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RESUM

La presencia de substancies d’origen antropogenic en el medi aquatic €s una de les fites
importants a les que actualment s’ha d’enfrontar la quimica ambiental. En la darrera decada
les drogues d’abus s’han sumat al conjunt de compostos identificats en les aigiies demostrant
que el medi aquatic es un reflex fidedigne de les activitats i habits d’aquells qui hi incideixen
directament, els éssers humans. L’ important consum a escala mundial d’aquestes substancies
aixi com la seva excrecid en forma inalterada o com a metabolits coneguts, expliquen la seva
presencia a concentracions detectables en I’aquifer on arriben a través de les aigues residuals.
La preocupacid pels efectes encara desconeguts que aquestes substancies amb propietats
psicoactives potents poden representar per al ecosistema, creix exponencialment a mida que

es coneix la extensio i ubiquitat del problema.

En aquesta tesi en primer lloc s’ha establert un metode per a la determinacio de les
drogues d’abus en matrius aquoses mitjancant cromatografia de liquids d’ultra elevada
eficacia acoblada a I’espectrometria de masses en tandem. S’han optimitzat els diferents
parametres per tal d’obtenir la maxima eficacia i resolucié en el minim temps d’analisi
possible i que permeti I’analisi simultania de tots els compostos. S’han establert les
condicions cromatografiques, composicié de la fase mobil, temperatura de columna i la
utilitzacié de gradients no lineals obtenir una separacié cromatografica per a quinze drogues
d’abls estimuladores en menys de cinc minuts i de vint-i-sis drogues estimuladores i
depressores en menys de 9 minuts. L’acoblament a I’espectrometria de masses en tandem
seleccionant dues transicions, una de quantificacié i una altra de confirmacié, en el mode
d’adquisici6 de MRM, han permes obtenir un metode selectiu i fiable. S’ha optimitzat un
procediment d’extraccid en fase solida que ha permeés disposar d’un metode suficientment
sensible per detectar les drogues d’abls en les diverses matrius aquoses estudiades (aigues

residuals, superficials i potables).

El metode establert ha estat emprat per a la determinacié de les drogues d’abus en el medi
aquatic. En primer lloc I’analisi de les drogues d’abis en aigues residuals ha posat de
manifest la presencia de dotze de les quinze drogues estudiades, entre les quals cal esmentar
la cafeina, la nicotina, la cocaina i I’éxtasi entre d’altres, en quaranta estacions depuradores

estudiades arreu de la geografia catalana. Algunes d’aquestes substancies tot i ser eliminades



parcialment durant el tractament de depuracioé son també presents en les aiglies de sortida
abocades a les aigues superficials. L’estudi de les aigiies superficials realitzat mostra la
presencia d’algunes de les drogues d’abus, com per exemple, la cocaina i I’éxtasi entre
d’altres, en tota la conca del riu Llobregat el qual s’ha estudiat del naixement a la
desembocadura per tal d’avaluar els efectes dels multiples factors que hi incideixen com
poden ser els abocaments d’aigues residuals, I’atenuacié natural o I’efecte de dilucid i/o
concentracio que poden tenir alguns dels efluents que hi conflueixen. Els resultats obtinguts
mostren una tendéncia a un augment creixent de les concentracions de les drogues d’abds a
mida que el riu s’apropa a les zones més densament poblades amb majors pressions
ambientals. Tant en les aigies residuals com en les superficials s’han realitzat estudis per tal
d’avaluar les variacions estacionals o setmanals a les que es troben sotmeses aquestes
substancies. Per a alguns compostos, com I’extasi (MDMA) s’han observat importants
augments durant el cap de setmana, probablement fruit del seu consum recreatiu mentre que
per la cocaina s’han detectat tan sols lleugers increments durant aquests dies suggerint per
tant un consum meés sostingut que I’anterior. En aquesta mateixa linia s’han realitzat estudis
durant époques concretes com Nadal, que han posat de manifest augments molt destacables

en les concentracions d’algunes substancies com la cocaina i I’éxtasi durant aquestes dates.

La presencia de les drogues d’abus en aigiies superficials emprades per a la produccio
d’aiglies de beguda ha conduit, en la darrera part d’aquest treball, a estudiar el comportament
d’aquestes substancies en el tractament de potabilitzacid. Aquest estudi s’ha estés també a
una altra familia de contaminants d’origen antropogenic, els farmacs. Els resultats obtinguts
han demostrat que si bé la majoria de les drogues d’abus i farmacs estudiats sén eficientment
eliminats, alguns son capacos de sobreviure i trobar-se en les aigles finals encara que a
baixos nivells de concentracidé. A més, juntament amb aquests compostos més recalcitrants,
I’estudi de formacié i presencia de subproductes de les ATSs, ha posat de manifest la
formacié de dos subproductes de desinfeccié clorats, un dels quals també es capa¢ de
sobreviure el tractament. La confirmacio de la presencia de les drogues d’abus, juntament
amb els farmacs, en les aigiies de beguda tanca el recorregut d’aquestes substancies pel cicle
de I’aigua que s’inicia en el moment de ser introduides en el medi aquatic i representa un
aspecte rellevant a ser considerat juntament amb la generacié de subproductes, en els estudis

de la presencia de noves especies potencialment perilloses en I’aigua.
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Obijectius i estructura

OBJECTIUS | ESTRUCTURA

La problematica associada a la presencia de contaminats en el medi ambient es deriva
principalment dels efectes que la seva preséncia i persisténcia poden tenir sobre la integritat
de I’ecosistema i la salut de I’esser huma. Entre els compostos introduits en el medi n’hi ha
alguns per als quals existeix una regulacio especifica que en limita el seu abocament i
presencia en el medi aquatic i d’altres, coneguts actualment com a “compounds of
environmental concern”, que no es controlen ni s’analitzen habitualment en el medi
ambient, per0 que es sospita que poden produir efectes nocius sobre 1’ecosistema i/0
sobre el propi esser huma i per als quals no existeix cap tipus de regulacio especifica.
L’objectiu d’aquesta Tesi ha estat 1’avaluacié de la preséncia de drogues d’abus,
compostos que es poden incloure en la segona categoria de contaminants, en el cicle de
I’aigua, des de la seva introducci6 al medi natural a través de les aigiies residuals fins a

I’aigua de beguda passant per les aigiies superficials.

Aquest objectiu general es pot desglossar en una série d’objectius concrets que donen

cos al treball inclos en aquesta memoria i que son els segients:

e Desenvolupar metodes d’analisi per extraccié en fase solida i cromatografia de
liquids d’ultra elevada eficacia acoblada a I’espectrometria de masses en tandem
(UPLC-MS/MS) que siguin aplicables a diferents matrius d’aigua (residual,
superficial i potable) i que permetin determinar un ampli nombre de drogues
d’abus de manera rapida, eficag 1 simultania. L’objectiu Gltim és reduir el temps

total d’analisi i el cost associat.

e Avaluar la preséncia de les drogues d’abus en aigiies residuals, la eliminacid
d’aquestes drogues en les estacions depuradores d’aiglies residuals (EDARs) i la
seva preséencia en les aigles tractades obtingudes en aquestes estacions que

aboquen directament a les aiguies superficials.
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Estudiar la presencia de les drogues d’abts en aigiies superficials i avaluar les
fluctuacions relacionades amb descarregues de les EDARs i de les poblacions que
hi aboquen aixi com les variacions estacionals i setmanals a les que es poden

veure sotmeses aquestes substancies.

Estudiar el comportament de les drogues d’ablis en els diferents tractaments
emprats en una estacid de tractament d’aiglies potables (ETAP). Avaluar les
eficiéncies d’eliminacio de cadascuna de les etapes del tractament i del tractament

total i la presencia en les aigues finals de beguda.

Estudiar la formacié de subproductes de desinfeccié durant els tractaments de
potabilitzacio d’aigiies. Amb aquest objectiu s’escolliran les drogues d’abus que es
trobin presents amb més freqiiéncia a les aigles de captacio, que mostrin
percentatges elevats d’eliminacio i que presentin una potencial capacitat de generar

subproductes.

Per tal d’assolir aquests objectius, aquest treball s’ha estructurat en quatre apartats:

Una introducci6 on s’inclou informacio relacionada amb les caracteristiques de les
drogues d’abus estudiades com estructures, propietats fisico-quimiques i
metabolisme que les fan susceptibles de ser presents a les aigues residuals com a
productes d’excrecid6. Aquesta introduccié també conté un breu resum historic
sobre la presencia dels compostos en estudi en matrius ambientals des del seu
descobriment fins a I’actualitat aixi com els possibles efectes toxicologics (i

ecotoxicologics) que es poden derivar de la seva presencia en el medi ambient.

El Capitol 2 esta dedicat a I’establiment de metodologia per a I’analisi de drogues
d’abus mitjangant cromatografia de liquids acoblada a 1’espectrometria de masses.
Aquest capitol consta d’una introduccid on es comenta la metodologia i les
tecniques utilitzades a la literatura per a I’analisi de les grogues d’abus, d’un
apartat on s’inclou el treball experimental, un tercer apartat de discussio de

resultats i un ultim apartat on es recullen les conclusions. El treball experimental
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realitzat es basa per una banda, en |’optimitzaci6 d’un meétode per a la
determinacié drogues d’abts estimuladores mitjangant cromatografia de liquids
d’ultra elevada eficacia acoblada a I’espectrometria de masses en tandem publicat
a Analytical Chemistry, 79 (2007) 3821-38298, intitulat “Ultraperformance liquid
chromatography-tandem mass spectrometry analysis of stimulatory drugs of
abuse in wastewater and surface waters” 1 d’un apartat experimental addicional
on hi consta el desenvolupant d’un métode multiresidu per a 1’analisi simultania
de vint-i-sis drogues d’abus tant estimuladores com depressores i alguns dels seus

metabolits.

En el Capitol 3 s’avalua la presencia de drogues d’abus en aigiies residuals i
superficials mitjancant els metodes descrits en 1’apartat anterior. L’esquema del
capitol és el mateix i inclou una introduccid, una part experimental i una discussio
de resultats, a part de les conclusions. La primera part d’introduccié conté una
revisio bibliografica sobre la presencia de les drogues d’abus en el cicle de 1’aigua
i la seva capacitat com a biomarcadors d’aigiies residuals i inclou un capitol
intitulat: “Illicit Drugs in the Urban Water Cycle” del Illibre  Xenobiotics in the
Urban Water Cycle: Mass Flows, Environmental Processes, Mitigation and
Treatment Strategies. Springer Netherlands, 2010. 51-71. En la segona part del
capitol es recullen els resultats experimentals obtinguts i publicats en dos articles.
El primer d’ells, intitulat “Occurrence of psychoactive stimulatory drugs in
wastewaters in north-eastern Spain” (Science of the Total Environment 397,1
(2008), 31-40) inclou I’estudi de la presencia de drogues d’abts en aigies
residuals 1 la seva eliminacié durant el tractament de depuracio, 1’avaluacié de les
variacions setmanals i una aproximacié als calculs de consum a partir de les
concentracions ambientals mesurades. El segon intitulat: “Stimulatory Drugs of
Abuse in Surface Waters and Their Removal in a Conventional Drinking Water
Treatment Plant” publicat a Environmental Science & Technology 42.18 (2008):
6809-6816, recull I’estudi de la presencia i evolucio de les drogues d’abus al llarg
de la conca del riu Llobregat, de les variacions estacionals i setmanals i el
comportament de les drogues d’abtis en el tractament de potabilitzaci6. Aquesta

ultima part és discutida en el Capitol 4.
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El Capitol 4 esta dedicat a avaluar el comportament de les drogues d’abts en un
tractament convencional de potabilitzaci6 d’una ETAP. Conté com els altres
capitols d’aquesta memoria una introduccié on es comenta en primer lloc I’estat
actual dels estudis sobre aquest tema, reactivitat de les drogues d’abus 1 formacio
de subproductes de desinfeccid i inclou un treball intitulat: “Presence and removal
of drugs of abuse in Conventional Drinking Water Treatment Plants” publicat a
[llicit Drugs in the Environment: Occurrence, Analysis and Fate using Mass
Spectrometry. Wiley, Hoboken, 2011. Aquesta introducci6 conté a més,
informacio sobre la preséncia i comportament d’un altre grup de contaminants
emergents, els farmacs, en els tractaments de potabilitzacié que s’inclou en el
treball intitulat: “Traceability of emerging contaminants from wastewater to
drinking watrer. "publicat a Emerging Contaminants from Industrial and
Municipal Waste: Occurrence, Analysis and Effects, vol 5. Springer, 2008 . El
treball experimental realitzat s’inclou en dos articles, un dedicat a estudiar la
presencia i eliminacié de productes farmaceutics en les plantes potabilitzadores,
intitulat: “Occurrence and removal of pharmaceuticals and hormones through
drinking water treatment” publicat a la revista Water Research 45.3 (2011):
1432-1442 i un altre on s’avalua la formacio de subproductes de cloracié d’una de
les families de drogues en estudi, les amfetamines, i la seva presencia durant el
tractament de potabilitzacid i en les aigles finals tractades, en el treball intitulat:
Identification of new chlorinated amphetamine type stymulants disinfection-by-
products formed during drinking water treatment” publicat a la revista Water
Research 46 (2012): 3304-3314.

Finalment s’inclouen les conclusions generals obtingudes a partir del treball

experimental realitzat en aquesta Tesi, aixi com la bibliografia corresponent.



CAPITOL 1 -INTRODUCCIO






Introduccié

La presencia de contaminants en el medi ambient, i en especial en el medi aquatic, ha
estat ampliament reconeguda com un dels problemes principals als que s’ha d’enfrontar la
quimica ambiental. Els estudis realitzats en les ultimes decades han permés disposar, no
tan sols d’un millor coneixement del medi, sind6 també descobrir noves problematiques
associades a la propia activitat humana. Tots i cadascun d’aquests estudis han contribuit a
confirmar que el medi aquatic és un clar, fidel i canviant reflex dels habits i activitats dels
éssers humans que hi incideixen directament, des dels incipients treballs publicats durant
la década dels seixanta i inici dels setanta que van revelar la presencia de contaminants
d’origen huma, especialment residus farmacéutics en el medi aquatic i el seu efecte sobre
I’ecosistema (Carson, 1962), passant pels primers estudis multi-residu realitzats durant la
década dels vuitanta i ’interés despertat durant els noranta (Richardson i Bowron, 1985,
Ternes, 1998, Ternes, 2001), fins els treballs més recents que revelen I’entrada de nous
productes en el medi (Daughton, 2011, Richardson i Ternes, 2014), com per exemple els
liquids ionics, sals organiques usades per la “quimica verda” (green chemistry), o els
prions, proteines degenerades amb elevat poder infeccios. La problematica associada a
I’arribada d’aquestes substancies al medi ambient es deriva fonamentalment dels efectes
potencials que la seva preséncia i persisténcia poden tenir sobre la salut de I’esser huma i

sobre la integritat del propi ecosistema.

Entre els compostos introduits en el medi n’hi ha alguns per als quals existeix una
regulacio especifica que en limita el seu abocament i presencia en el medi aquatic, com per
exemple els inclosos en la Directiva Marc de I’Aigua en el marc europeu (European
Commission, 2002b, European Commission, 2013). Aquests compostos, entre els quals
s’inclouen pesticides, hidrocarburs aromatics policiclics o metalls, entre d’altres, es
caracteritzen per la seva persisténcia, ja sigui perque s’introdueixen de manera continuada,
per les seves caracteristiques fisico-quimiques que comporten una baixa degradacid

(compostos recalcitrants), o bé per la seva demostrada toxicitat (OSPAR, 2013).

D’altra banda, hi ha un extens grup de compostos, coneguts com ‘“contaminants
emergents” (més modernament: CEC o compounds of environmental concern), que son
substancies d’origen natural o sintétic que no es controlen ni s’analitzen habitualment
en el medi ambient, per0 que es sospita que poden produir efectes nocius sobre
I’ecosistema o sobre el propi esser huma, i per als quals no existeix cap tipus de
regulacié especifica. La problematica associada a la preséncia d’aquests contaminants

en el medi ambient és complexa; existeixen maltiples factors que en dificulten I’ideal
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eradicacié o, com a minim, la seva limitacid. L’abséncia d’una legislacio especifica que
en reguli la seva introduccié permet que aquests compostos puguin entrar directa i
constantment en el cicle de I’aigua sense cap control i, per tant, que les consequencies i
efectes que se’n puguin derivar en un futur siguin encara desconegudes. Tot 1 aixi,
establir regulacions per a agquests compostos no és una tasca senzilla ni immediata.
Degut a I’evoluci6 dels processos industrials, la demanda de la societat i els seus nous
usos i costums, cada dia es descobreixen i/o sintetitzen nous productes que en darrer
terme sén introduits en el medi. A aquesta llista dinamica i creixent de compostos se li
han de sumar aquells que, tot i que ja no son introduits en el medi, hi segueixen estant
presents degut a que s6n poc degradables, i també aquells que, tot i ser introduits a
concentracions molt baixes, presenten unes caracteristiques toxicologiques que els fan
extremadament perillosos. Davant d’aquesta situacio, el principal repte al que s’enfronta
la gquimica ambiental consisteix en proporcionar tota la informacié possible en
referencia a aquests compostos. Aquesta informacié ha de permetre establir la
preséncia, distribucio, disponibilitat i extensié dels contaminants en el medi ambient,
avaluar la introduccio de nous compostos que puguin tenir un efecte nociu per a la salut
d’ambdos, 1’ecosistema i els éssers humans, i en darrera instancia, avaluar i quantificar
aquests riscos per tal de disposar de totes aquelles eines que puguin permetre, en un
futur, convertir alguns d’aquests compostos “emergents” en substancies regulades i, per

tant, controlar la seva preséncia.

Tenint en compte aquesta problematica, en aquesta memoria s’ha estudiat un grup de
contaminants, les drogues d’abls, que responen a la definici6 de contaminants
emergents, i per als quals la quimica ambiental ha demostrat preocupacio en els darrers
anys. Aquestes substancies s’ajusten perfectament a la premissa que el medi ambient és
un reflex fidel de les activitats humanes i, des del descobriment de la seva preséncia en
el medi ambient, han passat a formar part de la llista dinamica de compostos que

normalment s’hi introdueixen.
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1.1. DROGUES D’ABUS: PROBLEMATICA

La preséncia de les drogues d’abus en el medi ambient és deguda fonamentalment
per un problema global i generalitzat: el creixent consum d’aquestes substancies.
Segons la United Nations Office on Drug and Crime (UNODC), a escala mundial, el
consum de drogues il-licites assoleix xifres elevades entre la poblacié susceptible de
consumir-les, la poblaci6 adulta d’entre 15 i 64 anys. De fet, s’ha estimat que durant
I’any 2013, del total de la poblaci6 mundial, aproximadament uns 7,000 milions
d’habitants (United Nations Department of Economic and Social Affairs, 2013), uns
246 milions de persones havien consumit drogues d’ablis com a minim una vegada
(United Nations-Office on Drug and Crime, 2015). Aquests valors no mostren
variacions importants des de I’any 2011, quan la xifra era de 240 milions de persones.
Aixo implica que en termes generals, el consum es manté i que aproximadament una de
cada 20 persones adultes consumeix drogues d’ablis com a minim una vegada a 1’any,
estimant-se que, d’aquests, una de cada 10 (uns 27 milions de persones o un 0.6% de la

poblacié adulta) presenta problemes de drogodependéncia.

Pel que fa a les tendéncies en les substancies consumides, les dues drogues il-licites
meés consumides els darrers anys son el cannabis (~180 milions de persones) i els
estimulants de la familia de I’amfetamina (ATS) (~ 33 milions de persones) (Taula 1.1).
Resulta també destacable el consum d’opioides, incloent heroina, opi i farmacs derivats
usats amb finalitats no terapéutiques (~ 32 milions de persones) (Taula 1.1). Finalment,
per la cocaina es registra un menor nombre de consumidors (~16 milions de persones).

Taula 1.1. Consum de drogues d’abus. Percentatge de poblacié adulta entre 15 i 64

anys que consumeix drogues almenys una vegada I’any. Adaptada de (United Nations-
Office on Drug and Crime, 2015).

Percentatge consum 2013 Evoluci6 2008-2013
Cannabis 2.7-4.9 4.3-4.9
Opioides 0.6-0.8 0.8-0.8
Cocaina 0.4-0.4 0.4-0.4
ATSs 0.3-1.1 1.2-11
Extasi 0.2-0.6 0.6-0.6
Total drogues 3.4-7.0 -

11
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Agquestes dades tan sols representen la situacid global de consum, i de fet,
existeixen importants variacions tant a nivell temporal com espacial, donades les
tendencies canviants en el consum de determinades substancies, el nombre i/o perfil
dels consumidors i/o la seva evolucid. Per exemple, pel que fa referencia a la
distribucio espacial, les diferencies sén significatives en funcié de les zones
geografiques. A la Figura 1.1 es mostren els perfils de consum de les drogues d’abus
en funcié de zones geografiques a partir de les dades publicades per ’'UNODC en el

darrer “World Drug Report 2015” (United Nations-Office on Drug and Crime, 2015).

En termes generals, com es pot observar en la Figura 1.1, en totes les zones
geografiques de les que es disposa de dades de consum de drogues d’abus, el cannabis
és la droga més consumida amb diferencia. A Ameérica del Nord el consum d’aquesta
substancia arriba al 11.6% de la poblacio (15-64 anys), mentre que aquest percentatge
s’enfila fins al 25% entre els estudiants d’institut nord-americans (Johnston i cols.,
2012). America central i del sud i Oceania presenten percentatges similars, de 1’11% i
10.7% respectivament, mentre que Asia (1.9%), Europa (4.3%) i Africa (7.5%) el
consum és més baix. Les millores en les tecniques de cultiu de la planta de cannabis
juntament amb una menor percepcié de risc associat al seu consum, condueixen,
segons la UNODC, a una distribucié global, continuada i en augment del consum
d’aquesta substancia arreu del mén. Tot i aixi, el consum de la resta substancies

presenta perfils diferenciats en funcié de la zona geografica.

A Ameérica del Nord, que es considera el principal consumidor de drogues d’abus a
nivell mundial en termes de percentatge de poblacio, els opioides, incloent opiacis i
opioides de prescripcié medica, son les substancies més consumides, al marge dels
cannabinoides, amb una prevalenca que arriba a un 3.8% de la poblacid i una tendéncia
a l’augment, especialment dels opioides de prescripci6. La cocaina (1.7%), els
estimulants amfetaminics (1.4%) i I’éxtasi (0.9 %) presenten consums menors tot i que
representen en total uns 12 milions de consumidors. A América Central i del Sud, en
canvi el perfil de consum és molt diferent, i la cocaina és la droga d’abts predominant
(al marge del cannabis) amb percentatges d’us al voltant del 2.4% de la poblacio, que es
justifica segons I’UNODC, per la proximitat a les zones de produccio, a la facil
disponibilitat i al baix preu al que es pot adquirir. Cal destacar, també, que en algunes
regions d’Ameérica Central, el predomini del consum d’ATSs supera la mitjana global,

amb valors particularment elevats que arriben fins el 3.3 %.
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Pel que fa referéncia a Asia, les ATSs son les drogues que presenten un major consum
(0.7%), després del cannabis, seguides pels opioides (0.4%) (especialment I’heroina). En
concret, en els darrers anys s’ha observat una marcada tendéncia a I’increment del
consum de les drogues sintetiques de tipus amfetaminic, especialment la metamfetamina,
en les regions centrals i de 1’est, amb percentatges entre 0.2 i el 1.3% per a aquestes
ultimes. Pel que fa a Oceania s’observa també un perfil de consum similar a 1’asiatic, amb
els opioides (2.9%) com a substancies prevalents al marge dels cannabinoides seguides
per les ATSs (2.1%) i la cocaina (1.6%). En aquest cas es destacable el consum de
substancies psicoactives 1 concretament d’éxtasi, els percentatges de predomini del qual

romanen molt més elevats que la mitjana global mundial.

Per Gltim, a Europa després del cannabis, la cocaina havia estat la segona droga meés
consumida, al voltant del 1.2 % de la poblacié adulta, seguida pels opiacis fins el 2011
(United Nations-Office on Drug and Crime, 2014). Tot i aixi el darrer informe publicat
per la UNODC el 2015, posa de manifest una inversio en aquesta tendencia, suggerint
un increment del consum d’opiacis (0.8%) especialment els de prescripcié médica,
acompanyada d’una disminucio en el consum de cocaina (0.7%) fruit d’una modificacio

en les tendéncies de consum.
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Figura 1.1. Consum de drogues il-licites (milions de consumidors). Adaptat a partir de les dades de la
UNODC en funcié de les zones geografiques (United Nations-Office on Drug and Crime, 2015).
Opioides: opiacis i opioides de prescripcié medica, ATS: amfetamina, metamfetamina i estimulants de
prescripcié medica.

13



Capitol 1

Aquests percentatges de consum representen una aproximacio general per zones a
nivell mundial, tot i aixi, en un mateix continent o zona seleccionada poden existir
variacions en les distribucions i percentatges de consum. A Espanya, on s’han realitzat
la majoria dels estudis inclosos en aquesta memoria, s’observen els mateixos perfils de
consum que els descrits per Europa, tot i que, els percentatges de consum mostren
importants diferéncies per algunes d’aquestes substancies respecte la mitjana europea. A
la Figura 1.2 es mostren les dades extretes d’un informe recent realitzat pel Ministeri de
Sanitat, ’EDADES (Ministerio de Sanidad, 2015), que inclou 23 substancies, i que
permet obtenir una visioé aproximada del consum local de substancies d’abus a Espanya.
Aquest estudi realitzat a partir d’enquestes entre la poblacié adulta (15-64 anys) revela
un consum majoritari de substancies legals com el tabac, 1’alcohol i sedants, consum
gue segons aquest estudi, ha augmentat de I’any 2011 al 2013. Pel que fa referéncia al
consum de substancies il-licites, aquest ve encapcalat com a Europa, pel cannabis pero
destaquen els nivells de consum de cocaina que sén molt elevats, tripliquen les mitjanes
europees i dupliquen les dels Estats Units, (EMCDDA, 2012, United Nations-Office on
Drug and Crime, 2015). Tot i aixi, el consum de cocaina i de les ATSs sembla presentar

una lleugera tendencia a la disminucio, a Espanya, a partir de ’any 2011,
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Figura 1.2. Consum de drogues (%) a Espanya (2013) entre la poblacié adulta (Ministerio de
Sanidad, 2015).
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Totes aquestes dades posen de manifest 1’elevat 1 variat consum de les drogues
d’abus a nivell mundial, consum que esta intimament relacionat amb la seva presencia
en el medi aquatic. En funcid de 1’us, cal esperar trobar diferents distribucions tant en
les concentracions com en el tipus de drogues psicoactives identificades en el medi
ambient a nivell local i regional. Aquestes diferencies, a més, son susceptibles de patir
variacions no només en 1’espai (entre regions) sind també en el temps, ja que el consum
es pot associar a situacions socioeconomiques canviants, disponibilitat o tendéncies
temporals, les quals poden modificar els perfils de consum i, per tant, la seva presencia
en el medi. Cal tenir en compte, també, I’aparicié de noves substancies psicoactives
sintetiques, especies que poden variar rapidament, aparéixer tan sols durant un breu
periode de temps en forma de mdltiples substancies noves amb propietats i
caracteristiques desconegudes, tal i com revela I’informe EDADES (Ministerio de
Sanidad, 2015) i el World Drug Report 2015 (United Nations-Office on Drug and
Crime, 2015), i que poden representar la introduccié en el medi ambient nous

contaminants desconeguts fins avui.
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1.2. DROGUES D’ABUS: PROPIETATS FARMACOLOGIQUES, FISICO-
QUIMIQUES | METABOLISME

Historicament, el terme “droga” s’ha emprat per definir substancies d’origen
natural o sintétic emprades amb finalitats terapeutiques per a tractar diferents
malalties. En aquesta linia, una de les primeres definicions del terme droga
acceptada per la World Health Organization és la donada per Kramer i Cameron
(Kramer i Cameron, 1975), que defineixen “droga” com “qualsevol substancia que,
introduida en un organisme viu, en pot modificar la seva estructura o funcions”.
Aquesta definici6é ha evolucionat a fi d’especificar els efectes associats, de manera
que avui dia es defineix com “aquella substancia quimica que altera la percepcio,
consciéncia i emocions d’un ésser viu” (United Nations International Drug Control
Programme.Laboratory Section, 2003). Pel que fa referéncia al concepte de “droga
il-licita”, aquest encara genera més controversies (Sussman i Ames, 2008), les quals
provenen fonamentalment del fet que el terme “il-licit” no te perque ser sinonim de
“il-legal”. El cas de molts farmacs usats com a drogues d’abus amb finalitats
diferents a les de la prescripci6 habitual, com poden ser la morfina o I’oxicodona, en
son un bon exemple. La United Nations Office on Drugs and Crime (UNODC)
estableix com a dnica distincié entre licit i il-licit la forma de consum de la
substancia; en concret, per considerar un origen com il-licit té en compte la forma en
que les substancies son produides, distribuides, adquirides i consumides (United
Nations Office on Drugs and Crime, 2009). Aquesta discussié pot ampliar-se, a més,
si es prenen en consideracio els potencials efectes de les substancies definides com

licites o il-licites, o les legislacions particulars de cada pais o regio.

En aquesta memoria, a més, s’utilitza el concepte “droga d’abus” per tal
d’incloure també aquelles substancies que no es troben incloses en la classificacio
farmacologica de la UNODC i que el seu consum es legal i no il-licit. En concret,
aquest terme permet incloure tant la cafeina com la nicotina, substancies licites i
legals, perd que en alguns casos poden generar dependéncies i efectes psicoactius

similars als d’algunes drogues il-licites encara que a menor escala.
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Les substancies psicoactives, incloent les drogues il-licites aixi com la cafeina i la
nicotina, actuen directament sobre diferents regions del cervell, tot alterant-ne les seves
funcions habituals i provocant multiples efectes. Incideixen sobre el cervell mitja on hi
ha diferents arees relacionades amb la motivacio i els estimuls externs, i sobre el cervell
anterior que es troba associat al pensament i als records (World Health Organization,
2004), a través de neurotransmissors, simulant el seu funcionament o bé bloquejant la
seva funcio habitual. Un dels mecanismes més coneguts de les substancies psicoactives
és la seva capacitat de bloquejar la reentrada del neurotransmissor una vegada que és
alliberat, magnificant els seus efectes. En funcid del seu mecanisme, les drogues poden
actuar com a agonistes, es a dir compostos que s’uneixen i potencien les funcions dels

receptors, 0 com antagonistes, tot bloquejant el seu funcionament habitual.

En funcid del seu comportament neurologic diferenciat, les substancies psicoactives es
poden classificar en diferents grups: depressius (alcohol, sedatius, solvents volatils),
estimulants (nicotina, cocaina, amfetamines, extasi), opiacis (morfina i heroina) i
al-lucinogens (PCP, LSD, cannabis, etc.). A la Taula 1.2 es resumeixen els mecanismes

i efectes d’algunes d’aquestes substancies.

Existeixen, a més, altres classificacions per a aquestes substancies, des de les que es
refereixen a la seva estructura quimica, origen (natural, sintetic o semi-sintetic), o a
I’acci6 sobre els sistema nervios (SN) (estimulants o depressors), fins als que utilitzen
criteris més aviat socioculturals (drogues dures o toves, legals o il-legals) o als que es
refereixen als efectes que poden produir a nivell clinic. Entre les diferents
classificacions, en aguesta memoria s’ha optat per a classificar-les en funcié del seu

efecte 0 accio sobre el sistema nervios.
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Taula 1.2. Mecanismes d’accid i efectes relacionats amb el consum de drogues d’abus. Adaptada de
(World Health Organization, 2004).

Tolerancia i sindrome

Substancia Mecanisme d’accié e Us prolongat
d’abstinéncia

Etanol Euforia relacionada amb Tolerancia per augment Alteracions estructura i funcié
un augment en ’activitat del metabolisme del cerebral del cortex prefrontal;
de la ruta de la dopamina. fetge i a canvis en els disminucié volum cerebral;

neuroreceptors. discapacitat cognitiva.

Hipnatics i Faciliten  I’accio  dels Tolerancia rapida per Disminuci6 de la capacitat

sedants inhibidors endogens dels canvis en neuroreceptors retentiva.
neurotransmissors excepte anticonvulsius.

Cafeina Receptor antagonista dels Tolerancia rapida. Augment de la pressio arterial
receptors d’adenosina Somnolencia, mal de i ritme cardiac

cap i irritabilitat.

Nicotina Activa receptors nicotin- Tolerancia als factors Dificil dissociar els efectes
colinergics. metabolics, aixi com especifics de la nicotina dels
Augment sintesis i canvis en els receptors. de la resta de components del
alliberament de dopamina. tabac.

Opioides Activa alguns receptors Tolerancia temporal o Canvis permanents en els
d’opioides presents en permanent en  els receptors opioides i péptids
arees del cervell de receptorsial’adaptacié associats; alteracions en la
resposta a substancies dels mecanismes resposta a l’estrés 1 a
psicoactives (ruta de la intracel-lulars. I’aprenentatge

dopamina).

Cannabinoides Activen els receptors Tolerancia a la majoria Reduccidé permanent capacitat
cannabinoides i I’activitat d’efectes de manera cognitiva. Agreujament de
de la ruta de la dopamina  rapida. malalties mentals.

Cocaina Blogueja la reabsorcié de Es pot desenvolupar Déficits cognitius, alteracions

neurotransmissors com la
dopamina i  prolonga
I’efecte

una tolerancia aguda a
curt termini.

en cortex, pérdua funcio
motora i disminucié capacitat
de reaccio.

Amfetamines

Augmenten 1’alliberament
de dopamina i inhibeix la
seva reabsorcio.

Tolerancia rapida, amb
efectes fisiologics i
sobre el comportament.

Ansietat, insomni, disminucié
de D’apetit i de les capacitats
cognitives i motores.

Extasi Augmenta 1’alliberament Alguns individus poden Pérdua de capacitat
de serotonina i bloqueja la desenvolupar d’autocontrol, paranoia,
seva reabsorcio tolerancia. depressid i atacs de panic.

Al-lucinogens Actuen sobre diferents Tolerancia rapida. Episodis psicotics aguts i/o

receptors, com el de la
serotonina, glutamat i
acetilcolina.

cronics, flashbacks i repetici6
dels efectes al-lucindgens amb
posterioritat al seu Us.

18



Introduccié

Una vegada consumits, els compostos actius experimenten una série de reaccions
biogquimiques que venen determinades per la seva propia farmacocinética. Aixo
comporta que alguns compostos puguin passar a través del cos huma sense ésser
metabolitzats, mentre que d’altres experimentin importants transformacions. El grau en
qué un compost es modificat en el cos depén en gran mesura de la seva estructura i del

seu mecanisme d’accio (Figura 1.3).

Farmac

Adsorcié
Farmac . . Accid
: Farmac Lliure
Conjugat Cel-lular
Conjugacio Oxidacié Biotransformacié
Adductes ; » "
Conjugacio Metabolit

Estables

Inactiu

Apolars

Fetge Polars Polars
Eliminacid biliar Eliminacid renal

Figura 1.3. Metabolisme de les substancies bioactives (Adaptada de (Wood i cols., 2003)).

Les substancies bioactives, drogues 1 farmacs entre d’altres, poden ser
metabolitzats per una amplia varietat d’enzims localitzats en tot el cos encara que
aquestes reaccions enzimatiques que transformen els precursors tenen lloc
principalment al fetge (Gibson i Skett, 2001). Les reaccions que es produeixen
durant el procés de transformaci6 poden ser agrupades en el que s’anomenen,
reaccions de Fase | i de Fase Il (Wood i cols., 2003). Les reaccions que tenen lloc a

la Fase I permeten funcionalitzar [’estructura precursora. Inclouen reaccions
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d’oxidacid, reduccié 1 d’hidrolisi que donen lloc a productes més polars, tot
introduint o alliberant grups funcionals, com alcohols, amines, tiols o acids
carboxilics, capagcos de reaccionar a la Fase Il. Els enzims del citocrom P450
intervenen en la majoria dels processos metabolics d’aquesta fase, seguint
mecanismes com el mostrat a la Figura 1.4, per a compostos com 1’amfetamina o

I’heroina sobre els seus anells aromatics.

R R
Oxidacions P450
ﬂ - - - -
Hidroxilacions aromatiques
R Amfetamina, Heroina
OH
@)

Figura 1.4. Exemple del mecanisme d’oxidaci6 sobre anells aromatics per mitja del citocrom P450.

La conjugacié de la molécula mitjangant la transferéncia d’un gran substituent
polar present de manera natural en el cos, com poden ser sucres, aminoacids o acids
grassos, entre d’altres, té l1loc a la Fase Il. La conjugacid permet que els metabolits
esdevinguin suficientment hidrofilics i solubles en aigua i puguin ser excretats a traves
de la orina i/o la femta, tot evitant la seva reabsorcié en els ronyons. Algunes de les
reaccions de conjugacié més habituals sén la glucuronidacid, glicosidacié, sulfatacio,
metilacio i acetilacid. Aquestes reaccions estan controlades per un gran nombre
d’enzims especifics, que requereixen en molts casos de cofactors. Per exemple, la
conjugacio amb un grup glucuronid, que és la principal ruta de metabolisme de la Fase
I1, té lloc al fetge amb substrats naturals com sén la bilirubina i la tiroxina a través de
I’accio de UDP-glucuronosiltransferases sobre alcohols alifatics i fenols. A mode
d’exemple a la Figura 1.5 es mostren dos exemples dels processos de conjugacio
mitjancant la formacié de derivats glucuronid sense funcionalitzacié (morfina) i amb

funcionalitzacié (MDEA) dels precursors actius.

20



Introduccié

FASE 11
Conjugacio
OH
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Figura 1.5. Exemple del metabolisme de conjugacié de dues substancies bioactives. Superior:
morfina sense funcionalitzaci6; Inferior: MDEA amb funcionalitzacio.

Les reaccions metaboliques d’aquesta manera poden incloure transformacions

en la Fase I i/o la Fase II permeten 1’excrecio de les substancies precursores. A la
Taula 1.3 es resumeixen les principals reaccions metaboliques que poden patir

aquestes substancies bioactives.

Taula 1.3. Principals reaccions implicades en el metabolisme de les substancies bioactives. Adaptada
de (Wilkinson, 2001).

Fase Reaccio Tipus Exemples
I N-desalquilacio Oxidativa  Cafeina, Cocaina, Metamfetamina
| Hidroxilacio Alifatica  Oxidativa Heroina, Amfetamina
I N-oxidacio Oxidativa Nicotina
|  Desaminacio Oxidativa Metamfetamina, Amfetamina
| Hidrolisi Hidrolisi Cocaina, Opiacis
Il Glucuronidacié Conjugacié THC, Morfina, Amfetamines
Il Sulfonacio Conjugacio Amfetamina, MDMA, MDA
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Cal destacar que el coneixement del comportament metabolic de les drogues ajuda a
avaluar I’impacte que pot tenir el seu consum en el medi aquatic. De fet, a mes dels factors
que condicionen I’entrada d’aquests compostos en el medi, descrits a 1’apartat anterior, els
percentatges d’excrecié de la molecula original en condicionen en gran mesura la seva
quantitat i risc associat. El coneixement dels metabolismes també permet establir la
presencia d’altres substancies (metabolits generats o derivats) que mantenen propietats
bioactives i que, per tant, representen un risc real per a ’ecosistema aquatic. Cal tenir en
compte, pero, que les dades farmacocinetiques proporcionades tan sols reflecteixen valors
estadistics en condicions determinades. Existeixen diversos factors que poden condicionar
la transformacié de les substancies bioactives, com poden ser efectes combinats que
n’inhibeixin o n’augmentin els percentatges d’excrecid, o bé la combinacié amb altres
substancies que en poden alterar el metabolisme i els productes de transformacid, com pot

ser per exemple la preséncia d’etanol a I’organisme pel consum d’alcohol.

1.2.1. Drogues d’abus estudiades

L’estudi dut a terme en aquesta memoria s’ha dirigit especialment als compostos que
exhibeixen propietats estimuladores sobre el sistema nervios central. S’han inclos a més,
alguns compostos al-lucinogens aixi com la cafeina i la nicotina, que tot i ser substancies
classificades com a no controlades o legals, son considerades, com ja s’ha comentat,
substancies psicoactives d’ablis amb efectes estimulants. Ateés que en alguns casos, I’estudi
s’ha estés a la resta de drogues il-licites, incloent les que presenten propietats depressores
(cannabinoides i opiacis), en aquest apartat es descriuen tant les propietats farmacologiques,
fisico-quimiques i metabolisme especific de les drogues d’abus estimuladores aixi com una
breu descripcio de les depressores (Taula 1.4). Aquestes dades poden ajudar a predir el
comportament, persisténcia, degradacio i eliminacio en el medi ambient i en els diferents
tractaments associats al cicle de I’aigua aixi com els possibles efectes associats tant sobre

I’ecosistema com sobre els propis éssers humans.

Les drogues psicoactives estudiades (Taula 1.4) es caracteritzen en general per presentar
estructures senzilles amb pesos moleculars baixos (aproximadament entre 200 i 300) que
els permeten mimetitzar el funcionament dels neurotransmissors. Tenen diferents grups
funcionals amb propietats fisico-quimiques diferenciades i son en general, compostos polars
amb valors de pK, elevats i K,, al voltant de 2, excepte per algunes substancies,
especialment les depressores algunes de les quals presenten propietats acides, com per
exemple els cannabinoides, i caracteristiques apolars (Ko ~5-8).

22



Introduccié

S6CZ 8. €€  €/€-0S asi uabouron|-|v
ol'C¢ €017 L0Z 8-18-T08¢Z8 -0-°HO-0- =% tHO-*HO="Y V3adiN Ty
827 (66 €6T 6-0T-¢vSey -O-‘HO-O- =Y *HO=TY VNN _/__I
¥9T L6 6.T v-LI-¥9.¥ -O-*HDO-O- =°d H="d VAN e S1Vv
10C 66 6vT Z-97-LES H="Y tHO="Y ulwelRjwels N oy
9/'T TOT GET 6-29-00€ H=2 H="d BUIWE)BJLUY Nm
99z 88 I€ 8625 °HO-HO=Y EHO="Y 911198200
0> €% 682 G60-6TG H=2 H='d  eu1uoB2s|10zusgioN °
0> - 68C G60-615 H=2 EHO="Y euluoBos|I0ZUSg 0 Iy $91Ue200
¢L'T v'6 68¢ T-¢L-LT.8T EHO=Y H="d BUIEJ0JI0ON Nm\o
067 98 €0€  Z-98-0§ EHO=Y EHO=" BUIRI0D °
Moy 607 eyd MIN "WN SYO 010e21J11USP| WON ©InNNs3

‘IpaWl |3 U sanBoJp ap ]011U0D 8gOS S|jegall sjap sunbfe us
$3S0]oUI S810Ssa.dap S| ap | BLIOWSW eIsanbe us sepeipniss saiopejnwinsa snge,p sanBoip sjediouid sa) ap sanbiwinb-02isyy swelsidold T elNeL

23



Capitol 1

Y 0
0> - 08T 9-6G5-TT9 H="d eunuexeled N \A
z\fz| Sape|0J3u0) ON
0> ¥0T 61 ¢-80-8S *HO="Y eulsjed Fz/ o]
0T0 v 9.1 9-95-98% o=y eulunog
RS N = Sape|0J3u0) ON
0T ¢8 291 G-TT-¥S H="d BUII0JIN _ Xy
0Ty €L 9€g€  L-8E-lEV |1uelus4 @/ uabouton|- v
N
mIU/\FO
10
«l€ GL [LEC T-88-0v.9 eUIWeISY @H@ usboulon|-|v
NH
o~ 0
06T L8 ¢gv¢ T0-0T-LL dod y uabouron|-|v
Moy 6071 exMd MIN "WN SVD o13eslnuap| WON einjoniisy

24



Introduccié

0>/28 6¢C 19 - H=E49n[9D =2y EHO="Y PIUQININ|D-E-BUILON
690 ¢'6 G8¢ <20-ST-L9v BUJBPOJION
H=t4 ®HO =%y *HO="Y
6TT ¢8 66¢ €159/ eUIspoD
H=t4 ®HO =% *HO="Y
—£
H="d sioeldo
0> ¢6 T.LZ [-16-99F% eUIJIOWION
H="4 H="d H=%Y
680 68 G8C  ¢-12-lS H=24 HO="Y BUIJION
LT 96 [2€ 8-€/.¥8/C ®HOOD =¥y H=%Y°®HO="d BUIJI0W]1180V/-9
85T 9/ 69¢ €.2T9G *HO00="524 *HO="d euloJoH
€86 L'€ G'0EE 8-G0-LGG9€ HO-‘HO ="d HO-OH1-6V
1S9 TV SVve ¥-90-¥S€9S HOO02="Y HOOQ-OH1-6V seplouiqeuue)
9. 90T GV¥IE €-80-2/6T *HO =Td OHL-6V
Moy o exd MIN WIN SVYD 010edl41uspP| WON ©nonIs3y

25



/6T TOT 8. [-16-99% daa3

O sap1o1do
/Z
€6C V68 608  £-66-0L euopeON  / O

i o)

S

=1

S Moy 6o eyd MIN "WN SYO 010ed141UBP| WON ©injonalsy

26




Introduccié

A- COCAINA

La cocaina és una droga d’origen natural provinent de la planta o arbust de la coca,
del genere Erythroxylon (United Nations, 1961). Creix entre els 500 i els 2000 metres
d’alcada a les muntanyes dels Andes, Méxic, Indonesia i la ndia occidental. Les seves
fulles, que poden ser recollides durant uns vint anys, presenten forma el-liptica d’un
color entre groc i verd amb dues linies paral-leles caracteristiques al voltant del nervi
central de la fulla i contenen aproximadament un 2% en pes de cocaina. Es pot consumir
en forma d’hidroclorur de cocaina, inhalat (20-100 mg/dosi) o injectat, o bé en forma de
cocaina lliure (crack), habitualment inhalada (Goldstein i cols., 2009).

La cocaina potencia 1’activitat dels neurotransmissors noradrenalina i dopamina, tot
inhibint-ne la seva reabsorcid, actuant aixi directament sobre el mecanisme de
recompensa meso limbica. També inhibeix la reabsorci6 de la serotonina, contrarestant
d’aquesta manera 1’acci6 de la dopamina. L’efecte del seu consum ¢€s similar al de les
amfetamines i actua directament com un potent estimulador del sistema nervids central
(SNC) tot i que els simptomes sén de menor durada (15-30 minuts) (Bogusz, 2008).

Una vegada consumida, la cocaina és rapidament metabolitzada en el fetge, generalment
per hidrolisi enzimatica, per donar majoritariament benzoilecgonina (BE) i ecgonina metil
ester (Figura 1.6), compostos que s’excreten a través de 1’orina, sang o plasma. En orina, la
benzoilecgonina (BE) i I’ecgonina metil ester representen respectivament, el 45% i el 40%
de la dosi total consumida (Baselt, 2004). La cocaina inalterada és excretada per la orina en
percentatges que van de 1°1 al 9%, i es detectable en aquesta fins passades 24-36 hores de
I’administracio (Goldstein i cols., 2009) (Taula 1.5). La norcocaina es genera per
desmetilacié de I’amina terciaria de la cocaina en el fetge i representa al voltant d’un 5% de
la dosi consumida. Aquest metabolit és I’inic que presenta una activitat similar a la de la
cocaina (Li i cols., 1995), mentre que la resta de metabolits generats per desmetilacié de la
cocaina aixi com la norbenzoilecgonina, a partir de la benzoilecgonina, ho fan en quantitats
residuals i no presenten activitats destacables.

El cocaetile, és una substancia que es genera en consumir cocaina juntament amb
begudes alcoholiques mitjancant una transesterificacio catalitzada per una esterasa
(Goldstein i cols., 2009) i és excretada en percentatges inferiors al 1%. El cocaetilé
presenta una activitat menor que la de la cocaina pero manteé propietats neurotoxiques i
cardiotoxiques (Baselt, 2004).
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Figura 1.6. Metabolisme de la cocaina. Adaptat de (Lizasoain i cols., 2002).

En funci6 del tipus d’introduccio de la cocaina en el cos huma, inhalada, fumada o
injectada, tant el seu metabolisme com el temps d’excreci6 i les proporcions de
metabolits pot diferir, encara que en tots els casos, els productes finals majoritaris sén
els recollits a la Taula 1.5 (National Institute on Drug Abuse (NIDA), 2010).

Pel que fa a les seves propietats fisico-quimiques i estructura, la cocaina
(benzoilmetilecgonina) és un tropa que conte tres parts diferenciades: un grup ester, un
grup benzoil i un bicicle alifatic nitrogenat que uneix els dos anteriors. Té un caracter
basic (pKa:8.6) degut al substituent amino i és lleugerament lipofil (log Kow: 2.3).
Presenta quatre centres quirals amb quatre parells d’estereoisomers, dels quals només un

el (1R,2R,3S,5S)-(-)-cocaina, es troba de manera natural.
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Taula 1.5. Metabolits majoritaris de les drogues d’abus estudiades. Adaptat de (Baselt, 2004, Melis i cols., 2011).

Compost Metabolit E:)</<c:)r. (hf)lés) Administracio ([:r? ;
Cocaina Inalterat 1-9% 1-15 Inhalada, injectada, 90-100
fumada
Benzoilecgonina 45% 6
Ecgonina metil ester 40% 25-60
Cocaetilé 1-10% 1.7
Norcocaina Traces -
Norbenzoilecgonina 1-3% -
Amfetamina  Inalterat 7349)}0 7-34 Ingerida 10-30
Metamfetamina Inalterat 43% 24 :Qggl?g;bl?iﬁ;%daa’ 10-30
Amfetamina 4-1% 24
p-Hidroximetamfetamina 1-15% -
MDMA Inalterat 72% 24 Ingerida P
ﬁi(rj?g;oi)r(r:eltlamfetamina 23% -
?r;gtg)nl]fgtl;mina 20% -
MDA Inalterat - - Ingerida 50-250
MDEA Inalterat 19 32 Ingerida 50-250
MDA 28% 32
HMEA 32% 32
LSD Inalterat 1% 4 Ingerida 20-80
Hidroxi-LSD 2-25% -
2-0X0-LSD 2% -
Nor-LSD 1% -
PCP Inalterat 5% 18 Ingerida 5-10
gi;i?iltljilrllis)lciclohexanol S% i
Ketamina Inalterat 5% 6 Ingerida, injectada 1
Norketamina 2% -
Cafeina Inalterada 7-68% 4 Ingerida 100
Paraxantina 84%
Teobromina 12%
Nicotina Inalterada 20% 1-2 Fumada, Ingerida 2
Cotinina 3105%
Trans-hidroxicotinina 44%

29



Capitol 1

B- ESTIMULANTS TIPUS AMFETAMINIC (ATSs)

Els compostos definits com estimulants de tipus amfetaminic (ATSs) son compostos
estructuralment molt similars, les principals diferencies dels quals rauen fonamentalment
en la seva capacitat per modificar I’estat del consumidor produint 0 no al-lucinacions, aixi
com en la velocitat, duraci6 i intensitat de la seva acci6. En aquest grup s’inclouen les
substancies del “grup-amfetaminic” constituit per I’amfetamina i la metamfetamina i les
del “grup de I’éxtasi”. Entre aquestes substancies es troben la MDMA (3,4-
metilenedioximetamfetamina), el seu homoleg, la MDA (3,4-metilenedioxiamfetamina), i
la MDEA (3,4-metilenedioxi-N-etilamfetamina).

L’amfetamina es comercialitza habitualment com una pols blanca que es creu que
va ser comercialitzada per primera vegada 1’any 1880 pel quimic alemany Leuckart,
mentre que el derivat metilat de 1’amfetamina, la metamfetamina, no va ser
sintetitzada fins a principis del segle XX. Ambdues substancies actuen biologicament
estimulant el sistema nervids central, per I’augment de la concentracié de dopamina
en inhibir la seva reabsorcié mitjancant el bloqueig del seu corresponent transportador
(Jaber i cols.,, 1997). Simultaniament produeixen també un increment en
I’alliberament de noradrenalina i serotonina. La metamfetamina actua de manera
similar a I’amfetamina, tot i que s’ha suggerit que els seus mecanismes neuro-quimics
d’acci6 tenen lloc en diferents arees del cervell (Shoblock i cols., 2003). El seu
consum provoca hipertensié i taquicardia perd augmenta els sentiments de confianca,
sociabilitat i energia. La metamfetamina, a més, es capa¢ de potenciar les tasques
cognitives aixi com els reflexos del consumidor i pot ser usada en casos molt concrets

amb finalitats mediques per tal de tractar trastorns de deficit d’atenci6 o obesitat.

L’amfetamina es consumeix habitualment en forma oral i és metabolitzada mitjancant
desaminacié oxidativa donant lloc a una hidroxilacié de 1’anell aromatic. Tot i aixi,
presenta percentatges de transformacié relativament baixos i s’excreta en orina en
percentatges que van del 30 al 76% de la dosi consumida (Baselt, 2004). Cal tenir en
compte, a més, que I’amfetamina pot ser obtinguda com a metabolit d’altres substancies
entre elles la metamfetamina (Taula 1.5). Aquesta substancia, la metamfetamina, es
consumeix fumada, inhalada, ingerida, o injectada. En ser consumida es metabolitzada
rapidament en el fetge mitjancant una hidroxilaci6 aromatica, N-desmetilacio i

desaminacio. Aproximadament un 43% de la dosi consumida es excretada inalterada i un
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4-7% d’aquesta pot ser eliminat com amfetamina per 1’orina (Baselt, 2004), encara que
també es poden generar altres metabolits conjugats amb 1’acid glucurdonid i1 productes

hidroxilats com I’hidroxiamfetamina (Taula 1.5).

El “grup de I’éxtasi” inclou els derivats de la metamfetamina amb substitucié en
I’anell aromatic (MDMA) i els de I’amfetamina (MDA 1 MDEA), considerades com a
drogues recreatives il-licites tant als Estats Units com a Europa. L’MDMA és una
substancia sintética, que va ser desenvolupada per primera vegada I’any 1912 per la
companyia Merck com a droga psiquiatrica, i és coneguda habitualment com éxtasi.
La seva sintesi té lloc a partir del safrol, un fenilpropé present en els olis essencials
extrets de les arrels dels arbres sassafras. L’¢xtasi actua sobre el sistema nervios
central estimulant I’alliberament i activitat de la serotonina, la dopamina i la
norepinefrina i n’evita la seva reabsorcio (Liechti i Vollenweider, 2001). Comparat
amb la metamfetamina, 'MDMA allibera quantitats més elevades de serotonina, la
qual regula els canvis d’humor, la son, i el dolor, entre d’altres, i augmenta la sensacio
d’alerta. L’MDA i I’MDEA per la seva part, actuen de la mateixa manera que 1’éxtasi,

produint efectes similars encara que amb intensitats i duracié diferents.

Totes aquestes substancies es metabolitzen en el fetge mitjancant el citocrom 450,
bé a través una O-desmetilacié donant lloc a compostos hidroxilats i posterior
metilacié i/o glucuronidacié i/o sulfatacié dels grups hidroxil generats o bé, a través
d’una N-desalquilacié, desaminacio i oxidacié de la cadena lateral produint N-
dealquil o deamino metabolits (Maurer, 2005) (Taula 1.5). Per exemple la ruta
metabolica principal de 'MDMA (Figura 1.7) inclou una O-desmetilacio per generar
la 3,4-dihidroximetamfetamina (20%) la qual a la seva vegada és O-metilada donant
lloc a la 4-hidroxi-3-metoximetamfetamina (23%) reaccié controlada per una
metiltransferasa. L’MDMA en menor mesura tambe pot ser N-desmetilada per donar
MDA la qual déna lloc a la 4-hidroxi-3-metoxiamfetamina mitjancant una O-
metilacio. El mateix mecanisme també s’ha descrit per altres metilendioxi derivats de

I’amfetamina com per exemple ’MDEA (Pizarro i cols., 2004).
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MDMA 3,4-hidroximetamfetamina 3,4-oxometamfetamina
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Figura 1.7. Ruta metabolica de ’MDMA o éextasi. Adaptat de (Pizarro i cols., 2004).

En general, ’MDMA es metabolitzada en un 80% pel fetge, excretant-se un 20%
inalterat en la orina, aquest percentatge es similar (19%) per ’'MDEA i disminueix fins

al’1% en el cas de ’MDA.

Pel que fa a les estructures dels ATSs, tant ’amfetamina com la metamfetamina son
similars a la dopamina i la noradrenalina. S6n substancies basiques (pKa: 10) que poden
existir com a bases lliures o reaccionar amb acids per donar lloc a les corresponents sals
solubles, com per exemple I’hidroclorur d’amfetamina. S6n molécules quirals que
poden presentar-se en forma de dos enantiomers (S- i R-) (Anderson i cols., 1978). En
el cas de ’amfetamina, I’enantiomer S- és de tres a quatre vegades més actiu que I’R-
(Ferris i Tang, 1979) i el mateix succeeix pel seu derivat, 1’isomer S- de la
metilamfetamina. Les estructures de 'MDMA, MDEA 1 MDA, so6n similars a la
metamfetamina, amb un grup dioxola enllagat a I’anell aromatic i diferents substituents
en la cadena alquilica. S6n compostos essencialment basics (pKa: 10) que, de la
mateixa manera que les amfetamines, poden trobar-se com a bases lliures o en forma de
sals. Aquestes substancies sén també molecules quirals amb un estereo-centre en la seva
cadena alquilica que déna lloc a la comercialitzacié de la mescla racémica composada

pels seus enantiomers R- i S- (Anderson i cols., 1978).
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C- AL-LUCINOGENS

Els al-lucinogenes inclouen, entre d’altres, I’LSD, la fenciclidina (PCP), les
amfetamines al-lucinogenes i d’altres triptamines. Molts d’aquests compostos es poden
trobar en plantes i bolets (0 en els seus extractes) i han estat usats des de fa segles,
fonamentalment en rituals religiosos. La majoria d’ells contenen substituents
nitrogenats i es classifiguen com a alcaloides. Tenen estructures similars a les dels
neurotransmissors naturals (aceticolina-, serotonina- o catecolamina-). Els al-lucinogens
provoquen alteracions en els estats de consciencia amb efectes sobre les percepcions
auditives o visuals. A diferéncia dels psicoactius estimuladors aquestes substancies no
nomes amplifiquen els estats mentals habituals sind que indueixen experiéncies

diferents d’aquelles propies dels estats de consciencia normals (Baselt, 2004).

La dietilamida de I’acid lisérgic o LSD és una droga semi-sintética derivada de
I’acid lisergic, que es troba en el Claviceps purpurea, un bolet que creix en el ségol i
altres cereals. Va ser sintetitzada per primera vegada 1’any 1938 per Albert Hoffman
als laboratoris Sandoz i durant la década dels cinquanta va ésser usada per investigar
malalties mentals 1 €s encara, en 1’actualitat una de les drogues més potents
conegudes, tot i que el seu consum recreatiu es va concentrar principalment entre els
anys seixanta 1 vuitanta del segle passat. L’LSD té caracteristiques de solid cristal-li
sense color, gust ni olor, és soluble en aigua i alcohol i es comercialitza habitualment
en forma de dosis acolorides amb motius geomeétrics, abstractes o de personatges
animats. El mecanisme d’acci6 de I’LSD encara no es coneix exactament tot i que es
postula que interacciona amb el mecanisme de la serotonina, enllagant-se i activant un
dels seus receptors, provocant distorsions perceptives (Winter, 2009). Els efectes
associats al seu consum inclouen canvis en les percepcions sensorials, alteracions
visuals, visions de formes geométriques o flashos de colors intensos, entre d’altres.
L’LSD, com les ATSs, es metabolitza extensivament en el fetge a través de
desmetilacions, donant lloc als seus derivats hidroxilats, desmetilats i posteriorment
mitjancant metilacions i oxidacions generant compostos més oxidats (Taula 1.5).Totes
aquestes substancies s’excreten majoritariament per la orina, romanent tan sols un 1%

de la dosi inicial com a LSD inalterat. Estructuralment, I’LSD ¢és un alcaloide
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policiclic poliinsaturat amb un grup dietilamida enllacat a un dels anells aromatics i
dos estereo-centres. La inversio de qualsevol estéreo-centre en alguna posicié que no

sigui R,R- elimina la seva activitat al-lucinogena (Brimblecombe i Pinder, 1975).

La fenciclidina o PCP és una droga sintética, derivada de I’arilciclohexilamina i
format per un anell aromatic, un ciclohexa i una piperidina, que s’inclou en del grup
de les substancies al-lucinogenes. Va ser sintetitzada per primera vegada ’any 1926 i
va ser utilitzada a partir dels anys cinquanta com a anestesic per a humans i animals.
Es una pols blanca cristal-lina soluble en aigua i alcohol i com a droga d’us recreatiu
es comercialitza en forma d’una amplia varietat de pastilles, capsules o pols
acolorides. ElI PCP actua sobre el sistema nervids central bloquejant el funcionament
dels receptors del neurotransmissor glutamat que juga un paper important en la
percepci6é del dolor, la memoria i les emocions. També actua com antagonista del
receptor del metil-aspartat (NDMA) (de la mateixa manera que la ketamina) i intervé
en el mecanisme de la dopamina, provocant estats d’euforia, ansietat i agitacid entre
d’altres. El metabolisme del PCP t¢ lloc al fetge a través de successives hidroxilacions
de I’anell heterociclic per donar lloc a obertures de cadena i compostos amb menor
grau de ciclacid 1 tan sols s’excreta a través de 1’orina com a especie inalterada al

voltant d’un 5% de la dosi inicial (Taula 1.5).

La ketamina un altre dels compostos inclosos en el grup dels al-lucinogens, és una
droga sintetica que va ser desenvolupada el 1963 per tal de substituir al PCP. Aquesta
substancia pot ser utilitzada com a anestésic veterinari pero per al seu consum il-legal
s’utilitza una pols blanca provinent del liquid injectable evaporat. La ketamina actua
de la mateixa manera que el PCP, com a antagonista no competitiu del receptor del
metil-aspartat, inhibint-ne la seva absorcid, reduint la sensacio de dolor i provocant
estats de falsa consciencia i alteracio de les percepcions semblants a les associades al
consum de LSD (Dotson i cols., 1995). El seu metabolisme té lloc al fetge a través de
successius processos de desmetilacié (Taula 1.5). La ketamina és un derivat de la
ciclohexanona amb un substituent amino que li confereix propietats lleugerament

basiques (pKa: 7.5), amb un estereo-centre que contribueix a que els preparats
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d’aquesta substancia siguin mescles racémiques, tot i que 1’enantiomer S- és el més

actiu a nivell farmacologic (Dotson i cols., 1995).

Un dels compostos inclosos en el grup de substancies psicoactives en 1’estudi dut a
terme en aquesta tesi és el fentanil. Aquest compost, tot i ser un analgesic narcotic
administrat en medicina humana i veterinaria, és usat també com a additiu de la cocaina i
combinat amb aquesta, potencia els seus efectes estimuladors del sistema nervids central
(Broadbear i cols., 2004). Com a substancia recreativa es comercialitza en forma d’una
pols lleugera groga o en papers impregnats i, més enlla de tenir efectes analgesics, el
fentanil administrat en solitari produeix estats alternats de depressio i euforia, mentre que
combinat amb la cocaina aquest estat euforic es multiplica unes cent vegades. El fentanil
és metabolitzat extensivament al fetge per donar lloc als seus derivats desmetilats.
Estructuralment és un derivat de la piperidina que pot ser comercialitzat com a diferents

derivats amb mdltiples substituents metilats en diferents posicions.

D- CAFFEINA I NICOTINA

En aquest estudi també es van incloure la cafeina i la nicotina dues substancies
psicoactives que, com ja s’ha comentat, tot i no ser controlades o il-legals, també poden
ser considerades com a substancies d’abus amb caracteristiques psicoactives. La cafeina,
un alcaloide heterociclic derivat de la metilxantina amb propietats basiques (pKa: 10) i
molt hidrofila, és la droga psicoactiva més consumida arreu del mon. Es troba de forma
natural en llavors, fulles i fruits de diverses plantes, on actua com a pesticida, antifngic i
antibiotic natural. La cafeina és un estimulant del sistema nervids central que actua com
antagonista bloquejant els receptors d’adenosina, inhibint [’alliberament dels
neurotransmissors i augmentant 1’activitat de la norefedrina i 1’angiotensina (Finnegan,
2003). La cafeina es metabolitza en el fetge (Figura 1.8) donant lloc al seu principal
metabolit, la paraxantina, que pateix successives desmetilacions fins arribar a estructures
més senzilles de 1’acid tric metilat. Tot i aixi, el seu derivat principal és la paraxantina,

que es excretada amb un percentatge del 20% (Taula 1.5).
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Figura 1.8. Ruta metabdlica de la cafeina (Buerge i cols., 2003).

La nicotina una altra de les substancies psicoactives legals més consumides i additives
existents, s’extreu de les fulles de la planta de tabac, Nicotana tabacum, on actua com a
herbicida natural. Actua directament sobre el sistema nervios central per mitja dels
receptors d’acetilcolina, i1 estimula 1’alliberament de multiples neurotransmissors i
hormones com la dopamina, I’epinefrina, la norefedrina o la vasopressina entre d’altres,
donant lloc a un increment de I’estat d’alerta, concentracié i memoria, aixi com a una
significativa reduccié de I’ansietat. La nicotina es metabolitza en el fetge per mitja del
citocrom P450 donant lloc al seu principal metabolit la cotinina (15-30%) i d’altres com
el trans-hidroxicotinina (44%), els glucuronid de la nicotina (3-5%) i de la cotinina (1%),

el N-oOxid de nicotina (2-5%), la nornicotina i d’altres formes d’oxidades. Estructuralment
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és un alcaloide biciclic amb un anell piridinic i una pirrolidina, amb propietats
lleugerament basiques (pKa:8.5) i hidrofiles gracies a la seva base nitrogenada. La
presencia d’un estereocentre permet I’existéncia de dues formes enantiomériques, tot i

que la forma S- és la Unica present a la natura.

E- SUBSTANCIES DEPRESSORES

Cannabinoids. El cannabis és una droga d’origen natural que s’extreu de la planta
del Cannabis, en la qual es troben més de 60 substancies que pertanyen al grup dels
cannabinoides. El 9-tetrahidrocannabinoid (THC) és el component amb major activitat
psicotropica al-lucinogena de tots ells. EI THC es consumeix principalment en forma
oral o fumat. Una vegada consumit, el THC es metabolitza rapidament al fetge (Figura
1.9) via oxidaci6 del grup metil (C11) donant lloc al 11-hidroxi-THC (THC-OH), que
presenta activitat farmacologica, al 11-nor-9-carboxi-9-tetrahidrocanabinol (THC-
COOH) i a d’altres especies minoritaries (Watanabe i cols., 1991, Baselt, 2004,
Yamada i cols., 2005) (Taula 1.5).

11-Hidroxi-9-THC 11-nor-9-carboxi-THC

|

—_— Conjugacié

8-Hidroxi-9-THC 8,11-dihidroxi-9-THC

Figura 1.9. Ruta metabolica del THC. Adaptat de (Watanabe i cols., 1991).
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Opioides. Els opioides son totes aquelles substancies, naturals, sintétiques o semi-
sintétiques, que s’uneixen als receptors d’opioides dels sistema nervios central.
D’aquest grup en formen part els opiacis, alcaloides naturals que provenen
originariament de 1’opi, obtingut a partir de 1’extracte de la rosella, Papaver
somnniferum, i utilitzat des de I’antiguitat per les seves propietats com a pal-liatiu de
dolor i d’altres dolences, aixi com per la seva capacitat d’induir estats d’euforia. L’opi
conté més de 20 alcaloides actius, entre els quals cal esmentar la morfina, que
presenta una major activitat que la resta, i la codeina. L heroina, sintetitzada a partir
de la morfina, també s’engloba dins d‘aquest grup com a opiaci semi-sintétic, i és
actualment una de els drogues d’abus més perilloses que existeixen atesa la seva
elevada capacitat d’addiccio. La metadona també considerada un opioide és una

substancia d’origen totalment sintétic.

Actualment els opioides es poden emprar terapeuticament per tal de tractar el dolor
en malalties com el cancer, en tractaments postoperatoris, com a analgésics o
antitussius, com per exemple la codeina, o bé com la metadona en tractaments de
desintoxicacié d’altres opioides. Aquestes substancies actuen enllagant-se directament
en els receptors dels opioides, i s6n metabolitzats extensivament en el fetge a traves
del citocrom CYP450 durant la fase | del metabolisme i per les
glucuronosultransferases (UGT) durant la fase Il (Figura 1.10). En general, aquesta
segona fase constitueix la principal ruta metabolica, per exemple per la morfina a
traves de la glucuronidacié dels grups 3- i 6-hidroxi, reaccio que també té lloc amb
I’heroina prévia hidrolisi dels grups 3- i 6-acetoxi. El principal metabolit generat
d’aquesta manera és la morfina-3-glucuronid (M-3G), que no presenta una activitat
destacable, mentre que el 6-glucuronid presenta una activitat superior a la del seu

precursor (Yamada i cols., 2005) (Taula 1.5).
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Codeina Glucuronid Codeina Morfina-6-Glucuronid

Figura 1.10. Ruta metabdlica dels opiacis. Adaptat de (Yamada i cols., 2005).

Pel que fa a la metadona és metabolitzada integrament en el fetge pel citocrom
CYP3A4 mitjangant N-demetilacions i ciclacions, que donen lloc al seu metabolit
inactiu principal el 2-etilé-1,5-dimetil-3,3-difenipirrolidina (EDDP) (13%), i a d’altres
metabolits minoritaris com I’EMDP (2-etile-5-metil-3,3-difenipirrolidina) o el
metadol (Ferrari i cols., 2004).
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1.3.  RESUM HISTORIC DE LA PRESENCIA DE LES DROGUES D’ABUS EN
EL MEDI AQUATIC

Tot i que en el Capitol 3 (apartat 3.1.1. i 3.1.2.) de la present memoria s’inclou una
analisi extensa de la preseéncia de les drogues d’abls en el medi aquatic, en aquest
apartat es resumeix breument la historia dels inicis dels estudis relacionats amb la
preséncia d’aquestes substancies en el medi ambient i es comenten els treballs més

significatius fins a la data.

La primera publicacid en la que s’identifiquen les drogues il-licites com a possibles
contaminants persistents (Daughton, 2001) és un estudi realitzat per I’FBI, a
conseqiiencia d’una publicacid en un diari on es suggeria que la cocaina es podia
trobar en monedes 1 bitllets en circulacidé. A partir d’aquest treball, Daughton va
llengar per primera vegada 1’any 2001 la hipotesi que les drogues il.licites excretades
en la orina podien tenir una incidencia directa en el medi ambient i que la seva
concentracio podria usar-se per de calcular-ne el seu consum real (Daughton, 2001).
Aquesta hipotesi va obrir la porta a I’estudi d’un nou grup de contaminants del medi
aquatic, i anys després es va demostrar completament encertada. No va ser pero fins
I’any 2004 que es va publicar el primer treball demostrant la preséncia d’una droga
d’abus, I’amfetamina, en aigiies residuals tractades d’Estats Units (Jones-Lepp i cols.,
2004). Un any despres, Zuccato i cols (Zuccato i cols., 2005), van demostrar la
presencia de cocaina en aigues superficials i residuals no tractades, i van realitzar per
primera vegada una aproximacidé al consum d’aquesta substancia a partir de les
concentracions reals mesurades. L’any 2006, el mateix grup de recerca va ampliar
I’estudi a d’altres drogues il.licites com els ATSs, el THC i els opioides, (Castiglioni i
cols., 2006) en aigues residuals, mentre que pocs mesos despreés es publicava el primer
treball que fa referéncia a la preséncia de drogues d’abus en aigiies residuals catalanes i
espanyoles i que s’inclou a 1’apartat 2.2.1. d’aquesta tesi on es mesuren drogues il-licites
simultaniament amb la cafeina i la nicotina, que anys després s’han emprat com a
marcadors poblacionals per als calculs de consum. Aquell mateix any es va publicar el
primer treball que demostra la preséncia de drogues il.licites en fangs de depuradora i en
biosolids (metamfetamina) (Jones-Lepp i Stevens, 2007). L’any seglent, el 2008, es va

dur a terme el primer estudi sobre les variacions setmanals en
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les concentracions de les drogues d’abus, aixi com la primera avaluaci6 del consum de
cocaina i MDMA a Catalunya i Espanya, a partir de les concentracions mesurades en
aigues residuals treball inclos a 1’apartat 3.2.1 d’aquesta tesi. Aquell mateix any es va
utilitzar per primera vegada el terme “sewage epidemiology” per part de Zuccato i
cols. (Zuccato 2008b), i es va publicar el primer estudi sobre la presencia de drogues
d’abus al llarg del tractament de potabilitzacio aixi com la seva presencia en aigles
finals de beguda també inclés en aquesta memoria (apartat 3.2.2.). En aquest mateix
treball es va realizar el primer estudi estacional en aigiies superficials al llarg d’un
any. Aquests tipus d’estudis van ser realitzats també un any després en aigiies
residuals de la ciutat de Florencia (Italia) (Mari i cols., 2009). L’any 2010 es crea la
primera xarxa europea, “Sewage Analysis Core Group” (SCORE) per tal
d’estandaritzar i coordinar els estudis internacionals sobre drogues d’abus en aigiies
residuals, mentre que I’any segiient es publica el primer treball a nivell mundial sobre
la preséncia de drogues d’abus en aigiies d’aixeta incloent Europa, América i Japd
(Boleda i cols., 2011a). Aquell mateix any, Baker i cols. van proposar emprar la
nicotina i la cafeina (Baker i Kasprzyk-Hordern, 2011a) com a biomarcadors d’aigiies
residuals, emprats per a dur a terme aproximacions de consum. L’any 2012 es va
publicar el primer treball a nivell europeu, fruit de la xarxa SCORE, avaluant i
comparant el consum de drogues il.licites a partir de les aigues residuals de 19 ciutats
europees (Thomas i cols., 2012). Aquest mateix any apareix també el primer treball
avaluant la formacié de subproductes de desinfeccido de drogues d’abus (ATSs) i la
seva presencia en aigiies potables tractades (apartat 4.2.2. d’aquesta tesi). Recentment,
aquest any 2015, s’ha realitzat un estudi exhaustiu sobre biomarcadors d’aigiies
residuals (Senta i cols., 2015) on s’estableix per primera vegada un metode
d’homogeneitzacié dels calculs de consum a partir de 1’s de la cotinina, metabolit de

la nicotina, com a biomarcador poblacionals.
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1.4. TOXICITAT I ECOTOXICITAT DE LES DROGUES D’ABUS

Els efectes associats a un consum puntual o cronic de drogues d’abus ja s’ha resumit
anteriorment a la Taula 1.2, on es posen de manifest les maltiples implicacions fisiques i
psicologiques associades al consum d’aquestes substancies. De fet, els efectes tOxics
d’aquestes substancies sobre els éssers humans estan perfectament documentats, i
existeixen maultiples treballs i informes que alerten dels efectes nocius que un consum
puntual o habitual pot provocar (World Health Organization, 2006, Observatorio espafiol
de la droga y las toxicomanias.Ministerio de Sanidad, 2013, United Nations-Office on
Drug and Crime, 2014). Aquests efectes poden ser lleugers, com per exemple, una
reduccié de les capacitats cognitives, com confusié o al-lucinacions, efectes neurologics
com convulsions o insomni, efectes psicologics com depressio, euforia, desinhibicié o
somnolencia, i efectes fisics com taquicardies, aritmies o modificacid en la tensio arterial
entre d’altres. Ara bé, també poden ser severs com edemes pulmonars, insuficiéncies
cardiaques, vessaments cerebrals i, fins i tot, en alguns casos, estats de coma i mort. A
més, els efectes d’una exposicié cronica poden acabar desencadenant disminucions
importants 1 permanents en les zones de l’aprenentatge 1 la memoria, inestabilitat
emocional, disfuncions en les accions coordinades pel sistema nervids central,
disfuncions renals i vasculars, efectes en el sistema endocri i, en els casos de substancies

que es fumen o inhalen, tumors a la traquea (World Health Organization, 2006).

Pel que fa referéncia a la toxicitat de les drogues d’abtis pel I’ecosistema, ateses les
conegudes propietats psicoactives d’aquestes substancies i la toxicitat associada als éssers
humans, resulta evident que els seus efectes sobre el medi ambient no haurien d’ésser
negligibles, ja que, a més, moltes d’aquestes substancies son productes naturals (cocaina,
THC, nicotina, cafeina) o sintétics que emulen als extrets de plantes i arbustos (MDMA),
que els organismes que les produeixen utilitzen com a mitja de proteccid natural (Campos
i cols., 2006). Per exemple, la cocaina actua com a insecticida natural tot interferint en el
mecanisme de captacio de dopamina, el THC, la nicotina i la cafeina protegeixen les
plantes dels herbivors 1 d’altres patogens, 1 el safrol (del que es deriva el MDMA) ha
demostrat ser toxic en contacte amb alguns dels seus depredadors. En referéncia als
estudis realitzats sobre l’eco-toxicitat d’aquestes substancies, el nombre de treballs
disponibles és molt meés reduit que en el cas de la toxicitat humana (un resum es pot

trobar a (Rosi-Marshall i cols., 2015)). Entre els estudis de toxicitat associada als
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organismes aquatics cal esmentar els que posen de manifest un cert efecte de la cocaina i
dels seus metabolits encara que a concentracions relativament elevades (del pg/L als
mg/L), sobre diferents especies aquatiques, com el peix Zebra o organismes bivalves com
la Dreissena polimorfa. Per exemple, els estudis d’exposicid a la cocaina del peix zebra
demostren que a una concentracio de 5mg/L, es produeixen disfuncions en el seu
comportament (Darland, 2001). Aquests mateixos autors van estudiar les dosis letals
d’altres substancies, com la morfina o la codeina, aixi com els efectes del THC sobre els
embrions del peix zebra, pels quals dosis superiors als 2 mg/L resulten mortals. Pel que fa
referéncia als metabolits de la cocaina, Parolini i cols. van avaluar els efectes de la
benzoilecgonina i de 1’ester de la metilecgonina sobre la Dreissena polimorfa (Parolini i
Binelli, 2013, Parolini i cols., 2013a) i van posar de manifest que concentracions de 0.15
a 0.5 pg/L d’aquestes substancies produeixen estrés oxidatiu cel-lular. També s’han
publicat alguns estudis relatius als efectes de les drogues d’abus sobre 1’ecosistema
aquatic (Rosi-Marshall i cols., 2015). Per exemple, els estimulants de tipus amfetaminic
tenen potencial per interactuar amb els ecosistemes aquatics ates que la presencia
d’amines a I’estructura pot inhibir la fotosintesi i la fixacié del nitrogen en 1’alga Clorella

i en coseqlencia el seu creixement.

Pel que fa a la nicotina i la cafeina existeixen diversos treballs que fan referéncia a la
seva toxicitat aquatica (resumits a (Brausch i cols., 2012, Novotny i Slaughter, 2014). Per
exemple, un estudi en peix zebra tractat amb nicotina (100 mg/L) va mostrar limitacions
en la seva motricitat aixi com restriccions en el creixement i desenvolupament les larves i
en les seves esperances de vida (Levin i cols., 2007). Pel que fa a la cafeina, dosis
elevades al voltant de 600 mg/L son letals per algunes especies d’invertebrats estudiats
(Moore i cols., 2015). Tot i aixi, els estudi realitzats en aquest camp posen de manifest
gue a les concentracions ambientals detectades actualment, la presencia de cafeina no

semblen tenir associats efectes importants (Stuart i cols., 2012).

Com s’acaba de comentar les concentracions a les quals s’han dut a terme la major part
dels estudis de toxicitat es troben, en general, molt per sobre de les concentracions
ambientals, la qual cosa posa de manifest 1’interés de realitzar aproximacions teoriques a
partir de les concentracions reals detectades en les aigues superficials. En aquesta linia
s’han avaluat les predicted environmental concentrations (PECs) i les predicted no-effect

concentrations (PNECs) d’algunes drogues d’abus seleccionades (cocaina, ATSs, THC i
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morfina) i s’ha realitzat una aproximacio teorica estructural per predir els efectes a llarg
termini, a partir de la identificacid de receptors especifics i sensibles a les drogues d’abus
(Domingo i cols., 2011). Els resultats indiquen que no existeix toxicitat per als
organismes aquatics (PNEC) a les concentracions reals mesurades. Tot i aixi, els resultats
de I’analisi estructural posen de manifest que els organismes aquatics vertebrats presenten
un nombre elevat de receptors de drogues d’abus similars als presents en els essers
humans, tot suggerint que aquestes substancies podrien interferir en processos com

comportament, transport ionic, homeostasis i estres oxidatiu.

Sembla evident doncs, que els treballs actualment publicats que fan referéncia a I’eco-
toxicitat associada a les drogues d’abtis en el medi aquatic son insuficients per avaluar els
possibles efectes a curt i, especialment, a llarg termini. Les aproximacions incipients
realitzades a partir de les concentracions reals mesurades en aigies superficials posen de
manifest que, si bé no és d’esperar un risc ambiental associat, els efectes a llarg termini
que poden tenir les modificacions de comportament i reproductives que indueixen
aquestes substancies sobre algunes especies, aixi com les consequencies associades a la

proliferacio d’especies vegetals, son encara desconegudes.
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Meétodes d’analisi

2.1. INTRODUCCIO

Aquest capitol es centra en I’estudi dels métodes d’analisi de les drogues d’abus en
matrius ambientals. L’objectiu consisteix en desenvolupar un métode multi-residu, versatil i
rapid que permeti la determinacié de tots els compostos seleccionats a uns nivells de

quantificacio suficientment baixos per permetre la seva deteccio en aquestes matrius.

La primera part del capitol conté un estudi bibliografic dels métodes publicats a la
literatura per a la determinacio de drogues d’abus en matrius ambientals, els quals
mostren 1'us generalitzat de técniques de separacid cromatografiques acoblades a

I’espectrometria de masses amb previa preconcentracio.

2.1.1. Meétodes de tractament de mostra

En I’analisi de mostres ambientals, i en concret d’aigiies, cal tenir en compte que a la
complexitat inherent a la propia matriu se li sumen les baixes concentracions a les que es
troben els compostos a analitzar. Aquest fet és especialment important per a les drogues
d’abus, ja que és d’esperar obtenir concentracions extremadament baixes, en molts casos
al voltant dels limits de detecci6 (LODs). En aquests casos, el procediment de tractament
de mostra s’ha d’escollir de manera que permeti assolir aquests baixos nivells i a més,
eliminar la major part de les interferencies de la matriu. A la Taula 2.1. es recullen els

metodes d’extraccid o concentracio publicats a la literatura per a les drogues d’abus.

Aguest tractament consisteix en una etapa inicial de filtracio, imprescindible en el
cas de mostres especialment complexes com poden ser les aigies residuals, per tal
d’eliminar les particules solides que poden dificultar la posterior etapa de
preconcentraci6. Habitualment es poden usar filtres de vidre de microfibra (1.6 um),
membranes de nilé (0.45 pm) o de nitrocel-lulosa (0.45um), o fins i tot la
centrifugacio, per tal de separar els solids en suspensid. Pel que fa a ’etapa de
preconcentracio, 1’extraccio en fase solida (SPE) és la técnica escollida habitualment
per determinar la presencia de les drogues d’abus en tot tipus de matrius ambientals

aquoses (Vazquez-Roig i cols., 2013).
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Els volums de mostra emprats varien en funcio de les caracteristiques de la matriu
d’estudi, de manera que per aigiies superficials o potables s’empren habitualment volums
de 500 mL a 1 L, mentre que per aigues residuals els volums recomanables son inferiors,
donada la complexitat de la mostra. Pel que fa referéncia als sorbents més emprats, els
copolimers de polidivinil-benze/N-vinilpirrolidina (Oasis HLB) i d’altres sorbents
polimérics, com els Strata-X o els PRLPs, son els usats més frequentment per a
I’extraccio de drogues d’abuis en matrius ambientals aquoses. En general, aquests sorbents
solen ser els més versatils a I’hora d’extreure simultaniament compostos amb diferent
polaritat, acidesa o basicitat, amb recuperacions adequades per a la majoria de compostos
estudiats, com es pot comprovar a la Taula 2.1. Una excepcid son els cannabinoids, per
als quals, donada la seva polaritat (Kow~5.5-7.5), s’obtenen recuperacions per sota del
40% en molts casos (Postigo i cols., 2008, Zuccato i cols., 2008a, Vazquez-Roig i cols.,
2010). Tot i aixi, s’han proposat métodes que permeten obtenir bones recuperacions per a
aquests compostos usant sorbents polimerics i emprant solvents d’extraccié menys polars
que el metanol, com per exemple I’acetat d’etil o ’acetona (Hummel i cols., 2006, Bones

i cols., 2007a, Gonzalez-Marifio i cols., 2010).

Un altre grup de sorbents ampliament usat per a I’extraccié de drogues d’abus son els
d’intercanvi cationic tipus Oasis MCX o Strata-XC, que permeten obtenir bones
recuperacions per als compostos polars amb caracteristiques basiques, com per exemple
les amfetamines, alguns cocainics i els opiacis, ja que eliminen de la matriu els
compostos neutres i acids. Ara bé, aquests tipus de sorbents necessiten d’una etapa
previa d’acidificacid, que si bé permet millorar en alguns casos I’estabilitat d’alguns
compostos durant I’emmagatzematge (Baker i Kasprzyk-Hordern, 2011b), resulta
menys efica¢ per a I’extraccioé dels compostos més polars, com poden ser els derivats
cannabinoids (Pedrouzo i cols., 2011), assolint en aquests casos recuperacions baixes,
per sota del 60%. Alguns autors proposen emprar polimers molecularment impresos
(MIPs), especialment per a 1’analisi de derivats amfetaminics(Gonzalez-Marifio i cols.,
2010, Seidi i cols., 2011). Els MIPS permeten realitzar extraccions altament selectives i
amb una reduccio important dels efectes matriu. Tot i aixi, la dificultat de realitzar
analisis multi-residu i de disposar de polimers per a tots els compostos en estudi, els
majors temps d’analisi necessaris i la capacitat més baixa comparada, per exemple, amb

la dels cartutxos Oasis, fa que habitualment no s’utilitzin.
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Amb I’objectiu de disposar de metodes totalment automatitzats, alguns autors
proposen realitzar I’extraccié de les drogues d’abus en sistemes en linia (on-line)
(Postigo i cols., 2008, Fontanals i cols., 2011, Fontanals i cols., 2013, Ostman i cols.,
2014, Heuett i cols., 2015). Aquest tipus d’extraccio en fase solida permet minimitzar el
temps d’analisi, aixi com la manipulacié i els volums de mostra, fets que contribueixen
a I’obtencio de millors reproductibilitats i precisions. Ara bé, el fet de tractar-se d’una
técnica que no permet re-analitzar 1’extracte, presentar en alguns casos majors
interferéncies de matriu donada la menor flexibilitat en 1’us dels solvents de neteja i
elucio, i I’eixamplament dels pics cromatografics obtinguts, son alguns dels principals

inconvenients de la técnica.

Pel que fa referéncia a la presa de mostra, en 1’analisi de drogues d’abus s’empren
habitualment mostres puntuals o bé compostes de 24 hores. Una tercera aproximacio
consisteix en 1’4s de mostrejadors passius que permeten millorar la conservacio i estabilitat
de la mostra alhora que obtenir un mostreig integrat. En concret, per a les drogues d’abus,
els dispositius habitualment emprats son els mostrejadors passius integrats per a compostos
organics (Polar Organic Chemical Integrative Samplers, POCIS), els quals permeten
mostrejar compostos organics dissolts en aigua amb constants log Ko, inferiors a tres. Els
POCIS utilitzen els mateixos sorbents que els usats per a 1’extraccid en fase solida, inserits
en una membrana microporosa que permet la penetracié dels compostos organics més
hidrofobics (Alvarez i cols., 2008). Aquests dispositius es situen a la zona de pressa de
mostra en contacte amb 1’aigua, es mostreja durant periodes relativament llargs de temps 1,
a continuaci6, s’extreuen amb els mateixos dissolvents que en 1’extraccid en fase solida. Per
a les drogues d’abus, els métodes emprats habitualment es basen en 1’s de sorbents Oasis
HLB 1 extraccions amb metanol pur, mentre que els temps d’exposicid varien entre 7 dies i
un mes (Taula 2.1.). La necessitat de disposar de les constants de velocitat de cada compost
d’interés (factor de retencid) per tal de calcular-ne la concentracié final representa el
principal inconvenient d’aquesta tecnica. Tot 1 aixi, actualment existeixen treballs on s’han
determinat aquestes constants per a més de 15 drogues d’abus que inclouen cocainics, ATSs
I opioides (Yargeau i cols., 2014). Un altre inconvenient addicional es deu a les
caracteristiques de la matriu d’estudi. Per exemple, aigilies residuals amb una elevada
carrega de materia organica i particulada han conduit, en alguns casos, a una infra-estimacio

de les concentracions reals de drogues d’abus en aquestes matrius (Rodayan i cols., 2015).
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Per altim, cal esmentar que darrerament la quimica verda i els métodes que
minimitzen 1’is de solvents estan prenent importancia, i aixo es reflecteix en
I’aparicié de multiples métodes d’analisi de drogues d’abus que apliquen els
principis de la quimica verda. Per una part, el desenvolupament de meétodes de
microextraccid en fase solida (SPME), especialment per a 1’analisi de compostos de
tipus amfetaminic (Gonzalez-Marifio i cols., 2009, Djozan i cols., 2011, Racamonde
I cols., 2012), permet obtenir en la majoria dels casos recuperacions superiors al
80% (Racamonde i cols., 2012) sense emprar solvents organics. Per altra banda,
alguns autors proposen la injeccié directa de grans volums (LVI) en equips
d’elevades prestacions, en termes de sensibilitat i robustesa i prescindir de
I’extraccié en fase solida, per reduir el temps d’analisi total i els dissolvents usats.
Chiaia i cols. (Chiaia i cols., 2008) en una de les primeres aplicacions d’aquesta
tecnica per a I’analisi de drogues il licites analitzen diferents drogues il-licites del
grup dels amfetaminics, cocainics i d’altres estimulants en menys de 35 minuts
injectant 1.8 mL d’aigua directament en el cromatograf de liquids. Des d’aleshores
s’han publicat altres treballs emprant aquest tipus d’injecci6 per a 1’analisi de
drogues d’abts en aigiies residuals on les concentracions son suficientment elevades,
obtenint en tots casos importants reduccions en els temps d’analisi totals,
especialment quan es combina amb técniques de cromatografia rapida (Bisceglia i
cols., 2010, Berset i cols., 2010b, Boix i cols., 2015).
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2.1.2. Cromatografia de liquids acoblada a I’espectrometria de masses

Les baixes concentracions a les que habitualment es troben els diferents
contaminants emergents en el medi ambient, i en concret les drogues d’abus i els seus
metabolits, juntament amb la complexitat i composicié desconeguda de les matrius
d’estudi, requereixen de s de teécniques d’analisi especifiques, selectives 1 amb
elevades sensibilitats. Tot i que existeixen alguns treballs que utilitzen la cromatografia
de gasos acoblada a 1’espectrometria de masses per a I’analisi de drogues d’abts (Mari i
cols., 2009, Gonzalez-Marifio i cols., 2009, Djozan i cols., 2011, Racamonde i cols.,
2012), la técnica escollida més habitualment és la cromatografia de liquids acoblada a

I’espectrometria de masses en tandem (LC-MS/MS) (Vazquez-Roig i cols., 2013).

Atés que el nombre de substancies potencialment presents a les mostres a analitzar és
molt elevat, hi ha una tendéncia generalitzada en desenvolupar métodes multi-residu
que permetin la determinacié simultania de maultiples compostos en una Unica
adquisicio6 i d’aquesta manera aconseguir una reduccié important tant en el temps com
en els costos d’analisis. En aquesta linia, i per tal de reduir significativament els temps
d’analisi, en els darrers anys, i especialment en el moment d’iniciar I’estudi de les
drogues d’abus en matrius ambientals que s’ha dut a terme en aquesta tesi, es va produir
una important evolucié en la cromatografia de liquids que es coneix com a
“cromatografia de liquids d’ultra elevada eficacia” (UHPLC), i que es basa en 1’ts de
columnes cromatografiques amb rebliments de particules poroses de diametre inferior
als 2 um, que treballen a pressions elevades en equips especialment dissenyats per a
suportar-les. L’is d’aquests rebliments de petit diametre permet un augment del nombre
de plats teorics i, per tant, una millora en ’eficacia de la separacio cromatografica. Aixo
es tradueix en pics cromatografics més estrets, amb millors sensibilitats i capacitats de
pic 1, indirectament, en menors efectes de matriu. L’UHPLC ha estat des dels seus inicis
emprada en els estudis de presencia de les drogues d’abls en matrius ambientals, tal 1
com es pot observar en les dades de la Taula 2.2. Més recentment, 1’aparicio de
rebliments que permeten menors caigudes de pressio, tot utilitzant particules amb un
nucli solid i una superficie porosa (fused-core), ha permés emprar columnes d’alta
eficacia en equips de cromatografia convencional per a I’analisi de les drogues d’abus

(Pedrouzo i cols., 2011, Fontanals i cols., 2011, Borova i cols., 2014).
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Les fases estacionaries habitualment emprades per a 1’analisi de drogues d’abus
en matrius ambientals (Taula 2.2.) son de fase invertida, normalment d’octadecilsila,
ja que generalment resulten les més adequades per a la seva separacid. Aquestes
columnes permeten normalment la separacié dels compostos de diferents families de
drogues d’abus en métodes multi-residu. Ara bé, alguns autors proposen emprar
cromatografia d’interaccid hidrofilica (HILIC), per analitzar drogues d’abls en
matrius aquoses (Gheorghe i cols., 2008, van Nuijs i cols., 2009c, Fontanals i cols.,
2011). Aquesta tecnica, que utilitza columnes amb fases estacionaries polars (p.e.:
silice) com en la cromatografia de fase normal i fases mobils hidrofobiques (amb un
elevat percentatge de solvent organic) com en la cromatografia de fase invertida,
permet millorar la retenci6 dels analits més polars, com per exemple el metabolit de
la cocaina ecgonina metil ester, que no es reté bé en cromatografia de fase invertida
(Gheorghe i cols., 2008). D’altres fases estacionaries emprades en 1’estudi de les
drogues d’abus son, per exemple, les fases enllagades pentafluorofenil (PFP) (Irvine
i cols., 2011, Borova i cols., 2014), les quals permeten obtenir elevades selectivitats
per a aquells compostos que estableixen interaccions m-m amb la fase estacionaria
com les amfetamines i els opioides. Per exemple, per als compostos amb substituents
amino, com les ATSs, s’obtenen pics més simetriques 1 millors sensibilitats que en
columnes de fase invertida d’octasila 0 d’octadecilsila gracies precisament a

aquestes interaccions (Borova i cols., 2014).

Per ultim, es poden emprar també columnes quirals per tal d’establir els perfils
enantiomerics de les drogues d’abus, els quals permeten determinar, entre d’altres
aspectes, si la droga detectada prové del seu consum directe, és un metabolit d’alguna
altra o bé prové d’una introduccio directa en el medi (Evans i Kasprzyk-Hordern, 2014).
Fins avui dia, I’estudi enantioméric s’ha centrat fonamentalment en la familia dels
compostos amfetaminics (Kasprzyk-Hordern i cols., 2010, Barreiro i cols., 2010,
Bagnall i cols., 2012, Huang i cols., 2012, Emke i cols., 2014) tot i que, atesa la
quiralitat d’altres drogues d’abts, aquests estudis es podrien estendre a d’altres drogues

sintétiques com per exemple el LSD.

Un aspecte que influeix en la separacio cromatografica és la temperatura de treball,
tot 1 que no ¢és un parametre que s’estudii habitualment. Per exemple, la majoria de les
separacions dels treballs inclosos a la Taula 2.2. es duen a terme a temperatura ambient.

No obstant, la temperatura de la separacié és molt important en UHPLC, ja que un
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augment de temperatura es tradueix en una disminucio de la viscositat de la fase mobil i
un augment en la difusi6 de l’analit, que condueixen a una reduccidé dels temps
d’analisi, sense perdues destacables d’eficacia ni augments importants en la pressié de
la columna (Edge i cols., 2006). Per tant, i pel que fa a la cromatografia d’ultra elevada
eficacia (UPLC), la combinacié d’ambdues aproximacions, temperatura i mida de
particula, pot permetre obtenir separacions ultra rapides gracies a I’augment de cabdal, a
pressions acceptables i sense perdues importants en la resolucié. A més, treballar a
temperatura elevada pot permetre disminuir els efectes d’escalfament per friccio
produits en columnes de particules de <2 pm, aproximar-se a les condicions
adiabatiques de treball i minimitzar aquest efecte que produeix un eixamplament de
banda (McCalley, 2011).

Pel que fa referéncia a la composicio de les fases mobils, la major part dels métodes
de separacid proposats a la literatura per a la determinacié de drogues d’abus utilitzen
una fase binaria consistent en acetonitril o0 metanol i aigua (Taula 2.2.). L’addicio de
modificadors organics tambeé resulta habitual en els metodes publicats a la literatura.
L’ts d’acid acetic (Rodayan i cols., 2014) o més habitualment, d’acid formic a diferents
percentatges (0.01-0.5%), permet obtenir un increment de les respostes dels compostos
adquirits en mode positiu en ESI-MS, donat que en promou una major ionitzacié alhora
que en millora les formes de pic. Pel que fa a la fase aquosa ¢és habitual 1’ts de tampons
d’acid acétic/acetat d’amoni (1-5mM) o d’acid formic/formiat d’amoni a diferents
concentracions (1-50mM). L’Gs d’aquests tampons permet incrementar les interaccions
dels compostos, especialment basics, amb les columnes de fase invertida amb els grups
silanols no-ionitzats, i per tant millorar les formes de pic i les eficiéncies de la
separacio. Les concentracions d’aquests tampons varien notablement entre els diferents
treballs publicats. En general, un increment de la forca ionica permet millorar els factors
de retencio, tot i que, valors extremadament elevats poden conduir a problemes de

solubilitat i reduccio de la sensibilitat en 1’espectrometre de masses (McCalley, 2003).
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Pel que fa a I’acoblament de la cromatografia de liquids a 1’espectrometria de
masses, la técnica d’ionitzacié habitualment utilitzada és I’electrosprai (ESI) (Taula
2.2.). En general, les drogues d’abus es ionitzen millor en mode positiu, tot i que els
compostos de la familia dels cannabinoides presenten millors respostes en mode
negatiu (Castiglioni i cols., 2006, Postigo i cols., 2008, Hogenbooma i cols., 2008,
Irvine i cols., 2011, Vazquez-Roig i cols., 2013). El principal inconvenient d’aquest
tipus d’ionitzacid son els efectes matrius associats que poden donar lloc a supressié o
augment del senyal. En general, per a les drogues d’abus s’ha observat que la resposta
disminueix notablement a mida que la complexitat de matriu augmenta (Postigo i
cols., 2008, Baker i Kasprzyk-Hordern, 2011b). Per aquest motiu, a més d’una bona
optimitzaci6 del procés d’extraccid en fase solida, és imprescindible 1’Gs de patrons
marcats isotopicament que permet tenir en compte aquests efectes i realitzar una

quantificacié acurada.

En referéncia als analitzadors, els de triple quadrupol son els més ampliament usats.
Normalment es treballa en tandem (MS/MS) en mode MRM, fet que permet obtenir
bons resultats en termes de sensibilitat i robustesa als nivells de traces als que es troben
les drogues d’abls en les matrius ambientals. La possibilitat de seleccionar dues
transicions per compost permet obtenir una adequada selectivitat i a més acomplir els
criteris de confirmaci6é recomanats per a identificar els compostos en espectrometria de
masses. La Directiva 96/23/EC (European Commission, 1996) i la 2009/90/CE
(European Commission, 2009) estableixen el nombre de punts d’identificacid necessaris
en funcié de la técnica i el nombre de transicions seleccionades. Per a la cromatografia
acoblada a la espectrometria de masses es requereixen com a minim un i6 precursor i

dos 1ons producte, que donen quatre punts d’identificacio.

En els darrers anys s’ha comengat a emprar I’espectrometria de masses d’elevada
resoluci6 (HRMS) per a I’estudi de la preséncia de drogues d’abis en matrius
ambientals (veure Taula 2.2.). Aquestes tecniques permeten identificar compostos que
poden estar presents en la mostra i que son ignorats en 1’adquisicié6 en mode MRM,
alhora que permeten ampliar el ventall de compostos a analitzar en un Gnic metode
multi-residu (Hernandez i cols., 2014). Els instruments d’alta resolucié que s’utilitzen
son majoritariament els de temps de vol (TOFs) que permeten obtenir informacio en

mode d’escombratge (Full Scan) amb elevada resolucié i exactitud en la massa, sense
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necessitat de disposar de patrons de referencia per a cada un dels compostos
identificats. Per a 1’analisi de drogues d’abus, alguns autors (Taula 2.2.) utilitzen
Orbitraps, instruments de resolucio superior als TOFs, acoblats a un quadrupol (TSQ-
Orbitrap) que permeten treballar en tandem en alta resolucio per als ions producte.
Donades les seves elevades prestacions, aquests instruments permeten obtenir no tan
sols informacid qualitativa sind també quantitativa i amb unes sensibilitats de 1’ordre
de les obtingudes utilitzant analitzadors de triple quadrupol, tal i com demostren
Bijlsma 1 cols. en un treball on s’analitzen 24 drogues d’abus en aigiies residuals,
(Bijlsma i cols., 2013b). A més, en aquest estudi s’identifiquen dos metabolits de la

ketamina a partir de I’analisi retrospectiu de 1’espectre de MS.

L’acoblament de la HRMS a ’'UHPLC representa una técnica potent per a 1’estudi
de les drogues d’abtis que sens dubte s’utilitzara amb profusid en els propers anys. Per
una part, els analitzadors TOF més recents assoleixen velocitats rapides
d’escombratge (10-100 scans/s), suficients per a 1’adquisicié dels pics cromatografics
estrets obtinguts en les separacions d’'UHPLC, sense comprometre ni I’exactitud de
massa ni la sensibilitat. Per altra part, la obtencio d’aquests pics estrets permet
simplificar i reduir els temps d’analisi emprats en treballar en mode MS", tot facilitant
la identificacio dels ions obtinguts en aplicar alta energia (HE) que coelueixen amb la

molecula protonada observada a baixa energia (LE).
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2.2. TREBALL EXPERIMENTAL

En aquest apartat s’inclou un treball en el que s’estableix un métode d’analisi per a la
determinaci6 simultania de quinze drogues d’abus pertanyents a les families dels
cocainics, amfetaminics i d’altres estimuladores en matrius ambientals. S’han optimitzat
les condicions cromatografiques (fases mobils, gradients i temperatura) en cromatografia
de liquids d’alta eficacia (UPLC) aixi com les condicions d’extraccié en fase solida
(sorbents, solvents, d’elucio i concentracid), a fi d’obtenir un metode d’analisi rapida i
amb elevada selectivitat i sensibilitat que permeti la determinacié de les drogues en estudi
a les baixes concentracions ambientals a les que es troben. El treball experimental
corresponent a aquest estudi es troba recollit en 1’Article Cientific 1 (apartat 2.2.1.)
intitulat “Ultraperformance liquid chromatography-tandem mass spectrometry analysis

of stimulatory drugs of abuse in wastewater and surface waters”.

Posteriorment el metode es va modificar per incloure a més de les quinze drogues de
I’apartat 2.2.1. les drogues d’abus depressores, pertanyents a les families dels
cannabinoids, opiacis 1 d’altres psicotropics. L’optimitzacid 1 validaciéo d’aquest metode
s’inclou com a treball experimental addicional a I’apartat 2.2.2. Aquest métode ¢€s
’utilitzat actualment al Laboratori d’Aigiies de Barcelona per a la determinaci6 de

drogues d’abus en aigiies.
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2.2.1 ARTICLE CIENTIFIC I

Ultraperformance liquid chromatography-tandem mass spectrometry analysis of
stimulatory drugs of abuse in wastewater and surface waters

Huerta-Fontela, M., Galceran, M. T., Ventura, F
Analytical Chemistry, 79 (2007) 3821-38298
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Anal. Chem. 2007, 79, 3821—3829

Ultraperformance Liquid Chromatography—Tandem
Mass Spectrometry Analysis of Stimulatory Drugs
of Abuse in Wastewater and Surface Waters

Maria Huerta-Fontela,'* Maria Teresa Galceran,* and Francesc Ventura*-t

AGBAR-Aiglies de Barcelona, Avinguda Diagonal 211, 08018 Barcelona, Spain, and Department of Analytical Chemistry,
University of Barcelona, Avinguda Diagonal 247, 08028 Barcelona, Spain

Ultraperformance liquid chromatography coupled to elec-
trospray tandem mass spectrometry was used for the
rapid and simultaneous analysis of 15 stimulatory drugs
in water. Cocaine, amphetamine-related compounds,
LSD, ketamine, PCP, fentanyl, and metabolites, among
the controlled drugs, and nicotine, caffeine, and their
metabolites, among the noncontrolled drugs, were stud-
ied. Chromatographic separation was achieved in less
than 4.5 min, with improved peak resolution and sensi-
tivity. Identification and quantification of the compounds
of interest was performed by selected reaction monitoring,
using an electrospray ionization source. Isotope dilution
(except for paraxanthine) was used for quantitation.
Quality parameters of the method were established, and
limits of quantification were obtained for controlled drugs
in surface waters from 0.1 to 3.1 ng/L and in wastewaters
from 0.2 to 4.0 ng/L. Run-to-run and day-to-day preci-
sions were evaluated in different water matrixes (Milli-Q
water, surface water, wastewater). To assess the presence
of these drugs in real water samples, the optimized
method was applied to the analysis of wastewater and
surface river water. The analysis of several samples from
wastewater treatment plants in northeast Spain revealed
the presence of drugs such as cocaine and amphetamine-
related compounds, in both influent and effluent samples.
Cocaine metabolite and MDMA (ecstasy) were also found
in surface waters while nicotine and caffeine were detected
in all the analyzed samples. The results obtained demon-
strate that the presence of these drugs in the aquatic
media must be considered a matter of environmental
concern.

The number of users of controlled drugs has suffered a major
increase in many countries.? Specifically, Spain has been classi-
fied, according to the “World Drug Report 2006” of the United
Nations,! as the highest ranked country for cocaine use and the

*To whom correspondence should be addressed. Tel.: +34 93 3423651.
Fax: +34 93 342 36 66. E-mail: fventura@agbar.es.
 AGBAR-Aigiies de Barcelona.
# University of Barcelona.
(1) United Nations Office of Drug and Crime, www.unodc.org/unodc/
world_drug_report.htmL, 2006, 2.
(2) U.S. Department of Health and Human Services, Food and Drug Administra-
tion, www.drugabuse.gov, 2006.

10.1021/ac062370x CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/17/2007

fourth in amphetamine and MDMA (ecstasy) consumption. Due
to such high drug consumption, the determination of these
compounds has become an important issue not only for forensic
sciences but also in environmental studies.> Recent studies
performed by Zuccato and Castiglioni et al.*> show the occurrence
of several drugs and their metabolites in Italian and Swiss
wastewater treatment plants (WWTPs) and river water. Currently,
the impact and incidence of most of these compounds in the
aquatic environment, as well as the effectiveness of the water
treatment processes in their elimination, are unknown.

The analysis of illicit drugs has been mainly addressed to the
clinical and forensic field. Separation techniques such as capillary
electrophoresis® and gas chromatography coupled to mass spec-
trometry (MS)7~? have been used for multianalyte determinations
in different biological matrixes such as plasma, blood, urine, oral
fluid, or hair. Liquid chromatography (LC) coupled to mass
spectrometry (MS and MS/MS)?-1 is currently the technique of
choice for the screening of controlled drugs in different matrixes.

Recently, new LC strategies have been developed with the aim
of reducing analysis time and increasing separation efficiency,
sensitivity, and resolution. Ultraperformance liquid chromatogra-
phy (UPLC)819 makes it possible to obtain a gain in efficiency

(3) Jones-Lepp, T. L,; Alvarez, D. A., Petty, J. D.; Huckins, J. N. Arch. Environ.
Contam. Toxicol. 2004, 47, 427—39.

(4) Zuccato, E.; Chiabrando, C.; Castiglioni, S.; Calamari, D.; Bagnati, R.;
Schiarea, S.; Fanelli, R. Environ. Health 2005, 4, 1-7.

(5) Castiglioni, S.; Zuccato, E.; Crisci, E.; Chiabrando, C.; Fanelli, R.; Bagnati,
R. Anal. Chem. 2006, 78, 8421—29.

(6) Himmelsbach, M.; Klampfl, C. W.; Buchberger, W. J. Sep. Sci. 2005, 28,
1735—41.

(7) Ternes, T. A. Trends Anal. Chem. 2001, 20, 419—34.

(8) Strano-Rossi, S.; Molainoni, F.; Rossi, F.; Botre, F. Rapid Commun. Mass
Spectrom. 2005, 19, 1529—35.

(9) Kraemer, T.; Maures, H. H. J. Chromatogr., B 1998, 713, 163—87.

(10) Maurer, H. H. Clin. Biochem. 2005, 38, 310—8.

(11) Rivier, L. Anal. Chim. Acta 2003, 492, 69—82.

(12) Bogusz, M. J. J. Chromatogr., B 2000, 748, 3—19.

(13) Wood, M.; Laloup, M.; Samyn, N.; Fernandez, M. M.; Bruijn, E. A.; Maes,
R.; De Boeck, G. J. Chromatogr., A 2006, 1130, 3—15.

(14) Wood, M.; Laloup, M.; Ramirez Fernandez, M. M.; Jenkins, K. M.; Young,
M. S.; Ramaekers, J. G.; De Boeck, G.; Samyn, N. Forensic Sci. Int. 2005,
150, 227-38.

(15) Johansen, S. S.; Jensen, J. L. J. Chromatogr., B 2005, 825, 21—8.

(16) Maralikova, B.; Weinmann, W. J. Chromatogr., B 2004, 811, 21-30.

(17) Van Bocxlaer, J. F.; Clauwert, K. M.; Lambert, W. E.; Deforce, D. L.; Van
den Eeckhout, E. G.; De Leenheer, A. P. Mass Spectrom. Rev. 2000, 19,
165—214.

(18) Churchwell, M. I; Twaddle, N. C.; Meeker, L. R.; Doerge, D. R. J.
Chromatogr., B 2006, 825, 34—134.
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and an increase in sensitivity and in peak capacity per unit time,
affording the high pressure required to pump the mobile phase
through the small-diameter package (<2 um). To couple UPLC
to MS, rapid data acquisition analyzers are needed in order to
obtain enough data points (10—15) across the narrow peaks of
the UPLC chromatogram.

Articles on the application of UPLC to the analysis of pesti-
cides, 22! pharmaceuticals, 2> and drugs of abuse¥26-2 have been
published. In relation to drugs of abuse, the work of Lurie should
be mentioned,* since this author developed an LC method using
columns with narrow-diameter particle (1.7 yum) and UV detection
for the separation of 24 drugs, including analysis of several
anabolic steroids, stimulants, and depressants in less than 14 min.
Other authors have described the applicability of UPLC coupled
to mass spectrometry (UPLC—MS) for the analysis of some
controlled drugs. For instance, amphetamine-related compounds,
in biological samples, have been analyzed by UPLC—MS/MS
using a triple quadrupole instrument®-%2 while a linear ion trap
analyzer has been used for the determination of some drug
metabolites.?

Several studies reveal the presence and persistence of a wide
range of therapeutic and veterinary drugs in the aquatic
environment.3¥=36 In contrast, very few studies deal with the
analysis of controlled drugs.’=° This paper describes our develop-
ment of a sensitive and rapid method for the simultaneous UPLC—
MS/MS analysis of caffeine, nicotine, cocaine, amphetamine-
related compounds, and other synthetic controlled drugs, and their
metabolites, in wastewaters and surface waters. In addition, the
established method was applied to the estimation of the occur-
rence of these substances in water samples from Catalonia
(northeast Spain).

EXPERIMENTAL SECTION

Chemicals and Materials. The compounds studied were
nicotine, cotinine, caffeine, paraxanthine, 1-phenylpropan-2-amine
(amphetamine), N-methyl-1-phenylpropan-2-amine (methamphet-

(19) Wilson, I. D.; Plumb, R. S.; Granger, J. H.; Major, H.; Williams, R.; Lenz, E.
M. J. Chromatogr., B 2005, 817, 67—76.

(20) Leandro, C. C.; Hancock, P.; Fussell, R. J.; Keely, B. J. J. Chromatogr., A
2006, 1103, 94—101.

(21) Mezcua, M.; Aguera, A.; Lliberia, J. L.; Cortes, M. A.; Bago, Fernandez-
Alba, B. A. R. J. Chromatogr., A 2006, 1109, 222—7.

(22) Johnson, K. A.; Plumb, R. J. Pharm. Biomed. Anal. 2005, 39, 805—10.

(23) Petrovic, M.; Gros, M.; Barcelo, D. J. Chromatogr., A 2006, 1124, 68—81.

(24) Kaufmann, A.; Butcher, P. Rapid Commun. Mass Spectrom. 2005, 19, 3694—
700.

(25) Wren, S. A. C,; Tchelitcheff, P. J. Chromatogr., A 2006, 1119, 140—6.

(26) Castro-Perez, J.; Plumb, R.; Granger, ]J. H.; Beattie, 1; Joncour, K.; Wright,
A. Rapid Commun. Mass Spectrom. 2005, 19, 843—8.

(27) Wilson, 1. D.; Nicholson, J. K.; Castro-Perez, J.; Granger, J. H.; Johnson, K.
A.; Smith, B. W.; Plumb, R. S. J. Proteome Res. 2005, 4, 591—8.

(28) Mortishire-Smith, R. J.; O’Connor, D.; Castro-Perez, J. M.; Kirby, J. Rapid
Commun. Mass Spectrom. 2005, 19, 2659—70.

(29) Dear, G. J.; James, A. D.; Sarda, S. Rapid Commun. Mass Spectrom. 2006,
20, 1351—60.

(30) Lurie, I. S. J. Chromatogr., A 2006, 1100, 168—75.

(31) Apollonio, L. G.; Whittall, I. R.; Pianca, D. J.; Kyd, J. M.; Maher, W. A. Rapid
Commun. Mass Spectrom. 2006, 20, 2259—64.

(32) Apollonio, L. G.; Pianca, D. J.; Whittall, I. R.; Maher, W. A.; Kyd, J. M. J.
Chromatogr., B 2006, 836, 111—5.

(33) Zuehlke, S.; Duennbier, U.; Heberer, T. Anal. Chem. 2004, 76, 6548—54.

(34) Kiimmerer, K. Chemosphere 2001, 45, 957—69.

(35) Petrovic, M.; Barcelo, D. Anal. Bioanal. Chem. 2006, 385, 422—4.

(36) Clauwert, K. M.; Van Bocxlaer, J. F.; De Letter, E. A.; Van Calenbergh, S.;
Lambert, W. E.; De Leenheer, A. P. Clin. Chem. 2000, 46, 1968—77.
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amine or METH), 3,4-methylenedioxyamphetamine (MDA), 3,4-
methylenedioxymethamphetamine (MDMA), 3,4-methylenediox-
yethamphetamine (MDEA), cocaine, benzoylecgonine (BE), lysergic
acid diethylamide (LSD), ketamine, phencyclidine (PCP), and
fentanyl. Standard solutions of each of these compounds at a
concentration of 1 mg/mL in methanol were obtained from
Cerilliant (Austin, TX). Some features of the studied compounds
such as structure, origin, use, legal classification, monoisotopic
mass, and CAS number are given in Table 1. Working solutions
of the standards at a concentration of 0.6 mg/L in methanol were
prepared for tuning and stability studies. A mixed working solution
of these compounds at 10 mg/L in methanol was used for the
preparation of calibrators. Calibration standards were prepared
by serial dilution of the mixed working solution resulting in
individual concentrations from 40 to 6500 ng/L.

Deuterated standards (1 mg/mL in methanol), nicotine-d,,
cotinine-d;, amphetamine-ds, methamphetamine-dy, MDA-d;, MDMA-
ds, MDEA-ds, cocaine-ds, benzoylecgonine-ds, LSD-d;, ketamine-
ds, PCP-ds, and fentanyl-ds, were purchased from Cerilliant (Austin,
TX) and Cs-Caffeine isotope was purchased from Aldrich Chemi-
cal (St. Louis, MO). A mixed internal standard working solution
at 10 mg/L was prepared in methanol. All working solutions were
prepared twice a month and stored at —20 °C.

Analytical grade ammonium acetate, ammonium formate, and
formic acid were obtained from Sigma Chemical (St. Louis, MO).
HPLC grade methanol and acetonitrile were obtained from Aldrich
Chemical. Methanol purge-and-trap grade was obtained from
Riedel-de-Haén. Water was purified in an Elix-Milli-Q system
(Millipore Corp., Bedford, MA). Mobile phases were filtered
through a 0.22-um nylon filter (Whatman).

Sample Collection and Treatment. Samples were collected
in glass bottles, stored in the dark at less than 4 °C, and extracted
by solid-phase extraction (SPE) within 24 h.

The 24-h composite water samples were taken from influents
and effluents of 16 WWTPs in Catalonia (northeast Spain) from
April to September 2006. These plants received different amounts
of wastewater that came from small- to medium-size cities with
flow rates varying from 4 to 1000 m3/h. Surface water samples
from the Llobregat River (Spain) were collected at the intake of
a drinking water treatment plant as grab samples in September
2006. All samples were filtered through glass microfiber GF/A
filters (Whatman) prior to SPE extraction.

Solid-phase extraction was carried out on a Zymark Rapid
Trace SPE Workstation from Zymark (Hopkinton, MA) using
Oasis HLB SPE cartridges (6 mL, 200 mg, Waters Corp., Milford,
MA) packed with a divinylbenzene/N-vinylpyrrolidone copolymer
with hydrophilic and lipophilic properties. Prior to extraction,
isotopically labeled compounds were added to 100 mL of water
sample, resulting in a concentration of 1.5 ug/L for nicotine,
cotinine, and paraxanthine and 12.5 ng/L for the other com-
pounds. After successively rinsing the cartridges with 10 mL of
methanol and 10 mL of Milli-Q water, samples were percolated
through the cartridge at a flow rate of 10 mL/min. The SPE
cartridge was washed with 8 mL of a 5% methanol aqueous
solution and dried with nitrogen gas for 10 min. Analytes were
eluted from the cartridge using 6 mL of methanol, and the
methanolic extracts were stored at —20 °C for no more than 10
days. Stability of these extracts was tested in order to ensure no
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Table 1. Structure, Origin, Monoisotopic Mass, and CAS Number of the Selected Stimulatory Drugs

Compound Compound
Origin Origin
Structure Classification” Structure Classification”
Monoisotopic mass Monoisotopic mass
CAS Number CAS Number
o o
o Cocaine on Benzoylecgonine (BE)
HiC Alkaloid HeC Metabolite
o Controlled 0
303.1 289.1
o)\© 50-36-2 o)\© 519-09-5
NH, Amphet_amine NH Metharqphelamine (METH)
Synthetic (speed) SCHy Synthetic
Controlled Controlled
CHs 135.1 Chy 149.1
300-62-9 537-46-2
O™\ MDA O MDEA
o o Synthetic/Recreational GHs Synthetic
CHs Controlled A~ Controlled
179.1 HsC NH 0 207.1
HoN 4764-17-4 82801-81-8
/CH3 o MDMA (ecstasy) LSD
HN Synthetic Synthetic
> Controlled Controlled
G o 193.1 3234
3 42542-10-9 50-37-3
o} CH,
e Ketamine PCP
Synthetic Synthetic
Controlled Controlled
237.1 2432
N 6740-88-1 77-10-01
OY\
CH,
N Fentanyl Flunitrazepam
Synthetic Synthetic
N Controlled Controlled
336.2 313.1
\/\© 437-38-7 1622-62-4
Q CH, Caffeine o cHy Paraxanthine
Mo { Alkaloid hoo { Metabolite
b | /> Non-controlled N | >
. )\N 4 194.2 . )\N V4 180.2
| 58-08-2 | 611-59-6
CH, H
. N ..
N Nicotine = CH Cotinine
= ‘ <|3Hz Alkaloid | [ Metabolite
Non-controlled N N
N N 162.2 J 17622
54-11-5 486-56-6

* Classification according to DEA (Drug Enforcement Administration, USA) and the EMCDDA (European Monitoring Centre for Drugs and

Drug Addiction)

major analyte losses occurred. Prior to injection, the extract was
evaporated to dryness at 35 °C under a stream of nitrogen in a
TurboVap LV evaporator from Zymark. Samples were reconsti-
tuted in 500 uL of a 5% methanol aqueous solution. The final
extract was filtered through 0.2 um before injection.
Instrumentation and LC—MS Procedures. Chromato-
graphic separations were carried out on a Waters Acquity
ultraperformance liquid chromatograph system, equipped with a
quaternary pump system (Milford, MA) using an Acquity BEH
Cys column (100 mm x 2.1 mm i.d., 1.7-.um particle size) (Waters
Corp.). Separation was performed with a binary mobile phase at

a flow rate of 0.5 mL/min. The optimized separation conditions
were as follows: solvent (A) acetonitrile with 0.1% formic acid;
solvent (B) 30 mM formic acid/ammonium formate (pH 3.5). The
gradient elution was as follows: 0—0.1 min, 5% A; 0.1—3.0 min,
5—-30% A; 3.0—5.0 min, 30—80% A; 5.0—5.5 min return to initial
conditions; 5.5—6.5 min, equilibration of the column. The sample
volume injected was 5 uL.

The UPLC instrument was coupled to a Quattro Micro triple
quadrupole mass spectrometer (Micromass, Waters Corp.) with
an electrospray ionization source Z-spray working in positive
ionization mode. Acquisition was performed in selected reaction

Analytical Chemistry, Vol. 79, No. 10, May 15, 2007 3823
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Table 2. LC-MS/MS Parameters Established for the MRM Acquisition Mode (Quantitation (Confirmation))?

precursor ion

time (min) compound (m/z) [M + H]*
0—-1.25 nicotine 163
nicotine-dy 167
cotinine 177
cotinine-ds 180
1.25—-2.10 paraxanthine 181
caffeine 195
13Cs-caffeine 198
amphetamine 136
amphetamine-dg 144
MDA 180
MDA-ds 185
2.10—2.75 methamphetamine 150
methamphetamine-dy 159
MDMA 194
MDMA-ds 199
benzoylecgonine 290
benzoylecgonine-dg 298
MDEA 208
MDEA-ds 213
2.75—3.70 ketamine 238
ketamine-dy 242
cocaine 304
cocaine-ds 307
LSD 324
LSD-ds 327
3.70—4.50 PCP 244
PCP-ds 249
fentanyl 337
fentanyl-ds 342

@ CV, cone voltage; CE, collision energy.

quantitation confirmation
CV product CE product CE
(\%) ion (m/2) (\%) ion (m/z) \%)
20 130 17 117 23
25 134 20
30 80 31 98 27
35 80 25
30 124 20 96 30
30 138 20 110 25
35 140 20
15 119 8 91 10
15 127 10
20 163 12 105 20
20 110 12
15 91 14 119 12
15 125 12
20 163 12 105 31
20 165 12
25 169 16 150 20
25 171 20
15 163 12 133 18
15 163 12
25 125 18 220 16
25 129 16
25 182 17 104 25
25 185 20
25 223 25 208 30
30 226 25
10 85 17 159 7
15 161 15
25 188 22 105 26
25 105 20

monitoring (SRM) mode, and the protonated molecular ion of each
compound was chosen as the precursor ion. Source conditions
were fixed as follows: capillary voltage, 0.50 kV; lens voltage, 1.5
V; source temperature, 130 °C; desolvation temperature, 500 °C;
cone gas flow rate, 60 L/h; desolvation gas flow rate, 800 L/h.
High-purity nitrogen (>99.999%, Praxair) was used as desolvation
and nebulization gas, and argon (>99.999%, Praxair) was used as
collision gas. MS/MS parameters were optimized by direct
infusion at 10 #L/min of 0.3 mg/L individual standard solutions
in 50% methanol aqueous solution. Cone energy voltages, SRM
transitions, and collision energy voltages were established for each
analyte, and the values are displayed in Table 2. Data acquisition
was carried out using different retention time windows (Table 2);
dwell times of 50 ms and an interscan delay time of 30 ms were
used. All data were acquired and processed using MassLynx 4.0
software.

RESULTS AND DISCUSSION
UPLC—-MS/MS Method Optimization. Column temperature

was investigated in order to improve sensitivity and to reduce
analysis time by injecting individual standard solutions at
100 ug/L. Temperatures from 30 to 50 °C were studied and that
of 40 °C was selected as optimum temperature since sharper peaks
with higher peak heights were obtained. To study the chromato-
graphic separation, a mixed standard solution of the stimulatory
drugs at a concentration of 0.2 mg/L was used. As suggested by
Gergov et al.,>” a mobile phase of acetonitrile (A) and ammonium
acetate buffer solution (10 mM, pH 4.0) (B) was initially selected.

3824 Analytical Chemistry, Vol. 79, No. 10, May 15, 2007

72

The initial gradient profile was chosen as follows: 0—3.0 min,
5-30% A; 3.0—5.0 min, 30—80% A; 5.0—5.5 min return to initial
conditions; 5.5—6.5 min, equilibration of the column. The chro-
matographic separation under these conditions showed poor
resolution between closely eluted compounds (amphetamine-
related compounds and benzoylecgonine) and tailing peak shapes
(Figure 1.a). A mobile phase consisting of an ammonium formate
buffer solution (pH 3.5) and acetonitrile with 0.1% of formic acid
was evaluated. In general, an improvement in resolution and peak
shapes was observed under these conditions for most of the
compounds. The effect of the mobile-phase ionic strength in the
separation was evaluated by increasing the buffer concentration
from 10 to 30 mM. It was observed that an increase in the
concentration to 30 mM improved peak shapes, resolution, and
efficiencies. The best separation in terms of resolution and peak
widths allowed reducing the partial coelution of caffeine—
amphetamine, MDMA—benzoylecgonine, and MDEA—ketamine,
leading to a better chromatographic separation in less than 4.5
min (Figure 1b—d).

In order to improve resolution and to reduce the 1-min gaps
observed between paraxanthine—caffeine and ketamine—cocaine
peaks, a nonlinear gradient elution from 5 to 30% of organic phase
was tested. Curved gradient profiles allow improvement of
resolution in early- or late-eluted peaks when a concave (n > 6)
or a convex gradient (n < 6) profile is used. In our case, and
taking into account the chromatographic separation achieved

(37) Gergov, M.; Ojanperi, L; Vuori, E. J. Chromatogr. B 2003, 795, 41—53.
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Figure 1. Effect of mobile-phase composition and pH on drug separation. Chromatographic conditions: injection of 5 uL of a standard solution
of 200 ug/L. Gradient elution program: 0—3.0 min, 5—20% ACN; 3.0—5.5 min, 20—60% ACN. Agueous phase: (a) ammonium acetate buffer
(10 mM, pH 4.0); (b) ammonium formate buffer (10 mM, pH 3.5); (c) ammonium formate buffer (20 mM, pH 3.5); (d) ammonium formate buffer
(30 mM, pH 3.5) Flow rate: 0.5 mL/min. Full scan acquisition from m/z 100 to 350. Key: 1, nicotine; 2, cotinine; 3, paraxanthine; 4, caffeine;
5, amphetamine; 6, MDA, 7, methamphetamine; 8, MDMA,; 9, benzoylecgonine; 10, MDEA; 11, ketamine; 12, cocaine; 13,LSD; 14, PCP; 15,

fentanyl.

between 0.5 and 3.0 min, a concave gradient was selected in order
to get a good separation between the chromatographic peaks that
elute in the middle of the chromatogram (1.8—3.0 min). The
steepness of this gradient, in the first part of the chromatogram,
is smaller than a linear gradient (# = 6) and results in a better
separation in terms of resolution for the peaks eluted early. The
second part of the gradient is faster than the linear one and results
in a lower resolution. Several nonlinear gradients were tested
; » = 6-9), and f; was selected, as it provided the best
separation with a reduction in the retention times (Figure 2). A
good chromatographic separation in terms of resolution was
achieved for all the drugs, and only a partial coelution between
amphetamine and MDA was observed. Retention time gaps were
reduced, especially between ketamine and cocaine, which was
decreased to less than 0.5 min. Nevertheless, the chromatographic
separation achieved under these conditions showed an additional
retention time gap between LSD and PCP; so in order to reduce

this gap and to decrease the total analysis time, a nonlinear
gradient elution from 30 to 80% was also assessed. Gradient
profiles from 5 to 7 were acquired and f; was selected as it
provided a reduction of the analysis time and retention time gap
without losing efficiency between the last-eluted peaks.

Under these optimized conditions, the 15 stimulatory drugs
were separated in less than 4.5 min. Peak widths around 1.0—2.0
s at half peak height were obtained for all compounds (N = 15 000
for cocaine). In general, peaks were well separated, showing peak-
to-peak resolution values higher than 1.2. A partial coelution for
amphetamine and MDA was detected, with a resolution value of
0.9.

Electrospray ionization working parameters were optimized by
using individual standard solutions at a concentration of 0.3 mg/
L; the optimized values for each compound are given in Table 2.
In order to improve desolvation efficiency and analyte ionization,
a high gas flow rate, 800 L/h, was used and desolvation and source
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Figure 2. Effect of curved gradient profiles on drug separation. Standard solution of 200 ug/L. Gradient elution program: 0—0.1 min, 5%
ACN; 0.1-3.5 min, 5—30% ACN, f, (n = 5—9; for the sake of simplification only n = 5—7 are shown); 3.5—5.0 min, 30—80% ACN (n = 5-7);
SRM acquisition mode (transitions indicated in Table 2). Key: 1, nicotine; 2, cotinine; 3, paraxanthine; 4, caffeine; 5, amphetamine; 6, MDA, 7,
methamphetamine; 8, MDMA,; 9, benzoylecgonine; 10, MDEA; 11, ketamine; 12, cocaine; 13,LSD; 14, PCP; 15, fentanyl.

temperatures were set up to 500 and 130 °C, respectively. Cone
voltage was optimized for all the compounds in order to obtain
maximum response for the protonated molecular ion [M + H]*+
and to prevent in-source fragmentation. Data acquisition was
performed in SRM mode, and collision energies were studied in
order to select two transitions per compound (quantification and
confirmation). Under these conditions, four identification points
were achieved, fulfilling the European Council directives (96/23/
EC) regarding mass spectrometric detection® and the general
criteria for forensic analysis.? Different collision energies were
tested to obtain the optimum response for each transition.
Quality Parameters of the Analytical Method. To evaluate
the UPLC-ESI-MS/MS method’s performance, instrumental limits

(38) Commission of the European Communities. Official J. Eur. Communities
2002, 221.
(39) Rivier, L. Anal. Chim. Acta 2003, 492, 69—82.
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of detection (LOD) and limits of quantification (LOQ) and linearity
were studied for each compound. The LOD, defined as the lowest
analyte concentration with a signal-to-noise (S/N) ratio of 3, and
the LOQ), defined as the concentration with S/N ratio of 10 and
an imprecision lower than 20%, were evaluated by injecting 5 uLL
of diluted drug solutions (from 1 ng/L to 12 ug/L). Instrumental
LODs ranged from 0.005 to 0.3 pg injected for controlled drugs
and from 0.25 to 30 pg injected for noncontrolled drugs while
LOQs ranged from 0.05 to 0.6 pg injected for controlled drugs
and from 0.6 to 60 pg for noncontrolled drugs.

The linearity of the method was studied over the established
working concentration range from 1.4 to 6.5 ug/L for paraxan-
thine, nicotine, and cotinine and from 40 to 5500 ng/L for all the
other compounds; three replicates were analyzed for each
concentration level. Calibration was performed using the corre-
sponding labeled analogues of each compound as internal stan-
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Table 3. Limits of Detection, Recoveries, and Precision Values in Milli-Q Water, Surface Water, and Wastewater

Matrixes?
Milli-Q water surface water wastewater
runto-  day-to- run-to-  day-to- run-to- day-to-

LOQ R+RSD run day LOQ R+RSD run day LOQ R+RSD run day

(ng/L) (%) (RSD)®  (%RSD)®  (ng/1) %) (RSD)?  (%RSD)®  (ng/L) %) (%RSD)?  (%RSD)?®
nicotine 103.0 85+ 25 5.9 9.2 200 82+ 3.1 6.2 9.7 800 80 + 4.5 7.3 10.8
cotinine 83.9 88 £ 3.0 4.0 6.5 200 81 +4.3 3.6 6.5 500 78 £ 6.1 5.2 8.5
paraxanthine 72.2 94 £+ 4.2 3.5 9.5 200 80 + 5.1 8.7 9.5 850 71+ 64 10.1 11.0
caffeine 096 95+15 8.4 43 1.5 85+ 4.8 3.8 5.0 5.0 83 +5.5 5.6 7.1
amphetamine 045 81431 2.6 8.1 0.8 75 +£39 4.3 7.6 1.0 70 £+ 6.8 9.3 10.6
MDA 043 8014 5.6 6.9 0.8 75 £ 4.0 5.7 7.2 1.0 74 £5.1 8.1 9.8
METH 041 87+1.8 45 3.2 0.7 83 +2.1 4.6 52 0.9 80 + 4.3 6.4 6.9
MDMA 052 94428 1.2 8.1 0.3 90 £+ 5.0 2.5 7.9 1.5 88 + 6.2 5.1 6.1
benzoylecgonine 0.12 100 £ 3.9 1.7 4.1 0.1 95 + 4.2 3.1 4.5 0.2 92 £5.6 5.6 7.9
MDEA 0.43 101 +£2.2 3.2 4.5 0.8 99 £ 34 3.0 4.8 21 101 £5.0 7.8 8.3
ketamine 047 89+2.6 31 34 3.1 85+ 4.5 2.9 3.6 5.0 85+5.3 5.2 5.9
cocaine 012 90+ 1.6 2.6 6.5 0.15 90+36 3.9 7.0 0.2 86 + 5.7 6.5 7.3
LSD 071 79+13 1.8 9.5 0.9 77 £ 3.9 2.3 5.8 2.0 75+ 45 5.4 6.4
PCP 054 95+£1.7 2.2 10.0 0.8 88 + 2.1 3.0 10.5 2.0 85+ 4.0 4.1 10.6
fentanyl 098 87+21 5.8 8.1 1.5 82 +29 6.1 74 4.0 80 + 4.0 7.3 8.3

@R, recovery (spiked at 1.5 ug/L for paraxanthine, nicotine, and cotinine and 80 ng/L for other compounds; n = 6); RSD, relative standard
deviation WW blank matrix: COD, 10 mg O/L; NHy, 38.0 mg/L; P total, 4 mg/L; pH, 7.5. ¢ Initial concentration 1.5 ug/L for paraxanthine,
nicotine, and continine and 80 ng/L for the other compounds. Run-to-run precision calculated for » = 6; day-to-day precision calculated for » = 30.

dard. Since no labeled standard of paraxanthine is commercially
available, 1*Cs-caffeine, which is structurally related (see Table 1),
was used as internal standard. Linearity was expressed as the
squared correlation coefficient (72), and a weighing factor 1/x was
used. Calibration curves gave correlation coefficient (%) higher
than 0.999.

Instrumental limits of quantification were determined by direct
injection of standards at low concentrations. For controlled drugs,
in-column injected values from 0.05 to 0.6 pg were obtained. These
values turned out to be lower (between 300- and 2650-fold) than
those obtained with a triple quadrupole instrument using a
conventional narrow-bore column,® partly due to the high ef
ficiency and sensitivity provided by the UPLC—MS/MS system.

In order to evaluate the performance of the SPE-UPLC-MS/
MS method for the analysis of water samples, limits of detection
and quantification, run-to-run and day-to-day precision, accuracy,
and recoveries were studied in noncontaminated Milli-Q water.
LOD and LOQ values of the method were determined by spiking
Milli-Q water samples with mixtures of standard compounds at
low concentrations, which were extracted by the described SPE
method. LOQs obtained are shown in Table 3, expressed as
nanogram per liter in sample. Precision of the developed method
was evaluated by analyzing drug-free water (Milli-Q water) spiked
at a concentration of 1.5 ug/L for paraxanthine, nicotine, and
cotinine and 80 ng/L for the other compounds. For the determi-
nation of the run-to-run precision, six replicates were extracted
and analyzed in 1 day and the results obtained, calculated as %
RSD, were lower than 6.0 (z = 6) for all the analytes. For day-
to-day precision and accuracy, the extraction and analysis were
performed on five different days. Long-term precision results
showed values (% RSD) lower than 10.0 (z = 30) while accuracy,
calculated as the percent relative error from the target concentra-
tion, was lower than 8.5 (# = 6). Finally, analyte recoveries were
determined by spiking Milli-Q water at a concentration level of
1.5 ug/L for paraxanthine, nicotine, and cotinine and at 80 ng/L

for the other compounds, analyzing six replicates for every matrix.
Recovery was calculated as the percentage of the mean peak areas
obtained when both analytes and internal standards were added
after and before SPE, with obtained values ranging from 80 to
101% were obtained (Table 3).

In order to evaluate the performance of the developed method
for the analysis of water samples, surface water and wastewater
matrixes were analyzed. The method’s LOD and LOQ values were
calculated by spiking diluted drug solutions to samples free of
drugs. Surface water blank matrix was collected from a pristine
stream coming from natural thaw. Wastewater blank matrix free
of drugs was obtained from a wastewater treatment plant, which
collects mainly industrial wastewaters with only 10% contribution
of urban waters. Characteristics of this blank wastewater are
shown in Table 3.

For surface waters, LODs lower than 0.8 and 85 ng/L for
controlled and noncontrolled drugs and LOQs lower than 3 and
200 ng/L were obtained, respectively. For wastewater samples,
the achieved LODs were lower than 1.5 and 300 ng/L for
controlled and noncontrolled drugs and LOQs lower than 5 and
850 ng/L were obtained, respectively (Table 3). As is to be
expected, LODs obtained in wastewaters were higher than those
for Milli-Q water (up to 3-fold) and surface water due to the matrix
complexity that affects extraction and ionization effectiveness and
increased noise. Recoveries obtained in both surface water and
wastewater samples are displayed in Table 3.

Two methanolic extracts, at 4.5 and 450 ng/L concentrations,
were analyzed in order to assess the stability of each compound
at 4 and —20 °C over 7 days. One extract of each concentration
level was injected immediately after extraction while five more
extracts for each concentration were stored and analyzed 48, 120,
and 192 h after the extraction. Analyte remaining percentage in
each aliquot was calculated as % remaining = C; x 100/ Cgesh,
where C; is the concentration at the time point and Cgeg, is the
concentration of the fresh solution. This procedure was done in
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Figure 3. Extracted ion chromatograms of a WWTP sample in SRM acquisition mode. Gradient elution program: 0—0.1 min, 5% ACN; 0.1—
3.5 min, 5—30% ACN, (f7); 3.5—4.0 min, 30—50% ACN; 4.0—5.0 min, 50—80% ACN (f5). SRM acquisition mode (transitions indicated in Table

2).

Table 4. Drug Concentrations in WWTP Samples (Northeast Spain) (April-September, 2006) and in Water from the

Llobregat River (September 2006)

WWTP influent (» = 16) WWTP effluent (» = 16) river (n = 6)
samples C max C mean samples C max C mean samples C max C mean

compound (>LOQ)* (ng/L) (ng/L) (>LOQ)* (ng/L) (ng/L) (>LOQ)* (ng/L) (ng/L)
nicotine 10 56053 13082 6 4775 2669 5 815 595
cotinine 16 6820 2732 12 2726 1419 5 516 331
caffeine 15 61638 23134 14 22848 4356 6 2991 1926
paraxanthine 14 54220 14240 12 45681 5932 5 2709 1756
amphetamine 1 15 15 0 <LOQ® <LOQ® 0 <LOQ® <LOQ®
MDMA 5 91 49 4 67 41 2 3.5 3
MDEA 1 27 28 0 <LOQ? <LOQ?b 0 <LOD <LOD
ketamine 9 50 41 2 49 19 0 <LOD <LOD
cocaine 14 225 79 6 47 17 2 10 6
benzoylecgonine 14 2307 810 11 928 216 4 111 77

2 Number of samples with concentrations higher than LOQ value. ® Concentrations between LOQ and LOD.

triplicate. All analytes stored at 4 °C were stable under these
conditions showing analyte remaining percentages higher than
85% except for paraxanthine which turned out to be unstable after
120 h at 4 °C with analyte remaining concentrations lower than
30%. Analytes stored at —20 °C for 192 h showed no appreciable
concentration losses with remaining percentages of ~100% even
for paraxanthine.

Analysis of Water Samples. The occurrence of stimulatory
drugs in influents and effluents from 16 WWTPs located in
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Catalonia (northeast Spain) was evaluated using the method
described above. In the total sample set collected, 10 out of 15
target compounds were found. As an example, Figure 3 shows
the extracted ion chromatograms obtained from a WWTP influent
where eight of the selected drugs were identified. Cocaine and
its metabolite, benzoylecgonine, were found in 85% of the WWTP
influent samples tested, while 69% of the effluent showed their
presence. Mean concentrations of 79 ng/L cocaine and 810 ng/L
benzoylecgonine were found in the influent samples, while 17 and
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216 ng/L were respectively found in effluent samples. Regarding
designer drugs, amphetamine, MDEA, and MDMA (ecstasy) were
found in 30% of the influent samples and 23% of the effluent
samples. Moreover, results show that only 15% of the incoming
MDMA is effectively removed, leading to remarkable effluent
concentrations of this illicit drug, with a maximum concentration
found of 67 ng/L. Among the other controlled drugs, only
ketamine was found in the collected samples with mean concen-
trations of 41 and 19 ng/L in influent and effluent samples,
respectively.

The noncontrolled drugs, nicotine and caffeine, or their
metabolites, were found in all the influent samples collected. Mean
concentrations up to 13 and 23 ug/L were determined in influent
and effluent samples, respectively, for nicotine and caffeine (Table
4).

The optimized method was also applied to the analysis of
surface waters from the Llobregat River (northeast Spain).
Maximum concentration levels of 10 and 111 ng/L for cocaine
and its metabolite, were found respectively. MDMA was also
present in two of the six analyzed samples with a mean concentra-
tion of 3 ng/L. Additionally, nicotine, caffeine, and their metabo-
lites were found in 83% of the studied samples at microgram per
liter concentration levels (Table 4).

CONCLUSIONS
A rapid, robust, and simultaneous method was developed for

the analysis of 15 stimulatory drugs, including several controlled
drugs, in environmental water samples. The method consists of
a solid-phase extraction step followed by ultrafast chromatographic
separation using an UPLC system coupled to a QqQ mass
spectrometer for the identification and quantification of these
drugs. The method proved to be sensitive enough in surface

waters and wastewaters, providing high recoveries for all the
analytes (80—99 and 70—101%) and achieving low LODs for
controlled drugs (0.01—0.8 and 0.05—1.5 ng/L, respectively). The
applicability of the developed method was evaluated by analyzing
wastewater samples obtained from several WWTPs (z = 16) in
northeast Spain. The results achieved showed the frequent
occurrence of 10 of the studied analytes. Controlled drugs such
as cocaine, its metabolite benzoylecgonine, amphetamine, MDEA,
MDMA, and ketamine were found at nanogram per liter level in
some of the influents and effluents analyzed. Caffeine, nicotine,
and their metabolites were found at microgram per liter levels.
Seven of the selected compounds were also found in surface
samples from the Llobregat River. Cocaine, benzoylecgonine, and
MDMA were found at low nanogram per liter levels while all the
noncontrolled drugs were present at low microgram per liter
levels.

These results demonstrate not only the applicability and
performance of the established method for the analysis of water
samples but also the presence of these drugs in surface waters.
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2.2.2. TREBALL EXPERIMENTAL ADDICIONAL: Métode multi-residu per

a [’analisi simultani de vint-i-sis drogues d’abus.

En el moment de realitzar el treball experimental que a continuacié es descriu, en
el nostre grup de treball existien dos metodes analitics diferents per a la determinacio de
les drogues d’abus en mostres d’aigua: el recollit a I’apartat 2.2.1. i el publicat per Boleda
i cols. (Boleda i cols., 2007). Aquests metodes es van desenvolupar utilitzant I’extraccid
en fase solida seguida de UPLC-MS/MS, obtenint temps d’analisi curts per a tots ells: al
voltant de 5 minuts per a les drogues estimuladores, 8 minuts per als cannabinoides i 7
minuts per als opiacis i d’altres depressors. Tot i aixi, en determinar el total de les
drogues d’abus, el temps d’analisi cromatografica augmentava fins a 20 minuts, a més del
temps requerit per a realitzar les dues extraccions. Per aquesta rad es va decidir optimitzar
un meétode per a I’analisi simultania de les vint-i-Sis drogues d’abls préviament

analitzades per separat.

Una de les principals dificultats associades a la unificacié d’aquests metodes rau en
les diferents propietats fisico-quimiques d’algunes d’aquestes substancies que
comporta que no sempre sigui facil analitzar-les conjuntament. De fet, a la literatura
nombrosos investigadors opten per analitzar-les per separat. Per exemple, en els
primers estudis realitzats per Castiglioni i cols. es descriuen fins a quatre condicions
cromatografiques diferents en funcié del compost o familia de compostos a determinar
(Castiglioni i cols., 2006). D’altres autors opten per emprar dos métodes un per a
aquells compostos que s’analitzen en electroprai amb ionitzacid positiva i un altre pels
que requereixen ionitzacié negativa. Per exemple, Yargeau i cols. utilitzen dues fases
mobils diferents, una amb tampd formic/formiat per a I’analisi d’opioides, 1 1’altre

sense tampo per a la resta de drogues il-licites (Yargeau i cols., 2014).
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Condicions experimentals:

Els compostos estudiats son: amfetamina, METH, MDA, MDMA, MDEA, cocaina,
benzoilecgonina, norcocaina, norbenzoilecgonina, cocaetile, LSD, ketamina, PCP,
fentanil, morfina, normorfina, 6-acetilmorfina. morfina-33-glucuronid, heroina,
codeina, norcodeina, metadona, 2EDDP, A9-tetrahidrocannabinol (THC), 11-carboxi-
A9-tetrahidrocannabinol (THC-COOH) and 11-hidroxi-A9-tetrahidrocannabinol (THC-
OH), obtinguts tots ells com a solucions estandard de 1mg/mL en metanol de Cerilliant
(Austin, TX, USA).

Les solucions de treball dels patrons individuals per a realitzar 1’optimitzacid dels
parametres instrumentals es preparen a una concentracié de 0.2 mg/L en metanol,
excepte per al glucuronid de la morfina que es dissol en aigua. La solucié mare per als
patrons de la recta de calibratge (5 mg/L de cada un dels compostos) es prepara en

metanol ; posteriors dilucions permeten obtenir concentracions d’entre 2 i 4000 ng/L.

Els patrons deuterats emprats sén: amfetamina-d8, METH-d9, MDA-d5, MDMA-d5,
MDEA-d5, cocaina-d3, benzoillecgonina-d8, LSD-d3, ketamina-d4, PCP-d5, fentanil-
d5, morfina-d6, 6-acetilmorfina-d6, morfina-3p-glucuronid-d3, heroina-d9, codeina-d6,
metadona-d3, EDDP-d3 THC-d3, THC-COOH-d3 i THC-OH-d3, obtinguts tots ells
com a solucions estandard de 1mg/ml en metanol de Cerilliant (Austin, TX, USA). La
concentracio de les solucions de patré intern és de 2 mg/L, en metanol per a tots els
compostos i en aigua per al glucuronid de la morfina. Totes les solucions de treball es

preparen dues vegades al mes i es guarden a -20 °C.

La separacié cromatografica es realitza en un instrument Acquity Ultra-performance
™ amb bomba quaternaria (Waters, Milford, MA, USA) equipat amb una columna
Acquity BEH CI18 columna (100 mm x 2.1 mm i.d., 1.7 pm) (Waters, Milford, MA,
USA). S’utilitza una fase mobil binaria (0.5 mL/min) consistent en: solvent (A)
acetonitril amb 0.1% d’acid formic; solvent (B) tampd d’acid formic/formiat amonic 30
mM (pH 3.5). El gradient seleccionat consisteix en: 0-0.1 min, 5% A; 0.1-4.5 min, 5-
40% A; 4.5-8 min, 40-100% A; 8-8.5 min 100% A; 8.5-9 min retorn a les condicions

inicials; 9-10 min, equilibrat de la columna.
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El sistema d’UPLC esta acoblat a un espectrometre de masses de triple quadrupol

(Micromass, Waters, Milford, MA, USA) amb una font d’clectrosprai del tipus Z-sprai™

I es treballa en polaritat positiva. L’adquisicio es realitza en el mode MRM i es selecciona

1’16 molecular protonat com a precursor. Les condicions de font son: voltatge capil-lar a

0.50kV, voltatge de lents 1.5V, temperatura de la font 130°C, temperatura de desolvatacio
500 °C, cabal del gas de con 60 L/h i gas de desolvatacio 800 L/h. Els voltatges de con,

les transicions MRM i els voltatges de I’energia de col-lisio es resumeixen a la Taula 2.3.

Taula 2.3. Parametres d’adquisicié de les 26 drogues il-licites adquirides en mode MRM.

Quantificacio Confirmacio
Precursor C.V. Relacio
Temps Selbest (m/z) V) Producte  C.E. Producte C.E. lons
(min) mz) (V) mz) (V)
0.5-1.5 Morfina Gluc. 462 40 268 35 286 25 3.1620.6
Normorfina 272 45 165 35 121 30 1.05+0.01
Morfina 286 45 165 40 152 40 2.261+0.04
1.6-2.4 Norcodeina 286 40 165 38 152 40 2.46+0.02
Codeina 300 45 165 38 198 34 4.88+0.08
2.4-3.1 Amfetamina 136 15 119 8 91 10 1.12+0.01
MDA 180 20 163 12 105 20 2.451+0.04
6-Acetilmorfina 328 40 165 38 152 45 7.28+0.14
Norbenzoilecgonina 276 28 154 17 136 18 1.32+0.19
Metamfetamina 150 15 91 14 119 12 2.34+0.05
MDMA 194 20 163 12 105 31 4.76%0.03
3.1-4.3 Benzoilecgonina 290 25 169 16 150 20 1.31+0.01
MDEA 208 15 163 12 133 18 2.78+0.01
Ketamina 238 25 125 18 220 16 2.39+0.01
4.3-4.9 Heroina 370 45 165 40 268 40 4.06x0.02
Cocaina 304 25 182 17 105 25 6.52+0.05
Norcocaina 290 25 168 15 136 19 1.48+0.09
LSD 324 25 223 25 208 30 2.28+0.02
PCP 244 10 85 17 159 7 1.07+0.05
4.9-6.5 Cocaetilé 318 29 196 22 82 24 1.79+0.07
Fentanil 337 25 188 22 105 26 1.64+0.02
EDDP 278 45 234 30 187 35 3.85+0.02
Metadona 310 20 165 15 105 25 1.96+0.01
6.5-9.0 THC-OH 331 50 105 20 183 20 2.27+0.27
THC-COOH 345 30 327 16 193 28 3.16+0.28
A9-THC 315 35 193 30 123 30 1.1+0.02
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Per a I’extraccid en fase solida s’utilizen 100 mL d’aigua a pH 7 1 s’empra un equip
Rapid Trace SPE Workstation (Zymark, MA, USA) i cartutxos Oasis HLB (Waters Corp,
USA). Els cartutxos es netegen amb 8 mL de solucié aquosa de metanol al 5%,
s’assequen durant 10 minuts amb nitrogen i s’elueixen amb 6 mL de metanol. Abans de
I’extraccié s’afegeixen els compostos marcats isotopicament a 100 ng/L i els extractes
finals s’evaporen a sequedat sota corrent de nitrogen a 35°C. Posteriorment les mostres es

reconstitueixen en 500 pL de soluci6 aquosa al 20% de metanol.

Resultats:

Pet tal d’optimitzar les condicions cromatografiques de separacidé de les 26 drogues
d’abus s’han avaluat diferents composicions de fases mobils amb diferents additius. En
primer lloc es va observar que la utilitzacid6 d’un tampd permet millorar dels pics
cromatografics obtinguts per a la major part dels compostos estudiats tot i que la intensitat
del pic de la morfina es baixa. A la Figura 2.1 es mostren a mode d’exemple els pics
obtinguts per a diversos estimulants de tipus amfetaminic (ATS), la ketamina, norcodeina
i normorfina obtinguts en dues fases mobils acetonitril/aigua amb i sense tampé on es pot

observar que sense tampd s’obtenen pics amb unes cues importants.

a) b) C)
109 10
272> 165 208 > 163 136>119
6.65e3 1,995 4.61e4
s E b
100 150 200 250 300 350 . "100 0 150 200 250 300 350 400 450 500 550 6 B e ey P e
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E 272> 165 o 208 > 163 136>119
2.86e4 33766 6.25¢5
4 $ b

o
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Figura 2.1. Efecte de la fase mobil en (a) Normorfina, (b) MDEA i (c) Amfetamina (c). Gradient superior:

Acetonitril:aigua; gradient inferior: Acetonitril(0.1% acid formic): tamp6 formiat amonic 30mM.
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La utilitzacio d’una fase mobil metanol/aigua no va permetre millorar els resultats
i ’adicio d’acid formic al 0.1% a la fase mobil tampoc no va millorar la resposta. Per
alguns compostos, com el THC-COOH i el THC-OH, fins i tot es va reduir
significativament. Ateses les seves caracteristiques acides (pKa 4,2 i 3,7 respectivament)
aquests dos compostos es ionitzen millor en mode negatiu i, per tant, una fase mobil
neutra o lleugerament basica seria la recomanable. Ara bé, aix0 obliga a treballar amb
dues fases mobils, i donat que el nostre principal objectiu consisteix en desenvolupar un
meétode per a I'analisi simultania de totes les drogues, s’ha de seleccionar una fase mobil
Unica. En aquest context, la fase mobil utilitzada a I’apartat 2.3.1., consistent en una fase
aquosa de tampo6 de formiat amonic 30 mM i fase organica d’acetonitril amb un 0,1%
d’acid formic, tot i que per a la morfina no proporciona bones respostes, permet obtenir
una millora en les respostes de la resta de compostos i en concret dels cannabinoides,

donada una millor ionitzacio6 dels substituents basics de la seva estructura.

El perfil de gradient es va optimitzar per tal de millorar la resolucié i reduir el
temps d’analisi total. En concret es proposa un gradient no lineal concau (fg) per tal
de millorar la resolucié dels compostos que elueixen en menys de 3 minuts. En
aquestes condicions s’obté una bona separacié cromatografica per a totes les drogues i
tan sols es produeix co-elucié parcial entre la metamfetamina i el MDMA i la
benzoilecgonina i la norbenzoilecgonina. A la segona part del cromatograma (4.5-8
minuts) s’aplica un gradient lleugerament concau (f7) per tal de reduir el temps
d’analisi total. L’0ltima part d’aquest gradient consisteix en una eluci6 isocratica amb

un 100% de fase organica per tal d’eluir el THC.

La variacio del pH de la fase mobil de 3.0 a 4.5 no comporta cap millora efectiva. En
general, els temps de retencid de tots els compostos augmenten a pHs mes alts i
s’aconsegueix millorar la separacié dels compostos amb valors de pKa entre 3 i 4.2
(benzoilecgonina, norbenzoilecgonina, morfina-3p-glucuronid i metabolits de THC). La
Figura 2.2. mostra un exemple de I'efecte del pH sobre la benzoilecgonina on es pot

observar la millora en la resolucio a pH 3.5.
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pH 3.00 ,|3 pH3.50
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Figura 2.2. Efecte del pH de la fase mobil en la separacié de benzoilecgonina (1), metamfetamina (2) i
MDMA (3).

No obstant aix0, pHs més alts (de 3.5 a 4.5), provoquen una co-elucié parcial amb el
MDEA. Per tant, la millor separacié per a tots els analits es va obtenir a pH 3.5. Per tant,
la fase mobil seleccionada per a I’estudi de les diferents families de drogues d’abts és la
mateixa que la descrita a I’apartat 2.2.1. per a les drogues d’abus estimuladores i permet
obtenir una separacid cromatografica de les 26 drogues d’abls en menys de 9 minuts,

com es mostra a la Figura 2.3.

Els parametres d’ionitzaci6 de la font d’electrosprai son els mateixos que els descrits a
I’apartat 2.2.1. Es van seleccionar temperatures de desolvatacié (500°C) i cabals de gas
(800 L/h) elevats per tal de treballar als elevats cabals del sistema cromatografic.
L’adquisicié es va realitzar en mode MRM i es van seleccionar dues transicions per
compost (Taula 2.3.). Els criteris d’acceptacid, inclosa la relacié d’ions i els temps de
retencio, utilitzats estan d’acord amb les directives europees (European Commission,
2002a).
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Figura 2.3. Cromatograma d’ions totals de les 26 drogues il-licites adquirides en mode MRM. Solucio
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estandard de 100 pg/L. 1: morfina-3p-glucuronid, 2: Normorfina, 3: Morfina, 4: Norcodeina, 5: Codeina, 6:
10: MDMA, 11: Benzoilecgonina,
Norbenzoilecgonina, 13: MDEA, 14: Ketamina, 15: Heroina; 16: Norcocaina; 17: Cocaina; 18:LDS; 19:
PCP; 20: Cocaetilé; 21: Fentanil; 22: EDDP; 23: Metadona; 24: THC-OH; 25: THC-COOH; 26: THC.

Amfetamina, 7: MDA, 8: 6-AM, 9: Metamfetamina,

12:

Pel que fa al tractament de mostra s’han avaluat cinc sorbents en una matriu d’aigua

superficial per tal d’obtenir recuperacions acceptables de totes les drogues d’abus. Els

sorbents estudiats son els segiients: tres de fase invertida, I’Oasis®HLB (6 mL, 200 mg)

(Waters) que es un sorbent amb caracteristiques hidro-lipofiles, 1’Accubond C18 (6 mL,
500 mg) (Agilent) i un sorbent polimeric Bakerbond SDB (6 mL, 200 mg) (JTBaker), i
dos de bescanvi idnic, una resina cationica forta, Oasis®MCX (6 mL, 200 mg) (Waters) i

una anionica forta, Oasis®MAX (6 mL, 200 mg) (Waters). Les recuperacions obtingudes

a partir d’analitzar sis replicats d’una matriu d’aigua superficial lliure de drogues

(obtinguda en un riu d'aigles cristal-lines procedents de desglac natural) a la que se li va
afegir un patrd de les drogues estudiades de 20 ng/L s’indiquen a la Taula 2.4.
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Per als compostos basics, les recuperacions més elevades s’obtenen amb els cartutxos
Oasis®MCX, el sorbent poliméric amb grups sulfonics que permeten interaccions
d'intercanvi cationic. No obstant aix0, per la benzoilecgonina i la morfina-3p-glucuronid
les recuperacions son menors del que s'esperava (60% i 35% respectivament) mentre que

per als cannabinoides no es van superar el 61%.

Taula 2.4. Percentatges de recuperacié de les 26 drogues d’abus en els diferents adsorbents.

Compost HLB Acccufé’”d SDB MCX MAX
Amfetamina 92+1.6 83+2.7 75+3.4 100+2.8 34+8.3
Metamfetamina 75+2.9 68+4.2 61+4.1 89+1.9 38+7.2
MDA 95+5.1 81+6.6 73£3.7 98+3.2 351£9.4
MDMA 98 +4.3 8445.7 92+3.4 104+2.6 4049.1
MDEA 85+2.5 77+3.8 69+3.6 105+3.4 29+8.9
Cocaina 91 +4.3 735.7 80+6.7 95+2.4  41+10.2
Norcocaina 85+3.4 68+4.7 75+4.5 86+1.8 4348.7
Cocaetilé 89+5.1 71+6.6 64+6.0 76+1.6 36+7.7
Benzoilecgonina 93+4.8 74+6.3 68+4.2 60+6.6 58+5.8
Norbenzoilecgonina 84 +4.9 67+6.4 60+5.7 7515.7 61+4.2
Ketamina 93 +1.3 74£8.5 79+4.7 85+2.4 58+4.6
LSD 93 +4.2 74£5.6 67+4.8 110£3.1 56+5.9
PCP 89 +2.1 80+3.3 75+3.6 94+2.7 47457
Fentanil 103 £7.7 93+9.5 83+8.0 8748.1 68+5.3
Heroina 92+2.4 83+3.6 75+3.3 88+2.1 66+4.6
Codeina 96 +4.2 86+5.6 78+2.7 105+1.9 63+4.9
Morfina 82 5.6 74+7.2 79+1.7 86+3.1 62+5.7
Normorfina 75 1.3 68+2.4 74+3.5 82+2.9 54+6.1
6-Acetilmorfina 94 +6.6 85+8.3 86+4.6 95+4.5 59+6.2
Morfina Gluc. 7018.1 53+9.9 57+3.7 35+10.3 42+10.6
Norcodeina 69 £7.2 62+8.9 5616.7 82+2.3 42+10.8
Metadona 88 +8.4 79+£7.9 71+8.1 104+4.2 52+8.5
EDDP 74 £6.5 5218.2 51+10.1 89+5.1 32+11.4
A9-THC 65 +8.2 59+10 53+8.6 4249.1 63+4.6
THC-COOH 7318.1 51+9.9 46+7.5 51+8.4 90+3.5
THC OH 70 5.9 56+7.5 50+7.2 61+6.3 92+4.0

El cartutx Oasis®MAX, un sorbent poliméric mixt o d'intercanvi anionic, és el més
efica¢c per als dos metabolits acids del THC (THC-COOH i THC-OH), obtenint-se
recuperacions del 90%. No obstant aixo, per als compostos amb caracteristiques basiques,

com per exemple els de tipus amfetaminic, les recuperacions son inferiors al 50% a causa
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de les baixes interaccions amb el sorbent. Per Gltim, les fases enllagades hidrofobiques,
capaces d'interaccions no polars, permeten obtenir recuperacions acceptables per a totes
les drogues estudiades, amb valors per sobre del 50%. S’han seleccionat els cartutxos
Oasis®HLB, ja que permeten obtenir recuperacions més elevades (65-103%) i millors
reproductibilitats, fins i tot per la benzoilecgonina i la morfina-3p-glucuronid (Taula 2.4.).
Per a D’elucido dels compostos adsorbits, s’utilitza metanol/aigua al 5% ja que a
percentatges de metanol superiors s’observen perdues significatives en les recuperacions,
en particular entre els analits més hidrofils (benzoilecgonina, norbenzoilecgonina i

morfina-3p-glucuronid).

Una vegada optimitzat el metode es van establir els parametres de qualitat d’aquest. Es
va estudiar la linealitat en el rang de concentraci6 de treball, de 0.2-4.000 pg/L, establert
a partir de les concentracions mesurades en anteriors treballs. El calibratge es va realitzar
utilitzant com a patré intern analegs de cada compost marcats isotopicament. Ates que per
a la normorfina, morfina-3p-glucuronid, norcodeina, norbenzoilecgonina, norcocaina i
cocaetilé no es disposen de patrons marcats comercials, es van usar els patrons marcats
dels seus respectius precursors com a patrons interns. La linealitat, expressada com el
coeficient de correlacié al quadrat (r?), i amb un factor de correcci6 de 1/x, va donar

coeficients (r%) superiors a 0.999.

Els valors dels limits de deteccié (LOD), definits com la concentracié d'analit més
baixa que proporciona una relacio senyal/soroll (S/N) de 3, i els limits de quantificacio
(LOQ), definits com la concentracidé que proporciona una relacio una relacié S/N de 10,
s’indiquen a la Taula 2.5. Els LOQs més elevats s’han obtingut per THC i THC-COOH, 9
ng/L i 5 ng/L respectivament, a causa de la seva poca ionitzacié en mode positiu. Per als
altres compostos, els LOQs oscil-len entre 0,1 ng/L i 5 ng/L, i s6n similars als obtinguts
en el nostre grup de treball utilitzant dos métodes independents (Apartat 2.2.2. i (Boleda i
cols., 2007). La precisié en un mateix dia (intra-dia) s’ha calculat realitzant 6 repeticions
en un dia a dos nivells de concentracié (10 ng/L i 100 ng/L), i els resultats obtinguts
expressats com a %RSD son inferiors a 9 i 8 (n = 6), respectivament. Per als resultats
entre dies (inter-dies), I'extraccid i I'analisi es van realitzar en cinc dies diferents obtenint
%RSD inferiors a 11 (n = 30).
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Taula 2.5. Parametres de qualitat del métode en matrius d’aigiies superficials.

10 ng/L 100 ng/L
Compost R%ciiD (IH;)/E) Intradia Interdia Intradia  Interdia
(%RSD) (%RSD)  (%RSD)  (%RSD)
Amfetamina 92 +1.6 1 7.5 9.7 3.5 6.4
Metamfetamina 75%29 0.7 8.6 13.4 11 5.9
MDA 95 +5.1 0.8 7.2 125 5.6 7.8
MDMA 98 +4.3 0.3 6.9 12.1 3.0 4.7
MDEA 85125 0.2 8.1 9.2 3.3 4.2
Cocaina 91 +4.3 0.2 5.7 8.6 4.5 5.4
Norcocaina 85+3.4 2 4.5 7.9 3.2 3.9
Cocaetilé 89+5.1 0.1 4.6 5.2 3.1 3.7
Benzoilecgonina 93+4.8 0.5 4.1 10.6 3.0 5.0
Norbenzoilecgonina 84 +4.9 0.1 3.4 5.6 2.5 4.6
Ketamina 93+1.3 15 6.1 8.5 1.5 2.3
LSD 93 +4.2 0.2 5.9 9.7 2.8 4.8
PCP 89 +£2.1 15 55 11.6 2.1 8.2
Fentanil 103 £7.7 1.8 7.2 94 4.9 5.8
Heroina 92+2.4 24 4.1 11.3 3.7 6.1
Codeina 96 +4.2 3 4.2 11.0 4.1 7.1
Morfina 82 £5.6 5 5.9 15.0 5.8 6.8
Normorfina 7513 15 8.9 9.4 3.8 5.9
6-Acetilmorfina 94 +6.6 15 5.6 13.2 3.3 9.2
Morfina Gluc. 70 £8.1 1 8.7 114 7.6 10.2
Norcodeina 69 £7.2 2.1 6.4 10.0 2.5 8.1
Metadona 88 £8.4 0.2 2.9 5.6 2.8 5.7
EDDP 74 £6.5 0.5 4.1 13.1 3.9 4.3
A9-THC 65 +8.2 6 4.6 10.0 4.0 9.8
THC-COOH 7318.1 5 4.5 15.1 1.3 4.1
THC OH 70+5.9 0.2 6.1 8.4 3.4 5.6
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Per Gltim, el metode s’ha aplicat a mostres d’aigiies superficials d’Alemanya, Franca,
Anglaterra i Espanya. Es van escollir rius importants d’aquests paisos, concretament el
Rin, Sena, Tamesi i Llobregat, i les mostres es van recollir una vegada aquests rius han
travessat arees d’elevada poblacid. Les mostres es van analitzar per triplicat. A la Figura

2.14 es mostren els resultats obtinguts a partir de I’analisi d’agquestes mostres.

250,0
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288 100 O Tamesis

8.0 OLlobregat
200,0 A

150,0 A MDEA Norcocaina Cocaetile ~ 6-AM THC-COOH THCOH
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Figura 2.14. Concentracions de les drogues estudiades a quatre paisos europeus (Abril 2007-Marg¢
2008, n=3x2 periodes de mostreig). Les linies verticals indiquen la desviacio estandard obtinguda en
realitzar I’analisi per triplicat.

Depenent de la mostra, s’han identificat d’entre 13 i 16 drogues del total de les 26
analitzades, amb diferents perfils de concentracio. Per exemple, es troben
concentracions de morfina superiors en la zona del riu Rin (21 ng/L) que en els
altres rius (8-15 ng/L) i aquest riu és I’Unic junt amb el Tamesi en el que s’ha
identificat el metabolit de [I’heroina, la 6-acetilmorfina, 4 ng/L i 2ng/L
respectivament. Pel que fa als estimulants tipus amfetaminic (ATS), el Tamesis i
Llobregat son els rius amb les concentracions més elevades. Els valors meés elevats
d‘amfetamina es van detectar en les mostres del riu Llobregat (20 ng/L) mentre que

per I’extasi es van identificar concentracions superiors en el riu Tamesi (62 ng/L).

89



Capitol 2

Pel que fa a la cocaina, les concentracions meés elevades corresponen a les
mostres dels rius Tamesi i Llobregat, amb valors entre 46 i 59 ng/L. Tot i aixi, cal
esmentar que aquesta substancia aixi com els seus principals metabolits
benzoilecgonina, norcocaina i norbenzoilecgonina, s’han identificat en totes les
mostres analitzades. El cocaetile, format a partir de la transesterificacié de la
cocaina en ser consumida juntament amb etanol (alcohol), s’ha trobat en totes les
mostres excepte en les del Sena, a concentracions entre 0.2 i 0.75 ng/L, i també les

concentracions més elevades corresponen al riu Tamesi.

Les concentracions de la metadona i el seu principal metabolit EDDP sén similars
en totes les mostres analitzades, encara que sén lleugerament inferiors en el riu
Llobregat. Pel que fa referéncia als cannabinoides, els metabolits de THC s’han
trobat en les mostres dels rius estudiants excepte el Rin a concentracions entre 1 i 8
ng/L per al THC-OH i entre 6 i 11 ng/L per al THC-COOH.
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2.3. DISCUSSIO DE RESULTATS

En aquest apartat es discuteixen els resultats obtinguts en la optimitzacio de metodes per
a I’extraccio i determinacio de drogues d’abus en aiglles. ES comenten els aspectes més
interessants dels metodes de cromatografia de liquids rapida acoblada a 1’espectrometria de

masses 1 dels d’extraccio establerts per a 1’analisi d’aquests compostos.

Pel que fa referencia a la separacié per cromatografia de liquids, la utilitzacid, per
primera vegada, de columnes de diametre de particula < 2um (UHPLC) per a ’analisi
simultania de drogues il-licites en matrius aquoses (apartat 2.2.1.) va permetre disminuir
el temps d’analisi i obtenir separacions cromatografiques en menys de 5 minuts per a les
drogues estimuladores (apartat 2.2.1.), i en menys de 9 minuts per al total de 26 drogues
analitzades (apartat 2.2.2.), amb eficacies molt superiors a les obtingudes en
cromatografia de liquids convencional. De fet, el temps de 1’analisi cromatografica
obtingut és la meitat del dels métodes que utilitzen HPLC, fins i tot dels publicats amb
posterioritat, com per exemple el proposat per Zuccato et al. per a la determinacié de 10
drogues d’abtis que requereix un temps d’analisi al voltant de 20 minuts (Zuccato i cols.,
2008a), o el de Metcalfe i cols. que optimitzen un métode d’HPLC per a la determinacid
de 6 drogues d’abus (cocainics i amfetaminics) amb un temps d’analisi de 13 minuts
(Metcalfe i cols., 2010). En els darrers anys, pero, els métodes publicats a la literatura
descriuen reduccions importants en els temps d’analisi totals, per exemple Martinez-
Bueno i cols. assoleixen la separacio de 22 drogues d’abts en 9 minuts, treballant amb
una columna convencional de fase invertida (Martinez Bueno i cols., 2011). Tot i aixi,
aquest metode no contempla la inclusié dels compostos eluits a temps de retencié més
elevats, com per exemple els cannabinoides. De manera que, si es comparen els temps de
retencio obtinguts per a un compost concret com, per exemple, ’EDDP, s’obtenen valors
de 8.8 minuts enfront dels 5.6 minuts del metode descrit a 1’apartat 2.2.2. El mateix
succeeix per al métode descrit per van der Aa i cols. per a la determinacié de 9 drogues
d’abus utilitzant una columna HILIC (Van der Aa i cols., 2010, Van der Aa i cols., 2013).
Aguest metode, tot i que assoleix una rapida separacié dels compostos analitzats (6.7
minuts), no inclou els cannabinoides, i per a ’EDDP, per exemple, s’obté un temps de
retencio de 6.2 minuts. Per a la determinacié d’un nombre més elevat de compostos (19),

aquests mateixos autors descriuen un metode alternatiu utilitzant una columna de fase
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invertida 1 diferents condicions cromatografiques en funcié del mode d’ionitzacid positiu
o negatiu en la font d’electrosprai, pero en aquest cas, obtenen temps d’analisi totals més

elevats, al voltant dels 23 minuts.

Es evident per tant, que I’is de I"'UHPLC resulta adequat per reduir considerablement
els temps d’analisi. Tot 1 aixi, per tal d’assolir la reduccido de temps obtinguda en el
meétode descrit a ’apartat 2.3.2., a més d’emprar una columna de 1.7 um de diametre de
particula, es van optimitzar tots aquells parametres que tenen rellevancia, com sén la
composicio de la fase mobil, la utilitzacié de gradients d’elucié i de modificadors per a
millorar la forma del pic cromatografic i la ionitzacio en la font d’electrosprai, i altres
parametres addicionals com la longitud i temperatura de la columna i la forma del
gradient d’eluci6. Tot aix0 va permetre millorar les separacions cromatografiques en

termes de resolucio, sensibilitat i temps d’analisi.

L’augment de la longitud de columna de 5 cm a 10 cm, malgrat I’increment dels temps
d’analisi que comporta, va permetre augmentar el nombre de plats teorics i obtenir una
millor separacié dels compostos en estudi. De fet, treballs posteriors han optat també per
utilitzar aquesta longitud de columna (veure Taula 2.2.). Alguns autors empren columnes
de menor longitud (5 cm) pero en métodes que inclouen un menor nombre de compostos
(Gomez i cols., 2010, Perez-Parada i cols., 2012), o bé en el cas d’utilitzar espectrometria
de masses d’alta resolucid, com per exemple un Orbitrap, ja que 1’elevada selectivitat
associada permet treballar amb una pitjor separacié (Fedorova i cols., 2014, Rodayan i
cols., 2014). A la literatura hi ha alguns treballs que empren columnes de longitud
superiors (15 cm), pero son estudis que estan enfocats a la identificacié de compostos
“non-target”, en el quals el nombre de compostos a identificar és molt elevat i utilitzen

espectrometria de masses d’alta resolucio (Diaz i cols., 2012, Bijlsma i cols., 2013b).

Tal i com s’ha comentat anteriorment, es conegut que la temperatura té un efecte
important en la separacié cromatografica. Per a les drogues estimuladores estudiades en
aquesta tesi (apartat 2.3.1.) es va posar de manifest una millora en la resposta en
augmentar la temperatura fins a 40 °C. Per als compostos estudiats es va obtenir un
increment mitja del 4% en ’area de pic, sense empitjorar de manera important la
resolucid. Tot i que aquest no es un parametre que s’optimitzi habitualment, alguns autors
en descriuen el seu Us en la separacid de drogues d’abus. Per exemple, Borova i cols.

estudien I’efecte d’un augment de la temperatura de la columna de 25°C a 50°C i
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proposen 25°C com a temperatura Optima de separacio (Borova i cols.,, 2014). La
diferencia entre les temperatures optimes obtingudes 25°C i 40 °C (apartat 2.2.1.), pot ser
deguda al dissolvent organic de la fase mobil, metanol en un cas i en I’altre, acetonitril
que posseeix una menor viscositat 1 una temperatura d’ebullici6 superior, o bé, per 1I’s de
columnes de nucli solid, tipus Fused Core, per a les que s’ha descrit un menor efecte
d’escalfament per friccié de la fase mobil (McCalley, 2011). D’altres autors que treballen
amb acetonitril i columnes de particules poroses, seleccionen temperatures de columna
superiors a I’ambient, per exemple Lopes 1 cols. seleccionen una temperatura de columna

de 35°C, per a la determinacié de drogues d’abus. (Lopes i cols., 2014)

Pel que fa referéncia a la composicio de la fase mobil en la separacié cromatografica
(apartat 2.2.1.), la utilitzaci6 d’un tampd de formiat amonic enlloc d’acetat amonic i
I’addici6 d’acid formic (0.1%) a la fase organica (Fig.1 Article I, apartat 2.2.1.) ha permes
una millora substancial en la separacid. Pel que fa al metode optimitzat per a la separacid
de les 26 drogues d’abus (apartat 2.2.2.), i encara que els compostos estudiats presenten
diferents caracteristiques d’acidesa i basicitat, la mateixa fase mobil ha permes una
adequada separacio dels compostos (Figura 2.3., apartat 2.2.2.). Cal esmentar que la
major part dels métodes per a la determinacié de drogues d’abiis en matrius ambientals
publicats a la literatura amb posterioritat al de I’apartat 2.2.1. empren composicions
similars (veure Taula 2.2.). Utilitzen acetonitril o metanol com a fase organica, amb un
percentatge entre 0.01-0.5% d’acid formic, i tampd d’acid formic/formiat a una

concentracio entre 1-50 mM com a fase aquosa.

Un dels aspectes d’interes de la optimitzacid de la separacié duta a terme en aquesta
tesi és D’aplicacio de gradients no lineals amb 1’objectiu d’aconseguir la maxima
separaci6 en el menor temps d’analisi possible. Aquests gradients permeten aplicar
elucions concaves 0 convexes en zones concretes del cromatograma. A la Figura 2.5. es
mostra un esquema dels gradients no lineals aplicables en el sistema cromatografic

emprat en aquesta tesi (Waters Acquity).
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Figura 2.15. Esquema de gradients no lineals de f; fins a f1;.

A la Figura 2.6. (superior) es mostra el cromatograma obtingut en la separacio de les
15 drogues estimuladores en aplicar un gradient lineal on s’observen dos intervals buits
entre 1.5-2.2 minuts i entre 3.5-4.5 minuts aproximadament. Si es té en compte que el
temps d’analisi total és de 5.2 minuts, dos intervals de quasi bé 1 minut cadascun
representen proporcionalment una important perdua de temps en la separacid
cromatografica. Per tal de reduir el temps d’analisi total i millorar la resolucié es va
avaluar ’aplicacié d’un gradient concau (f7) entre 0.5 i 3 minuts, que permet reduir el
primer d’aquests espais buits (de 0.8 a 0.4 minuts), tot mantenint, a més, una adequada
separacid entre els pics eluits a la part central del cromatograma. Per al segon interval es
va aplicar un gradient convex (fs) de 3.0 a 5.0 minuts, que permet reduir el segon
d’aquests espais buits (de 1.0 a 0.5 minuts), sense un empitjorament de la separacio

cromatografica (Figura 2.6.).

Aixi, els resultats obtinguts aplicant un gradient concau en la primera part del
cromatograma (f7) 1 convex en la segona (fs) van permetre, no tan sols millorar la
separacio d’alguns compostos en termes de resolucio cromatografica, sind que també, i
més important, reduir el temps total de separacido cromatografica de 5.5 minuts a 4.1

minuts, fet que representa una reduccio de quasi bé el 25% en el temps d’analisi.
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Figura 2.6. Comparacié de la separacié obtinguda amb gradient lineal (superior) i gradient no lineal
(inferior);. 1: Nicotina, 2: Cotinina, 3: Paraxantina, 4: Cafeina, 5: Amfetamina, 6: MDA, 7: Metamfetamina,
8: MDMA, 9: Benzoilecgonina, 10: MDEA, 11: Ketamina, 12: Cocaina, 13:LSD, 14: PCP, 15:Fentanil.

L’aplicacio d’un tractament similar en el metode de separacid de 26 drogues d’abus
(apartat 2.3.2.) va permetre millorar la resoluci6 obtinguda en emprar un gradient lineal i
reduir lleugerament el temps d'analisi. La utilitzacié d’un gradient concau (fg) va millorar
la resolucié d’alguns dels compostos que elueixen en menys de 3 minuts sense un
empitjorament notable de la separacido de la resta les substancies. L’aplicaci6 d’un
gradient lleugerament concau (f7) a la segona part del cromatograma (4.5-8 minuts) i una
elucié isocratica amb 100% de fase organica ha comportat una reducci6 del temps total
d'analisi de 9 minuts a 8.5 minuts (Figura 2.7.). En aquest cas gradients no-lineals amb
major pendent no van permetre eluir més rapidament els compostos cannabinoides i per

tant reduir encara mes el temps d’analisis.
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Figura 2.7. Comparaci6 de la separacid obtinguda amb gradient lineal (superior) i gradient no lineal
(inferior);.Soluci6 estandard de 100 pg/L. 1: morfina-3B-glucurdnid, 2: Normorfina, 3: Morfina, 4: Norcodeina,
5: Codeina, 6: Amfetamina, 7: MDA, 8. 6-AM, 9: Metamfetamina, 10: MDMA, 11: Benzoilecgonina, 12:
Norbenzoilecgonina, 13: MDEA, 14: Ketamina, 15: Heroina; 16: Norcocaina; 17: Cocaina; 18:LDS; 19: PCP;
20: Cocaetile; 21: Fentanil; 22: EDDP; 23: Metadona; 24: THC-OH; 25: THC-COOH; 26: THC.

En relacié al tractament de mostra, en aquesta tesi s’han avaluat diversos sorbents
per a I’extracci6 de les drogues d’abus en matrius d'aigua, amb 1’objectiu d'obtenir una
recuperacio acceptable per a totes elles (apartat 2.3.2.). Les recuperacions obtingudes en
els diferents sorbents, de tipus hidrofobic i de bescanvi ionic (cationic i anionic) han posat
de manifest que en general, per als compostos amb caracter basic els sorbents de bescanvi
cationic permeten obtenir les recuperacions més elevades. Per exemple, per a les ATSs
s’obtenen recuperacions entre 85-105%, i per als opiacis entre 82-105% en emprar
sorbents Oasis MCX. No obstant aixo, per a la benzoilecgonina i la morfina-3p-
glucuronid es van obtenir recuperacions menors de les esperades (60% i 35%,
respectivament). Un comportament similar ja havia estat descrit previament per Gheorghe
i cols. per la benzoilecgonina (Gheorghe i cols., 2008). Segons aquests autors, aquest
comportament pot estar relacionat amb l'estructura zwiterionica parcial que poden adoptar
aquests compostos en carregar la mostra a pH 2.5, tot i que aquest efecte no ha estat
observat per altres autors, com per exemple Bijlsma i cols. que obtenen recuperacions per
a la benzoilecgonina del 106% (Bijlsma i cols., 2009) o Kasprzyk-Horden i cols. que
obtenen recuperacions de 95-130% (Kasprzyk-Hordern i cols., 2007) per a aquest mateix

compost. Una altra possible explicacié a aquestes marcades diferéncies entre les
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recuperacions obtingudes per a un mateix compost emprant els cartutxos MCX pot estar
relacionada amb la temperatura d’evaporacié emprada durant la concentracidé dels
extractes obtinguts. Segons Baker i cols. per als extractes basics (metanol: 7% d’hidroxid
amonic) obtinguts emprant sorbents d’intercanvi cationic, a diferencia dels que tan sols
contenen metanol, la temperatura d’evaporacioé resulta critica per a algunes drogues
d’abus, entre elles els derivats ecgoninics de la cocaina (Baker i Kasprzyk-Hordern,
2011b). S’observa, per exemple, una disminuci6 del 72% al 45% en les recuperacions del
metil ester de 1’ecgonina en passar d’una temperatura d’evaporacio de 40°C a 50°C.
Segons els autors, una possible explicacio podria trobar-se en el fet que en les condicions
de treball (solvent basic) els compostos basics es troben en la seva forma no ionitzada i
per tan s6n més volatils. Tot i que aquest efecte no esta descrit per a la benzoilecgonina,
és possible que lleugeres variacions en el percentatge de base afegida durant 1’extraccid
pugui afectar als derivats ecgoninics, incloent la benzoilecgonina, durant 1’etapa
d’evaporacio, fet que explicaria les importants diferencies observades entre els treballs
publicats aixi com les recuperacions obtingudes pitjors que les dels sorbents de tipus
hidrofobic. Pel que fa al glucuronid de la morfina, una possible explicacié podria trobar-
se en un comportament degradacié similar al de 1’heroina la qual durant el procés
d’evaporaci6 dona altres compostos estructuralment similars, morfina mitjancant
hidrolisis (Bones i cols., 2007a), o 6-acetilmorfina (Baker i Kasprzyk-Hordern, 2011a)
per des-acetilacio. Tot i que, en I’estudi recollit en 1’apartat 2.3.2., no s’observa un
increment notable en les concentracions d’aquests dos compostos (morfina o 6-
acetilmorfina) ni una disminucié destacable en la recuperacio obtinguda per a la heroina,
probablement degut a les baixes temperatures d’evaporacid (35°C), aquesta si que podria
ser suficient per a degradar un metabolit estructuralment menys estable com un

glucuronid especialment en I’evaporacio a sequedat en medi basic.

Per al conjunt de compostos, pero, els sorbents mes habitualment emprats son els de
fases enllacades hidrofobiques, principalment Oasis HLB, tal i com es pot observar en la
Taula 2.1. Els d’intercanvi cationic, MCX, s’utilitzen tan sols en el cas de no incloure els
analits que presenten pitjors recuperacions en aquests sorbents, com sén el glucuronid de
la morfina, o els derivats cannabinoides (van Nuijs i cols., 2009c, Metcalfe i cols., 2010,
Baker i Kasprzyk-Hordern, 2011b), aixi com la benzoilecgonina, el cocaetilé o la
norbenzoilecgonina, que també donen baixes recuperacions (apartat 2.3.2.), En aquest

estudi (apartat 2.3.2.), I’Gs de sorbents HLB va permetre obtenir unes recuperacions
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adequades per al conjunt de compostos estudiats, entre 69-103%, de I’ordre de les
publicades a la literatura (Taula 2.1.)

Pel que fa a la reconstitucio de la mostra una vegada extreta i concentrada, un aspecte
important a tenir en compte en I’establiment de métodes per cromatografia de liquids, és
la composicio final de la solucié de la mosta a injectar. En aquesta tesi es va observar que
una fase aquosa amb un 5% de metanol, similar a les proporcions inicials del gradient
cromatografic en termes de contingut de solvent organic, resultava adequada per les
drogues estimuladores (Article I, apartat 2.2.1.), mentre que pels cannabinoides no era
aixi (apartat 2.2.2.). Una composicié de la mostra a injectar similar a les condicions
inicials cromatografiques (5:95 metanol:aigua) es traduia en un eixamplament dels pics
cromatografics i, per tant, una disminucio en la relacio senyal soroll, possiblement a causa
de la hidrofobicitat d'aquests compostos, que requereixen una proporcié mes elevada de
component organic. Ara bé, concentracions elevades de contingut organic, encara que
milloren les respostes dels cannabinoides, empitjoren les formes dels pics dels primers
compostos eluits. Aquesta és la rao per la qual en estudis de la literatura on s’analitzen
cannabinoids amb freqiiencia s’analitzen dos extractes, un en aigua i I’altre en dissolvent
organic (Boleda i cols., 2007). En el metode proposat en aquesta tesi per a I’analisi de 26
compostos incloent els cannabinoides es van seleccionar unes condicions de compromis,
amb un 20% de metanol en la solucid d’injeccid, que va permetre obtenir les millors

respostes per a tots els analits.

Per altim, cal esmentar que els resultats sobre la preséncia de les drogues d’abus inclosos
a I’Article I (apartat 2.2.1.) son els primers que es van publicar a Espanya, 1 van posar de
manifest que tant a I’entrada com a la sortida de les plantes de tractament d’aigiies
residuals es troben amb freqiiencia compostos com la cafeina, nicotina i els seus
metabolits (a nivells de concentracid de 1’ordre dels mg/L), aixi com la cocaina, el seu
metabolit benzoilecgonina, I’amfetamina, la MDMA 1 la ketamina, a concentracions molt
inferiors (de pg/L o ng/L). Alguns d’aquests compostos també es van identificar a les
aiglies del riu Llobregat, a nivells de concentracié similars als trobats en altres rius
europeus com el Tamesi o el Sena (apartat 2.2.2.). Aquests resultats es comenten amb
més detall al capitol 3 (apartats 3.3.1. i 3.3.2.), dedicat a avaluar la preséncia de les

drogues d’abus en aigiies residuals, superficials i potables.
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2.4. CONCLUSIONS

El treball experimental inclos en el Capitol 2 de la memoria, en el que s’han establert

métodes de LC-MS/MS per a I’analisi de drogues d’abus en matrius ambientals, ha

permes establir les seglients conclusions:

La combinaci6 de la cromatografia de liquids d’ultra elevada eficacia (UHPLC) i
I’espectrometria de masses en tandem ha permés proposar un meétode per a la
determinaci6 de drogues d’abus estimuladores en aigiies. S ha aconseguit una bona

separacio cromatografica en menys de 5 minuts per a les 15 substancies estudiades.

Es proposa emprar una fase mobil que conté una solucié aquosa de formiat
amonic 30 mM (pH 3.5) i acetonitril amb un 0.1% de modificador (acid formic) ja
que el formiat amonic permet obtenir millors separacions que I’acetat amonic. A
més, una concentracio relativament elevada de tampé (30 mM) millora

considerablement la forma dels pics per a la majoria de compostos.

La utilitzacié d’una temperatura de la columna de 40 °C ha permes obtenir pics
estrets (d’1.0 a 2.0 s. a mitja algada) i per tant, millorar els limits de deteccio. Es
recomana usar gradients no lineals en diverses seccions del cromatograma per
reduir el temps total d’analisi, en el nostre cas quasi bé un minut, mantenint
resolucions superiors a 1.2 per a la major part de les parelles de compostos. Tant

sols la resoluci¢ entre I’amfetamina i la MDA es inferior a 1 (0.9).

Les condicions optimes de la font de ionitzacié d’electrosprai establertes han permes
obtenir una bona resposta per a tots els compostos i evitar la fragmentacio a la font.
Es proposa emprar 1I'i6 [M+H]" com a precursor en espectrometria de masses en
tandem, seleccionar 2 transicions per compost i aplicar criteris d’acceptacid i
tolerancies (European Commission, 2009), per tal d’assegurar una correcta

identificacio dels compostos en mostres reals i sobretot evitar els falsos positius.
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Per a I’extraccio6 i preconcentracié es proposa emprar cartutxos Oasis HLB ja
que permeten obtenir recuperacions elevades, entre el 69 i el 103%, per a tots

els compostos analitzats.

Donada la no selectivitat del procés d’extraccid per a les drogues d’abus, la
complexitat de les mostres d’aigua en estudi (residuals, superficials i potables) i la
possibilitat de tenir efectes matriu importants en la ionitzacio en la font
d’electrosprai, es proposa emprar dilucio isotopica per a I’analisi quantitativa. En
el cas de no disposar de patrons marcats isotopicament s’empra el més similar

estructuralment dins la mateixa familia com a patr6 intern.

Es proposa emprar el meétode desenvolupat per a 1’analisi de drogues d’abus
estimuladores amb petites modificacions (gradient i composicié de la mostra a
injectar) per a la determinacio simultania de 26 drogues, tant estimuladores com
depressores. ElI metode és rapid, ja que permet efectuar la separacio
cromatografica en menys de 9 minuts i a més, dur a terme 1’analisi de les mostres

fent una Unica extraccio, injecci6 i adquisicio.

Els limits de quantificacidé obtinguts per a les drogues estimuladores en aigles
residuals i superficials es troben entre 0.2-5.0 ng/L i 0.1-3.1 ng/L respectivament,
per a tots els compostos excepte nicotina, cotinina, i paraxantina per als que
s’obtenen valors més elevats entre 0.5-0.85 pg/L i 0.2 pg/L. Per a la determinacio
simultania de 26 drogues d’abus els limits de quantificacié obtinguts en aiglies

superficials es troben entre 0.1-9.0 ng/L.

Els métodes optimitzats han permes identificar i quantificar per primera vegada a
Espanya drogues d’abuis en aigiies. Deu dels quinze compostos estudiats s’han
identificat habitualment en aigiies residuals estudiades i set d’aquests s’han trobat
també en les aigiies superficials. Entre els compostos identificats, la cocaina i la
benzoilecgonina s han trobat a concentracions mitjanes relativament elevades en
aigiies residuals d’entrada (79 1 810 ng/L) i sortida (17 1 216 ng/L), aixi com en
aigues superficials (6 1 77 ng/L).
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3.1. INTRODUCCIO

La confirmaci6é de la preséncia de drogues d’ablis en el medi ambient durant la
ultima década ha permés comprovar de nou que I’analisi d’aigiies pot donar informacio
molt acurada sobre els habits i activitats de I’esser huma, que hi incideix directament.
Des de la publicacié dels primers treballs que van identificar la preséncia de drogues
d’abus en aigiies (Jones-Lepp i cols., 2004, Zuccato i cols., 2005), I’estudi d’aquestes
substancies s’ha estes a diferents compartiments ambientals des de 1’aigua (resumits a
(Pal i cols., 2013, Petrie i cols., 2015)) fins a 1’aire (Hannigan i cols., 1998, Balducci i
cols., 2009, Cecinato i cols., 2010, Viana i cols., 2010, Daughton, 2011) passant per la
biota (Kaleta i cols., 2006, Jones-Lepp i Stevens, 2007, Wick i cols., 2009, Diaz-Cruz i
cols., 2009), tot demostrant que la preséncia d’aquestes substancies s’estén a tots els

compartiments ambientals.

La presencia de les drogues d’abus tal 1 com s’ha discutit a la introduccié d’aquesta
memoria, és deguda a dues causes principals. Per una part, a I’elevat consum d’aquestes
substancies que comporta que arribin a les xarxes de sanejament a concentracions
relativament elevades i per altra, al fet que la majoria de les drogues d’abus consumides
s’excreten inalterades o lleugerament transformades en els seus metabolits principals, de
manera que poden ser facilment identificades i quantificades per les tecniques
analitiques avui dia a 1’abast als baixos nivells de concentracid als que es troben
habitualment. A part d’aquestes dues principals causes, n’existeixen d’altres que
concorren en el temps com, per exemple, la seva relativa estabilitat en el medi i/o la

seva constant introduccio.

En general, aquests compostos entren directament en el compartiment aquatic per les
xarxes de sanejament publiques; a través dels efluents de les EDARs, arriben a les
aigiies superficials les quals sovint son usades per a la produccié d’aigua de beguda, tot

completant aixi el seu viatge a través del cicle de ’aigua.
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En aquest apartat s’inclou en primer lloc 1’Article Cientific II intitulat “lllicit Drugs
in the Urban Water Cycle”, on es fa una revisio de la informacid sobre la presencia de
les drogues d’abus a les aigues residuals, superficials i potables publicada durant els
cinc primers anys d’estudis d’aquestes substancies (2005-2010), aixi com sobre el
consum de drogues estimat a partir de les concentracions trobades en mostres d’aigiies

residuals.

La segona part de la introduccid (apartat 3.1.2.) és centra en analitzar la situacio
actual (2010-2015) de la preséncia de drogues d’abus en les matrius estudiades, aixi
com les tendéncies i evolucions observades en els ultims anys, mentre que 1’apartat
3.1.3. inclou una discussié sobre I'us d’aquestes substancies com a biomarcadors

antropogenics per realitzar calculs de consum.
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3.1.1. ARTICLE CIENTIFIC Il

Ilicit Drugs in the Urban Water Cycle
Huerta-Fontela, M., Galceran, M. T., Ventura, F

In:Xenobiotics in the Urban Water Cycle: Mass Flows, Environmental Processes,
Mitigation and Treatment Strategies. Springer Netherlands, 2010. 51-71
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Chapter 3
Illicit Drugs in the Urban Water Cycle

Maria Huerta-Fontela, Maria Teresa Galceran, and Francesc Ventura

Abstract In recent years, the presence of human-use compounds in the aquatic
environment has been recognized as an important issue in environmental chemistry.
Among them, illicit drugs have been described as a new unexpected group of water
contaminants with potent psychoactive properties and unknown effects to the
aquatic environment.

The presence of these drugs in water resources is of rising concern and several
studies are being conducted all over the world estimating discharged levels of drugs
of abuse. In this chapter, a summary of the last works studying and reporting the
occurrence of illicit drugs in water resources is performed. Up to now, drugs of abuse
have been already detected in wastewaters and surface waters in the USA, Italy,
Germany, the UK and Spain. These drugs reach wastewater treatment plants either
unaltered or in their main metabolite form. Depending on the removal efficiencies,
they can persist through wastewater treatment and be detected in receiving waters,
which in some cases are used for drinking water production. The presence of these
compounds in raw waters and their elimination through the drinking water treatment
must be considered as an issue with regard to the quality of water supplies.

3.1 Illicit Drugs in Water Resources

The presence of human-use compounds in aquatic environments has been recog-
nized as an important issue in environmental chemistry. Water analysis has dem-
onstrated to be able to provide exhaustive and reliable information regarding
human habits and activities. For instance, the presence of brominated flame retar-

M. Huerta-Fontela (P<) and F. Ventura
AGBAR-Aigiies de Barcelona, Av. Diagonal 211, 08018 Barcelona, Spain
e-mail: mhuerta@agbar.es

M.T. Galceran
Department of Analytical Chemistry, University of Barcelona, Av. Diagonal 647, 08028
Barcelona, Spain

D. Fatta-Kassinos et al. (eds.), Xenobiotics in the Urban Water Cycle: Mass Flows, 51
Environmental Processes, Mitigation and Treatment Strategies, Environmental Pollution, Vol. 16,
DOI 10.1007/978-90-481-3509-7_3, © Springer Science + Business Media B.V. 2010
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dants in water can tell us about the industrial activity on a specific area; or the
analysis of pharmaceutical residues can offer a general overview on health and
drug consumption patterns of certain population clusters served by specific waste-
water treatment plants (WWTPs). Recently, illicit drugs have been identified as a
new unexpected group of water contaminants confirming this “water squealer”
ability. To date, these compounds have been already found in several water matri-
ces around the world and the concern regarding their presence in these resources
is exponentially growing due to their potent psychoactive properties and their
unknown effects to the aquatic environment. The presence of illicit drugs in water
resources is related to two main causes. On the one hand, most of the main con-
sumed illicit drugs are excreted unaltered or as slightly transformed metabolites,
which reach the sewage system, and can be then easily identified (Table 3.1). On
the other hand, the high consumption rates reported for these compounds explain
their relative high concentration levels in the aquifer. Specifically, around 200
million people in the world are estimated to have used illicit drugs at least once
during the last year (United Nations Office of Drug and Crime 2007). Cannabis is
the most consumed one affecting by far above 4% of the global population aged
between 15 and 64 years old. Next, opiates (especially heroin) and cocaine are the
two second most consumed illicit drugs at the global level (United Nations Office
of Drug and Crime 2007). Nevertheless, different patterns of use can be found
depending on the country/region selected. For instance, in Europe and in Asia,
opiates are the most consumed illicit drugs, with percentages of use above 58%
and 62% among the adult population (15-64 years), respectively. In Africa and
Oceania, cannabis is the most abused drug (63% and 46% adults, respectively)
while in South-America cocaine use is still predominant (48%). Finally, in North
America, cocaine and cannabis are the two most consumed illicit drugs with
percentages above 29% and 26%, respectively. Despite these general region per-
centages, different patterns of use can also be found depending on the country/area
selected. For instance, in Spain, the annual prevalence levels of cocaine exceeded
those in the USA and the number of users is four times higher than the European
average (among the adult population 15-64 years), demonstrating important local
differences in the drug use panorama among countries.

3.1.1 Wastewaters

An alternative method to determine illicit drug consumption by measuring these
drugs in wastewaters was first proposed by Daughton (2001). Few years later, this
theory was put into practice in two works related to the determination of some illicit
drugs in water resources (Jones-Lepp et al. 2004; Zuccato et al. 2005). The first one
reported the presence of methamphetamine (0.8 ng/L) and 3,4-methylene-
dioxymethamphetamine (MDMA) (0.5 ng/L) in effluent samples of three WWTPs
in the USA. But it was in 2005 when scientists from the Mario Negri Institute in
Italy centered their efforts to exclusively look for illicit drugs in water resources
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(Zuccato et al. 2005). In this work, the presence of cocaine and its major metabolite,
benzoylecgonine, was reported for the first time in wastewaters and in the Po
River. Cocaine was found in four WWTPs at concentrations ranging from 42 to
120 ng/L and the levels of benzoylecgonine were in accordance with the metabolic
excretion ratios (0.15 = 0.03) giving concentrations ranging from 390 to 750 ng/L.
Additionally, both compounds were also found in Po River with concentrations of
2 and 25 ng/L, respectively. Few months later, an extended study from the same
research group (Castiglioni et al. 2006) confirmed the presence of cocaine together
with other illicit drugs, such as amphetamine type stimulants, morphine or metha-
done in influent and effluent samples from two Italian WWTPs. The occurrence of
illicit drugs was also confirmed in Germany (Hummel et al. 2006) and Spanish
(Huerta-Fontela et al. 2007) wastewaters. These results not only established the
presence of illicit drugs in water resources but also suggested incomplete removal
during the wastewater treatment. A more extensive work was then published
regarding the presence of stimulatory illicit drugs in 42 WWTPs in Spain (Huerta-
Fontela et al. 2008a). Most of the studied illicit drugs were found in both influent and
effluent wastewaters. Cocaine and its metabolite were detected in wastewaters at
concentrations ranging from 4 to 4,700 ng/L and from 9 to 7,500 ng/L respectively,
while concentrations of amphetamine type stimulatory (ATS) drugs ranged from 2
to 688 ng/L. Additionally, their removal was also studied in eight WWTPs, showing
variable percentages of elimination depending on the compounds and on the influent
concentration levels. For instance, cocaine and benzoylecgonine removal percent-
ages were higher than 88% while those for ATS varied, ranging from 40% to more
than 99%. The persistence of illicit drugs during wastewater treatments has been
also confirmed, for the time being, in surveys performed in Ireland (Bones et al.
2007), Belgium (Gheorghe et al. 2008; van Nuijs et al. 2008) and in Spain (Boleda
et al. 2007; Postigo et al. 2008). In Table 3.2, a summary of the results published
regarding the detection of illicit drugs in water is given.

Daily variations were also evaluated during seven consecutive days in WWTP
from Italy (Zuccato et al. 2008a). Concentrations of THC-COOH were constant
during the week suggesting steady use of cannabis. For benzoylecgonine, maximum
values were detected on Saturday, corroborating previous results obtained from a
survey performed in Spain (Huerta-Fontela et al. 2008a). However, different results
between both studies were obtained when variations in ATS were evaluated. While
constant values were obtained all through the week in Italian wastewaters, in Spain
significant maximums were observed at weekend suggesting different patterns of
use during the week.

3.1.2 Surface Waters

The non-quantitative elimination of illicit drugs in WWTPs has a direct effect in
rivers, lakes, or seas where the treatment plants discharge their effluents. Therefore,
once the presence of illicit drugs is demonstrated in wastewater effluents, surface
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waters should be analyzed. Several studies have been published analyzing the
presence of illicit drugs in rivers from Italy (Zuccato et al. 2005, 2008a; Castiglioni
et al. 2006), Spain (Huerta-Fontela et al. 2007, 2008b; Boleda et al. 2007), Ireland
(Bones et al. 2007), UK (Kasprzyk-Hordern et al. 2007, 2008; Zuccato et al. 2008b),
Poland (Kasprzyk-Hordern et al. 2007) and Belgium (Gheorghe et al. 2008; van
Nuijs et al. 2008). For instance, in a recent work published by van Nuijs et al.
(2008), 28 rivers from Belgium were sampled and analyzed for cocaine and two
metabolites, benzoylecgonine and ecgonine methyl ester (which was not detected).
Results showed the extended occurrence of the parent compound (0.1-55.2 g/day)
and of benzoylecgonine (0.1-249.7 g/day) in 15 and 20 of the sampled rivers,
respectively. In this study, the variation in cocaine loads at the sampled rivers was
also evaluated, showing an increasing trend when going downstream. This behav-
ior was also described in previous reports (Zuccato et al. 2008a; Huerta-Fontela
et al. 2008a) and it is probably related to the continuous discharges of wastewaters
along the rivers with a consequent accumulation effect. As regards other illicit
drugs, one study performed in four Italian rivers and one from UK revealed differ-
ent concentration levels of twelve and six illicit drugs, respectively. For instance,
cannabis (THC) was detected as its main carboxylic metabolite (THC-COOH) at
concentrations ranging from 0.5 to 7 ng/L in the Italian rivers and at 1 ng/L in one
UK River. However, cocaine (by means of its metabolite benzoylecgonine) was
the compound found at higher concentrations, followed by methadone and EDDP,
codeine, cannabis (in the form of THC-COOH), and amphetamine related com-
pounds (cocaine > methadone>codeine >THC > ATS).

Some seasonal studies have been also performed in surface waters; however
extrapolations are more difficult to perform since concentrations depend not only
on the excretion of the compounds but also on weather conditions (mainly water
temperature and rainfall episodes), proximity of WWTPs and natural attenuation
processes. In order to obtain comparable results, the seasonal surface survey should
be performed always in the same sampling point, at the same time/day, avoiding
rainfall episodes, measuring the river flow rates (in order to normalize concentra-
tions), and evaluating water temperature effect. Additionally, ratios between con-
centrations of the parent compounds and their metabolites should be always
checked since they provide information about natural degradation processes.
Kasprzyk-Hordern et al. (Kasprzyk-Hordern et al. 2008) studied the seasonal varia-
tions through six consecutive months (from January to August 2007) and the results
reported showed higher loads for amphetamine and benzoylecgonine in August.
Another study performed in one river from Spain during 1 year showed maximum
loads for amphetamine during the summer season. For cocaine, ecstasy and meth-
amphetamine high loads were also detected in summer but maximum values were
found in winter. A more detailed study of this period was performed by collecting
samples more frequently (from December 14, 2006 to January 30, 2007). This
survey revealed an important increase in the concentrations of these compounds
during the last days of December and the first days of January, corresponding to the
Christmas and New Year holidays. In Fig. 3.1, the results obtained during this sea-
sonal survey are displayed.
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Fig. 3.1 Seasonal variation of illicit drugs in surface waters from NE-Spain. (Huerta-Fontela
et al., 2008b)

3.1.3 Drinking Water

It is important to consider that often, surface waters are used as raw sources
for drinking water production and the presence of illicit drugs can have a nega-
tive impact on the quality of the final tap water. Recently, one study has been
published describing for the first time the presence and removal of illicit drugs
through drinking water treatment (Huerta-Fontela et al. 2008b). Amphetamine-
type stimulants (except MDMA) were completely removed during prechlorina-
tion, flocculation, and sand filtration steps. Granulated activated carbon (GAC)
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filtration removed cocaine (100%), MDMA (88%) and benzoylecgonine (72%).
Post-chlorination achieved the complete elimination of MDMA and only
benzoylecgonine persisted throughout treatment, although reductions of 90%
were obtained.

3.2 Consumption Estimation

The estimation of the percentages of illicit drug users and trends established in
national and international annual reports are usually based on population surveys
and statistical approximations. For instance, the percentages published in the
World Drug Report 2007 (summarized in the previous section) are based primar-
ily on the results obtained from the “Annual Reports Questionnaire (ARQ)”
returned by Governments to UNODC (United Nations Office of Drug and Crime
2007). This questionnaire mainly depends on self-reports (in-house surveys)
and also considers the number of treatment demands, arrests, and drug pro-
duction and seizure rates declared by the Governments. Therefore, a general
overview of the extent of the drug use is given by these reports but the margins
of error are considerable.

The analysis of illicit drugs in water resources represents a novel and cheaper
approach to determine more realistically the consumption rates and the patterns of
use. In order to extrapolate illicit drug concentrations to consumption percentages,
the first premise to take into account is that these drugs are hardly metabolized with
known parent/metabolite excretion rates (pharmacokinetic data) and that they are
stable in wastewaters (environmental transformation rate data) (Daughton 2001).
Therefore, the normalization of the concentration values found in wastewaters can
be easily performed by using the measured daily flow rates entering the WWTP and
the number of inhabitants served. In general, the steps performed to extrapolate
these results are as follows. First, concentration values are multiplied by daily
influx, obtaining daily loads (e.g., g/day), which are divided by the population
served (e.g., g/day x 1,000 inhabitants). Then, a correction factor is applied to these
loads to obtain the number of doses per day and population. This correction factor
includes excretion ratios together with official dose contents. In Table 3.3, a sum-
mary of the correction factors is displayed.

3.2.1 Cocaine

The first works published using these approximations extrapolate cocaine wastewater
concentrations to consumption rates (Zuccato et al. 2005, 2008a; Huerta-Fontela
et al. 2008a, b; Bones et al. 2007; van Nuijs et al. 2008). In Table 3.4, a summary
of these results is displayed. In most of these works, cocaine estimations were
performed by using benzoylecgonine concentration data since this compound
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Table 3.4 Estimations of cocaine consumption

Loads per
capita Number of
(mg/day/  Doses (doses/
Extrapolation Country 1000inh)  day/1000inh) Users % Reference Official %*
From BE loads Italy 210-730  2-7 0.2-0.7% (Zuccato etal., 0.8-2.1%™
900-2700" 9-27* 0.9-2.7%" 2005) 1.2%"
From BE loads  Spain 1400™ 14733" 1.4%" (Huerta-Fontela 1.6-3%™
3300 3.3%" et al., 2008a) 2.8%"
From BE loads  Belgium 700-1000 7-10 0.7-1%  (van Nuijs 0.9%
et al., 2008)
From COC loads Ireland 180-1440 2-14 0.2-1.4% (Bones et al., 0.5-1.1%™
2007)

* Percentage of users considering last month prevalence. (European Monitoring Center for Drugs
and Drug Addiction, 2008; United Nations Office of Drug and Crime, 2007).
* young adults: 15-34 years old;™ adults: 15-64 years old

comes entirely from the metabolic degradation of cocaine and therefore from
human consumption. Cocaine loads are not included in the calculations to avoid the
effects of any sporadic direct discharge. Moreover, in a recent work published by
Gheorghe et al. (2008), it was demonstrated that cocaine is not stable. For instance,
at pH 6 and 20°C degradation percentages of 40% and 75% after 5 h and 1 storage
day were found respectively. Therefore, benzoylecgonine loads are recommended
to be used when cocaine consumption calculations are performed. To relate benzo-
ylecgonine with cocaine, the percentage of intranasal cocaine excreted in urine as
benzoylecgonine (30-50%) and the molar mass ratio of cocaine/BE (1.05) are
considered, giving a factor of 2.3 (Zuccato et al. 2005) or 2.7 +0.6 (Huerta-Fontela
et al. 2008a) depending on the excretion percentages considered. The total equiva-
lents of cocaine are then obtained, and they can be converted to the total number of
doses assuming a typical consumption unit/dose (at street purity) of 0.1 g of
cocaine (United Nations Office of Drug and Crime 2007). The number of doses per
1,000 inhabitants described in the literature range from 2 to 14 and these values rise
above 27 doses/1,000 inhabitants (in Italy) and 33 doses/1,000 inhabitants (in
Spain) when only young adults (from 16 to 34 years old) are considered.

A raw comparison between the official prevalence data published and the
percentages from these surveys can be also performed. As can be observed in
Table 3.4, similar percentages of cocaine users are obtained with both estimations.
It must be taken into account that the official rates are calculated by considering
only adult population (from 15 to 64 years old) and a time frame of use of 1 month
(or 1 year) while in these surveys, the population age range differs from one study
to another and the time frame of use is mainly of 1 day or 1 week. Further work
needs to be performed in order to optimize and standardize the “sewage
epidemiology”(Zuccato et al. 2008b) approach to drug consumption; however, it
can be stated that these first approximations provide similar orders of magnitude
than those so far provided by the “standard estimation methods”.
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3.2.2 Heroin

For heroin, additional figures must be taken into account before calculating
consumption from wastewater concentrations. In one hand, only one exclusive
metabolite of heroin can be found in wastewater samples, 6-acetylmorphine. This
metabolite is a minor excretion product and up to now, it has not been considered for
wastewater calculations since it is supposed to be present at fluctuating concentrations
(Zuccato et al. 2008b). On the other hand, heroin, major excretion products,
morphine, and conjugated morphine glucuronides (Table 3.3), are not specific or
exclusive metabolites of this parent drug since they are also excreted after mor-
phine or codeine consumption. According to previous studies (Baselt 2004; Zuccato
et al. 2008b), codeine contribution to wastewater morphine can be neglected due to
the low excretion percentages. Morphine concentrations in wastewater can then
come from therapeutic morphine consumption or from heroin use. Additionally,
morphine glucuronides are extensively hydrolyzed to morphine by enzymatic
mechanisms in fecal waters (Baselt 2004; Zuccato et al. 2008a). Therefore, in order
to calculate heroin consumption, corrections in morphine wastewater concentration
must be performed to compensate the extensive contribution from therapeutic mor-
phine use. These therapeutic contributions can be calculated by using official or
published data regarding local consumption values (amount of therapeutic mor-
phine per time per capita) which are changed to daily amounts of morphine
metabolite by considering excretion rates (85% for therapeutic morphine). Next,
these amounts are subtracted from the total morphine wastewater loads, giving to
a residual morphine amount which can be considered to come mostly from heroin
consumption. Finally, taking into account these morphine amounts, heroin con-
sumption can be calculated by considering the excretion percentage (42%) and the
molar mass ratio (1.3) (Table 3.3).

Zuccato et al. (2008b) firstly proposed this approximation in order to estimate
heroin consumption from morphine wastewater concentrations. The calculated heroin
consumption was of 70 mg/day per 1,000 inhabitants in Italy, 100 mg/day per 1,000
inhabitants in Switzerland and 200 mg/day per 1,000 inhabitants in UK. Considering
that a typical intravenous dose of heroin has an average content of pure active
drug of 30 mg, the number of doses consumed daily ranged from 2 to 7 doses.
Additionally, in a recent work performed in 15 WWTPs in Spain (Boleda et al.
2009), similar approximations were used in order to calculate heroin consumption.
An average value of 5 doses/day per 1,000 inhabitants was obtained which repre-
sents 0.67% of the population aged between 15 and 64 years old.

3.2.3 Other Illicit Drugs

Extrapolation from wastewater concentrations to drug consumption can be also
performed for other illicit drugs. For instance, in a study published in 2007, wastewater
concentrations of MDMA were directly used to estimate ecstasy consumption since
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this compound is mainly excreted unaltered (Table 3.3). Total loads of MDMA (26
mg/day per 1,000 inhabitants) were corrected by considering the excretion percentages
(72%) and the estimated local use of ecstasy was calculated by taking into consid-
eration that a typical dose of MDMA is 0.1 g (unit/dose) (United Nations Office of
Drug and Crime 2007). One dose of ecstasy per day per 1,000 habitants was
obtained for population aged between 15 and 64 years old. Finally, these results
were also extrapolated to population aged between 15 and 34 years old, since the
use of this drug in Spain is nearly exclusively restricted to young adults group, giving
an estimated consumption of four doses of ecstasy per day per 1,000 habitants.
Lower loads were found in Italy (Milano), Switzerland (Lugano), and England
(London) with values ranging from 3.4 to 7.3 mg/day per 1,000 inhabitants (adult
population). The extrapolation to consumption rates gives values ranging from 0.12
to 0.28 doses/day per 1,000 inhabitants which are ten times lower than those
reported in Spain. Finally, in a recent study performed in seven WWTPs around
USA (Chiaia et al. 2008), higher variability in loads was found, with values ranging
from 2 to 40 mg/day per 1,000 inhabitants which correspond to 0.1 to 1.5 doses/day
per 1,000 inhabitants. Unlike cocaine use, these studies demonstrate important
variations in ecstasy consumption depending on country/regions and age ranges.

THC consumption can be also calculated from wastewater concentrations by
using THC-COOH since it is the major metabolite of cannabis and it has been
ubiquitously found in wastewaters sampled (Table 3.2). For instance, Zuccato et al.
(2008b) found load levels ranging from 20 to 50 mg/day per 1,000 inhabitants of
the cannabis metabolite which can be extrapolated to 2180 to 5450 mg/day per
1,000 inhabitants of the parent compound. Considering a typical smoked dose of
125 mg (14% of pure THC), these values correspond to 124-311 doses/day per
1,000 inhabitants. According to this study cannabis was the most used drug among
the studied ones, and results agreed with official figures.

3.3 Concluding Remarks

The presence of illicit drugs in water resources has been discovered in the last few
years. Since this fact was firstly uncovered in 2005, a number of increasing works
dealing with this topic have been published.

In this chapter, a summary of the works published regarding the occurrence of
illicit drugs from wastewater to tap water has been performed. Results can be con-
sidered and processed from two different points of view. In one hand, from an
environmental point of view, illicit drugs or their slightly transformed metabolites
have been detected in water matrices at relatively high concentrations. This fact not
only confirms the effect of human habits and activities in the environment but also
suggests the introduction of new psychoactive agents into the aquatic system. For
instance, cocaine, amphetamine, ecstasy, heroin, or cannabinoids among others have
been detected entering to water resources by means of sewage waters from different
countries such as Italy, Germany, Spain, Belgium, UK, or USA. Wastewater treatments
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showed not to be effective enough to remove these drugs and therefore they were
also found, at lower concentrations, in receiving surface waters which at the same
time can be used for drinking water production. Drinking water treatments showed
the complete removal of all the illicit drugs or metabolites detected in the raw water
except for benzoylecgonine (cocaine metabolite), methadone, and EDDP (methadone
metabolite). Considering all the surveys performed and the results obtained it can
be concluded that the presence of illicit drugs in the “water cycle” far from being a
temporary or a national problem has become a stationary problem of global
concern. On the other hand, from a forensic point of view, illicit drug concentra-
tions in wastewater can be also used to backward calculate the amount of drugs
consumed by a specific population. Several studies perform these calculations by
considering excretion pathways and percentages; parent compounds (ecstasy,
methadone) or main excretion metabolites (benzoylecgonine or THC-COOH) have
been used to estimate consumptions. Results obtained from these approximations
provide similar magnitude orders than those obtained from classical estimation
methods. Therefore, this kind of sewage approximations can become a powerful
and reliable tool for enforcement agencies and to obtain epidemiologic and
consumption tendency data.

Finally, it must be emphasized that much more data are needed in order to
improve the knowledge of the behavior and occurrence of illicit drugs in wastewa-
ters and surface waters as well as their toxicological impact in both aquatic life and
human beings. Additionally, validation protocols should be established in order to
improve backward calculations and to incorporate general and agreed guidelines
to perform representative and reproducible surveys.

References

Baselt, R.C. (2004). Disposition of toxic drugs and chemicals in man. (7th ed.). Foster City, CA:
Biomedical Publications.

Boleda, M. R., Galceran, M. T., & Ventura, F. (2007). Trace determination of cannabinoids and
opiates in wastewater and surface waters by ultra-performance liquid chromatography—tandem
mass spectrometry. Journal of Chromatography, 1175, 38—48.

Boleda, M. R., Galceran, M. T., & Ventura, F. (2009). Monitoring of opiates, cannabinoids and
their metabolites in wastewater, surface water and finished water in Catalonia, Spain. Water
Research, 43, 1126-1136.

Bones, J., Thomas, K. V., & Brett, P. (2007). Using environmental analytical data to estimate
levels of community consumption of illicit drugs and abused pharmaceuticals. Journal of
Environmental Monitoring, 9, 701-707.

Castiglioni, S., Zuccato, E., Crisci, E., Chiabrando, C., Fanelli, R., & Bagnati, R. (2006).
Identification and measurement of illicit drugs and their metabolites in urban wastewater by
liquid chromatography-tandem mass spectrometry. Analytical Chemistry, 78, 8421-8429.

Chiaia, A. C., Banta-Green, C., & Fink, G. (2008). Eliminating Solid Phase Extraction with Large-
Volume Injection LC/MS/MS: Analysis of Illicit and Legal Drugs and Human Urine Indicators
in US Wastewaters. Environmental Science and Technology, 42, 8841-8848.

Daughton, C.G. (2001). Illicit drugs in municipal sewage: proposed new non-intrusive tool to
heighten public awareness of societal use of illicit/abused drugs and their potential for ecological



Preséncia en el Medi Ambient

3 Illicit Drugs in the Urban Water Cycle 71

consequences. In C.G. Daughton & T. Jones-Lepp (Eds.), Pharmaceuticals and personal care
products in the environment. scientific and regulatory issues (pp. 348-364). Washington, DC:
American Chemical Society.

Gheorghe, A., van Nuijs, A., Pecceu, B., Bervoets, L., Jorens, P. G., Blust, R., et al. (2008).
Analysis of cocaine and its principal metabolites in waste and surface water using solid-phase
extraction and liquid chromatography-ion trap tandem mass spectrometry. Analytical and
Bioanalytical Chemistry, 391, 1309-1319.

Huerta-Fontela, M., Galceran, M. T., Martin, J., & Ventura, F. (2008). Occurrence of psychoactive
stimulatory drugs in wastewaters in north-eastern Spain. Science of the Total Environment,
397, 31-40.

Huerta-Fontela, M., Galceran, M. T., & Ventura, F. (2007). Ultraperformance liquid chromatogra-
phy-tandem mass spectrometry analysis of stimulatory drugs of abuse in wastewater and
surface waters. Analytical Chemistry, 79, 3821-3829.

Huerta-Fontela, M., Galceran, M. T., & Ventura, F. (2008). Stimulatory drugs of abuse in surface
waters and their removal in a conventional drinking water treatment plant. Environmental
Science and Technology, 42, 6809—6816.

Hummel, D., Loeffler, D., Fink, G., & Ternes, T. A. (2006). Simultaneous determination of
psychoactive drugs and their metabolites in aqueous matrices by liquid chromatography mass
spectrometry. Environmental Science and Technology, 40, 7321-7328.

Jones-Lepp, T. L., Alvarez, D. A., Petty, J. D., & Huckins, J. N. (2004). Polar organic chemical
integrative sampling and liquid chromatography electrospray/ion-trap mass spectrometry for
assessing selected prescription and illicit drugs in treated sewage effluents. Archives of
Environmental Contamination and Toxicology, 47, 427-439.

Kasprzyk-Hordern, B., Dinsdale, R. M., & Guwy, A. J. (2007). Multi-residue method for the
determination of basic/neutral pharmaceuticals and illicit drugs in surface water by solid-phase
extraction and ultra performance liquid chromatography-positive electrospray ionisation
tandem mass spectrometry. Journal of Chromatography, 1161, 132—145.

Kasprzyk-Hordern, B., Dinsdale, R. M., & Guwy, A. J. (2008). The occurrence of pharmaceuticals,
personal care products, endocrine disruptors, and illicit drugs in surface water in South Wales,
UK. Water Research, 42, 3498-3518.

Postigo, C., Lopez de Alda, M. J., & Barcelo, D. (2008). Fully automated determination in the low
nanogram per liter level of different classes of drugs of abuse in sewage water by on-line solid-
phase extraction-liquid chromatography-electrospray-tandem mass spectrometry. Analytical
Chemistry, 80, 3123-3134.

United Nations Office of Drug and Crime (2007). World Drug Report 2007, from www.unodc.org/
unodc/world_drug_report.html, 1.

van Nuijs, A. L. N., Theunis, L., Dubois, N., Charlier, C., Jorens, P. G., Bervoets, L., et al. (2008).
Cocaine and metabolites in waste and surface water across Belgium. Environmental Pollution,
157, 123-129.

Zuccato, E., Castiglioni, S., Bagnati, R., Chiabrando, C., Grassi, P., & Fanelli, R. (2008). Illicit
drugs, a novel group of environmental contaminants. Water Research, 42, 961-968.

Zuccato, E., Chiabrando, C., Castiglioni, S., Bagnati, R., & Fanelli, R. (2008). Estimating community
drug abuse by wastewater analysis. Environmental Health Perspectives, 116, 1027-1032.
Zuccato, E., Chiabrando, C., Castiglioni, S., Calamari, D., Bagnati, R., Schiarea, S., et al. (2005).
Cocaine in surface waters: a new evidence-based tool to monitor community drug abuse.

Environmental Health: A Global Access Science Source, 4, 1-7.

127



Capitol 3

128



Preséncia en el Medi Ambient

3.1.2. Preséncia de les drogues d’abus en el medi aquatic: Situacio actual 2010-2015.

Des de I’any 2010 fins a I’actualitat, els estudis referents a la preséncia de drogues en
el medi aquatic, lluny de disminuir, han presentat un augment important tant en el
nombre com en la diversitat de paisos estudiats. A la Taula 3.2 de 1’apartat 3.1.1. es
resumeixen els resultats obtinguts en els primers treballs publicats a la literatura sobre la
preséncia de drogues d’ablis en matrius aquoses, mentre que la Taula 3.1. es mostren les
dades recents (des de I’any 2010) de presencia de drogues d’abus estimuladores en
aigles residuals i superficials. En aquesta taula es pot observar que, en els darrers anys,
ha augmentat el nombre d’estudis a arreu del mén i que un gran nombre de paisos s han
afegit al llistat en els que, des dels incipients treballs de 2004 (Jones-Lepp i cols., 2004)
i 2005 (Zuccato i cols., 2005), s’estudia la preséncia de drogues il-legals en el medi
aquatic. Avui dia des d’Europa fins Australia, passant pel continent America o Asiatic
s’observa la presencia de drogues d’abus en les aigilies confirmant la seva ubiquitat. A
més, a la distribucio global d’aquestes substancies se li afegeix el fet que el nombre de
drogues d’abus identificades en aigiies cada cop és major, donada la introduccié de
noves substancies psicoactives. Aquest és el cas, per exemple, de la droga estimulant 1-
(2-metoxifenil)piperazina (0MeOPP) detectada durant un festival de mdsica a Oslo
(Reid i cols., 2014) o dels derivats de les catinones, com la metilendioxiprirovlaerona
(MDPV), detectades en aigues residuals holandeses (van Nuijs i cols., 2014), fet que
posa de manifest la importancia de continuar realitzant estudis enfocats a la identificacid

1 I’estudi de la preséncia de drogues d’abus en el medi.

En aquest context pot ser d’interés comentar més a fons el treball publicat per
Thomas i cols. (Thomas i cols., 2012) que fa referéncia als estudis duts a terme en el
marc de la xarxa europea SCORE creada 1’any 2010 per tal d’estandarditzar i coordinar
els estudis internacionals sobre drogues en aigues residuals i en el que es va estudiar el
consum d’aquestes substancies en 19 ciutats Europees, a partir de ’analisi de les seves
aiglies residuals. En aquest estudi els resultats s’expressen en forma de carregues
(mg/dia) respecte la poblacid (habitants, hab.), calculades a partir de les concentracions
obtingudes, per tal de normalitzar els valors i poder comparar els resultats obtinguts
entre diferents paisos i zones mostrejades. Per la cocaina els valors obtinguts, entre 2 i

1998 mg/dia-1000 hab., son especialment elevats a I’Europa central i occidental, amb
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diferencies significatives dins d’un mateix territori segons la densitat de poblacid, de
manera que les zones mes poblades (urbanes), presenten valors més elevats de cocaina
que les de menor de poblaci6 (rurals). Pel que fa a I’éxtasi les carregues més elevades
s’obtenen a Holanda, Bélgica i Gran Bretanya amb valors entre 38-615 mg/dia-1000
hab. En la mateixa linia de treball, un estudi posterior d’Ort i cols. (Ort i cols., 2014) va
ampliar el nombre de ciutats europees estudiades a 42, i es van obtenir resultats similars
als de I’anterior treball citat, confirmant diferencies importants en el consum entre
paisos i arees d’influéncia, aixi com correlacions amb els informes oficials publicats
(European Monitoring Centre for Drugs and Drug Addiction, 2014). En aquest estudi,
s’evidencia de nou un consum elevat d’éxtasi en els paisos de 1’est i nord I’Europa, com
la Replblica Txeca, Gran Bretanya i Holanda. Les carregues més elevades
d’amfetamina i metamfetamina també presenten una distribucié geografica similar a la
de I’éxtasi mentre que per a la benzoilecgonina, que indica consum de cocaina, els
valors més elevats entre 2011-2103 s’obtenen a les ciutats d’Amsterdam, Eindhoven,
Antwerp, Londres i Zurich (400-850 mg/dia-1000 hab.) destacant també els valors
elevats obtinguts a la ciutat de Barcelona (200-550mg/dia-1000 hab.). Pel que fa al
MDMA, destaquen especialment les carregues maximes obtingudes a Holanda (7260
mg/dia-1000 hab.) i Belgica (147 mg/dia-1000 hab.) molt superiors a la mitjana europea
i que segons els autors, suggereix la presencia de tallers de produccié clandestins
d’aquesta substancia. A la ciutat de Barcelona també es detecten valors maxims molt
elevats (85 mg/dia-1000 hab.) molt superiors als de la mitjana europea de 19
mg/dia-1000 hab.

130



Preséncia en el Medi Ambient

(TTOZ "'s]09 1 1uol|bnseD) G'€-60 elell
(€T0Z ‘UsspIoH
-YAzidsey] 1 1axeqg ‘9T10Z
‘UIBpIOH-YAzidse 1 J1axeq) T0 20> I eliare|buy
(€T0Z "'S|02 1 BY J3p UBA) v /T 6€-0T eAuews|y  DODJON
(STOZ "'s|02 | ueAepOy) 8-S 8T 61-8 gpeue)
(¥T0Z "'s|09 | neable\) 4 y2e 443 LT epeue)
(#T0Z "'s]09 1 sewoy) 9685-//9 1seq
(GTOZ "'s109 1 1ysadeH) T € 8 aldix
(#T02 "'s109 I UeunsQ) 210 210aNS
(¢t02
‘19yeq 1 ulapioH-3Azidseyy) GGT-€S BJax | day
(€T0Z "'s]02 I NeJoN) G0E-G ZEST-TC eduel
(€102 ‘UsspIoH
-YAzidsey] 1 1oxeqg ‘9T10Z
‘UI9pJoH-YAzidsey | Jaxeq) 9-£'0> 6vT-T> 925-/§ elis)e|buy
(€T0T "'S|02 1 BY J3p UBA) Z €T € TT-T £9¢ ¥06-GET eAuBWd|Y
(TTOZ "'s|02 1 1e) 1€G-9/T eljesisny
(0TOZ "'s|02 1912191 ) Y4 0/-8 25 yTT-0€ Re)
(eT0Z "'S|00 | BZOPUBIN) 6.7 G9/-2€T eAueds3
(TTOZ "'s109 1 ouang zaulle|A) a4 18-S T.T 967-¢1 vl 028-0v eAueds3
(#7102 "'s109 I Lie[19) €0T-T 00S-€9T eAueds3
(0TOZ "'s]09 1 0b11S0d) v'T 2’6570 89T T-1€-6'T 8¢ 196-G6T eAueds3
(STOZ "'s|02 | x109) ¥1-8 eAueds3
(2102 “*S109 1 BioY-zanbze) G2'e eAueds3
(0TOZ 's109 | OULIBIN-Z3[eZU0D)) [ 19-CY Z.7-6€ eAueds3
(TT0OZ "'S109 1 0ZN0JPad) 98Y¢-C eAueds3 200
(1/6u) (1/6u) (1/6u) (1/6u) (1/6u) (1/6u)
mm_oC@Lmu_.mﬂ_ EO me\E_O me\E_O me\E_U HmOQEOU
[e1o148dng dvQa3 epnios dvQa3 epesug

"0T0Z Aue,| ap sep uow |ap e1saJ e| ap | seadoina ‘sajoAuedss sje1oliadns | sjenpisal senfie,p snieW Us eInjeIall] 8] B S8PrId81ap Salope|nwinss snae,p ssnbolq "1's ejnel

131



Capitol 3

(STOZ "'s]09 | UeARpPOY) 0Z-81 8T GT-21 gpeue)d
(#T0Z "'s]09 1 sewoy) 78G€-99€ [iselg
(TTOZ "'s100 1 1e7) 20G7-60T elfeisny
(TTOZ ""s]09 1 8UIA]) 06E-STT elfeisny
(GTOZ "'s109 1 1ysadeH) € LT 1€ €G-€T aldix
(#T02 “'s|09 I uewnsQ) (2102 :02-€ ZRES
‘19yeq 1 uIapJoH-yAzidsey) 60€-9TT eJ9x] day
(702 "'s109 1 sado) £95-€02 [ebnuiod
(TT0Z "'s109 1 p1ay) 8 22 €T-70°0 ebanIoN
(€T0Z "'s109 1 891d9Y) a4 8G-9¢ 98Y GT/-0€T eljel|
(1702 "'s109 1 1uo1|bnsed) 6vT LEE-T eljel|
(2102 "'s109 1 ewsiNg) 156-0T 10LE-092 epuejoH
(€T0Z ""s109 1 neyaN) 076-S 0S0£-0T eduel
(#T0Z "'s100 1 LIONA) 22 €T-¥0°0 elpuejuly
(0T0OZ "'s100 10113 ) 15€-0T 98T GZE-68 ©I0801D
(0T0OZ "'s109 1 8}eIBIN) £G7-06 G//-29 £68-219 €292-182 epeue)
(702 "s109 1 neabieA) T0T-9. 90€-09 epeue)
(0T0Z s102 1912181 ) (€102 6. vIT-l¥ 8.T GZE-68 ©108010
‘UI9pJOH-)Azidse | Jaxeq) 26-T> /6GT-€T y7ST-961T el91e|buy
(ET0Z "'S|09 | BY J3p UBA) € 91-T 0z 8-/ e9vT 1062-015 eAuBWa|Y
(BT0OZ "'S]02 | BZOPUBIN)) 6TT ¥62-€°0T eAueds3
(TT0Z "'s]02 | ouang zaulLe\) T 0€5-0T 0T0T 1222-18Y T¥SC y0v-T158 eAueds3
(#T0Z "'s100 | LEJID) €007-GET v62T-7EE eAueds3
(070 "s109 1 0611S0d) an 9e-v'T 9VTT 0TS T¥ 0T€T 06.€-G¥S eAueds3
(2102 "'S100 1 [90.180BA) 2'6C 9'0v-€8'T eAueds3
(GT0Z "'S109 1 X109) 7€-9 eAueds3
(zT10Z ""S]109 1 Bl0Y-zanbze) Z6'T eAueds3
(0T0Z ""S109 | OULIRIN-Z3]BZUOD) 9T¢ 689-70T €GTZ-T.S eAueds3
(TT0Z ""$109 1 0ZnoJpad) 9e€e-T eAueds3 ag
(7/6u) (1/6u) (1/6u) (1/6u) (71/6u) (1/6u)
mO_OC@LOu_.Om EO meb:_O EO meb:_O EO x.mEDc_O HwOQEOO
[e1d1yaadng dvd3d epnJos dvd4 epe.ajug

132



Preséncia en el Medi Ambient

(#7102 "'sj09 1 1ey]) 65 €eeT ¥81-2'T euIyD
(STOZ 's109 | ueAepoy) 6 0T-€ gpeue)
(#T02 "'s]02 1 neableA) 02'T 9G'/ gpeuR)d
(TTOZ "'s109 1 1e7) LLTE-T9T eljensny
(#T0Z 'S]09 | UBWISQ) LOPT-0T ©199ns
(#7102 "'s]09 I LIONA) 88T elpuejul
(0T0OZ "'s102 191218 ) T ¥6-6"0> el J1€-97> 210801D
(€T0Z ‘uldploH
-YAzidsey | Jexeqg ‘9TT0Z
‘uIapIoH-YAzidsey | Jaxeq) 6-T> 102-C 9€2G-1/ elige|fuy
(ET0OZ "'S102 1 BY J3p UBA) GT 0TE 185-/0T eAueWwd|Y
(TTOZ ""s|09 1 ouang zaulLie|A) 60€ G2z GZe-GT2 961 120T-2T¢ eAueds3
(0T0Z *'s109 1 0613s0d) 89 12197 1'G¢ 9'/5-6'0 81 ¥99-€°¢ eAueds3 dAV
(TT0Z "'s109 1 1uol|Bnse)) 1-5-7'0 elfey|
(€T0Z "'s]02 I NeJoN) L9T-0T eduel
(ET0OZ 'S]02 | Y J3p UBA) 6T 29-8 eAuBWd|Y
(0T0Z 's109 1 0613s0d) €0 89-T0 GT 1-2-20 18T 8'67-8'G eAueds3
(STOZ "'s]09 I X109) L eAuedsy 13009
(ST0Z s109 | 1ysadeH) Z € Z 14 aldix
(TT0Z "'s109 1 1uol|Bnse)) 15 eljel
(€T0Z ‘usepioH
-YAzidsey | Jexeqg ‘9TT0Z
‘UIBpIOH-MAzidsey] 1 J1axeq) €0 1-9°€ ¥5-9 ellare|buy
(ET0OZ 'S]02 | Y J3p UBA) 14 G-¢ 8¢ 09-8T eAuBWd|Y
(2102 "S]09 | [92Je0[RA) 6€°L v7'6-98'T eAueds3  3g-I0N
(/bu) (1/bu) (1/bu) (1/bu) (/bu) (1/bu)
$919U319)9Y 4D xewnulyy 4D xewnly 4D iniaye) 150dwo)
[eroyadng dva3 epiuos dvQ3 epesug

133



Capitol 3

(STOZ "'s]02 | ueAepoy) 02-9 0C 218 gpeue)
(oTT02
‘UIapIoH-}Azidse | Jaxeqd) L'T-T0> GT-1T 8T-0T eligre|fuy
(€TOZ "S|09 1 BY J3p UBA) e eAuews|v
(TTOZ "'s102 1 ouang zaunJe|A) 992 eAueds3 van
(doTT02
‘UIBPIOH-MAzZIdse] I Jaxeq) T0> G0> v'1-€°0> ellare|buy v3IAan
(¥T0Z "'s102 1 neableA) 19 88-59 gpeue)
(TTOZ "'s109 1 1e7) 2 162-9°9/ elfensny
(TTOZ *"s109 1 3uIAI) L E6EV'E elfensny
(GTOZ 's109 1 1ysadeH) 6T AN aldix
(cT02
‘19)eg 1 uIapIoH-YAzidsey) 20T-VT eoax ] day
(€TOZ "'s109 1 NeJoN) 25¢€-0¢2 95/-6% eduel
(¥TOZ *"s109 1 HONA) £€5-G0°0 elpuejul
(0TOZ “'s|02 1912191 ) Z 7'8-°0> v'e €€-2'2> ©10801D
(oTT02
‘ulaploH-Azidsey | Jexeq) /-8-S0 8e-€T 1€2-0T elise|buy
(€TOZ "'s100 1 Y 43P UBA) Z 9 LEG-LT 20T 1022y eAuews|y
(eyTOZ "S|00 1 BZOPUSIN)  2Z'0T 6LT-8'L eAueds3
(0TOZ “'s109 1 061IS0d) 0T 8'TT-20 L2t 021-€€ °0C 08T-G'€ eAueds3
(STOZ "'s102 1 x109) L eAueds3
(zT0Z 'S109 1 B10Y-Zanbze) 290 eAuedsg
(2T0Z "'S102 1 |904BIIRA) 10T 162-€9°0 eAueds3  VINAN
(71/6u) (/6u) (1/bu) (/bu) (71/6u) (/bu)
S810UdJ8)oY o) XewAul~ o) XewAul~) o) Xewnul A 1sodwio)d
[erony1adng dva3 epnios dvQa3 epesug

134



Preséncia en el Medi Ambient

(STOZ "'s109 | 1ysadeH) 658T GT8S-€67 796€ET yE8ST-T¢C aldix
(GTOZ "'s109 I BJUBS) 009/9-009.T elje)
(€T0Z ‘ulapioH
-YAzidsey | Jexeqg ‘0T10Z
‘uIapoH-yAzidsey 1 Jexeq) £7/-€9T 87027/ 1 8ETG2-2066 e.iae|buy
(TTOZ "'s]02 I ouang zaulJe|N) £6V GTG-Gl¥ 20€.T  002€S-/02T 00£8S ¥9T796-G0€8T eAueds3 34vO
(GTOZ "'s109 1 1ysadeH) Z v aldix
(ETOZ "'S|02 1 BY J3p UBA) 0T 82-C eAuBWa|Y
(z10Z “*S|09 1 BioY-zanbzep) A eAuedsg eulweled
(£T0Z *S|09 1 BY JBp UBA) 8 eAURWA|Y TEINES
(¥10Z "'s109 1 1ey) 16 9'02-8°0 /Gy-€'ST eury
(¥70z "'s109 | neableA) 8T'E 4 gpeue)
(TTOZ "'s109 1 1e7) .862-97T eljensny
(TTOZ "'s]02 1 8UIAI]) G8-'Z eljessny
(¥70Z "'s109 | uewssQ) 52T 2199NS
(zT02
‘1ayeg 1 ulapioH-YAzidse]) £28-€6E rJax | doy
(€T0OZ "S109 1 NeJON) 15 edueld
(¥T0Z "S|09 1 HONA) 675650 elpue|ul
(€T0Z ‘ulapioH
-YAzidsey| 1 1oxeg ‘91102
‘UIBpIoH-YAzidsey 1 1axeq) €0-T0> T-8°0 ov-2 ellere|buy
(ET0Z "'S|09 1 BY 43P UBA) ee 29-€1 TGT 812-¥¢C eAuews|y
(ByTOZ "S|09 | BZOPUSIA/) ¥ €0T-¥T eAueds3
(TTOZ "'S|02 | ouang Zaulle|N) vT9 00/-G.¥ eAueds3
(0T0Z "'s109 1 0611S0d) 7’0 L'0€0 €1 9'/-G°0 9y ¥'8-8°0 eAueds3
(2102 "'s|09 | [32Jed[BA) 2Ce eAueds3 HLIAN
(1/bu) (/bu) (1/bu) (/bu) (1/bu) (1/bu)
mw_ocwgwhwﬁ_ EO me\E_O EO me\E_O EO meb:_O HmOQEOO
[eroysadng dva3 epnJos dva3 epesu3

135



Capitol 3

"gey Q00T -BIP/BW © WO 1essaidxa (B "BLUIXBW Q19BJIUSIUOD O SUOIJRIIUSIUO0D
ap [eAJIULXeWAULD "eunuexesed YV d ‘eulsled :34yD ‘eulunod ;| 10D ‘eunodiu :0JIN ‘BullelsjwelsW (H1 JIA ‘eullrIBjWe (dINY ‘euluobos|iozuag ;39 ‘eureand :D0D

(¥T0Z “s109 1 sadoT) ¥0GE-62TT [ebniod
(GTOZ "'s109 I eJuaS) 0Z2TE-0€9 elfel|
(TTOZ "'s109 1 ouang zaule|\) 62 Gh-22 £e6Y 0£G6-G.€ 08¥ZT v2.12-612V eAueds3 110D
(GTOZ "'s109 I 1ysadeH) 08€2 TT0S-G/S /86962 000EY1-9/7T9T aldix
(GTOZ "'S109 | BJUBS) 0/89-09€T eljey|
(91702
‘UIBpIOH-Azidsey | 1axeq) 98-2T rAS ¥896-6T6E elise|buy
(TTOZ ""s|00 1 ouang zaulLe|A) £6T GTZ-S.T 0TSV G8E/T-G6¢ 9T¥ST GZEEC-£89/ eAueds3
(TT0Z "'s109 | 0Zn0Ipad) GOTT-Z eAueds3 O2IN
(GTOZ "'s109 I IysadeH) 202 T0.-PN aldix
(GTOZ "'S109 | BJUBS) 00£./-005.T elfe)|
(TTOZ "'s|09 I ouang zaule|\) 01T 0€T-00T 0TE6T  00ZEV-¥T.LST 1805 21.68-2.28T eAueds3 vivd
(1/6u) (1/6u) (1/6u) (1/6u) (1/6u) (1/6u)
mw_ocw.hwu_.wﬁ_ EU me\E_U EU me\E_U EU meb:_U umOQEOU
[e1diy1adng dva3 epnaos d\vad epeaiuz

136



Preséncia en el Medi Ambient

Pel que fa a les eliminacions en les estacions depuradores d’aigues residuals (EDARS)
els estudis publicats des de 2010 (Taula 3.1.) confirmen que les drogues d’abts continuen
arribant a les aigues superficials inalterades o lleugerament transformades en forma dels
seus metabolits principals després, de superar els tractaments a les EDARs (Gonzalez-
Marifio i cols., 2010, Terzic i cols., 2010, Valcarcel i cols., 2012, Bijlsma i cols., 2012,
Gilart i cols., 2014). En general, per a ’amfetamina, la cocaina i la benzoilecgonina
s’obtenen percentatges d’eliminacio superiors al 75% (Baker i Kasprzyk-Hordern, 2013,
Repice i cols., 2013, Bijlsma i cols., 2014). Tot i aixi, per a la benzoilecgonina alguns
autors recullen percentatges d’eliminaci6 molt variables en funci6 de multiples
parametres com poden ser els dies de la setmana o possibles transformacions durant el
procés. Per exemple, Bijlsma i cols descriuen variacions en les eficiéncies del tractament
del 95% al 35% en funcio dels dies de la setmana com a consequéncia de les diferents
concentracions detectades (Bijlsma i cols., 2009) mentre que altres autors observen
increments en les concentracions de la benzoilecgonina a la sortida de la planta, i per tant
percentatges d’eliminacié negatius, relacionats amb la conversié d’altres metabolits en la

substancia original (Gilart i cols., 2014).

En general els tractaments convencionals secundaris emprats a les EDARS
consisteixen habitualment en fangs activats o filtres de sorra i no estan dissenyats per
eliminar aquest tipus de compostos, i per tant s6n, en gran mesura, descarregats en els
seus receptors (rius, llacs o mar). L’as de processos d’oxidacidé avangats en tractaments
terciaris, com poden ser I’ozonitzacidé o I’osmosi, pot permetre millorar 1’eliminacio de
les substancies psicoactives, tot i que els costos elevats d’instal-lacié i manteniment
d’aquests tractaments fan que la majoria d’EDARs no en disposin i, per tant, que les

eliminacions de les substancies estudiades no siguin completes (Petrie i cols., 2015).

Cal tenir en compte a més, que les eliminacions varien en funcié de maultiples i
diferents parametres (Terzic i cols., 2010), com son la temperatura (estacié de 1’any) o
el tipus d’aigua residual, fonamentalment en funcid6 de la carrega organica,
considerant un estat optim d’operacié de I’estacio. Per exemple, Terzic i1 cols.
observen eficiéncies d’eliminacio6 més baixes per a la morfina, cocaina i la
benzoilecgonina a I’inici de la primavera (74%, 35% 1 41%, respectivament) que
durant D’estiu (84%, 61% 1 63%), suggerint un efecte directe de la temperatura sobre

els processos de biotransformacié d’alguns compostos.
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Pel que fa referéncia a la preséncia de drogues d’abus en les aigiies superficials,
des de I’any 2010, s’han publicat treballs (Taula 3.1.) referents a aigles de diferents
paisos com Alemanya (Van der Aa i cols., 2013), Estats units (Jones-Lepp i cols.,
2012) i Brasil (Feitosa i cols., 2013), a més d’un relativament elevat nombre de
publicacions centrades en 1’estudi de drogues d’abus a Espanya. A la Figura 3.1., es
pot observar la distribucio de les concentracions maximes de drogues d’abus en rius
de diferents zones d’Espanya com a la conca del riu Ebre a Catalunya (Postigo i cols.,
2010, Pedrouzo i cols., 2011), a Castella-La Manxa el riu Tajo (Valcarcel i cols.,
2012), a Galicia els rius Sar, Dos Pasos i Lengiella (Gonzalez-Marifio i cols., 2010), a
Madrid els rius Manzanares i Jarama (Mendoza i cols., 2014a) i el riu Henares
(Martinez Bueno i cols., 2011) i a Valencia en rius que recorren Parcs Naturals
(Vazquez-Roig i cols., 2012, Aguilar i cols., 2014). En aquesta figura es pot observar
que, tot i que la cocaina i la benzoilecgonina sén les substancies identificades a
concentracions més elevades, existeixen diferencies significatives entre les
proporcions de les substancies identificades. Per exemple, mentre que al riu Henares
(Martinez Bueno i cols., 2011) es detecten proporcionalment elevades concentracions
de metamfetamina a un Parc Natural de Valencia (Aguilar i cols., 2014) es detecten

proporcions elevades de MDMA aixi com relacions COC:BE superiors a les habituals.

*COC =BE "AMP ®*"METH ®= MDMA

Figura 3.1. Distribucié de concentracions. Cocaina (COC), benzoilecgonina (BE), amfetamina (AMP),
Metamfetamina (METH) i MDMA identificades en diferents rius espanyols segons dades de la Taula 3.1.

138



Preséncia en el Medi Ambient

Per ultim, cal destacar que el gruix dels treballs publicats durant els darrers cinc anys
es centra fonamentalment en un camp complementari al de I’analisi. Aixi, mentre que
durant la primera meitat de la década d’estudi de la preséncia de drogues en el medi
aquatic, els esforcos es van centrar en identificar la seva preséncia, establir metodes
d’analisi robustos per a la seva quantificacio i establir nivells de concentracio, variacions
estacionals o geografiques i eliminacions, en els darrers cinc anys els esfor¢os s’han
centrat fonamentalment en avaluar les fonts d’incertesa, establir métodes normalitzats des
de la presa de mostra fins a la seva determinacio i emprar els resultats obtinguts com a
biomarcadors d’aigiies residuals (Castiglioni i cols., 2014). Aquest ultim enfocament de
I’estudi de la presencia de les drogues d’abus en el medi ambient s’esta postulant com una
eina complementaria a les usades convencionalment per avaluar el consum i prevalenca

d’aquestes substancies en la societat.

3.1.3. Drogues d’abus com a biomarcadors en aigties residuals.

La premissa que tota substancia ingerida és excretada, en forma inalterada o com a
metabolit, obre les portes als estudis epidemiologics basats en les aiglies residuals a partir

del que s’anomenen biomarcadors residuals (apartat 3.1.1).

Els estudis de la presencia de biomarcadors en aigties residuals permeten, a partir de les
concentracions mesurades d’una droga determinada, no tan sols posar de manifest el
consum d’aquesta substancia per part de la poblacié servida per una estacié depuradora
d’aigiies residuals (EDAR) determinada, sind també arribar a quantificar-ne el seu consum.
Aquests calculs, basats en dades obtingudes experimentalment, constitueixen una important
eina que complementa les recollides en els informes sociologics que avaluen el consum
d’aquestes substancies. En general, aquests informes (nacionals o internacionals) realitzen
una estimacid del consum de drogues d’abus i de les seves prevalences basant-se en
meétodes socio-epidemiologics que inclouen enquestes realitzades entre la poblacio, dades
criminals, informes medics i aproximacions estadistiques. Per exemple, els percentatges
publicats en I’ultim World Drug Report recullen els resultats inclosos en els Annual Reports
Questionnaires (ARQ) que els Governs retornen a la United Nations Office on Drug and
Crime (UNODC) cada any (European Monitoring Centre for Drugs and Drug Addiction,

2014). Aquests questionaris es basen en informes dels Estats i consideren també el nombre
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de sol-licituds de tractament, arrestos, produccio i confiscacio de drogues declarades per
cada Govern. En linies generals aquests informes donen informacid sobre la distribucio,
tendéncies i evolucions en el consum de les drogues pero degut a que estan sotmesos, en
molts casos, a respostes o fets subjectius poden incloure elevats marges d’error. En canvi,
els estudis epidemiologics de presencia de biomarcadors de drogues en aigues residuals que
s’han realitzat recentment per tal d’estimar el consum de drogues en determinades ciutats
d’arreu del mon (Castiglioni i cols., 2006, Banta-Green i cols., 2009, Karolak i cols., 2010,
Metcalfe i cols., 2010, Berset i cols., 2010a, Irvine i cols., 2011, Reid i cols., 2011, van
Nuijs i cols., 2011b, Thomas i cols., 2012, Ort i cols., 2014) permeten realitzar una
aproximacio experimental del consum real. Els resultats obtinguts a partir d’aquestes noves
aproximacions han mostrat bones correlacions amb els estudis epidemiologics nacionals
demostrant per tant, el seu potencial. A més, permeten detectar petites variacions temporals
i estacionals en 1I’Gs d’aquestes substancies a petita escala (Bijlsma i cols., 2009, Gerrity i
cols., 2011, Zuccato i cols., 2011, Reid i cols., 2011) aixi com realitzar estimacions dels
consums en una escala de temps quasi bé real d’una forma objectiva, rapida i més

economica (European Monitoring Centre for Drugs and Drug Addiction, 2014).

Per realitzar els calculs amb els biomarcadors residuals i extrapolar les concentracions
mesurades a percentatges de consum, cal tenir en compte diferents parametres com sén la
concentracio de la substancia mesurada en les aiglies residuals, el percentatge excretat de
la droga en la forma corresponent al residu en estudi i el cabal de la EDAR mostrejada

aixi com la poblacio servida per aquesta instal-lacio.

En concret, els valors de concentracio es multipliquen pels cabals d’entrada, obtenint
carregues diaries (p.e.: g/dia), que es divideixen entre la poblaci6 servida (per exemple,
g/dia-1000 hab.). A continuaci6 s’aplica el factor de correccio (resumit a 1’apartat 3.1.1)
que inclou els percentatges d’excrecid, relacions molars dels metabolits en cas de ser

usats per al calcul i d’altres factors que puguin afectar els calculs.

CixF Ri
K —
P Ei

Consum =

On: Ci es la concentracio obtinguda a partit de ’analisi d’aigiies residuals; F €s el cabal
d’entrada mostrejat; P la poblacio servida normalitzada i el quocient Ri entre Ei, anomenat

factor de correccio, calculat a partir de la relaciéo molar i la proporcié d’excrecio.
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Aquesta equacio és I’emprada en els primers treballs publicats, per extrapolar el
consum d’algunes de les drogues il-licites a partir de les seves concentracions ambientals
(Zuccato i cols., 2005, Bones i cols., 2007a, van Nuijs i cols., 2008) (apartat 3.1.1.). Tot i
aixi, des de 2010, la tendencia en 1’estudi de drogues d’abus en el medi ambient ha centrat
els seus esforgos en refinar aquests calculs i avaluar les possibles fonts d’incertesa
associades al propi metode i calcul de consum. Aixi, diferents autors han avaluat cada una
de les variables incloses en 1’anterior equacié per tal d’establir les possibles fonts
d’incerteses i minimitzar-les, tot intentant realitzar unes aproximacions més acurades del
consum real a partir de les dades experimentals (Lai i cols., 2011, Castiglioni i cols.,
2013). Les incerteses afecten a cada un dels parametres de la férmula de calcul i abracen
moltes variables, algunes relatives al procés de mostreig i d’analisi que poden ser
solucionades establint criteris uniformes de mesura i criteris de qualitat més estrictes per
tal de validar i re-avaluar els métodes emprats, d’altres relatives a 1’estabilitat de les
substancies en les diferents matrius estudiades i encara unes altres referents als
parametres usats en el calcul com poden ser la poblacié o bé els factors de correccio
emprats en funcié del tipus de consum considerat per a cada tipus de substancia
(Castiglioni i cols., 2013). A continuaci6 es comenten els diferents parametres que poden
influir en les dades obtingudes a partit d’usar els biomarcadors d’aigiies residuals pel que
fa referencia a les incerteses associades i com minimitzar-les, d’acord amb el que s’ha

publicat recentment a la literatura.

En primer lloc cal considerar el procés de mostreig que ha de permetre obtenir mostres
representatives, sense que aquestes estiguin subjectes a variacions relacionades amb
I’activitat humana, climatologica o de funcionament de les instal-lacions en estudi. Ort et
al (Ort i cols., 2010) proposen emprar sistemes de mostreig en continu proporcionals al
cabal, enlloc dels sistemes proporcionals al temps o de mostres puntuals, per obtenir
mostres compostes que minimitzin la sobre- o infra-estimacié deguda a possibles
variacions en el funcionament de I’estaci6 mostrejada, ja que el cabal tractat pot variar
durant un mateix dia, setmana o entre estacions. Generalment, el cabal residual que arriba
a una estacié augmenta durant el dia, quan la poblaci6 esta desperta i disminueix durant la
nit. Pel que fa a les variacions setmanals, les oscil-lacions es troben sobretot entre els dies
laborables i els caps de setmana o festes concretes que modifiquen els comportaments
habituals de la poblacio i la seva activitat, mentre que les variacions estacionals, poden

ser degudes a fenomens meteorologics com sequeres o episodis de pluges intenses. Per
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altra banda, el mostreig en continu proporcional al temps, ampliament utilitzat, no té en
compte les variacions abans mencionades i per tant tan sols es recomanable en estacions
en les quals només s’observin petites modificacions de cabal (Castiglioni i cols., 2013).
Per altra banda, les mostres puntuals proporcionen una informacié molt limitada i poc
adequada per a realitzar estudis epidemiologics a partir d’aigiies residuals. Els resultats
obtinguts a partir de mostres recollides emprant aquest procediment de mostreig permeten
determinar la presencia de les substancies analitzades i la seva persisténcia, eliminacio o
transformacié mitjancant els tractaments aplicats per0 resulten poc adequats per a

realitzar aproximacions sotmeses a variacions que poden arribar a ser diaries.

En relaci6 als métodes d’analisi, Castiglioni i cols. (Castiglioni i cols., 2013), proposen
mesures per tal de minimitzar les desviacions associades a les quantificacions dels
meétodes de LC-MS/MS. En concret, suggereixen 1’as de patrons interns i, quan sigui
possible, aplicar criteris de confirmacié com sén els de les guies de la European Decision
2002/657/EC (European Commission Decision, 2002) o bé la participacié en exercicis

d’intercomparacio per tal d’avaluar la competeéncia técnica del metode i del laboratori.

L’estabilitat dels biomarcadors representa una altra font d’incerteses que cal considerar
en el moment de realitzar extrapolacions sobre el consum a partir dels valors de les
concentracions en les mostres analitzades. A la possible biotransformacié que pot patir
una substancia una vegada excretada, degut a les caracteristiques del propi medi (pH,
temperatura, matéria organica), se li sumen d’altres factors com son 1’adsorcié sobre la
materia particulada. Cadascun d’aquests factors tenen una major o menor incidéncia en
funcid de la substancia i la seva estructura quimica, que la fa més o menys susceptible a
patir transformacions. En el cas dels compostos estudiats en aquesta tesi, la familia dels
cocainics resulta ser la menys estable en aigiies residuals. Estudis realitzats en aquestes
matrius a diferents temperatures i condicions de pH (Gheorghe i cols., 2008, Baker i
Kasprzyk-Hordern, 2011b, van Nuijs i cols., 2012, Plész i cols., 2013, Castiglioni i cols.,
2013) han demostrat que tant la cocaina com el seu metabolit, ecgonina metil ester,
pateixen disminucions importants en els seves concentracions amb el temps (després de
12 hores reduccions del 40% i 20%, respectivament), mentre que per a la
benzoilecgonina, es produeixen petits increments (0.2% per hora) probablement degut a
la hidrolisi parcial del compost precursor, descrita en matrius biologiques com sang i

orina (Johansen i Jensen, 2005). Pel que fa als compostos de tipus amfetaminic, diferents
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autors indiquen que son estables a diferents condicions de pH i temperatura (Baker i
Kasprzyk-Hordern, 2011b, van Nuijs i cols., 2012, Castiglioni i cols., 2013). Per exemple

per al MDMA s’obtenen percentatges de transformacié que van del 0% al 3%.

Les dades de poblacio, necessaries per a realitzar una estimacié del consum per
capita, és un altre factor que pot provocar importants desviacions en funcié de les
fonts o metodes usats per estimar-la (Ort i cols., 2010, Castiglioni i cols., 2013).
Existeixen diferents fonts que es poden usar per a obtenir un nombre de poblacié com
poden ser parametres quimics de 1’aigua tractada o, capacitat de les plantes en estudi a
més de censos de poblacié. Totes aquestes fonts poden estar subjectes a importants
variacions, per exemple la demanda bioquimica d’oxigen pot estar sotmesa a
importants variacions si la matriu d’aigua residual en estudi prové de diferents
origens; domestics i/o industrials. Per altra banda, I’us de dades censals presenta
importants variacions subjectes a 1’actualitzacio de les mateixes i al fet de considerar
Gnicament la poblacié resident. Una estrategia per tal de minimitzar aquestes
importants variacions, suggerida per diferents autors (Lai i cols., 2011, Daughton,
2012, Castiglioni i cols., 2014) consisteix en utilitzar un biomarcador conegut com pot
ser un farmac que reuneixi una série de condicions préevies com per exemple, Us ampli
i habitual, dades de consum perfectament conegudes, detectat habitualment a elevades

concentracions en aigues residuals i poca o negligible biodegradacio.

Per Gltim, per poder aplicar I’extrapolacié de les dades de concentracié de drogues
d’abus detectades en aigiies residuals al seu consum, cal aplicar un factor de correccio,
calculat com el quocient entre el percentatge d’excrecio i la relaciéo molar. L’estimaci6 del
percentatge d’excrecid representa una de les fonts de desviacid més importants en el
calcul ja que actualment per a moltes de les drogues il-licites estudiades no existeixen
estudis farmacocinétics i per tant, no es poden realitzar aquests calculs. A més, un
problema addicional, en el cas de disposar dels percentatges d’excrecio, és que aquests es
poden veure sotmesos a importants variacions en funcié del tipus de consum (inhalat,
ingerit, injectat, etc.) i de la quantitat de dosi administrada (Castiglioni i cols., 2013).

Aqguestes dades es troben resumides a la Taula 1.5 de Capitol 1.
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3.2. TREBALL EXPERIMENTAL

En aquesta tesi, la preséncia de drogues d’abus en aigiies residuals a Catalunya s’ha
determinat a partir de I’estudi de 42 EDARs distribuides per gran part de la geografia catalana.
Aquestes instal-lacions presenten caracteristiques molt diverses tant pel que fa al volum d’aigua
tractada (60-40,000 m%/dia), poblacié servida (200-30,0000 hab.), tipus de tractament (biologic,
llacunes), origen de 1’aigua residual (urba, industrial o mixt) o conca receptora (Segre, Besos i
Llobregat). L’estudi s’ha realitzat en influents de cada una de les estacions seleccionades per tal
de determinar la preseéncia d’aquestes substancies provinents del consum i/o abocament directe
i en efluents, per tal d’avaluar la seva resistencia al tractament i abocament posterior a les aiglies
superficials receptores. Pel que fa al calcul d’eliminacions de les drogues d’abus en els
tractaments, es van seleccionar 8 estacions representatives per a les quals durant 3 mesos es van
analitzar influents i efluents, tenint en compte els temps de retencié hidraulics de cada una
d’elles. Els resultats obtinguts van permetre avaluar aquelles substancies més recalcitrants al
tractament aixi com 1’eficiéncia dels tractament usats en cada una de les EDARs seleccionades.
Finalment, es va seleccionar una EDAR per a realitzar un estudi sobre variacions setmanals
analitzant mostres integrades durant 7 dies consecutius. Aquest treball va ser el primer publicat
sobre la preséncia de drogues d’abts en aigles residuals a Espanya i el primer en usar els
resultats obtinguts en aigies residuals per a estimar variacions diaries en el consum. Tots
aquests estudis es recullen en I’Article Cientific Il intitulat “Occurrence of psychoactive

stimulatory drugs in wastewaters in north-eastern Spain” inclos a 1’apartat 3.2.1.

Posteriorment, es va realitzar un estudi per tal d’avaluar la presencia de drogues d’abus
en aigiies superficials 1 potables. La primera part d’aquest treball es va centrar en les aigiies
superficials de la conca del riu Llobregat i es van estudiar les variacions detectades des del
seu inici fins a la desembocadura, amb 1’objectiu d’avaluar les fluctuacions relacionades
amb descarregues de les EDARs i de les poblacions que aboquen al riu. Per altra banda, es
va seleccionar un punt de recollida d’aigua superficial, el corresponent a la captacio per a la
produccio d’aigua potable, per realitzar un estudi de variacions setmanals (7 dies, 3
campanyes) 1 estacionals (1 any). La segona part d’aquest treball centrada en I’estudi de la
presencia i eliminaci6é de les drogues d’abus al llarg del tractament de potabilitzacié i la
seva preséncia en les aigiies tractades sera discutida en el capitol 4 d’aquesta memoria
dedicat a aigiies potables i subproductes de desinfeccio. Aquest treball va ser el primer en
estudiar variacions estacionals i en periodes de vacances, aixi com en estudiar aquests
substancies en aigles potables. El treball corresponent a aquests estudis es troba recollit en
I’article TV (apartat 3.2.2) intitulat: “Stimulatory Drugs of Abuse in Surface Waters and
Their Removal in a Conventional Drinking Water Treatment Plant”.
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3.1.2. ARTICLE CIENTIFIC 111

Occurrence of psychoactive stimulatory drugs in wastewaters in north-eastern Spain

Huerta-Fontela, M., Galceran, M. T., Martin-Alonso, J.; Ventura, F
Science of the Total Environment 397,1 (2008), 31-40.
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ABSTRACT

The occurrence of several psychoactive drugs in water resources from north-eastern Spain
(NE-Spain) has been evaluated. The drugs were analyzed using ultra-performance liquid
chromatography coupled to tandem mass spectrometry (UPLC-ESI-MS/MS) after
enrichment by solid-phase extraction (SPE). Most of the studied controlled drugs (8 out of
11) were found in both influent and effluent samples from several wastewater treatment
plants. Cocaine and its metabolite were detected in wastewaters at concentrations ranging
from 4 ng/L to 4.7 pg/L and from 9 ng/L to 7.5 ng/L respectively while concentrations of
amphetamine type stimulatory drugs ranged from 2 to 688 ng/L.
Removal percentages were estimated by sampling eight WWTPs (n=4). Cocaine and
benzoylecgonine removal percentages were higher than 88% while those of amphetamine
type stimulants varied ranging from 40% to more than 99%. Daily variability was also
evaluated by performing a sequential survey, which revealed important fluctuations in the
concentrations of nicotine, paraxanthine, amphetamine and ecstasy during the week.
From the total concentrations found in wastewater influents estimations of the cocaine and
ecstasy consumption were performed. For cocaine the results were approximately 14 doses
per 1000 inhabitants (15-64 years old) per day and for ecstasy, approximately 4 doses per
1000 young adults (15-34 years old) per day for ecstasy.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

and amphetamine type stimulants (ATS), which are used by
over 1% of the world’s population, are two of the most consumed

In recent years, the incidence of human-use compounds in
aquatic environments has been recognized as an important
issue in environmental chemistry. Some of these compounds
enter the aquatic environment, mostly via the effluents of
municipal sewage treatment plants, unaltered or as slightly
transformed metabolites. These illicit drugs, the consumption
of which is a major social problem, are emerging as a new
group of contaminants.

Around 200 million people in the world are estimated to have
consumed illicit drugs at least once during the last year. Cocaine

* Corresponding author. Tel.: +34 93 342 27 15; fax: +34 93 342 26 66.
E-mail address: fventura@agbar.es (F. Ventura).

illicit drugs (United Nations Office of Drug and Crime, 2007).
According to the last World Drug Report from the United
Nations Office of Drugs and Crime (UNODC), in 2005 the annual
prevalence levels of cocaine in Spain exceeded those of the USA
and cocaine use among the adult population (15-64 years) was
four times higher than the European average. From 1999 to 2005,
cocaine use virtually doubled among Spanish adults increasing
from 1.6 to 3%. Other controlled stimulants such as MDMA
(ecstasy) or amphetamine (speed) are estimated to be used by
over 2.2% of the Spanish population (European Monitoring

0048-9697/$ - see front matter © 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.scitotenv.2008.02.057
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Center for Drugs and Drug Addiction and Ministerio de Sanidad
y Consumo, 2006; United Nations Office of Drug and Crime,
2007).

These drugs can reach wastewater treatment plants
(WWTPs) either unaltered or in their main metabolite form.
Depending on the removal efficiencies, they can persist
through wastewater treatment and be detected in receiving
waters. The potential effects of such compounds on the
aquatic ecosystem are still unknown, however, their potent
psychoactivity cannot be neglected. Few papers have been
published on the occurrence or elimination of these com-
pounds in aquifers. Jones-Lepp et al. (2004) reported metham-
phetamine (0.8 ng/L) and MDMA (0.5 ng/L) in effluent samples
from three WWTPs in the USA and estimated an annual release
of 0.02 kg of ecstasy into receiving waters from one of these
WWTPs. Their research involved the use of a passive sampling
device (POCIs) used for preconcentration, and micro-liquid
chromatography-electrospray/ion trap mass spectrometry for
identification. Castiglioni and Zuccato et al. (Zuccato et al,,
2005; Castiglioni et al., 2006) studied the occurrence of several
illicit drugs, firstly in two Italian WWTPs and also in surface
water. They used solid-phase extraction (SPE) and LC-MS/MS
analysis. Cocaine and its metabolite, benzoylecgonine, were
found in the River Po at concentrations of 1.2 and 2.5 ng/L,
respectively. Amphetamine type stimulants (ATS) were also
found in two WWTPs: over 14 ng/L of MDMA was found in
influent samples and 4 to 5 ng/L in effluent samples. Hummel
et al. (2006) quantified the occurrence of benzoylecgonine in
three German rivers. After an enrichment step by SPE with a
hydrophilic-lipophilic sorbent, LC-MS/MS analysis was per-
formed and they found maximum concentrations of 3 ng/L.
Bones et al. (2007) found cocaine and benzoylecgonine in three
wastewater effluent samples from the UK with maximum
concentrations of 31 ng/L and 138 ng/L respectively. In Spain,
the occurrence of these drugs (Huerta-Fontela et al., 2007;
Boledaetal., 2007) was preliminarily estimated by optimizing a
UPLC-MS/MS method. Mean concentrations of 79 ng/L and

6 ng/L of cocaine were found in wastewaters and surface
waters, respectively.

To assess the presence of the most representative
controlled psychoactive drugs in influents and effluents in
NE-Spain, an extensive sampling survey was performed.
This paper reports on the occurrence of the most represen-
tative controlled psychoactive drugs of abuse such as
cocaine, ATS, ketamine, phencyclidine (PCP), lysergic acid
(LSD) and fentanyl in wastewaters. Stimulatory non-con-
trolled drugs such as nicotine and caffeine were also
included in this study due to their large and extended con-
sumption. The occurrence of these drugs was initially eval-
uated in 42 WWTPs and then 8 of them were selected for
a preliminary study on elimination patterns. An accurate
study was performed in one WWTP and daily variations were
also established.

2. Experimental
2.1. Chemicals

The reference compounds nicotine, cotinine, caffeine, para-
xanthine, 1-phenylpropan-2-amine (amphetamine), N-methyl-
1-phenylpropan-2-amine (methamphetamine or METH),
3,4-methylenedioxyamphetamine (MDA), 3,4-methylene-
dioxymethamphetamine (MDMA), 3,4-methylenedioxyetham-
phetamine (MDEA), cocaine, benzoylecgonine, lysergic acid
diethylamide (LSD), ketamine, phencyclidine (PCP) and fentanyl
were obtained from Cerilliant (Austin, Texas, USA). Deuterated
standards nicotine-d4, cotinine-ds, amphetamine-dg, metham-
phetamine-ds, MDA-ds, MDMA-ds, MDEA-ds, cocaine-ds, ben-
zoylecgonine-dg, LSD-ds, ketamine-ds, PCP-ds and fentanyl-ds
were also purchased from Cerilliant (Austin, TX, USA) and **Cs-
caffeine standard was obtained from Aldrich Chemical (St.
Louis, MO, USA). Some features of the selected compounds and
the abbreviations used are displayed in Table 1.

Table 1 - Compounds, origin, classification, nominal mass and CAS number of the selected psychoactive drugs

Compound Generic name Abbreviation Origin Classification® Nominal CAS
mass number
1-phenylpropan-2-amine Amphetamine (speed) AMP Synthetic  Controlled 135 300-62-9
N-methyl-1-phenylpropan-2-amine Methamphetamine METH Synthetic  Controlled 149 537-46-2
3,4-methylenedioxyamphetamine - MDA Synthetic ~ Controlled 179 4764-17-4
3,4-methylenedioxyethamphetamine - MDEA Synthetic  Controlled 207 82801-81-8
3,4-methylenedioxymethamphetamine Ecstasy MDMA Synthetic ~ Controlled 193 42542-10-9
Cocaine - coc Alkaloid Controlled 303 50-36-2
Benzoylecgonine - BE Metabolite - 289 519-09-5
Lysergic acid diethylamide - LSD Synthetic ~ Controlled 323 50-37-3
Ketamine - KET Synthetic  Controlled 237 6740-88-1
Phencyclidine - PCP Synthetic ~ Controlled 243 77-10-01
Fentanyl = = Synthetic  Controlled 336 437-38-7
Caffeine - CAF Alkaloid Non-controlled 194 58-08-2
Paraxanthine — PAR Metabolite - 180 611-59-6
Nicotine - NIC Alkaloid Non-controlled 162 54-11-5
Cotinine - COT Metabolite - 176 486-56-6

@ Classification according to DEA (Drug Enforcement Administration, USA) and the EMCDDA (European Monitoring Centre for Drugs and Drug

Addiction).
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2.2. Sampling protocol

The selected municipal WWTPs are located in 42 different
towns. The studied area is about 20,000 km? with approxi-
mately 2.5 million inhabitants. The characteristics of each
WWTP are listed in Table 2 where the served population and
the treatment technologies are included and the distribution
of the WWTP can be found in Fig. 1. All the WWTPs use at least
a preliminary clarification step, biological treatment and a
second clarification. The WWTPs studied are of different sizes
(from 200 to 318,000 inhabitants serviced) and provide a broad
overview of the occurrence of the target compounds. Influents
and effluents from all WWTP were collected as grab samples
once between April 2006 and April 2007.

In order to estimate the removal efficiency of the detected
target compounds, the eight larger WWTPs (see Table 2) were

sampled in three additional surveys (September 2006-Febru-
ary 2007). WWTPs numbers 38 and 39 were not included in this
second survey since no additional samples could be collected.
All the selected WWTPs operate in a similar way which
consists of a conventional secondary treatment using acti-
vated sludge. WWTPs 33 and 40 use an additional chemical
treatment to remove hydrogen sulfide. In WWTP 33 an aera-
tion treatment is also carried out whereas WWTP 40 uses
hydrogen peroxide. Influent and effluent composite samples
(24 h) were obtained by pooling water every hour using an
automatic sampling system (ISCO 3700 composite sampler,
Teledyne ISCO, USA) and taking into account the hydraulic
retention times (HRTSs) of each plant. Surveys were not per-
formed during raining events.

Finally, one WWTPs (No. 33) was selected for a daily
variation study (n=7). This WWTP treats about 23000 m? per

Table 2 - Characteristics of the WWTPs

Id. River basin Inh. Q (m?/day) Treatment Origin
1 Segre 200 720 Biologic—activated sludge U+l
2 Segre 200 96 Biologic—activated sludge U

3 Llobregat 400 68 Biologic—activated sludge U

4 Segre 400 67 Biologic—activated sludge U

5 Segre 500 456 Biologic—activated sludge U

6 Segre 600 70 Biologic—activated sludge U

7 Besos 1000 200 Biologic—activated sludge U

8 Segre 1000 792 Biologic—activated sludge U

9 Segre 1100 120 Biologic—aerated lagoon U
10 Llobregat 2300 480 Biologic—activated sludge U
11 Segre 2500 936 Biologic—activated sludge U
12 Segre 2500 528 Biologic—activated sludge U+I
13 Llobregat 3200 392 Biologic U
14 Segre 3700 720 Biologic—activated sludge U
15 Segre 5200 720 Biologic—activated sludge U
16 Segre 5200 1092 Biologic—activated sludge U+l
17 Besos 5400 456 Biologic—activated sludge U
18 Llobregat 5700 792 Biologic U+l
19 Besos 6300 1296 Biologic—activated sludge U
20 Llobregat 9200 1584 Biologic U
21 Segre 9500 2080 Biologic—aerated lagoon U+l
22 Segre 9600 5736 Biologic—aerated lagoon U+I
23 Llobregat 9900 1831 Biologic U
24 Segre 12,700 2280 Biologic—activated sludge U
25 Llobregat 16,500 2120 Biologic—aerated lagoon U
26 Llobregat 20,200 2808 Biologic—activated sludge U+I
27 Llobregat 20,900 3688 Biologic U+l
28 Segre 23,900 6120 Biologic—activated sludge U+l
29 Besos 24,400 2976 Biologic—activated sludge U+l
30 Segre 28,600 2424 Biologic—activated sludge U+I
31 Segre 30,100 13,752 Biologic—activated sludge 8)
32 Segre 53,000 18,941 Biologic—activated sludge U+l
332 Llobregat 53,000 23,000 Biologic—activated sludge U+l
34% Llobregat 64,000 23,376 Biologic—activated sludge U+l
352 Foix 104,800 12,072 Biologic U+l
36° Llobregat 151,500 24,384 Biologic—activated sludge U+l
372 Besos 154,700 19,728 Biologic—activated sludge U+l
38 Besos 174,000 28,464 Biologic—activated sludge U+l
39 Besos 230,000 25,608 Biologic—activated sludge U+l
40° Besos 249,000 30,960 Biologic—activated sludge U+l
417 Besos 266,500 40,800 Biologic—activated sludge U+l
422 Llobregat 317,400 38,800 Biologic—activated sludge U+l

Id.: identification; Inh.: Inhabitants (serviced persons); U: Urban, I: Industrial.

# Four sampling campaigns performed.
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Fig. 1-Locations in NE-Spain of the WWTPs () sampled.

day supplying a population of over 75,000 inhabitants and it is
located near to an important DWTP. The process consists of
four steps: mechanical clarification, biological treatment (ac-
tivated sludge) and chemical treatment with a subsequent
filtration. Under normal operation this WWTP removes 90% of
the influent biological oxygen demand (BOD). For this study,
composite samples (24 h) were obtained by pooling water
every 30 min and refrigerated using ice. Influent and effluent
samples were collected in May 2007, the effluents were taken
by considering the HRT of the plant.

All influent and effluent samples collected in the surveys
were analyzed by triplicate. Samples were stored in the dark at
less than 4 °C, filtered through glass microfiber GF/A filters
(Whatman, UK) and treated by solid-phase extraction (SPE)
within the next 24 h after collection. According to Castiglioni
et al. (2006), degradation of the selected compounds is not
significant in these conditions.

2.3.  Analytical methodology

A previously optimized SPE-UPLC-MS/MS analytical method
was used (Huerta-Fontela et al., 2007). Briefly, 100 mL of water
samples spiked with isotopically labeled compounds (1.5 pg/L
for nicotine, cotinine and paraxanthine and 12.5 ng/L for the
other compounds) and were enriched by SPE on Oasis HLB
polymeric cartridges (200 mg, 6 mL) at a flow rate of 10 mL/
min. The cartridges were washed with 8 mL of a 5% methanol
aqueous solution and dried with nitrogen gas for 10 min.
Analytes were recovered from the cartridge using 6 mL of
methanol. The extracts were evaporated to dryness under a
stream of nitrogen and afterwards reconstituted in 500 uL of a
5% methanol aqueous solution.

Compounds were separated by ultra-performance liquid
chromatography (UPLC) using an Acquity BEH C;g column
(100 mmx2.1 mm i.d., 1.7 um particle size) (Waters, Milford,
MA, USA). The optimized separation conditions were as
follows: solvent (A) acetonitrile with 0.1% formic acid; solvent
(B) 30 mM formic acid/ammonium formate (pH 3.5) at a flow
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rate of 0.5 mL/min. The UPLC instrument was coupled to a
Quattro Micro™ triple quadrupole mass spectrometer (Micro-
mass, Waters, Milford, MA, USA) with an electrospray ioniza-
tion source Z-spray™ working in positive ionization mode.
Acquisition was performed in selected reaction monitoring
(SRM) mode and the protonated molecular ion of each com-
pound was chosen as the precursor ion. Two transitions per
compound were used, thus fulfilling the European Council
directives (96/23/EC) regarding mass spectrometric detection
(Comission of the European Communities, 2002). Quantifica-
tion and confirmation transitions were as follows: nicotine
(163>130; 163>117), cotinine (177>80; 177>98), caffeine
(195>138; 195>110), paraxanthine (181>124; 181>96), amphe-
tamine (136>119; 136>91), MDA (180>163; 180> 105), metham-
phetamine (150>91; 150>119), MDMA (194>163; 194>105),
MDEA (208>163; 208>133), ketamine (238>125; 238>220),
cocaine (304>182; 304>105), benzoylecgonine (290>169;
290>150), LSD (324>223; 324>208), PCP (244>85; 244>159)
and fentanyl (337>188; 337>105). Optimized cone voltages and
collision energies can be found elsewhere (Huerta-Fontela
et al., 2007).

2.4. Quality control criteria

Atleast one laboratory blank was analyzed with each set of 12—
16 environmental samples to assess potential sample con-
tamination. Isotope dilution was used for quantitation (except
for paraxanthine) by adding labeled analogues to each sample
prior to extraction.

The limit of detection (LOD) defined as the lowest analyte
concentration with a signal-to-noise (S/N) ratio of 3, and the
limit of quantification (LOQ) defined as the concentration with
S/N ratio of 10 and a precision better than 20%, were also
established using a wastewater blank matrix free of drugs
taken from a WWTP with low contribution (~10%) of urban
waters. Values obtained for each compound are displayed as
footnotes in Table 3. The LODs achieved were lower than
1.5 ng/L and 300 ng/L for controlled and non-controlled drugs
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respectively whereas LOQs obtained were lower than 5 ng/L
and 850 ng/L, respectively.

Run-to-run and day-to-day precisions were also evaluated
in the wastewater matrix free of drugs, spiked at 1.5 pg/L for
paraxanthine, nicotine and cotinine and 80 ng/L for the other
compounds obtaining acceptable values for all of them. To
determine run-to-run precision, six replicates were extracted
and analyzed in a single day. The results for all analytes were
calculated as % RSD and ranged from 4% to 10% (n=6) for all
the analytes. For day-to-day precision, extraction and analysis
were performed on five different days. Results showed values
(%RSD) lower than 11.0 (n=30). The recoveries, which were
also calculated by spiking blank wastewater with the analytes
and the internal standards, ranged from 70% to 101%.

3. Results and discussion

3.1. Occurrence of psychoactive drugs in wastewaters

A summary of the results achieved are displayed in Table 3
where the number of positive samples, the concentration
ranges, median concentrations and 90th percentiles for each
compound, in both influents and effluents, are indicated.
Relative standard deviations range from 7 to 15% for all the
samples and drugs analyzed, depending on the concentration
levels.

The non-controlled alkaloids, caffeine and nicotine, were
detected in 40 and 36 influents from the 42 WWTPs monitored in
this study, with concentrations of up to 209 ng/L and 104 pg/L,
respectively. These concentrations are in agreement with those
reported in Switzerland, USA and Germany (Ternes et al., 2001,
Buerge et al.,, 2003; Weigel et al., 2004; Thomas and Foster, 2005)
for caffeine and from USA, Denmark and Canada (Kolpin et al,,
2002; Eriksson et al., 2003; Barber, 2003; Hua et al., 2006) for

nicotine. Their respective metabolites, paraxanthine and coti-
nine, were also detected in 41 and 39 of the plants analyzed, with
maximum concentrations of 238 pg/L and 42 pg/L respectively.
Regarding effluents, caffeine and its metabolite were detected in
34 and 25 of the samples, with maximum concentrations of
43 ng/L and 46 pg/L, respectively. Nicotine and cotinine were also
foundin 15 of these samples with concentrations of up to 32 ug/L
and 18 pg/L, respectively.

Among the controlled drugs, amphetamine and metham-
phetamine the two most consumed ATS according to UNODC
(United Nations Office of Drug and Crime, 2007), were detected
in 22 and 17 out of 42 WWTPs. They were detected at relatively
high concentrations in WWTP influents, in the range of 3 to
688 ng/L and 3 to 277 ng/L respectively. MDMA (ecstasy), which
is the third ATS (United Nations Office of Drug and Crime,
2007) in terms of production/consumption, was found in 31
wastewater samples with influent concentrations between 2
and 598 ng/L. MDA, a drug similar to ecstasy in terms of its
synthesis and effects, was also detected in the influent
samples (17 out of 42 WWTPs) with a maximum concentration
of 266 ng/L. The last ATS determined, MDEA, was found less
frequently in influent samples (5 out of 42 WWTPs) and at
relatively low concentrations (up to 114 ng/L).

From a possible 42 effluent wastewater samples, amphe-
tamine was detected in 10, with a maximum concentration of
210 ng/L, and MDA in 10 with a maximum concentration of
200 ng/L. Methamphetamine was found in 12 samples with
concentrations ranging from 3 to 90 ng/L. MDMA was also
found in relatively high concentrations in 18 effluent samples;
in WWTP No. 35 an MDMA concentration of 267 ng/L was
found. Finally, MDEA was only detected in one effluent sam-
ple, with a concentration of 12 ng/L.

The tropane alkaloid cocaine and its metabolite benzoy-
lecgonine were ubiquitously detected in raw wastewaters (40
out of 42 WWTPs), with maximum concentrations of 4.7 and

Table 3 - Drug concentrations in influent and effluent samples from 42 WWTPs (NE-Spain) (April 2006 to January 2007)

Influent Effluent
Samples? Concentration Samples? Concentration
Range Median 90th percentile® Range Median 90th percentile®
ng/L Nicotine 36 1.2-104 32.5 74.4 15 0.8-31.9 3.5 21.1
Cotinine 39 1.2-42.3 5.1 15.8 15 0.8-17.9 2.4 11.6
Caffeine 40 0.7-209 53.7 177 34 0.03-43.5 1.3 15.6
Paraxanthine 41 1.6-238 42.5 158 25 0.9-45.7 2.5 34.2
Cocaine 40 0.004-4.7 0.2 1.2 22 0.001-0.1 0.01 0.07
BE 40 0.009-7.5 1.1 4.2 23 0.001-1.5 0.09 1.3
ng/L.  Amphetamine 22 3-688 207 564 10 4-210 28 204
METH 17 3-277 6 237 12 3-90 6 72
MDA 17 3-266 86 169 12 1-200 22 192
MDMA 31 2-598 43 375 18 2-267 56 190
MDEA 5 6-114 28 63 1 12 12 12
Ketamine 4 7-50 29 49 1 5 5 5

LOQs: Nicotine (800 ng/L); Cotinine (500 ng/L); Caffeine (5 ng/L); Paraxanthine (850 ng/L); Amphetamine and MDA (1 ng/L); METH ( 0.9 ng/L);
MDMA (1.5 ng/L); MDEA (2.5 ng/L); Ketamine (5 ng/L); Cocaine and BE (0.2 ng/L).
LODs: Nicotine, Cotinine and Paraxanthine (300 ng/L); Caffeine (2 ng/L); Amphetamine, MDA and METH ( 0.4 ng/L); MDMA (1 ng/L);

MDEA (1.5 ng/L); Ketamine (1 ng/L); Cocaine and BE (0.1 ng/L).
& Number of samples with concentrations higher than LOQ value.
® percentile calculation according to NIST (2006).
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7.5 pg/L respectively. Both compounds were also detected in 22
and 23 of the effluent samples respectively. Relatively high
concentrations were found in some of these samples, with
maximum values of 144 ng/L for cocaine and 1.5 pg/L for
benzoylecgonine.

Ketamine, a drug used both medicinally and recreationally,
was detected with concentrations ranging from 7 to 50 ng/L in
only 4 of the 42 influent wastewater samples analyzed. These
four samples were from WWTPs which collect water from
cattle farming zones and probably this is the reason for the
occurrence of ketamine since it is also used as a veterinary
medicine. Ketamine was only found in one effluent sample at
a concentration of 5 ng/L. The other psychoactive drugs, LSD,
PCP and fentanyl, were not detected in any influent or effluent
samples above their LODs (0.8 ng/L, 1 ng/L and 2 ng/L
respectively).

In order to normalize these values, influent concentrations
were multiplied by the measured flow rates and by the
number of inhabitants served. The input loads of each of the
42 WWTPs are displayed in Table 4. Nicotine loads ranged
from 1 to 64 g/(day 1000 inh) in influent samples while caffeine
maximum loads were 48 g/(day 1000 inh). Maximum loads of
427 mg/(day 1000 inh) and 192 mg/(day 1000 inh) were found
for amphetamine and MDMA respectively, while loads for
cocaine and benzoylecgonine ranged from 1 to 1464 mg/(day
1000 inh) and 3 to 2322 mg/(day 1000 inh), respectively. These
values were similar to those reported in Italy (Zuccato et al.,
2005; Castiglioni et al., 2006).

The total loads of cocaine and benzoylecgonine were used
to estimate the amounts of cocaine consumed locally by using
approximations already described by other authors (Zuccato
et al,, 2005). Benzoylecgonine loads, expressed as grams per
day, were used for calculation since this compound comes
entirely from the metabolic degradation of cocaine and there-
fore from human consumption; cocaine loads were not in-
cluded in this calculation to avoid the effects of any sporadic
direct discharge. To relate benzoylecgonine with cocaine, the
molar mass ratio of cocaine/benzoylecgonine (1.05) and the
percentage of cocaine excreted in urine as benzoylecgonine
(30-50%) (Li et al., 1995; Cone et al., 1998) were considered,
giving a factor of 2.7+0.6. The total cocaine equivalent
obtained from the 42 WWTP influent samples was divided
by the local population served (2.8 million inhabitants)
(Generalitat de Catalunya-Institut d’Estadistica de Catalunya,
2006) and expressed as the number of doses per day per 1000
inhabitants, assuming a typical consumption unit/dose (at
street purity) of 0.1 g of cocaine (United Nations Office of Drug
and Crime, 2007). According to this calculation, the estimated
consumption of cocaine was about 14+3 doses per day per
1000 inhabitants aged between 15 and 64 years (1.4%). These
values extrapolated to the adult population living in NE-Spain
(5 million) could yield a rough value of 7 kg per day of cocaine
consumption. In order to compare the results obtained with
those reported by Zuccato et al. (2005) who sampled four
WWTPs in Italy, the consumption of cocaine among inhabi-
tants aged between 15 and 34 years was estimated. The values
found per 1000 young adults were higher than those reported
by Zuccato, 33+7 doses compared to 17+7. Similar approx-
imations were used to estimate the MDMA (ecstasy) con-
sumption. However, as this compound is mainly excreted
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unaltered (72% within 72 h) (Hemlin et al., 1996; Segura et al,,
2001; Pizarro et al., 2004) the total loads of MDMA were used for
calculations. According to UNODC a typical dose of MDMA is
0.1 g (unit/dose), therefore the estimated local use of ecstasy
was 2 doses per day per 1000 habitants. Additionally, the total
loads were also extrapolated to population aged between 15
and 34 years, since the use of this drug in Spain is nearly
exclusively restricted to young adults group (European Mon-
itoring Center for Drugs and Drug Addiction and Ministerio de
Sanidad y Consumo, 2006). An estimated value of 4 doses per
day per 1000 habitants was obtained with a percentage of use
among young adults of 1.1%.

The same approximations were used to rank the locations
with the highest consumption rates Table 4 shows the
percentages of cocaine users for each WWTP. Higher con-
sumption rates were detected from two different sources.
Firstly, despite only serving a small population, in WWTPs
Nos. 5, 8 and 12, located in mountain zones with high con-
tributions from ski resorts, prominent consumption percen-
tages were found: 3.2, 6.4 and 3.3%, respectively. Secondly, in
WWTPs Nos. 33, 34, 35, 39 and 41 high consumption per-
centages were also found: 5.9, 4.9, 3.6, 3.6 and 2.8%, respec-
tively. Together, these WWTPs serve a large population and
moreover, are located next to important recreational zones,
which might explain higher percentage rates.

3.2. WWTP removal efficiency

Once the widespread presence of stimulatory drugs and their
metabolites in mostinfluents and effluents of the WWTPs was
proved, the behavior of these compounds during the waste-
water treatment was studied by evaluating the mean removal
percentages. For this purpose, eight representative WWTPs
(Nos. 33-37 and 40-42) were sampled once over a further
3 months. Influent and effluent samples were collected taking
into account the hydraulic retention times of each plant, the
samples were analyzed by triplicate using the method
described in the Experimental Section. The load ranges and
removal percentages, which were calculated as the mean
removal rate of each sampling campaign, are summarized in
Table 4.

Nicotine and caffeine were efficiently removed (75-99%) in
all eight WWTPs studied and the removal rates obtained are
consistent with those from previous reports (Buerge et al,
2003; Santos et al., 2005; Thomas and Foster, 2005). Cotinine
and paraxanthine were also efficiently removed with percen-
tages ranging from 70% to more than 99%. The elimination
percentages of the controlled drugs amphetamine and meth-
amphetamine varied greatly among WWTPs: the values
ranged from 52% to more than 99% for amphetamine and
from 44% to more than 99% for methamphetamine. MDA was
only detected in 3 out of 8 WWTPs and in two of these the
elimination percentages were higher than 99%. Nevertheless,
it is important to emphasize that in the other WWTP (No. 41),
there was an increase in MDA loads in effluent samples (mean
load of 21 mg/(day 1000 inh)) instead of the expected decrease
(influent sample mean load of 16 mg/(day 1000 inh)). The same
trend is reported by Castiglioni et al. (2006) for this compound
in a WWTP in Italy and could be related to a N-demethylation
of MDMA during treatment that could yield to MDA formation



Preséncia en el Medi Ambient

SCIENCE OF THE TOTAL ENVIRONMENT 397 (2008) 31-40

37

Table 4 - Load per capita of stimulatory drugs in influent samples from 42 WWTPs (NE-Spain) (April 2006 to January 2007)

Influent Influent (mg/(day 1000 inh))?®
(g/(day 1000 inh))*®
NIC COT CAF PAR AMP METH MDA MDMA MDEA KET COC  BE  Cocaine users (%)
1 2 7 0.1 8 = = = = = = 0.5 0.5 0
2 5 1 7 4 1 - 116 3 - - 16 102 0.4
3 0.1 04 0.1 1 = = = = = 40 187 0.8
4 9 1 19 13 0.1 - 1 5 0.5 - 28 527 2.2
5 64 5 48 72 89 = 3 8 = = 858 754 3.2
6 6 2 22 26 = = 7 1 0.3 = 35 402 1.7
7 12 1 13 8 = = = = = = 0.1 0.1 0
8 24 3 40 34 04 = 14 6 0.5 = 1464 2322 6.4
9 1 6 6 = = = 6 = = 3 20 0.1
10 1 1 15 7 31 3 983 4 = = 39 265 1.1
11 5 1 23 1 - - - 34 10 5 73 781 0.6
12 11 2 37 32 129 = = = = = 60 149 33
13 2 1 6 5 13 - 2 = = = 5 50 0.2
14 21 4 41 47 427 1 = = = = 55 237 1.0
15 10 2 28 28 28 - - 16 - - 82 329 0.4
16 3 1 5 6 34 1 2 4 - - 50 9% 14
17 0.1 0.1 1 2 = = = 9 = = 36 69 0.3
18 1 1 01 4 - 0.1 - - 7 1 85 0.4
19 8 2 18 15 78 1 24 14 = = 73 454 1.9
20 4 1 7 7 - 1 2 3 - - 18 97 0.4
21 3 1 10 8 46 1 = = = = 7 9 0.04
22 6 2 33 11 - - - - 17 - 77 337 1.4
23 0.1 1 2 5 = = = 1 = = 21 240 1.0
24 12 3] 29 29 124 2 0.1 11 = = 183 524 22
25 8 2 13 15 60 0.1 = = = 126 345 1.5
26 0.1 0.1 1 1 0.1 1 0.1 42 = = 2 85 0.4
27 4 0.4 3 2 6 = = = = = 14 7 0.03
28 1 0.3 6 = 0.1 = 0.1 = = 12 1 3 0.5
29 6 1 8 11 18 = 11 2 1 = 64 465 2.0
30 1 1 5 5 = = = 8 = 0.3 5 195 0.8
31 6 1 7 1 7 - - 3 - - 4 4 0.02
32 24 2 10 10 40 0.2 31 192 = = 34 286 1.2
33 11 1 6 19 100 3 28 29 = = 132 1445 5.9
34 9 2 27 22 137 = = 0.3 = 18 66 1166 4.9
35 9 5 17 13 46 0.1 13 69 = = 538 860 3.6
36 2 1 4 5 0.1 25 0.1 2 = = 199 386 1.6
37 3 1 5 5 0.1 1 0.1 5 - - 15 48 0.2
38 7 2 24 9 32 78 15 6 = = 50 490 2.1
39 9 1 20 16 31 1 7 9 1 0.3 165 643 2.7
40 4 1 4 6 0.1 1 0.1 3 = = 23 44 0.2
41 8 2 25 18 35 5 22 58 = = 82 658 2.8
42 0.1 0.1 1 1 0.1 1 0.1 37 - 0.3 2 75 0.3
bToT 6 1 12 10 23 10 7 26 1 1 90 392

& Italics: load values lower than LOQ and higher than LOQ (Martin et al., 2007); Dash= values lower than LOD.
b TOT: total loads per 1000 inhabitants considering the total g/day and the total treated population.

(Pizarro et al., 2004). Elimination percentages of MDMA ranged
from 50% to over 99%. However, less than 60% was eliminated
in 3 out of 7 WWTP, and relatively high loads of this compound
were found in effluent samples (11-27 mg/(day 1000 inh)).

Treatments applied in these WWTPs proved to be effective
at removing both cocaine and benzoylecgonine, with percen-
tages higher than 88%. Despite this, relatively high concentra-
tions were found in some effluent samples, with maximum
loads of 19 and 98 mg/(day 1000 inh) for cocaine and benzoy-
lecgonine, respectively. Ketamine, was also effectively removed,
with over 80% elimination and was only found in one effluent
sample (0.1-0.5 mg/(day 1000 inh)).

3.3. Daily variations

To evaluate variations in drug concentrations during the
week, daily variations were estimated by collecting composite
samples over 7 consecutive days from the influent (before
mechanical clarification) and effluent of one WWTP (No. 33). A
summary of the results is displayed in Table 5. Depending on
the compound, variations in concentration levels in the
influent composite samples were found during the week. For
instance, caffeine was detected at similar concentrations
(17 pg/L to 24 pg/L) during the 7 days, whereas nicotine
concentration increased by more than 50% at the weekend
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Table 5 - Drug loads ranges in influent and effluent samples from eight

#33 #34 #35 # 37 # 40 #41 #42
Inf. Eff. Rmv. Inf Eff. Rmv. Inf. Eff. Rmv. Inf. Eff Rmv. Inf. Eff. Rmv. Inf. Eff. Rmv. Inf. Eff. Rmv. Inf. Eff. Rmv.
) %) (%) (%) %) (%) (%) (%)

9/(day 1000 inh)
Nicotine 7-10 0.9-1.1 89+8 7-12 2-3 75+3 49 1-2 78+3 1-2 0.2-04 86+5 7-10 - >99 34 0.4-175+8 6-8 0.2-2.4 84+10 7-10 - >99
Cotinine 2-3 - >99 1-3 0.1-0.4 90+3 34 04-1276+9 0.7-1.3 - >99 1.0-15- >99 0.9-1.3 - >99 1.8-22 - >99 - - -
Caffeine 6-8 0.1-0.2 99+2 23-26 0.1-0.3 99+0.4 10-14 1-3 83+6 24 0.6-1 86+114-5 0.8-1.3 75+4 23-28 1-3 92+3 17-22 4-6 75+2 1-2 0.1-0.8 75+10
Paraxanthine 6-15 - >99 19-25 - >99 8-13 0.8-1.3 88+8 34 0.8-1472+9 3-5 - >99 48 - >99 13-17 46 70+5 12-14 0.3-0.7 96+1
mg/(day *1000 inh)
Amphetamine 13-17 - >99  95-131 - >99  36-48 9-15 713 - - - - - - - - - 22-28 9-13 528 - - -
METH 6-13 - >99 - - - - - - 1-8 026 46:163-6 12 68+1002-23- >99 3-6 1532447 12 - >99
MDA 1-2 = >99 - = - 69 - >99 - = = = = = = > = 13-18 16-27 -31x6 - - -
MDMA 13-18 5-12 50+11 — - - 27-35 10-12 665 0.6-2.3 - >99 45 - >99 23 - >99 4552 9-11 80+1 52-55 24-32 52:2
Ketamine - - - 14 0.1-0.5 89+1 - - - - - - - - - - - - - - - - - -
Cocaine 228-278 13-19 94x1 55-63 49 90+4 467-5126-9  99x1 111-136 13-16 88+1 13-16 2-3  88+8 1822 1-3 90%4 71-82 6-9 91x2 45 1-2  91x11
BE 1402-1612 25-36 98+0.2 1030-1213 60-82 94x1 698-787 82-98 88+1 381-402 37-45 89+1 4148 4-6  89x1 3843 4-6 88+2 193-22513-18 93x1 62-67 3-7  92zx1

Load ranges: minimum-maximum (n=4).
Inf.: influent; Eff.: effluent; Rmv.(%): Average removal percentage +standard deviation.
Dash = values lower than LOQ.

Table 6 - Drug concentrations and elimination percentages in influent and effluent samples taken from a

P (No. 33) sampled over 7 consecutive days (n=3)*

Monday Tuesday Wednesday Thursday Friday Saturday Sunday Rmv.
Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. (%)
png/L  Nicotine 17+1.8 <LOQ 15+2.4 <LOQ 12+2.1 <LOQ 12+2.6 <LOQ 18+3.9 <LOQ 23+4.1 0.7+0.07 28+4.4 <LOQ >98
Cotinine 1.7+£17 <LOQ 21+02 <LOQ 14+01 <LOQ 13+0.1 <LOQ  22x02 <LOQ 3.1+£03 <LOQ 1.9+0.2 <LOQ >92
Caffeine 24+12  0.2+0.02 24+12 <LOQ 17+16  0.1+0.01 19+1.7 <LOQ  20+1.6 0.02+0.002 21+1.1  0.04+0.004 18+13 <LOQ >99
Paraxanthine 14+2.0 <LOQ 16+2.6 <LOQ 14+2.6 <LOQ 15+3.2 <LOQ 28+6.1 <LOQ 42+8.1 <LOQ 4+9.0 <LOQ >99
BE 2.6+23 0.05+0.005 2.7+03 61+4 27+03 0.07+0.007 25+03 969 27+0.3 0.08+0.007 2.8+0.3 0.06+0.005 39+0.3 0.06+0.005 98+0.8
ng/L  Cocaine 273+15 20+0.1 268+16 22+0.5 270+16 21+0.1 270+19 25+0.2 272+18 26+0.2 295+20 22+0.1 305+10 28+0.2 92+0.9
Amphetamine 634 <LOQ 35+3 <LOQ  45%7 <LOQ 24+3 <LOQ  40%5 <LOQ 72+6 <LOQ 101£10  <LOQ >99
METH <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 1£0.3 <LOD 3x1 <LOQ 12+3 1+0.1 >98
MDA 5+2 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 3+2 <LOD >99
MDMA 68+3 40+7 34+4 20+4 41+5 22+3 26+4 13+2 58+7 3145 63+6 36+4 75+7 38+5 46+3.7

Inf.: influent; Eff.: effluent; Rmv.(%): Average removal percentage +standard deviation.
# Mean of samples analyzed by triplicate +standard deviation; flow rate: 23,030+ 64 m*/day.
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(12 pg/L to 28 pg/L). Cocaine and its metabolite were also
detected at similar concentrations throughout the week with
maximums of 305 ng/L and 3.9 pg/L, respectively, measured on
Sunday. In contrast, concentrations of amphetamine and
MDMA varied widely during the week showing a sharp
increase (of over 60%) at the weekend. Amphetamine concen-
trations from Tuesday to Friday ranged from 24 ng/L to 40 ng/L,
while from Saturday to Monday the values jumped to 63—
101 ng/L. Similar patterns were obtained for MDMA with
concentration ranging from 26 to 58 ng/L during the week and
from 63 to 75 ng/L at the weekend. Average removal
percentages calculated for illicit drugs (Table 6) were similar
to those previously calculated.

4, Conclusions

In this study, an extended survey was carried out to assess
the incidence of stimulatory drugs in more than 40 WWTPs.
Cocaine and amphetamine type stimulants were detected in
influent samples at relatively high concentrations and their
detection in several effluents indicates not only the incom-
plete elimination of these compounds by treatment, but also
their presence in receiving waters.

We also evaluate for the first time, the daily variations of
these compounds in wastewater influents through the week.
Remarkable increases in ecstasy concentrations were found at
the weekend. However, more constant values were detected
for cocaine, which might be an indication of a different pattern
of use.

This study reveals the prevalence of these compounds in
wastewater effluents. Moreover, because of the potent psy-
choactive effects of some of these drugs, such as cocaine and
ecstasy, this study also highlights illicit drug use as a new
environmental problem considering their potential impact on
aquatic ecosystems.
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Environmental Y News

Cocaine from drains in Spain

Researchers have documented
the flow of so-called drugs of
abuse, such as cocaine, meth-
amphetamine, and ecstasy, in
rivers and streams from Venice,
Italy, to Florence, Ore. However,
new research published in ES&T
(DOI 10.1021/es800768h) shows
that conventional drink-
ing-water treatment suc-
cessfully removes these
drugs and others consid-
ered to be more benign,
such as caffeine and
nicotine.

The researchers, from
the University of Barce-
lona and the water corpo-
ration Grupo Agbar, tested
water samples for a suite
of illicit drugs that in-
cluded PCP, LSD, cocaine,
ecstasy, and methamphet-
amine, as well as several
metabolites. They also
looked for caffeine and
nicotine; nicotine recently
has shown promise as a
biomarker of human activity (En-
viron. Sci. Technol. 2008, DOI
10.1021/es800455q). Led by
Francesc Ventura of Grupo Agbar,
the team monitored the Llobre-
gat, a highly polluted river in
Spain, and several of its
tributaries.

Drugs can be detected in the
treated wastewater that is
dumped into these water bodies
by more than 55 treatment
plants. To track the contamina-
tion, the team sampled river wa-
ter at more than a dozen input
sites during different seasons
throughout a year. The re-
searchers also took spot samples
at the same time every day for a
week in December at a treat-
ment plant that provides drink-
ing water for 1 million people.
They followed up with a year of
regular monitoring.

The researchers found that the
river basin is basically flooded
with caffeine and trace levels of

10.1021/es8020606
Published on Web 08/06/2008

© 2008 American Chemical Society

nicotine. They also report that
the rivers carried up to 15 grams
(g) per day of cocaine and 195
g/day of benzoylecgonine, one
of its metabolites. And although
the team found two amphet-
amine-like drugs, ecstasy
(MDMA: 3,4-methylenedioxy-N-

- -~ A

A team of researchers, including (left to right) chemists Maria
Huerta, Ventura, and Teresa Galceran, examined the occur-

rence of illegal drugs in source waters and in treated drink-
ing water in Spain.

methylamphetamine) and its
analog MDA (3,4-methylene-
dioxyamphetamine), the re-
searchers did not detect PCP
and some of the other drugs on
their list.

But at the intake point of their
test treatment plant, the scientists
noted several trends: concentra-
tions of nicotine and caffeine re-
mained relatively steady year-
round, with an increase in the
summer and a slight dip in the
fall. Regular spikes in the levels of
cocaine and benzoylecgonine (60
and 770 nanograms per liter, re-
spectively) came after weekends.
Still, they found “notable loads”
throughout the week, “indicating
a relatively constant pattern of
use,” they wrote. But spikes in
ecstasy and cocaine occurred
around Christmas and New
Year’s, indicating a seasonal shift
in drug use.

However, the drinking water
was free from these drugs after

undergoing a traditional se-
quence of treatment—aluminum-
based coagulants and
flocculants, sand filters, ozone,
and finally chlorination to keep
a residual level of chlorine in
the distribution system that pro-
tects the drinking water during
final delivery. “The combination
of oxidants and sorbents can re-
move conventional contami-
nants, as well as
emerging contaminants,”
including legal pharma-
ceuticals and illegal
drugs, comments Stuart
Krasner of the Metropoli-
tan Water District of
Southern California. Al-
though the concentra-
tions of these drugs in
the environment are low,
Krasner adds, long-term
N\ exposures to any small

|

FERRAN MARTI

amount of a contaminant
in drinking water raises
concerns for human-
health effects.

Other research shows
that cocaine seems to be
particularly intransigent. It
has been found unchanged by
natural processes in surface wa-
ters in Italy and the U.K. But the
treatment at the Spanish water
utility plant showed that “the
[drinking-water treatment] pro-
cess can practically remove all
these compounds,” says Ventura.
“Some questions still remain:
what happens when a more
simple treatment is applied, and
which potential disinfection
byproducts are generated?” The
results also show that “drugs of
abuse are commonly found in the
aquatic media at the same or
higher concentration levels than
other emerging contaminants
(i.e., pharmaceuticals),” he adds.
—NAOMI LUBICK

September 15, 2008 / ENVIRONMENTAL SCIENCE & TECHNOLOGY m 6777
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The presence of psychoactive stimulatory drugs in raw
waters used for drinking water production and in finished
drinking water was evaluated in a Spanish drinking water
treatment plant (DWTP). Contamination of the river basin which
provides raw water to this DWTP was also studied. In
surface waters, illicit drugs such as cocaine, benzoylecgonine
(cocaine metabolite), amphetamine, methamphetamine,

MDMA (ecstasy), and MDA were detected at mean concentrations
ranging from 4 to 350 ng/L. Nicotine, caffeine, and their
metabolites were also found at the ug/L level. The elimination
of these compounds during drinking water treatment was
investigated in a real waterworks. Amphetamine-type stimulants
(except MDMA) were completely removed during prechlorination,
flocculation, and sand filtration steps, yielding concentrations
lower than their limits of detection (LODs). Further, ozone treatment
was shown to be effective in partially eliminating caffeine
(76%), while subsequent granulated activated carbon (GAC)
filtration removed cocaine (100%), MDMA (88%), benzoylecgonine
(72%), and cotinine (63%). Postchlorination achieved the
complete elimination of cocaine and nicotine and only one
parent compound (caffeine) and two metabolites (cotinine and
benzoylecgonine) persisted throughout treatment, although
reductions of 90% for caffeine and benzoylecgonine and 74%
for cotinine were obtained.

Introduction

It has been widely demonstrated that human habits and
activities impact the environment in many ways, one of which
is water contamination. Recently, several studies have
revealed the presence of human source contaminants such
as pharmaceuticals, hormones, and personal care products
in wastewater effluents that discharge to rivers, lakes, and
seas (reviewed in ref 1). Since some of these waters may be
used as raw sources for drinking water production, the
presence of such organic contaminants might have a negative
impact on the quality of drinking water.

To date, few studies have evaluated the removal of these

* Corresponding author phone: +34 93 342 2715; fax: +34 93 342
2666; e-mail: fventura@agbar.es.

" AGBAR.

* University of Barcelona.
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compounds through conventional drinking water treatments,
or considered their presence in finished drinking water
(reviewed in ref 2). Adsorption on activated carbon (3, 4),
ozone oxidation (5), and chlorine or chlorine dioxide reactions
(6) have been shown to be effective in removing several
organic compounds such as pesticides, pharmaceuticals, and
odor and taste compounds.

As regards illicit drugs, these have already been detected
in wastewaters and surface waters from the United States
(7),Italy (8-10), Germany (11), Ireland (12) and Spain (13-15).
Ithas also been demonstrated that some of these compounds
are not quantitatively eliminated by wastewater treatments
and, moreover, that they can survive natural attenuation
processes in surface waters. For instance, Zuccato et al. (10)
reported concentrations higher than the LOQ for cocaine
(44 ng/L) and MDMA (ecstasy; above 1.7 ng/L) in the Olona
River (Italy), while cocaine was also detected in two rivers
from Ireland at concentrations ranging from 25 to 33 ng/L
(12).

The present study aimed to evaluate the removal of several
controlled and noncontrolled drugs in a drinking water
treatment plant (DWTP). The most representative stimulatory
psychoactive drugs of abuse, such as cocaine, its metabolite
benzoylecgonine (BE), amphetamine-type-stimulants (ATS),
ketamine, phencyclidine (PCP), lysergic acid (LSD), and
fentanyl were selected (Table S1 in the Supporting Informa-
tion). Stimulatory noncontrolled drugs such as nicotine and
caffeine were also included in this study due to their high
and widespread consumption. The presence of these drugs
was also studied in the raw water of the Llobregat River (NE
Spain), which is used for drinking water production in the
abovementioned DWTP. This river receives effluents from
several WWTPs already studied in a previous report (15).
Daily and seasonal variations were also assessed by collecting
water from this river over seven consecutive days and a full
year, respectively. To evaluate the efficiency of the conven-
tional drinking water treatment process (chlorination, co-
agulation/flocculation, sand filtration, ozonation, and GAC
filtration) in removing these compounds, treated waters from
each step were analyzed and removal efficiencies were
calculated. To the best of our knowledge, this is the first
study to report the removal of psychoactive illicit drugs in
a conventional drinking water treatment system.

2. Materials and methods

Sample Collection. Samples were collected and stored in
glass bottles below 4 °C. Surface raw waters were filtered
through glass microfiber GF/A filters (Whatman, UK), and
ascorbic acid was added to treated waters in order to prevent
further degradation with chlorine.

(a) Surface Water Monitoring. River water samples were
collected from the Llobregat River (NE Spain), from its two
main tributaries (Cardener River and Anoia River), and from
one additional creek (Rubi) (Figure 1) during three different
campaigns conducted in January, March, and May 2007: each
sample was analyzed in triplicate. Sampling points were
selected in order to evaluate the effects of population and
industries along the river. Llobregat River sampling points
1 and 2 were located before and after a reservoir and have
no major external contributions from WWTPs. Sampling point
3was situated downstream of a heavily populated area where
more than 30% of the Llobregat River water is diverted for
irrigation and drinking water purposes. Sampling point 4
was located downstream, where a decrease in flow rates arises
due to the abovementioned diverted flow. Important inputs
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FIGURE 1. Map of surface sampling points in the Llobregat River (NE-Spain).
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FIGURE 2. Treatment scheme of the DWTP and locations of sampling points.

from large WWTPs cause a general deterioration in quality
between this point and sampling point 7. Sampling points
4 and 5 were located up- and downstream of the mouth of
the Cardener River into the Llobregat River while points 6
and 7 were situated up- and downstream of the mouth of the
Anoia River to the Llobregat River. Sampling points 8 and 9
did not receive any external contribution except for partial
and sporadic contributions from the Rubi creek (sampling
point 16) which is fully diverted for irrigation purposes and
receives several wastewater effluents from both important
WWTPs and a densely populated area. Cardener River
sampling points 10 and 11 were located before and after a
mining zone, while the water of the point 12 was affected by
urban contributions and by the remainder of the 30% diverted
from the Llobregat River. Sampling points 13, 14, and 15
(Anoia River) were selected in order to evaluate the effect of
two densely populated areas. It should also be noted that
only 10% of this river discharges into the main river because
of its high level of pollution and the remaining portion is
diverted.

(b) Seasonal and Daily Variations. To assess the quality
of raw water used for drinking water production and to
evaluate potential daily and seasonal variations due to
different patterns of use, samples were collected at the intake
of a DWTP located in the Llobregat river basin. Daily

6810 = ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 42, NO. 18, 2008
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variations were evaluated by collecting three samples over
7 consecutive days (n = 7 x 3) at the same time (10 a.m.)
from Monday to Sunday (December 2006). Seasonal varia-
tions were also studied by performing a survey during one
complete year (May 2006—April 2007). Samples were collected
once a week (n = 48) and always on the same day (Monday)
and at the same time (10 a.m.).

(¢) Drinking Water Monitoring. The DWTP selected for
this study treats about 300 million liters per day and supplies
a population of over 1 million people. The raw water used
for drinking water production consists of surface water from
the Llobregat River. Some properties of the river water
measured during the study period (from January to June
2007) are summarized in Table S2.

The characteristics of the treatment performed in the
selected DWTP are displayed in Figure 2. The first step
consists of a preoxidation by adding chlorine until break-
point is achieved. In this step several alum-coagulants such
as aluminum sulfate (Al»(SO4)3), aluminum polychloride
(AL Cls), aluminum oxide (Al;Os3), and flocculants (poly-
DADMAQC) are also added. Clarified water passes through
sand filters (0.60 m height; 15—30 min) and at this point
dilution with groundwater is performed at variable percent-
ages to improve the water quality. The water is then pumped
to ozone treatment facilities. Ozone is generated in situ and
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water is treated inside four ozone chambers (5 mg/L for
nominal flow), yielding a residual concentration of 0.2 mg/
L. This treatment lasts around 15—20 min depending on the
treated water volume. The water is then passed through GAC
filters (10 m/h) for at least 15 min at a water flow rate of 6
m?3/s. Finally, a postchlorination step is performed in order
to maintain a chlorine residual concentration of about 0.8—1.2
mg/L through the distribution system.

To assess the efficiency of the different steps of the
treatment, samples were collected before and after each
process, taking into account the hydraulic retention times
(HRTs). The total HRT can range from 5 to more than 10 h
depending on the amount of treated water, the groundwater
dilution, the impulsion flow rates, and the number of
operative ozone generators. The sampling survey was first
performed in January 2007 (n = 3) and removal efficiencies
were calculated. The survey was then extended from January
2007 to June 2007 (four samples per month; n = 24).

Analytical Methods. The analytical method for the
selected compounds (Table S3) has been described in a
previous report (13). Water samples were enriched by solid-
phase extraction (SPE). The SPE extracts were injected into
an ultraperformance liquid chromatography (UPLC) system
(Waters, USA) coupled to a Quattro Micro triple quadrupole
mass spectrometer (Micromass, Waters, USA) with electro-
spray ionization working in positive mode. Acquisition was
performed in selected reaction monitoring (SRM) mode and
two transitions (quantification, confirmation) were obtained
for each compound.

ESI-MS/MS parameters and a detailed description of the
calibration and the quality parameters validation are de-
scribed elsewhere (13). Isotope dilution was used for quan-
titation by adding labeled standards to samples prior to
extraction. To assess potential contamination during the
analysis, blanks were included with each set of 12 samples.
Quality parameters of the method such as run-to-run and
day-to-day precisions, LODs, and LOQs of the target com-
pounds were established in both ultrapure water and surface
water (see Table S3).

Loads Calculation. The Llobregat is a Mediterranean River
with a torrential regime and shows important fluctuations
in flow rates (from 1000 to 22,700 L/s in 2006) depending on
the season. Moreover, important variations in flow rates are
also registered throughout the river basin. For instance, the
flow rates measured in January ranged from 50 (sampling
point 13) to 4000 L/s (sampling point 5), while in March they
ranged from 90 (sampling point 13) to 7000 L/s (sampling
point 5). To minimize the effect of these fluctuations and
normalize the concentration values obtained, loads were
calculated by multiplying concentrations by the flow rates
measured when collecting the samples and were then
expressed as g/day. These values should be considered as
estimations since errors associated with the flow rates are
~20% for river basin survey and <10% at the DWTP intake.

Results and Discussion

Psychoactive Drugs in River Water. The Llobregat River basin
comprises a densely populated area (over 2 million people)
with large contributions from mining and industrial zones.
Moreover, it also receives high inputs of wastewaters from
more than 55 small-to-medium WWTPs, which serve from
200 to 1 million inhabitants and discharge directly into the
river basin. Due to all these contributions, the Llobregat basin
exhibits high levels of pollutants which could affect the quality
of tap water, since some DWTPs are located in this river
basin and use its water for drinking water production.

To evaluate the presence of stimulatory drugs in this river
basin, samples along the Llobregat River, its two major
tributaries (Anoia River and the Cardener River), and Rubi
Creek were collected in January, March, and May 2007 (Figure

1). Sampling was performed by taking into account the flow
rates and the distance between sampling points to perform
a sequential survey and an estimation of the load values was
calculated.

A summary of the results is shown in Table 1. Caffeine
was detected at all sampling points (except point 1) with
loads of up to 650 g/day (point 5). Its metabolite, paraxan-
thine, was also detected but at concentrations below its LOQ
at points 1—3. Samples collected at points 4—9, which
corresponded to more densely populated areas, showed
higher concentrations of paraxanthine, with maximum values
of 875 g/day. These loads correspond to concentrations
(above 280 ng/L) similar to the maximum values reported
for caffeine in rivers from Canada and Switzerland (16, 17).
Nicotine (4—265 g/day) was detected at most of the sampling
points (2—9) at loads lower than those found for caffeine
(1—655 g/day) while cotinine (3—185 g/day) was only found
downstream (points 4—9). Detected concentrations of co-
tinine (above 200—500 ng/L) are in the range of those reported
by Stackelberg et al. in two streams in the United States (4).

As regards controlled drugs, MDMA, MDA, and cocaine,
together with its metabolite (benzoylecgonine), were detected
above their LOQs in the main river. Maximum loads were
found at sampling point number 7, with maximum values
of 15 g/day for cocaine and 195 g/day for benzoylecgonine.
These values are in the range of those detected in some Italian
rivers (10) which range from 2 to 60 g/day for cocaine and
from 8 to 390 g/day for its metabolite. After this site (points
8 and 9) loads of cocaine and benzoylecgonine were stable.
MDMA and MDA were also detected at several sampling
points. In the case of MDMA, loads ranged from 1 to 8 g/day
and a general increase was observed moving down the river
basin. Maximum loads were detected at sampling points 5
and 7 with maximum values of 7 and 8 g/day, respectively.
Increasing concentrations from points 4 to 7 were also
detected for MDA with a maximum load of 4 g/day at point
7. The total maximum loads of ATS were 12 g/day which is
also in the range of the total loads detected in Italy (from 0.1
to 30 g/day). Finally, ketamine, PCP, LSD, and fentanyl were
not found over their LODs in any of the samples analyzed.

The profiles observed for the detected drugs along the
main river with a general increase in concentrations when
moving downstream (from points 1 to 7) are probablyrelated
to the increase in population density and to discharges from
WWTPs. A significant increase in their concentration was
observed at sampling points 5 and 7, which can be explained
by the fact that these points are located immediately after
the mouths of the Cardener and Anoia tributaries, respec-
tively, and they are also affected by important contributions
from several WWTPs. At sampling points 8 and 9, stable or
decreasing concentrations were obtained, probably due to
thelack of external contributions from WWTPs between these
points. As an example, Figure S1 shows the evolution profiles
for cocaine plus benzoylecgonine and MDMA plus MDA.
Noteworthy differences in load levels were obtained during
the three sampling periods, which can be explained by
seasonal variations (evaluated in next section).

Regarding the two main tributaries, relatively high loads
of cocaine (0.4—4 g/day), benzoylecgonine (7—60 g/day), and
MDMA (0.2—3 g/day) were detected at the last sampling point
of the Anoia River (point 15), while amphetamine (4 g/day)
was also detected at sampling point 14. In contrast, the
Cardener River contained low concentrations of controlled
drugs: only MDMA (0.5—4 g/day), cocaine (0.3—1 g/day),
and benzoylecgonine (0.2—15 g/day) were found at con-
centrations higher than the LOQ at the last sampling point
of this river (point 12). Finally, the samples collected in the
Rubi creek (point 16) showed relatively high maximum loads
of cocaine (3 g/day), benzoylecgonine (30 g/day), MDMA
(15 g/day), and methamphetamine (8 g/day).
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Due to the high loads detected in the Llobregat River basin
for some illicit drugs, one of the DWTP facilities served by
this river was selected to evaluate the potential of these
contaminants to survive a conventional drinking water
treatment.

Raw Waters Used for Drinking Water Production. Raw
water was collected at the intake of the DWTP facility in
order to evaluate the concentration levels of the selected
drugs and their variations depending on the day of the week
and the season, both of which could affect the treatment
efficiency.

The estimation of daily variations was performed by
collecting grab samples over 7 consecutive days (n =3 x 7,
at 10 a.m. during December 2006) at the intake of the DWTP.
A summary of the results obtained is shown in Table S4.
Nicotine (0.7—0.8 ug/L), cotinine (1—1.1 ug/L), caffeine
(1.0—1.7 ug/L), and paraxanthine (1—1.8 ug/L) were detected
at similar concentrations during the 7 days sampled. As
regards controlled drugs, similar variations were observed
over the week. The highest values were detected from
Saturday to Monday, corresponding to weekend consump-
tion. Amphetamine-type stimulants (amphetamine, meth-
amphetamine, MDA, and MDMA) were only detected above
their LOQs from Friday to Monday (except for MDMA, which
was also detected on Tuesday, and MDA which was only
detected on Monday). These results could be explained by
the higher prevalence of these compounds among the young
adult population (15—34 years) (18), which tends to use them
during the weekend. Maximum concentrations of cocaine
and benzoylecgonine (60 and 770 ng/L, respectively) were
also detected on weekend days (Sunday and Monday);
however, notable loads of these compounds were also found
during the week indicating a relatively constant pattern of
use throughout the week. Ketamine, LSD, PCP, and fentanyl
were not detected above their LOQs.

Seasonal variations were studied from May 2006 to April
2007 and different patterns in concentration variations were
observed depending on the compound. The results obtained
are summarized in Table 2, where a raw estimation of the
load values has also been included in order to evaluate better
any seasonal variation. Nicotine was detected at relatively
stable concentrations ranging from 0.7 to 0.9 ug/L throughout
the year, except during fall when a 4-fold decrease (0.2 ug/L)
was observed. Caffeine showed similar variations to nicotine,
with maximum concentrations detected during summer (2.6
ug/L) and winter (2.3 ug/L). As regards controlled drugs,
maximum loads were obtained in two different periods. First,
an important increase in the concentrations of cocaine and
ATS was detected during summer. Concentrations of cocaine
and MDMA were above 40 and 25 ng/L, respectively, while
MDA (20 ng/L) and methamphetamine (1 ng/L) were also
detected during this season. Furthermore, maximum con-
centrations of amphetamine were obtained during this
season, with mean values of 50 ng/L. However, the most
noteworthy increase in the concentration of cocaine, ATS
(except for amphetamine and MDA), and their metabolites
was detected in winter. Mean concentrations of 60 ng/L were
found for cocaine which was more than 6-fold higher than
those previously obtained during the fall (9 ng/L). Ben-
zoylecgonine was also detected at concentrations of 150 ng/L
during winter season which was over 4-fold higher than
during the fall (35 ng/L). Maximum concentrations of MDMA
(40ng/L) and methamphetamine (2 ng/L) were also obtained
during this period. These high concentrations could be related
to a low degradation rate under the conditions prevailing in
winter. However, stable ratios between concentrations of
the parent compounds and their metabolites were obtained,
there being no noteworthy differences in transformation
ratios between seasons. Therefore, the interseasonal varia-



TABLE 2. Seasonal Variation of Stimulatory Drugs in the Llobregat River (Near a DWTP Intake; Point 9) from Spring 2006 to Spring 2007
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Spring 20077

Summer 2006” Fall 2006° Winter 2006/2007¢

Spring 2006°

" estimated load " estimated load " estimated load " estimated load
C+5D (g/day) C£5D (g/day) C=5D (g/day) C+5D (g/day)

estimated load
(g/day)

C + SD*

170 0.9 + 0.1 140 0.2 + 0.1 35 0.7 £ 0.1 125 0.9 + 0.1 140
0.3 £ 0.05 0.2 + 0.04 245 305
580 305

310

55

0.9 + 0.1
0.3 £ 0.1

nicotine

ug/L

1.9+ 0.6
1.9+ 0.6
0.9 £0.2

1.4 + 0.6
23+0.8
1.7 £ 0.3

15
430
415

cotinine

175
235

385 26 +0.5 1.1+0.2
28+0.3

1.9+ 05
25+04

caffeine

140

14+04

505

paraxanthine

0.08
<0.04

0.4¢
<0.2

9+3
241
10 + 4¢

40 + 10

50 £ 5
1+05
20+ 5
25+ 10
40 £5
70 £ 25

0.08

0.4¢
<0.2

amphetamine

METH
MDA

ng/L

0.4

<0.04 0.2 1+0.1° 0.1

0.08
0.3

0.08
0.2

0.4¢

1+05

15 +£ 7°¢

0.4¢
1.5+1

40 £5
60 + 10

0.4

3+1
9+2
35+ 10

MDMA

cocaine

BE

10+4
50 + 12

10
25

0.02

0.1¢

15 £ 1¢
2 Mean values from March to May (n = 4 x 3). ® Mean values from June to August (n = 4 x 3). ©Mean values from September to November (n = 4 x 3). 9 Mean values from

December to February (n = 4 x 3). *Concentration + standard deviation among months. ¢ Mean values < LOQ calculated as the half of the LOQ. BE (benzoylecgonine). Ketamine,

LSD, PCP, and fentanyl concentrations were < LOD (0.1, 0.3, 0.2, and 0.5 ng/L respectively).

150 + 60

10

tions obtained could be related to different patterns of use
depending on the season.

Due to the noteworthy increase in the concentrations of
most of the controlled drugs during winter, a more detailed
study of this period was performed by collecting samples
more frequently (from December 14, 2006 to January 30,
2007, n = 12). This study revealed an important increase in
the concentrations of these compounds during the last days
of December and the first days of January, corresponding to
the Christmas and New Year holidays (Figure S2). The sum
of the cocaine and benzoylecgonine concentrations was
above 400 and 350 ng/L after Christmas day and New Year’s
Eve, respectively, while ecstasy concentrations of 90 and 80
ng/L were found for these two days.

Removal during Drinking Water Treatment. Having
demonstrated the frequent presence of selected drugs in raw
waters used for drinking water production, the removal of
these compounds in a DWTP was investigated. The ef-
fectiveness of a DWTP in eliminating or degrading contami-
nants depends on several factors such as the physicochemical
properties of the compounds (Table S1), the quality of the
source water (Tables S4 and 2), and the treatment processes
applied (Figure 2) (4). Due to their hydrophilic properties
(low log K,) and high solubility (except for fentanyl, which
is more prone to be found in the sludge phase) these
compounds are susceptible to being found in measurable
concentrations in both raw and finished waters.

To evaluate the removal efficiency of conventional drink-
ing water treatments, samples were collected (January 2007)
after each treatment step taking into account the HRTs. The
first step of drinking water treatment consisted of prechlo-
rination, coagulation/flocculation, and sand filtration pro-
cesses. Due to the specific location of the sampling points,
it was only possible to take a sample after the sand filtration
process. Therefore, oxidation with chlorine, coagulation, and
sand filtration efficiencies were evaluated together (Figure
2). In this step, ATS (except for MDMA) and paraxanthine
were efficiently removed at percentages higher than 99%
(Figure 3). Amphetamine, methamphetamine, and MDA were
found at the intake of the DWTP at concentrations of 85, 2,
and 25 ng/L, respectively, while paraxanthine was present
at higher concentrations (1.5 ug/L). After sand filtration,
concentrations lower than the LODs were found for the
abovementioned compounds. Previously published results
indicate that for pharmaceuticals removal percentages during
coagulation/flocculation and sand filtration processes are
negligible (3, 4, 19, 20). The drugs studied here would probably
display the same behavior and chlorination would be the
main cause of the elimination percentages obtained. This
would also seem to be consistent with the high reactivity of
chlorine with primary and secondary amines, which has been
described by other authors (21, 22), although MDMA
concentration only decreased by 23% during this first step
despite containing a secondary amino moiety. As regards
the other compounds, nicotine (39%), cotinine (15%), and
caffeine (38%) showed poor removal percentages, while
cocaine (13%) and benzoylecgonine (9%) were hardly altered
at all. After sand filtration, water is blended with different
amounts of groundwater to improve its quality. No target
compounds were identified in groundwater samples and
therefore this was only considered as a dilution factor (15%
of groundwater added in this study).

The next treatment step was based on a disinfection and
oxidation process with ozone. Ozone has already been
demonstrated to react with a large number of organic
compounds, mainly with those with amino, phenol, or
aliphatic moieties (23). Among the compounds studied,
nicotine was the most recalcitrant to ozone treatment, since
its concentration was only reduced by 5%. Cotinine also
persisted despite treatment and only 16% of this compound
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FIGURE 3. Concentrations of the studied drugs after a drinking water treatment consisting on prechlorination, coagulation/
flocculation, sand filtration, ozonation, GAC filtration, and postchlorination (January 2007, n = 3). The elimination percentages of the
compounds after each treatment are included on each bar and the total removal percentages are included in parentheses.

was removed; furthermore, it was detected in a hardly
unaltered state in ozonated water (320 ng/L). In contrast,
the highest removal efficiencies were found for caffeine,
which was eliminated by up to 76%. This percentage is in
agreement with values (67—81%) previously reported by Hua
et al. (19). However, the results obtained for cotinine are
lower than those previously reported for ozone treatment
(19). These differences could be related to a possible
degradation of nicotine during treatment, which could yield
an increase in the concentration of its metabolite (altering
the calculated removal percentages), but may also be due to
a variation in the elimination efficiencies depending on the
water conditions as has been already described (19, 24).
Cocaine (24%) and benzoylecgonine (43%) showed poor
elimination percentages, probably due to the absence of sites
reactive to ozone and the presence of electron withdrawing
groups in the aromatic rings that leads to a lower reactivity
with ozone (25). MDMA was also poorly removed (28%) in
ozonated water despite the amine group and the activated
aromatic ring, yielding a concentration of 85 ng/L.

Water treated with ozone was then passed through
granulated activated carbon filters (GAC). This step has been
shown to be an efficient means of removing most of the
compounds that are not eliminated by the previous treat-
ments. Cocaine was efficiently removed at percentages higher
than 99% and concentrations lower than 0.08 ng/L were
found. MDMA (88%) benzoylecgonine (72%), and cotinine
(63%) also showed high elimination percentages, while, in
contrast, nicotine (5%) and caffeine (18%) persisted despite
GAC filtration. Adsorption on activated carbon depends on
the properties of both the activated sorbent and the
compound, but for such organic compounds it is mainly
controlled by hydrophobic interactions. Thus, the higher the
log K, constants are, the higher the adsorption rates are.
For instance, hydrophobic pharmaceuticals have been
reported to be eliminated by GAC filtration, whereas for more
hydrophilic compounds, incomplete eliminations have been
obtained (3, 5, 21, 26). This probably explains the extensive
elimination obtained for cocaine and MDMA (with log kow
> 2.0) and the poor elimination percentages achieved for
nicotine and caffeine (with log kow < 1.2). Nevertheless,
benzoylecgonine and cotinine showed significant elimination
percentages despite their low kow. Some authors have already
suggested that these deviations could be related to the
difficulty of correctly determining the log k.« of heterocyclic
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and aromatic nitrogen-containing compounds (21, 27).
Furthermore, other authors (28) have described the total
elimination of caffeine during GAC treatments, rather than
the 18% obtained in this study. Some of the differences found
in removal rates may be related to the age of carbon filters
and theregeneration frequencies, which were approximately
of 6 months during this study.

The final step consisted of a postchlorination treatment
which enabled the study of the removal efficiency for those
compounds that persisted to GAC filtration. High removal
efficiencies were obtained for nicotine and MDMA which
were eliminated during this last step. Concentrations in the
postchlorinated water were lower than their LODs (30 and
0.17 ng/L, respectively). The higher efficiency of the post-
chlorination treatment compared with the first chlorination
step may be related to the lower concentration of these
compounds after the previous treatments (225 and 10 ng/L,
respectively) as well as to the longer contact times used in
this last step. On the other hand, caffeine (20%) and cotinine
(0%) showed a low reactivity with free chlorine, which
corroborates results reported by Gibs (29) and Stackelberg
(4). For both compounds, lower removal percentages than
in the first step (38% and 15%, respectively) were obtained,
thus suggesting that coagulation/flocculation treatment also
contributed to the partial removal of these compounds.
Benzoylecgonine also showed poor removal efficiencies
(27%), probably because of the lack of sites reactive to
chlorine.

An extended study was performed by collecting samples
from the DWTP facility between February and June 2007
(four samples per month), with the aim being to evaluate
potential variations in the removal efficiencies under different
flow rates, water conditions, and drug concentration levels.
A summary of the results is shown in Table S5, while the
characteristics of raw water quality and some treatment
parameters are included in Table S2. Flow rates were shown
to not have any potential effect on the removal efficiencies,
since similar removal percentages for flow rates of 1000 or
3800 L/s were obtained. These similar elimination patterns
are comprehensible since HRTs are adjusted depending on
the intake flow rates to ensure appropriate contact times. As
regards concentration levels, no significant variations in
treatment efficiencies were observed during this extended
study, except for MDMA and BE after the chlorination step.
For both compounds, different elimination percentages were
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obtained depending on the concentrations. For instance,
MDMA was eliminated (<LOD) during the first chlorination
step when initial concentrations of this drug were lower than
10 ng/L, while for higher concentrations removal percentages
of only 21% were obtained and further oxidations with ozone
and chlorine were needed to totally remove it. Similar
behavior was observed for BE, since high concentrations of
this compound led to lower removal rates during the first
chlorination step (above 3%), while for low concentrations
this step was more effective, with removals above 10%.
Furthermore, important variations in removals were found
for nicotine during ozone (from 2% to 10%) and GAC
treatment (from 0% to 10%). This could be explained by
different degradation rates of this compound depending on
water conditions, as some authors have already described
(19, 24).

Finished Water. Drinking water treatment has been
demonstrated to be effective at removing 7 out of 10 target
compounds found in raw water. Nevertheless, the detection
of three compounds in finished water illustrates the incom-
plete degradation or removal of these drugs through the
treatment process. As an example, an extracted ion chro-
matogram obtained from one treated sample is shown in
Figure S3. The partial elimination of these compounds may
be due to their hydrophilic nature (log Kow ~ 0) and their
poor reactivity with free chlorine (and/or ozone). Caffeine
and cotinine were detected in 4 out of 24 treated water
samples and their removal through drinking water treatment
was significant, with reductions 0f 93% and 74%, respectively.
The partial elimination of both compounds during treatment
and their presence in final water has also been reported in
tap waters from the United States (4, 29), Canada (19), and
Italy (30). Caffeine was detected at mean concentration levels
of 125 ng/L, which is in agreement with previously reported
values (4, 30), while the cotinine concentrations (up to 320
ng/L) were higher than those reported by other authors
(above 25 ng/L) (4, 29). As regards controlled drugs, neither
cocaine nor ATS were found in finished waters. However,
benzoylecgonine was detected in treated waters despite the
high removal percentages obtained during treatment (89%).
This metabolite was found in 22 out of 24 samples at mean
concentrations of 45 ng/L, with maximum values of 130 ng/
L.

None of the three compounds found in treated waters
(caffeine, cotinine, and benzoylecgonine) is regulated in
drinking water supplies. According to toxicity studies (31),
benzoylecgonine is over 30 times less active than its parent
compound, and therefore no toxic effect could be expected
at the concentration levels found. Moreover, lifetime inges-
tion (70 years, 2 L water/day) of benzoylecgonine via drinking
water (considering the maximum concentration detected of
130 ng/L) would be about 6 mg, which is around 20 times
lower than a typical unit/dose (100 mg at street purity (18))
of the active compound (cocaine). As regards the other
controlled drugs that are capable of provoking toxic effects
by ingestion and which have known psychoactive properties,
all of them are completely eliminated during drinking water
treatment and were not detected above their low detection
limits (at the ppt level).
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Figure Captions

Table S1. Psychoactive drugs studied and their properties

Table S2. Characteristics of river raw water quality at the intake of the DWTP (from
January to June 2007)

Table S3. ESI-MS/MS acquisition parameters, limits of detection, recoveries and
precision values in Milli-Q water and surface water matrices

Table S4. Drug concentrations in surface waters collected over 7 consecutive days
(n=7x3) (December 2006) at the DWTP intake

Table SS5. Drug concentrations (ng/L) and elimination percentages through drinking

water treatment (n=24; January 2007 to June 2007)

Figure S1. Estimated loads of a) cocaine + benzoylecgonine and b) MDMA + MDA
through Llobregat River during three campaigns performed in (A) January, (m) March
and () May 2007. Vertical lines indicate standard deviation obtained when performing
analysis by triplicate.

Figure S2. Seasonal concentrations in ng/L of cocaine, benzoylecgonine and MDMA at
the intake of a DWTP from 14 December 2006 to 30 January 2007. Vertical lines indicate
standard deviation obtained when performing analysis by triplicate.

Figure S3. Extracted ion chromatograms of treated water in SRM acquisition mode.

(Conf.= confirmation transition)
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Table S1 Psychoactive drugs studied and their properties

. Log K, -
. . a2 Nominal ow Water Solubility
Compound CAS Number Classification Mass pK, (200- (mg/L; 25-30°C )
25°C)
A g
Nicotine % Non-controlled 12 8.2 1.20 990,000
/N CHy
Cotinine N | d . (Metabolite) 176 4.7 0.10 990,000
e e N/cHa
Caffeine /* L) Non-controlled 1 4 10.4 <0 21,600
o T N
HJC\ Q N/CH3
Paraxanthine QW (Metabolite) 180 - <0 24,000°
T
Amphetamine N Controlled 135 0.1 1.76 28,000 °
Methamphetamine (METH) L o Controlled 49 9.9 2.07 13,300
O"’\O
MDA N Controlled 79 9.7 1.64 22,400
MDMA gl > Controlled 193 9.9° 228 2,700
MDEA N )v©[> Controlled 207 10.3° 2.77° 6,100°
Cocaine Hﬂ@ Controlled 03 8.6 2.30 1,800
Benzoylecgonine 3 7@% (Metabolite) 289 ; <0 88,000°
Ketamine Controlled 37 7.5 3.12° 2800
LSD Controlled 23 7.8 2.95 370
PCP Controlled 43 8.7 1.90 11,000
Fentanyl a0 Controlled 36 7.3 4.10 200

e

“Classification according to DEA (Drug Enforcement Administration, USA) and the EMCDDA (European Monitoring Centre for
Drugs and Drug Addiction); ® Estimated values
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Table S2. Characteristics of river raw water quality at the intake of the DWTP (from January

to June 2007)

Parameter Mean = SD° Range
Treated Flow (L/s) 2700 + 1086 800-4400
HRT (hydraulic retention time; hours) 8+2.3 5.56-10.51
pH 8+£03 7.3-8.3
Conductivity (20°C; uS/cm) 1717 +435 1410-3600
Ammonia (mg NH3/L) 1+£0.6 0.2-2.15
P total (ng/L) 449 + 195 193-680
Alkalinity (mg CaCOj3/L) 222 +49 3.9-280
TOC (Total organic carbon; mg C/L) 6+0.9 4.2-8.7
Groundwater Added (%) 22+ 14 5-40
Postchlorination dose (mg/L)(residual) 1.0+£0.2 0.8-1.2
Ozone residual (mg/L) 0.2 -

*SD: standard deviation
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Table S3. ESI/MS/MS acquisition parameters, limits of detection, recoveries and precision values in Milli/Q
water and surface water matrices

ESI/MS/MS parameters Surface water
- LO R +RSD Run/to/run  Day/to/da
C.V. (V) Transitions C.E. (V) (ng%) %) (%RSD)’ % RYSD)* y
Nicotine 20 163>130 (117) 17 (23) 200 82 +3.1 6.2 9.7
Cotinine 30 177>80 (98) 31 (27) 200 81+43 3.6 6.5
Caffeine 30 195>138 (110) 20 (25) 1.5 85+4.8 3.8 5.0
Paraxanthine 30 181>124 (96) 20 (30) 200 80+5.1 8.7 9.5
Amphetamine 15 136>119 (91) 8 (10) 0.8 75+3.9 4.3 7.6
MDA 20 180>163 (105) 12 (20) 0.8 75+4.0 5.7 7.2
METH 15 150>91 (119) 14 (12) 0.7 83+2.1 4.6 5.2
MDMA 20 194>163 (105) 12 (31) 0.3 90+5.0 2.5 7.9
MDEA 15 208>163 (133) 12 (18) 0.8 99 +34 3.0 4.8
Cocaine 25 304>182 (104) 17 (25) 0.15 90 + 3.6 3.9 7.0
Benzoylecgonine 25 290>169 (150) 16 (20) 0.1 95+4.2 3.1 4.5
Ketamine 25 238>125(220) 18 (16) 3.1 85+4.5 2.9 3.6
LSD 25 324>223 (208) 25 (30) 0.9 77+3.9 2.3 5.8
PCP 10 244>85 (159) 17 (7) 0.8 88 +2.1 3.0 10.5
Fentanyl 25 337>188 (105) 22(26) 1.5 82 + 29 6.1 7.4

R: recovery (R: recovery (spiked at 1.5 pg/L for paraxanthine, nicotine and cotinine and 80 ng/L for the other
compounds; n=6); RSD: relative standard deviation

“Initial concentration 1.5 ug/L for paraxanthine, nicotine and cotinine and 80 ng/L for the other compounds.
Run/to run precision calculated for n=6; Day/to day precision calculated for n=30.
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Figure S3. Extracted ion chromatograms of treated water in SRM acquisition mode. (Conf.= Confirmation transition)
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3.3. DISCUSSIO DE RESULTATS

En aquest apartat es discuteixen els resultats obtinguts en I’analisi de les mostres
d’aiglies residuals i aigiies superficials recollides en diverses campanyes i que fan
referéncia tant a la preséncia i eliminacio de drogues en el medi aqudés com a les
variacions estacionals i/0 setmanals. S’inclou també un apartat sobre 1’us dels resultats

obtinguts com a biomarcadors per a 1’extrapolacié de consums.

3.3.1. Preséncia de les drogues d’abus en aigiies residuals i eliminacié en EDARS

L’estudi inclos en I’Article Cientific Il (apartat 3.2.1) va posar de manifest per
primera vegada a Espanya la preséncia de diverses drogues d’abus estimuladores en
aiglies residuals. Aquest treball es va vertebrar sobre tres estudis diferenciats que van
permetre obtenir un primer panorama real del comportament de les drogues d’abls en
aigles residuals. Les tres linies d’estudi van consistir en una avaluacio de la presencia de
drogues d’abus a I’entrada d’EDARs, 1’avaluacié de les eliminacions assolides en
tractaments convencionals de depuracid i I’avaluaci6 de les variacions temporals en les
concentracions d’aquestes substancies al llarg de la setmana. Cada un d’aquests estudis va

incloure mostrejos diferenciats adaptats als objectius que es pretenien assolir.

L’objectiu inicial d’aquest treball va consistir per tant, en una primera aproximacié a
I’estudi de la preséncia de drogues d’abus estimuladores en aigiies residuals, a establir els
nivells de concentracié als que podien arribar a trobar-se i identificar aquelles substancies
més freqiients. L’estudi dels efluents de les EDARs pretenia avaluar les caracteristiques
recalcitrants d’algunes d’aquestes substancies aixi com la seva possible introduccio en les
aiglies superficials. Per tal d’assolir aquest primer objectiu es van recollir mostres puntuals
en diferents instal-lacions distribuides per la geografia catalana (Fig 1, article cientific Ill,
apartat 3.2.1) de manera que també es va poder establir la ubiqiiitat d’aquestes substancies
en les aigies residuals de tot el territori catala. Els resultats obtinguts van permetre
confirmar la presencia de vuit de les drogues il-licites estudiades a més de la cafeina i la
nicotina. La cocaina i el seu metabolit, benzoilecgonina sén les substancies il-licites
detectades més habitualment a concentracions de 1’ordre dels pg/L (concentracions

maximes de 4.7 1 7.5 pg/L respectivament) seguides per ’amfetamina (0.7 ug/L) 1 alguns
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derivats com el MDMA (0.6 pg/L). Aquests resultats suggereixen un perfil de consum en el
pais, ja establert en I’Article Cientific I (apartat 2.3.1), que ha estat confirmat per altres
autors (Postigo i cols., 2008) i que és extrapolable, en linies generals, a la resta de la
geografia espanyola (Vazquez-Roig i cols., 2010, Pedrouzo i cols., 2011, Esteban i cols.,
2012). En aquesta linia, per exemple, un treball recent publicat I’any 2014, referent a aigiies
residuals de Valencia (Bijlsma i cols., 2014) confirma aquest ranquing de consum de
substancies i estableix nivells de concentracid de 1’ordre dels publicats en els Articles
Cientifics I (apartat 2.3.1) 1 III (apartat 3.2.1) d’aquesta memoria. Aquests resultats posen
de manifest en primer lloc que I’estudi de la preseéncia de les drogues d’abus en aigiies
residuals permet establir tendéncies de consum fidedignes ja que aquests es correlacionen
perfectament amb els establerts per Ageéncies Internacionals (United Nations-Office on
Drug and Crime, 2014) i a més, que aquests resultats poden ser comparables entre regions

en termes de prevalences i que semblen ser estables en el temps.

El segon objectiu d’aquest treball era avaluar les eliminacions obtingudes en wvuit
EDARs seleccionades per aquest estudi usant mostres integrades de 24 hores a entrada i
sortida de planta tenint en compte els temps de retencio hidraulics de cada una d’elles. Es
va seleccionar aquest tipus de mostreig ja que permet obtenir mostres representatives d’un
determinat periode de temps evitant les possibles fluctuacions que s’obtenen en mostres
puntuals (Ort i cols., 2010, Castiglioni i cols., 2013), com per exemple, les que es poden
trobar al llarg d’un mateix dia degudes tant als cabals operatius de la planta com a les
oscil-lacions de la poblaci6 servida que presenta importants variacions entre el dia i la nit.
Tot i aixi, cal tenir en compte que una presa de mostra integrada presenta inherentment una
serie de desavantatges que convé considerar. Entre aquests, cal esmentar les variacions en
el volum d’aigua tractada per 1’estacid6 que poden induir a errors en el calcul de les
concentracions, o0 la representativitat del dia seleccionat, ja que com més endavant
comprovarem existeixen oscil-lacions entre els dies de la setmana. El principal problema
pero, relacionat amb 1’ts del mostreig integrat, €s 1’estabilitat de les propies substancies a
analitzar durant les 24 hores de mostreig i emmagatzematge en condicions ambientals
(temperatura, precipitacions, etc.). Algunes de les substancies, poden patir degradacions i/0
transformacions en funcié d’aquests factors, que poden conduir a sobre- 0 infra-estimacions
de les concentracions reals i a importants variacions en les conclusions extretes dels
resultats obtinguts. Cal per tant, ser curosos en la seleccié del metode de mostreig

considerant que en qualsevol cas les desviacions obtingudes s6n importants i tenint en
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compte aquesta premissa, en tots els treballs inclosos en aquesta memoria es van
seleccionar els metodes de mostreig que es van considerar més adients per a cada campanya
1 objectiu associat. En el cas concret de ’estudi de 1’Article Cientific II (apartat 3.2.1.), en
relacio als percentatges d’eliminacid, algunes d’aquestes desviacions son parcialment
minimitzades ja que s’aplica el mateix métode de mostreig tant a I’entrada com a la sortida
de la planta. D’aquesta manera, i en condicions correctes d’operacié de I’estacio, s’avalua,
la capacitat d’eliminacio dels diferents tractaments aplicats per a aquestes substancies aixi
com les possibles transformacions que puguin patir durant el procés, deixant de banda el
cabal operatiu o variacions setmanals/estacionals. Es evident pero, que la carrega de matéria
organica i les caracteristiques de les aigiies residuals d’entrada i sortida son molt diferents i
per tant durant ’emmagatzematge de 24 hores, els processos de transformacié poden ser
tamb¢ diferents. Tot i aixi, els estudis publicats en referéncia a ’estabilitat i degradaci6 de
les drogues il-licites en aigues residuals (Terzic i cols., 2010, van Nuijs i cols., 2012), han
demostrat que la majoria de les drogues il-licites analitzades en aquest estudi, presenten
bones estabilitats en condicions reals i a temperatura ambient i per tant la utilitzacio de

mostres compostes resulta ser la més adient.

En aquesta linia i pel que fa a les amfetamines, es va observar un efecte curios per al
MDA ja que en una de les estacions estudiades es va produir generacié del producte
enlloc d’eliminacié (-30%). Aquest fet pot estar relacionat amb un procés de
transformacio d’alguna altre amfetamina. En concret una des-alquilacid dels substituent
amino tant del MDMA com del MDEA, pot conduir a altres especies, com el MDA
(Pizarro i cols., 2004, Butler i Guilbault, 2004, Thai i cols., 2014) (Figura 3.2.). El fet que
aquest increment tan sols s’hagi detectat en una de les vuit estacions mostrejades pot estar
relacionat amb les concentracions del total d’amfetamines que en aquesta estacio eren les
més elevades i a més, presentar les pitjors eliminacions per a totes elles. Aquest fet
suggereix una transformacio durant el procés, més que durant I’emmagatzematge, ja que
els estudis d’estabilitat en mostra presenten bones conservacions per aquest compost. Els
percentatges d’eliminacio per a la resta de compostos de tipus amfetaminic (50-99%) en
les diferents estacions es troben en linia amb els publicats posteriorment per altres autors
(Bijlsma i cols., 2009, Loganathan i cols., 2009, Pal i cols., 2013, Repice i cols., 2013) en
EDARs amb similars tractaments (Kasprzyk-Hordern i cols., 2009).
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Figura 3.2. Mecanisme de degradacié parcial del MDA, MDMA i MDEA. DHEA: 3,4-dihidroxi-etilamfetamina;
DHA: 3,4-dihidroxi-amfetamina; HMEA: 3-hidroxi-4-metoxi-etilamfetamina; HMA: 3-hidroxi-4-metoxi-amfetamina.

Pel que fa a la cocaina 1 a la benzoilecgonina, els elevats percentatges d’eliminacio
obtinguts (>88%) també es troben en linia amb els publicats posteriorment que
descriuen eliminacions entre el 72-100% per a la cocaina i entre el 70-100% per a la
benzoilecgonina (Bijlsma i cols., 2009, Loganathan i cols., 2009, Karolak i cols.,
2010, Postigo i cols., 2010, Pal i cols., 2013, Repice i cols., 2013). Ara bé, per a la
cocaina cal destacar que estudis d’estabilitat 1 degradacid duts a terme per a aquesta
substancia en matrius d’aigiies residuals en condicions ambientals, mostren importants
percentatges de degradacié que van del 7% fins al 50% (Castiglioni i cols., 20086,
Chiaia i cols., 2008, Gheorghe i cols., 2008, Gonzalez-Marifio i cols., 2010, van Nuijs
i cols.,, 2011a, Baker i Kasprzyk-Hordern, 2011b, Thai i cols., 2014). L’us de
marcadors deuterats (Thai i cols.,, 2014) ha posat de manifest que la cocaina
degradada es transforma en benzoilecgonina de manera que eliminacions del 20% del
precursor, produeixen increments al voltant del 8-14% de benzoilecgonina 12 hores

després d’iniciar 1’estudi. Segons aquestes aproximacions, els percentatges
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d’eliminacid calculats en condicions normals per a la cocaina estaran sobreestimats ja
que part de I’eliminacié d’aquesta substancia vindra donada per la seva transformacio
mentre que per a la benzoilecgonina els percentatges obtinguts estaran subestimats ja
que es parteix de concentracions més elevades que les inicialment detectades. Tot i
aixi, els elevats i similars percentatges d’eliminaci6 obtinguts en tots els estudis
publicats per a aquests compostos permeten concloure que els tractaments
convencionals de depuracié son capagos d’assolir importants percentatges de

degradacio de la majoria de drogues il-licites detectades en aquesta tesi.

Pel que fa a les drogues psicoactives no il-legals, la cafeina, la nicotina i els seus
metabolits, es detecten en aigles residuals a elevats nivells de concentracio (mg/L) en
totes les EDARSs estudiades, la qual cosa posa de manifest la seva ubiqlitat ambiental
relacionada amb el seu consum generalitzat. Les concentracions mitjanes de cafeina
(53.7ug/L) 1 Paraxantina (42.5ug/L) son de 1’ordre dels detectats en d’altres estudis
(Buerge i cols., 2003, Santos i cols., 2009, Rosal i cols., 2010, Martinez Bueno i cols.,
2011, Senta i cols., 2015) mentre que les de nicotina (32.5ug/L) i cotinina (5.1 pg/L) es
troben per sobre de les obtingudes en posteriors estudis realitzats a Suissa (Buerge i cols.,
2008) i Italia (Senta i cols., 2015) i coincideixen amb els nivells detectats en estudis
realitzats a Espanya (Bueno i cols., 2011, Martinez Bueno i cols., 2011), indicant unes
certes variacions regionals en les concentracions i per tant, en el consum d’aquestes
substancies. El percentatges d’eliminaci6 de totes elles, tal 1 com es descriu a I’apartat

3.2.1., s0n elevats (del 70% a més del 99%) i en linia amb els publicat a la literatura.

3.3.2. Presencia de les drogues d’abus en aigiies superficials

La primera part de I’ Article Cientific IV (apartat 3.2.2) esta dedicat a ’estudi de la
presencia de les drogues d’abus estimuladores en aigiies superficials de la conca del
riu Llobregat. Es va seleccionar aquesta conca per la seva localitzacié en una zona
densament poblada, proxima a la ciutat de Barcelona, que es troba sotmesa a la
influéncia de la descarrega de moltes EDARs, i perque hi té lloc la captacio d’aigua
superficial per a la producci6é d’aigua potable a ’ETAP de San Joan Despi que ha

estat objecte d’estudi en aquesta tesi.

183



Capitol 3

Els punts de mostreig seleccionats (veure Fig. 1, article 1V, apartat 3.2.2) van
permetre identificar zones amb majors pressions ambientals degut als abocaments de
les EDARs que es troben al llarg de la conca i als efectes acumulatius produits pels
efluents que hi convergeixen. Pel que fa referencia a la preséncia de cocaina i del seu
metabolit, la benzoilecgonina, es va observar una tendéncia creixent al llarg del curs
del riu fins a la desembocadura. A la Figura 3.3. es mostren els resultats obtinguts en
els tres mostrejos realitzats entre Gener i Maig del 2007 en el riu Llobregat,
expressades com a g/dia, a partir de les dades incloses en la Taula 2 de I’Article IV.
En I’evolucié de les concentracions apareix un increment important en el punt de
mostreig 7, que correspon a la confluéncia de 1’efluent Anoia amb el riu Llobregat, 1
que lluny de provocar una disminucio6 en les concentracions mesurades per efecte de
dilucio, contribueix a incrementar-les donades les altes concentracions detectades per
al MDMA, la cocaina i la benzoilecgonina en aquest efluent (2.1, 2.8 i 29 g/dia

respectivament).

Per altra banda també¢ s’observen un increment elevat per a la cocaina entre el punt
4 iel 5, durant la campanya de Gener, i entre aquest i el punt 6, durant la campanya de
Maig. Aquests punts de mostreig es troben després de la confluéncia del riu Cardener
amb el Llobregat perd les baixes concentracions detectades en general en aquest
I’efluent fan dificil una justificacio per efecte acumulatiu. Un aspecte a considerar en
I’estudi d’aigiies superficials, és la possibilitat d’una introducci6 directa de drogues,
per exemple cocaina, que pot conduir a un increment sobtat en la seva concentracié en
algun punt de mostreig. Ara bé, en un riu, no és senzill determinar si la introducci6 ha
estat directa o indirecta ja que les relacions molars compost/metabolit usades en
aiglies residuals en estudis d’aquest tipus no es mantenen degut a les degradacions que
tenen lloc en condicions naturals. Per exemple, en el cas concret de la cocaina, que
com ja s’ha comentat experimenta processos de degradacio/transformacid natural en
aigues superficials (Castiglioni i cols., 2006, Gheorghe i cols., 2008), les relacions
molars COC/BE haurien de ser inferiors a les de les aigles residuals. Alguns autors
(Postigo i cols., 2010) han proposat un interval de relacions molars aplicable a aigles
superficials d’entre 0.02 i 0.27, tot i que cal esmentar que aquest interval pot variar
molt degut a multiples factors com la qualitat de 1’aigua, la temperatura o episodis de
pluges (que poden contribuir a dilucions). Tot i aixi, en el cas de les dades d’aquesta

tesi, i en concret per als increments observats en els punts 5 i 6 de mostreig, si
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s’utilitza aquest interval (0.02-0.21) en una primera aproximacio les relacions
COC/BE obtingudes es troben entre els valors proposats excepte durant la campanya
realitzada el mes de Maig quan es van observar relacions molars entre 0.29 i 0.41.
Aquestes relacions més elevades podrien indicar una introducci6 directa d’aquesta

substancia entre el punt 5 i 6 durant la campanya realitzada el mes de Maig del 2007.

100
mCcoc ' 95
= BE / ;
= MDMA
MDA
1 2 3 4 5 6 7 8 9
Punts de mostreig

Figura 3.3. Evoluci6 de la preséncia de les drogues il-licites detectades al llarg del curs del riu Llobregat (Gener-Maig
2007). Els valors estan expressats com a carregues mitjanes (g/dia; n=3). Els punts de mostreig s’indiquen a la Fig.1 de
I’article IV (apartat 3.2.2)

Pel que fa als valors obtinguts (I’ Article IV) i en concret a les concentracions mesurades
al llarg del curs del riu Llobregat tant per la cocaina (1-7.6ng/L) com per la benzoilecgonina
(1-870 ng/L), cal indicar que sén similars a les obtingudes en altres estudis (Taula 3.1.)
realitzats en aigiies superficials d’Italia, Bélgica i d’Espanya (Postigo i cols., 2010,
Gonzalez-Marifio i cols., 2010, Vazquez-Roig i cols., 2010, Martinez Bueno i cols., 2011,
Valcarcel i cols., 2012, Mendoza i cols., 2014a) i mes elevades que les trobades a

Alemanya, Irlanda (Bones i cols., 2007a), Anglaterra, Suissa (Berseti cols., 2010b), i
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Estats Units. Les diferéncies en les concentracions detectades entre paisos esta
probablement relacionat amb el diferent grau de consum de cocaina. De fet, segons la
UNODC (United Nations-Office on Drug and Crime, 2014), Espanya es troba entre els
principals paisos en consum de cocaina a nivell mundial i els estudis comparatius
realitzats en aigues residuals en diferents ciutats europees comentats en la introduccio
d’aquest capitol evidencien aquest fet (Thomas i cols., 2012, Ort i cols., 2014). Pel que fa
referencia a les principals amfetamines detectades, el MDMA i el MDA, es troben també
a concentracions similars a les descrites en d’altres estudis (Bones i cols., 2007a, Zuccato
i cols., 2008a, Loganathan i cols., 2009, Postigo i cols., 2010). El cas concret de ’MDMA
resulta interessant ja que aquesta substancia va ser detectada a concentracions
Ileugerament més elevades (1.5-3.5 ng/L) en el riu Llobregat que en d’altres punts de la
geografia espanyola: Almeria (no detectada) (Martinez Bueno i cols., 2011), Castella-La
Manxa (0.6-2.5 ng/L) (Valcarcel i cols., 2012) o Castell6 (0.5-1.8 ng/L) (Bijlsma i cols.,
2014). Aquest fet pot estar relacionat amb les diferents prevalences de consum que
s’observen entre diferents zones geografiques d’un mateix pais. Per exemple recentment
Mendoza et al (Mendoza i cols., 2014a) han detectat, a la regio de Madrid, concentracions
de ’ordre de les detectades en 1’Article Cientific IV (apartat 3.2.2.). Aquests resultats es
troben en linia amb els informes nacionals sobre consum de drogues il-licites, que
indiquen que Madrid 1 Catalunya son les regions amb un consum més elevat d’aquestes
substancies (Ministerio de Sanidad, 2013). Tot i aixi, per a aquests compostos, i a efectes
comparatius, cal tenir en compte les importants variacions setmanals i estacionals a les
que estan sotmesos i que poden per tant, influir en les estimacions realitzades a nivell
global. Pel que fa a I’evoluci6 al llarg del recorregut del riu estudiat, es poden observar
perfils similars als de la cocaina per a les amfetamines detectades amb contribucions

importants dels efluents en les concentracions principalment de MDMA i MDA.

Per Gltim cal destacar que 1’estudi de I’apartat 3.2.2 (Article Cientific IV) va posar de
manifest la preséncia d’algunes substancies psicoactives en aigiies superficials a
concentracions tan elevades com les d’altres contaminants emergents (analgésics,
hormones) les quals ja han estat inclosos recentment en la llista d’observacié de la

Directiva Marc de 1’ Aigua (European Commission, 2013).
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3.3.3. Variacions temporals

A T’Article Cientific III (apartat 3.2.1), s’inclou un estudi sobre les variacions
setmanals en les concentracions de les drogues estudiades en aigues residuals. Aquest
treball va ser el primer en realitzar una aproximacié d’aquestes caracteristiques per a
les drogues il-licites i es van establir per primera vegada variacions entre dies de la
setmana que es poden extrapolar als perfils de consum d’algunes d’aquestes
substancies. A la Figura 3.4. es mostra ’evolucié de la preséncia d’aquestes
substancies on es pot observar que les amfetamines son les que pateixen unes
oscil-lacions més marcades ja que per exemple compostos com I’'MDA o la
metamfetamina tan sols es detecten durant els dies propers al cap de setmana. Altres
estudis realitzats amb posterioritat han mostrat uns perfils similars al llarg de la
setmana. Per exemple, Irvine et al (Irvine i cols., 2011) van detectar concentracions de
MDMA durant el cap de setmana cinc vegades superiors a les obtingudes durant la
resta de dies a la ciutat d’Adelaida (Australia) mentre un estudi realitzat durant nou
setmanes consecutives a la ciutat de Zagreb (Croacia) va revelar que les
concentracions d’amfetamina i MDMA eren fins a quatre vegades més altes els caps
de setmana que durant la setmana (Terzic i cols., 2010). Baker et al, (Baker i
Kasprzyk-Hordern, 2011b) també van observar tendencies similars a Anglaterra i
Gal-les, on per exemple les concentracions de metamfetamina i MDMA van mostrar
un increment important durant el cap de setmana, resultats que es van reproduir a
Belgica (van Nuijs i cols.,, 2011a, van Nuijs i cols., 2012). Aquest increment
generalitzat de les drogues de tipus amfetaminic durant els caps de setmana es
relaciona directament amb el fet que, segons la UNODC (United Nations-Office on
Drug and Crime, 2014), aquestes substancies son considerades d’0is recreatiu més que
de consum habitual. De fet el MDMA o éxtasi es coneguda com la “droga de club” i

és consumida habitualment en ambients festius en dies determinats.
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Figura 3.4.. Evolucid setmanal en aigies residuals de les substancies detectades. En el grafic s’indiquen les carregues
(mg/dia) per a cada compost.
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Pel que fa a la cocaina i1 la benzoilecgonina, tot i que s’observen lleugers increments
durant el cap de setmana (Figura 3.4), no es detecten variacions tan destacables com les
de les amfetamines, la qual cosa indica un consum més constant d’aquesta substancia.
S’han descrit resultats similars a Australia (Irvine i cols., 2011) o els recentment
publicats a la illa de Martinica al Carib (Damien i cols., 2014). Tot i aixo, d’altres
estudis, mostren variacions molt més destacables en les concentracions d’aquestes
substancies durant el cap de setmana, com per exemple els realitzats a Italia (Zuccato i
cols., 2008b), Belgica (van Nuijs i cols., 2009b, van Nuijs i cols., 2011b), Croacia
(Terzic i cols., 2010), Franca (Karolak i cols., 2010) o Espanya (Bijlsma i cols., 2009,
Bijlsma i cols., 2014). En general per aquesta substancia es descriuen tant usos
recreatius (European Monitoring Centre for Drugs and Drug Addiction, 2014) com
consums més lligats a dependencia constant (Lai i cols., 2013). Aquesta dualitat en el
tipus de consum de la cocaina pot determinar aquestes variacions menys acusades
durant el cap de setmana, que per exemple les observades per a drogues
fonamentalment d’0s recreatiu com el MDMA, i que poden suggerir que en la zona
d’estudi tot i existir consum recreatiu, es troba també una aportacié important de

consum dependent i estable d’aquesta substancia al llarg de tota la setmana.

En aquesta tesi també s’ha dut a terme un estudi de les variacions en funcié del dia
de la setmana de la presencia de les drogues en aigies superficials en el punt de
captacié de 1’aigua del riu Llobregat per a la producci6 d’aigua potable (Article
Cientific 1V, apartat 3.2.2). Aquests estudis no permeten extreure tan facilment perfils
de consum temporals com els duts a terme amb aigiies residuals atés que 1’atenuacid
natural a més de les condicions ambientals canviants, poden alterar els resultats. Tot i
aixo, els estudis en aquests tipus de matrius permeten disposar d’informacié interessant
des d’un punt de vista ambiental. Per exemple, I’efecte que poden tenir pics continuats
d’introduccio, establir periodes de major problematica ambiental i en el cas concret
d’aquesta tesi, obtenir informacié que pot incidir en el posterior tractament de

potabilitzacié de les aigles captades.
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Figura 3.5. Evoluci6 setmanal en aigiies superficials a la planta potabilitzadora de Sant Joan Despi de les substancies
detectades expressade en (mg/dia).
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Els resultats obtinguts en aquest estudi setmanal es resumeixen a la Figura 3.5, i
permeten observar clarament variacions importants entre els dies de la setmana. A
diferéncia dels resultats obtinguts en aigies residuals, s’observa que les concentracions
maximes es detecten el dilluns la qual cosa és explicable ja que a diferéncia de les aigles
residuals, en aquest cas existeix un decalatge més gran entre 1’entrada de la substancia a
la xarxa de sanejament i la seva mesura en les aigues del riu. Partint d’aquesta premissa
es pot comprovar que els maxims consums corresponen als caps de setmana per a totes
les substancies. Aquest fet és destacable especialment per la cocaina i el seu metabolit,
que en ’estudi en aigiies residuals no mostraven variacions tan importants entre els dies
de la setmana mentre que en el cas de les aigues superficials aquesta diferencia resulta
molt evident. A més, el fet que les relacions entre droga i metabolit (0.06-0.27) es
mantinguin en els intervals establerts per aigies naturals (Postigo i cols., 2010) indica
I’abséncia d’introduccié directa de cocaina al medi aixi com un augment de 1’atenuacio
natural en algun dia concret. Una possible explicacié d’aquestes diferencies de
comportament entre aigues residuals i superficials podria estar relacionada amb el tipus
de perfils de consum de la poblacio servida per la EDAR i el del global de la poblaci6 que
representa el riu mostrejat en el punt d’entrada a ’ETAP. Cal destacar que un dels
efluents del riu Llobregat (riera de Rubi) és una zona amb una important concentracié de
zones recreatives que poden alterar els perfils de variacié setmanal. Nogensmenys,
aquests resultats posen de manifest que si bé els esfor¢os actualment es centren en 1’s de
les aigues residuals com a marcadors de consum, existeixen variables relacionades amb el
comportament general de zones que abarquen una poblacio més amplia o d’activitats

concretes i temporals, que un estudi en matrius naturals podria contribuir a evidenciar.

En I’estudi de les variacions estacionals es va observar també que les maximes
concentracions de les drogues il-legals es van detectar a 1’estiu i ’hivern, mentre que a la
primavera i a la tardor aquestes concentracions decreixien notablement (Taula 2, Article
Cientific V, apartat 3.2.2). Kasprzyk-Hordern i cols. en un estudi similar dut a terme en
aiglies superficials d’Anglaterra també van trobar les concentracions maximes tant de
cocaina com d’amfetamines al mes d’agost coincidint amb el periode de vacances
(Kasprzyk-Hordern i cols., 2008). Aquest comportament concorda amb estudis a llarg
termini (mesos) que, encara que s’han realitzat en aigiies residuals (Harman i cols., 2011,
van Nuijs i cols., 2011b, Lai i cols., 2013), han posat de manifest augments en les

concentracions en époques de vacances o festives. En relacio a epoques festives, els
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estudis duts a terme en aquesta tesi (Article Cientific 1V, apartat 3.2.2) van mostrar que
I’increment de concentracions durant 1’¢época d’hivern es centrava fonamentalment entre
desembre i gener, i en concret durant les festes de Nadal, Cap d’Any i Reis (Fig. S2,
Article cientific 1V, Supporting Information, apartat 3.2.2.), molt especialment per a la
benzoilecgonina, amb concentracions maximes de 85 g/dia (mitjanes anuals 11 g/dia), i
per al MDMA, amb concentracions maximes de 27 g/dia (mitjanes anuals 2.33 g/dia).
D’altres autors han observat tendéncies similars durant les festes de Cap d’Any. Per
exemple, van Nuijs i cols. van comprovar increments importants en el consum de cocaina
(1544 mg/dia-1000 hab. respecte la mitjana de 519 mg/dia-1000 hab.) i sobretot de
MDMA (286 mg/dia-1000 hab. respecte la mitjana de 13 mg/dia-1000 hab.) durant
aquestes dates a Belgica, mentre que a Australia, els consums estimats es multipliquen
per 1.5 en el cas de la cocaina, i per 1.6 per 'MDMA(Lai i cols., 2013). Aquests
increments també han estat descrits per d’altres autors durant la celebracio d’altres fets
puntuals, com poden ser festes de graduacié (Harman i cols., 2011), events esportius
(Gerrity i cols., 2011) o festivals musicals. Per exemple, Van der Aa i cols. van detectar
durant un estudi setmanal un increment en les concentracions de MDMA deu vegades per
sobre de les habituals (80 g/dia), atribuible segons els autors a una festa dance realitzada
un dia abans d’iniciar el mostreig (Van der Aa i cols., 2013). | Bijlsma i cols. van
constatar increments en les concentracions de MDMA (406 g/dia) i benzoilecgonina (121

g/dia) durant la celebracié d’un festival de musica (Bijlsma i cols., 2014).

Les variacions estudiades en els dos articles recollits en aquest capitol de la memoria,
tant en aigiies residuals com superficials, van posar de manifest en el seu moment
I’existencia de variacions importants en les concentracions de les substancies estudiades
en funcié del dia de la setmana, del mes, de si es tracta de periodes festius o de vacances
i, fins i tot, de la proximitat a zones recreatives (com per exemple les variacions
observades en EDARs properes a estacions d’esqui durant els mesos d’hivern). Aquests
estudis han estat reproduits posteriorment per multiples autors en diferents regions amb
diferents problematiques, i tots ells han evidenciat aquestes mateixes conclusions, que
condueixen a plantejar la importancia d’establir acuradament els plans de mostreig i a

realitzar amb cura qualsevol estudi comparatiu 0 epidemiologic que se’n derivi.
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3.3.4. Biomarcadors d’aigiies residuals, calculs de consum i estudis epidemiologics.

En la introduccié d’aquest capitol (apartat 3.1) i a 1’article cientific III (apartat
3.2.1) s’ha tractat el tema de la possible utilitzacié de les concentracions de drogues
en aigiies residuals per calcular el consum de la poblacié. En aquesta tesi s’ha calculat
el consum de cocaina i €éxtasi (MDMA) a partir de les dades de preseéncia d’aquests
compostos en aigiies residuals, i s’han obtingut, respectivament, percentatges de
consum d’un 1.4% i un 1.1.% de la poblaci6 entre 15 i 64 anys. Aix0 representa 1443
dosis per dia de cocaina i 2 dosis per dia d’MDMA per 1000 habitants en aquesta
franja d’edat. Lai i cols. han realitzat estudis similars 1 en el seu estudi realitzat a
Australia les tendencies de consum semblen invertides, amb 1 dosi de cocaina i 18
dosis de MDMA per 1000 habitants entre 15 i 64 anys (Lai i cols., 2013). Aquests
valors tan allunyats entre si poden reflectir uns perfils de consum diferenciats entre
ambdues zones, el que es recull en informes oficials (United Nations-Office on Drug
and Crime, 2015). De fet, un estudi realitzat en una zona geografica propera a la del
treball recollit a I’apartat 3.2.1., la conca del riu Ebre, mostra unes extrapolacions de
consum de cocaina molt similars a les obtingudes en aquesta tesi, amb un valor mitja
de 18 dosis per 1000 habitants. (Postigo i cols., 2010). Tot i aixi, els valors obtinguts
per ’'MDMA en aquest estudi, de 0.6 dosis per 1000 habitants entre 15 1 34 anys,
disten dels de 4 dosis per 1000 habitants entre 15 i 34 anys obtinguts en el nostre
estudi (Article III). Altres aproximacions de calcul de consum realitzades en d’altres
paisos, com Italia, Belgica, Irlanda, Suissa o Anglaterra, evidencien que si bé
existeixen unes bones correlacions entre els resultats obtinguts i els consums
establerts estadisticament en informes oficials, existeixen una série d’incerteses
inherents al calcul que com ja s’ha comentat a la introduccid d’aquest capitol no

poden ser obviades (van Nuijs i cols., 2011a).

Com ja s’ha indicat anteriorment en 1’apartat 3.1.3, per realitzar aquests calculs cal

utilitzar una formula del tipus:

Concentracié X Volum tractat

Consum per capita = 7 — — —
P P Factor d excreci6 (correccié) X Poblacié
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Ara bé, des de la publicacié dels valors inclosos en aquesta tesi, s’han publicat
diversos treballs centrats en avaluar les possibles incerteses associades a aquest
metode de calcul. Dels quatre factors que componen la férmula, el calcul de les
concentracions no presenta problemes, ja que s’apliquen protocols de validacio dels
metodes d’analisi, 1 D’error degut al volum tractat, tot i presentar una major
dificultat, es pot minimitzar usant técniques de mostreig dependents del cabal o
mesuradors in-situ. Pel que fa als factors d’excrecié i/o correccid, tot i haver-hi
valors establerts (Khan i Nicell, 2011, Khan i Nicell, 2012) continuament van
apareixent modificacions. A la Taula 3.3 de ’apartat 3.1.1 (Article Cientific I1) es
resumeixen els percentatges d’excrecidé emprats normalment, aixi com els factors de
correccié entre la droga i el seu metabolit en el cas d’usar aquest darrer com
marcador de consum, com per exemple, la benzoilecgonina pel calcul del consum de
cocaina. El primer factor de correccié proposat va ser de 2.33 (Zuccato i cols.,
2008b), calculat a partir dels percentatges d’excrecié obtinguts a través d’una
administracio inhalada (45%), que en aquell moment estava considerada com la
principal ruta d’administracio de la substancia (United Nations Office of Drug and
Crime, 2007). Tot i aixi, en aquesta tesi (apartat 3.2.1.) es van tenir en compte
d’altres rutes d’administracié, amb percentatges d’excreciO entre 30-50% (injectada
i inhalada) (Li i cols., 1995), i es va obtenir un factor de 2.70 = 0.6. Posteriorment,
Castiglioni i cols., han proposat un factor de 3.59 (Castiglioni i cols., 2013),
utilitzant diferents percentatges d’excrecid per a la benzoilecgonina en funcié de la
ruta d’administracio de la cocaina, de 6.5% inhalada (fumada) a 55% ingerida, i dels
percentatges de consum de cada una de les formes possibles (inhalada, injectada,
ingerida) (Prinzleve i cols., 2004). Aquest valor encara no esta totalment admes, atés
que existeixen multiples variables que poden afectar I’extrapolaci6 de consum a
partir dels estudis ambientals, que encara no han estat perfectament establerts. A la
Taula 3.2. es mostren els valors de consum de cocaina obtinguts aplicant els tres

factors definits, a partir d’un valor comu 0,4 g BE/dia-1000 hab.
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Taula 3.2. Comparaci6 factors de correcci6 COC/BE.

. 2.33 FC 2.7+£0.6 FC 3.59
Factor de Correccio . T
(Zuccato) (aquesta tesi) (Castiglioni)
Consum x capita 1.19 1.40 + 0.44 1.86

(g COC/dia-1000 hab.)
Referencies:(Zuccato i cols., 2005); (Castiglioni i cols., 2013).

Agquests valors de consum per capita de cocaina, encara que diferents, son prou
similars, sobretot si es comparen amb les elevades dispersions existents en 1’avaluacié de
la poblacié tractada. De fet, el calcul de la poblaci6 tractada representa 1’escull més
importat en el calcul i la major font d’incerteses. Per disminuir aquesta incertesa, una de
les tendéncies actuals consisteix en utilitzar biomarcadors de poblacio, que sobn compostos
endogens (Chiaia i cols., 2008, Daughton, 2012) o exogens excretats per un elevat
nombre de membres de la poblacié (Baker i Kasprzyk-Hordern, 2011b). Aix0 permet

evitar 1’us de la poblacio en la formula (Chen i cols., 2014):

Concentracié X Factor d excrecié marcador

Consum per capita = — 7 =~
Concentraciéo marcador X Factor d excrecid

Com a biomarcadors s’han proposat les concentracions de diverses substancies i/o
parametres, com per exemple, la demanda bioquimica i quimica d’oxigen (van Nuijs i
cols., 2011b), la creatinina (Chiaia i cols., 2008, Pesce i cols., 2010, Biradar i cols.,
2011, Daughton, 2012), diversos farmacs (Lai i cols., 2011) o esteroides
antropogénics (Daughton, 2012). Per exemple, Lai i cols. (Lai i cols., 2011) proposen
emprar atenolol, un farmac B-bloguejant, que permet obtenir una bona estimacio de la
poblaci6 total i comparable amb les dades oficials. Tot i aixi, la distribucio6
demografica de consum d’aquesta substancia (principalment poblacio major de 65
anys) resulta un inconvenient en termes de representativitat de la mostra poblacional.

Daughton ha avaluat diferents biomarcadors com la creatinina, el coprostanol i el
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colesterol, i estableix una eina per tal de determinar la seva idoneitat com a
biomarcador, a partir de vint atributs que hauria de complir el biomarcador seleccionat
(Daughton, 2012). A més de ser substancies detectades amb freqliencia a les aiglies
residuals, amb dades de consum establertes i poca biodegradacid, convé que el
compost seleccionat sigui exclusiu del metabolisme huma, es distribueixi
homogéniament en el medi ambient (coeficients de particio) i que el metode per a
determinar-lo sigui senzill i assequible per tal d’aplicar-lo en métodes de rutina. El
coprostanol, un esterol produit en el colon per degradacié del colesterol, sembla ser el
compost que millor compleix aquestes condicions segons [’autor, tot i que les
dificultats en la seva determinacio, especialment pel que fa a la preconcentracid i
possibles interferéncies associades a la presencia del seu epimer, aixi com la seva
rapida degradacid durant els tractaments, en qiiestionen la seva utilitzaci6. D’altres
autors han suggerit 1’as de metabolits de la cafeina i la nicotina (Baker i Kasprzyk-
Hordern, 2011b, Chen i cols., 2014) i de fet, molt recentment, Senta i cols.(Senta i
cols., 2015) indiquen que la cafeina, i sobretot la nicotina i els seus metabolits, s6n
uns bons marcadors de consum amb respostes estables en el temps i que es poden
correlacionar amb la poblaci6. Es més, aquests autors suggereixen analitzar

rutinariament aquests compostos per tal d’estimar poblacions i variacions en consums.

El valor de poblacié emprat en els calculs de I’apartat 3.2.1. s’ha obtingut a partir de
les dades estadistiques de poblacié disponibles (2.8 milions de poblacié servida) i el
calcul de consum per capita s’ha realitzat emprant aquestes dades. Tot 1 aixi, 1 donat que
en aquest treball tant la cafeina com la nicotina han estat analitzades habitualment
juntament amb la resta de drogues d’abus, es pot realitzar un nou calcul del consum
estimat d’una substancia en concret i de la poblacié servida a partir dels métodes de

biomarcadors establerts actualment a la literatura (Chen i cols., 2014, Senta i cols., 2015).

El calcul de poblacié servida proposat per Senta i cols. (Senta i cols., 2015)
requereix coneéixer el contingut de nicotina en les cigarretes (1,25 mg
nicotina/cigarreta), aixi com el nombre de cigarretes consumides per dia i habitant, i
el percentatge de poblacié fumadora, que es poden obtenir a partir de les estadistiques
publicades per cada pais o zona d’estudi. Per tal de calcular la poblacié servida a
partir de les dades incloses en 1’apartat 3.2.1 s’han usat els valors de consum de 6.5

cigarretes per dia i del 40% de poblacié fumadora establerts pels diferents estudis
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nacionals realitzats sobre aquest tema (Observatorio espafiol de la droga y las
toxicomanias.Ministerio de Sanidad, 2013). Aixi, i emprant el valor de cotinina
obtingut en les 42 EDARs mostrejades (2567 g/dia), es pot arribar a establir un total
de poblacio servida de 1.1 milions enfront els 2.8 milions descrits en les estadistiques

oficials (Generalitat de Catalunya-Institut d'Estadistica de Catalunya, 2006).

Una altra aproximacié utilitzada, en aquest cas per a calcular directament el consum
per capita d’una determinada substancia, és el proposat per Chen i cols., que no té en
compte dades estadistiques, com per exemple el percentatge de poblacié fumadora
emprat en I’anterior estimacid de la poblacid, i que per tant minimitza les contribucions
associades a la incertesa del calcul (Chen i cols., 2014). Per tal de realitzar-lo, els autors
proposen emprar la cotinina com a biomarcador d’aigua residual i s’empra la formula
descrita anteriorment per al consum per capita. Aquest calcul permet determinar per
exemple el consum de cocaina a partir de la concentracio (o carrega) mesurada pel seu
metabolit, benzoilecgonina, i la de la cotinina, aixi com dels seus respectius factors
d’excrecid. A partir dels valors obtinguts per a les 42 EDARs mostrejades en 1’apartat
3.2.1. (816 g/dia de benzoilecgonina i1 2558 g/dia de cotinina), s’obté un consum de

cocaina per capita de 1.7% enfront el 1.4% obtingut en 1’article III.

Com pot comprovar-se, tot i que les diferencies entre les estimacions realitzades a
I’Article Cientific III pel consum per capita de cocaina no mostren elevades
desviacions, el calcul de poblacions si que presenta un biaix important. Es requereixen
per tant d’estudis més acurats per tal d’establir algun compost com a marcador
residual que permeti una millor correlacié entre els estudis epidemiologics i els
ambientals, convertint aquests ultims en una potent eina en 1’estudi, prevenciO i

identificacio del consum tant de drogues il-licites com d’altres substancies.
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3.4. CONCLUSIONS

El treball experimental inclos en el Capitol 3 d’aquesta memoria, en el que s’ha

estudiat la preséncia de drogues d’abus estimuladores en aigues residuals i superficials, ha

permes establir les seglients conclusions:
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La major part de drogues d’abus estudiades s’han detectat en les aigiies residuals a
I’entrada de les 42 plantes de tractament d’aigiies residuals distribuides per la
geografia catalana analitzades. Les concentracions son relativament elevades
especialment per a les drogues legals, nicotina (1.2-104 ug/L), cafeina (0.7-209
Ma/L ) i els seus metabolits cotinina (1.2-42 pg/L) i paraxantina (1.6-238 ug/L)
aixi com per les drogues il-legals, cocaina (4-4700 ng/L) i el seu metabolit,
benzoilecgonina (9-7500 ng/L) i per algunes del tipus amfetaminic com per
exemple ’MDMA (2-598 ng/L).

Els percentatges d’eliminacio en les plantes de tractament d’aigiies residuals son
en general elevats, per sobre del 88% per la cocaina i la benzoilecgonina i per
sobre del 99% per a ’amfetamina o el MDA, pero insuficients per eliminar
completament la majoria de les drogues estudiades, fet que comporta que aquestes
es trobin presents en els efluents a concentracions entre 1-100 ng/L per la cocaina,
1-1500 ng/L pel seu metabalit, la benzoilecgonina o 2-267 ng/ per ’MDMA entre

d’altres 1 en conseqiiencia que s’aboquin en el medi natural.

A partir de les concentracions mesurades en les aigiies residuals a I’entrada de les
plantes depuradores estudiades, s’ha estimat un consum de cocaina i MDMA
(éxtasi) de respectivament, 14 i 2 dosis per dia per 1000 habitants (entre 15 i 64

anys) que representa un 1.4% iun 1.1% de la poblacié d’aquest interval d’edat.

S’ha posat de manifest per primera vegada que els continguts de drogues d’abts
en les aigues residuals varien en funci6 del dia de la setmana. Aquestes variacions
depenen del compost i estan relacionades amb 1’us de les drogues. Aixi, I’augment
dels continguts dels estimulants de la familia de les amfetamines (60 %) durant els

caps de setmana es pot relacionar amb el seu us recreatiu mentre que 1’Us
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continuat i constant de la cocaina, substancia amb un major grau de dependeéncia,
explica la poca variacié de les concentracions de la cocaina i la benzoilecgonina.
Els estudis realitzats en diferents arees geografiques han permes detectar una
important influéncia de la zona. Les concentracions de cocaina i del seu metabolit
son superiors en EDARS proximes a zones urbanes poblades aixi com durant les

campanyes d’hivern, en una zona proxima a estacions d’esqui.

S’ha detectat la preséncia de cocaina, benzoilecgonina, amfetamina, MDMA i
MDA, a concentracions mitjanes anuals entre 4-350 ng/L i nicotina, cafeina i els
seus metabolits a concentracions mitjanes entre 0.2-2.9 pg/L en les aigues
superficials del riu Llobregat. L’estudi dels diferents punts analitzats al llarg de la
conca han permés determinar zones d’especial pressidé ambiental com la

confluéncia d’altres efluents 0 EDARS pressents en el curs del riu.

La preséncia de les drogues d’abus en les aigiies superficials mostren variacions
estacionals. Mentre que les drogues d’abus licites mantenen concentracions
estables durant tot I’any amb un lleuger increment durant el periode de vacances
d’estiu, les drogues il-licites presenten variacions importants entre estacions amb
les concentracions més elevades durant les époques de vacances tant d’estiu com
d’hivern 1 molt especialment al voltant de les dates de Nadal que posen de

manifest habits d’us de les drogues d’abts entre la poblacid.
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Aigues Potables i Subproductes de Desinfeccio

4.1. INTRODUCCIO

La preséncia de contaminants d’origen antropogenic en el medi ambient, discutida en
els anteriors capitols d’aquesta memoria, s’associa a una serie d’efectes negatius, alguns
ja coneguts i d’altres que encara no ho son, que poden afectar tant el medi natural sobre
el que incideixen com el propi esser huma. Una de les rutes per les quals aquestes
substancies poden retornar i incidir sobre I’ésser huma és a través 1’aigua potable,
completant d’aquesta manera el seu recorregut a través del cicle de I’aigua. Aquest
retorn pot tenir lloc en forma de substancia inalterada, de metabolit o de subproducte de
degradacio i depén de la seva preséncia en les aiglies captades per a la potabilitzacio i de

I’eficacia dels processos emprats per a eliminar-les.

Les substancies susceptibles de completar aquest cicle son capaces, per tant, de
sobreviure als tractaments de depuracio de les EDARs, als processos d’atenuaci6 natural
en aigues naturals o superficials i per ultim als processos de potabilitzacio, en alguns
casos avancats, de les estacions de tractament d’aigiies potables (ETAPs). Aquesta
supervivencia al llarg del cicle es pot deure a les elevades concentracions d’entrada en
el medi, com succeeix amb algunes substancies prioritaries, que si bé sén parcialment
degradades, una part important es pot mantenir inalterada fins a les Gltimes etapes del
tractament. Aquest és I’escenari en el que es troben fonamentalment les substancies de
caracteristiques industrials o que provenen d’episodis concrets de contaminacio, que en
general no s’haurien d’associar a les drogues d’abus, excepte en el cas hipotétic d’un
abocament directe d’aquestes substancies al medi. Un altre escenari és el que contempla
la preséncia dels contaminants a baixes concentracions, perd amb unes caracteristiques
fisico-quimiques que els permeten sobreviure als diferents processos d’eliminacio als
gue son sotmeses i arribar inalterades, o lleugerament transformades, a les aigties finals
tractades. Aquest €s el cas més habitual, i en aquest grup s’inclouen els contaminants
emergents, algunes de les substancies incloses en la Directiva Marc de 1’Aigua (DMA)
(European Commission, 2013) i en d’altres regulacions nacionals (RD 140/2003), aixi
com substancies de nova generacid, produccioé o bé simplement descobriment que sén
introduides al medi natural; les drogues d’abus pertanyen a aquest Gltim grup. L’estudi
de la presencia de drogues d’ablis en aigiies superficials, 1 en concret en punts de
captacio per a la produccié d’aigua potable recollits en els apartats 3.1.1. 1 3.2.2, ha

permeés posar de manifest la presencia, a concentracions relativament elevades, de
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moltes de les drogues estimuladores estudiades i, per tant, la seva introduccié en el
sistema de producci6é d’aigua potable. Cal esmentar que 1’eliminacid i transformacid
dels compostos durant els processos de potabilitzacié depenen de les seves propietats
fisico-quimiques i estructurals. Aixo implica que la teorica eliminacié d’un contaminant
al llarg del tractament pot acabar convertint-se en 1’obtencié d’un subproducte de

desinfeccio, amb caracteristiques i propietats toxicologiques desconegudes.

4.1.1. Drogues d’abus en els tractaments d’obtencio d’aigua potable

En aquest apartat es discuteix el comportament de les drogues il-licites i els tipus de
reaccions que tenen lloc en els tractaments convencionals de produccié d’aigua potable i
inclou, I’Article Cientific V (apartat 4.1.1.1) intitulat “Presence and removal of illicit
drugs in Conventional Drinking Water Treatment Plants” i 1’ apartat 4.1.1.2 on

s’analitza ’evolucio d’aquests estudis des de la publicacid de I’article esmentat.
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4.1.1.1. ARTICLE CIENTIFIC V

Presence and removal of illicit drugs in Conventional Drinking Water Treatment Plants

Huerta-Fontela, M., Galceran, M. T., Ventura, F

In: IHlicit Drugs in the Environment: Occurrence, Analysis and Fate using Mass
Spectrometry. Wiley, Hoboken, 2011
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CHAPTER 11

PRESENCE AND REMOVAL OF ILLICIT
DRUGS IN CONVENTIONAL DRINKING
WATER TREATMENT PLANTS

MARIA HUERTA-FONTELA, MARIA TERESA GALCERAN, and
FRANCESC VENTURA

11.1 ILLICIT DRUGS IN DRINKING WATER

The presence of chemical pollutants released into the aquatic environment as a con-
sequence of anthropogenic activities has been recognized as an important issue in
environmental chemistry. Water analysis provides exhaustive and reliable informa-
tion about human habits and activities. Recently, illicit drugs were identified as a
new unexpected group of water contaminants, thus confirming this “water squealer”
ability. To date, these compounds have been found in several water matrices around
the world and the concern regarding their presence in these resources is exponen-
tially growing, because of their potent psychoactive properties and their unknown
effects on the aguatic environment. The presence and detection of illicit drugs in
water resources is related to the combination of two main effects: their excretion
as unchanged or dightly transformed metabolites allows easy identification of these
compounds; and the high consumption rates reported for them contributeto relatively
high concentration measurable levels in aquifers.

These compounds directly enter the water system by means of sewage waters,
as was demonstrated in the first study reporting the presence of cocaine and its
major metabolite, benzoylecgonine, in Italian wastewaters (Zuccato et a., 2005).
Since then, severa studies dealing with the analysis of illicit drugs in wastewaters
showed that some of them survive common wastewater treatments. Compounds such
as cocaine, amphetamine, ecstasy, or cannabinoids are found, at concentrations in

Illicit Drugs in the Environment: Occurrence, Analysis, and Fate Using Mass Spectrometry, Edited by
Sara Castiglioni, Ettore Zuccato, and Roberto Fanelli
Copyright © 2011 John Wiley & Sons, Inc.
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the nanogram per liter range in wastewater treatment plant (WWTP) effluents in
Italy, Germany, Spain, Belgium, Ireland, United Kingdom, and the United States
(Jones-Lepp et al., 2004; Castiglioni et al., 2006; Hummel et al., 2006; Huerta-
Fontela et al., 2007, 20083, b; Bones et a., 2007; Boleda et a, 2007; Kasprzyk-
Hordern et a., 2008a, 2009; Gheorghe et al., 2008; Biljsma et al., 2009; van Nuijs
et al., 2009; Zuccato and Castiglioni, 2009; Petrovic et a., 2009; Postigo et d.,
2010). For instance, Castiglioni et al. (2006) measured cocaine and benzoylecgonine
at 11 and 29 ng/L, respectively, in effluent samples, and Hummel et al. (2006) found
benzoylecgonine (45 ng/L) in treated waters in Germany. Cocaine was aso found
in treated waters in Spain at concentrations ranging from 900 (Postigo et al., 2010)
to 1400 ng/L (Huerta-Fontela et al., 2008a). The poor removal of illicit drugs in
WWTPs has adirect effect on therivers, lakes, or seaswhere WWTPs discharge their
effluents. Several studies have also reported relatively high levels of several different
illicit drugs, such ascocaine, amphetamines, ecstasy, L SD, or cannabinoids, in surface
waters. For instance, the main carboxylic metabolite of tetrahydrocannabinol (THC-
COOH) was detected at concentrations ranging from 0.5 to 7 ng/L in Italian rivers
(Zuccato et al., 2008), at 1 ng/L in one United Kingdom river (Boneset al., 2007), and
at 15 ng/L in Spain (Boleda et d., 2009). However, the “water trip” does, not end at
this stage, because surface waters are often used for drinking water production. The
removal efficienciesin drinking water treatment plants (DWTPs) and the production
of new and additional disinfection by-products (DBP) during treatments affect the
quality of tap water directly, asthey are responsiblefor both the complete elimination
of illicit drugs from the water cycle and the introduction of new by-products that can
reach human beings.

Up to now, few studies on the presence of these compounds in fina treated
waters (Hummel et al., 2006) have been conducted and still fewer studies dealing
with the removal or behavior of these compounds through treatments have been
found (Huerta-Fontela et al., 2008b; Zuccato et al., 2008; Boleda et al., 2009). In
2006, Hummel et a. studied the presence of several psychoactive drugs in
wastewater, river water, and final treated tap water in Germany. Benzoylecgonine,
the main metabolite of cocaine, and opiates (codeine and morphine) were among the
compounds investigated and were not found at levels above their limit of
guantification (LOQ) (2—10 ng/L) in the two tap water samples analyzed. In the
same study, some other compounds, such as carbamazepine or primidone, were
detected in the final drinking waters. The presence and behavior of stimulatory
drugs, such as MDMA (ecstasy), cocaine, and LSD in a DWTP, was evaluated by
Huerta-Fontela in another study in 2008. The survey, conducted over six
consecutive months, included the evaluation of the effectiveness of both the
conventional and the advanced treatments used in the facility investigated.
Benzoylecgonine was found to be the most persistent compound, found in 22 out of
24 treated water samples at concentrations ranging from 3 to 130 ng/L. At the same
time, Boleda et a. (2009) published a similar report evaluating the removal of
depressor drugs, such as opiates and cannabinoids, in the same drinking water
facility. The results showed the presence of methadone and its main metabolite
(EDDP) in the final treated water at concentrations of 20 and 60 ng/L, respectively.
To the best of our knowledge, only these two surveys evaluating the presence of
illicit drugsin DWTPs
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exist. More research is needed in order to improve our knowledge of the behavior
and presence of these psychoactive drugs in tap waters.

11.2 ILLICIT DRUGS THROUGH DRINKING WATER TREATMENT

The treatments used to keep tap water safe for human consumption and to improve
its quality by removing undesired contaminants are similar around the world. The
most common processes are physical treatments, such as filtration, flocculation, and
sedimentation. There are other processes involving ion exchange (that is, reverse
0osmosis), adsorption (activated carbon), and chemical disinfection, such as chlorina-
tion or ozonation. Facilities select the treatments or the combinations of treatment
depending on several different factors, such as the characteristics of the raw water,
the specific problems affecting the water to be treated and, obviously, the costs of
each treatment. Generally, the effectiveness of drinking water treatments in elimi-
nating or degrading contaminants depends on the physicochemical properties of the
compounds, the quality of the source water, and the treatment processes applied.

Table 11.1 summarizes the physicochemical properties of illicit drugs found most
frequently in water. Log Ko, is avaluable parameter used to predict the partition be-
havior of the selected compounds. This parameter together with water solubility can
give us afair idea of the presence and distribution of illicit drugs in the aquatic envi-
ronment. For instance, fentanyl with alog K, of 4 and awater solubility of 200 mg/L
is more proneto be found in the sludge phase. However, the information given by log
Kow should becarefully evaluated, sincetheremoval efficiency of drinking water treat-
ments can be affected by additional parameters, such as interactions with raw water
materials, hydrogen bonding, or cation exchange that may modify predicted behavior.

Generally, the physicochemical properties of the compounds, together with the
structural information, suggest their behavior during conventional and well-known
drinking water treatments. The knowledge of the chemical properties of these sub-
stances and the experience obtained studying the behavior of other contaminants can
help us predict the behavior of illicit drugs during DWT. Table 11.2 correlates certain
reactive groups present in the structure of illicit drugs with their expected behavior in
drinking water treatments. However, it must be considered that external effects, such
as raw water composition (namely, presence of bromide, ammonia, temperature) or
treatment operational status (that is, carbon filter aging, ozone generation efficiency)
will play an important and, in some cases, determinant role.

11.2.1 Filtration, Coagulation, and Sedimentation

The water treatment in most frequent use since the early twentieth century is a
combination of the following steps: coagulation, flocculation—sedimentation, and
filtration. Filtrationisused by many water treatment facilitiesto remove particlesfrom
thewater. It clarifieswater and enhancesthe effectiveness of disinfection. Coagulation
and flocculation are also common DWTP unit operations that may decrease the
concentrations of potential drinking water contaminantsin the source water.
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TABLE 11.2 Predicted Reactivity of Illicit Drugsthrough Conventional Drinking
Water Treatments

Treatments

Compound Chlorination  Chlorinedioxide Ozonation Carbon adsorption
Amphetamine —NH, — — —
METH —NHR — — —
MDA —NH, — — —
MDEA —NHR — — —
MDMA —NHR — — —
Cocaine —a NRs — —
Norcocaine —NHR — — —
Cocaethylene — NR3 — —

BE — NRs — —
Norbenzoylecgonine —NHR — — —
Ketamine —NHR — — Log Koy >3
LSD —NHR NR; — —
PCP — NR; — —
Heroin Ph-R(donor) NR3 Cc=C —
Morphine —OH NR; c=C —
Normorphine —NHR>—0H — c=C —
Codeine — NR; c=C —
Norcodeine —NHR>—OH NR; c=C —
6-AM —OH NR; c=C —
Methadone — NR; — Log Kow>3
EDDP — NR; c=C Log Kow>3
Fentanyl — NR3 — Log Kow>3
THC —OH — c=C Log Kow>3
THC-COOH —OH — c=C Log Kow>3
THC-OH —OH — c=C Log Kgw>3

2 No reactive sites.

No studies solely examining the behavior of illicit drugs during these treatments
have been published. However, studies performed with pharmaceutical compounds
report low or negligible removal rates during the processes of clarification and sand
filtration. For instance, Nakada et al. (2007) reported that compounds with log
Kow<3 showed removal percentages lower than 50% after sand filtration,
suggesting that hydrophobicity can be a limiting factor during the filtration process.
In addition, Stackelberg et a. (2007) reported reductions in the concentration of
compounds with log Kqy (<3) lower than 15% during clarification, confirming that
thisisnot aprimary route for degradation and removal of organic compounds.

Given the physicochemical properties of illicit drugs, it can be extrapolated that
filtration, coagulation, or clarification are not the appropriate stepsfor removing these
compounds. An exception can be found for cannabinoids, fentanyl, LSD, ketamine,
and methadone, which may show higher removals because of their relatively high
hydrophobicity.
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11.2.2 Oxidation Process

Because of their suitability for disinfection and oxidation (e.g., taste and odor control,
micropollutant removal), chemical oxidants are commonly used in water treatment
processes. In drinking water treatment systems, the oxidants commonly used are
chlorine, chlorine dioxide, chloramines, and ozone.

11.2.2.1 Chlorination For nearly a century, chlorine has been the most widely
used oxidant for the disinfection of drinking water. Specifically, 98% of drinking
water facilities use chlorine-based disinfectants among their treatments. Chlorine is
often used at one or two points during treatment as a pretreatment for a primary
disinfection and as a post-treatment to ensure a residual concentration of chlorine
through the distribution system, thus avoiding microbial regrowth.

Oxidations, additions to unsaturated bonds, and electrophilic substitutions at nu-
cleophilic sites are the most usua reaction pathways of chlorine. These reactions
generaly introduce small modifications in the reacting compound, which may cause
one of the mgjor drawbacks of chlorination treatments: the formation of chlorinated
organic compounds as disinfection by-products. The different structuresand moieties
of illicit drugs suggest different behavior with chlorine treatment. Most of the drugs
studied and found in water systems contain amino groups. It is known that chlorine
has high reactivity with amino moieties by means of a water-assisted mechanism.

Generaly, the rate constants of amines decrease as follows: -NH;>-NHR>-NR;,
with the rate constant of tertiary amines at |east two orders of magnitude lower than
that of primary or secondary amines. As suggested by Abiaet a. (1998), the reaction
occurs between the amine moiety, which undergoes a proton transfer to water, and the
HOCI molecule, leading to the formation of chloramines (Reaction 11.1). Therefore,
compounds such as amphetamine-type stimulants (ATS), ketamine, LSD (and its
metabolites) or some drug metabolites like normorphine, norcodeine, norcocaine, or
norbenzoylecgonine should show high reactivity and removal efficiency with chlorine
treatment.

R a _H H
NH, H—\~ g
- . (3 - . N-Cl y Ho . .
H\‘§/H -
R H

Reaction 11.1 Suggested chlorination for amphetamine according to mechanism suggested
by Abbiaet a. (1998).

For other illicit drugs, with tertiary amino moieties or nonamino compounds,
other reaction pathways for evaluating the efficiency of chlorine treatment to
remove them need to be considered. For these compounds, chlorine reactions will
be controlled by the affinity of chlorine with its oxygenated moieties, since
unsaturated bonds or alkylic chains are poorly reactive to chlorine without
catalyzation. Oxygenated moieties vary in reactivity, depending on their chemical
nature and on the adjacent
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substituents. Acidic moieties are stable in the presence of chlorine, while aldehyde
or ketone moieties show limited reactivity, which depends on the electron-donor or
withdrawing properties of the substituents linked to the carbonyl group. Compounds
such as cocaine, benzoylecgonine, norbenzoylecgonine, fentanyl, and methadone
have carbonyl moieties linked to electron-donor groups. As these groups reduce the
acidity of the a-carbon group, which isthe one reactive to chlorine, low or negligible
reactivity can be expected.

For instance, at real-scale experiments, cocaine and benzoylecgonine (Huerta-
Fontela, 2008b) were hardly removed after chlorine treatment (13% and 9%, respec-
tively) and methadone also had poor percentages (54%) (Boleda et a., 2009). For
opiates, such as morphine, codeine, 6-acetylmorphine, and cannabinoids, the main
chlorine reactivity can be expected through the alcohol moieties. In general, primary
and secondary alcohol moieties react with chlorine by an oxidation step leading to
the formation of carbonyl moieties (Caserio et a., 1960). In real-scale experiments,
the reactivity of chlorine with some of these compounds has aready been shown
(Boledaet a., 2009). For heroin, an electrophilic substitution reaction with chlorine
can be expected, because of the presence of electron-donor groups attached to the
aromatic ring (Reaction 11.2).

B ¢
o y Cl al
+ HOCI \ﬂ/ cn \ﬂ/o
o % S Xl o) y TTTIIZL,
o ¥
v

Reaction 11.2 Suggested chlorination for heroin according to an electrophilic aromatic
substitution mechanism.

Finally, compoundssuch as PCP or EDDP do not exhibit active moietiesto chlorine
treatment, suggesting negligible removals through this treatment, as observed for
EDDP at real-scale experiments.

11.2.2.2 Chlorine Dioxide Oxidation Chlorine dioxide (ClO,) is an oxidant

used for disinfection of high-quality water, such as groundwater or treated surface

water. Its reactivity is because of free chlorine and ozone. Chemically, CIO, is a
very selective oxidant for specific functional groups of organic compounds, such as
phenolic moieties, tertiary amino groups, or thiol groups (Hoigne and Bader, 1994),

leading to its reduction to chlorite through a one-electron transfer reaction.

Chlorine dioxide cleaves one of the N-C bonds of the tertiary amines (Buxton,
1998), leading to dealkylation to a secondary amine and then to their respective
aldehydes. Therefore, illicit drugs containing tertiary amines, such as cocaine, ben-
zoylecgonine, methadone or some opiates, among others, could be removed by chlo-
rine dioxide treatment.



Aigues Potables i Subproductes de Desinfeccio

ILLICIT DRUGS THROUGH DRINKING WATER TREATMENT 213

11.2.2.3 Ozonation Ozoneisused in water treatment as both disinfectant and
oxidant and reacts with alarge number of organic and inorganic compounds. Ozone
decays rapidly after afew minutes and its decomposition leads to a magjor secondary
oxidant, the hydroxyl radical . Oxidation then occurs by means of the molecular ozone
(O3) or of the OH radical (OH-) (Hoigneet al., 1983). The OH radical, apowerful, but
less selective, oxidant, reacts with high second-order rate constants with most
organic compounds, but these reactions are less efficient, because a large fraction of
the radical is scavenged by the water matrix (Buxton et a., 1998). Additional
oxidation processes are the advanced oxidation processes (AOPs), which use OH
radicals as the main oxidants. Of the oxidation processes, ozone reacts more readily
with organic compounds than chlorine does and is particularly reactive toward
unsaturated double bonds or moieties with electron-donating properties (Weyer and
Riley, 2001; Xu et al., 2002). However, it must be taken into account that the
ozone reaction rate with a specific contaminant is moiety-specific and pH-
dependent. For instance, neutral tertiary amine moieties show high reactivity with
ozone, but, at low pH, the protonation of the amines prevents their oxidation. In
addition to pH, other water properties, such as temperature or organic carbon
content, affect the reactivity of a compound with ozone (Huber et a., 2005; Dodd
a00'Hluang, 2007; Zwiener et al.,

A general and easy approach to ozone reactivity is its reaction with unsaturated
moieties, which occurs through the well-established Crigee mechanism. An
electrophilic addition occurs over the double bond, leading to the cleavage of
the bond and to the formation of aldehydes or ketones (Bailey and Ferrell, 1978;
Dowideit et a., 1998). The presence of accessible double bonds in the structures of
opiates and cannabinoids suggests a rapid reaction of these compounds with ozone
(Reaction 11.3).

Reaction 11.3 Suggested chlorination for THC according to Crigee mechanism.

Real-scal e experiments confirmed the reactivity of ozone with some opiates such as
morphine, codeine, and norcodeine (Boleda et al., 2009). EDDP behaved differently:
despite the presence of a double bond in its structure, it survived this treatment. This
can be explained by the imine—enamine tautomeric equilibrium, which decreasesthe
electron density of the C—C double bond, thus lowering its reactivity toward ozone.

Reactions of ozone with amine moieties are more complex, as previously men-
tioned. In general, amines, and especially tertiary amines, react with ozone by means
of electron transfer reactions, leading to the formation of secondary amines and
aldehydes (Mufioz and von Sonntag 2000). According to this chemical reactivity,
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amino-containing drugs, such as ATS, cocainelike compounds, methadone or LSD,
among others, should react efficiently under ozone treatment. However, real-scale ex-
periments demonstrated that MDMA, cocaine, benzoylecgonine, and norbenzoylec-
gonine were resistant to treatment, with removals lower than 30% (Huerta-Fontela
et al., 2008b). Thelower reaction rates of these compounds, together with short ozone
contact times, explain this unexpected behavior.

11.2.2.4 Activated Carbon Sorption Activated carbon, such as powdered
activated carbon (PAC) or granular activated carbon (GAC), is a commonly used
adsorbent for the removal of several water contaminants. Adsorption on activated
carbon depends on the intrinsic properties of the activated carbon sorbent (surface
areaand charge, poresizedistribution, and oxygen content) and onitssol ute properties
(shape, size, charge, and hydrophobicity).

Removal of organic compounds is mainly controlled by hydrophobic interac-
tions. GAC and PAC have proved efficient in removing hydrophobic compounds
(log Kow>3-5), despite the competitive effects with natural organic matter, which
tends to decrease the adsorption rates. Therefore, activated carbon treatment can be
effec-tive in removing illicit drugs, such as fentanyl or cannabinoids with octanol
—water constants higher than 4.

However, since these compounds have relatively high hydrophobic properties, a
percentage of these compounds could be found in the sludge rather than in the water
phase.

Real-scale experiments showed the efficiency of GAC treatment to completely
remove fentanyl (Boledaet a., 2009), as predicted. However, methadone and EDDP,
which have an octanol—water constant higher than 3, were poorly removed, and
codeine and norcodeine were completely removed, despite their poor hydrophobic
properties (Boleda et a., 2009). These results suggested that the sorption of different
substances on activated carbon is often regulated by factors other than their own
physicochemical properties.

11.3 DISINFECTION BY-PRODUCTS

An additional problem related to conventional treatments of drinking water should
also be considered, namely, the presence in final treated waters of new disinfection
by-products (DBPs) produced during the treatment processes.

The formation of DBPs has been widely described since they were first reported in
1974 in two publications (Rook, 1974; Bellar et a., 1974) that demonstrated that con-
ventional drinking water treatments could not completely guarantee tap water quality
and safety. Rook (1974) reported that chloroform and other trihalomethanes (THMs)
were found at higher concentrationsin chlorinated drinking water than in raw waters
and proposed that THMs were produced by reactions between chlorine and natural
organic matter (NOM) in water. The discovery of these new water contaminants and
their potential carcinogenicity for humans required the introduction of new regula-
tions to control the presence of THMs and haloacetic acids (HAAS) in tap waters.
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The establishment of regulatory levels and guidelines enhanced the study of the
effects of conventional drinking water treatmentsin terms of DBPs. Therefore, in the
almost 40 years since THMs were identified, several new DBPs have been reported
intheliterature (Richardson, 1998). This number isincreasing exponentially with the
discovery of new and potentially reactive contaminants in raw waters. Illicit drugs
can be included in this group, since it has been demonstrated that they can enter
DWTPs and may be reactive to some conventional treatments. For instance, severa
illicit drugs, such as amphetamine-type stimulants (AT Ss) with amine moieties, have
structures suited to generating N-nitrosodimethylamine (NDMA)-related compounds
(Reaction 11.4).

R R

NHR 4 HNCI N N + HOCI

Reaction 11.4 Suggested formation of NDMA and N-alkylamines from ATSs.

It has been demonstrated that the presence of primary or secondary amines, to-
gether with reactive chlorine, such as monochloramine or chlorine and ammonia,
leads to the formation of NDMA. This compound belongs to the chemical class
of the N-nitrosoamines and is a potential human carcinogen more active than tri-
halomethanes and chlorination DBPs (Mitch et a., 2003). In 1989, NDMA was
first detected at high concentrations (up to 0.3 wg/L) in treated drinking water from
Ohsweken (Ontario, Canada). This finding led to the survey of 145 Ontario DWTPs
(Jobb et a., 1995; Graham et al., 1995), but the concentrations of NDMA detected
in the treated water were lower than 5 ng/L.

In addition, several illicit drugs have aromatic rings that react readily with oxi-
dants, such as chlorine and ozone, generating by-products, as has been demonstrated
for other anthropogenic water contaminants, such as pesticides, pharmaceuticals, or
personal care products. For instance, chlorination of amphetamine-type stimulants,
led to the formation of two chlorination ring products, 4-chloro-1,3-benzodioxole
and 1-chloro-3,4-dihidroxybenzene, in laboratory experiments (Huerta-Fontelaet al.,
2009; Huerta-Fontela et al., 2010). However, the presence of nitrogen-containing
moieties, linked to aromatic rings, enhances the hal ogenation of the nitrogen moiety,
leading to ring-chlorinated products, like those found for sulfamethoxazole. This
reaction pathway was also that of someillicit drugs, such as ketamine or LSD (Dodd
and Huang, 2004).

11.4 ANALYSIS OF DRINKING WATER SAMPLES: A REAL
CASE STUDY

As previously mentioned, only two studies (Huerta-Fontela et al., 2008b; Boleda
et al., 2009) in the literature deal with the analysis of illicit drugs in drinking-water
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treatment. Both these studies reported the analysis of stimulatory and depressor drugs
and suggested that some of these compounds survive the treatment. In view of these
results, our research group decided to perform an additional investigation with sev-
eral illicit drugs and metabolites that, because of their structure, might survive the
treatments. The study ran for an entire month, in order to compare and to evaluate
removals under similar water and treatment conditions, thus excluding possible sea-
sonal variations in drug concentrations. The results confirmed those obtained in our
previous study and revealed that some other drug metabolites are also present in final
treated waters. The results are summarized in Fig. 11.1.

Raw water collected at the intake of a DWTP facility in April 2008 showed the
frequent occurrence of several illicit drugsat relatively high concentrations. However,
ketamine, LSD, PCP, MDEA, heroin, 6-acetylmorphine, morphine glucuronide, and
THC were not found in the samples collected. Amphetamine-type stimulants were
found in raw waters at concentrations ranging from 2 to 155 ng/L. During the first
treatment, which consisted of prechlorination, clarification, and sand filtration, all
ATS (except MDMA), were efficiently removed at percentages higher than 99%
(Fig. 11.1). These high removal percentages were related to the high reactivity of
chlorine and chlorine dioxide with the primary and secondary amines described by
other authors (Westerhoff et a., 2005; Chamberlan and Adams, 2006).
Nevertheless, the removal of MDMA after the first treatments was only 23%, even
though this com-pound contains a secondary amino moiety. A postchlorination step
was, therefore, necessary to completely remove it from raw water. Opioid
concentrations ranged from 4 to 14 ng/L at the DWTP intake and their removal in
treatment was simi-lar to that observed for ATS. Morphine, codeine, and norcodeine
were completely removed during the first chlorination step, whereas normorphine
persisted through the first chlorination treatment and was totally removed at the last
chlorination step. THC was not detected in raw waters, but its main metabolites
(THC-COOH and THC-OH) were detected at 8 and 5 ng/L, respectively. Both the
compounds were completely removed during the first chlorination step, probably
because of the spe-cific reactivity of chlorine with carbon bond moieties present in
their structures. For cocainelike compounds, a different behavior was observed,
depending on the differ-ent molecules and their concentrations in raw water. For
instance, norcocaine and cocaethylene were detected at low concentrations in raw
water (0.6 and 0.2 ng/L, respectively) and were completely removed (>99%) during
the first treatment step. However, cocaine, benzoylecgonine, and
norbenzoylecgonine were poorly removed during this first chlorination step (9
—14%) and unexpectedly were not removed by ozonation, either, even though they
had aromatic rings, which have been described as reacting with ozone (Hoigne and
Bader, 1983). The poor removal rates observed for cocaine, benzoylecgonine, and
norbenzoylecgonine (24%, 43% and 20%, respec-tively) were probably related to
the presence of electron-withdrawing groups in the aromatic rings, which led to
lower reactivity with ozone (Ikehata et al., 2006). The water treated with ozone was
successively passed through granulated activated carbon filters (GAC), which
efficiently removed cocaine (>99%). Benzoylecgonine and norbenzoylecgonine
were also removed a high percentages during this step (72% and 75%,
respectively), and aso survived postchlorination. They were, therefore,
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measured in treated waters at concentrations of 36 ng/L for benzoylecgonine and
2 ng/L for norbenzoylecgonine. Methadone and EDDP also lasted throughout drink-
ing water treatment. Neither the post- nor prechl orination treatmentswere effectivein
removing these compounds, probably because of the lack of reactive sitesto chlorine.
Ozonation and GAC filtration did not remove these compounds completely, found in
the final treated waters at concentrations of 2.6 ng/L for methadone and 1.9 ng/L for
EDDP.

These results showed that drinking water treatment was effective in removing 13
out of 17 target compounds found in raw water.

Since 2009, the process of this DWTP has been modified. After sand filtration
and dilution with groundwater, the filtered water is split in two treatment lines.
Around 30% of the water is subjected to ultrafiltration/reverse osmosis (UF/RO),
whereas the remaining 70% is treated by ozonation and GAC filtration. The
permeated water and the carbon-filtered waters are then blended, chlorinated, and
distributed.

The behavior of illicit drugs in the new UF/RO process was studied. Cocaine,
benzoylecgonine, EDDP, methadone, codeine, norcodeine, and ketamine, which were
the only compounds identified after sand filtration, were fully eliminated. Thus,
UF/RO treatment was able to remove all the target illicit drugs.

Inconclusion, theresultsobtained reveal that methadone, EDDP, benzoylecgonine,
and norbenzoylecgonine are not fully removed during conventional drinking water
treatment and can be measured in the treated water. It was also demonstrated that
improvementsinwater treatment technol ogy, such astheintroduction of new drinking
water steps (that is, UF/RO), enable these recalcitrant illicit drugs to be removed and
“better water quality” to be achieved. However, it must be taken into account that
few DWTPs implement these new advanced technologies. The presence of these
psychoactive substances in tap waters must be checked, since no studies evaluating
the potential effects of these drugs on humans have yet been performed.

11.5 CONCLUDING REMARKS

The presence of illicit drugs in the water cycle, far from being a temporary or a
national problem, has been a constant problem of global concern since it was first
reported by researchers from the Mario Negri Ingtitute. The illicit drugs used by

humans reach the environment by means of sewage waters, which, in some cases,

are discharged into rivers, lakes, or seas and may then be used for drinking water

production. At this point, the crucial question is whether these drugs can return to

human beings by means of our tap waters.

This chapter has conducted a review of the drinking water treatment technolo-
gies most commonly used to eliminateillicit drugs. Treatment efficiencies to remove
these compounds were evaluated theoretically through examination of the chemical
properties of each compound. The estimated behavior was found to be in line with
the results obtained during several surveys carried out at real-scale DWTPs. Chlorine
oxidation was shown to be effective in removing ATSs, cannabinoids, and several
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opiates;, GAC treatment removed fentanyl and cocaine; while ozonation removed
morphine completely. Only four compounds survived these treatments, benzoylec-
gonine, norbenzoylecgonine, methadone, and EDDP, which have also been found in
finished waters. However, the complete removal of these substances was achieved
by an UF/RO treatment. The low concentrations measured in finished drinking
water suggest low exposure of humans to these substances. More research is needed
on the topic, because the potentially adverse effects on human heath and the
environment that might be posed by exposure to chronic, subtherapeutic levels of
these substances and/or their transformation products are still unknown. In addition,
the possible for-mation of new disinfection by-products, such as chlorinated
precursors or NDMA, should also be taken into account when evaluating the impact
of illicit drugs entrance into conventional drinking water treatment plants.
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4.1.2. Preséncia i eliminacié de les drogues d’abis estimuladores en els tractaments
g

d’aigiies potables: 2011-2015

Tal 1 com es descriu en I’Article Cientific V, existeixen poc estudis que tractin
la preséncia de les drogues d’abus en aigiies potables i el seu comportament en els
diferents tractaments convencionals de potabilitzacido. Aquesta tendéncia s’ha
mantingut, i actualment es segueix trobant un nombre reduit de treballs que hi

facin referencia.

Des de la publicacié del primer treball sobre la presencia de les drogues
il-licites en aigiies potables i I’evolucié de les concentracions durant els
tractaments de potabilitzacié (apartat 3.2.2.), diversos autors han realitzat estudis
en la mateixa linia a Espanya (Boleda i cols., 2009, Boleda i cols., 2011b,
Valcarcel i cols., 2012, Mendoza i cols., 2014b), Holanda (Van der Aa i cols.,
2013) i Canada (Rodayan i cols., 2015).

D’entre aquests treballs, cal destacar un estudi realitzat a nivell mundial que va
incloure 1’analisi de mostres d’aigua d’aixeta de ciutats espanyoles, europees,
japoneses i llatinoamericanes (Boleda i cols., 2011a). Aquest estudi va evidenciar
per una part, la preséncia d’algunes drogues il-licites, com els derivats de la
cocaina, metadona, EDDP i amfetamines, i d’altres legals, com la cafeina, nicotina
I metabolits, en aigues de beguda. Per altra part també posa de manifest 1’efecte
dels tractaments de potabilitzacio en les eliminacions d’aquestes substancies
durant els diferents processos. A la Taula 4.1. es resumeixen els resultats obtinguts

per algunes de les substancies estudiades des de 1’any 2011.
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Taula 4.1.. Preséncia de drogues il-licites en aigua potable en treballs publicats des de I’any 2011. C,,: concentracid
mitjana. Cray: COncentracio maxima (Mendoza i cols i Valcarcel i cols concentracions per n=1).

Compost Pais Origen Descripcio Cp, (ng/L) (anTE))( Referencies
Cocaina Espanya Aixeta 43 Ciutats 0.4 2.3 (Boledai cols., 2011a)
Espanya Aixeta Toledo - 2.1 (Valcarceli cols., 2012)
Espanya Aixeta  Madrid - 1.6 (Mendozai cols., 2014b)
Europa Aixeta 7 ciutats 0.1 (Boleda i cols., 2011a)
Canada ETAP  Quebec 4.2 (Rodayan i cols., 2015)
Sud-Ameérica Aixeta 7 ciutats 0.6 (Boleda i cols., 2011a)
Benzoilecgonina Espanya Aixeta 43 Ciutats 0.2 3.1 (Boledaicols., 2011a)
Espanya Aixeta Toledo - 2.5 (Valcarcel i cols., 2012)
Europa Aixeta 7 ciutats 0.2 - (Boledai cols., 2011a)
Holanda ETAP 10ETAPs <1 - (Vander Aai cols., 2013)
Canada ETAP  Quebec 10 - (Rodayan i cols., 2015)
Sud-Ameérica Aixeta 7 ciutats 4.5 - (Boledai cols., 2011a)
Cocaetile Espanya Aixeta 43 Ciutats 0.2 0.9 (Boledai cols., 2011a)
Amfetamina Espanya Aixeta 43 Ciutats - 1.7 (Boledai cols., 2011a)
Metamfetamina Espanya Aixeta 43 Ciutats - 1.4 (Boledai cols., 2011a)
MDA Canada ETAP  Quebec 6.7 - (Rodayan i cols., 2015)
Espanya Aixeta 43 Ciutats - 0.9 (Boledai cols., 2011a)
MDEA Espanya Aixeta 43 Ciutats - 0.6 (Boledai cols., 2011a)
Efedrina Espanya Aixeta  Madrid - 0.3 (Mendozai cols., 2014b)
Canada ETAP  Quebec 12 - (Rodayan i cols., 2015)
Ketamina Canada ETAP  Quebec 15 - (Rodayan i cols., 2015)
Fentanil Espanya Aixeta 43 Ciutats - 1.4 (Boledai cols., 2011a)
Canada ETAP  Quebec 11 - (Rodayan i cols., 2015)
Codeina Canada ETAP  Quebec 43 - (Rodayan i cols., 2015)
Dihidrocodeina  Canada ETAP  Quebec 43 - (Rodayan i cols., 2015)
EDDP Espanya Aixeta 43 Ciutats 0.4 3.5 (Boledai cols., 2011a)
Europa Aixeta 7 ciutats 0.4 - (Boledai cols., 2011a)
Japo Aixeta 3 ciutats 0.1 - (Boledai cols., 2011a)
Sud-América Aixeta 7 ciutats 0.4 - (Boledai cols., 2011a)
Morfina Canada ETAP  Quebec 6 - (Rodayan i cols., 2015)
Oxicodona Canada ETAP  Quebec 3 - (Rodayan i cols., 2015)
Metadona Espanya Aixeta 43 Ciutats 0.2 3.1 (Boledaicols., 2011a)
Espanya Aixeta  Toledo - 0.99 (Valcarceli cols., 2012)
Europa Aixeta 7 ciutats 0.1 - (Boledai cols., 2011a)
Sud-América Aixeta 7 ciutats 0.4 - (Boledai cols., 2011a)
OH-THC Espanya Aixeta 43 Ciutats 0.2 - (Boledai cols., 2011a)
Espanya Aixeta  Toledo - 0.49 (Valcarcel i cols., 2012)
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Pel que fa referéncia a I’evolucid de la preséncia d’aquestes substancies durant els
tractaments convencionals de potabilitzacio, encara son menys els treballs que I’avaluen.
Fins a la data, a més dels dos treballs realitzats en el nostre grup de treball sobre el
comportament de les drogues d’abus, estimuladores (apartats 3.3.2 1 4.1.1.1) 1 depressores
(Boleda i cols., 2009), en cada un dels tractaments de potabilitzacid s’ha publicat un estudi
on s’avalua la disminucié de la concentracid d’algunes drogues d’abus en una planta de
tractament d’aigilies potables a Holanda (Van der Aa i cols., 2013) encara que no s’han
pogut determinar les eficiencies dels tractaments utilitzats, donat que no es tenen en compte
els temps de retencié hidraulics. Per ultim, en un treball publicat recentment, Rodayan i
cols. realitzen calculs d’eliminacid totals per a algunes drogues il-licites en una ETAP
canadenca (Rodayan i cols., 2015). Els resultats d’aquest estudi indiquen que moltes de les
drogues d’abus, com per exemple cocaina, benzoilecgonina, MDA 1 alguns opioides, no sén
eliminats durant el tractament de potabilitzacio estudiat (coagulacid, floculacio, filtracid i
cloracid) tot i que els autors suggereixen que les baixes eliminacions obtingudes (-18% a

49%) poden ser degudes al fet que la planta opera a cabals per sobre dels dissenyats.

4.1.3. Formacié de subproductes de desinfeccié en tractaments d’aigua potable

La preséncia de contaminants durant el procés de potabilitzacié pot abordar-se
des de la perspectiva de ’eficiéncia dels tractaments emprats per tal d’eliminar-los i
garantir la producci6 d’una aigua de beguda lliure d’aquestes substancies. Ara bé, un
aspecte que no s’ha d’obviar €s que aquesta eliminacié pot comportar en realitat una
transformacid cap a d’altres especies, lleugerament o altament modificades, amb
propietats similars o completament diferents a les de la precursora, i que poden
representar un problema a diferents nivells: organoleptic, toxicologic o
epidemiologic. Per tant, el recorregut complet d’una substancia a través del cicle de

I’aigua pot dur-nos a la introducci6 de noves especies en el medi.

Tal 1 com s’ha comentat a ’apartat 4.1.1., un dels principals camps d’estudi en
relaci6 als tractaments de potabilitzacié de 1’aigua és la formacidé de subproductes de
desinfeccio (DBPs) (Richardson i Postigo, 2012, Krasner i cols., 2013). A ’apartat

seglient (4.1.3.), es citen alguns dels principals DBPs descrits a la literatura, des del
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descobriment dels primers trihalometans, fins a d’altres de més recents com la
nitrosodimetilamina (NDMA) o els iodo-DBPs. Avui dia s’han identificat més de
600 DBPs en aigiies tractades de beguda. Tot i aixi, el total de substancies formades
durant els processos de potabilitzacié encara és desconegut (Richardson i Ternes,
2014). De fet, actualment s’estima que els trihalometans, perfectament establerts i
regulats, constitueixen un 13% dels DBPs generats i encara eXisteixen més d’un

70% de substancies generades desconegudes (Figura 4.1).

HACEsHKs HALDs
HNMs 0,5% 0,9% 1 .8%
0,5%

HANs
0,8%

I-THMs

Figura 4.1. Distribucié de DBPs en aigiies tractades. Adaptat de Krasner i cols. (Krasner i cols., 2006)
THMs: trihalometans; i-THMS: iodo-THMs; HFO: halofuranones; HAAs: acids haloacétics; HNMs:
halonitrometans; HACESs: haloacetamides; HKs: halocetones; HALDs: haloacetaldehids; HANS:
haloacetanitrils.

La importancia d’aquests subproductes rau fonamentalment en les seves
caracteristiques toxicologiques, i en els riscos associats, que la seva ingesta
continuada pot representar per la salut humana. Diversos estudis toxicologics i
epidemiologics han demostrat que moltes d’aquestes substancies presenten elevades
toxicitats. Ja fa més de dotze anys que Plewa i cols. van realitzar els primers estudis
quantitatius avaluant la citotoxicitat i genotoxicitat in vitro dels DBPs en cel-lules de
mamifers (Plewa i cols., 2002), i van concloure que els DBPs representaven un
important risc per a la salut. Aquest risc es pot associar a problemes reproductius, de
desenvolupament i, en molts casos, a diversos tipus de cancers, especialment de

228



Aigues Potables i Subproductes de Desinfeccio

bufeta (Villanueva i cols., 2007, Hrudey, 2009, Chen i cols., 2014). Successius
estudis realitzats en la mateixa linia han proporcionat resultats similars i a més, han
posat emfasi en la toxicitat especialment elevada de DBPs diferents als clorats, més
estudiats i coneguts, com sén els que contenen brom, iode o nitrogen (N-DBPs)
(Richardson i cols., 2007, Plewa i cols., 2010). A més, cal destacar que existeixen
dos efectes dificilment controlables i/o avaluables, per una part les exposicions a
llarg termini, i per laltre els efectes acumulatius desconeguts de diferents tipus
d’aquests DBPs (Nieuwenhuijsen i cols., 2009). A més d’aquestes dificultats cal
esmentar 1’aparicid de noves especies contaminants en el medi natural, com son les
drogues d’abus o els farmacs, que poden ser introduides en el procés de
potabilitzacio, i que per tant son susceptibles de generar nous DBPs, alguns inclosos
en el grup dels DBPs ja descrits, i d’altres encara desconeguts, passant a engreixar el
percentatge d’especies noves generades. Aquest escenari precisament es el que s’ha
tractat a 1’Article Cientific V (apartat 4.1.1.1), on es descriuen possibles rutes de

transformacié a partir d’alguns dels substituents més reactius de les drogues d’abus.

Amb posterioritat als articles inclosos en aquest capitol sobre DBPs generats a partir
de drogues d’abus, s’han publicat alguns treballs que estudien la formacié d’aquests
compostos a partir d’altres families de drogues. Aquests treballs es troben resumits a la
Taula 4.2. S’inclouen també els estudis realitzats en aigiies superficials i residuals que
permeten identificar productes de transformacié (TPs), ja que en molts casos els

resultats obtinguts poden traslladar-se als tractaments emprats durant la potabilitzacio.
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En general, en tots aquests estudis es posa de manifest que alguns substituents de les
drogues son especialment reactius. Per exemple, la preséncia de grups amino en la
majoria de les drogues il-licites estimuladores permet predir elevades reactivitats durant
la cloraci6 i la formacié de DBPs clorats lleugerament modificats (Article Cientific V,
Apartat 11.2, Taula 11.2). D’altra banda, per a d’altres especies, com el metabolit
carboxilic del THC o la metadona, la preseéncia d’anells aromatics activats constitueix un
punt important de reactivitat per a la generacié de DBPs clorats (Gonzalez-Marifio i cols.,
2013, Gonzalez-Marifio i cols., 2015).

4.1.4. Farmacs en els tractaments d’obtencié d’aigua potable

Atés que en aquesta memoria també s’ha estudiat 1’eliminacid de productes
farmaceéutics en els tractaments d’aigua potable, en aquest apartat es tracta la preséncia
d’aquests compostos en aigua potable i1 inclou I’Article Cientific VI (apartat 4.1.3.1.)
intitulat “7Traceability of emerging contaminants from wastewater to drinking water” on
es discuteix la presencia de contaminants emergents, i més concretament dels farmacs, en
aiglies de beguda/aixeta i el seu comportament durant els tractaments convencionals de
potabilitzacié aixi com, la formacio de subproductes de desinfeccio. Finalment 1’apartat
4.1.3.2. es centra en analitzar la situacio actual de I’estudi de la presencia dels farmacs

estudiats en aigues potables.
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4.1.4.1. ARTICLE CIENTIFIC VI

Traceability of emerging contaminants from wastewater to drinking water

Huerta-Fontela, Ventura, F

In: Emerging Contaminants from Industrial and Municipal Waste: Occurrence, Analysis
and Effects, vol 5. Springer, 2008.
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Abstract Due to the incomplete elimination of some human contaminants during wastew-
ater treatment, some of these compounds can be found in surface waters or groundwaters
which are used as raw waters for drinking water production. The treatment efficiency to
completely eliminate these emerging contaminants or to partially remove them will deter-
mine the quality of the final treated water. Up to today, few studies have been performed
to evaluate the efficiency of the usual drinking water treatments in eliminating emerging
contaminants. Moreover, every day new potential emerging contaminants are discovered
and new disinfection by-products are also generated during treatment, with a total igno-
rance of their potential toxicity or effect on human health. In this chapter, a summary of
the state of the art of emerging contaminant occurrence and elimination during drink-
ing water processes at the bench scale or real scale is presented. A study of the presence
and elimination of a new group of human contaminants, susceptible to being considered
as a new emerging contaminant group, in a real drinking water treatment plant in Spain
has also been included.

Keywords Carbon - Disinfection by-products - Drinking water -
Emerging contaminants - Illicit drugs - Oxidation - Sorption
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1
Emerging Contaminants in Drinking Water

The occurrence of emerging contaminants (i.e., human and veterinary drugs,
surfactants, textile dyes, algal toxins, etc.) in wastewaters [1-7] and surface
waters [1,8-14] and their removal during conventional treatments has been
widely evaluated in recent years. Several organic pollutants, e.g., pharma-
ceuticals, are not quantitatively eliminated by wastewater treatment and
“survive” natural attenuation processes in surface waters. Therefore, the occur-
rence of these contaminants in these resources can have a negative impact on
the quality of drinking water and, perhaps, produce adverse health effects. The
incidence of these organic micropollutants in raw water and their elimination
during drinking water treatment, as well as the formation of disinfection by-
products (DBPs), are issues related to the quality of raw resources and water
supplies. Compared to wastewater treatment plants, much less is known about
the behavior of these compounds in drinking water treatment plants (DWTPs).
In Table 1, a summary of some of the emerging contaminants detected in
drinking water is displayed. The lack of systematic monitoring programs or
the fact that they are present at fluctuating concentrations near the analytical
method detection limits (some of these compounds usually occur in the low
ng/L range) could be some reasons to explain the relatively little knowledge of
the occurrence of these compounds in drinking water production [15]. How-
ever, several studies have found that the removal of emerging contaminants
(mostly polar compounds) during drinking water treatment is incomplete. In
1993, clofibric acid, the active metabolite of some blood lipid regulators such
as clofibrate, etofyllin clofibrate, and etofibrate, was found in Berlin tap water
at high concentrations above 165 ng/L. Further studies, showed a direct cor-
relation between bank filtration and artificial groundwater enrichment (used
by a particular waterworks in drinking water production) and the concentra-
tions of this drug in treated water [16, 17]. The same authors also detected the
presence of propylphenazone and diclofenac in finished drinking water. Clofib-
ric acid occurrence was also investigated in drinking waters from southern
California [18]. This compound was not found in the samples analyzed; how-
ever, ibuprofen, triclosan, several phthalates, and additives were detected in
samples of finished drinking water. These authors also performed a seasonal
study to evaluate the performance of these compounds through time, conclud-
ing that higher concentrations in raw waters were detected between August and
November (dry season), probably related to lower flow rates.

Boyd et al. [19] examined the occurrence of nine pharmaceuticals and per-
sonal care products (PPCPs) and endocrine disrupting compounds (EDCs),
including clofibric acid, anti-inflammatories, analgesics, antibiotics, and hor-
mones, in drinking water from the USA and Canada, and none of them was
found in the finished drinking water. The presence of several pharmaceu-
ticals, including lipid regulators, analgesics, anti-inflammatories, and their
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metabolites, was also evaluated in tap water from Cologne (Germany) [20].
Most of these compounds were found in the rivers and ponds analyzed but
none of the eight selected drinking water samples showed the presence of the
studied pharmaceuticals. Nevertheless, some hormones and antibiotics were
detected in final drinking waters from the USA and Italy in recent years [21,
22]. Thus, McLachlan et al. [21] showed the presence of 17p-estradiol, es-
triol, and nonylphenol in final drinking waters. Regarding antibiotics, Perret
et al. [22] studied the occurrence of 11 sulphonamide compounds (SAs) in
mineral and municipal drinking waters from Italy. Concentrations of SAs
from 9 to 80 ng/L in four different brands of mineral waters were obtained,
while drinking water treatment was shown to be effective in the elimination of
these compounds, with concentrations of SAs in municipal waters below the
limit of quantification.

MTBE, a gasoline additive used since 1979, has also been detected in fin-
ished drinking water from the USA and Europe. Williams [23] reported the
occurrence of this contaminant in about 1.3% of the drinking water samples
from California (USA) analyzed during a period of 6 years. Concentrations
ranged from 5 to 15 pg/L, nevertheless only 27% of the positive samples ex-
ceeded California’s primary health-based standard of 13 jug/L. MTBE was also
found in tap water from Germany; Achten et al. [24] reported maximum con-
centrations above 71 ng/L in treated water from the Frankfurt area. In 1997,
another emerging contaminant, perchlorate, was discovered in water sup-
plies from the USA. Exhaustive surveys were performed in California (USA)
and perchlorate was found in 185 out of 2200 drinking water sources ana-
lyzed [25].

Algal toxins can also impact humans through drinking water contamina-
tion. The most lethal outbreak attributed to the presence of cyanobacteria in
drinking water occurred in Brazil, where 88 deaths occurred over a 42-day
period [26]. In 1999, toxic cyanobacteria blooms, microcystins, anatoxin-a,
and cylindrospermopsin were also found in finished drinking waters from
Florida (USA) at levels higher than those proposed in human health guide-
lines [27].

A more extended study was performed by Stackelberg et al. [28] who eval-
uated the persistence of 106 organic wastewater-related contaminants through
conventional treatment processes and their occurrence in finished treated wa-
ter. Results showed the presence of 17 of the selected contaminants in final water
samples; caffeine (0.119 pg/L), carbamazepine (0.258 pug/L), dehydronifedip-
ine (nifedipine metabolite; 0.004 pg/L), and cotinine (nicotine metabolite;
0.025 ug/L) were detected among the selected prescription and nonpre-
scription drugs. Fragrances such as 7-acetyl-1,1,3,4,4,6-hexamethyl tetrahy-
dronaphthalene (AHTN or Tonalide) and 1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-
hexamethylcyclopenta-y-2-benzopyran (HHCB or Galaxolide), the cosmetic
triethyl citrate, and the plasticizer bisphenol A were found at high ng/L con-
centrations. Some pesticides, flame retardants, and solvents were also detected
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Table 1 Summary of emerging contaminants found in tap water reported in the literature

Compound Classification Concentration Country Refs.
(in tap water)
Bezafibrate Pharmaceutical ~ up to 27ng/L  Germany [4]
0.7 ng/L Italy [29]
Carbamazepine Pharmaceutical  up to 30ng/L  Germany [4]
119ng/L USA [28]
43.2ng/L France [30]
up to 20ng/L  Germany [123]
5ng/L Italy [29]
140 ng/L USA [31]
Clofibrate Pharmaceutical 270 ng/L Germany [17]
0.58ng/L USA [18]
Clofibric acid Pharmaceutical ~ 70-7300ng/L  Germany [17]
3.2-53ng/L  Italy [32]
up to 70ng/L  Germany [4]
0.63 ng/L USA (18]
Codeine 30ng/L USA [31]
Diazepam Pharmaceutical ~ 19.6-23.5ng/L Italy [32]
Diclofenac Pharmaceutical  up to 6 ng/L Germany [4]
0.4-09ug/L  Germany [33]
Dilantin Pharmaceutical 1.3ng/L USA [34]
Fenofibric acid Pharmaceutical ~ up to 45 ng/L  Germany [17]
up to 42 ng/L  Germany (4]
Gemfibrozil Pharmaceutical ~ 0.4 ng/L Italy [29]
70 ng/L Canada [35]
Ibuprofen Pharmaceutical ~ up to 200 ng/L Germany [17]
up to 3ng/L Germany [4]
0.6 ng/L France [30]
5.85ng/L USA [18]
Ibuprofen methyl ester Metabolite 9.22ng/L USA [18]
Ketoprofen Pharmaceutical ~ 3.0ng/L France [30]
Meprobamate Pharmaceutical ~ 5.9ng/L USA [34]
Naproxen Pharmaceutical ~ 0.15ng/L France [30]
Paracetamol Pharmaceutical ~ 211 ng/L France [30]
Phenazone Pharmaceutical  up to 1250 ng/L Germany [17]
up to 50ng/L  Germany [4]
400ng/L Germany [36]
250 ng/L Germany [37]
Primidone Pharmaceutical ~ up to 20ng/L  Germany [123]
Propiphenazone Pharmaceutical  up to 1465 ng/L Germany [17]
120 ng/L Germany [36]
80 ng/L Germany [37]
Sulfamethizole Pharmaceutical ~ 9ng/L Italy [22]
(veterinary)
Sulfamethoxazole Pharmaceutical ~ 8-13ng/L Italy [22]

(veterinary)
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Table1 (continued)
Compound Classification Concentration Country Refs.
(in tap water)
Sulfadimethoxine Pharmaceutical 11 ng/L Italy [22]
(veterinary)
Tylosin Pharmaceutical ~ 0.6-1.7ng/L  Italy [32]
Diatrizoic acid X-ray contrast up to 85ng/L  Germany [4]
Iopamidol X-ray contrast up to 79ng/L  Germany [4]
Iopromid X-ray contrast up to 86 ng/L  Germany (4]
Caffeine Stimulant 0.119 pg/L USA [28]
0.237 pg/L Ttaly [29]
0.06 ug/L USA [31]
Cotinine Nicotine 25ng/L USA [28]
metabolite 20ng/L USA [31]
17a-Ethynilestradiol =~ Hormone 50 pg/L Germany [38]
Benzophenone Sunscreen 0.13 pg/L USA [28]
Hydrocinnamic acid ~ Sunscreen 12.5ng/L USA [18]
Triclosan Germicide 0.734 pg/L USA [18]
0.14 pg/L USA (8]
AHTN Fragrance 0.49 pg/L USA [28]
0.068 pg/L USA [31]
Camphor Fragrance 0.017 ng/L USA [31]
HHCB Fragrance 0.082 ng/L USA [28]
Triethyl citrate Cosmetic 0.062 pg/L USA [28]
0.082 pg/L USA [31]
MTBE Gasoline additive <13 ug/L USA [23]
up to 75ng/L  Germany [24]
Anatoxin-A Algal toxin 8.5 ng/L USA [27]
Cylindrospermopsin  Algal toxin 97.1 pg/L USA [27]
Microcystin Algal toxin up to 12.5 pg/L USA [27]
up to 1 pg/L  USA [39]
<1 pg/L Germany and [40]
Switzerland
Dimethyl phthalate Plasticizer 2.36 pg/L USA [18]
Diethyl phthalate Plasticizer 0.16-0.2 ug/L  Germany and [41]
Poland
0.3 pg/L Greece [42]
2.10 pg/L USA [18]
Dibutyl phthalate Plasticizer 0.38-0.64 ug/L Germany and Poland [41]
0.2-10.4 ng/L  Germany [43]
1.04 pg/L Greece [42]
3.71 pg/L USA [18]
Butyl benzyl phthalate Plasticizer 0.02-0.05 ug/L Germany and Poland [41]
0.7 pg/L Germany [43]
0.651 pg/L USA [18]
DEHP Plasticizer 0.05-0.06 ug/L Germany and Poland [41]
0.93 ng/L Greece [42]
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but their concentrations did not exceed the maximum concentration levels
established by the US Environmental Protection Agency.

Recently, Loos et al. [29] performed a survey of the anthropogenic en-
vironmental pollutants in surface and drinking waters from Italy. Fifty-one
contaminants including pharmaceuticals, hormones, phthalates, surfactants,
and herbicides were analyzed in both water matrices. Results achieved from
surface waters coming from a lake showed the presence of 28 contaminants in
the ng/L concentration range and similar concentration levels were obtained
in tap water for the 23 detected compounds. For instance, pharmaceuticals
such as carbamazepine, gemfibrozil, and bezafibrate were found at 5, 0.4, and
0.7 ng/L concentration levels in the tap water samples analyzed.

2
Emerging Contaminants During Drinking Water Treatment

2.1
Activated Carbon Adsorption

Activated carbon is a commonly used adsorbent for the removal of organic
compounds such as pesticides, pharmaceuticals, and odor and taste com-
pounds [44-46]. Adsorption on activated carbon depends on the intrinsic
properties of the activated carbon sorbent (surface area and charge, pore
size distribution, oxygen content) and on the solute properties (shape, size,
charge, and hydrophobicity). Removal of such organic compounds is mainly
controlled by hydrophobic interactions.

Powdered activated carbon (PAC) was evaluated for the elimination of
selected PPCPs and endocrine disruptors during simulated drinking water
treatment processes in the laboratory [47]. Octanol-water partition coeffi-
cients were shown to be a reasonable indicator of compound removal in PAC
test conditions. Therefore, compounds with log Ko values higher than 3 (i.e.,
sulfamethoxazole or carbamazepine) showed elimination percentages higher
than 70% (5 mg/L; 4-h contact time) except for compounds with deproto-
nated acid functional groups (i.e., naproxen or ibuprofen), which seemed the
most difficult to remove with PAC. Deviations from this correlation were also
detected for N-heterocyclic compounds (i.e., caffeine or trimethoprim) or
protonated bases (i.e., acetaminophen) with low Koy, which showed higher
removal percentages than expected.

Granular activated carbon (GAC) was also evaluated for the elimination of
pharmaceuticals (bezafibrate, clofibric acid, diclofenac, and carbamazepine)
under laboratory, pilot, and waterworks conditions in Germany [33]. Pilot ex-
periments showed high adsorption capacities for all the compounds except for
clofibric acid, which due to its acidic properties had a low breakthrough volume
(17 m® /kg in a 160-cm carbon layer). In waterworks, GAC filtration was also



Aigues Potables i Subproductes de Desinfeccid

Traceability of Emerging Contaminants from Wastewater to Drinking Water 149

shown to be a very effective removal process, even at high concentrations of
pharmaceuticals. They were almost completely removed at throughputs over
70 m® kg™! except for clofibric acid, which could be removed completely at
15-20 m? kg™!. Nevertheless, the results obtained for carbamazepine were con-
tradicted by a subsequent study performed in a DWTP in the USA [28]. In
this work, GAC efficiency was evaluated for the elimination of prescription and
nonprescription drugs, fragrance compounds, PPCPs, and other organic con-
taminants. These studies indicated that carbamazepine and other hydrophobic
compounds, such as fragrances HHCB (Galaxolide) and AHTN (Tonalide), per-
sisted through DWTPs including filtration with GAC. The authors suggested
that different sorption efficiencies depend on competition with other organic
compounds; therefore, the adsorption capacities for these compounds result in
smaller values in a DWTP that contains amounts of organic compounds rather
than in a laboratory or pilot-scale experiment.

2.2
Oxidation Processes

In drinking water treatment systems, the oxidants commonly used are chlor-
ine, chlorine dioxide, and ozone. Ozone is widely used in Europe for the treat-
ment of surface waters while free chlorine is preferred in the USA, although
in recent years ozone use has experienced an increase. All three oxidants are
strong electrophiles that exhibit selective reactivity with organic compounds.
Among them, ozone tends to be more reactive, following the order O3 > ClO,
> HOCI. One exception is waters with high ammonia content where chlorine
has the highest reactivity.

Oxidation processes have to deal with one major drawback, the forma-
tion of undesirable DBPs which in some cases can exhibit higher toxicity than
the precursors. A summary of some DBPs from pharmaceuticals produced
during oxidation processes described in the literature is displayed in Table 2.

2.2.1
0Ozonation

Ozone is used in water treatment as both disinfectant and oxidant and reacts
with a large number of organic and inorganic compounds [48-50]. Rate con-
stants for the reaction with ozone range several orders of magnitude, showing
that ozone is a very selective oxidant. Regarding organic compounds, ozone
is particularly reactive toward amines, phenols, and compounds with double
bonds, especially in aliphatic compounds. In addition, ozone is unstable in wa-
ter (from seconds to hours) and its decomposition leads to a major secondary
oxidant, the hydroxyl radical [50, 51]. The OH radical is a powerful but less se-
lective oxidant; it reacts with high rate constants with most organic compounds
but these reactions are less efficient because a large fraction is scavenged by
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the water matrix. Additional oxidation processes are the advanced oxidation
processes (AOPs) which use OH radicals as the main oxidants. These processes
accelerate the formation of radicals by increasing the pH in water, by adding
hydrogen peroxide, or by applying UV radiation [50, 52, 53].

Several experiments have been developed in the laboratory in order to
evaluate the oxidation of organic compounds with ozone during drinking wa-
ter treatment [54]. These experiments showed that certain pharmaceuticals
react quickly with ozone while others show no reaction, depending on their
structural characteristics. Diclofenac, tetracyclines, carbamazepine, 17u-
ethinylestradiol, and estradiol showed rate constants higher than 106 Mgt
(pH 7 at 20°C). For water treatment conditions (pH 7-8; [O3] = 1 mg/L)
half-lives for these compounds are lower than 1s, indicating the complete
transformation of the parent compound during the ozonation process. Com-
pounds with no reactive sites for ozone reaction, with lower rate constants,
were more efficiently removed by reaction with OH radicals when AOPs
were used, with rate constants about two or three times faster. For instance,
iopromine, with an ozonation constant of <0.8 M !s™!, showed a Koy of
3.3x10°M's7! and ibuprofen, which was only oxidized above 31%, in-
creased this percentage to 84% when OH radicals were formed.

Ternes et al. [33] evaluated the elimination of bezafibrate, clofibric acid,
diclofenac, carbamazepine, and pirimidone under laboratory and full-scale
DWTP conditions. Ozone was shown to be effective in eliminating carba-
mazepine and diclofenac (97%, 0.5 mg/L ozone dose), bezafibrate and pirim-
idone were appreciably removed with percentages above 50% (1 mg/L ozone
doses), while clofibric acid was poorly removed even at high ozone doses
(<40%, 2.5-3.0 mg/L ozone doses).

Oxidation of EDCs by reaction with ozone has also been experimentally
evaluated. Estrogen steroids and nonylphenols reacted with ozone under simi-
lar conditions to those applied in water treatment systems [46]. Petrovic et al.
evaluated the elimination of neutral and acidic nonylphenols in a Spanish
DWTP [55,56]. An efficiency of 87% in the elimination of these compounds
and their halogenated by-products under ozone treatment was obtained.

More recently, bench-, pilot-, and full-scale studies have been performed
to evaluate the ozone efficiency in the elimination of 36 diverse contaminants,
including PPCPs, hormones, and pesticides in the USA [57]. Results showed
that all the compounds were removed with percentages higher than 50% except
for TCEP, lindane, and musk ketone, which were eliminated with percentages
lower than 20%, and atrazine, iopromide, and meprobamate with removal
percentages between 20 and 50%.

Regarding the transformation products generated from emerging contami-
nant precursors during ozonation, little information is found [58]. Ozonation
of carbamazepine was studied in a German waterworks [59], with the conclu-
sion that when this compound was present in raw water, two main products
were formed, BQM (benzaldehydehydroquinazolineone) and BQD (benzalde-
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hydequinazolinedione). Additionally, some transformation products could be
predicted on the basis of known reaction pathways for specific functional
groups [50]. For instance, it is known that secondary and tertiary amines
react with ozone giving hydroxylamines and amine oxides, respectively [60].
Formation of these hydroxylamines could be problematic, for example in the
case of sulfonamides, of which hydroxylamines are related to hypersensitivity
reactions [61].

2.2.2
Chlorination

Chlorine is an oxidant used for disinfection of water supplies. Free chlor-
ine (i.e., HOCl and OCI") is commonly used in the USA for disinfection and
oxidation of inorganic species. One major drawback in chlorination use is
the formation of chlorinated organic compounds (mainly trihalomethanes
and haloacetic acids) as DBPs, which are classified as carcinogenic and/or
mutagenic compounds [62, 63]. Although the oxidation kinetics for organic
compounds are lower than those for ozone or chlorine dioxide, it reacts rapidly
with phenolic compounds, mainly through the reaction between HOCl and the
deprotonated phenolate anion [64]. The sequential addition to the aromatic
ring leads to ring cleavage. The reactivity with phenol moieties could explain
the transformation of hormones (estradiol, ethynylestradiol, estriol, estrone)
and nonylphenol by chlorine, evaluated in laboratory experiments [46].

Some experiments have been performed in order to assess chlorination ef-
fects over several emerging compounds at the laboratory scale [65-68]. The
fate and occurrence of PPCPs (including musk fragrances), endocrine dis-
ruptors, and other organic contaminants were evaluated during simulated
drinking water treatment (25 mg/L of Cl; contact time 24 h) [47]. Under these
conditions gemfibrocil, hydrocodone, carbamazepine, compounds with pri-
mary or secondary amines (diclofenac, sulfamethoxazole, trimethoprim), and
compounds with phenolic moieties (estradiol, estrone, ethynylestradiol, ac-
etaminophen; oxybenzone, triclosan; bisphenol A) showed high reactivity with
chlorine. On the other hand, the least reactive compounds were those that
have electron-withdrawing functional groups or no conjugated carbon bonds
(atrazine, BHC, DEET, fluoxetine, iopromide, meprobamate, and TCEP). The
chlorination efficiency to eliminate ten antibiotics (carbadox, erythromycin,
roxithromycin, sulfadimethoxine, sulfamerazine, sulfamethazine, sulfamethi-
zole, sulfamethoxazole, sulfathiozole, and tylosin) was also evaluated on the
laboratory scale and in surface waters [69]. The results obtained showed that
a significant removal of all these compounds could be expected during free
chlorination in most water treatment utilities. For instance, carbadox was com-
pletely removed within 1 min of contact time and at a chlorine concentration of
0.1 mg/L, while macrolides were removed above 85% with 2 h of contact time
and 1 mg/L of chlorine.
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Oxidation of organic contaminants has been also evaluated in full-scale
treatments. Chlorination studies performed in different DWTPs in the USA
and Canada, to assess the elimination of pharmaceuticals (i.e., clofibric acid,
naproxen, ibuprofen, acetaminophen, fluoxetine), steroids (i.e., estrone, 17f-
estradiol), and plasticizers (bisphenol A), showed nondetectable concentra-
tions of the target compounds after the chlorination step [19].

More recently, the effect of chlorine residual to eliminate several pharma-
ceuticals and other organic compounds (POOCs) has been evaluated in
drinking waters from the USA. The addition of free chlorine to finished
drinking water is a common practice as a distribution system disinfectant re-
sidual. Gibs et al. [70] have evaluated the effect of the addition of 1.2 mg/L
of free chlorine in a finished drinking water with 98 POOCs. Results showed
that 52 POOCs would remain after 10 days, with an unremarkable reduction
in their concentrations.

As previously described, chlorine usually produces undesirable chlorina-
tion by-products to some extent. The formation, fate, and toxicity of oxidative
by-products from pesticides and EDCs/PPCPs has been studied and assessed
as of potential concern [53,71]. The E-screen performed after chlorination
of bisphenol A, 17a-estradiol, and 17a-ethynylestradiol showed a reduction
in estrogenic activity after extended exposure time (120 min). Nevertheless,
all compounds showed a similar estrogenicity trend, with a higher estro-
genicity activity registered during the first phases of oxidation probably
related to the formation of chlorination by-products [72]. Chlorination of ac-
etaminophen has also been studied showing the formation of two chlorination
ring products, chloro-4-acetamidophenol and dichloro-4-acetamidophenol,
and two quinoidal oxidation by-products, 1,4-benzoquinone and N-acetyl-p-
benzoquinone imine (NAPQI). These toxic compounds are associated with
acetaminophen overdoses in humans with lethal effects [73].

Chlorination of sulfamethoxazole (SMX), a member of the sulfonamide
antibacterial class, has also been studied in wastewater and drinking water
matrices. Chlorine reacted with the aniline nitrogen giving the halogenation
of the aniline moiety, yielding a ring chlorinated product, and with the SMX
sulfonamide moiety to yield the formation of 3-amino-5-methylisoxazole and
N-chloro-p-benzoquinoneimine subproducts [74].

2.23
Chlorine Dioxide

Chlorine dioxide (ClO;) is an oxidant used for disinfection of high qual-
ity water, such as groundwater or treated surface water. In Europe, it is also
used to protect drinking water distribution at residual concentrations (0.05
to 0.1 mg/L), while in the USA it is mainly used for the preoxidation of sur-
face waters. Compared to chlorine, ClO; is generally a stronger and faster
oxidant, [75] and is more effective for the inactivation of viruses, bacteria,
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and protozoa (including the cyst of Giardia and the oocysts of Cryptosporid-
ium). Chemically, C1O, has been demonstrated to be a very selective oxidant
of specific functional groups of organic compounds, such as phenolic moi-
eties, tertiary amino groups, or thiol groups [76]. Additionally, halogenated
DBPs are not formed even under suitable conditions [77]. Nevertheless, other
DBPs are formed during ClO; reaction. Therefore, chlorite is the major reduc-
tion product of ClO,, considered to be a blood poison [61, 78] and regulated
by the USEPA at the 1 mg/L level [79].

Due to the oxidant doses used of ClO; in drinking water treatment and its
specific reactivity, a complete elimination of parent contaminants is not ex-
pected. Nevertheless, this treatment could lead to the deactivation of specific
functional groups responsible for parent activity. Chlorine dioxide has demon-
strated cleavage of one of the N — C bonds of tertiary amines [80], which would
mean the loss of a methyl or amino group in macrolide antibiotics leading to
arelated and expected decrease in pharmacological activity [81].

Oxidation of several pharmaceuticals by ClO, was evaluated in samples
from a German DWTP [82]. Water samples were collected before ClO, treat-
ment and spiked with the selected pharmaceuticals. Then, ClO, doses of 0.95
and 11.5 mg/L were added and samples were analyzed after 30 min of contact
time. Under these experimental conditions, bezafibrate, carbamazepine, di-
azepam, and ibuprofen showed no reactivity while diclofenac was completely
oxidized and phenazone derivatives and naproxen showed an appreciable re-
activity.

23
Membrane Separation

In membrane processes, a semipermeable membrane separates contaminants
from the water by a process known as crossflow filtration (also called tan-
gential flow filtration). The bulk solution flows over, and parallel to, the filter
surface while, under pressure, a portion of the water is forced through the
membrane to produce a permeate stream. The turbulent flow of the feedwater
over the membrane surface minimizes accumulation of particulate matter
there, and facilitates continuous operation.

Different types of membranes are applied to drinking water treatment
with different characteristic separations depending on their composition and
pores. Several classifications can be made to characterize membranes; size ex-
clusion is one of the most significant mechanisms to separate contaminants.

2.3.1
Ultrafiltration

Ultrafiltration (UF) allows the removal of turbidity, microorganisms, and
many hydrophobic macromolecules (0.001-0.1 pm) with log Koy > 4. The
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removal properties of UF membranes are usually expressed in terms of mo-
lecular weight cutoff (MWCO) which ranges from 1000 up to 50000 Da. Nev-
ertheless, most organic EDC/PPCP compounds range from 150 to 500 Da, and
only those associated with particles or colloidal organic matter are removed.

An investigation on the removal of 52 EDCs and PPCPs with different
physicochemical properties such as size, hydrophobicity, and acidity by UF
and nanofiltration (NF) has been carried out in model and natural wa-
ters [104, 105]. The results showed that the UF membrane retained hydropho-
bic EDCs mainly by adsorption processes. UF membranes showed retention
percentages lower than 40% for all compounds except triclosan (87%), oxy-
benzone (77%), and progesterone (56%). In most cases, the concentration
of EDCs and PPCPs was feed > retentate > permeate except for few com-
pounds (i.e., diclofenac, erythromycin, estriol, gemfibrozil, ibuprofen, chlor-
dane, dieldrin) that showed lower concentrations in retentate than initial
ones. These compounds were probably adsorbed onto the membrane and
into the membrane pores. It has been reported that retention of relatively
hydrophobic compounds and hormones (i.e., log Ko >3) by UF, reverse
osmosis (RO), and NF membranes is mainly due to adsorption [106, 107].
Yoon et al. [105] stated that compounds highly retained by UF (30-80%)
have common structural properties including aromatic ring structures, high
pKa, and/or high log Koy values, whereas poorly retained compounds include
those with low log K, due to aliphatic, aromatic, nitrogen, carbonyl, phos-
phate, amine, or hydroxyl functional groups.

2.3.2
Nanofiltration/Reverse Osmosis

NF and RO are effective physical diffusion-controlled and size-exclusion pro-
cesses which have been demonstrated to effectively remove pathogens and
organic contaminants. However, the rejection efficiency correlates to different
parameters affecting the solute, the membrane, and the feed water compo-
sition; moreover, it is also correlated with the concentration of the organic
contaminant and its effective charge state. Both processes have the broadest
duration of treatment capability but require a great degree of pretreatment,
and in addition RO has a high relative cost compared with other technolo-
gies.

Bench-scale tests have been performed in order to evaluate the removal
of several emerging contaminants by NF and/or RO. A pilot system with RO
membranes was used to evaluate the elimination ratio of several pharmaceu-
ticals, pesticides, and PPCPs. The system evaluated both virgin and fouled
membranes, showing that target analytes were well-rejected and no effect
of membrane fouling was detected [108]. Another study evaluated the elim-
ination of steroid hormones by RO in wastewater matrices. Results showed
removals greater than 90% for 17f3-estradiol and 17a-ethinylestradiol [66].



Aigues Potables i Subproductes de Desinfeccid

Traceability of Emerging Contaminants from Wastewater to Drinking Water 157

NF membranes have also been evaluated by bench-scale tests for the ana-
lysis of EDCs and PPCPs [109]. Results showed that NF membranes had a
low adsorption capacity for the less volatile and less hydrophobic compounds.
Average retention percentages were 30-90% depending on their properties,
except for naproxen which showed poor retention lower than 10%. In these
tests, hydrophobicity led to adsorption and polarity to charge repulsions that
were more important than molecular weight in removing EDCs and PPCPs.

A study of the removal of pesticides [110] and pharmaceuticals [111] by
NF and RO membranes in a real DWTP has been performed. The DWTP sup-
plies treated water to 20 000 inhabitants and uses one NF line and two parallel
RO lines with a final mixing of the three permeates to obtain treated water.
Triazines (i.e., simazine, atrazine, terbutylazine, and terbutryn) and metabo-
lites (DIA, DEA) were fully eliminated in both NF and RO lines. On the other
hand, removal of pharmaceuticals showed very similar percentages to those
obtained for triazines, and high values above 80% were obtained in both
NF and RO lines for most of the selected compounds (i.e., hydrochloroth-
iazide, ketoprofen, gemfibrozil, diclofenac, sulfamethoxazole, sotalol, meto-
prolol, propylphenazone, and carbamazepine). However, strong fluctuations
in the permeate concentrations for some compounds, such as acetaminophen
and mefenamic acid, were measured.

An assessment of removal possibilities with NF of priority pollutants
in water sources of Flanders and The Netherlands has been recently re-
viewed [112]. The authors suggested that rejection of organic pollutants in NF
could be qualitatively predicted as a function of a limited set of solute param-
eters, such as log Kow, pKa, and molar mass. The prediction was based on the
scheme proposed by Bellona et al. [113] but using hydrophobicity as the pri-
mary solute parameter. Their qualitative predictions for target compounds
(hormones, industrial chemicals, pesticides, and pharmaceuticals) roughly
correlated with values from the literature. The authors stated that the solute
parameters together with a knowledge of the membrane material can give
real estimations of the rejection of organic micropollutants and can provide
feasible evaluations of NF in drinking water plant designs.

3
Emerging Disinfection By-Products

A widely known group of drinking water contaminants are DBPs which are
generated during the treatment process. Some of these compounds, such as
trihalomethanes, haloacetic acids, bromates, or chlorites, are widely known
and they have been studied and regulated for the last 30 years. However,
emerging contaminants in raw waters and new alternative disinfectants and
treatments for drinking water production, implemented by the DWTPs, could
lead to the formation of new DBPs. In Sect. 2, DBP formation from pharma-
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ceuticals and hormones was examined. In this section, the emerging DBPs
generated during water treatment due to alternative disinfectants from chlor-
ine (i.e., ozone, chlorine dioxide, and chloramines) will be discussed. Up
to now, scarce information about the potential toxicity of DBPs generated
from these alternative disinfectants can be found. New DBPs identified in-
clude iodo-acids, bromonitromethanes, iodo-trihalomethanes, brominated
forms of MX, bromoamines and bromopyrrole [114], nitrosodimethylamine
(NDMA), and other nitrosamines. Recent studies [115] of their toxicity have
demonstrated that some of these compounds are more genotoxic than many
of the DBPs regulated, and are present at similar concentration levels to those
regulated.

Among the emerging DBPs investigated, one remarkable compound is
NDMA [116-118] which is generated from chloramines or chlorine disin-
fection (Fig. 1) [128-130]. This compound belongs to the chemical class of
the N-nitrosoamines and its importance remains, as it is considered a po-
tential human carcinogen with more cancer potencies than those reported
for trihalomethanes [119, 120]. In 1989, NDMA was first detected in treated
drinking water from Ohsweken (Ontario, Canada) at elevated concentrations
(up to 0.3 pg/L). This finding prompted a survey of 145 Ontario DWTPs [116,
121, 122] and the concentrations of NDMA detected in the treated water were
lower than 5 ng/L (except for some samples exceeding 9 ng/L). More recently,
similar results were obtained for NDMA concentrations in drinking water
systems from the USA. Results showed that NDMA was detected at concentra-

N, DMC NDMA DMF

X NH,X UDMH " aant
NH,CI

+NH, +H //’ NDMA
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N,

Fig.1 NDMA formation mechanism for the chloramine/bromamine pathway [128-130].
X: Cl/Br; UDMH: unsymmetrical dimethylhydrazine; DMC: dimethylcyanamide; DMF:
dimethylformamide
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tion levels lower than 5 ng/L in water supplies which used only free chlorine,
while 3 out of 20 chloraminated supplies contained concentrations higher
than 10 ng/L [99]. Nevertheless, a more extended survey performed from
2001 to 2002 in 21 USA water systems indicated median concentrations of
NDMA in chlorinated or chloraminated waters lower than 1 ng L' [123]. Re-
garding legislation, although NDMA is listed as a priority pollutant [124],
a maximum contaminant level (MCL) has not been established and it has not
yet been included on the candidate contaminant list (CCL), which is a list
of unregulated contaminants for monitoring in the USA [125]. Nevertheless,
some regulatory agencies have established guidelines for maximum concen-
trations of NDMA; the Ontario Ministry of the Environment and Energy has
fixed a value of 9 ng/L [126], while the California Department of Health Ser-
vices has suggested a value of 10 ng/L [127].

With regard to other emerging DBPs, Richardson et al. [131] studied the
formation of DBPs when alternative disinfectants were used. Over 200 DBPs
were identified and a comparison between by-products formed from different
treatments was also performed. The effect of high concentrations of bromide
on the formation of chlorine dioxide DBPs was also evaluated by selecting
natural waters from Israel (Sea of Galilee) with high natural levels of this com-
pound. The DBP structures identified showed high degrees of bromide, such
as 1,1,3,3-tetrabromopropane.

Finally, new alternative routes of exposure to drinking water DBPs are
now being recognized. Inhalation or dermal absorption during bathing or
showering can be translated into high exposure to toxic/carcinogenic com-
pounds [132]. A recent study performed by Villanueva et al. [133] revealed
a correlation between these activities and a higher risk of bladder cancer.
An additional new route of exposure to DBPs is swimming pools. Zwiener
et al. [134] published a review article on the formation of DBPs in swimming
pool waters and the adverse health effects that could be related to them.

4
Removal of New Emerging Contaminants
in a Drinking Water Treatment Plant (DWTP)

Human habits and activities have been widely demonstrated to impact the
environment in many ways. Recently, a new group of human-use contami-
nants, illicit drugs, have been detected in aquatic media from the USA [135],
Italy [136, 137], Germany [138], Spain [139, 140], and Ireland [141]. Due to the
high consumption rates—around 200 million people have consumed illicit
drugs in the last year—the determination of these compounds has become
an important issue, not only for forensic sciences but also in environmen-
tal studies [135]. Some of these drugs are released unaltered or as slightly
transformed metabolites. Therefore, they reach municipal wastewater treat-
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ment plants (WWTPs) where, depending on the efficiency of the treatment,
they are totally removed or, on the contrary, persist during the treatment and
can be detected in receiving waters. The effectiveness of the water treatment
processes and the impact of most of these compounds on the aquatic environ-
ment are still unknown.

An UPLC-MS/MS method was developed for the analysis of caffeine, nico-
tine, cocaine, amphetamine related compounds, and other synthetic con-
trolled drugs, and their metabolites, in waste and surface waters [139]. Once
the method was optimized and the quality parameters were established, the
method was applied to the estimation of the occurrence of these substances
in water samples from Catalonia (NE Spain) (Table 3). Results displayed in
this table have been already submitted for publication. The analysis of sev-
eral samples from WWTPs revealed the presence of drugs, such as cocaine
and amphetamine related compounds, in both influent and effluent samples.
Several illicit drugs, such as cocaine or MDMA (ecstasy), were also found in
surface waters while nicotine and caffeine were detected in all the analyzed
samples. The results obtained demonstrate that the presence of these drugs in
aquatic media must be considered a matter of environmental concern [139].

The incidence of these illicit drugs in surface waters posed the need to
investigate the elimination of these compounds during drinking water treat-
ment and their presence in final treated water. The treatment in the DWTP
investigated consisted in prechlorination (with chlorine or chlorine dioxide),
sand filtration, flocculation and sedimentation, ozonation, GAC filtration, and
final postchlorination.

Table4 Drug concentrations of raw water, treated water, and elimination percentages in
a DWTP (Spain)

Intake? Treated? Elimination

ng/L ng/L (%)
Nicotine nd-1047 <LOQ >99.9
Cotinine nd-516 nd-276 74
Caffeine nd-2991 nd-126 93
Paraxanthine nd-2709 <LOQ >99.9
Amphetamine nd-165 <LOQ >99.9
MDA nd-6 <LOQ >99.9
MDMA nd-123 <LOQ >99.9
MDEA nd-54 <LOQ >99.9
Ketamine nd-61 <LOQ >99.9
Cocaine nd-411 <LOQ >99.9
Benzoylecgonine nd-1047 nd-24 89

nd: non detected
An=24
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Several controlled drugs, such as cocaine, benzoylecgonine (cocaine
metabolite) and some amphetamine type stimulants (i.e., amphetamine or ec-
stasy), were detected with concentrations higher than their limit of quantitation
(LOQ) at the intake of the selected DWTP [141]. For instance, maximum con-
centrations of 22 ng/L were obtained for cocaine and up to 37 ng/L for ecstasy.
The removal efficiency during treatment was also evaluated and the results
(Table 4) showed that removal percentages higher than 99.9% were obtained
for most of the compounds found at the intake, including cocaine and ecstasy.

Only three of the studied compounds were detected in some samples with
concentrations higher than the LOQs. Cotinine and caffeine among the con-
trolled drugs were found in treated water with removal percentages of about
74 and 93%, respectively, and among the illicit drugs only the biologically
inactive metabolite of cocaine was found in treated water at low ng/L lev-
els with a removal of 89%. The analyses were performed by using an UPLC
system coupled to tandem mass spectrometry (MS/MS) and the quality pa-
rameters were already established [139]. An extracted chromatogram from
a treated water sample is displayed in Fig. 2. Two transitions were acquired
for each compound in order to obtain four identification points, fulfilling the
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Fig.2 Extracted ion chromatogram obtained at the intake of a Spanish DWTP. SRM
acquisition mode
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European Council directives (96/23/EC) regarding mass spectrometric detec-
tion [142] and the general criteria for forensic analysis [143].

5
Concluding Remarks

The occurrence of emerging contaminants in aquatic media has been widely
assessed in the last decade. Nevertheless, much more data are needed in order
to improve the knowledge of the behavior/removal of these compounds in
wastewaters and surface waters, as well as their toxicological impact on both
aquatic life and human beings and to establish safe guideline values. More-
over, the occurrence of these contaminants in drinking water, just like the
removal efficiency of the treatment processes, is still relatively unknown.

In this chapter, a summary of the works published regarding the elim-
ination of emerging contaminants through conventional drinking water treat-
ments and the persistence of some of them through treatments has been
presented. Activated carbon adsorption (PAC or GAC) has been shown to
be effective to remove nonionic compounds with log Ko, higher than 3.
Nevertheless, some pharmaceuticals such as carbamazepine and some fra-
grances such as HHCB (Galaxolide) persisted throughout treatment. NF and
RO membranes were also found to remove organic contaminants to a very
high extent. Oxidation processes such as ozonation and chlorination have
also been evaluated in the elimination of emerging contaminants. Ozone was
shown to be very effective in eliminating several pharmaceuticals, hormones,
and nonylphenols with percentages higher than 50%, while poorer elimina-
tion rates were found for some pesticides (i.e., lindane, atrazine), fragrances
(i.e., musk ketone), and pharmaceuticals (i.e., clofibric acid, meprobamate).
Oxidation with chlorine or chlorine dioxide was shown to be less efficient
but high reactivities were obtained when contaminants contained phenolic
or amino moieties (i.e., hormones, nonylphenols, sulfonamides). One major
drawback of the oxidation processes is the formation of undesirable DBPs
which could have toxic effects. The formation of DBPs from these emerging
contaminants together with new disinfection treatments could lead to emerg-
ing DBPs. Up to now some new DBPs, such as NDMA, bromonitromethanes,
or iodo-trihalomethanes, have already been identified.

Finally, it must be emphasized that the emerging contaminants field is
still growing. New human habits or activities could cause the appearance of
novel contaminants in aquatic media that may become emerging contami-
nants. One example of new contaminants derived from human activities and
detected in water sources are illicit drugs. These contaminants have recently
been detected in aquatic media from the USA and Europe, thus demonstrat-
ing once more the cause-effect relationship between human activities and
environmental contamination.
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4.1.5. Preséncia i eliminacié dels farmacs en els tractament d’aigiies potables: 2010-2015

El nombre reduit de publicacions en el camp de I’aigua potable, i sobretot de
I’evolucié de la preséncia de les drogues d’abus durant els tractaments, també es
reprodueix en el camp d’estudi d’un altre grup de contaminants ambientals molt més
establert, el dels farmacs. Tot i existir un major nombre de publicacions relatives a la
preséncia i comportament dels farmacs en els tractaments de potabilitzacio, aquest es
molt inferior al total d’estudis realitzats per aquests compostos en d’altres matrius
ambientals (Albaiges, 2015). A I’article VI (apartat 4.1.3.1.) es recullen dades sobre la
presencia de diferents contaminants emergents, i en concret de farmacs, en aigues
finals tractades a més del seu comportament durant el tractament fins 1’any 2008. Cal
destacar, pero, que en els darrers anys el nombre de treballs en aquest camp s’han
multiplicat. El fet que tres farmacs, diclofenac, etinilestradiol (EE2) i estradiol (E2),
hagin estat inclosos en la llista d’observacié de la Directiva Marc de 1’Aigua
(2013/39/EUV), i que la Environmental Protection Agency dels Estats Units (EPA) hagi
inclos Deritromicina, I’EE2, 1I’E2, 1’estrona (El), 1’estriol (E3), I’equileina, el
mestranol, la noretindrona i la nitroglicerina en la llista de candidats a ser inclosos en
la llista de contaminants d’aigua de beguda (CCL-3), reobre l’interés per I’estudi
d’aquestes substancies a nivell mundial i a més, centra el focus d’atencié en matrius

menys estudiades, com la d’aigua potable.

Des de la publicacid dels primers treballs on es descriu la preséncia de 1’acid clofibric
en aigues potables a Berlin (Heberer i cols., 1998, Ternes, 1998) i EEUU (Kolpin i cols.,
2002) la preséncia de farmacs en aigues residuals, superficials, subterranies i potables ha
estat descrita arreu del mén (Nikolaou i cols., 2007, Verlicchi i cols., 2012, Hughes i
cols., 2012, Barcelo, 2012, Bu i cols., 2013, Kaplan, 2013, Rivera-Utrilla i cols., 2013,
Richardson i Ternes, 2014, Sima i cols., 2014, Petrovic i cols., 2014, Richardson i
Postigo, 2015)). Durant tot aquest temps s’han identificat més de 200 farmacs i els seus

metabolits en aigles residuals, superficials i subterranies.

En concret i pel que fa a les aiglies superficials i subterranies, les families
terapéutiques més freqliientment detectades arreu del mon, son les relacionades amb el
sistema cardiovascular (didretics, p-bloquejants i reguladors lipidics), el sistema muscul-

esqueletic, (antiinflamatoris i antireumatics), els associats al sistema nervids (analgésics
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antidepressius, antiepileptics i psicoactius), els associats al sistema genito-urinari i
hormones sexuals, els associats al sistema gastrointestinal (agents anti-Ulceres i
reguladors d’acidesa), els relacionats amb el sistema respiratori (antihistaminics), els
agents per combatre infeccions (antibiotics) i els marcadors de contrast de raigs X
(Hughes i cols., 2012). La presencia d’aquestes substancies en les aigiies emprades
habitualment per a la produccié d’aigua potable les converteix en candidates per trobar-se
en l’aigua de beguda en funcid6 de [Deficiéncia dels tractaments emprats i les
concentracions inicials a les que es trobin. De fet, els estudis realitzats en aquest camp els
darrers anys mostren la presencia habitual d’alguns d’aquests farmacs a 1’aigua potable de
diferents paisos d’arreu del mon com poden ser Anglaterra (Boxall i cols., 2012), Franga
(Momepelat i cols., 2011), Alemanya (Dore, 2015), Espanya (Vazquez-Roig i cols., 2012,
Carmona i cols., 2014, Boleda i cols.,, 2014), Italia (Riva i cols., 2015), Suecia
(Villanueva i cols., 2014), Portugal (de Jesus Gaffney i cols., 2015), EEUU (Wang i cols.,
2011, Padhye i cols., 2014), Canada (Uslu i cols., 2013), Xina (Wen i cols., 2014) i Brasil
(Thomas i cols., 2014), entre d’altres.

A la Figura 4.2. es mostra la distribucié mundial de farmacs en aiglies de I’aixeta,
destacant EEUU, Canada, Australia, Xina, Franca i Noruega on el nombre de substancies

detectades supera la trentena.
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Figura 4.2. Distribucié de la presencia de farmacs en aiglies potables arreu del mon. Llegenda-nombre de
farmacs detectats en aigiies d’aixeta. Adaptada de (World Health Organization, 2012).
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En el cas concret d’Espanya, on s’ha realitzat 1’estudi inclos als apartats 4.1.1.1. 1
4.2.1., s’han detectat i quantificat fins a 29 farmacs del total de 223 estudiats (Figura
4.3.). D’entre aquests els identificats més habitualment en aigiies tactades son 1’iopromid,
I’ibuprofe, la venlafaxina, 1’atenolol, [’acetominofen, I’hidroclorotiazida i la
carbamazepina a concentracions maximes d’entre els 5.7 i els 84 ng/L (Boleda i cols.,
2014). Cal tenir en compte que els estudis realitzats en aigues superficials destaquen la
presencia a concentracions elevades de molts d’aquests farmacs, que superen en alguns
casos els valors mitjans europeus com succeix per exemple, per als reguladors lipidics
(441%), els agents cardiovasculars (209%) o els analgesics (209%) (Hughes i cols.,
2012). Es evident per tant, que els processos de potabilitzaci per tractar aquestes aigiies
revesteixen una importancia cabdal no tan sols per eliminar aquests composotos de les

aigles tractades sino per aconseguir reduir-ne les seves elevades concentracions.
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Figura 4.3. Farmacs detectats en aigiies de beguda a Espanya (Cax:concentracio maxima).
Adaptada de (Boleda i cols., 2014).
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El comportament dels farmacs en els tractaments de potabilitzacio, ha estat descrit
en diferents treballs i resums (Jelic i cols., 2012, Rivera-Utrilla i cols., 2013, Postigo i
Richardson, 2014, Richardson i Postigo, 2015) que discuteixen no tan sols la
presencia d’aquests compostos en les aigiies finals tractades, sin6 que n’avaluen el seu
comportament en cadascun dels tractaments emprats per assolir la seva eliminacio.
Per fer-ho alguns autors, estudien 1’eliminacié dels farmacs en condicions reals
(Kleywegt i cols., 2011, Boleda i cols., 2011b, Padhye i cols., 2014, Simazaki i cols.,
2015) mentre que d’altres utilitzen aproximacions a escala de laboratori (Westerhoff i
cols., 2005, Vieno i cols., 2007, Sudhakaran i cols., 2013) on simulen els tractaments
reals. En general, aquests estudis confirmen que, com ja s’ha comentat a 1’apartat
anterior (4.1.3.1), alguns dels processos convencionals emprats per a 1’eliminacié de
farmacs son poc efectius, com per exemple la filtracio i la coagulacid, per a les quals
tan sols s’han descrit eliminacions superiors al 50% per a antibiotics com el
trimetoprim (60%) i algunes tretraciclines (55-66%) (Alexander i cols., 2012). En
canvi, el tractament amb clor que és el més ampliament emprat resulta eficient per
eliminar un gran nombre de farmacs incloent sulfonamides, fluoroquinolones,
analgésics o antiinflamatoris(Jelic i cols., 2012, Rivera-Utrilla i cols., 2013). D’entre
aquests, el diclofenac, acetaminofen, naproxe, indometacin, gemfibrozil, triclosan,
sulfametoxazol o la norfloxazina, son eliminats completament (>99%) 1 d’altres com
I’ibuprofe (70-83%) mostren també elevades reactivitats (Westerhoff i cols., 2005,
Giri i cols., 2010, Boleda i cols., 2011b, Quintana i cols., 2012, Bulloch i cols., 2012,
Postigo i Richardson, 2014, Jezkova i Slavickova, 2015). Altres oxidants com el
dioxid de clor o 1’0z6 també han demostrat ser eficients per a alguns dels farmacs més
recalcitrants com s’ha comentat a 1’article cientific VI de 1’apartat anterior. Per
exemple ’0z6 és capac¢ d’oxidar alguns antibiotics, analgésics i hormones com el
sulfametoxazol, la roxitromicina, el diclofenac o 1’etinilestradiol (Rivera-Utrilla i
cols., 2013, Padhye i cols., 2014) i el dioxid de clor per la seva part reacciona
selectivament amb compostos amb grups funcionals amb una elevada densitat de
carrega com les amines i els grups fenoxi, com per exemple, les sulfonamides, els
macrolids i els estrogens (Postigo i Richardson, 2014). Les técniques avancades
d’oxidaci6 com per exemple la combinacié d’0z6 amb peroxid d’hidrogen han
demostrat un elevat poder oxidant per eliminar compostos especialment estables com
la carbamazepina (>99%) o I’eritromicina (>99%) (Snyder i cols., 2006) i la

combinaci6 d’0zé6 amb UV ha permes assolir elevats percentatges d’eliminacié per a
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marcadors de contrast com I’iopromid (90%), I’acid mefenamic (95%) o el triclosan
(>99%) (Ternes i cols., 2003, Chen i cols., 2012, Chang i cols., 2012). D’altres
tractaments permeten eliminar diversos farmacs recalcitrants als tractaments
convencionals. Per exemple, la carbamazepina, el diazepam, la fluoxetina (92%),
roxitromicina (90%) o el trimetoprim (99%) (Westerhoff i cols., 2005, Liu i cols.,
2012, Baccar i cols., 2012), i compostos com I’ctinilestradiol mostren elevades
eliminacions al voltant del 77% amb una filtracié amb carb6 actiu mentre que altres
compostos com els marcadors de contrast com 1’iopromid resulten molt poc eliminats
(30%). Els reactors de biomembrana, I’osmosi inversa o la nanofiltracié son uns altres
tractaments proposats per reduir les concentracions dels compostos que sobreviuen als
tractaments convencionals obtenint-se per alguns d’ells elevades eliminacions (Boleda
i cols., 2011b, Miralles-Cuevas i cols., 2014, Akhtar i cols., 2015, Cincinelli i cols.,
2015, Jung i cols., 2015). Per exemple, I’osmosi inversa i la nanofiltracié presenten
una elevada eficacia (85%) per a I’eliminacié d’un important nombre de farmacs

(Petrovic i cols., 2013).
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4.2. TREBALL EXPERIMENTAL

En aquesta tesi s’ha avaluat la preséncia, comportament i eliminaci6é de les drogues
d’abus estimuladores durant diversos tractament de potabilitzacié convencionals en
I’ETAP de Sant Joan Despi que tracta aproximadament uns 300 milions de litres d’aigua
per dia, i que abasteix un nombre elevat de poblacio de 1’Area Metropolitana de
Barcelona. L’evolucio6 de la preséncia de les substancies estudiades des del moment de la
captacio fins a la distribucié ha estat controlada abans i despres de cadascun dels
tractaments emprats, que consisteixen fonamentalment en una pre-oxidacié amb clor,
clarificacid i filtracio, mescla amb aigua subterrania, ozonitzacio, filtracié per carbé actiu
i post-cloracié. Els temps de retencio hidraulics han estat controlats en tot moment per tal
de poder establir els percentatges d’eliminacié en cada un dels tractaments, aixi com el
del procés global. Els resultats d’aquest estudi es recullen a, en la publicacio IV intitulada
“Stimulatory Drugs of Abuse in Surface Waters and Their Removal in a Conventional

Drinking Water Treatment Plant” i recollida I’apartat 3.3.2. del Capitol 3.

Donats els resultats d’eliminacio obtinguts per a les drogues d’abus durant els
tractaments de potabilitzacio, es va realitzar un estudi en el laboratori amb 1’objectiu
d’avaluar la possible formacié de subproductes de desinfeccid dels compostos de tipus
amfetaminic en condicions reals de cloraci6. Els subproductes identificats van ser
sintetitzats per a la seva confirmacio i posteriorment es va procedir a estudiar la seva
formaci6 i preséncia a la planta durant els tractaments de potabilitzacid i en les aigues
finals tractades. Aquest estudi i els resultats obtinguts es troben recollits en la publicacié
VIl intitulada: “Identification of new chlorinated amphetamine type stymulants
disinfection-by-products formed during drinking water treatment ” (apartat 4.2.1).

Finalment s’inclou un estudi realitzat per tal d’avaluar el comportament de diferents
families de farmacs durant el tractament de potabilitzacié dut a terme a la planta i
correlacionar-lo amb el de les drogues d’abts. En aquest treball es van seleccionar
quaranta-dos farmacs, que inclouen B-bloquejants, agents cardiacs, drogues psiquiatriques
o0 antihistaminics, hormones i els seus metabolits. El treball corresponent a aquest estudi
es troba recollit a I’apartat 4.2.2, publicaci6é VIII intitulada: “Occurrence and removal of

pharmaceuticals and hormones through drinking water treatment ”.
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4.2.1. ARTICLE CIENTIFIC VII

Identification of new chlorinated amphetamine type stymulants disinfection-by-products
formed during drinking water treatment.

Huerta-Fontela, M., Pineda, O., Galceran, M. T., Ventura, F
Water Research 46 (2012): 3304-3314.
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ABSTRACT

The occurrence of fifty-five pharmaceuticals, hormones and metabolites in raw waters
used for drinking water production and their removal through a drinking water treatment
were studied. Thirty-five out of fifty-five drugs were detected in the raw water at the facility
intake with concentrations up to 1200 ng/L. The behavior of the compounds was studied at
each step: prechlorination, coagulation, sand filtration, ozonation, granular activated
carbon filtration and post-chlorination; showing that the complete treatment accounted
for the complete removal of all the compounds detected in raw waters except for five of
them. Phenytoin, atenolol and hydrochlorothiazide were the three pharmaceuticals most
frequently found in finished waters at concentrations about 10 ng/L. Sotalol and carba-
mazepine epoxide were found in less than a half of the samples at lower concentrations,
above 2 ng/L. However despite their persistence, the removals of these five pharmaceuti-
cals were higher than 95%.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

effects through chronic exposure. In view of this scene, the
incidence of pharmaceuticals in raw waters used for drinking

The occurrence of human pharmaceuticals and endocrine
disrupting compounds (EDCs) in wastewaters (Ternes, 2001,
1998) and in surface waters (Daughton, 2004; Kolpin et al.,,
2002; Richardson, 2007) has been demonstrated and widely
evaluated in the last decade. These compounds together with
their metabolites enter the environment primarily through
domestic use to sewage treatment plants. If pharmaceuticals
are not quantitatively eliminated, they can be then discharged
to rivers, lakes and seas which may be used as raw sources for
drinking water production. Therefore the presence of such
organic contaminants might have a negative impact on the
quality of drinking water together with unknown toxicological

* Corresponding author. Tel.: +34 93 342 2715; fax: +34 93 342 2666.

E-mail address: fventura@agbar.es (F. Ventura).

water production and their elimination through treatment
must be considered an issue in terms of health safety for
water production. However, compared to wastewater treat-
ment plants, much less is known about the behavior of these
drugs in drinking water treatment plants or their presence in
tap waters. The lack of systematic monitoring programs and
also the fact that they are present at fluctuating concentrations
near analytical method detection limits (some of these
compounds usually occur in the low ng/L range or below) could
be some reasons to explain the relative little knowledge of the
occurrence of these compounds, their metabolites and their
transformation products through drinking water treatment

0043-1354/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.

doi:10.1016/j.watres.2010.10.036
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(zwiener, 2007). Recently, Jones et al. (2005) and Mompelat
et al. (2009) reviewed the occurrence and fate of pharmaceu-
ticals and transformation products in drinking waters.

To date, several pharmaceuticals have been found in
European and USA’ tap waters (Heberer et al., 2004, 1998; Jones
et al., 2005; Loos et al., 2007; Loraine and Pettigrove, 2006;
McLachlan et al, 2001; Mompelat et al., 2009; Perez and
Barcelo, 2007; Snyder et al., 2006; Stackelberg et al., 2007,
2004; Togola and Budzinski, 2008; Vanderford and Snyder,
2006; Vieno et al., 2005; Zuccato et al., 2000; Zuehlke et al.,
2004) at concentrations ranging from ng/L level to low pg/L.
The first work reporting the presence of one pharmaceutical
in drinking water was published in 1993. Heberer et al.
(Heberer et al., 1998) reported the finding of clofibric acid, the
active metabolite of some blood lipid regulators, in Berlin tap
water at high concentrations above 165 ng/L uncovering the
chance for pharmaceuticals to return to human beings by
means of drinking waters. Few years later, McLachlan et al.
(McLachlan et al., 2001) showed the presence of EDCs, such as
17B-estradiol, estriol and nonylphenol in final drinking waters
while Loos et al. (Loos et al., 2007) described the presence of
pharmaceuticals such as carbamazepine, gemfibrozil and
bezafibrate in tap waters from Italy.

The overall removal efficiency of these compounds in
DWTPs is less known. Some works have studied the presence
of pharmaceuticals in raw waters and in distribution waters in
order to evaluate the removal of these compounds through
treatments (Glassmeyer and Shoemaker, 2005; Stackelberg
et al.,, 2007, 2004; Ternes et al., 2002; Yoon et al., 2007). Stack-
elberg et al. (Stackelberg et al., 2007) performed one study
evaluating the presence of 23 pharmaceutical residues,
among other organic wastewater-related contaminants, after
a treatment process consisting on clarification, filtration and
disinfection. Results showed, for instance, complete removals
of erythromyecin or sulfamethoxazole while values of 98% and
85% were obtained for carbamazepine.

Finally the behavior of pharmaceuticals through each step
of drinking water treatment such as chlorination, ozonation,
sand filtration or granulated active carbon is not well-known.
Most of the studies have been performed in laboratory
scale. For instance, Westerhoff et al. (Westerhoff et al., 2005)
evaluated the behavior of several pharmaceuticals and
endocrine disrupting compounds (EDCs) during simulated
drinking water treatments. Results showed different removal
efficiencies depending on the oxidation treatment and also
described the formation of new disinfection-by-products.
Benotti et al. (Benotti et al., 2009) have recently performed one
real scale study, evaluating the efficiency of ozone and chlo-
rine treatment for the elimination of 20 pharmaceuticals
and 25 EDCs. In this study, compounds were classified in
three groups depending on their removal efficiencies through
oxidation.

The aim of this work was to evaluate the presence of 42
pharmaceuticals, including psychiatric drugs, angiotensin
agents, antihistaminics, B-blockers and cardiac agents, 6 EDCs
and 6 main metabolites after each treatment in a real scale
drinking water plant which included extensive treatments
such as ozonation and granular activated filtration GAC.
Removals through drinking water treatment were calculated
as the disappearance of the pharmaceutical either by the
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elimination of the precursor or by its transformation into
disinfection-by-products (DBPs). The results obtained not only
provided new information regarding treatment efficiencies for
these compounds but also an assessment of the drinking
water quality.

2. Experimental
2.1. Chemicals and materials

Alprazolam, atenolol, bromazepam, carbamazepine, chlordi-
azepoxide, chlorpromazine, diazepam, diltiazem, fluoxetine,
furosemide, hydrochlorothiazide, loratadine, lorazepam,
metoprolol, oxazepam, paroxetine, phenytoin, propanolol,
sertraline, venlafaxine and zolpidem were obtained from Cer-
illiant (Austin, TX, USA). Demethylsertraline, desmethylvenla-
faxine, irbesartan, 1-dopa, losartan, terbutaline, valsartan and
warfarin were purchased to Toronto Research Chemicals
(North York, Canada) while all the other standards were
obtained from Aldrich Chemical (St. Louis, MO, USA).

Deuterated alzaprolam-ds, chlorpromazine-ds;, diazepam-
ds, lorazepam-d,, oxazepam-de, paroxetine-de and zolpidem-de
were from LGC Promochem (Austin, TX, USA). Carbamazepine-
d,, furosemide-ds and losartan-d; were from Toronto Research
Chemicals (North York, Canada) whereas atenolol-d;, was
purchased from Aldrich Chemical (St. Louis, MO, USA).

Structures of the studied compounds grouped according
their pharmaceutical applications are depicted in Fig. 1.

2.2.  Analytical method

The analytical method for the selected compounds (Fig. 1) was
that previously established for wastewaters (Huerta-Fontela
et al., 2010). Briefly, water samples were enriched by solid
phase extraction (SPE) by using Osais HLB cartridges (6 mL,
200 mg) from Waters (Waters Corp., Milford, MA, USA). The
SPE extracts were injected in an ultra-performance liquid
chromatography (UPLC) system (Waters Corp., Milford, MA,
USA) coupled to 3200 Qtrap hybrid triple quadrupole-linear
ion trap mass spectrometer (Applied Biosystems, Foster City,
CA, USA) with a turbo Ion Spray source working in both
positive and negative modes. Acquisition was performed in
selected reaction monitoring (SRM) mode and two transitions
(quantification, confirmation) were obtained for each
compound.

ESI-MS/MS parameters and a detailed description of the
calibration are described elsewhere (Huerta-Fontela et al.,
2010). Deuterated standards were used as surrogates and
internal standards. In order to assess potential contamination
during the analysis, blanks were included with each set of 12
samples. Quality parameters of the method such as recov-
eries, run-to-run, day-to-day precisions and LOQs of the target
compounds were established in surface waters (see Table 1
and Table S1).

2.3. Sampling protocol

The DWTP selected for this study treats about 400 million
liters per day and supplies a population of over 1 million
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Fig. 1 — Structures of the selected pharmaceuticals.
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Fig. 2 — Treatment scheme of the DWTP and location of sampling points.

people. The raw water used for drinking water production
consists of surface water from the Llobregat River (NE-Spain)
which exhibits a highly variable quality. For instance, TOC
values during the sampled period (October 2008—January
2009) ranged from 2.7 to 10 mg C/L, conductivity values ranged
from 700 to 2900 pS/cm and measured pHs were from 7.4 to
8.5. Three samples were collected each month (per triplicate)
at each treatment point displayed in Fig. 2.

The intake water enters into the DWTP at flow rates
ranging from 2300 to 5100 L/s. First, chlorine is added until
break-point is achieved and then several coagulants (i.e.
Aly(SO4)3, AlLCls, Al,05) and flocculants (poly-DADMAC) are
also added. Clarified water passes through sand filters (0.60 m
height; 15-30 min) and at this point dilution with ground-
water from the aquifer is performed at variable percentages
(6—29%) to improve the water quality. The water is then
pumped to ozone treatment facilities. Ozone is generated in
situ and water is treated inside four ozone chambers (5 mg/L
for nominal flow), yielding a residual concentration of 0.2 mg/
L. This treatment lasts around 15—20 min depending on the
treated water volume. The water is then passed through GAC
filters (10 m/h) for at least 15 min at a water flow rate of 6 m*/s.
Finally, a post-chlorination step is performed in order to
maintain a chlorine residual concentration of about
0.8—1.2 mg/L when leaving the DWTP.

In order to assess the efficiency of the different steps of the
treatment, samples were collected before and after each
process, taking into account the hydraulic retention times
(HRTs). The total HRT calculated during this survey ranged
from 3 to 9 h depending on the amount of treated water, the
groundwater dilution, the impulsion flow rates and the
number of operative ozone generators.

Samples were collected and stored in glass bottles below
4°C. Surface raw waters were filtered through glass microfiber
GF/A filters (Whatman, UK) and ascorbic acid was added to
treated waters in order to prevent further reaction with
chlorine. Samples were extracted within the 48 subsequent
hours after collection.

3. Results and discussion
3.1. Raw water characteristic and occurrence of
pharmaceuticals

Raw water was collected at the intake of the DWTP facility
in order to evaluate the concentration levels of the selected
pharmaceuticals. The raw water used for drinking water

production consists of surface water from the Llobregat
River.

A summary of the results is shown in Table 1. Thirty-five
out of fifty-five pharmaceuticals were detected at the intake of
the drinking water facility. B-blockers were frequently detec-
ted in raw waters with concentrations ranging from 7 to
400 ng/L. The highest values were obtained for propanolol
(30—269 ng/L), metoprolol (20—383 ng/L), sotalol (11-160 ng/L)
and atenolol (52—896 ng/L) which were often found in the
intake waters. These concentrations are in agreement with
those reported in Italy, Germany and UK (Ashton et al., 2004;
Calamari et al., 2003; Kasprzyk-Hordern et al., 2008; Sacher
et al, 2001; Ternes et al., 2002; Zuccato et al., 2004). For
instance Calamari et al. (2003) reported concentrations of
atenolol in the Po river (Italy) ranging from 4 to 240 ng/L and
Kasprzyk-Hordern et al. (2008) found this compound in Ely
River (UK) at 130—520 ng/L.

Other related compounds such as warfarin, diltiazem or
doxazosin were found at concentrations lower than 10 ng/L
while higher concentrations were detected for hydrochloro-
thiazide with maximum values up to 1900 ng/L. Similar results
were reported for diltiazem in rivers from USA (Cahill et al.,
2004) and UK (Kasprzyk-Hordern et al., 2009). Antihyperten-
sive agents (valsartan, irbesartan and losartan) were also
often detected (in 10 out of 12 surveys) with mean values
ranging from 260 to 685 ng/L.

Several psychiatric drugs were also found at the intake
of the drinking water facility with concentrations ranging
from 5 to 93 ng/L Among them the antiepileptic drug car-
bamazepine and its main metabolite carbamazepine
epoxide were frequently detected in raw waters with mean
concentrations above 13 ng/L and 54 ng/L respectively. The
concentrations obtained for the parent compound are lower
than those reported in surface waters from Berlin
(Germany) (Heberer et al., 2001; Zuehlke et al., 2004) where
maximum values above 1 pg/L were found but they are
similar to those reported in Italy (Zuccato et al.,, 2006),
Finland (Vieno et al., 2007), France (Rabiet et al., 2006) and
USA (Vanderford and Snyder, 2006; Westerhoff et al., 2005)
among others.

Finally hormones such as estrone, estriol or ethinyl estra-
diol were also found with mean concentrations of 0.3, 26
and 2.5 ng/Lrespectively which are in agreement with previous
reported values (Benotti et al., 2009; Cargouet et al., 2004; Hu
et al., 2005; Stumpf et al.,, 1999; Vulloet et al.,, 2008). For
instance, Benotti et al. (2009) reported the presence of these
three compounds in raw waters used by four DWTP from USA
at concentrations of 0.9, 17 and 1.4 ng/L respectively.
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3.2 Treatment processes used in the DWTP

Once the presence of several pharmaceuticals was demon-
strated in raw waters used for drinking water production, the
behavior of these compounds was studied in a real DWTP.
Several factors can affect the removal efficiencies of the
drinking water treatment such as the quality and physico-
chemical properties of the raw water or the treatment processes
applied. In this study, the physicochemical properties of the
studied compounds especially concerning their chemical
structure and moieties will be the connecting thread all through
the discussion. A summary of the behavior of pharmaceuticals
and EDC through drinking water treatment steps is displayed in
Table 1 and in Fig. 3.

3.2.1. Prechlorination

The first treatment of raw water consisted of preoxidation
with chlorine at break-point concentration. In this step,
concentrations of several compounds such as amlodipine,
tamoxifen, sertraline, oxazepam and furosemide, were
reduced at percentages higher than 99%. The efficiency of this
treatment for these compounds can be explained by the high
reactivity of chlorine with primary and secondary amines as
has been described by other authors (Chamberlain and
Adams, 2006; Westerhoff et al., 2005).

For B-blockers, high reactivity was expected due to their
primary and secondary amine moieties (Dodd et al., 2005;
Pinkston and Sedlak, 2004). Labetalol, betaxolol and dox-
azosin showed high removals (>99%, >80% and >90% respec-
tively) confirming the expected reactivity. However, for the
other B-blockers detected in raw waters, the use of chlorine
unpredictably showed to be a non-efficient treatment. For
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Warfarin

instance, negligible decreasesin concentrations were found for
atenolol, acebutolol, bisoprolol and sotalol (0-5%) after pre-
chlorination step while higher rates were obtained for prop-
anolol and metoprolol with mean removals above 30% and 55%
respectively. Recently, Benotti et al. (2009) have reported
similar poor removals for atenolol when chlorine treatment
was applied. However no data has been published regarding
chlorination at real scale of other B-blockers.

For angiotensin agents, the presence of nitrogen contain-
ing heterocyclic moieties has also been demonstrated to be
critical for chlorine reaction. Therefore, whereas for losartan
and irbesartan high concentration reductions were obtained
(92% and 70% respectively), valsartan was poorly removed
with percentages up to 20%, suggesting that the absence of the
imidazole moiety contributed to the deactivation of the
aromatic ring to the chlorine reaction.

Carbamazepine and its epoxy metabolite also survived
chlorination with poor removals above 5% and 30% respec-
tively, yielding to almost unaltered concentrations after
treatment. Similar results have been reported for carbama-
zepine by other authors (Benotti et al., 2009; Gibs et al., 2007)
however, higher degradation rates have been described when
chlorine (4 mg/L) was added to surface waters (Westerhoff
et al., 2005). This different behavior could be attributed to
the fact that carbamazepine removal depends on pH, at high
pH values the removal of this compound is worse than at
lower pH (Westerhoff et al., 2005).

Regarding to the other psychiatric drugs, different chlori-
nation efficiencies were obtained. For instance, zolpidem
showed relative high removal rates (70—80%) which could be
related to the activation of the aromatic ring by means of the
indolizine moiety described by some authors for similar
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Fig. 3 — Concentrations of the pharmaceuticals after a drinking water treatment consisting on prechlorination, clarification,
sand filtration, ozonation, GAC filtration and post-chlorination (October 2008, n = 3). Removals were >99% for all the
compounds except for atenolol (97%), metoprolol (93%), carbamazepine epoxide (99%), oxazepam (97%) and

hydrochlorothiazide (99%).
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heterocyclic structures (Lin and Carlson, 1984; Priitz, 1996,
1998). For diazepam, lower concentration reductions were
obtained (50%) which agree with previous results published
for this compound in surface waters (Kim et al., 2007).
However, for bromazepam which is structurally similar to
diazepam, small removals of only 5% were obtained after
chlorine treatment. These results suggest that the presence of
a bromide instead of chlorine in one of the aromatic rings and
the substitution of a benzene ring by a pyridine one blocks the
reactivity of this compound through chlorine attack. Other
compounds, such as venlafaxine (23%) or chlorpromazine
(14%) exhibited poor removal rates probably due to the
absence or inactivation of chlorine reactive sites. This also
occurs for phenytoin with poor removals (25%) similar to
those reported by Benotti et al. (2009).

Finally, estrogenic hormones were also removed (>99%)
after chlorine treatment. For these compounds chlorine is
expected to react with the phenolic ring by means of an
electrophilic attack (Alum et al., 2004) since all the other
functional groups exhibit low reactivity to chlorine. The
complete removal of hormones through chlorine treatment
has been already observed in full scale surveys (Benotti et al.,
2009; Boyd et al., 2003; Gibs et al., 2007).

3.2.2.  Flocculation, sand filtration and sedimentation
Coagulation with alum-coagulants, flocculation with a dia-
llyldimethyl ammonium chloride homopolymer (poly-DAD-
MAC) and clarification through sand filters did not produce
extensive reductions of pharmaceuticals concentrations. Only
five compounds (chlordiazepoxide, zolpidem, bromazepam,
clopidogrel and doxazosin) were completely removed during
this step while only warfarin, betaxolol and hydrochlorothi-
azide accounted for removals higher than 50%. All these
compounds, except the last one, exhibit relative hydrophobic
properties (log Koy > 2) which could indicate removal by par-
titioning. This phenomena can not explain the reduction of
hydrochlorothiazide since this compound is hydrophilic (log
Kow < 0), however its hydrolysis during coagulation step could
be the reason for its removal as suggested by Stackelberg et al.
(Stackelberg et al., 2007) for other compounds such as sulfa-
methoxazole or acetaminophen.

Removals obtained for the remaining 18 compounds were
lower than 30% and moreover for some pharmaceuticals, such
as irbesartan, losartan or carbamazepine epoxide negligible
eliminations were obtained.

The poor removal efficiencies obtained for pharmaceuticals
in this study are consistent with results published from previ-
ously surveys, which indicate that for pharmaceuticals removal
percentages during clarification and sand filtration processes are
almost negligible (Heberer et al., 1998; Loraine and Pettigrove,
2006; Stackelberg et al., 2004, 2007; Ternes et al., 2002).

3.2.3. Groundwater dilution

In the DWTP studied in this work, dilution with groundwater
is usually performed after sand filtration in order to improve
raw water quality. Percentages added depend on the raw
water flow rate at the intake of the DWTP and on the opera-
tional status of the facility. During this study, dilution
percentages varied from 6% to 30%, and they were taken into
account for calculations.

In this study, 15 out of 55 target pharmaceuticals were
found in wells water. The presence of pharmaceuticals in
groundwaters and water from wells can be explained by
infiltration of contaminated surface water in addition to
leaks from landfills and sewer drains. The highest concen-
trations were found for propanolol, carbamazepine, hydro-
chlorothiazide and phenytoin with values ranging from
44 ng/L to 78 ng/L. Carbamazepine has been also found in
water supply wells from Germany at similar concentration
levels.

The occurrence of pharmaceuticals in groundwater is well
documented (Barnes et al., 2008; Nikolaou et al., 2007; Rabiet
et al., 2006; Ternes et al., 2002). In our case, dilution with
groundwater slightly contributes to the presence of pharma-
ceuticals in partially treated water but is largely compensated
by the overall improvement of the general water quality.

3.2.4. Ozonation

The next treatment step was based on an oxidation process
with ozone which has already demonstrated to be one of the
most effective disinfection techniques for the removal of
pharmaceuticals. Ozone interacts with a large number of
organic compounds trough direct reaction with molecular O3
or by the formation of free radicals (i.e. OH"). It is a very
selective oxidant which mainly reacts with amino and
aliphatic moieties and with activated aromatic rings (Hoigne
and Bader, 1983).

In this study, the pharmaceuticals that survived previous
treatments achieved, in general, high extensive reductions
percentages during ozonation step. B-blockers such as biso-
prolol, betaxolol and salbutamol were completely removed
with ozone which agree with results obtained in experiments
at laboratory scale (Ternes et al., 2003; Vieno et al., 2007).
These compounds contain secondary amino groups and slight
activated aromatic rings which are probably reactive sites to
ozone treatment. Nevertheless, propanolol, metoprolol, sota-
lol, atenolol and acebutolol persisted through treatment
despite their reactive moieties, with removal percentages
from 5% to 88%. A similar behavior was described by Ternes
et al. (2003) for atenolol, propanolol and metoprolol that
showed lower degradation when a dose of 5 mg/L of ozone
was used in laboratory experiments. However, Benotti et al.
(2009) described a complete removal of atenolol through
ozone treatment in drinking water, differences could be due
to the higher concentration levels of this compound found in
the present study (from 10 to 100 times higher) which could
explain its persistence through ozone oxidation.

Regarding angiotensin agents, losartan was highly
removed (>99%) while irbesartan (65%) and valsartan (76%)
partially survived the treatment. The activation of the 1,3-
diazole aromatic ring by the chlorine in losartan structure
could be the reason for the higher reactivity of this compound
with ozone. A similar effect, the chlorine activation of the
aromatic ring, can also be suggested to explain the effective
removal of chlorpromazine (>99%).

Carbamazepine was another compound that did not survive
ozonation treatment (>99%). This compound is one of the most
persistent pharmaceutical in the environment and it is highly
resistant to biodegradation (Clara et al., 2004). However, it has
been already demonstrated that it is highly reactive toward
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ozonation (Huber et al., 2003; Ternes et al., 2002) with a large
second-order rate constant at 25 °C of 3 x 10° M~' s~! (Huber
et al., 2003). A different behavior was observed for carbama-
zepine metabolite, epoxycarbamazepine. For this compound,
incomplete removals were obtained (63%) yielding to mean
concentrations higher than 13 ng/L in ozonated water.
The reason of this different reactivity can be found in the
reaction mechanism with ozone. In two separate studies
(Andreozzi et al., 2002; McDowell et al., 2005) dealing with the
reactivity of carbamazepine with ozone, it was suggested
that ozone first attacks the non-aromatic carbon—carbon
double bond of carbamazepine yielding to a ring opening
mechanism. Therefore, the lack of the reactive bond in carba-
mazepine metabolite structure could yield to a lower reactivity
only due to the amino group. Finally, warfarin, chlordiaz-
epoxide and chlorpromazine were completely removed while
diazepam, venlafaxine, desmethylvenlafaxine, phenytoin,
diltiazem and hydrochlorothiazide persisted through ozone
treatment with removals ranging from 40% to 90%. Low
degradation rates by ozone have been already reported for
diazepam (Huber et al,, 2003; McDowell et al.,, 2005). For
instance, Huber et al. (2003) performed degradation studies of
diazepam at laboratory scale; obtaining removals from 24% to
65% depending on the raw water used when an ozone dose of
2 mg/L was added. In our study, higher concentration reduc-
tions were obtained (85—90%) probably because of the higher
ozone doses applied during real scale treatment (5 mg/L).
However, the incomplete removals obtained suggested a deac-
tivation of the aromatic ring by the diazepine and chlorine
moieties. For the other compounds, similar explanation for
their incomplete removal can be suggested since the presence
of electron withdrawing moieties in their structures (i.e.
metoxy, chlorine or carboxy groups) can also deactivate the
aromatic ring.

3.2.5. GAC filtration

Water treated with ozone was then passed through 20 gran-
ular activated filters of 150 m> each one. Adsorption on acti-
vated carbon is mainly controlled by hydrophobic interactions
and depends on the intrinsic properties of the activated
carbon sorbent, on the solute properties and on the raw water
organic matter content. Thus, for such organic compounds as
pharmaceuticals log K., can be used as an appropriate indi-
cator for compound removals in GAC treatment (Westerhoff
et al, 2005), so the higher the constants are the higher
adsorption rates are obtained.

Nevertheless, in this study, only three out of the fourteen
remaining pharmaceuticals, acebutolol, diazepam and diltia-
zem, were completely removed during GAC filtration despite
their hydrophobic properties. Additionally, hydrochlorothia-
zide, carbamazepine epoxide, irbesartan, valsartan,
phenytoin and venlafaxine removals were higher than 75%,
but p-blockers exhibited poor removal efficiencies with values
ranging from 55% to 70%. The lower elimination percentages
were obtained for atenolol and sotalol which could be
explained by their low hydrophobic interactions (log Koy, 0.2
for both compounds) (Vieno et al., 2007). For propanolol and
metoprolol, a higher removal than that obtained (65—70%) was
expected because of their hydrophobic properties (log Kow 3
and 2 respectively). A similar behavior for these compounds
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has been also described by other authors (Paxeus, 2004;
Radjenovic et al., 2007; Vieno et al., 2007).

3.2.6. Post-chlorination

The final step of the treatment on the DWTP consisted on
a post-chlorination yielding to a chlorine residual concentra-
tion of 1 mg/L. For B-blockers, removal behaviors were similar
to those described for prechlorination step. Propanolol and
metoprolol showed the highest removals yielding to their
complete elimination while atenolol and sotalol persisted to
the treatment with removals of 65% and 67% respectively.
Carbamazepine epoxide, phenytoin and hydrochlorothiazide
also survived the treatment with removals ranging from 14%
to 72%.

On the other hand, venlafaxine and its demethylated
metabolite exhibited higher reactivity to chlorine than that
observed in the prechlorination step yielding to a complete
removal of both compounds, and the same effect was found
forirbesartan and valsartan. The higher efficiency of this post-
chlorination step could indicate that once water is free of most
of organic contaminants, chlorine treatment can operate
more efficiently.

3.3. Finished water

Five pharmaceuticals out the 55 selected in this study
survived treatments and were found in finished waters at
trace levels. Phenytoin and atenolol were detected in 11 out of
12 treated waters with eliminations of 96% and 97%, respec-
tively. The partial elimination of both compounds during
treatment and their presence in final water has also been
reported in finished waters from the USA (Benotti et al., 2009).
Phenytoin was detected at mean concentration levels of 9 ng/
L, which are in agreement with the values reported (Benotti
et al, 2009) while atenolol concentrations (12 ng/L) were
higher than those suggested for ozonated waters (Benotti
et al., 2009). Hydrochlorothiazide was also frequently found
(10 out of 12 samples) at concentrations up to 7 ng/L and
removals higher than 98%. On the contrary, carbamazepine
metabolite and sotalol were not so often found (5 and 4 out of
12 samples, respectively) and moreover, lower concentrations
were obtained with values ranging from 1 to 2 ng/L for car-
bamazepine epoxide and from 1 to 3 ng/L for sotalol.

4, Conclusions

In this study, and extended survey was carried out to assess
the presence and behavior of 55 pharmaceuticals, hormones
and metabolites through a conventional drinking water
treatment and to evaluate their presence in final treated
waters.

Coagulation, flocculation and sand filtration showed, in
general, poor removal efficiencies, while chlorination and
ozonation accounted for the higher efficiencies. Both oxida-
tion processes removed a high number of contaminants found
in raw waters, above 20 out of 35 compounds found at raw
waters. GAC filtration was also efficient to remove compounds
with high hydrophobic properties while dilution with
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groundwater demonstrated to be inadequate for some phar-
maceuticals due to their presence in these matrices.

On the whole, the drinking treatment survey performed
has demonstrated to be effective removing 30 out of 35 target
pharmaceuticals found in raw water. The treatment studied
accounted for a decrease of the concentration of pharma-
ceuticals found in raw waters (above 4000 ng/L) in a 99.7%.
Nevertheless, five compounds were detected in finished
waters, phenytoin, atenolol, sotalol, hydrochlorothiazide and
carbamazepine epoxide, although at trace levels, this fact
illustrates the incomplete degradation or removal of these
compounds through the potabilization process. Additionally,
further studies are needed in order to evaluate the complete
elimination of pharmaceuticals and also their transformation
into disinfection-by-products with potential toxical effects.
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Table S1. Recoveries and precision values (10 ng/L) in surface water matrices.

Acebutolol
Alprazolam
Amlodipine
Atenolol
Betaxolol
Bisoprolol
Bromazepam
Carbamazepine

Carbamazepine Epoxide

Cetirizine
Chlordiazepoxide
Chlorpromazine
Clopidogrel
Desloratadine
Desmethylsertraline

Desmethylvenlafaxine

Diazepam
Diltiazem
Doxazosin
Enalapril Maleate
Estradiol
Estriol
Estrona
Ethynil Estradiol
Fluoxetine
Furosemide
Hydrochlorothiazide
Irbesartan
Labetalol
LDOPA
Lisinopril
Loratadine
Lorazepam
Losartan
Metoprolol
Nadolol
Norethindrone
Norfluoxetine
Oxazepam
Paroxetine
Phenytoin
Prednisolone
Prednisone
Primidone
Progesterone
Propanolol
Salbutamol
Sertraline
Sotalol
Tamoxifen
Terbutaline
Valsartan
Venlafaxine
Warfarin
Zolpidem

R: recovery; RSD:

relative standard deviation; *

calculated for n=6; Day/to day precision calculated for n=30.

e
68+3 4.2 70
114+5 4.0 70
94+3 3.9 77
73+4 49 82
62+3 5.6 79
69+3 4.2 91
76+3 3.7
752 3.4 43
76+4 1.7 6.1
103+4 2.8 68
104+1 43 77
57+4 5.0 7.3
81+4 4.4 80
63+2 3.9 47
105+1 3.5 52
78+4 4.8 91
9543 1.8
102+2 2.2
75+2 53 75
10443 3.1 50
85+£3 29 4.2
83+4 5.2 75
88+3 1.6 30
78+4 3.0 5.5
64+4 6.5 83
115+4 3.2 79
9043 3.8 88
9942 2.4 78
86+4 2.8 80
1064 4.5 66
78+2 53 81
64+3 2.0 54
106+4 3.1
84+4 3.8 49
77+4 1.2 32
63+4 6.8 77
11143 3.1 6.3
97+2 3.9 57
79+4 3.8
90+3 54 75
102+3 2.5 32
103+3 2.9 37
84+4 3.5 72
92+4 3.0 55
85+1 3.9 61
75+4 4.0 80
7343 5.2 83
6243 3.1 57
9345 6.7 71
11443 2.5 37
79+4 4.4 65
97+2 2.7 47
73+4 1.6 6.4
100+3 3.9 77
75+2 1.8 50

Run/to run precision
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ABSTRACT

Previous studies have demonstrated high removal rates of amphetamine-type-stimulants
(ATSs) through conventional drinking water treatments; however the behaviour of these
compounds through disinfection steps and their transformation into disinfection-by-
products (DBPs) is still unknown. In this work, for the first time, the reactivity of
some ATSs such as amphetamine, methamphetamine, 3,4-methylenedioxyamphetamine
(MDA), 3,4-methylenedioxymethamphetamine (MDMA) and 3,4-methylenedioxyethylam-
phetamine (MDEA) with chlorine has been investigated under simulated and real
drinking water treatment conditions in order to evaluate their ability to give rise to
transformation products. Two new DBPs from these illicit drugs have been found. A
common chlorinated-by-product (3-chlorobenzo)-1,3-dioxole, was identified for both MDA
and MDEA while for MDMA, 3-chlorocatechol was found. The presence of these DBPs in
water samples collected through drinking water treatment was studied in order to evaluate
their formation under real conditions. Both compounds were generated through treatment
from raw river water samples containing ATSs at concentration levels ranging from 1 to
15 ng/L for MDA and from 2.3 to 78 ng/L for MDMA. One of them, (3-chlorobenzo)-1,3-
dioxole, found after the first chlorination step, was eliminated after ozone and GAC
treatment while the MDMA DBP mainly generated after the postchlorination step, showed
to be recalcitrant and it was found in final treated waters at concentrations ranging from
0.5 to 5.8 ng/L.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

water matrices around the world (rev. in: (Zuccato and
Castiglioni, 2009; Castiglioni et al., 2011)) and the concern

The presence of human-use compounds in aquatic environ-
ments has been recognized as an important issue in envi-
ronmental chemistry. In this context, illicit drugs have been
identified in the last years as a new group of water contami-
nants. To date, these compounds have been found in several

* Corresponding author. Tel.: 434 93 402 1275; fax: +34 93 402 1233.

E-mail address: mtgalceran@ub.edu (M.T. Galceran).

regarding their presence in these resources is growing due to
their potent psychoactive properties and their unknown
effects to the aquatic environment. These compounds enter
directly the water system through sewage waters and their
non-quantitative elimination in wastewater treatment plants

0043-1354/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.

doi:10.1016/j.watres.2012.03.029
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(WWTPs) has a direct effect in surface waters. The presence of
illicit drugs in raw waters which can be used for drinking
water production may have a negative impact in the quality of
the final tap water. Compounds such as cocaine, amphet-
amine, ecstasy, or cannabinoids have been found at concen-
trations in the nanogram per litre range in wastewater
treatment plant (WWTP) effluents in United States, Italy,
Germany, Spain, Ireland, United Kingdom, and Belgium
(Jones-Lepp et al., 2004; Castiglioni et al., 2006; Hummel et al.,
2006; Huerta-Fontela et al., 2007, 2008a; Bones et al., 2007;
Boleda et al., 2007; Kasprzyk-Hordern et al., 2008; Gheorghe
etal., 2008; van Nuijs et al., 2008; Zuccato and Castiglioni, 2009;
Petrovic et al., 2009; Postigo et al., 2010). Recent published
works (Huerta-Fontela et al., 2008b; Boleda et al., 2009) have
demonstrated that conventional drinking water treatments
are able to remove most of the illicit drugs or metabolites
detected in raw waters. For instance, amphetamine-type-
stimulants (except ecstasy) were removed during prechlori-
nation steps while granulated activated carbon (GAC) filtra-
tion allowed removing cocaine (>99%) and benzoylecgonine
(72%) and postchlorination achieved the elimination of
ecstasy. Despite the fact that some of them are mainly
removed, their presence during these treatment steps can
potentially cause the generation of new disinfection-by-
products (DBPs).

Chlorine is currently used for the disinfection of drinking
water all over the world and despite its benefits one well-
known drawback is the formation of DBPs (Rook, 1974
Richardson et al., 2007). Recently the formation of chlori-
nated DBPs from several emerging contaminants (Richardson,
2007; Huerta-Fontela and Ventura, 2008) such as alkylphenol
ethoxylate surfactants (Petrovic et al., 2003), ethinylestradiol
(Alum et al., 2004), acetaminophen (Bedner and MacCrehan,
2006), antibacterial agents (Rule et al., 2005), bisphenol A
(Wu et al., 2009) or X-ray contrast media (Duirk et al., 2011)
among others has been demonstrated.

Due to the specific structures of illicit drugs and
their presence in raw waters subjected to chlorination treat-
ments, some of these compounds can be considered as
candidates to generate new DBPs. Specifically, amphetamine-
type-stimulants (ATSs): amphetamine, methamphetamine
(METH), 3,4-methylenedioxyamphetamine (MDA), 3,4-methy-
lenedioxymethamphetamine (MDMA) and 3,4-methylene-
dioxyethamphetamine (MDEA), are an interesting group
since chlorine reacts easily with primary and secondary
amines by electrophilic substitution (Deborde and von
Gunten, 2008). As suggested by Abia et al. (1998) the reaction
occurs between the amine moiety and the HOCI molecule
leading to the formation of chloramines and other small
modifications in their structure susceptible to generate toxic
haloamine DBPs.

The aim of the present study was to assess the formation of
DBPs from ATSs during chlorination treatment. The reactivity
of these compounds was studied and chlorination products
were characterized by using liquid chromatography (LC)
coupled to mass spectrometry (MS). The unequivocal struc-
tural confirmation of the identified DBPs was performed by
using commercial or synthesized standards. Finally, the
presence of the new DBPs along the potabilization process in
a drinking water treatment plant (DWTP) was investigated.
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2. Experimental section
2.1. Materials and methods
Amphetamine, METH, MDA, MDMA, and MDEA,

amphetamine-d8, methamphetamine-d9, MDA-d5, MDMA-
d5, MDEA-d5 at a concentration of 1 mg/L, (99%) were
purchased from Cerilliant (Austin, TX, USA). 3-chlorobenzoic
acid and 4-chlorobenzoic acid, (3-chlorobenzo)-1,3-dioxole,
(4-chlorobenzo)-1,3-dioxole, 3-chlorocatechol and 3-chloro-2-
hydroxybenzaldehyde standards were obtained from Sigma-
—Aldrich (USA) (>99%). In Table 1 properties of the selected
compounds are shown.

Sodium hypochlorite solution (NaOCl with 10—-15% (m/V) of
active chlorine), sodium hydroxide (98%), hydrogen peroxide
solution (>30%) and sodium sulphate (>99%) were purchased
from Sigma—Aldrich (USA). Hydrochloric acid (>99%) was
obtained from Carlo Erba (Italy) and dichloromethane from
Merck (USA).

Acetonitrile LC-MS grade and water obtained from Merck
(USA) were used as LC mobile phases and methanol Purge and
Trap grade was obtained from Riedel-de-Haén (Germany).

Water used for experiments was purified (18.2 MQ cm, 25°C
and TOC < 5 pg/L) in an Elix-Milli-Q system (Millipore Corp.,
USA)

2.2. Water samples

Water samples were collected from a DWTP located in NE-
Spain from April to June 2009. In this facility, chlorination
is performed twice throughout the treatment. First, chlorine
is added to the raw river water until break-point is achieved
in order to completely remove the natural ammonia present
in these raw waters. Next, after successive treatments
including flocculation, coagulation, ozonization and GAC
filtration, postchlorination is performed to maintain a chlo-
rine residual concentration of about 0.8—1.2 mg/L through
the distribution system (Fig. 1). The torrential regime of this
Mediterranean river leads to significant temporal variation in
the quality of raw water at the intake of the DWTP as shown
in Table 2.

Raw water and treated water samples were collected after
each treatment step by step taking into account the hydraulic
retention times (HRT). They were stored in amber glass bottles
below 4 °C and extracted within 48 h of collection. Surface raw
waters were filtered through glass microfiber GF/A filters
(Whatman, UK). Sodium thiosulphate to quench chlorine can
convert N-chloro compounds back into their original form
(Pinkston and Sedlak, 2004) and therefore ascorbic acid was
added to treated waters in order to prevent further
degradation.

In order to detect the parent compounds in raw waters,
a highly sensitive SPE LC-MS/MS method, described elsewhere
(Huerta-Fontela et al., 2007), was used. The DBPs were only
traced for those intake samples showing the presence of the
related parent compounds. Additionally, samples were
collected after each treatment step in order to evaluate the
DBPs formation, their evolution through the treatment and
the influence of other oxidative and non-oxidative steps.
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Table 1 — Amphetamine-type stimulatory drugs studied and their properties.

Compound Structure Nominal mass pKa Log Kow (20—25 °C)
NH,
Amphetamine CHs 135 10.1 1.76
NH
GHi3
Methamphetamine (METH) CHj, 149 9.9 2.07
o]
:\O
CHg
4-methylenedioxyamphetamine (MDA) 179 9.7 1.64
HoN
CHj, o
HN/
3,4-methylenedioxymethamphetamine > b b
193 9.9 2.28
(MDMA) HyC o
CH °
3,4-methylenedioxyethamphetamine € > 507 10,35 ol77b
(MDEA) A~ : :
HaC NH o

a Cody, 2007; Prankerd, 2007.
b Estimated values.

2.3. Compound chlorination

In order to study the formation of chlorinated DBPs, 25-mL
amber bottles were filled with Milli-Q water spiked with indi-
vidual standards of the ATSs at concentrations between 1 and
100 pg/L. These concentrations, higher than those found
environmentally (Huerta-Fontela et al., 2008b), were used in
order to avoid the enrichment step in the analysis of parent
and generated compounds by LC-MS. Chlorine was added at
concentrations between 1 and 1000 mg/L at com-
pound:oxidant ratios ranging from 1:100 to 1:1000, trying to
maintain the proportion between analyte and chlorine
concentration found at the DWTP. Analyte concentration
ranges and concentrations used in the chlorination experi-
ments are summarized in Table 3. Stirring was performed all
through the experiments and chlorine stock solution was
standardized before use by means of iodometric titration
(APHA et al., 2005) without showing any substantial variations.

Sample aliquots of 1 mL were taken at a series of
sequential times, quenched with ascorbic acid and analyzed
by LC-MS/MS. The reaction mixtures were monitored over
a period of 15 h since this is the maximum HRT measured in
the real scale facility during the performed surveys and a total
number of 27 samples were collected and analyzed during
this period. External standard calibration was used and, at the
end of each experiment, residual chlorine concentrations
were measured by titration. In general, oxidant concentra-
tions were stable; the maximum changes were lower than
10% of the starting chlorine concentration. The pH stability
was also checked by measuring it at the beginning and end of
each experiment.

Experiments were performed by triplicate and oxidant and
blank controls were included in all the experimental sets in
order to ensure product and chlorine stability. All chlorina-
tion experiments were performed at room temperature, 23
(£1) °C.

Prechlorination

v

Cl,, Cl0,  Coagulants
locculation | Sedimentation | filyeion
R
Raw Water =
WL

Groundwater
Wells Cl,

Postchlorination

Ozone
treatment

_GAC
filtration
Distribution

vhebedy

o

Sampling
Point 1

Sampling
Point 2

Sampling
Point 3

Sampling
Point 4

Sampling
Point §

Fig. 1 — Treatment scheme of the DWTP and location of sampling points.
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Table 2 — Characteristics of river raw water quality at the
intake of the DW P (April-June 2009).

Parameter Range
pH 7.4-838
Conductivity (20 °C; pS/cm) 730—-1617
Ammonia (mg NHs/L) <0.02-5.8
Alkalinity (mg CaCO4/L) 189-368
Bromide (mg Br/L) 0.3-0.9
TOC (total organic carbon; mg C/L) 2.1-7.9
Break point (mg Cl,/L) 3-20

2.4. Synthesis of 3-chlorocatechol

Synthesis of 3-chlorocatechol was performed by extensive
oxidation of 3-chloro-2-hydroxybenzaldehyde (through 3-
chloro-2-hydroxybenzoic acid intermediate) as described
elsewhere (Huerta-Fontela et al., 2008b). Briefly, 3-chloro-2-
hydroxybenzaldehyde (300 mg) was dissolved in sodium
hydroxide (0.05 N, 30 mL) and then hydrogen peroxide (30%,
1mL) was added dropwise during 30 min. After stirring for 2 h,
one additional mL of oxidant was added and the mixture was
stirred for two additional hours to furnish 3-chlorocatechol.
The reaction was monitored by regularly injecting samples
into the MS system. When all the starting material was
consumed, the reaction mixture was quenched with Na,S,03
followed by acidification (1.0 N HCl, 2.5 mL) and the resulting
solution was then extracted with CH,Cl,. The extract was then
dried with Na,SO4 and evaporated to dryness. This residue
was purified by preparative chromatography
(stationary phase SiO,, eluent CH,Cl,). Collected fractions
were injected into the MS system, and those containing pure

column

3-chlorocatechol were combined and evaporated to dryness to
obtain the final product. The purity of the 3-chlorocatechol
obtained in this way was established by LC/MS (>99%), and
its structure was confirmed by "H-NMR (CDCls, 400 MHz); 4:
5.71 ppm (1H, s, OH), 5.78 ppm (1H, s, OH), (1H, dd,J; =], =7.1
Hz, HS5), 6.64 ppm (1H, d, ] = 7.1 Hz, H6), 6.84 ppm (1H, d,
] = 7.1 Hz, H4).

2.5.  Analytical methods

Analyses were performed by using a Waters Acquity ultra-
performance™ liquid chromatography system, equipped
with a quaternary pump system (Milford, USA) and an Acquity
BEH C18 column (50 mm x 2.1 mm i.d., 1.7 pm particle size).
This system was coupled to a 3200 Qtrap hybrid triple
quadrupole-linear ion trap mass spectrometer (Applied Bio-
systems, CA, USA) with a turbo Ion Spray source. All data were
acquired and processed using Analyst 1.4 software. Different
analytical methods were selected depending on the determi-
nations performed.

For laboratory chlorination experiments and by-products
identification, samples were directly injected into the LC-MS
system (5 pL) without performing any enrichment step. For
the chromatographic separation mobile phases consisting of
acetonitrile (A) and water (B) and low flow rates (0.2 mL/min)
were used. A linear gradient was selected (0—0.1 min, 0% A;
0.1-5.0 min, 100% A; 5.0—6.0 min, 100% A; 6.0—7.0 min to
initial conditions; 7.0—8.0 min, column equilibration). Gentle
parameters were selected for the MS instrument. Ionization
in the turbo lon Spray source was performed by setting up
a temperature of 250 °C, curtain gas was fixed at 15 psi and
desolvation gases at 20 and 25 psi, and both positive and

Table 3 — Experimental chlorination conditions (contact time 15 h).

Parent compound Raw water Spiked Chlorine Ratio
concentration (ng/L) concentration (ug/L) concentration (ug/L)
Amphetamine 5-90 10 1000 1:100
10,000 1:1000
50 5000 1:100
50,000 1:1000
Methamphetamine 0.2-2 1 1000 1:1000
1000 1:500
2000 1:1000
MDA 2-50 2 1000 1:500
2000 1:1000
25 2500 1:100
10,000 1:400
50 5000 1:100
50,000 1:1000
MDEA 0.2-12 1 1000 1:1000
10 1000 1:100
10,000 1:1000
MDMA 4-190 5 1000 1:200
5000 1:1000
20 2000 1:100
15,000 1:750
50 5000 1:100
50,000 1:1000
100 10,000 1:100
100,000 1:1000
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negative modes (one injection per mode) were studied.
Acquisition was performed by using information dependent
analysis (IDA) experiments. Full scan acquisition (enhanced
mass spectra, EMS) was selected as survey scan over a mass
scan range of 60—500 m/z. Criteria level was set by fixing
a scan intensity threshold of 1000 cps and former target ions
were excluded for 15 s. When this criterion was fulfilled,
enhanced product ion (EPI) scans were acquired by using
collision energy spread (CES) at three different collision
energies (CE: 30 + 20 eV). This method was used for the
identification of the new compounds generated from oxida-
tion with chlorine. Additionally, another IDA experiment was
performed in order to identify chlorine isotope clusters. In
this case, survey scan and dependent scan were the same as
previously described while criteria level consisted on the
matching isotopes measure mode, by selecting ions with m/z
differences of 2 + 0.2 Da. For both experiments, declustering
potential (DP) was set to 25 V while entrance potential (EP)
and collision exit potential (CEP) were fixed to 10 and 14 V,
respectively.

For quantitation of ATS concentrations in raw waters at the
entrance of the drinking water treatment plant, a method
based on solid-phase extraction (SPE) described in a previous
work was used (Hansen and Skattebgl, 2005). For LC-MS/MS,
the Acquity BEH C18 (50 mm x 2.1 mm i.d., 1.7 pm particle
size) was used and compounds were separated by using
solvent (A) acetonitrile with 0.1% formic acid; solvent (B)
30 mM formic acid/ammonium formiate (pH 3.5) at a flow rate
of 0.5 mL/min. The gradient elution was: 0—0.1 min, 5% A;
0.1-3.0 min, 5-30% A; 3.0-5.0 min, 30—80% A; 5.0-5.5 min
return to initial conditions; 5.5-6.5 min, equilibration of the
column. Acquisition was performed in selected reaction
monitoring (SRM) mode and two transitions (quantification,
confirmation) were used for each compound (Huerta-Fontela
et al.,, 2007).

Finally, when DBPs were analyzed in real water samples,
an enrichment step was mandatory in order to measure the
low concentrations of the new identified compounds. Samples
(500 mL) were loaded at pH = 7 after washing Oasis®HLB
(6 mL, 200 mg) (Waters) cartridges with methanol (10 mL) and
Milli-Q water (10 mL). Next, cartridges were rinsed with 8 mL
of 1% methanol aqueous solution, dried with nitrogen gas and
eluted using 8 mL of methanol. Extracts were evaporated to
100 pL under a stream of nitrogen, reconstituted in 500 pL of
a 20% methanol aqueous solution and injected into the LC-MS
system. Chromatographic conditions were the same ones
used for chlorination experiments while MS acquisition was
performed by SRM acquisition with two transitions per
compound (Table S1).

3. Results and discussion

As a preliminary step the behaviour of ATS during chlorina-
tion treatment was studied. Chlorination was carried out by
using concentrations higher (x100) than those found at the
entrance of the DWTP (0.2—-190 ng/L) (Huerta-Fontela et al.,
2008b) and hypochlorite doses were fixed according to these
concentrations as detailed in Table 3. The reactions were
monitored for 15 h since it was the maximum HRT found in

the drinking water facility during this study. Results obtained
showed that all compounds exhibit a similar trend, with
concentrations fast decreasing, confirming the high reactiv-
ities of amines to chlorine (Deborde and von Gunten, 2008).
Amphetamine and methamphetamine showed the shortest
reaction times, while for MDA and MDEA longer times were
necessary to be removed (60 min and 90 min respectively) and
for MDMA contact times of 6 h were needed to achieve
a complete degradation of the parent compound. These
results suggested that while amphetamine and metham-
phetamine will rapidly react with chlorine during treatment in
real waterworks, MDA, MDEA and MDMA would be rather
stable throughout treatment.

The reactions half-lives were also estimated and values
ranging from 43 s for amphetamine to 71 min for MDMA
were obtained. These results allowed predicting the effi-
ciency of a conventional real scale chlorination treatment
over ATS and indicated if a recalcitrant compound needs
higher doses of chlorine or longer contact times to be
eliminated.

3.1.  Identification of disinfection-by-products

For the unequivocal identification and characterization of the
compounds generated during chlorination, several experi-
ments were performed. First, the analysis of the chlorinated
samples was carried out by LC-MS using information depen-
dent analysis (IDA) acquisition and the chlorine isotopic
criteria. IDA experiments allowed to easily identify the new
generated compounds. Scan intensity threshold criteria level,
described in the Experimental section, was used to find new
compounds with ions exceeding the fixed minimum intensity.
When using this last criterion non-conclusive results were
obtained and no DBPs were identified. On the other hand, the
IDA method using the matching isotope criteria level allowed
the identification of new chlorinated compounds from some
ATSs. Thus for amphetamine and methamphetamine, no by-
products were identified while for MDA, MDEA and MDMA,
after chlorination experiments, some different by-products
were found. Their identification is discussed below but in
general a common acquisition protocol was followed in order
to unequivocally identify and characterize these compounds.
The fragmentation studies were performed using both posi-
tive and negative electrospray ionization. Full scan MS spectra
and product ion spectra (MS/MS and MS/MS?) from the new
generated compounds were obtained (Fig. 2). Only the ions
corresponding to the [M + H]" or [M — H] isotopic clusters
without fragments or adducts were observed in MS spectra. To
obtain additional information of the unknown compounds
their fragmentation behaviour was studied by using MS/MS
and MS/MS? experiments. For MS/MS experiments, proton-
ated or deprotonated molecular ions were isolated in the first
quadrupole as precursor ions, fragmented in the collision cell
at three different collision energies and trapped and analyzed
in the linear ion trap (LIT) obtaining product ion full scan
spectra. The most abundant product ions obtained from the
MS/MS experiments were selected as precursors for further
fragmentation in the LIT (MS/MS?) and higher order full scan
spectra were recorded.
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Fig. 2 — (a) (ESI+)-MS, MS/MS and MS/MS? spectra of MDEA DBP; (b) (ESI—)-MS, MS/MS and MS/MS? spectra of MDMA DBP.

3.1.1. MDA and MDEA by-products

For both, MDA and MDEA a peak with a retention time of
1.72 min appeared in the total ion chromatogram after a reac-
tion time of 30 min. The MS full scan spectra of this peak
acquired under positive ionization mode showed the same
base peak (m/z 157). Fig. 2a shows, as an example, the spectrum
of the compound generated by chlorination of MDEA. This new
compound was found neither in blank samples (before chlorine
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addition) nor at starting reaction time, exhibited a character-
istic isotopic pattern suggesting the presence of a single chlo-
rine in the structure. The structures and nominal molecular
weights of MDA (179) and MDEA (207) and the fact that
a common product was obtained for both of them with one
chlorine atom in its structure, probably on the aromatic ring
due to an electrophilic aromatic substitution (SgAr), suggested
two plausible molecular formulas for the ion at m/z 157: i)
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CoH;3Cl coming from the loss of the amine moiety and the
dioxole one or ii) C;HsClO,, coming from the loss of the side
chain. It is worth considering that the molecular weight of the
generated product is not compatible with the presence of the
amino group. In order to identify the compound MS/MS spectra
were acquired at three different collision energies to obtain the
maximum fragmentation information in a single scan. Two
abundant product ions at m/z 121 and m/z 139 were obtained
from the precursor ion at m/z 157 (Fig. 2). The production at m/z
139 corresponded to [M + H — 18]* which can only result from
the loss of a water molecule. According to this fragmentation,
the first molecular formula suggested (CoH;3Cl) can be dis-
carded since the presence of at least one oxygen atom in
the structure of the new generated compound is mandatory.
The second production [M + H — 36]* (m/z 121) can be related to
the loss of HCI or to the consecutive loss of two water mole-
cules. For the correct assignment of this ion, MS/MS experi-
ments were also performed selecting as precursor the ion
[M + H + 2] of the isotopic cluster at m/z 159. Two product ions
were then obtained one at m/z 121 and the other at m/z 141. The
product ion at m/z 141 agreed with the loss of water [M + H +
2 — H,0]" while theion atm/z 121, [M + H + 2 — H*’Cl]*, allowed
to confirm the loss of HCl. MS/MS? experiments were next
performed by selecting as precursors MS/MS product ions (m/z
121 and m/z 139) which were fragmented in the LIT by using
a single-frequency excitation. No further information was
obtained from these experiments since the ion at m/z 121 could
not be fragmented and from the ion at m/z 139, only the loss of
water corresponding to [M + H — H,O — Hy0]* (m/z 121) was
observed. In order to obtain additional information, the MS/
MS? experiments for the ion at m/z 121 were also performed at
higher collision energy (CE: +90 eV). Under these conditions
a low intensity product ion at m/z 79 was obtained which can
result from the loss of C,H,O due to the cleavage of the
aromatic ring. Two structures can be proposed for the sug-
gested molecular formula (C;HsClO,) that is in agreement with
the fragmentation obtained: chlorobenzoic acid and (chlor-
obenzo)-1,3-dioxole. However, information obtained from MS/
MS? spectra did not allowed to identify the generated chlori-
nation product. So, in order to identify this MDA and MDEA by-
product, standards of the suspected chlorinated compounds
were analyzed by LC-MS and the results were compared
with those of the unknown compound. Retention times indi-
cated that the by-product generated during chlorination
experiments was (3-chlorobenzo)-1,3-dioxole (Fig. 3-f1). The
formation of (3-chlorobenzo)-1,3-dioxole could be explained by
an intramolecular chlorine transfer from a chloramine inter-
mediate (Fig. 3-c1). The length of the “amine arm” explains that
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this chlorine is not transferred to the nearer ortho position but
to the meta one, thus furnishing the (3-chlorobenzo)-1,3-
dioxole observed. DBPs with a higher number of chlorine
atoms were not found in the chlorination of MDA and MDEA.

3.1.2. MDMA by-products

A similar strategy was followed in order to identify chlori-
nated-by-products from MDMA. In this case after 5 h chlori-
nation, the colour of the spiked water turned slightly
brownish which could indicate the formation of a new
product. Injection into the LC instrument allowed the detec-
tion of a new compound at a retention time of 3.80 min whilst
mass spectrum showed a base peak at m/z 143. Acquisition
was performed under negative ionization mode and full scan
MS spectrum exhibited an isotopic pattern corresponding to
the presence of a single chlorine atom. Fig. 2b shows the
spectra obtained for this compound. Taking into account the
nominal molecular mass of MDMA (193), the presence of one
chlorine in the structure of the by-product and that a chlori-
nation pathway similar to that of MDA/MDEA can be expected,
the molecular formula CgHsO,Cl (chlorocatechol) coming from
the acetal hydrolysis and alkyl amine side chain cleavage can
be suggested. MS/MS experiments selecting the ion at m/z 143
as precursor, provided a spectrum with three product ions at
m/z 107 (18%), 97 (5%) and 79 (100%) (Fig. 2b). In order to
evaluate the presence of the chlorine atom in these product
ions, MS/MS experiments were also performed for the ion at
m/z 145 corresponding to the isotope *Cl. Two of the product
ions obtained, m/z 107 and m/z 79, lost the chlorine atom while
the third one appeared at m/z 99 (two units higher than the
fragment obtained from m/z 143) indicating that the ¥Cl is
present after fragmentation. According to these results the
product ion at m/z 107 resulted from the loss of HCl. On the
other hand, the ion at m/z 79 matches with the loss of a CHOCI
fragment while the third product ion obtained at m/z 97 can
come from the loss of CH,0,. These fragments are consistent
with those reported for catechol compounds by Knuutinen
and Korhonen (1983). MS/MS? experiments were next per-
formed for the three product ions obtained from MS/MS
acquisition. The fragmentation of the ion at m/z 107 yielded to
aproduction at m/z 79 coming from the loss of a CO. The ion at
m/z 97 fragmented into a product ion at m/z 61 which could
come from the loss of two water molecules or HCl. A further
MS/MS? experiment for the ion at m/z 99 (*’Cl) yielded the
same product ion confirming the loss of an HCl molecule.
Finally, the ion at m/z 79 was also fragmented and a product
ion at m/z 55, already reported (Knuutinen and Korhonen,
1983) was obtained. These fragmentations agreed with the
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Fig. 3 — Tentative reaction pathways for MDA, MDEA and MDMA (r,, 1/, I, limiting reaction rates).
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structure of the ortho- or meta-chlorocatechol indicating that
this compound was generated from MDMA by chlorination.
Nevertheless, the MS experiments could not provide a clear
evidence of the ortho or meta position of the chlorine on the
aromatic ring. Standards from the suspected catechols were
used in order to confirm the structure of the DBP obtained
from MDMA. The 4-chlorocatechol standard was purchased
but 3-chlorocatechol was synthesized as described in the
previous section. Different retention times were obtained for
both compounds and comparison with the retention time of
the DBP allowed identifying it as 3-chlorocatechol.

No additional DBPs were detected and no further degra-
dation of this chlorocatechol was either observed. Even
though this compound could be sensitive to chlorine
giving rise to the formation of polyhalogenated compounds
such as chloroform, previous works have demonstrated that
catechols (1,2-dihydroxybenzenes) are less reactive (<1%
chloroform) than the corresponding resorcinols (1,3-dihy-
droxybenzenes) which highly degrade into chloroform. (Rook,
1977; de Laat et al., 1982). A similar behaviour can be then
expected for 3-chlorocatechol confirming the stability
observed for this compound.

A tentative reaction pathway for the chlorination of MDA,
MDMA and MDEA may be proposed from their experimental
behaviour (Fig. 3). The first step would consist on an electro-
philic attack of the chlorine to the nitrogen, to afford an
intermediate chloramine (b1l) (O’Connor and Mortishire-
Smith, 2006). Afterwards, the sensitive aromatic ring would
suffer an intramolecular electrophilic aromatic substitution
reaction (EAS), yielding to the attack of the chlorine over the
a-carbon of the dioxole moiety (c1) thus deactivating the
aromatic ring for further aromatic substitutions (Fig. 3, 14).
This reaction is competitive with the cleavage of the dioxole
moiety (b2) to give rise to the corresponding catechol
(Kuramshin et al., 1989) (Fig. 3, 1,). The last step of both routes
leads to the loss of the side chain by an oxidative mechanism
on the benzilic carbon. When the chlorination is faster than
the cleavage (Fig. 3, r; > r,, MDA and MDEA), we observe the
chlorinated dioxole (f1). On the other hand, when the chlo-
rination is slower (r, > r;, MDMA), the chlorocatechol
formation is observed (f2). Since there is no evident expla-
nation of the different behaviour of MDMA and MDA/MDEA,
standard semi-empirical theoretical calculations using
Gaussian 03 software (Frisch et al., 2004) were performed.
This procedure allows the determination of the electronic
structure of single molecules, which can be later correlated to
thermodynamical parameters such as reaction enthalpies.
These values enable to assess of the feasibility of a reaction by
taking into account reactives vs products energies. Results
showed that AH of the substitution (EAS) reaction for MDMA
is 2.1 kcal/mol higher than those of MDA and MDEA. This can
explain that the EAS reaction of MDMA is much slower than
those of MDA and MDEA and, therefore, MDMA would follow
the dioxole cleavage route (r5).

3.2. Occurrence of DBPs in a DWTP

The presence of ATSs was evaluated in raw waters used for
drinking water production. Only those sets of samples with
parent compounds concentrations above their LOQs (0.3 ng/L
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for MDMA and 0.8 ng/L for MDA and MDEA) were selected to
assess the presence of the previous identified chlorination-by-
products. Since MDEA was not detected in any of these
samples, the study about the presence of its chlorinated
product could not be performed.

In order to investigate the presence of the identified chlo-
rinated-by-products in the water samples, an extraction
method was developed. For this purpose, three different
sorbents were tested: Oasis-HLB, Accubond-C18 and Isolute
C18. Parent and chlorinated standards were added to blank
matrices and recoveries were then calculated by comparing
the responses in the MS detector. Oasis-HLB gave better
recoveries for both 3-chlorocatechol and (3-chlorobenzo)-1,3-
dioxole (54% and 61%) following the method described in the
Experimental section.

The SPE method was applied to samples collected after
each treatment step, taking into account the HRT. Water
samples from intake, prechlorination, coagulation and sand
filtration, ozonation, GAC filtration and postchlorination were
extracted and analyzed. Parent compounds and chlorinated
products were traced through treatment by SRM acquisition
(Table S1). The survey was performed from April to June 2009
and 15 different sets (from intake to postchlorinated samples)
were studied during this period. Concentrations were esti-
mated using response factors obtained by injecting the cor-
responding standards.

MDA was found in 5 raw water samples at concentrations
ranging from 1 to 15 ng/L which are in the range of those
previously reported (Huerta-Fontela et al., 2008b). After the
first chlorination step, MDA degradation was mainly complete
(>99%), confirming the efficient removal of this compound
through chlorine treatment. The presence of the DBP from
MDA, (3-chlorobenzo)-1,3-dioxole, was then evaluated in the 5
samples that contained the parent compound. This DBP was
only found in two of these samples at concentrations of 1.2
and 3 ng/L and in both cases after the first chlorination step.
The formation of this DBP in an early stage of the treatment is
in agreement with the fast reaction times measured at labo-
ratory scale and with the complete removal of MDA during the
treatment. Concentrations obtained indicate that, for both
samples, above 20% of MDA is transformed into (3-
chlorobenzo)-1,3-dioxole during the chlorination step. DBP
concentrations suffered a slight decrease after the ozonation
step, probably because of further degradation. Moreover,
a further removal after GAC filtration was observed. Fig. 5
shows the behaviour of both MDA and its DBP during
drinking water treatment from one of the positive samples. In
this sample, MDA was found in raw waters (Fig. 4), at
a concentration of 6.4 ng/L while the maximum concentration
of the DBP after prechlorination was 1.2 ng/L. Neither MDA nor
(3-chlorobenzo)-1,3-dioxole, were detected in the final post-
chlorinated waters, suggesting the removal of both
compounds during treatment.

MDMA was found in 10 out of 15 raw water samples at
concentrations ranging from 2.3 to 78 ng/L which agree
with already reported values in surface waters (Huerta-
Fontela et al, 2008b). For samples containing MDMA,
3-chlorocatechol generation during water treatment was
observed in 9 of them. MDMA confirmed to be a recalcitrant
compound since it survived all treatment steps and efficient
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Fig. 4 — Left: MDMA by-product, 3-chlorocatechol. Reconstructed ion chromatograms (m/z: 143) from (a) raw water, (b) GAC
filtered water and (c) postchlorinated water. Right: MDA by-product, 3-chloro-benzodioxole. Reconstructed ion
chromatograms (m/z 157) of: (a) raw water and (b) prechlorinated + sand filtrated water.

elimination was only obtained after postchlorination. The
presence of secondary amino groups in its structure could
suggest a rapid reaction with chlorine; however both labora-
tory and real scale studies confirmed that long reaction
times are needed for this compound to react. In fact,
3-chlorocatechol formation was mainly observed after the last
chlorination step (Fig. 5). At first sight, the high by-product
generation after postchlorination rather than after prechlori-
nation could be explained by the higher substrate: oxidant
molar ratios obtained in the postchlorination step. However,
the chlorocatechol formation began to be observed after the
ozonation step, during GAC treatment (4.5-6 h after pre-
chlorination) indicating that probably the reaction time is the
main factor affecting the generation of this by-product. This is
in agreement with the laboratory experiments which have
shown that long reaction times (5 h) were necessary to
generate 3-chlorocatechol. This could explain the latter
appearance of this compound during treatment and also
indicate that the increase in catechol concentration after the
postchlorination step is probably related to the first chlori-
nation step at the beginning of the treatment process rather
than to the postchlorination one. Estimated concentrations of
this DBP after postchlorination ranged from 0.5 to 5.8 ng/L
which correspond to MDMA transformation percentages into
3-chlorocatechol above 5-8% (7—12 mol%). Fig. 4 shows as an
example the chromatograms obtained from one real sample
containing both MDMA and 3-chlorocatechol.

In order to unequivocally assure the origin of both
(3-chlorobenzo)-1,3-dioxole and 3-chlorocatechol, free MDA
and MDMA raw waters were also analyzed through treatment.
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Fig. 5 — Evolution of MDMA, MDA and their DBPs

concentrations (from one selected sample) through the
studied drinking water treatment plant.
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These samples did not give rise to (3-chlorobenzo)-1,3-dioxole
or 3-chlorocatechol suggesting that these compounds are only
formed from the chlorination of both illicit drugs.

4, Conclusions

The results obtained from the study of the behaviour of
several amphetamine-type-stimulants through chlorine
oxidation have demonstrated the formation of new
disinfection-by-products during conventional drinking water
treatments.

LC-MS analysis using information dependent acquisition
(IDA) and the chlorine isotopic criteria were used to identify
these compounds. The new identified DBPs were characterized
by performing fragmentation studies and comparing these
results to their corresponding standards. For amphetamine
and methamphetamine no chlorinated-by-products were
identified through experiments while, in the case of MDA
and MDEA a common chlorinated compound, (3-chlorobenzo)-
1,3-dioxole, was identified. A different chlorinated DBP, 3-
chlorocatechol, was identified after the chlorination of MDMA.

Studies performed in a drinking water treatment plant in
order to evaluate the presence of these compounds showed
that both (3-chlorobenzo)-1,3-dioxole and 3-chlorocatechol
are formed by chlorination practices in this DWTP when
MDA and MDMA are present in raw waters. For MDA, the
formation of (3-chlorobenzo)-1,3-dioxole was observed after
the first chlorination step. Further steps, such as ozone and
GAC filtration, allowed to completely removing it and there-
fore it was not found in the final treated water. For MDMA, the
long reaction times needed to obtain the catechol DBP allowed
it to survive the conventional drinking water treatments and
be present, atlow concentrations (0.5—5.8 ng/L) in final treated
waters. The presence of these chlorinated compounds
through treatment together with the recalcitrant occurrence
of the DBP from MDMA indicates that additional DBPs from
these compounds can be generated. The relatively high
concentrations of bromide in raw waters, suggests the
potential formation of brominated DBPs. Further work is in
progress in order to identify new compounds.
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4.3.DISCUSSIO DE RESULTATS

En aquest apartat es discuteixen els resultats obtinguts en 1’estudi de 1’evolucio de la
preséncia de drogues d’abis 1 farmacs en les aigilies sotmeses a un tractament
convencional de potabilitzacié en 1'ETAP d’estudi (Sant Joan Despi), aixi com la
formacio i presencia de subproductes de desinfeccié dels derivats amfetaminics a escala

real i la importancia toxicologica d’alguns dels resultats obtinguts.

4.3.1. Evolucié de la preséncia de les drogues d’abis i farmacs durant els

tractaments de potabilitzacio

A TDarticle IV de I’apartat 3.2.2. d’aquesta memoria s’inclou un estudi sobre
I’eliminaci6 de les drogues d’abus en les diferents etapes del tractament dut a terme a
I’estacid de tractament d’aigiies potables (ETAP) en estudi que va permetre confirmar
per primera vegada la introduccid d’aquestes substancies en el sistema de
potabilitzacié aixi com posar de manifest la seva preséncia en les aiglies finals
tractades. A la Figura 4.4. es mostra un esquema del tractament de potabilitzaci
emprat en ’ETAP de Sant Joan Despi durant els anys en que van tenir lloc aquests
estudis. Aquest consisteixen basicament en una etapa inicial d’oxidacié amb clor i
dioxid de clor de 1’aigua captada del riu Llobregat seguida d’una etapa de floculacio i
coagulacid, sedimentacio i filtracid per sorra, en aquest punt s’afegeix un percentatge
variable d’aigua subterrania i es procedeix al tractament amb 0z6 seguit per una
filtracié sobre carb6 actiu (GAC) i una postcloracié final. Des de Juliol de 2009 el
tractament de potabilitzacié inclou una linia addicional d’ultrafiltracié i osmosi
inversa. Aproximadament un 30% de 1’aigua a tractar es derivada a aquesta linia
després de I’addici6 d’aigua subterrania i es reincorpora a la linia principal abans de la
post-cloracio. Aquest tractament s’avalua breument en un dels treballs inclosos en
aquesta memoria (article V, apartat 4.1.1.1.) mentre que la resta de treballs estan
enfocats a estudiar la linia principal.
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Figura 4.4. Esquema dels tractaments de ’ETAP de Sant Joan Despi estudiada.

Aquest estudi, juntament amb el de 1’apartat 4.2.2. sobre els farmacs, ha permes
avaluar el comportament a escala real de compostos de caracteristiques fisico-
quimiques i estructurals molt diferents aixi com aprofundir en el coneixement de les

reactivitats associades a les estructures especifiques de les substancies estudiades.

En primer lloc, I’analisi de les aigiies de captacid recollides a ’entrada de la planta
en estudi va revelar la presencia tant de diverses drogues d’abls com de farmacs en
aquestes aigiies. Les drogues d’abts identificades han estat: nicotina, cafeina i els seus
metabolits, a concentracions mitjanes entre 410-1450 ng/L, amfetamina,
metamfetamina i MDA, a concentracions entre 2 i 87 ng/L, MDMA (155 ng/L),
cocaina (59 ng/L) i benzoilecgonina (936 ng/L). Les concentracions d’aquests
compostos son en general, més elevades que les detectades en altres estudis realitzats
en aigiies d’entrada a plantes potabilitzadores, com per exemple a Holanda, on només
s’ha detectat benzoilecgonina a una concentracio de 2 ng/L(Van der Aa i cols., 2013)
0 a Canada, on s’han identificat benzoilecgonina (10 ng/L), cocaina (4.2 ng/L) i MDA
(6 ng/L).

Pel que fa referencia als farmacs, dels cinquanta-cinc compostos estudiats se’n han
identificat trenta-cinc en les aigiies d’entrada a ’ETAP (Taula 1, Article VIII, apartat
4.2.2.), entre els quals hi ha onze drogues psiquiatriques i dos del seus metabolits a
concentracions mitjanes entre 2-56 ng/L, un antihistaminic, el salbutamol (27 ng/L),
tres angiotensinogens (260-685 ng/L), nou B-bloquejants (4-470 ng/L), sis agents
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cardiacs (1- 670 ng/L) i quatre agents estrogenics (0.1-26 ng/L). La major part
d’aquests compostos es troben entre els detectats habitualment en altres estudis com
es posa de manifest en el treball de recopilacid sobre la presencia de farmacs en
aigues superficials de diferents paisos publicat per Hughes i cols (Hughes i cols.,
2012)o en el de Boleda i cols (Boleda i cols., 2014) sobre aigles superficials
espanyoles i europees on s’indica per exemple, que 1’atenolol i la carbamezapina,
detectats a I’aigua d’entrada a la planta de Sant Joan Despi, es troben amb freqiiéncia
en els rius espanyols. Mentre que en un estudi realitzat en aigties de rius catalans (rius
Ter i Onyar) destaca també la presencia de molts dels compostos detectats en el riu
Llobregat, com son, 1’atenolol, el propanolol, el sotalol, la furosemida, el diltiazem, la
carbamazepina i el seu metabolit epoxid o els tres angiotensinogens identificats,
corroborant per tant perfils similars en ambdues zones proximes (Gros i cols., 2012).

En relacio a les diferents etapes del tractament, la pre-cloraci6 realitzada com a
etapa inicial ha permes posar de manifest els diferents comportaments de les
families en estudi. En general s’ha observat que els tractaments de cloracio son
especialment efectius per a les substancies que contenen amines primaries o
secundaries en I’estructura (Article Cientific V), com per exemple els derivats
amfetaminics, substancies depressores com la morfina i la codeina, metabolits com
la paraxantina, norcocaina, norbenzoilecgonina, cocaetile, norcodeina, normorfina,
derivats del THC o farmacs com 1’oxazepam, el tamoxifé o alguns B-bloquejants
(Article Cientific VII), entre d’altres. La preséncia de substituents oxigenats no
desactivats o anells aromatics amb grups donadors d’electrons facilita la reaccio
d’oxidacié amb clor, com és el cas per exemple, de les hormones que en general
s’eliminen en aquest tractament. Tot i aixi, a la literatura es pot trobar algun treball
que indica la presencia d’etinilestradiol (0.2-2.1 ng/L) (Loos i cols., 2007) o de
I’estriol (11.6 ng/L) en aigues finals clorades (Kuster i cols., 2008). La dificultat de

I’analisi dels estrogens podria explicar aquestes diferéncies.

Per algunes substancies tot 1 que son d’esperar elevades reactivitats en el
tractament de cloracio, s’obtenen eliminacions poc eficients en condicions reals. Per
exemple, per a ’'MDMA cabrien esperar eliminacions similars a les dels seus
homolegs amfetaminics, donada la preséncia d’una amina secundaria en la seva

estructura. Ara bé, els resultats obtinguts en aquesta tesi indiquen que tan sols
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s’aconsegueixen eliminacions al voltant del 20% durant la primera etapa de cloracid
(pre-oxidacio) i que I’eliminacié completa només s’assoleix en la darrera etapa de
post-cloracid. De fet, alguns autors han descrit eliminacions incompletes per d’altres
ATSs, durant el procés de cloracio, per exemple Rodayan i cols. (Rodayan i cols.,
2015) observen la preséncia de MDA (a concentracions properes al LOQ) en aigles
finals clorades. Aquests autors no han estudiat el comportament de ’'MDMA ja que
aquest compost no es troba en les aigiies d’entrada analitzades. El comportament de
I"MDMA en tractaments de cloracié en altres tipus de matrius, com aigules residuals,
ha demostrat que la cloracié és poc eficient (Bijlsma i cols., 2014), la qual cosa
suggereix un comportament diferenciat d’aquesta substancia respecte la resta d’ATSs.
Una possible explicacié a aquest comportament podria estar relacionada amb la
cinetica de la reaccio, ja que una segona cloracio al final del tractament permet
aconseguir 1’eliminacié completa d’aquesta espeécie. Aquest fet indica que molt
probablement els temps de contacte o les concentracions de clor emprades en la fase
preliminar del procés resulten insuficients per eliminar les concentracions d’entrada

d’aquesta substancia.

Per a la norbenzoilecgonina s’observa també una eliminacid poc eficient (article V,
apartat 4.1.1.) en ’etapa de cloracio (al voltant del 15%), a pesar de la presencia
d’una amina secundaria reactiva. De fet, les eliminacions obtingudes per a aquest
compost resulten similars a les de la cocaina (13%) i benzoilecgonina (9%), especies
amb amines terciaries poc reactives. Atés que estructuralment resulta dificil justificar
un comportament diferenciat al de, per exemple, la norcocaina, compost que s’elimina
completament en aquest tractament, una possible explicacié seria la formacid de
norbenzoilecgonina com a subproducte de desinfeccido a partir de la resta de
compostos de la familia dels cocainics, que podria compensar la degradacié (equilibri
entre degradacio i nova formacio del compost (Figura 4.5).

302



Aigues Potables i Subproductes de Desinfeccio

1 i
H
O/ o~
—_—
O o}
Y
Cocaina Benzoilecgonina
O\ (0]
H
o” o’
H H
(0] —_> (0]
Y Y
Norcocaina Norbenzoilecgonina

Figura 4.5. Esquema de la hidrolisis de la cocaina durant el tractament de cloracié segons(Gonzalez-
Marifio i cols., 2012b).

La formacio de subproductes durant la cloracié ha estat demostrada a escala de
laboratori per Gonzélez-Marifio i cols. en un estudi sobre la cloraci6 de la
cocaina(Gonzalez-Marifio i cols., 2012b). En aquest estudi els autors suggereixen que
com a consequéncia de la degradacid de la benzoilecgonina i la norcocaina, té lloc la

formacio6 de norbenzoilecgonina si els temps de contacte son prou elevats.

Entre els compostos estudiats en aquesta tesi que presenten eliminacions poc
eficients en el tractament amb clor cal citar dos farmacs B-bloquejants, 1’atenolol 1 el
sotalol i dos de psiquiatrics, la carbamazepina i el seu metabolit, la carbamazepina
epoxid (Article VIII, apartat 4.4.2.). En general els B-blogquejants presenten una elevada
reactivitat davant la cloracid. Tot 1 aixi, tant 1’atenolol, amb una amida aromatica com el
sotalol amb una amina secundaria presenten eliminacions insuficients en els dos
tractaments de cloracié emprats, comportament que esta d’acord amb algunes dades de
la literatura (Ternes i cols., 2002). La carbamazepina i el seu metabolit, tot i que
contenen amines primaries disponibles, tampoc reaccionen amb el clor. En aquest cas
pot ser degut al pH ja que s’ha descrit que a un pH elevat les eliminacions obtingudes

son baixes. (McDowell i cols., 2005, Westerhoff i cols., 2005).
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Pel que fa referéncia al tractament d’ozonitzacid, els diferents treballs inclosos en
aquest capitol el descriuen extensament i n’avaluen 1’eficiéncia per tal d’eliminar els
compostos en estudi. En general, aquest tractament resulta especialment efica¢ per a
compostos que contenen grups amino, anilines alifatiques, fenols, fenolats i anells
aromatics substituits amb grups alcoxid i anells aromatics policiclics. D’acord amb
aquesta capacitat, en aquesta tesi s’han obtingut bones eliminacions per a compostos
no controlats, com la cafeina o la carbamazepina (Article 1V, apartat 3.2.2.). Per
contra, tant la nicotina com la cotinina, tot i contenir amines terciaries, en principi
reactives, han presentat baixes eliminacions (5% i 16% respectivament) en el
tractament amb 0z06. Aquests resultats han estat confirmats en mdaltiples estudis, per
exemple en un treball recent realitzat en una ETAP dels Estats Units (Padhye i cols.,
2014), s’ha comprovat que el tractament amb 0z6 és eficient per a la cafeina (74%),
mentre que per la cotinina les eliminacions son tan sols del 25%. La baixa reactivitat
de la nicotina i la cotinina pot explicar-se per la desactivacié produida pel grup

piridina en tots dos casos.

Entre els exemples de baixa reactivitat amb 0z cal esmentar ’'MDMA, que tot i
disposar d’un grup amino terciari reactiu i un anell aromatic activat, presenta un
percentatge d’eliminacié de tan sols el 28%, 1 els compostos de la familia dels
cocainics, cocaina, benzoilecgonina i norbenzoilecgonina, els quals, tot i tenir anells
aromatics, no presenten bones eliminacions en aquest tractament (24%, 43% i 20%
respectivament). En un treball recent on s’estudia el procés d’ozonitzacié d’algunes
drogues d’abus en aigiies residuals (Rodayan i cols., 2014), tant la cocaina com la
benzoilecgonina han presentat eliminacions pobres, del 30% i 4% respectivament,
valors de l’ordre dels obtinguts en els treballs inclosos en aquesta memoria,
especialment pel cas de la cocaina (24%). Aquesta baixa reactivitat pot estar
relacionada amb la preséncia de grups amb parells d’electrons que poden produir una

disminuci6 de la reactivitat del grup amino davant 1’0z6 per apantallament (Figura 4.6.).
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Figura 4.6. Efecte d’apantallament sobre el grup reactiu a 1’0z6 pels compostos de la familia dels cocainics.

D’altra banda, en aquest mateix estudi, Rodayan i cols. descriuen percentatges
d’eliminacié del 50% per ’'MDMA a concentracions d’0z6 de 0.30 mg/L 1 temps de
contacte de 30 minuts. Aquests resultats suggereixen que les baixes eliminacions
obtingudes en aquesta memoria (Articles Cientifics IV i V) per 'TMDMA (28%) poden
estar relacionades amb les condicions reals a la planta en estudi en la que tot i emprar
concentracions d’oz6 elevades (5 mg/L) els temps de contacte, de 12-15 minuts, poden

resultar insuficients per assolir una bona eliminacié de 'MDMA.

Si bé per a les drogues d’abus el tractament amb 0z6 no resulta del tot eficient, per als
farmacs s’obtenen bones eliminacions per a molts dels compostos estudiats, especialment
per als pB-bloguejants (atenolol, 80%; acebutolol, 74%, betaxolol, >99%),
angiotensinogens (losartan, >99%, valsartan, 76%), warfarin (>99%), clordiazepoxid
(>99%), clorpromazina (>99%) i la carbamazepina (>99%), compost especialment
recalcitrant en els tractaments que no empren ozonitzacié o técniques avancades de
potabilitzacid. Aquests resultats coincideixen amb d’altres publicats a la literatura
(resumits a (Hubner i cols., 2015). Per exemple, I’elevada velocitat de la reaccio de
I’olefina amb 1’0z6 per a la carbamazepina (McDowell i cols., 2005) aixi com les dels B-
bloquejants a través dels grups amino (Tay i cols., 2011, Tay i cols., 2015) poden explicar

les elevades eliminacions, entre el 70 i el 99% d’aquests compostos.
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La filtraci6 amb carb6 activat granular (GAC) proporciona molt bons percentatges
d’eliminacid per a la majoria de les drogues d’abls que sobreviuen a la cloraci6 i
ozonitzacio, especialment per als cocainics que son els més persistents. Per als farmacs
aquesta etapa resulta proporcionalment menys eficag encara que permet 1’eliminacio
completa de tres compostos (acebutolol, diazepam i diltiazem). Per compostos com
I’atenolol o el sotalol en aquesta tesi s’han obtingut eliminacions insuficients (56-77%),
en linia amb els resultats publicats per altres autors (Delgado i cols., 2012), probablement
degut a I’efecte de la preséncia de grups funcionals ionitzables com per exemple en
I’atenolol, compost que esta protonat a pH 7. Per a les drogues d’abls s’obtenen
percentatges d’eliminacid superiors al 70% per a la benzoilecgonina 1 la
norbenzoilecgonina, mentre que la cocaina és eliminada completament durant aquest
tractament. L’eficiéncia de la filtraci6 per GAC en el cas de la cocaina resulta cabdal. De
fet, en els treballs en els que s’estudien instal-lacions de potabilitzacié que no inclouen
aquest tractament, ni d’altres d’avangats, la cocaina és capa¢ de sobreviure i trobar-se en
les aigles finals tractades. Per exemple, Rodayan i cols. la detecten en una ETAP que
utilitza un tractament simple basat Unicament en cloracid, el qual que és incapa¢
d’eliminar la cocaina (Rodayan i cols., 2015) i altres autors han posat de manifest la
preséncia de cocaina en mostres puntuals d’aigua potable de paisos amb tractaments de

potabilitzacié que no inclouen la filtracié per carbé actiu (Boleda i cols., 2011a).

En resum, el tractament de potabilitzacid aplicat en aquesta tesi, permet 1’eliminaci6 de
la major part dels compostos, encara que alguns sobreviuen. Entre ells hi ha cinc farmacs
(atenolol, sotalol, hidroclorotiazida, carbamazepina epoxid i fenitoina) que es troben a
concentracions de 1.5-91 ng/L en les aigiies tractades, dues drogues d’abus legals, la
cafeina (30-160 ng/L) i la cotinina (150-320 ng/L) i, pel que fa a les drogues il-licites dos
metabolits de la cocaina benzoilecgonina (3-130 ng/L) i norbenzoilecgonina (1-3.3 ng/L) i
dues substancies depressores, metadona (2.1-3.0 ng/L) i EDDP (1.5-2.4 ng/L).

Pel que fa referencia als farmacs identificats en les aigues finals tractades, cal indicar
que diferents treballs recopilatoris publicats en els darrers anys posen de manifest la
presencia habitual d’aquests farmacs en aigiies tractades (Delgado i cols., 2012, Rivera-
Utrilla i cols., 2013, Uslu i cols., 2013, Padhye i cols., 2014). En relaci6 a les drogues
d’abus, d’altres estudis realitzats a Espanya, (Valcarcel i cols., 2012, Mendoza i cols.,

2014b), també han posat de manifest la preséncia d’algunes d’elles en aigles tractades.
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Aixi, Valcarcel i cols. han detectat benzoilecgonina (2.47 ng/L) juntament amb d’altres
substancies com I’MDMA (1.51 ng/L), I’efedrina (0.90 ng/L) i la cocaina (2.11 ng/L)
compost també detectat per Mendoza i cols. (1.61 ng/L) (Mendoza i cols., 2014b).
Aquests compostos, també han estat detectats en aigues finals tractades del Canada en un
estudi recent (Rodayan i cols., 2015). Tot i aixi, cal tenir en compte que la majoria
d’ETAPs estudiades en aquests treballs empren tractaments més senzills que 1’utilitzat en

aquesta tesi que no inclouen per exemple la filtracié amb carb6 actiu ni 1’0zonitzacid.

En general, tots els treballs publicats fins avui referents a la preséncia de drogues
d’abus en aigiies potables coincideixen en indicar que la benzoilecgonina és un compost
recalcitrant. Pel que fa a la resta de substancies, els tractaments de potabilitzacio
convencionals son incapagos d’eliminar-les completament, ja sigui per la seva baixa
reactivitat o per les successives transformacions que pateixen, que poden conduir a la
formaci6 d’altres substancies de la mateixa familia. En aquests casos, 1’us de técniques
avancades pot constituir una bona alternativa. Per exemple, en un estudi realitzat en
aiglies tractades holandeses (Van der Aa i cols., 2013) en el que s’utilitzen tractaments
avancats d’oxidacio per UV/H,0,1 s’avalua I’eliminacié de diverses drogues d’abus, s’ha
detectat tan sols la benzoilecgonina en una de les mostres finals i a baixes concentracions
(1ng/L), encara que cal esmentar que les concentracions inicials en les aigues de captacio
eren forca baixes. L’us de teécniques avancades, per tant, sembla tenir un efecte important
en I’eliminacid de les substancies recalcitrants. Tot 1 que en aquesta tesi s’ha utilitzat el
tractament de la linia principal (Figura 4.4.), a I’article V (apartat 4.1.1.) es va realitzar
una primera avaluaci6 de I’efecte de la utilitzacio de tractaments d’ultrafiltracio i osmosi
inversa (UF/RO) en I’eliminaci6 d’alguns dels compostos més recalcitrants al tractament.
Els resultats posen de manifest que la major part dels compostos que sobreviuen el
tractament de pre-cloraci¢ i filtracid/coagulacié s’eliminen completament. En concret, la
cocaina, benzoilecgonina, EDDP, metadona, codeina i norcodeina no es troben presents
en les aigles tractades en aquestes condicions. Aquest resultats han estat avaluats mes
extensament en treballs publicats posteriorment (Boleda i cols., 2011b, Van der Aa i cols.,
2013) i permeten concloure que 1’us de técniques avangades de potabilitzacid presenten
dos avantatges fonamentals, en primer lloc una eliminacié més eficient dels compostos
recalcitrants que sobreviuen als tractaments convencionals i, per altra part, una menor
formacio de subproductes de desinfeccid, gracies a la reduccio o eliminacio dels

tractaments que en generen, com per exemple I’o0zonitzacio.
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4.3.2. Subproductes de desinfeccid

Un aspecte d’interés abordat en aquesta tesi és 1’estudi de la formacid, caracteritzacio i
identificacié a escala real d’alguns subproductes de desinfeccid clorats generats en els
processos de potabilitzacio. En concret s’ha estudiat el comportament de les amfetamines
i s’han identificat alguns dels DBPs generats en aigles finals tractades (Article Cientific
VII, apartat 4.2.1).

En els anteriors estudis realitzats (apartat 3.2.2. 1 4.1.1.1.) ja s’ha demostrat que els
compostos de tipus amfetaminic presenten elevades reactivitats davant 1’oxidacié amb
clor. Aquest comportament explica que totes les ATSs siguin eliminades per cloracio.
Excepte 'MDMA que s’elimina durant la post-cloracié tota la resta de compostos
d’aquesta familia s’eliminen completament durant 1’etapa de pre-cloracio. Ara bé, les
estructures quimiques d’aquestes substancies, especialment reactives degut a la presencia
d’una amina les fan susceptibles de generar subproductes de cloracio i1 per aquest motiu,

es van escollir per dur a terme aquest estudi.

La primera fase de I’estudi que ha consistit en realitzar una série d’experiments de
cloraci6 a escala laboratori simulant les condicions reals a planta (relacié substrat/oxidant
i temps) tot i que les concentracions d’ATSs emprades han estat superiors (x100) a les
detectades en condicions reals (0.2-190 ng/L) per tal de facilitar els estudis de degradacio
d’aquestes substancies 1 la identificaci6 de noves especies, ha permes avaluar la
reactivitat dels diferents compostos estudiats (amfetamina, metamfetamina, MDA,

MDEA i MDMA) i identificar alguns dels subproductes generats.

En concret I’amfetamina i1 la metamfetamina presenten elevades reactivitats,
comportament que €s coherent amb les estructures poc impedides i la preséncia d’amines
primaries i secundaries molt disponibles, i uns temps mitjans de vida de menys d’un
minut per a ambdues. Per als altres compostos (MDA i MDEA, MDMA), els temps de
reaccié augmenten considerablement (Taula 4.3) i arriben a ser de 6 hores per a
I’MDMA. Aquests temps de contacte més elevats i unes constants cinetiques de cloracio
molt menors resulten coherents amb el comportament observat especialment per a la
MDMA en el tractament de pre-cloracio, descrit en 1’apartat anterior, i al fet que tant sols
durant la post-cloracio s’obtinguin eliminacions eficients probablement degut als majors

temps de contacte emprats.
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Taula 4.3. Constants cinetiques de cloracié de les
ATSs estudiades.

t, ti K’app
(min)  (min) (M?s?)

Amfetamina <15 072 21x10

Metamfetamina <15 0.85 1.5x10!

MDA 60 22  1.07x10°
MDEA 90 34  1.3x10°
MDMA 360 71 3.45x10*

tr:temps de reaccio; ty, temps de vida mig; k’app és la
constant aparent de reaccio.

Els subproductes de les ATSs s’han identificat analitzant les aliquotes recollides
a un temps determinats durant el procés de cloracid, mitjancant cromatografia de
liquids acoblada a 1’espectrometria de masses amb ionitzacid en mode positiu i
negatiu en una font d’electrosprai. Per obtenir la informacié necessaria per a la
identificacido s’han realitzat dos experiments en mode Information Dependent
Acquisition (IDA), mode que permet combinar dues adquisicions diferents per a
aquells ions que compleixen un criteris préviament establerts. El primer experiment
en mode IDA ha consistit en 1’obtencié de ’espectre full scan emprant el mode
Enhanced Mass Spectra (EMS) per als compostos que presenten un interval de
masses definit (m/z: 60-500). Els ions [M+H]" o [M-H] amb una intensitat de senyal
superior a 1000 cps s’han utilitzat com a precursors en l’adquisici6 en mode
Enhanced Product lon (EPI) emprant tres energies de col-lisio (30£20 eV). Aquest
experiment, es va dissenyar amb 1’objectiu d’identificar especies oxidades de les
ATSs, pero els resultats obtinguts perd no van permetre identificar cap subproducte.
El segon experiment en mode IDA plantejat que consisteix en una adquisicié en
mode EMS seguida d’un escombratge en mode EPI, per0o tan sols per aquells
compostos que presenten el clister isotopic de clor va permetre detectar la preséncia
de dues especie clorades obtingudes a partir de tres ATs.s
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En primer lloc en els experiments de cloracio del MDA i MDEA i després de 30
minuts de 1’inici es va detectar I’aparicié d’un compost amb d’un 16 caracteristic
[M+H]" de m/z:157 que compleix el criteri de cllster isotopic. Els estudis de
fragmentacio duts a terme emprant diferents ions del clUster isotopic i experiments
MS/MS? a diferents energies de col-lisié (Figura 2a, article cientific 4.2.2.) van
permetre proposar en una primera aproximacié 1’acid 3-clorbenzoic i/o el seu isomer
constitucional el 4-clorobenzoic i el 4-cloro-1,3-benzodioxol juntament amb el seu
isomer el 5-cloro-1,3-benzodioxol com a possibles subproductes. L’analisi per LC-
MS/MS dels patrons comercials d’aquests quatre compostos va permetre identificar el

4-cloro-1,3-benzodioxol a partir del temps de retencio i 1I’espectre obtingut.

La utilitzacié del mateix protocol va permetre detectar (Fig. 4.8) per al MDMA
un compost amb un i6 molecular [M-H] de m/z:143, cinc hores després d’iniciar-se
la cloracié i amb un espectre caracteristic d’un compost que conté un atom de clor
(Figura 2b, article cientific 4.2.2.). Els espectres de MS/MS i MS/MS? van permetre
establir temptativament dues possibles estructures la del 3-clorocatecol i la del seu
isomer el 4-clorocatecol. La confirmacio definitiva es va realitzar comparant els
temps de retencid del compost identificat amb els d’un patré comercial de 4-
clorocatecol i el d’un patro de 3-clorocatecol sintetitzat al laboratori. Els temps de
retencié obtinguts van permetre determinar que el compost generat durant la

cloracio del MDMA és el 3-clorocatecol.

La cinética de formacié d’aquests nous DBPs (el 4-cloro-1,3-benzodioxol i el 3-
clorocatecol) (Figura 4.7.)suggereix que ambdos poden estar presents en el procés de
potabilitzacio, ja que els seus temps de generacid son inferiors a les 15 hores que dura

el tractament total i a més son estables durant aquest temps.
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Figura 4.7. Cinética de cloracié de I’amfetamina, metamfetamina, MDA, MDMA I MDEA i formacié
del 4-cloro-1,3-benzodioxol (m/z: 157) i 3-clorocatecol (m/z: 143). A/Amax representa la relacio entre
I’area de pic i la maxima mesurada per adquisicio en mode SRM (dades Taula 4.3, apartat 4.2.1).

Cal remarcar que aquests dos potencials DBPs han esta identificats durant el
tractament a la planta potabilitzadora d’aiglies de captacio que conten tant el MDMA i
com el MDA. L’aparicio del 4-cloro-1,3-benzodioxol compost provinent de ’'MDA té
lloc després de la primera cloracié i desapareix durant el tractament, la no presencia
d’aquest compost en 1’ultima etapa de post-Cloracio suggereix que a més de 1’eliminacio
del precursor també s’elimina completament el subproducte o bé sofreix una ulterior
transformacio donant lloc a una altra espécie que no ha estat identificada. Pel que fa al
DBP de ’'MDMA [’aparicié del 3-clorocatecol, tan sols s’observa en 1’etapa de post-
cloracid, comportament explicable per la menor velocitat de reaccidé del precursor, i
comporta per tant, que aquest compost es trobi present en les aigles finals tractades a
concentracions entre 0.5-5.8 ng/L. Tot i tractar-se d’un compost amb una estructura
relativament senzilla susceptible de provenir d’altres compostos, cal indicar que les
mostres que no contenen MDMA a I’entrada de planta no mostren ’aparici6 d’aquest

compost en les aigies finals tractades.
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En els estudis duts a terme en aquesta tesi no s’han detectat DBPs generats ni per
I’amfetamina ni per a la metamfetamina, probablement degut als elevats temps de
reaccio (Taula 4.3.). Tot i aixi, ateses les seves caracteristiques no es pot descartar la
formacio d’altres DBPs no identificats en aquest estudi. Fins avui no s’ha publicat cap
treball que faci referéncia a la formaciéo de DBPs d’aquests compostos, tot 1 aixi, si es
tenen en compte les estructures especifiques d’aquestes substancies i les condicions
reals de potabilitzacio, podrien existir alguns possibles DBPs. En concret, estudis de
cloracio realitzats amb compostos antropogénics (fonamentalment farmacs) amb
substituents amino evidencien la formaci6o d’altres DBPs provinents d’una oxidaci6
més extensiva. Per exemple, en un estudi de Le Roux i cols, s’observa la formacié de
DBPs nitrogenats com la nitrosodimetilamina (NDMA), aixi com haloacetats i
halocetones generats a partir de la reaccid entre farmacs i pesticides d’estructures
especifiques i la dimetilamina (Le Roux i cols., 2011). L’NDMA, és un dels DBPs
més ampliament estudiats donades les seves propietats carcinogeniques aixi com les
de molts dels seus derivats (NDEA, NMEA, NDPA, entre d’altres) (California
Department of Public Health, 2002, Mitch i cols., 2003, USEPA, 2007), i la seva
presencia en aigles de beguda ha estat avaluada per diversos autors (Mitch i cols.,
2003, Krasner i cols., 2006, Health Canada., 2010, European Chemicals Agency,
2010, Krasner i cols., 2013) estudis que segueixen ampliant-se en els darrers anys
(McCurry i cols., 2015, Yang i cols., 2015, Richardson i Postigo, 2015). De fet,
I’NDMA es forma habitualment durant els tractaments de desinfecci6 de compostos
amb amines secundaries i cloramina, tot i que el tractament amb clor lliure en
preséncia d’amoni (Mirvish, 1995) aixi com 1’0zonitzacié també poden donar lloc a la
formaci6 d’aquestes especies (Andrzejewski i cols., 2008). Per tant, i ateses les
caracteristiques estructurals de multiples drogues d’abtis 1 especialment de les ATSs,
I’NDMA 1 d’altres derivats d’aquesta especie, podrien ser DBPs addicionals generats

durant els tractaments de potabilitzacié d’aquestes substancies.
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4.3.3. Rellevancia toxicologica de la preséncia de drogues i DBPs en aigties de beguda

Tal i com s’ha comentat a la introduccid d’aquesta memoria, la preséncia de
substancies d’origen antropogenic, especialment bioactives en el medi pot tenir
efectes desconeguts sobre I’ecosistema. Aquest efectes es poden magnificar en les cas
de les aigues de beguda, que contenen aquestes substancies, en ser ingerides
directament pels éssers humans i els animals. Pel que fa referencia als farmacs,
existeixen diversos estudis que n’avaluen els possibles riscs associats a la seva
preséncia en aigues de beguda. La major part d’aquests estudis conclouen que els riscs
greus a curt termini per a la salut humana s6n molt baixos, a causa precisament de les
baixes concentracions a les que es troben a les aigles potables (Adler i cols., 2003,
Uslu i cols., 2013). De fet, en algun d’aquests estudis s’avalua la carrega de farmacs
ingerida a través de I’aigua de beguda i s’arriba a la conclusié que bevent durant tota
la vida dos litres d’aigua, amb preséncia de farmacs a les concentracions reals
mesurades, no s’arribaria a consumir una Unica dosi de qualsevol d’aquestes
substancies (World Health Organization, 2011). A I’article cientific IV (apartat, 3.2.2)
s’ha realitzat una estimaci6 similar per a la benzoilecgonina i tenint en compte les
concentracions mesurades en les aigiies tractades i bevent 2 L d’aigua diariament
durant 70 anys tant sols es consumiria una quantitat 20 vegades inferior a la d’una
dosi estandard de cocaina. Tot i aixi, els efectes a llarg termini o els de sensibilitzacid,
com per exemple les resistencies a patogens per la preséncia d’antibiotics en aigiies,
no poden ser predits i en molts casos poden passar desapercebuts (Ngwenya i cols.,
2013, Rizzo i cols., 2013).

En el cas de les drogues d’abuis, aquesta desconeixenca €s encara major, atés que
I’estudi d’aquestes substancies en el medi ambient és relativament recent i1 encara no
existeixen suficients treballs que permetin extreure conclusions definitives en relacio als
efectes de toxicitat i ecotoxicitat. El cas de les aigiies de beguda encara és més complicat,
donats els pocs treballs que es troben a la literatura. Tot i aixi, existeixen diferents eines
d’aproximacié que permeten calcular teoricament la possible toxicitat associada a les
concentracions mesurades a escala real, com per exemple, el Hazard Quotient (HQ)
emprat per Mendoza i cols. per avaluar el nivell de toxicitat de les concentracions de

drogues d’abtis mesurades en aigiies (Mendoza i cols., 2014b). Aquest index s’ha definit
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per la Environmental Protection Agency (EPA) (US EPA, 1998) com la relacidé entre
I’exposicidé potencial a una substancia determinada (MEC) i el nivell per al qual no

s’estimen efectes adversos (PNEC).

Aixi, a partir de les concentracions mesurades en les aigiies de beguda, obtingudes en
aquesta tesi (articles IV, apartat 3.2.2 i V, apartat 4.1.1.1) es pot estimar el risc ambiental

associat a les concentracions mesurades (HQ) (Taula 4.4.)

Taula 4.4. Quocients de Risc (HQ) de les concentracions mesurades a ’entrada i la
sortida de ’ETAP per a les drogues d’abts estudiades.

Superficial-Captacié Sortida-Tractada

"PNEC
C(ng/L) HQ C(ng/L) HQ

Amfetamina 2.2 50 0.023

METH 2.3 2 0.001

MDA 2.2 20 0.009

MDMA 2.7 40 0.015

Cocailna 2.28 60 0.026

Benzoilecgonina 6.81 150 0.022 45 0.007
Norcocaina 4.9 0.6 0.000

Cocaetilé 2.05 0.2 0.000

Norbenzoilecgonina 4.9 13 0.003 2 0.000
Metadona 0.172 37 0.215 2.6 0.015
EDDP 0.04 63 1.575 1.9 0.048
THC-OH 0.029 8 0.276

THC-COOH 0.029 5 0.172

Cafeina 87 2600 0.030 125 0.001
Paraxantina 87 2800 0.032

Nicotina 0.0024 900 375.000

Cotinina 0.589 1900 3.226 320 0.543

“PNECs:BE o norBE (Van der Aa i cols., 2013); Cafeina, nicotina, paraxantina i
cotinina (Valcarcel i cols., 2011); resta de compostos (Mendoza i cols., 2014b).

Tal i com es pot comprovar, els quocients de risc avaluats es troben
majoritariament per sota del 0.1, valor que indica que no s’espera cap efecte advers,
excepte per la cotinina, amb un HQ entre 0.1-10, valor que representa un risc baix

encara que conve realitzar un seguiment. Aquests coeficients de risc concorden amb
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els obtinguts per altres autors. Per exemple, van der Aa i cols. obtenen valors de HQ
inferiors a 0.1 per a totes les drogues d’abus identificades en aigles superficials,
excepte per a la codeina (0.38 (Van der Aa i cols., 2013) i Mendoza i cols. també
obtenen resultats similars. En aquest dltim cas, tan sols 3 dels 19 compostos mesurats
en I’estudi (morfina, EDDP i THC-COOH) presenten valors de toxicitat entre 1 i 10,

que indiquen riscos associats moderats (Mendoza i cols., 2014b).

En resum, I’avaluaci6 de la toxicitat associada als compostos identificats, tant en
aiglies de captacio com en aiguies de beguda, es troben en general, en els estudis publicats
fins avui, per sota dels index de toxicitat establerts. Tot i aixi, cal tenir en compte que la
majoria de valors PNECs estan extrapolats del model ECOSAR, que presenta una elevada
incertesa associada. A més, per a les substancies psicoactives, aquestes incerteses poden
ser superiors i la relacié entre efectes severs/cronics poden diferir molt del de les
substancies tradicionals. Donada I’activitat d’aquestes substancies, els efectes a nivell
psicoactiu i les possibilitats que els riscos associats esdevinguin cronics, els resultats
obtinguts a partir d’aquestes aproximacions han de ser considerats com valors orientatius
mentre no es disposi de resultats reals d’ecotoxicitat i toxicitat per a aquestes substancies

(Parolini i Binelli, 2013, Pedriali i cols., 2013, Parolini i cols., 2013b).

315



Capitol 4

4.4. CONCLUSIONS

El treball experimental inclos en el Capitol 4 de la memoria, dedicat a 1’estudi del
comportament de drogues d’abus i de farmacs en el tractament dut a terme a ’ETAP de
Sant Joan Despi, a la preséncia de drogues d’abus en aigiies potables aixi com a la

formacio de subproductes de cloracio, ha permes establir les segiients conclusions:

e Les drogues d’abus estimuladores i els seus metabolits (cocaina, benzoilecgonina,
norcocaina, norbenzoilecgonina, cocaetilé, amfetamina, metamfetamina, MDA i
MDMA) es troben a concentracions entre 0.1-350 ng/L en les aigles del riu
Llobregat en el punt de captacid de 1’aigua utilitzada per a la produccié d’aigua
potable a ’ETAP. També s’ha detectat la preseéncia de nicotina i cafeina a
concentracions de 1’ordre dels pug/L i de metadona EDDP, morfina, normorfina,

codeina, norcodeina i dels metabolits del THC, hidroxi i carboxi, entre 0.1-75 ng/L.

e S’ha detectat la presencia de trenta-cinc farmacs dels cinquanta-cinc estudiats
a les aigilies d’entrada a ’ETAP. Els farmacs detectats pertanyen als segiients
grups terapeutics: psiquiatrics, cardiacs, angiotensinogens, antihistaminics i
hormones i s’han trobat en aquest punt de captacié de 1’aigua concentracions

entre 0.15 ng/L 1 1900 ng/L.

e El tractament amb clor ha demostrat ser efectiu per a I’eliminaci6 de 1a major part
dels compostos amb grups reactius a 1’oxidacio amb clor, com les amines
primaries i secundaries i els grups hidroxil. Ja en 1’etapa de pre-cloracio
s’eliminen els compostos amfetaminics, cannabinoides, la majoria d’opiacis i
alguns farmacs com oxazepam, sertralina, labetalol, amlodipina, furosemida,
estrona, estriol i etinil estradiol. Per a ’MDMA, la normorfina i la nicotina es
requereixen temps de contacte superiors i per tant, I’eliminacié completa no s’obté

fins a I’etapa de post-cloracio al final del tractament.

e [’ozonitzacidé es necessaria per a I’eliminacié completa de la morfina i dels
farmacs losartan,  bisoprolol, betaxolol, salbutamol, carbamazepina,

clorpromazina, clordiazepoxid i warfarin. La utilitzacio de filtres de carbé actiu
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permet assolir la completa eliminacié de la cocaina i mostra una important
eficiencie en I’eliminacié de la benzoilecgonina (72-76%), norbenzoilecgonina
(75%), MDMA (85-88%) i tres farmacs, acebutolol, diltiazem i diazepam.

El tractament dut a terme a I’ETAP (pretractament, ozonitzaci6 i filtre de carbo)
és efica¢ per eliminar la major part de les drogues d’abus atés que a les aigiies
finals tractades tan sols romanen dues drogues d’abus no controlades, cafeina (125
ng/L) i cotinina (175 ng/L), i quatre drogues d’abus controlades o metabolits
(benzoilecgonina, norbenzoilecgonina, metadona 1 EDDP) a baixes
concentracions mitjanes (1.9-45 ng/L) que son eliminades completament en

emprar técniques avancades d’ultrafiltracio 1 osmosi inversa.

El tractament aplicat a ’ETAP permet ’eliminacié de la major part dels trenta-
cinc farmacs detectats a 1’aigua de captacio. A 1’aigua de sortida tan sols s’han
detectat 1’atenolol, el sotalol, I’hidroclorotiazida, la fenitoina, i I’epoxid de la

carbamazepina a unes concentracions maximes d’entre els 2 i els 23 ng/L.

S’ha demostrat que les amfetamines son capaces de generar subproductes de
desinfecci6. A partir de ’'MDMA, MDA i MDEA s’han obtingut dos nous
compostos clorats el 4-cloro-1,3-benzodioxol i el 3-clorocatecol. Aquests
compostos han estat identificats en el tractament de potabilitzacio a ’ETAP de
Sant Joan Despi i un d’ells el 3-clorocatecol, ha estat detectat també en les aigles
finals tractades (0.5-5.8 ng/L), la qual cosa posa de manifest que per a aquestes
substancies, les eliminacions observades condueixen en part, a la formacio de

nous compostos clorats.

L’avaluacid de la toxicitat de les especies identificades tant a 1’entrada a planta
com en les aiglies tractades realitzada a partir de models tedrics QSAR mostra que
les baixes concentracions de drogues d’abus identificades comporten en general,
per a la major part d’elles, baixos indexs de risc associats. Ara bé, es tracta de
dades provisional ates que actualment no es disposa de valors de toxicitat
experimentals establerts per determinar la toxicitat d’aquestes especies,

especialment a nivell cronic.
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Aquesta tesi representa una contribucio destacable a I’estudi de la preséncia de

drogues d’abus en el medi aquatic. Els estudis realitzats tant en aigues residuals com

superficials i potables van permetre establir per primera vegada a Espanya, una visi

general sobre la preséncia i permanéncia d’aquests compostos. Els resultats obtinguts han

permes a més, contribuir a obrir cami en ’estudi de la relacio entre la contaminacio del

medi aquatic i els habits de consum de les drogues d’abus per part de la poblacio.

Les principals conclusions generals obtingudes es resumeixen a continuacio:

La combinaci6 de la SPE, la cromatografia de liquids d’ultra elevada eficacia i
I’espectrometria de masses en tandem (UHPLC-MS/MS) ha permes disposar d’un
meétode sensible, amb LOQs entre 0.1-9.0 ng/L i bones recuperacions tant en
aigues residuals com superficials, entre el 69 i el 103%, per a la determinacio
simultania de drogues tant estimuladores com depressores. Els metodes
cromatografics optimitzats son rapids (de 5 a 9 minuts), selectius ja que utilitzen
espectrometria de masses en tandem i fiables, en emprar dos ions producte un de

quantificacio i un de confirmacio.

S’ha identificat per primera vegada a Espanya, la preseéncia de drogues d’abus
estimuladores en aigues residuals a concentracions relativament elevades (des dels
209 pg/L per la cafeina als 4700 ng/L de la cocaina o els 7500 ng/L del seu
metabolit, benzoilecgonina. S’ha demostrat que les eliminacions mitjanes
obtingudes en la majoria de les estacions depuradores d’aigiies residuals, tot 1 ser
en general elevades (75-95%), son insuficients per eliminar completament la
majoria de les drogues estudiades, fet que comporta que aquestes es trobin
presents en els efluents a concentracions a nivells de ng/L per a les drogues

il-licites i del pg/L per a la nicotina i cafeina.
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L’estudi de les aigiies superficials ha permés detectar per primera vegada la
preséncia de drogues d’abus, majoritariament cocaina, benzoilecgonina i extasi
(MDMA), entre 1.5 i 350 ng/L, al llarg del riu Llobregat i en la zona de captacio
per a la produccié d’aigua potable. L’estudi de ’evolucié d’aquestes substancies
al llarg d’una conca amb diferents pressions ambientals, com poden ser
descarregues d’EDARs, zones densament poblades o confluéncies d’efluents
altament contaminats, mostra un augment sostingut de totes les substancies
d’estudi al llarg de riu fins arribar a la desembocadura, posant de manifest aixi un

efecte acumulatiu de tots aquests factors.

Es proposa emprar les dades de concentracions de cocaina i eéxtasi (MDMA) en
les aigues residuals per calcular, en una primera aproximacio, el nivell de consum
d’aquestes drogues. Els resultats obtinguts, tot i ser dels primers duts a terme
aplicant aquest procediment, i que cal prendre mesures per minimitzar les
d’incerteses associades a la determinacid, concorden amb els resultats publicats en
informes elaborats a partir de dades estadistiques i enquestes poblacionals

realitzats a nivell nacional i internacional.

Per primera vegada s’ha posat de manifest que la presencia de les drogues d’abus
en les aiglies varia en funcio del dia de la setmana, de I’estacio de I’any i de
periodes concrets com poden ser les vacances d’estiu o les festes de Nadal. Mentre
que el consum de substancies licites no presenta importants variacions durant la
setmana, la concentracio de substancies il-licites, especialment ATSs, augmenta
considerablement durant el cap de setmana, tant en aigies residuals com
superficials, demostrant que el seu consum és principalment recreatiu. Pel que fa a
la cocaina i el seu metabolit, en les aiglies residuals no s’observen unes diferencies
tan destacables com per les ATSs probablement degut a un Us més sostingut
d’aquesta substancia. Pel que fa als estudis estacionals, s’observa un increment
notable de les concentracions de les substancies analitzades durant les vacances

d’estiu, 1 d’hivern al voltant dels dies de Nadal i Reis.
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S’ha demostrat que el tractament d’aigiies potables dut a terme a ’ETAP de Sant
Joan Despi (amb cloracio, ozonitzacid i filtre de carbo) és eficient per a eliminar
la major part de les substancies detectades a ’entrada de la instal-lacid, trenta-cinc
farmacs, nicotina, cafeina i els seus metabolits i drogues il-licites, amfetamina,
metamfetamina, MDA, MDMA, cocaina i benzoilecgonina. Tan sols cinc farmacs,
atenolol, sotalol, hidroclorotiazida, fenitoina, i I’epoxid de la carbamazepina, la
cafeina, la cotinina i quatre drogues d’abus, benzoilecgonina, norbenzoilecgonina,
metadona i EDDP han estat identificats, a baixes concentracions, a 1’aigua final

tractada.

El estudis de cloracio realitzats al laboratori han permeés demostrar la formacié de
dos subproductes clorats dels compostos amfetaminics, el 4-cloro-1,3-benzodioxol
i el 3-clorocatecol. Aquests compostos han estat identificats a ’ETAP durant les
etapes de pre-cloracio (4-cloro-1,3-benzodioxol) i post-cloracié (3-clorocatecol).
Aquests ultim, el 3-clorocatecol, ha estat detectat en les aigiies finals tractades
(0.5-5.8 ng/L).

Els resultats obtinguts sobre la presencia de noves especies generades a partir de
les drogues d’abus durant el procés de potabilitzacié, posen de manifest la
necessitat d’ampliar els estudis en aquest camp per tal d’avaluar els potencials
problemes que poden presentar, a nivell de toxicitat, aquests nous i altres possibles

subproductes de desinfeccid.
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Abreviatures 1 Acronims

ABREVIATURES | ACRONIMS

ACN
ACM
AMP
API

APCI
ATS
BE

C18

C8
CAS
CAFE
CEC
CHCl,
CcoC
COCET
COD
COTI
CREAT
EDAR
EDDP
EMDP
EMS
EME
EPH
EPI
ETAP
ESI
FENTA
EU
FLUNI
GC

Acetonitril

Acetilmorfina

Amfetamina

lonitzacio a pressié atmosfeérica
lonitzacié quimica a pressio atmosferica
Estimulants de tipus amfetaminic
Benzoilecgonina

Octadecilsila

Octilsila

Chemical Abstracts Service

Cafeina

Contaminants of Emerging Concern
Diclormeta

Cocaina

Cocaetile

Codeina

Cotinina

Creatinina

Estacio depuradora d’aigua residual
2-etile-1,5-dimetil-3,3-difenilpirrolidina
2-etile-5-metil-3,3-difenilpirrolidina
Enhanced Mass Spectra
etilmetilecgonina

Efedrina

Enhanced Product lon

Estaci6 de tractament d’aigiies potables
Electrosprai

Fentanil

Uni6 Europea

Flunitrazepam

Cromatografia de gasos
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Abreviatures 1 Acronims

GC-MS
HER
HILIC
HLB
HRMS
KET

LC

LC-MS
LC-MS/MS
LC-MS"

LIT
LOD
LOQ
LSD
LVI
MAX
MCX
MDA
MDEA
MDMA
MIP
MeOH
META
METH
MOR
MOR3G
MRM
MS
MS/MS
MS"
NICO
NIDA

354

Cromatografia de gasos acoblada a I’espectrometria de masses

Heroina

Cromatografia d’ineraccio hidrofilica

Balanc hidrofilic lipofilic

Espectrometria de masses d’alta resolucio

Ketamina

Cromatografia de liquids

Cromatografia de liquids acoblada a I’espectrometria de masses
Cromatografia de liquids acoblada a I’espectrometria de masses en tandem

Cromatografia de liquids acoblada a I’espectrometria de masses en etapes
successives

Trampa d’ions lineal

Limit de deteccio

Limit de quantificacid

Acid liergicdietilamida

Injeccid directa de grans volums
Fase invertida-intercanvi anionic
Fase invertida-intercanvi cationic
3,4-metilendioxiamfetamina
3,4-metilen-N-etilamfetamina

3,4- metilendioximetamfetamina
Polimer d’empremta molecular
Metanol

Metadona

Metamfetamina

Morfina

Morfina-3-glucuronid
Monitoritzacié de multiples reaccions
Espectrometria de masses
Espectrometria de masses en tandem
Espectrometria de masses en etapes successives
Nicotina

National Institute on Drug Abuse



Abreviatures i Acronims

OXY
PARA
POCI
PCP
PPCP
QaQ
Q-TOF
Q-TRAP
RMN
RSD
SIM

SN

SIN
SPE
SPME
SRM
THC
THC-COOH
THC-OH
TP

TFA
TOF
UHPLC
UNODC
WAX
WCX
WDR
WHO

Oxicodona

Paraxantina

Mostrejadors passius integrats per a compostos organics
Fenciclidina

Farmacs i productes de cura personal
Triple quadrupol

Quadrupol-temps de vol
Quadrupol-trampa d’ions

Resonancia Magnetica Nuclear

Desviacio estandard relativa
Monitoritzacio selectiva d’ions

Sistema Nervids

Senyal/Soroll

Extraccid en fase solida

Microextaccié en fase solida
Monitoritzacié de reaccions selectives
Tetrahidrocannabiol

11-carboxi- tetrahidrocannabiol
11-hidroxi- tetrahidrocannabiol

Productes de transformacid

trifluoroacetic acid

Temps de vol

Cromatografia de liquids d’ultra elevada eficacia
United Nations Office on Drug and Crime
Bescanvi anionic feble

Bescanvi cationic feble

World Drug Report

World Health Organization
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