1
mg L=" and [H,0,]o= 5 mg L~". 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 uL 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.3334

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/H,0; (using 5 mg L~' of H,05) in the
presence and absence of 0.1 mg L=" 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") 122+ 1.1
Alkalinity (mg HCO3™ L™") 507 & 24
Turbidity (NTU) 41407
UVys4(cm™) 03144 +£0.0126
TOC(mgCL™") 155412
COD (mg O, L") 5244
BODs (mg O, L) 9.1+14

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 4+ 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.!”34
Health risks related to Cryptosporidium in water have been well
described?>3% 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,?” which is a common treatment used in Catalonia for
water reclamation.

A irradiation time of 5 min, correspondingto a UV fluence of
2412mJ cm™, 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.3®
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 H,0,
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 H,O, consumed 5 min
after UV/H,0, treatment was around 1 mg L', thus confirming
the presence of hydroxyl radicals in the medium. The effect of
H,0, alone was not investigated since it is known that E. coli is
not inactivated within this range of concentration and exposure
time.3%4% 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 ATZmolecules,
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/H, 0, 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/H, 0, 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. H,0,
consumption after 120 min was greater than 98% (4.92 mg L™'),
thus this time was considered the end of the UV/H,0, 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.

Asshownin 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 BODs5 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/H,0, 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
10.0mg L~" 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=" 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/H,0,
treatment level with water reuse applications according to diverse
regulations.
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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 Spain?
Restricted recreation USEPA and Australia
Non-restricted recreation Australia
Urban non-potable (restricted use) Spain and Australia
Building construction SINDUSCON-SP/Brazil
. Steam boiler California/USA, California/USA, Panama
Condition 2 . . .
Recharging of aquifers Phoenix/USA
Urban non-potable (non-restricted use) USEPA
Condition 3 Non-restricted recreation USEPA
Recharging of aquifers Spain®
2 Injection for percolation.
b direct injection.

1007 o SE + ATZ
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g
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=
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Figure 4. Toxicity LuminoTox® analysis results for UV/H,0, treatment of
SE samples and SE + ATZ samples. [H,0;]o= 5 mg L™, [ATZ], =0.1 mg
L~" and UV fluence = 8.04 mW cm™.

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™. It is
important to point out that as expected, ATZ also had an important
direct photolysis rate. Figure 5 also shows that the H,0, consumed
to achieve total ATZ removal were 2.4 and 1.9 mg L~ 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~'. 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 UV;,s4 and TOC
were used to calculate the aromaticity indicator. It was assumed
that UV,s4 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 (UV,54/TOC), a practical parametric
predicting the aromatic carbon content of organic matter in
water. 442 According to the classification quoted by Edzwald and
Benschoten,*! SUVA values, expressed inLm~" mg~' 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 H,O, consumption in SE samples
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Figure 6. Effect of UV/H,0, on mineralization, aromaticity and hydrogen peroxide consumption in SE samples. [H,0,] =5 mg L™, UV fluence = 8.04

mW cm2.

treated with UV/H,0, for 120 min. Regarding H,0, consumption
with time, Fig. 5 demonstrates that the UV/H,0, process continued
during the entire reaction time. As previously commented,
after 120 min, all the H,0, was consumed and the reaction
finished.

Energy consumption and costs

Energy consumption of the different steps of UV/H,0, oxidation
was calculated and compared. The electrical energy required
was calculated using a UV fluence of 8.04 mW cm?, an
irradiation area of 169.3 cm? for a 2-L vessel and a reflection
coefficient value for the reactor walls of 1.5, as described in
Equation (1):

lo x A x C¢

v M

Gyy =
where Gy = consumption of light bulbs UV (W L7"); [, =UV
fluence (8.04x103 W cm?); A=irradiation area (169.3 cm?);
Cr=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 m3. Considering that the local energy cost

in Barcelona city (Spain) is 0.1177 € kWh~', it was possible to
quantify the energy cost associated with the different oxidation
periods of UV/H,0, treatment. The expected hydrogen peroxide
consumption cost was also considered, taking into account a
laboratorial commercial value of 5 € kg~' (hydrogen peroxide
30%). Table 4 shows the electrical energy and H,O0, consumption
costs to treat each m? of SE.

The calculated total energy costs (UV radiation + H,0,
consumption costs) was considered relatively low, not exceeding
0.23 € m? 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/H,0, 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/H,0; treatment using a low H,0, dosage. The cost of
the UV/H,0, treatment is in agreement with some bench scale
studies dealing with the cost of advanced oxidation for water and
wastewater treatment.#344
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Table 4. Theoretical energy costs of several stages of the UV/H,0; treatment process on SE
Reaction UV consumption UV energy cost H,0, consumption

Reaction stage time (h) (kWh m?3) (€/m3) (kg m™3) H,0, cost (€ m3)  Total costs (€ m3)
Disinfection 0.0670 0.0680 0.0080 6.17 x 1074 0.0031 0.0111

ATZ elimination / 15t condition 0.5800 0.5950 0.0700 2.55 x 1073 0.0127 0.0828

2" condition 1.0000 1.0200 0.1201 3.70 x 1073 0.0185 0.1386

3" condition 1.6700 1.7000 0.2001 450 x 1073 0.0225 0.2226
Complete reaction 2.0000 2.0400 0.2401 4.90 x 1073 0.0245 0.2646

CONCLUSION 10 Pera-Titus M, Garcia-Molina V, Bafios MA, Gimenez J and Esplugas

In this study, UV/H,0, treatment of municipal effluents using
low H,0, 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 H,O, 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/H,0, 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/H,0;,
the calculated value was not considered unusual for the treatment
of municipal effluents.
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RESUM

Introduccio

Els patogens causants de malalties infeccioses que es transmeten a través de 'aigua
suposen un perill per a la salut publica associat a les aiglies residuals urbanes. L’exit en la
prevencid de malalties de transmissio fecal-oral en paisos desenvolupats, rau en gran
mesura, en la depuraci6 d’aigiies residuals i en la desinfeccié d’aigua per a usos potables.
Tot i aixi, hi ha certs factors que estimulen que la recerca de nous procediments de
desinfeccié continui. Uns exemples en sén la disminucié en la disponibilitat d’aigua,
I'increment de recursos hidrics no convencionals (com 'aigua regenerada), la preocupacio
pels productes derivats de la desinfeccid, o la destruccié de microcontaminants.

La radiaci6 solar i la fotocatalisi solar son dos dels nous processos que estan essent
investigats com a tractaments alternatius de tractament d’aiglies i que formen part dels
anomenats POAs. Com ja s’ha comentat en la introducci6 general, aquest tipus de
tractaments s’han estudiat tipicament amb mostres d’aigua netes o artificials, en
condicions de laboratori i amb microorganismes dopats, pero gairebé no hi ha informacié
pel que fa al seu efecte en els microorganismes presents de manera natural a I'aigua. Els
microorganismes indicadors de contaminacié fecal s’utilitzen tant per a la prediccié de la
incidencia de patogens com per a l'estudi de l'efecte de tractaments de desinfeccié a
'aigua. Per tot aix0, en aquest estudi, un efluent secundari convencional (de 'EDAR de El
Bobar a Almeria) va ser sotmes a diferents tractaments de foto-oxidaci6: llum solar
concentrada (UV), H202/UV, TiO2/UV i foto-Fenton solar amb l'objectiu d’avaluar el seu
efecte en les concentracions d’'indicadors: E. coli, espores de clostridis reductors del sulfit
(SRC), fags somatics (SOMCPH) i fags RNA F especifics (FRNAPH).

Resultats i discussio

Pel que fa al SODIS (solar disinfection), E. coli va ser 'indicador més sensible i les SRC el
més resistent, mentre que els dos indicadors virals van mostrar una sensibilitat semblant
entre ells, i inferior a E. coli pero superior a SRC. L’experiment també es va dur a terme a la
foscor per intentar separar l'efecte degut a radiacié de l'efecte per temperatura. La
temperatura no va tenir cap efecte en la inactivacié dels indicadors, excepte per als
FRNAPH. De fet, es va constatar que gairebé tota la inactivacié dels FRNAPH produida amb
el SODIS era deguda a la temperatura i no pas a la radiacié UV.
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El tractament de llum solar + H202 (20 i 50 ppm), vas ser més efectiu en la inactivacié
dels microorganismes que no pas la radiacio solar per si sola. L’efecte de I'addicié d’'H20»,
va ser més potent en SRC i indicadors virals que no en E. coli. En condicions de foscor
'efecte vas ser practicament nul per a tots els microorganismes indicadors. A més a més
es va observar que el tractament amb 20 ppm d’H;0; era més eficient que el tractament
amb 50 ppm, fet que ha estat descrit amb anterioritat.

L’as del TiO2/UV va tenir un efecte molt diferent segons el tipus de microorganisme.
Els indicadors virals, principalment els FRNAPH, van resultar ser molt més sensibles a la
seva acci6 que no pas els bacterians. Tant les SRC com la E. coli, van mostrar una
inactivacié semblant al’obtinguda només amb llum solar.

El foto-Fenton es va valorar a pH 3 (pH optim per al seu funcionament) i a pH natural.
A pH natural (7,31 * 0,30), I'efecte sobre E. coli va ser molt semblant a I’efecte de I'addicio
de 50 ppm d’H;0;. Tenint en compte que com més alt és el pH, menys Fe hi ha en
dissolucié i per tant, menys reacci6 del Fenton tenim, aquest resultats semblen molt
raonables. En canvi, a pH 3 els valors de E. coli es van reduir 4 uLog en 10 minuts. Pel que
fa als indicadors virals, I’efecte va ser notable tant a pH natural com a pH 3, sobretot per
als FRNAPH, que es van reduir > 3uLog després de 10 minuts de tractament. L’efecte del
pH 3 per si sol es va comprovar en tots els microorganismes i només en el cas d’E. coli va
ser significatiu, mostrant una reduccié de > 2 uLog en 60 min.

Pel que fa a l'aplicabilitat d’aquests tractaments de foto-oxidaci6 en plantes
regeneradores d’aigua, es van calcular els temps que serien necessaris per aconseguir
unes reduccions d’E. coli de 3, 4 i 6 uLog. Aquestes reduccions aconseguirien nivells d’E.
coli recomanats per I'OMS, el RD 1620/2007 i la USEPA respectivament, per al reg amb
aigua regenerada. Els resultats van mostrar que aquestes reduccions s’aconseguirien en
5,4 min, 7,2 min i 11,4 min respectivament. Temps que permetria implementar, sense
massa complicacions, aquests sistemes a escala real.

Conclusions

En primer lloc, els resultats suggereixen que un sol indicador microbia podria no ser
prou util com per garantir un risc baix d’infecci6 ja que els indicadors testats han tingut
comportaments molt diferents. Es a dir, que I's de més d’un microorganisme model
garantiria millor 'efectivitat d'un tractament. D’altra banda, els indicadors estudiats
podrien servir per fer estimacions de com els processos d’oxidacié testats podrien afectar
a bacteris, virus i protozous patogens. Finalment, els POAs utilitzats podrien ser molt tutils
per a la producci6 d’aigua regenerada segura i de qualitat de manera sostenible.
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INFORME SOBRE EL FACTOR D’IMPACTE - ARTICLE 5

L’article Solar advanced oxidation processes as disinfection tertiary treatments for
real wastewater: implications for water reclamation va ser acceptat el 28 de gener de
2013 a la revista Applied Catalysis B: Environmental, que esta dins del Q1 en la tematica
d’Environmental Sciences. L’any 2011, la revista va presentar un index d'impacte de 5,625.

INFORME DE PARTICIPACIO - ARTICLE 5

La doctoranda Miriam Agullé-Barcel6 va dur a terme totes les analisis de SOMCPH,
FRNAPH i SRC incloent la preparaci6 dels medis, reactius i material de referéncia (tant
bacteris com bacteriofags) aixi com de la seva validacié. També va gestionar part de la
logistica del projecte, que va tenir lloc a Almeria, i va participar en I'elaboracié del disseny
experimental i de la presa de decisions durant la seva execuci6. A més a més, va participar
activament en la redacci6 de l'article (especialment en el que era relatiu a la
microbiologia), en el processament de les dades, en l'elaboracié de taules i figures, en la
discussioé global dels resultats i finalment ha contribuit a la difusié dels resultats que se
n’han derivat.

Dr. Francisco Lucena Gutiérrez
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Abstract

The aim of this study was to assess the disinfection of a real secondary effluent from a
municipal wastewater treatment plant using added H,O, (20 and 50 mg L), TiO, (100 mg L™
and photo-Fenton under natural solar radiation in compound parabolic collector photo-reactors.
For this purpose, the naturally occurring E. coli, spores of sulphite-reducing clostridia (SRC),
somatic coliphages (SOMCPH) and F-specific RNA bacteriophages (FRNA) were tested before
and along the different solar treatments. Results for E. coli showed the different treatments
efficiency rank: photo-Fenton pH 3 > H,0, (20 mg L™")/solar > TiO,/solar > solar photo-
inactivation. On the other hand, for viral indicators the ranking was: photo-Fenton pH 3 >
TiO,/solar > H,0, (20 mg L) /solar > solar photo-inactivation. SRC were the most resistant
indicator microorganism in all the evaluated processes. For the first time these solar processes
have been evaluated for naturally occurring conventional indicators such as E. coli and
alternative indicators such as SOMCPH and FRNA as viral indicators or spores of SRC as
protozoan indicators. Some of the tested solar photo-oxidation treatments have shown their
capability to reduce E. coli concentrations to a suitable level for water reuse (according to
different reclaimed water guidelines) within affordable treatment times.

Keywords: Solar disinfection; AOP; E. coli; bacteriophages; reclaimed water
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1. INTRODUCTION

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

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

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

This study analysed the disinfection capacity of 4 water disinfection methods based on
the use of natural solar radiation. These were: solar photo-inactivation (with no
additives or catalysts), H,O, (20 mg and 50 mg L") with solar light, solar
heterogeneous photocatalysis (Ti0,), and solar photo-Fenton. Recently, these
treatments have been proven to have a good capacity to inactivate microorganisms in
water. Solar photo-inactivation has been applied for inactivation of a wide range of
waterborne pathogens [10]. The synergistic effect of H,O, and sunlight has been
demonstrated to be effective for water disinfection against bacterial cells and fungal
spores [11, 12]. Since the 90’s, the use of TiO,/solar UVA for inactivation of E. coli, E.
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faecalis, total coliforms and several fungal spores has been studied in depth by several
groups [13-16]. Moreover, the almost neutral pH photo-Fenton method has been
studied as a novel mild water disinfection treatment. This treatment was successfully
tested with E. coli, E. faecalis, Salmonella spp. and fungal spores in different
contaminated waters [17-19].

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

The aim of this study was to assess the disinfection of a real secondary effluent from a
Municipal Wastewater Treatment Plant MWWTP) using added H,0,, TiO, and photo-
Fenton under natural solar irradiation in Compound Parabolic Collector (CPC) photo-
reactors. For this purpose, the naturally occurring E. coli, SRC, SOMCPH and FRNA
were tested before and throughout the different solar treatments in order to: (i)
determine the inactivation of these microbial indicators in real wastewater effluents,
(11) determine the indicator removal efficiency of the technologies studied, and (ii1)
evaluate the feasibility of these disinfection technologies for water reclamation.

2. MATERIALS AND METHODS
2.1. Collection of MWWTP samples

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

2.2. Indicator detection and quantification

E. coli was detected using the plate counting method in Chromocult® Coliform agar
(Merck, Germany) with different sample volumes: (a) 25, 50, 250, and 500 uL of
sample was spread over 90 mm diameter Petri dishes, and (b) 5 mL of sample was
poured and cultured twice (total of 10 mL) in 140 mm diameter Petri dishes. In both
cases, plates were incubated at 44°C for 20 + 4 h and enumerated. For detection of
SRC, water samples were cultured on sulphite polymyxin sulphadiazine (SPS,
Cultimed, Panreac) agar medium at 44°C under anaerobic conditions for 24 h. Plaque
forming units (PFU) of SOMCPH in the WGS5 Escherichia coli strain were counted by
the double agar layer technique following ISO standard 10705-2 [24]. FRNA were
determined in Salmonella strain WG49 according to ISO 10705-1 [25]. The limit of
detection for bacteria and bacteriophages was 10 CFU and PFU/100 mL, respectively.

2.3. Solar CPC photo-reactors

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

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

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

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

2.5. Reagents

Aeroxide P25 (Evorick Corporation, Germany) TiO, catalyst was used as received
from the manufacturer as slurry to conduct heterogeneous photocatalytic experiment.
The catalyst concentration used was 100 mg L™ according to previous findings for the
same CPC reactor configuration [28].

Ferrous sulphate heptahydrate (FeSO,- 7H,0, PANREAC, Spain) was used as source of
Fe’" at concentrations of 5 mg L™ and 10 mg L™ for homogeneous photo-Fenton
reaction. Fe*" and total iron (Fe*®') concentrations were measured according to ISO
6332. Fe’* concentration was determined subtracting Fe** from Fe'”. The weight ratio
of iron:H,0O, used was 1:2. Sulphuric acid (Merk, Germany, analytical grade) was used
when acidic conditions were required for photo-Fenton experiments.

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

2.6. Solar radiation

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

QUV,n = QUV,n—l +AtnﬁG°”Ar /I/t Azln = zln _tn—l (Eq 1)

where Quy,n, Qurin.s 18 the UV energy accumulated per litre (kJ L'l) at times » and n-1,
UV . 1s the average incident radiation on the irradiated area, 4, is the experimental
time of sample, 4, is the illuminated area of collector (m”), and V; is the total volume
of water treated (L).

2.7. Kinetics evaluation

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

N
1 =—k - Eq. 2
Og(NJ 0l (Eq. 2)

0

Where N/N, is the reduction in the concentration of microorganism, £, is the
disinfection kinetic constant, and ¢ is the experimental time. However the kinetics of
the photo-induced disinfection process depends also on the photon flux received inside
the photo-reactor. For this reason, to properly assess the inactivation rates of processes
carried out under natural solar radiation, the modified Chick—Watson’s law was
proposed (Eq. 3, [28]):

N
o (VJ =~ka, Our (Ba. 3)

0
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Where kyyris the new disinfection kinetic constant and Oy accounts for the solar
UVA energy per unit of volume accumulated in the system.

3. RESULTS AND DISCUSSION
3.1. Inactivation of microbial indicators by solar photo-inactivation

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

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

Different responses to mild heating have been reported for the indicators studied here
[30-33]. Temperature has a clear influence on the inactivation rate of microorganisms
in solar water disinfection [34]. The synergistic effect of UV A radiation and
temperature has also been evaluated in a number of Solar Water Disinfection (SODIS)
articles [10], which have demonstrated that inactivation of bacteria by solar
disinfection is substantially faster at temperatures above 45°C [35]. In the present
study, the range of temperatures was too low (< 40°C) to observe such strong synergy.
As can be seen in our results (Figure 1), the inactivation of E. coli and SOMCPH
seemed to be mainly due to solar UV A irradiation. FRNA bacteriophage
concentrations decreased 2 logs under solar exposure, although the thermal effect
accounts for most of the inactivation (1.8 log). No significant reduction in SRC spores
was observed in either case. The bactericidal effect of solar UV A radiation has been
well described elsewhere [30, 10] for a wide range of pathogens. The effect is based on
the oxidative action of several reactive oxygen species (ROS) generated in water under
UVA radiation. The main variables affecting the inactivation rate are photon flux and
the way that solar radiation is delivered into the system [36], and the dissolved oxygen
[37], chemical composition and turbidity of the water [38]. Much research has been
reported on the photo-inactivation of microorganisms, and the results have varied
widely, being influenced not only by the above-mentioned parameters but also by other
factors such as the origin of the microbial contamination (naturally occurring or lab
seeded), water temperature, the source of light (sun, solar light simulators or UV
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lamps) and the design of the photo-reactor. Most studies have been carried out using
low volume static batch systems, such as 2L PET bottles, following the so-called
SODIS method. However, this paper presents results for a re-circulated batch system.
This permitted treatment of higher volumes but also required longer treatment times to
reach the detection limit because the UV A radiation dose was delivered continuously
into the system [36]. Therefore, the total volume of treated water should be taken into
account when comparing the treatment times (or UVA dose in terms of kJ m™)
required by both types of systems to disinfect water.

Escherichia coli s the most frequently studied bacterium. Using the SODIS method,
this waterborne pathogen has been found to be inactivated within 6 hours under full
sunlight [10]. However, naturally occurring faecal coliforms have shown a higher
resistance to sunlight [39, 40], with a substantial difference being observed between the
inactivation of E. coli and that of bacterial endospores (belonging to Bacillus) in
experiments performed in pure water seeded with laboratory-grown microorganisms,
which is in agreement with the results obtained in this study. Furthermore, in
experiments using UV irradiation, the same sequence of sensitivity, £. coli > human
viruses > spores of Bacillus subtilis, has been reported [41]. Wegelin et al. [30] also
observed that animal viruses and bacteriophages 2 (F-specific RNA bacteriophages)
were more resistant than E. coli to UV irradiation. In contrast, the inactivation kinetics
of E. coli and coliforms reported by Caslake et al. [42] were markedly faster than those
described here. Nevertheless, it should be borne in mind that the coliforms studied by
these authors consisted of a mix of pure laboratory-grown enteric bacteria cultures.

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

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

Figures 2a and 2b show representative observations of microbial indicator inactivation
with 20 and 50 mg L™ of H,0, respectively, under natural solar irradiation. The drop in
concentration of each indicator during solar exposure with added 20 mg L™ of H,0,
was: 5.3-log for E. coli, 3-log for FRNA, 2.3-log for SOMCPH and 1.9-log for SRC.
The addition of 50 mg L of H,0, resulted in similar inactivation levels, i.e., E. coli
(5.2-log), FRNA (2.8-log), SOMCPH (2-log) and SRC (2.1-log). For comparison
purposes, the inactivation rate constants should be taken into account (Tables 2 and 3)
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in order to establish the order of resistance of each indicator to this solar treatment. As
expected, both H,O, concentrations led to similar k-values, and the sequence of
inactivation rate observed was: E. coli > FRNA > SOMCPH > SRC. During solar
treatment, H,O, consumption was 12 mg L™ and 30 mg L™, respectively. The main
factor responsible for this consumption was the chemical oxygen demand (COD) of the
water samples, although temperature and pH may also have played a role. As
demonstrated in previous contributions [12], there was no direct relationship between
the amount of H,O, consumed and the inactivation rate.

To determine the influence of the low H,O, concentrations, we performed dark control
tests in the same reactor under the same conditions except that the reactor was covered.
The viability of each indicator in the presence of H,0, (20 mg L") was evaluated over
5 h (Figure 2c¢). As reported in the literature for other microorganisms, we observed a
non-significant decrease in the concentration of all of the indicators. The poor effect of
H,O, in the dark on survival of seeded E. coli has also been described by Rincén and
Pulgarin [43], of naturally occurring E. coli by Fisher et al. [44], and of wild fungi
[11]. The harmful effect of H,O, itself depends on the microorganism and on the
dosage applied; bacterial growth is inhibited in the range of 10-1000 mg L™, while at
higher concentrations the organisms are destroyed [45]. The low H,0, concentrations
used in this study only exerted a damaging effect on the indicators evaluated when
combined with the presence of sunlight.

The synergistic effect of low amounts of H,0O, and solar irradiation to inactivate
different microorganisms has been reported for E. coli, bacteriophage T7, Bacillus
spores and Fusarium spp spores [12, 44, 46]. The different levels of sensitivity to this
treatment shown by the indicators is in agreement with other reported results for
inoculated E. coli [47], Bacillus spores [48], MS2 (F-specific RNA bacteriophage) and
somatic coliphages T4 and T7 [49, 50]. There are some similarities between the values
of T90 (time required to achieve a 90% reduction) for naturally occurring E. coli
reported by Fisher et al. [44] in water from contaminated ditch water and our results. In
both cases, T90 ranged between 2 and 3 hours.

These authors attributed cell inhibition or death to the following mechanisms occurring
simultaneously: (1) direct photo-inactivation (Figure 1a), (ii) internal Fenton and
Haber—Weiss reactions leading to internal cell injures (this occurs when small,
uncharged H,O, molecules diffuse through membranes into the cell, increasing
intracellular H,O, levels. These molecules then react with free iron or loosely bound
iron from cellular sources of iron (sulphur cluster, enterobactin, ferritin, and
siderophores) leading to OHe generation via a Haber—Weiss reaction), and (ii1)
inactivation of catalase and superoxide dismutase (SOD), which occurs under UV-A
radiation stress, favouring an increase in H,O, inside the cells. Although the complete
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mechanism still remains unclear, since there is no experimental evidence of what is
happening inside the cells, our results may be explained by the above mechanisms.

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

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

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

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

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

3.4. Inactivation of microbial indicators by solar photo-Fenton

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

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

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

The high efficiency of the process at pH 3 was due to the photo-Fenton reaction which
occurred between the added H,0, and the dissolved iron in the effluent, and the stress
that the very acidic conditions represented for the microorganisms may also have
favoured inactivation. Although 10 mg L™ of iron was added, only low amounts of
dissolved iron were present due to the chemical composition of the water (Table 4).
The dissolved iron at pH 3 was between 1 and 3 mg L™, generating sufficient hydroxyl
radicals to produce lethal damage to microbial cells, as has been reported for fungal
spores, virus and bacteria in other papers [12, 18, 61]. It was the photo-Fenton reaction
which was primarily responsible for this dramatic drop in indicator concentrations,
because similar experiments at neutral pH or with only added H,O, showed slower
inactivation profiles (Tables 2 and 3). Due to the photo-Fenton reactions, the reduction
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in DOC at pH 3 was around 10 mg L in all experiments (from 15 to 5 mg L), while
in the near neutral pH photo-Fenton reaction, the decrease in DOC was not
appreciable. Therefore, to minimise the supplementary cost of acidification and
neutralisation, it would seem advisable to conduct further research into the effect of pH
values between 3 and neutral.

3.5. Photo oxidation effects on microbial inactivation

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

A global comparison of all the inactivation rates achieved for each naturally occurring
indicator (Figure 5) shows that SRC was the indicator with the lowest inactivation rates
for all treatments. In contrast, E. coli was always the most easily inactivated indicator
except in the case of the treatment with TiO,/solar, where FRNA phages were the most
susceptible microorganisms. Regarding the elimination of E. coli, which is currently
the recommended indicator worldwide [67], in the USA [68] and in Spain [69], etc.,
the different treatments ranked as follows: photo-Fenton pH 3 > H,0, (20 mg L™')/solar
> Ti0O,/solar > solar photo-inactivation. On the other hand, for viral indicators the
ranking was: photo-Fenton pH 3 > TiO,/solar > H,0, (20 mg L™")/solar > solar photo-
inactivation. These different rankings should be taken into account when intending to
combine photo-oxidisers.

The sensitivity of the viral indicators to the disinfection procedures tested was
moderate when compared with E. coli and SRC (Figure 5), as suggested in reported
studies of seeded viruses [41]. SOMCPH, which are a mixture of different DNA
viruses, showed a higher resistance than FRNA phages to the tested photo-oxidative
processes (Figure 5), in agreement with other studies performed with seeded
bacteriophages [52]. The few reports on seeded human viruses presented very variable
results: rotaviruses and FRNA phages 2 and MS2 showed similar levels of resistance;
nevertheless the encephalomyocarditis virus presented levels of resistance similar to
those of SOMCPH [30]. Thus, it can be deduced that naturally occurring SOMCPH are
good surrogate indicators for human viruses in photo-oxidative systems, since they
cover viruses that are not covered by either E. coli or F-specific RNA phages.

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

3.6. Applicability of photo-oxidation treatments in water reclamation

The treatment time required to fulfil the microbiological criteria stated in water
reclamation policies and guidelines has been estimated for four solar-promoted photo-
oxidation treatments. Table 5 presents a summary of the required time (solar exposure)
for each treatment to eliminate 3-, 4- and 6-log of naturally occurring E. coli under the
experimental conditions used in this study. In the worst case scenario of a highly
contaminated secondary effluent (i.e., 10° CFU-E. coli per 100 mL), these reductions
would provide reclaimed water suitable for unrestricted irrigation which fulfilled the
criteria established by: (i) the WHO (2006), (ii) Spanish regulations [69] and (iii) the
USEPA [68]. These three different regulations on reclaimed water quality stipulate
different requirements: < 1000, < 100, and < 1 E. coli (CFU per 100 mL), respectively.
The design of a solar treatment plant which fulfilled these criteria would need a
residence time of at least 6 min for photo-Fenton at pH 3, or 2 h for H,0O, (20 mg L~
"/solar (Table 5). These treatment times are still lengthy for a continuous flow reactor.
Previous experiences with solar pilot reactors are based on batch flow reactors which
can treat variable volumes (tens of litres) of water, as they are modular. Only a few
studies have been reported on continuous flow systems, for example, a sequential batch
photo-reactor based on solar photo-inactivation for drinking water purification in
isolated communities with lack of access to drinking water. In this case, the reactor was
tested using E. coli in natural well water [29].

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

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

Secondary effluent characterisation

pH 7.31 £0.30 Turbidity (NTU) 8 +4
PO (mg L") 6+3 Conductivity (uS/cm) 1530 + 152
NO, (mg L™ 34+ NO; (mg L) 12 +15

CI' (mg L") 289.7 + 64 SO,” (mg L) 114.7 £32
NH," (mg L") 35+21 Mg** (mg L") 2743
HCO; (mg L™ 85+3 K" (mgL™) 243+3
Na" (mgL™) 182+ 11 Ca®™ (mgL™) 78 +£3
DOC (mg L) 163+3 Fe?*** (mg L") 00

E. coli (CFU/100 mL)

1 x10°+9 x 10*

Table 2. Decay rates + standard errors in min™ of the microbiological parameters in the
different treatments. SRC: spores of sulphite reducing clostridia; SOMCPH: somatic

coliphages; FRNA: F specific bacteriophages infecting Salmonella strain WG49.

Decay rate - k; (min™)

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
H,0,/Solar (20 mg L) 0.0342 £0.0094 0.0065+0.0000 0.0077+0.0002 0.0118 +£0.0018

H,0,/Solar (50 mg L")

TiO,/Solar (100 mg L)

Photo-Fenton pH 3

Photo-Fenton Natural pH

0.0201 +0.0032

0.0135 +£0.0013
0.5377 £0.1355
0.0263 £ 0.0000

0.0066 + 0.0006

0.0022 + 0.0004
0.0051 £ 0.0005
0.0039 £ 0.0000

0.0065 + 0.0004

0.0141 £0.0010
0.0390 +0.0010
0.0126 £=0.0000

0.0107 £0.0014

0.0627 £0.0186
0.4525 £0.0921
0.0137 £0.0000
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Table 3. Decay rates in L kJ™' of the microbiological parameters in the different treatments.
SRC: spores of sulphite reducing clostridia; SOMCPH: somatic coliphages; FRNA: F specific
RNA bacteriophages infecting Sa/monella strain WG49.

Decay rate — kg, (L kJ™")

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
H,0,/Solar (20 mg L) 0.410£0.050 0.055 £0.005 0.068 = 0.004 0.132 +£0.007
H,0,/Solar (50 mg L") 0.290 £ 0.020 0.064 = 0.008 0.068 =£0.003 0.125+0.012
TiO,/Solar (100 mg L) 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 H,O,"
3 10 1.1 80
3 10 3.2 120
3 10 2.9 140
8 10 0 100

*Expressed in mg L™

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

processes assayed.

Time needed (h)
Treatment 3-log 4-log 6-log
reduction reduction reduction
Solar photo-inactivation 3.76 5.01 7.52
H,0,/Solar (20 mg L) 1.46 1.95 2.93
TiO,/Solar (100 mg L) 3.70 4.94 7.41
Photo-Fenton pH 3 0.09 0.12 0.19

116



PUBLICACIONS - Article 5 - Versio no editada

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 (—m—);
SRC: Sulphite-reducing clostridia (—v-—); SOMCPH: somatic coliphages (—e); FRNA: F-
specific RNA bacteriophages (—a-—); DL: detection limit; CFU: colony forming units; PFU:
plaque forming units. UV A irradiance (—); temperature (— ).
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Figure 2. Inactivation of all the microbial indicators tested in a representative single experiment
of H,0, (20 mg L™ and 50 mg L")/solar UVA (a) and (b) respectively; experiment performed
with H,O, (20 mg L) in the dark (c). E. coli (—m—); SRC: Sulphite-reducing clostridia (v );
SOMCPH: somatic coliphages (- e ); FRNA: F-specific RNA bacteriophages (—a—); 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 TiO, (100 mg L")/solar UVA. E. coli (—m—); SRC: Sulphite-reducing clostridia (- v );
SOMCPH: somatic coliphages (—e); FRNA: F-specific RNA bacteriophages (—a—).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 ™' of Fe™ and 20 mg L' of H,0, at pH3. E.
coli (—m—); SRC: Sulphite reducing clostridia (- v ); SOMCPH: somatic coliphages (—e);
FRNA: F-specific RNA bacteriophages (—a—). 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 (—M-), H,0,-20 mg L! (—®-), photo-Fenton pH3
(—®-), TiO, (-¥-),H,0,-50 mg L™ (—A-), photo-Fenton natural pH (—®-). SRC: sulphite-
reducing clostridia; SOMCPH: somatic coliphages; FRNA: F-specific RNA phages. Quy:
accumulated energy.
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4.1. CAPITOL I: Riscos microbiologics lligats a la reutilitzacié: el cas de
Cryptosporidium

Per al desenvolupament del capitol 1 s’han estudiat un total de 7 EDARs de Catalunya.
Cinc d’aquestes plantes disposaven també de tractament terciari, de manera que s’ha
pogut dur a terme un estudi intensiu sobre les concentracions d’oocists de
Cryptosporidium aixi com dels microorganismes indicadors seleccionats. Aixo ha permes
avaluar l'eficiéncia dels diferents tractaments regeneracié que aquestes plantes utilitzen.

Per comencar, es va estudiar I'impacte de la reutilitzacié (indirecta i controlada) per
potabilitzacié. Concretament, es va avaluar l'impacte que tindria, sobre la qualitat
microbiologica del riu Llobregat, 'abocament d’aigua regenerada (procedent de I'ERA del
Prat de Llobregat) uns Km més amunt del punt de captacio6 de la potabilitzadora. Aquesta
activitat s’emmarca dins les mesures d’actuacié que es podrien prendre a Catalunya
suposant que hi tornés a haver una situacié d’emergencia com la que es va viure durant la
sequera del 2007-2008.

D’altra banda, es van determinar les concentracions de diversos microorganismes
indicadors (E. coli, SRC i SOMCPH) i d’oocists (totals i infecciosos) de Cryptosporidium, en
mostres d’aigua residual d’entrada (E), d’efluent secundari (ES) i d’efluent terciari (ET) de
les EDARs implicades en l'estudi. Finalment, es va fer un estudi de QMRA lligat a
Cryptosporidium en aigua regenerada. Aquest estudi pretenia avaluar dues estrategies per
dur a terme QMRA. L’'una, basada en I'is de les concentracions de Cryptosporidium
trobades a l'aigua regenerada i I'altra, basada en I'is de les concentracions d’'SRC per
analitzar el risc lligat a Cryptosporidium.

Els resultats d’aquest capitol estan englobats en les publicacions segiients:

— ARTICLE 1: Assessing the effects of tertiary treated wastewater reuse on a
Mediterranean River (Llobregat, NE Spain), part IlI: Pathogens and indicators.

— ARTICLE 2: Alternative indicators for monitoring Cryptosporidum oocysts in
reclaimed water.

— ARTICLE 3: Direct and indirect QMRA of infectious Cryptosporidium oocysts in
reclaimed water.

Pel que fa a I'’estudi de 'augment del cabal del riu Llobregat amb aigua regenerada, les
concentracions d’E. coli, SRC i SOMCPH indicaven que I'abocament d’aigua regenerada al
riu en millora la qualitat microbioldgica, ja que a I'aigua regenerada, les concentracions
d’aquests microorganismes eren molt inferiors a les del propi riu. Aquest fet no és estrany
ja que I'aigua del Llobregat a I'algcada de St. Joan Despi, és en gran part, el resultat de molts
vessaments d’efluents de depuradora de poblacions situades aigiies amunt. Tant si I'aigua
de I'ERA havia estat tractada amb llum UV i cloraci6 (UV + Clor), com si només havia estat
tractada amb UV, la qualitat de I'aigua regenerada seguia sent superior a la del riu.
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Les analisis fetes abans i després del transport de I'aigua regenerada, des de I'ERA del
Prat fins a uns quilometres més amunt del punt de captacié de I'ETAP, indicaven que no hi
havia recreixement de cap dels microorganismes indicadors seleccionats, fet que s’ha
descrit en algunes ocasions quan l'aigua és tractada amb llum UV. Pel que fa a les
concentracions d’oocists de Cryptosporidium a I'aigua regenerada, van estar sempre per
sota del limit de deteccio6 (< 0,02 TOO o I00/L). A I'aigua del riu Llobregat en canvi, es van
trobar valors maxims de 2,7 TOO/L i 1,4 I00/L. Després del vessament d’aigua
regenerada aquestes concentracions van ser menors, pero no de manera estadisticament
significativa. S’ha de tenir en compte pero, que la incertesa de la tecnica aixi com les baixes
concentracions poden tenir una gran influencia en aquests valors.

Cal esmentar que l'aigua regenerada del Prat del Llobregat va mostrar sempre unes
concentracions de Cryptosporidium molt baixes, pero aixo pot variar molt en funcié de
I’EDAR i de les concentracions inicials del patogen a l'aigua residual crua (E). Tenint en
compte totes les EDARs estudiades, un 88% de les mostres d’E van ser positives per
Cryptosporidium tot i que generalment aquest valor sol ser del 100%. També hi va haver
molta variabilitat pel que fa al nombre, ja que va oscil-lar entre 1 TOO/L i 7000 TOO/L. La
caracteritzacio geneética dels oocists va mostrar que el genotip IbA10G2R2 de C. hominis és
el més comu de les espécies circulants de Cryptosporidium. Per ltim, en observar la
distribucié estacional d’aquests oocists es va poder apreciar que hi havia un pic en les
concentracions de TOO durant I'estiu. Aquest pic coincideix amb el nimero de casos de
criptosporidiosi declarats a Espanya segons el BES, i és degut, probablement, a que la
majoria d’EDARs estudiades estaven situades en zones turistiques, que pateixen un
increment de la poblacié molt gran durant I’estiu.

Les variacions en les concentracions de patogens s6n normals, ja que aquests poden
variar molt en funci6 de l'area, I'época de l'any, la poblaci6 etc. En canvi, les
concentracions d’'indicadors se solen mantenir estables en aiglies sense tractar, en aquest
estudi han estat al voltant de 6 uLog per E. coli i SOMCPH i al voltant de 5 per les SRC.

A grans trets, les concentracions dels indicadors es redueixen significativament al llarg
del tractament, pero la proporcio entre ells varia, ja que n’hi ha que s’inactiven molt
rapidament, com E. coli, i n’hi ha que s6n més resistents, com les SRC o els SOMCPH.
Després de fer un estudi estadistic entre aquests indicadors i Cryptosporidium, es va poder
comprovar que les SRC sén les que millor reflecteixen el comportament dels TOO de
Cryptosporidium, de manera que s6n un bon indicador de procés per a aquest patogen. De
fet, es van utilitzar les dades agrupades en funci6 del tipus de tractament terciari (amb UV
+ Clor o només amb UV) i es va observar que en ambdoés casos les SRC seguien inactivant-
se de manera molt similar als TOO. En canvi, quan s’estava valorant quin o quins
indicadors serien més adequats per determinar la presencia d’'100 en aigua regenerada, es
va veure que la parella E. coli - SOMCPH seria la més adequada, ja que classificava
correctament el 92% de mostres amb un 0% de falsos positius mitjancant I'analisi
discriminant. Aquest fet és extremadament important perque des de fa molt temps la
comunitat cientifica accepta que la determinacié d'un sol parametre de qualitat
microbiologica (E. coli) podria no ser suficient quan estem avaluant si una aigua
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regenerada és segura, ja que aquest bacteri, tot i que molt 1til, no reflecteix en absolut el
comportament de molts virus i protozous patogens.

Tenint en compte aquestes dades, es va realitzar I'estudi de QMRA en un escenari
d’ingesti6 accidental d’aigua regenerada. Per fer-ho es van utilitzar les concentracions de
TOO, a les que se’ls hi va aplicar un percentatge d’infectivitat diferent (determinat
experimentalment) en funci6 del tipus de tractament. Tenint en compte que les
concentracions en ET variaven extraordinariament en funcié de la planta, les PI mitjanes
també van variar molt. El model utilitzat per al calcul també és un factor clau a I'hora de
determinar les probabilitats d’infecci6. La PI quan el tractament terciari no utilitzava llum
UV va ser aproximadament 3 uLog més elevada que nos pas quan si que l'utilitzava,
independentment del model i de la concentracié d’oocists. Finalment, 'estudi exploratori
de QMRA amb dades d’SRC va mostrar que les Pls eren al voltant d’1 uLog més elevades
que les obtingudes amb Cryptosporidium, i que per tant, tenen potencial per a ser
utilitzades com a una versi6 conservadora de QMRA.

Poder disposar d'un indicador adequat de Cryptosporidium és fonamental ja que la
deteccié d’oocists és un procés molt costés economicament i que requereix de personal
especialitzat. Tot i aixi, cada vegada s’estan millorant més les tecniques de deteccié
d’aquest patogen, sobretot pel que fa a les tecniques moleculars. Aquestes, a més a més,
tenen el potencial de poder diferenciar oocists viables i no viables, com la gPCR d’'mRNA, o
la PMA-gPCR. Aquest tipus de técniques encara no estan prou desenvolupades i de
moment també sén costoses economicament, pero en un futur, poden esdevenir una eina
molt valuosa en I'estudi de Cryptosporidium.

Com a conclusions finals del capitol I, podriem destacar que:

— La reutilitzaci6 d’aigua per a 'augment del cabal del riu Llobregat no
implicaria, des del punt de vista de les malalties infeccioses, un detriment
en la qualitat microbiologica del riu, sin6 més aviat el contrari.

— Els tractaments d’aigua actuals redueixen significativament les
concentracions d’indicadors aixi com de Cryptosporidium.

— Els tractaments terciaris multibarrera sén els més adequats per poder
garantir aigua regenerada segura, sigui quin sigui 1'ds que se li vulgui
donar.

— L"is de llum UV com a tractament de desinfeccié és fonamental pel que
fa al risc associat a Cryptosporidium, ja que la PI és 3 uLog més alta quan
no s’utilitza UV en el tractament terciari.

— Las d’un altre microorganisme indicador, a part d’E. coli, significaria,
des de la perspectiva microbiologica, una millora de la gesti6 de I'aigua. Els
SOMCPH, tenen molt potencial per ser aquest segon indicador.
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4.2. CAPITOL II: Noves tecnologies per al tractament de I’aigua regenerada:

Per al desenvolupament del capitol 2 s’han estudiat els segiients processos
fotocatalitics: H,0,/UV, TiO2/UV i Fe/H;02/UV com a processos de regeneracié d’aigua.
D’una banda, es va estudiar la fotolisi de 'H,0; (amb baixes concentracions d’H;03) i llum
UV provinent de lampades. De l'altra, es van estudiar tots els tractaments esmentats
utilitzant la radiacié solar com a font de llum UV. Aquest dltim projecte es va dur a terme a
la PSA (Plataforma solar de Almeria), centre que pertany al CIEMAT, ja que s6n una
plataforma lider en I'is de I'energia solar.

Els resultats d’aquest capitol estan englobats en les publicacions segiients:

— ARTICLE 4: Evaluation of UV/H0; for the disinfection and treatment of municipal
secondary effluents for water reuse

— ARTICLE 5: Solar advanced oxidation processes as disinfection tertiary treatments
for real wastewater: implications for water reclamation

Pel que fa a la primera part (baixes concentracions d’H;0; i lampades UV), es va
analitzar la inactivacié d’ E. coli, SRC, SOMCPH i CB390PH després de I'aplicacié d’aquest
tractament en un efluent secundari d’'una planta amb tractament convencional. L’objectiu
de 'estudi era avaluar 'eliminacié d’ATZ de I'efluent ja que aquesta és una substancia que
s’'utilitza com a model en I'’eliminacié de microcontaminants. L’ATZ és un herbicida, que
tot i que esta prohibit des de fa anys, encara esta present en moltes aigiies degut a I'iis
exhaustiu que se’n va fer durant anys. Per a millorar l'eficiéncia del procés fotocatalitic,
I'ES es va filtrar abans del tractament, ja que la terbolesa i els solids en suspensié poden
influir negativament tant pel segrest de radicals OH com impedint que els fotons arribin a
la seva diana. A més a més, aquestes substancies alteren facilment les mesures dels
parametres quimics. Aquesta filtracié no va influir en els parametres microbiologics.

El resultat d’aquest tractament va ser la inactivaci6 completa de tots els
microorganismes en 5 min de reaccid. Hi va haver lleugeres diferencies en les cinetiques
d’inactivacio6, pero després de 5 min, tots els indicadors estaven per sota del limit de
deteccié (10 CFU o PFU/100mL). Tot i que es van utilitzar concentracions baixes d’'H20.,
(5 mg/mL) la dosi de llum UV aplicada va ser molt alta (2412 m]/cm?2), de manera que pel
que fa als microorganismes, practicament no hi va haver diferencia entre I'aplicacié de
UV/H;0., i I'aplicaci6 de només llum UV. D’altra banda, ja que la inactivaci6 de les SRC va
ser molt accentuada tot i que generalment s6n els microorganismes més resistents, seria
interessant seguir estudiant aquest tipus de POA per trobar I'equilibri entre les dosis d’'UV
aplicades i els resultats obtinguts pel que fa a la qualitat microbiologica de I'aigua, ja que
segurament amb dosis més baixes es podrien assolir resultats satisfactoris.

En canvi, quan es vol utilitzar la radiaci6 solar com a font de llum UV per a POA, la dosi

de llum UV depen del sol. L’inconvenient és clar, la irradiacié és molt diferent segons el
moment del dia i segons I'epoca de I'any. Pero d’altra banda, I'avantatge és obvi, ja que la
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llum del sol és, ara per ara, gratuita, i desenvolupar tecnologies que sapiguen aprofitar-la
és una opci6 molt sostenible.

Com ja hem explicat a la introduccid, el SODIS és una practica molt estesa sobretot en
paisos no industrialitzats, pero s’esta intentant optimitzar com a possible tractament a
més gran escala. El ventall de possibilitats que ofereix 'energia solar és immens i la PSA
disposa de les instal-lacions adequades aixi com de foto-reactors tipus CPC (compound
parabollic collector) a escala pilot per poder-hi fer assajos.

Entre tots els tractaments realitzats utilitzant els foto-reactors CPC, la radiaci6 solar
per si sola (SODIS) va ser el menys efectiu, tot i aixi, 5 h de tractament van aconseguir
reduir les concentracions d’E. coli per sota del limit de detecci6 (10 CFU/100mL).

L’eficiencia dels tractaments assajats va variar molt en funcié del tipus de
microorganisme. Aixi, pels indicadors bacterians (E. coli i SRC) leficiéncia dels
tractaments va seguir la segiient tendencia: SODIS < TiO,/UV < H,0,/UV << Fe/H,0,/UV;
mentre que per als indicadors virics (SOMCPH i FRNAPH) la tendencia va ser: SODIS <
H,0,/UV << Ti02/UV < Fe/H;0,/UV. Cal destacar, doncs, que 1'tis de TiO2/UV va inactivar
molt més rapid el grup dels bacteriofags que no pas E. coli i SRC, cosa que sorpren perque,
en general, E. coli és molt més sensible que els bacteriofags als tractaments de l'aigua.
D’altra banda, fos quin fos el tractament, les SRC van ser l'indicador més resistent, i fos
quin fos el microorganisme analitzat, el tractament més eficient va ser el foto-Fenton.
Aquests resultats reafirmen la idea, ja esmentada al capitol 1, que és imprescindible I'is
d’algun altre indicador microbioldgic en termes de seguretat de I'aigua regenerada, ja que
el comportament d’aquests davant d'un tractament és molt variable.

Tenint el compte que els indicadors analitzats sén microorganismes model d’'una gran
varietat de patogens (bacterians, virics i de protozous), es podria fer un calcul de I'efecte
dels POA estudiats sobre aquests patogens, i fer una estimaci6 de la intensitat dels
tractaments necessaria per reduir-los a nivells acceptables des del punt de vista del risc
microbiologic per a la salut de les persones. Per tant, seria interessant, que en un futur no
gaire llunya, i partint de la informacié aconseguida amb l'analisi dels indicadors, es
comencessin a estudiar els efectes d’aquests tractaments sobre patogens presents de
manera natural en efluents secundaris.

Si el foto-Fenton s’apliqués com a tractament terciari, trigaria 11,4 minuts a produir
aigua amb nivells d’E. coli inferiors a 1 CFU/100 mlL, és a dir, que des del punt de vista
d’aquest parametre, seria apta per a qualssevol dels usos contemplats a la legislacié.
Aquests resultats animen a estudiar el foto-Fenton amb més profunditat ja que ara per
ara, hi ha certes limitacions que s’haurien de solucionar abans de poder-lo aplicar de
manera més amplia.

El problema de I'acidificacié previa de l'efluent per a poder tractar amb foto-Fenton,

aixi com la neutralitzaci6 posterior, abans d’abocar o reutilitzar I'efluent, sén dos factors
clau en el procés, que encara no estan del tot clars.
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Una possible solucid seria I'’entrada de I'efluent a la borsa de subproductes o alguna
entitat semblant. D’aquesta manera, se’n podria treure algun benefici addicional, ja fos
econdmic o ambiental (reutilitzaci6). A més a més, si es pretén utilitzar aquest tractament,
no de manera universal sin6 de manera més localitzada, i amb cabals no massa elevats, la
possibilitat d’acidificar I'efluent i de neutralitzar-lo seria factible amb I'iis de sondes de pH
i bombes per dispensar acids/bases segons la conveniencia de cada efluent. El tipus de
suport informatic per poder-ho existeix des de fa temps - programaris del tipus SCADA - i
és molt comu per al tractament d’aigiies.

Com a conclusions finals del segon capitol, podriem destacar que:

~ Es necessari fer assajos en aigiies reals quan s’estan avaluant aquest
tipus de tractaments ja que I'is de microorganismes dopats en aigiies
artificials pot no ser prou representatiu de la realitat.

— L’Gs de tecnologies d’oxidaci6 avangada té un gran potencial en el
tractament d’aigua, tant si es tracta de disminuir les concentracions de
microcontaminants quimics com biologics.

— L’Gs de radiacié solar com a font d’energia en aquests processos té un
gran potencial per al tractament d’aigua, tant per la seva eficiencia com
per la disminuci6 de I'impacte ambiental que implicaria.

— L"is d'un altre microorganisme indicador, a part d’E. coli, significaria

una millora de la gestié de I'aigua des de la vessant microbiologica, i els
SOMCPH, tenen molt potencial per ser aquest segon indicador.
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