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RESUMEN 

 En las últimas décadas el desarrollo de técnicas analíticas cada vez más sensibles 

ha permitido poner en evidencia la presencia en el medio ambiente de un gran número de 

compuestos potencialmente peligrosos para la salud humana y la del medio ambiente 

entre los que se encuentran las drogas de abuso (DAs) y sus metabolitos. Además de 

conocer su presencia y distribución en los diferentes compartimentos ambientales, el 

estudio de drogas y metabolitos en el medio ambiente tiene como objetivo también 

estimar el consumo de estas sustancias a partir de los niveles medidos de determinados 

indicadores de consumo en el agua residual de entrada a las estaciones depuradoras 

(EDARs) mediante la aplicación del denominado “método epidemiológico del agua 

residual”.

La presencia de drogas y de sus metabolitos en agua residual y superficial había 

sido ya ampliamente documentada a nivel nacional e internacional al inicio de esta tesis 

doctoral. Por ello, y con el fin de generar nuevo conocimiento en esta área, durante esta

tesis se investigó el destino de estos compuestos en el medio ambiente, evaluando su 

presencia en compartimientos ambientales apenas estudiados hasta la fecha, como lodos 

de depuradoras, y partículas atmosféricas.

Para cumplir con los objetivos propuestos, se desarrollaron diferentes 

metodologías analíticas sensibles y selectivas para la determinación de estos compuestos 

en diferentes matrices ambientales: drogas en lodos de EDAR (publicación #1) y etil 

sulfato (EtS) en aguas residuales (publicación #2). Éstas y otras metodologías analíticas 

previamente desarrolladas en el laboratorio y optimizadas en el transcurso de esta tesis 

se emplearon para el análisis de un número significativo de muestras medioambientales 

con el fin de estudiar la presencia y el destino de estos compuestos en cuatro cuencas 

hidrográficas de España (Llobregat, Ebro, Júcar y Guadalquivir) durante dos años 

consecutivos (publicación #3 ), y en el aire de la ciudad de Barcelona (publicación #5); y 

de estimar los hábitos de consumo de drogas de abuso (publicación #4) y de alcohol 

(publicaciones #2 y #4) en la ciudad de Barcelona.  

En todas las metodologías analíticas empleadas la separación e identificación de 

los compuestos seleccionados en las diferentes matrices ambientales se llevó a cabo 

mediante cromatografía de líquidos acoplada a espectrometría de masas en tándem (LC-

MS/MS). Para su cuantificación, se usaron compuestos análogos marcados 
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isotópicamente, añadidos a una concentración conocida al principio del proceso analítico 

(método de dilución isotópica).  

La extracción de drogas de lodos de depuradoras para su análisis posterior por 

LC-MS/MS se realizó mediante extracción con líquidos presurizados (PLE), seguida de 

purificación del extracto obtenido mediante extracción en fase sólida (SPE). Durante la 

optimización de la metodología analítica se estudiaron las variables más importantes 

(disolvente, temperatura y número de ciclos de extracción en el caso de la PLE, y fase 

sorbente y disolventes de lavado y elución en el caso de la SPE) con el fin de obtener la 

mayor selectividad y recuperación posible para todos los analitos. Las mejores eficiencias 

de extracción con PLE se obtuvieron usando una temperatura de extracción de 50 ºC y un 

único ciclo de extracción con una mezcla de metanol y agua (9/1, v/v) como disolvente de 

extracción. A pesar de los intentos realizados para reducir en lo posible los efectos de 

matriz (adición de alúmina en la celda de extracción y purificación del extracto mediante 

SPE) la señal de los analitos se vio reducida debido a interferencias de la matriz entre un 

26 y 89%, siendo los cannabinoides y las benzodiazepinas los compuestos más 

afectados. Sin embargo, el uso de compuestos análogos marcados isotópicamente, que 

contribuye a corregir los efectos de matriz así como posibles pérdidas durante la 

extracción, permitió una determinación fiable de los compuestos objeto de estudio en esta 

matriz, ya que se obtuvieron recuperaciones relativas entre 89 y 130%. Este método, que 

permite cuantificar todos los compuestos seleccionados por debajo de 3,3 ng/g de peso 

seco, excepto en el caso de los cannabinoides (límites de cuantificación entre 8,2 y 22,5 

ng/g de peso seco), se aplicó al análisis de lodos de 15 EDARs diferentes, y posibilitó la 

investigación por vez primera de nueve analitos (cocaetileno (CE), efedrina (EPH), 

heroína (HER), alprazolam (ALP), dietilamida de ácido lisérgico LSD, 2-oxo-3-hidroxi LSD 

(OH-LSD), delta-9-tetrahidrocannabinol THC, Cannabinol (CBN) y cannabidiol (CBD)) en 

esta matriz. Los compuestos más lipofílicos, es decir, los cannabinoides y el opioide 

sintético metadona (METH) y su metabolito EDDP, fueron los que se encontraron a 

mayores concentraciones en las muestras investigadas (concentraciones medianas entre 

16 y 168 ng/g de peso seco), y por lo tanto, son los que presentan mayor potencial de ser 

reintroducidos en el medio ambiente tras la aplicación de lodos como fertilizantes en 

agricultura o la disposición de éstos en los vertederos. El resto de los compuestos, 

excepto HER, 6-acetil morfina (6ACM), LSD y OH-LSD, que no fueron detectados en 

ninguna muestra, presentaron concentraciones medianas por debajo de 7 ng/g de peso 

seco. 

En el caso del EtS, dados los relativamente altos niveles de este compuesto en 

el agua residual (del orden de µg/L), se optó por la inyección directa de la muestra. 
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Además, dada su elevada polaridad, el análisis se realizó mediante cromatografía de par 

iónico con una columna cromatográfica de fase inversa convencional. La recuperación y la 

sensibilidad del método se evaluaron usando diferentes concentraciones y tipos de pares 

iónicos (acetato de amonio y acetato de dibutilamonio), gradientes de elución, y 

volúmenes de inyección de muestra. La metodología analítica desarrollada permite

cuantificar este metabolito del etanol a concentraciones por encima de 0,07 μg/L, con una 

repetitividad del 2,3% (desviación estándar relativa). Su aplicación a muestras de agua 

residual recogidas en una de las principales EDARs que da servicio a la ciudad de 

Barcelona a lo largo de una semana, reveló unas concentraciones de EtS que oscilaban 

entre 5,5 y 32,5 μg/L, midiéndose los mayores valores durante el fin de semana. Las 

concentraciones observadas corresponden a  un consumo medio de alcohol puro en el 

área de 18 mL/día/habitante. Este valor resultó ser inferior al valor de 32 mL/día/habitante 

publicado para España por la OMS en el período 2003/2005; la diferencia podría deberse 

a patrones de consumo diferentes en otras zonas geográficas.

En el marco de esta tesis doctoral, y del proyecto SCARCE (CONSOLIDER-

INGENIO 2010), también se estudió de manera exhaustiva la presencia de drogas en 

aguas de cuatro cuencas hidrográficas de España (Llobregat, Ebro, Júcar y Guadalquivir) 

durante dos años consecutivos (2010 and 2011) con el fin de (i) relacionar los niveles de 

drogas encontrados con las condiciones hidrológicas de los ríos, (ii) estudiar diferencias 

geográficas y (iii) estimar el riesgo ecotoxicológico asociado a la presencia de estos 

compuestos en el medio ambiente. Los compuestos más ubicuos en aguas superficiales 

fueron cocaína (COC), benzoilecgonina (BE), EPH, MDMA, METH y EDDP, presentes en 

más del 50% de las muestras analizadas, aunque en general, a concentraciones muy 

bajas, de unos pocos ng/L. Las mayores concentraciones totales de drogas (por encima 

de 100 ng/L) se detectaron en los afluentes de los ríos principales, debido a su bajo 

caudal y, por tanto, limitada capacidad de dilución de los efluentes de las diferentes 

EDARs que descargan en ellos. El Llobregat fue de los 4 ríos estudiados el único que

presentó niveles acumulados de drogas por encima de los 100 ng/L, y en el que se pudo 

observar un claro incremento en la concentración de estos compuestos a lo largo de su 

recorrido hasta la desembocadura en el mar. En general, los niveles de drogas 

encontrados no presentaron una relación directa con las condiciones hidrológicas de los 

ríos, lo cual indica que otros factores pueden alterar la dilución natural de aguas 

residuales, y en consecuencia, de las drogas presentes en esta matriz (atenuación 

natural, hábitos de consumo, eficiencias de eliminación en la EDAR). El análisis 

estadístico de los datos reveló diferencias significativas en la presencia de drogas en las 

aguas superficiales de diferentes cuencas, y en particular para el MDMA, lo cual apunta a 
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diferentes hábitos de consumo en las regiones investigadas. Por último, en base al cálculo 

de cocientes de riesgo (Hazard Quotients) realizado, solo cuatro muestras presentaron 

cierto riesgo para los organismos acuáticos, siendo EDDP, METH, lorazepam (LOR) y 

MDMA los compuestos que pueden generar una mayor ecotoxicidad.

Por otra parte, en el marco de una colaboración internacional realizada dentro de 

la red Europea SCORE, que tiene como objetivos estudiar el consumo de drogas 

monitorizando los niveles de indicadores de su consumo en agua residual, y armonizar y 

estandarizar esta metodología (método epidemiológico del agua residual), se estudiaron 

los niveles de drogas en las aguas residuales de una EDAR de Barcelona diariamente a lo 

largo de una semana, a mediados de Marzo, durante cinco años consecutivos, con el fin 

de investigar patrones de consumo de las mismas y la tendencia a lo largo del tiempo en 

esta ciudad. Los resultados obtenidos, que apuntan al alcohol como la sustancia más 

consumida, seguida del cannabis, cocaína y efedrina, están en consonancia con los 

contenidos del último Informe sobre Drogas del Observatorio Español de Drogas y 

Toxicomanías. Los indicadores de consumo encontrados en el agua residual evidencian

en general un aumento constante del uso de estas sustancias (de 6,5 kg/día en total de 

drogas en 2011 a 12 kg/día en 2015), siendo el consumo de cannabis el principal 

responsable de este incremento. Sólo en el caso de heroína, se observó una tendencia 

decreciente de consumo. Estos hallazgos contrastan con la tendencia general decreciente 

en el consumo de cannabis, cocaína y anfetamina publicada en los últimos informes 

oficiales para España. En cuanto a los hábitos de consumo de estas sustancias a lo largo 

de la semana, se observó un mayor consumo de alcohol, cocaína y MDMA durante el fin 

de semana que entre semana, lo que se asocia con un mayor uso recreativo de estas 

sustancias. Por otra parte, relaciones directas significativas en la concentración de 

distintos compuestos sólo se observó en el caso de EtS y BE, lo cual apunta el uso 

asociado de alcohol y cocaína en el área investigada. 

Dentro del SCORE se ha participado además en ensayos inter-laboratorio desde 

el 2011 para evaluar la metodología empleada para analizar algunos de los indicadores de 

consumo de drogas en agua residual, en concreto: BE, anfetamina (AM), metanfetamina

(MA), MDMA, 6ACM y 11-nor-9-carboxi-Δ9-THC (THC-COOH). Se obtuvieron resultados 

satisfactorios (Z-score entre -2 y +2) en todas las matrices investigadas (metanol, agua 

HPLC y agua residual) en todos los ejercicios realizados para todos los analitos, excepto 

para la BE en una muestra en 2014 (z-score = 2,40), que resultó ligeramente 

sobreestimada con respecto a la media de los laboratorios participantes.



xi 

El último trabajo incluido en esta tesis investiga la presencia de drogas en el aire 

de la ciudad de Barcelona y posibles diferencias espaciales (entre distintos distritos) y 

temporales (distinguiendo entre días laborables y fines de semana). Aunque en trabajos 

previos se había demostrado la presencia de drogas en partículas atmosféricas en 

diferentes partes del mundo, este estudio tenía como objetivo investigar de manera 

exhaustiva la presencia y distribución de estos compuestos en partículas atmosféricas 

(PM10) de diferentes puntos de la ciudad de Barcelona y evaluar si los niveles detectados 

en esta matriz podrían proporcionar información adicional acerca de los hábitos de 

consumo y tráfico de drogas por parte de la población. Las drogas más frecuentemente 

detectadas en partículas atmosféricas (PM10) en Barcelona fueron COC, BE, MA y CBN 

(presentes en más del 76% de las muestras analizadas). En todos los casos, cocaínicos y 

cannabinoides contribuyeron significativamente a la cantidad total de drogas en esta 

matriz. En términos de abundancia, CBN presentó la concentración media más alta (985 

pg/m3), seguido por COC (267 pg/m3) y CBD (214 pg/m3). La elevada correlación entre la 

cantidad de PM10 y el nivel total de drogas encontrado en las distintas muestras indica 

que la presencia de drogas en esta matriz está altamente determinada por las condiciones 

meteorológicas, y que, por lo tanto, es difícil relacionarla con hábitos de consumo en una 

determinada zona geográfica. Sin embargo, picos de concentración puntuales 

encontrados sí podrían guardar relación con emisiones locales. Con este trabajo se 

evidenció que la estimación del consumo de drogas a partir de las concentraciones 

detectadas en el aire sigue siendo una tarea complicada que requiere más investigación 

(mayor conocimiento acerca de la fotodegradación, deposición, y dispersión de estos 

compuestos en diferentes condiciones meteorológicas).

Durante el periodo de formación, con el fin de potenciar colaboraciones entre 

centros de investigación y la adquisición de conocimiento de nuevas herramientas de 

investigación, se realizó una estancia de tres meses en la University of Bath, Department 

of Chemistry, Faculty of Science, Bath, UK, bajo la supervisión de la Dra. Barbara 

Kasprzyk-Hordern. Durante esta estancia se estudió a nivel enantiomérico el destino del 

MDMA durante el tratamiento de aguas residuales utilizando diferentes herramientas para 

la separación enantiomérica (cromatografía de líquidos quiral) y la formación de productos 

de transformación mediante espectrometría de masas de alta resolución. 

Los resultados obtenidos en los diferentes trabajos llevados a cabo en el marco de 

esta tesis doctoral se han dado a conocer a la comunidad científica a través de diferentes 

publicaciones en revistas especializadas así como a través de la participación en 

numerosos congresos, tanto nacionales como internacionales. Esta tesis ha contribuido a 
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generar conocimiento acerca de la presencia y el destino ambiental de las principales 

drogas de abuso en el medio ambiente y a desarrollar y evaluar  la aplicación del método 

epidemiológico del agua residual para estimar el uso de drogas en una determinada 

población. Esta metodología, aunque aún está sujeta a ciertas incertidumbres (asociadas 

a la estimación de la población a la que da servicio la EDAR, y la estabilidad y el 

metabolismo de las drogas), nos permite obtener información acerca del uso de drogas a 

tiempo casi-real, y así evaluar tendencias de uso a nivel espacial y temporal de una 

manera rápida, económica y fiable. Por otro lado, queda aún por demostrar el valor 

añadido del control y vigilancia ambiental de estos compuestos en aire para estimar y 

evaluar figuras y hábitos de consumo.  

En consonancia con estudios previos, los resultados obtenidos en esta tesis excluyen un 

efectos adversos a corto plazo sobre la salud humana y la de los organismos acuáticos 

asociado a la presencia de drogas en los compartimentos estudiados. Sin embargo, nada 

se sabe acerca de los efectos a largo plazo de una exposición constante a estos 

contaminantes emergentes. Además, en los últimos años, el desarrollo de metodologías 

analíticas basadas en la espectrometría de masas de alta resolución ha permitido 

demonstrar la presencia de una mezcla más compleja de productos de transformación y 

metabolitos previamente desconocidos, que han de ser también caracterizados, para 

poder evaluar correctamente los potenciales riesgos para los ecosistemas, y 

eventualmente para el hombre, de la continua exposición a estas mezclas. 
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PRESENTATION OF THE THESIS 

In the last decades, the development of increasingly sensitive analytical 

techniques has revealed the presence in the environment of a large number of potentially 

dangerous compounds for human health and the environment, globally referred to as 

"emerging pollutants". Due to its recent discovery or recognition as environmental 

contaminants, the knowledge about its presence, toxicity, and behavior in the environment 

is still very scarce. 

Drugs of abuse (DAs) and their metabolites are a class of organic substances 

that can be included within this category of emerging pollutants (Richardson 2008; Ettore 

Zuccato 2009). Their high production and consumption results in a continuous inflow of 

these compounds and/or their metabolites into the environment, which gives them a 

"pseudo-persistent" character. (Lienert, Burki et al. 2007). However, the investigation of 

the presence of DAs in the environment is very recent (Jones-Lepp, Alvarez et al. 2004). 

The study of drugs in the environment has a double objective:

- to determine their presence in the different environmental compartments in 

order to assess their potential negative effects on ecosystems and humans 

and, 

- to estimate the consumption of drugs from the levels of the drugs themselves or 

their metabolites measured in the raw wastewater entering wastewater 

treatment plants (WWTPs) by applying the so-called "sewage epidemiology 

approach".

In this context, the main objectives of the work carried out in this thesis were to 

develop and apply different analytical methodologies to the determination of the most 

common DAs and their metabolites (including ethyl sulfate as a human metabolite of 

alcohol (ethanol), in different environmental samples, such as wastewater, surface water,  

sewage sludge and airborne particulate matter in order to better understand their 

environmental distribution and fate and to estimate DAs and alcohol consumption in 

different areas, with focus on the city of Barcelona.  

Taking into consideration that most of the methods published for analysis of DAs 

focused on the dissolved phase, at the beginning of the research work a sensitive and 

reliable analytical method based on pressurized liquid extraction (PLE) followed by solid 

phase extraction (SPE) and liquid chromatography-tandem mass spectrometry (LC-
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MS/MS) was developed for the analysis of DAs in sewage sludge. This study provided the 

first insights into the fate of a wide number of DAs during wastewater treatments 

processes and also provided important information related to the environmental distribution 

of the most lipophilic compounds.  

Two different analytical methodologies were then employed to study the 

occurrence and fate of DAs in surface water, wastewater and sewage sludge samples 

collected from 4 Spanish River basins in two consecutive sampling campaigns (2010 and 

2011) in the frame of the CONSOLIDER-INGENIO 2010 “SCARCE” project. The main 

objective of this study was to provide a snapshot of the presence of the most abused illicit 

drugs in the Spanish environment and to study spatial and temporal differences in their 

distribution in the studied river basins under different climate conditions.  

Concerning the sewage epidemiology approach used for estimation of DAs 

consumption, a five-year monitoring campaign was performed in order to study drugs 

consumption and temporal variations in the city of Barcelona. This study was performed in 

the framework of an international collaboration that aims to estimate and compare DAs 

consumption in different cities worldwide, to validate through annual inter-laboratory 

exercises the analytical methods employed for the analysis of these compounds in raw 

wastewater by the different laboratories, and to refine the entire methodology applied to 

the estimation of drug consumption based on levels of drugs residues in wastewater.  

In the same context, an analytical method was developed and validated for the 

determination of alcohol consumption through the monitoring of a urinary biomarker, ethyl 

sulfate, in raw wastewater. This represented one of the first studies of this kind published 

worldwide in the scientific literature. 

Finally, an extensive sampling campaign was carried out in the city of Barcelona 

to study the presence and distribution of DAs in airborne particulate samples collected 

throughout the entire city, in order to provide a better understanding of their environmental 

fate and distribution in this matrix and to evaluate whether the detection of illicit drugs in 

airborne particles may represent a new tool to investigate the social incidence of illicit 

drugs. 



3 

ABBREVIATIONS 

6ACM  6-acetylmorphine 

ACN  Acetonitrile 

AEMPS Spanish Agency for Medicines and Medical Devices 

AF  Assessment factor 

ALP  Alprazolam 

AM  Amphetamine 

APCI  Atmospheric pressure chemical ionization 

ATS  Amphetamine-type stimulants 

BE  Benzoylecgonine  

CE  Cocaethylene 

CI  Chemical ionization 

COC  Cocaine 

DAs  Drugs of abuse 

DBAA  Dibutylammonium acetate 

DIA  Diazepam 

EDADES Spanish household survey on alcohol and drugs;  

EDDP  2- ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine 

EI  Electron impact 

EMCDDA European Monitoring Centre for Drugs and Drug Addiction  

EPH  Ephedrine  

ERA  Environmental risk assessment 

ESI  Electrospray ionization 

EtS  Ethyl sulfate  

FWHM  Full width at half maximum 

GC  Gas chromatography 

HER  Heroin  

HILIC  Hydrophilic interaction liquid chromatography 
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HLB  Hydrophilic-Lipophilic-Balanced 

HPLC  High performance liquid chromatography 

HQ   Hazard Quotient 

HRMS  High Resolution Mass Spectrometry 

INE  Spanish National Statistics Institute  

IPC  Ion pair chromatography 

IS  Internal standard 

LC  Liquid chromatography  

L(E)C50 Median lethal (effective) concentration 

LC-MS  Liquid chromatography coupled to mass spectrometry 

LC-MS/MS Liquid chromatography coupled to tandem mass spectrometry 

LLE  Liquid-liquid extraction 

LOD  Limit of detection 

LOQ  Limit of quantification 

LSD  Lysergic acid diethylamide 

MA  Methamphetamine 

MAE  Microwave assisted extraction 

MDMA  3,4-methylenedioxymethamphetamine  

MEC  Measured environmental concentration 

MeOH  Methanol 

METH  Methadone 

MIP  Molecularly imprinted polymer 

MOR  Morphine 

MS  Mass spectrometry  

MS/MS Tandem mass spectrometry  

MSSSI  Spanish Ministry of Health, Social Services and Equality 

MXC  Mixed-mode Cation-eXchange 

m/z  Mass-to-charge ratio 

NOEC  No observed effect concentration 
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NOM  Natural organic matter 

OEDT  Spanish Observatory on Drugs and Drug Addiction 

OH-LSD 2-oxo-3-hydroxy-LSD 

OH-THC 11-Hydroxy-Δ9-tetrahydrocannabinol 

PET  Polyethylene terephthalate  

PNEC  Predicted no effect concentration 

PLRPs  Cross-linked styrenedivinilbenzene polymer 

POCIS  Polar organic chemical integrative samplers 

Q  Quadrupole mass analyzer 

QqQ  Triple quadrupole mass analyzer 

QqLIT  Quadrupole-linear ion trap mass analyzer 

(Q)SAR Quantitative structure–activity relationship 

SPE  Solid phase extraction 

SPM  Suspended particulate matter  

SRM  Selected reaction monitoring  

SS  Surrogate standard 

THC  Δ9 –tetrahydrocannabinol 

THC-COOH 11-nor-9-carboxy-THC 

TOF  Time of flight mass analyzer 

U(H)PLC Ultra (high) performance liquid chromatography 

UNODC United Nations Office on Drugs and Crime 

USE  Ultrasonic extraction 

WHO  World Health Organization 

WWTP  Wastewater treatment plant
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1.  INTRODUCTION 

1.1.  Drugs of abuse 

In medicine and in physiology, the term drug is referred to any substance 

biologically active capable of curing or preventing diseases, whereas in the context of the 

international drug control it refers to any substance listed in Schedule I and II of the 1961 

Single Convention on Narcotic Drugs. The United Nations defines illicit drugs as any 

substances, naturally occurring, semi-synthetic (chemical manipulations of substances 

extracted from natural materials) or synthetic (created entirely by laboratory manipulation) 

“which are under international control (and which may or may not have licit medical 

purposes), but which are produced, trafficked and/or consumed illicitly”  (UNODC 2016b). 

Psychoactive substances such as cocaine, opium or cannabis have been used in 

the antiquity for curative and religious purposes (UNODC 2007). However, in recent times, 

their consumption for recreational purposes has increased worldwide as a consequence of 

the increase of their production, trade and popularity (UNODC 2016).  

Drugs of abuse (DAs) can be classified based on their origin and effect.   

Cocaine and the amphetamine-type stimulants (ATS) ephedrine, amphetamine, 

methamphetamine and MDMA (ecstasy) represent the most consumed central nervous 

system (CNS) stimulant drugs worldwide. Cocaine is a naturally occurring compound 

mainly extracted from the leaf of the coca bush. Apart from ephedrine, which is produced 

in various plants belonging to the genus Ephedra, the other most common ATS are 

synthetic compounds. Both cocaine and the ATS present therapeutic value. Cocaine is a 

well-known local anesthetic, while some ATS have been employed as slimming pills or in 

the treatment of narcolepsy and attention deficit disorder (UNODC 2016b).  

When consumed illicitly, cocaine is usually taken snorted, although it can also be 

injected and smoked (crack cocaine). ATS can be taken orally, injected, smoked or 

snorted. 

The opiates group includes morphine and codeine compounds which are extracted 

from the opium poppy (Papaver somniferous). Another family of opiate-like compounds, 

known as opioids, includes the semi-synthetic substance heroin and the fully synthetic 

substance methadone, employed in the treatment of heroin addiction. In this thesis we 

refer to both groups as "opioids".  

https://en.wikipedia.org/wiki/Ephedra_(genus)
https://www.unodc.org/unodc/en/treaties/single-convention.html
https://www.unodc.org/unodc/en/treaties/single-convention.html
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The sedative-hypnotics barbiturates, nonbarbiturate depressants, and 

benzodiazepines represent another group of CNS depressants which present a wide range 

of therapeutic uses. Nowadays benzodiazepines, such as diazepam, lorazepam, and 

alprazolam, have largely replaced the barbiturates group. Their abuse is common 

worldwide, often in combination with alcohol (UNODC 2016b).  

The hallucinogens group includes naturally occurring substances, being the most 

known psilocybin (from the Psilocybe mexicana mushroom) and mescaline (from the 

peyote cactus), and semi-synthetic substances such as lysergic acid diethylamide (LSD). 

Finally, cannabis, the most abused drug worldwide, is a plant containing the 

psychoactive ingredient delta-9-tetrahydrocannabinol (THC) which presents sedative and 

hallucinogenic effects. It is usually smoked as dried flowering top of the plant although 

resins (hashish) and oil extract from the resin are also common (UNODC 2016b).  

The compounds included in the different works performed within this thesis belong 

to the six different chemical classes listed below 

• cocainics: cocaine (COC), its major metabolite benzoylecgonine (BE), and 

cocaethylene (CE), a trans-esterification product formed when COC and 

ethanol are consumed simultaneously, 

• ATS: amphetamine (AM), methamphetamine (MA), 3,4-

methylenedioxymethamphetamine (MDMA or ecstasy), and (R, R)(−)-

pseudoephedrine (PS-EPH) and (1S,2R)(+)-ephedrine hydrochloride (EPH-

HCl), the last two measured together as total ephedrine (EPH), 

• opiates/opioids: morphine (MOR), heroin (HER), the heroin metabolic product 

6-acetylmorphine (6ACM), the synthetic opioid methadone (METH), and its 

main metabolite 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP), 

• hallucinogenic substances: lysergic acid diethylamide (LSD), and one of its 

metabolites, 2-oxo-3-hydroxy-LSD (O-H-LSD), 

• cannabinoids: Δ9-tetrahydrocannabinol (THC), cannabinol (CBN), cannabidiol 

(CBD), and the two metabolic by-products 11-nor-9-carboxy-Δ9-

tetrahydrocannabinol (THC-COOH) and 11-hydroxy- Δ9-tetrahydrocannabinol 

(OH-THC), 

• benzodiazepines:  alprazolam (ALP), lorazepam (LOR), and diazepam (DIAZ). 
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Moreover, for the estimation of alcohol consumption, ethyl sulfate (EtS), an alcohol 

urinary metabolite, was included in the list of target compounds.  

The main physical-chemical properties and CAS numbers for these compounds are 

provided in Table 1. 
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Table 1. Physical-chemical properties of the investigated compounds.

Target compound
CAS 

mumber

Molecular 
weight

(u)

Log
Kow

*

Vapour 
pressure

*

[mm Hg] 
( 25 ºC)

Water 
solubility

*

[mg/L] 
(25 ºC)

pKa*

Cocaine (COC)

50-36-2 303.36 2.3 1.91x10x
-7

 1800 (22 ºC) 8.61

Benzoylecgonine (BE)

519-09-5 289.33 (-1.32
**
) 8.44x10

-10**
1605

**
n/a

Cocaethylene  (CE)

529-38-4 317.38 2.66
**

6.66x10
-6**

528.3
**

n/a

Ephedrine
***

(EPH)

321-97-1 165.24 0.89 0.0107
** 6.36x10

4

(30ºC)
10.3*

Amphetamine (AM)

300-62-9 135.21 1.76
2.40x10

-1
 

(20 ºC)
2.803x10

4**
10.1

Methamphetamine (MA)

4846-07-5 149.24 2.07 0.00448
**

1.329x10
4**

9.87

3,4-methylene 
dioxymethamphetamine 

(MDMA)

42542-10-9 193.25 2.15 0.000227
**

7034
**

9.87
*

*
 Physical-chemical properties were obtained with EPI Suite™  (Estimation Program Interface for Microsoft® Windows, v 4.0. 
United States Environmental Protection Agency (U.S. EPA), Washington, DC, USA. Available for download at 
http://goo.gl/K7LOh2) 
**
 Estimated value.   

***
 (-)Pseudoephedrine and ephedrine were measured together as total ephedrine; n/a, not available 

http://goo.gl/K7LOh2
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Table 1. Physical-chemical properties of the investigated compounds (cont.)

Target compound
CAS 

number

Molecular 
weight 

(u)

Log 
Kow

*

Vapour 
pressure

*

[mm Hg] 
( 25 ºC)

Water 
solubility

*

[mg/L] 
(25 ºC)

pKa*

Morphine (MOR)

57-27-2 285.34 0.89 1.88x10-10**
149 

(20 ºC)
8.21

6-acetylmorphine (6ACM)

2784-73-8 327.38 0.40
**

8.82x10
-9**

4093
**

n/a

Heroin (HER)

561-27-3 369.42 1.58 7.59x10-10 600 7.95

Methadone (METH)

76-99-3 309.45 3.93 1.12x10
-6**

48.48
**

8.94

2ethyl-1,5-dimethyl-3,3-
diphenylpyrrolinium(EDDP)

66729-78-0 279.43 2.97
**

7.37x10
-11**

47.27
**

n/a

Lysergic acid diethylamide 
(LSD)

50-37-3 323.44 2.95 2.04x10
-8**

2.098
**

7.8

*
 Physical-chemical properties were obtained with EPI Suite™  (Estimation Program Interface for Microsoft® Windows, v 4.0. 
United States Environmental Protection Agency (U.S. EPA), Washington, DC, USA. Available for download at 
http://goo.gl/K7LOh2); 

**
 Estimated value; n/a, not available 

http://goo.gl/K7LOh2
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Table 1. Physical-chemical properties of the investigated compounds (cont.)

Target compound
CAS 

number

Molecular 
weight 

(u)

Log 
Kow

*

Vapour 
pressure

*

[mm Hg] 
( 25 ºC)

Water 
solubility

*

[mg/L] 
(25 ºC)

pKa*

2-oxo-3-hydroxy-LSD (O-
OH-LSD)

111295-09-1 355.44 n/a 1.44x10
-14**

2692
**

n/a

Δ9
-tetrahydrocannabinol  

(THC)

1972-08-3 314.47 6.97 4.63x10
-8**

2800 (23 ºC) 10.6

Cannabinol (CBN)

521-35-7 310.43 7.23
**

7.25x10
-8**

0.0021
**

n/a

Cannabidiol (CBD)

13956-29-1 314.46 8.01
**

2.75x10
-8**

0.005509
**

n/a

11-hydroxy-Δ9
THC (OH-

THC)

36557-05-8 330.47 5.33 1.1x10
-10**

2.802
**

n/a

11-nor-9-carboxy THC 
(THC-COOH)

56354-06-4 344.45 6.36
*

1.9x10
-10**

0.2335
**

n/a

*
 Physical-chemical properties were obtained with EPI Suite™  (Estimation Program Interface for Microsoft® Windows, v 4.0. 
United States Environmental Protection Agency (U.S. EPA), Washington, DC, USA. Available for download at 
http://goo.gl/K7LOh2) 
**
 Estimated value.   

n/a, not available 

http://goo.gl/K7LOh2


12 

Table 1. Physical-chemical properties of the investigated compounds (cont.)

Target compound
CAS 

number

Molecular 
weight 

(u)

Log 
Kow

*

Vapour 
pressure

*

[mm Hg] 
( 25 ºC)

Water 
solubility

*

[mg/L] 
(25 ºC)

pKa*

Alprazolam (ALP)

28981-97-7 308.77 2.12 1.02x10
-7**

50

Diazepam (DIA)

439-14-5 284.74 2.82 1.65x10
-8**

13.1
**

3.4

Lorazepam (LOR)

846-49-1 321.16 2.39 3.09x10
-12**

80 13

Ethyl sulfate (EtS)

540-82-9 
126.13 (-2.49**) 0.00137** 1e+006** n/a

*
 Physical-chemical properties were obtained with EPI Suite™  (Estimation Program Interface for Microsoft® Windows, v 4.0. 
United States Environmental Protection Agency (U.S. EPA), Washington, DC, USA. Available for download at 
http://goo.gl/K7LOh2) 
**
 Estimated value.   

n/a, not available 

http://goo.gl/K7LOh2
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1.2.  Drug consumption 

Facts related to drug production, trafficking and drug consumption habits and 

trends are collected in annual reports published by different organizations at national and 

international level. Among them, the annual World Drug Report published by the United 

Nations Office on Drugs and Crime (UNODC) and the European Drug Reports of the 

Monitoring Center for Drugs and Drug Addiction (EMCDDA) provide a constant monitoring 

of the drugs consumption at the global and European level, respectively. In Spain, a 

survey related to drug and alcohol consumption, Encuesta sobre Alcohol y Drogas en 

España (EDADES), is carried out every two years and the main outcomes are published 

by the Observatorio Español de las Drogas y las Toxicomanías (OEDT).

According to the last World Drug Report of the UNODC, 247 million people (5% of 

the world population) consumed an illicit drug in 2014 (UNODC 2016).  

Cannabis, with an estimated 183 million users in 2014, remains by far the most 

widely used drug in the world. In terms of annual prevalence, cannabis was followed by 

ATS (55.1 million people, including ecstasy, methamphetamine, amphetamine and 

prescription stimulants), opioids (33 million people, including opium, heroin, and 

prescription opiates), and cocaine (18.3 million users).

Drug production, trafficking, and use lead to a total drugs seizure worldwide 

between 9 tons (in the case of ecstasy) to 7267 tons (in the case of cannabis, including 

cannabis herb and resin).

Although an increase in cannabis consumption has been noted in some countries 

(North America and Western and Central Europe), at global level, consumption of 

cannabis and ATS has remained stable. On the contrary, and following a stable 

consumption rate, since 2010 an increase in cocaine consumption has been reported, 

especially in South America countries. Similar to cocaine, consumption of heroin, which 

was decreasing in previous years, increased in some markets, particularly North America. 

Despite the lower consumption compared with other drugs, opioids are the drugs that 

cause the greatest damage in terms of number of deaths caused by their use (UNODC 

2016). 

Regarding Europe, the EMCDDA estimated that some 22.1 million people (6.6 % of 

the adult population, aged 16-64) and 16.6 million people between 15 and 34 years old 

(13.3 % of the young population) used cannabis in the past year. In absolute terms, the 
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second most commonly used illicit substance in Europe is cocaine, which has 3.6 million 

(1.1%) adult consumers. Significant higher user prevalence among young adults, > 3%, 

was reported from Spain, the Netherlands, and UK. Moreover, the last survey did not 

confirm the decreasing trend observed in different European countries in previous years.  

Within the ATS, about 1.6 million adults (0.5% of the population) consumed ATS 

from the amphetamines group (mainly amphetamine and methamphetamine), while about 

2.5 million people consumed ecstasy (0.8 % of the adult population) in the past year. The 

last report confirms an uptrend consumption of ecstasy, while a relatively stable 

consumption of the other ATS has been observed during the last two decades. 

Stable or decreasing prevalence of use has been also reported for heroin, the most 

consumed opioid in Europe, with an estimated 1.3 million high-risk opioid users in 2014. In 

contrast, increasing trends have been reported for codeine and morphine as well as the 

synthetic opioid methadone, buprenorphine, fentanyl, tramadol, and oxycodone.

Consumption of other active substances, including ketamine, γ-hydroxybutyric acid 

(GHB), and LSD, remains low and constant in different European countries.  

The same report showed a clear consumption geographical pattern among the 

different countries. Higher consumption of cocaine was reported in Western and Southern 

European countries, while amphetamines are more prominent in Northern and Eastern 

Europe. In contrast, methamphetamine is the most consumed ATS in two European 

countries, Czech Republic and Slovakia.   

Moreover, different trends in the amount of drug consumption are also observed. 

For example, UK, Germany, and Spain reported a stable or decreasing cannabis 

consumption compared to previous years. The opposite was observed in France and 

Finland. 

In Spain, within the adult population (15-64 years of age), alcohol (78 % prevalence 

during the last year) is the most used substance followed by tobacco (41%), 

hypnosedative drugs (12%), cannabis (9%) and cocaine (2%) (OEDT 2016).   

Stable alcohol consumption prevalence has been observed in Spain since the 90s. 

It is estimated that, among adults, 5% of the population present high-risk alcohol use. An 

important phenomenon observed within the Spanish population aging between 20-29 

years is the drastically increase of binge drinking episodes, which triplicated in just one 

decade.  
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Similar to alcohol, also the use of tobacco presents a stable trend since 2007, while 

an increasing tendency of consumption prevalence starting in 2005 has been confirmed for 

the hypnosedative drugs. Hypnosedatives are the only drugs that have a higher 

prevalence of consumption in women than in man. Moreover, these substances are also 

consumed by a high proportion of heroin and cocaine users.   

According to the last report, in Spain, 2 out of 10 young people aging between 15 

and 24 have consumed cannabis. Within the general population, cannabis consumption 

prevalence during the last year presents a decreasing trend since 2005.  

In Spain, cocaine use, after an upward trend from 1997 to 2005, has shown a 

decreasing trend (OED 2009). The last report confirms the decreasing trend of cocaine 

use among Spanish adults and estimates that 0.3% of the adult population (or 92,046 

adults) present a high-risk use of this substance.  

Heroin is historically the illicit drug that causes most problems in Spain (OED 

2009). However, since the beginning of the mid-1990s, both the consumption and the 

problems associated with heroin addiction have declined significantly (OED 2009). Based 

on the last report, 0.1% of the general population has used heroin during the last year, 

while the estimated number of the problematic users was estimated to reach 65,648 

Spanish adults.  

Similar consumption prevalence, less than 1% of the adult population during the 

last year (2013) is reported for ATS and hallucinogen substances.   

Overall, data collected in 2013 confirm the declining prevalence of all these 

substances observed since 2001. Current concerns are related to the increase of poly drug 

consumption and the seizure of a significant amount of new emerging compounds, being 

synthetic cannabinoids, cathinone and synthetic opioids the most relevant (EMCDDA 

2016; UNODC 2016). In Spain, poly drug consumption involves the use of a substance 

together with alcohol and cannabis in 95 % and 60 % of the cases, respectively (OEDT 

2016).  
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1.3.  Drugs of abuse: emerging environmental contaminants and 

estimation of drug consumption. 

Emerging contaminants are previously unknown or unrecognized contaminants 

whose presence in the environment has been demonstrated recently raising concern due 

to their potentially dangerous effects on the ecosystem and human health (Richardson 

2008).  

After administration, drugs of abuse (DAs), similar to pharmaceuticals, are 

metabolized in the human body and different percentages of the original compound and its 

metabolic products are excreted in urine and feces (Lienert, Burki et al. 2007). Collected in 

the sewer network, these (biologically active) compounds are transported together with 

domestic wastewater to the wastewater treatment plants (WWTPs), where they are only 

partially removed during the wastewater treatment processes (Devault, Néfau et al. 2016). 

As a result, certain amounts of drugs and metabolites are released to the environment 

through WWTPs effluents, which represent the main source of these compounds to the 

aquatic environment (Postigo, Lòpez de Alda et al. 2010). 

During the last few decades, the development of selective and sensitive analytical 

techniques based on liquid and gas chromatography coupled to mass spectrometry have 

allowed to demonstrate that trace levels (usually below µg/L) of different pharmaceuticals 

occur in the environment (Kümmerer 2009). However, the first studies did not included 

illicit drugs in the list of target compounds. This fact was noticed in 2001 by Christian 

Daughton who not only recognized that similar to pharmaceuticals illicit drugs could end up 

in the environment through sewage plant effluents, but also hypnotized that monitoring 

excreted drug residues in wastewater samples could provide an estimation of the drug 

consumption among the population, following an approach known as sewage 

epidemiology approach (Daughton 2001).    

Following this, the first report of the presence of DAs in the water cycle occurred in 

2004 when Jones-Lepp et al. reported the presence of MA and MDMA in treated 

wastewater samples collected in the United States (Jones-Lepp, Alvarez et al. 2004). One 

year later a research group from the Mario Negri Institute in Milan not only reported the 

presence for the first time of COC and BE in wastewater influent and in surface water but 

also applied the sewage epidemiology approach to back calculate the consumption of 

cocaine in the city of Milan (Zuccato E 2005).  
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This last study received a significant coverage by the media in Italy and worldwide 

and since then an increasing number of analytical methods have been developed and 

applied to the study of the occurrence of DAs in wastewater and surface water (Postigo, 

Lopez de Alda et al. 2008; Castiglioni 2008 ), as well as in wastewater suspended 

particulate matter (Baker and Kasprzyk-Hordern 2011b; Senta, Krizman et al. 2013), 

sewage sludge (Arbeláez, Borrull et al. 2014; Álvarez-Ruiz, Andrés-Costa et al. 2015; 

Gago-Ferrero, Borova et al. 2015), river sediments (Langford, Reid et al. 2011), 

groundwater, drinking water (Huerta-Fontela, Galceran et al. 2008a), and even airborne 

particulate matter around the world (Cecinato and Balducci 2007). 

Overall, these studies have demonstrated that DAs are pseudo persistent 

pollutants present in different environmental compartments around the world (Zuccato, 

Castiglioni et al. 2008a). According to the published literature, the most studied 

compounds have been the most widely consumed drugs worldwide, such as cocainics, 

cannabinoids, ATS, and opioids, and their main human metabolites (Castiglioni 2008 ). 

Biotic and abiotic transformation products of DAs formed during conventional and 

advanced wastewater treatment processes and after their release in the environment have 

received much less attention (Evgenidou, Konstantinou et al. 2015). 

Because most DAs have polar character and, therefore, low propensity to be 

absorbed onto solid environmental matrices, comparatively fewer studies have been 

performed in solid environmental matrices such as soils, river sediments and sewage 

sludge (Díaz-Cruz, García-Galán et al. 2009). 

Of all drugs of abuse, cannabinoids and opioids present a hydrophobic nature (log

Kow 3- 5), therefore they show a greater potential to accumulate onto organic surfaces.

On the other hand, leaving apart the concerns steaming from the widespread 

environmental presence of these substances, after the first evidence that levels of DAs

detected in untreated wastewater samples could provide important information on 

population drug consumption, numerous studies addressed this issue and (i) applied the 

aforementioned sewage epidemiology approach to investigate temporal and spatial trends 

in DAs consumption in different cities around the world (Castiglioni, Zuccato et al. 2006; 

Bones, Thomas et al. 2007; Karolak, Nefau et al. 2010; Metcalfe, Tindale et al. 2010; 

Postigo, Lòpez de Alda et al. 2010; van Nuijs, Castiglioni et al. 2011a; Bijlsma, Serrano et 

al. 2014; Krizman, Senta et al. 2016) and (ii) improved and refined different aspects related 

to the determination of these active compounds in wastewater (sampling, analytical 

methods, and back calculation of drugs consumption) (van Wel, Kinyua et al. ; van Nuijs, 

Castiglioni et al. 2011a; van Nuijs, Abdellati et al. 2012; Castiglioni, Bijlsma et al. 2013; 
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McCall, Bade et al. 2016) as well as the interpretation of the results  (van Wel, Kinyua et 

al. ; Thomas, Bijlsma et al. 2012; Been, Schneider et al. ; Zuccato, Castiglioni et al. 2016).  

These studies demonstrated that the proposed approach provides complementary 

information to the conventional surveys (population surveys, drug related treatment 

demands, and data related to drug production and drug seizure worldwide) carried out at 

global and national levels, in a nearly real time and cost effective fashion.

Following the path of the illicit drugs in wastewater samples, in 2011 the sewage 

epidemiology approach was extended to the back calculation of alcohol consumption 

through the measurement of ethyl sulfate (EtS) and ethyl glucuronide (EtG), two urinary 

alcohol metabolites, in wastewater samples (Helander and Beck 2005; Reid, Langford et 

al. 2011). In many of these studies, because of  the low stability of EtG in wastewater 

samples, EtS was selected as alcohol biomarker for the back calculation of alcohol 

consumption (Mastroianni, Lopez de Alda et al. 2014; Rodríguez-Álvarez, Rodil et al. 

2014; Rodríguez-Álvarez, Racamonde et al. 2015; Boogaerts, Covaci et al. 2016; Gatidou, 

Kinyua et al. 2016; Ryu, Barceló et al. 2016; Andrés-Costa, Escrivá et al. 2016a). 

Also, since drugs of abuse were found to be present as well in both indoor and 

outdoor airborne particles, their determination in this matrix was proposed also as a fast, 

reliable, and not intrusive method to detect illicit activity related to drug production, 

handling, trafficking and consumption. 

In this context, analytical methodologies were developed for the assessment of 

trace levels of MA left over following its consumption and clandestine production (Martyny, 

Arbuckle et al. 2008; McKenzie, Miskelly et al. 2013) as well as for the monitoring of 

ketamine in recreational places (clubs) (Bianchi, Bisceglie et al. 2014), while Lai et al. 

proposed a headspace sampling technique for the detection of different volatile markers of  

COC, MDMA and cannabis in cargo containers (Lai, Corbin et al. 2008).   

Different analytical methodologies have also been developed for the analysis of 

DAs in both fine (PM 2.5) and the coarse (PM10-2.5) airborne particles collected in 

different cities around the world (Balducci, Nervegna et al. 2009; Cecinato, Balducci et al. 

2009; Postigo, Lopez De Alda et al. 2009; Cecinato, Balducci et al. 2010; Viana, Postigo et 

al. 2011; Mastroianni, Postigo et al. 2015; Cecinato, Balducci et al. 2016)  

The next sections present and discuss the environmental presence and fate of the 

DAs considered in this thesis, the strengths and limitations of the sewage epidemiology

approach, the eco environmental implications of the presence of these biological active 
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compounds in the environment, and finally the analytical methodologies employed for their 

determination in the environment.
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1.3.1.  Wastewater influent and effluent. 

The presence of drugs in influent and effluent wastewater samples has been 

studied in different European countries, as well as in the USA, Canada, Australia and 

China, among others. Table 2 gives the levels of the DAs included in this study reported in

WWTP influent and effluent samples collected around the world.

In WWTP influents, the most abundant compounds have been COC and its main 

metabolite BE. COC has been detected in WWTP influent from NE-Spain at 

concentrations up to 4700 ng/L, while its metabolite BE reached a concentration of 7500 

ng/L in the same study (Huerta-Fontela, Galceran et al. 2008b). In other Spanish locations, 

average concentrations ranging from 79 to 608 ng/L and from 447 to 4750 ng/L have been 

reported for COC and BE, respectively (Bijlsma, Sancho et al. 2009; González-Mariño, 

Quintana et al. 2010; Postigo, López de Alda et al. 2010). Similar or lower values have 

been reported for these two compounds in other studies performed in Europe (Zuccato E 

2005; Kasprzyk-Hordern, Dinsdale et al. 2009; van Nuijs, Pecceu et al. 2009c; Berset, 

Brenneisen et al. 2010) as well as in the USA (Chiaia, Banta-Green et al. 2008), Canada 

(Metcalfe, Tindale et al. 2010) and Australia (Irvine, Kostakis et al. 2011)  Presence of CE 

in this matrix has been studied in fewer studies, carried out in Spain, Italy, Switzerland, 

and France. An average level of CE of 150 ng/L was reported in a WWTP from Castellón, 

Spain (Bijlsma, Sancho et al. 2009), while in the other published literature average 

concentrations of CE ranged from 5.9 to 78 ng/L (Castiglioni, Zuccato et al. 2006; Postigo, 

López de Alda et al. 2010).  

Within the ATS, the pharmaceutical compound EPH was studied only in a limited 

number of studies. In a study performed in 7 different WWTPs located in the Ebro River 

basin in Spain, EPH was detected with a median concentration of 349 ng/L and a 

maximum concentration of 660 ng/L (Postigo, López de Alda et al. 2010). These results 

are not surprising since EPH is an active ingredient found in many legal pharmaceutical 

formulations. In agreement with the official reports, the ATS present geographical 

differences in their prevalence both between countries and within the same country, being 

AM and MDMA the most abused ATS in Europe, whereas higher consumption of MA has 

been reported in the USA (Chiaia, Banta-Green et al. 2008), Australia (Irvine, Kostakis et 

al. 2011) and China (Du, Li et al. 2015), among others. Average concentrations of AM 

ranging from 15 to 496 ng/L have been reported in different studies carried out in Spain, 

Italy, Belgium, USA, and Canada, whereas comparatively higher levels have been 

reported in the UK, where average concentrations ranged from 86 to 5236 ng/L (Kasprzyk-

Hordern, Dinsdale et al. 2008; Kasprzyk-Hordern, Dinsdale et al. 2009). MDMA reached 
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the maximum concentration of 598 ng/L in a WWTP of NE-Spain (Huerta-Fontela, 

Galceran et al. 2008b), while average concentrations ranging from <LOD to 187 ng/L have 

been reported in other countries. In contrast to the general low prevalence of MA observed 

in Europe, average concentrations as high as 587, 800 and 229 ng/L were reported in 

studies performed in Australia (Irvine, Kostakis et al. 2011), the USA (Chiaia, Banta-Green 

et al. 2008), and China (Peng, Hall et al. 2016), respectively. Interestingly, MA and AM 

were the only DAs detected in a study performed in five cities located in South Korea, a 

country with an overall low prevalence of DAs (Kim, Lai et al. 2015).    

Among the most investigated opioids, MOR was found at average concentrations 

lower than 152 ng/L in Spain and Italy (Zuccato E 2005; Huerta-Fontela, Galceran et al. 

2008b), while higher values were reported in Switzerland (Zuccato E 2005), the UK 

(Zuccato, Chiabrando et al. 2008b), Germany (Hummel, Löffler et al. 2006; Wick, Fink et 

al. 2009), and Croatia (Terzic, Senta et al. 2010). Differences in opioids concentrations 

between different European countries could be due to the different therapeutic uses of this 

substance, besides that MOR can also come from the degradation of other opioids such as 

HER and its main metabolite 6ACM. 

On the other hand HER presents a low occurrence in influent and effluent 

wastewater samples. Relatively low concentrations (median 1.1 ng/L) of HER have been 

reported in wastewater from Spain (Boleda, Galceran et al. 2007; Postigo, Lòpez de Alda 

et al. 2010), while Nefau et al. detected HER in just two wastewater samples collected in 

France, at concentrations below 82 ng/L (Nefau, Karolak et al. 2013).  

The major metabolite of HER, 6ACM, has been detected in Switzerland, Italy, 

Spain, Belgium, and Croatia, with average concentrations below 38 ng/L in all cases.

The synthetic opioid METH and its major metabolite EDDP have been detected at 

maximum concentrations of 1531 and 1029 ng/L, respectively, in a WWTP located in NE-

Spain. In terms of average concentrations, values below 100 ng/L have been reported in 

the reviewed literature. In some cases, concentrations of METH and EDDP were higher in 

treated wastewater compared to the influent stream. Bijlsma et al., for example, in a 

monitoring study carried out in 5 different WWTPs in The Netherlands, reported an 

average concentration of EDDP of 25 ng/L in treated water, while the compound was not 

detected in the correspondent influent water (Bijlsma, Emke et al. 2012).  

In the case of the cannabis active components, to the best of our knowledge, no 

study has ever investigated CBD and CBN, while a limited number of studies have 

reported the presence of THC in this matrix. THC was detected in only one WWTP sample 
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collected in Spain, at a concentration of 48 ng/L (Postigo, Lòpez de Alda et al. 2010). 

However, higher frequencies of detection have been reported for the two THC metabolites 

OH-THC and THC-COOH. 

Concentrations of OH-THC in samples collected from 7 different WWTPs in Spain 

ranged from 2.3 to 90 ng/L. Meanwhile, THC-COOH has been detected in influent 

wastewaters at average concentrations lower than 126 ng/mL in Italy, Switzerland, and 

Spain, and at relatively higher concentrations in The Netherlands (from 33 to 439 ng/L) 

(Bijlsma, Emke et al. 2012) and in a national study (25 WWTPs) performed in France. In 

the latter case, average concentrations as high a 477 ng/L and a maximum concentration 

of 1196 ng/L were reported (Nefau, Karolak et al. 2013). 

Regarding the benzodiazepine compounds included in this thesis, significant 

differences were found in terms of presence and levels in wastewater samples collected in 

different European countries. Although concentrations of benzodiazepines up to hundreds 

of ng/L have been reported in both treated and untreated wastewater samples (Jelic, Gros 

et al. 2011; Sousa, Gonçalves et al. 2011), in general, ALP, DIA and LOR were either not 

detected or present at low ng/L levels in both influent and effluent wastewater samples 

(Hummel, Löffler et al. 2006; Unceta, Sampedro et al. 2010; Bijlsma, Emke et al. 2012; 

Repice, Grande et al. 2013). Following consumption benzodiazepines are metabolized to 

different urinary metabolites which may explain the relative low levels of the parent 

compounds observed in wastewater samples in the published literature (Bijlsma, Emke et 

al. 2012).  

As can be seen in Table 2, many of these compounds were still detected in the 

wastewater leaving the WWTPs due to their incomplete removal, although the 

concentrations at the outlet were for the most considerably lower than at the inlet. In some 

cases, different removal efficiencies for ATS, opioids and cannabinoid compounds were 

observed between WWTPs employing the same technologies. An overview of the reported 

removal efficiencies is discussed in the following section.

In the treated wastewater the most abundant compounds remain to be COC and

BE, although, together with MOR, they are the substances best eliminated in the WWTPs. 

Within the group of ATS, AM and MA are almost completely eliminated, and usually 

detected at concentrations of a few ng/L in the treated waters. However, when high 

concentrations of ATS occur at the inlet of the WWTP significant amounts of these 

compounds are still often detected in the treated wastewater effluent.
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Apart from MOR, the other opioids, 6ACM and HER have been detected at low 

ng/L or not detected in the WWTP effluents. On the contrary, the synthetic opioid METH 

and its main metabolite EDDP, appear to be highly resistant to depuration treatments, 

since their concentrations at the exit of WWTPs are often similar to those observed at the 

entrance.

Within the cannabinoids compounds, THC-COOH, presents in general lower 

concentrations in the treated wastewater than in the corresponding raw wastewater, 

although higher concentrations in the effluent compared to the influent have also been 

reported. 
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Table 2. Levels of drugs of abuse and their metabolites in influent and effluent 

wastewaters.

Compound Country Study site

Concentration range 
(ng/L) Reference

a

Influent Effluent

COC

Italy

4 cities 42-120 [1]

Milan 421
b

<0.99 (LOQ
e
) [2]

Florence 26-89 [3]

Switzerland 5 towns <20-1920 <15-106 [4]

Spain

42 towns in NE Spain 4-4700 1-100 [5]

16 WWTPs in Catalonia 79
b

17
b

[6]

4 cities east coast 316-860 6.2-105 [8]

7 WWTPs Ebro basin 195-961 1.9-31 [7]

Castellon (music fest.) 370-1240 <30-560 [9]

WWTPs in NW Spain 179
b

26
b

[10]

WWTP at Almeria 474
b

171
b

[28]

The Netherlands 5 WWTPs 87-957 <6-159 [11]

France 25 WWTPs <LOD
d
-1532 <LOD

d
- 335 [12]

Belgium

11 WWTPs 126
b

[15]

37 WWTPs 10-753 [14]

41 WWTPs 9-693 [13]

UK
Cilfynydd 526 149 [16]

7 WWTPs 5-208 0.6-70 [17]

Ireland 5 WWTPs 489
b

47-138 [18]

Croatia WWTPs in Zagreb 30-114 8-70 [19]

Poland 9 WWTPs 3.1-51 [23]

USA 7 WWTPs 56-860 [20]

Canada 3 WWTPs  209-823
<20(LOQ

e
)-

530
[21]

India 5 WWTPs <LOD
d
-32 <LOD

d
-56 [27]

BE

Italy

4 cities 390-750 [1]

Milan 1132
b

<0.92 (LOQ
e
) [2]

Florence 86-214 [3]

Switzerland 5 towns <20-1860 37-425 [4]

Spain

42 towns in NE Spain 9-7500 1-1500 [5]

16 WWTPs in Catalonia 810
b

216
b

[6]

4 cities east coast 1020-4225 30-1142 [8]

7 WWTPs Ebro basin 545-3790 4.1-510 [7]

Castellon (music fest) 1480-10500 <30-6790 [9]

WWTPs in NW Spain 447
b

189
b

[10]

WWTP at Almeria 2541
b

1010
b

[28]

Germany 12 German WWTPs 78 (maximum) 49 (maximum) [22]

The Netherlands 5 WWTPs 335-3701 <2-351 [11]

France 25 WWTPs <LOD
d
-3050 <LOD

d
- 910 [12]

Belgium

11 WWTPs 375
b

[15]

37 WWTPs 33-2258 [14]

41 WWTPs 37-2130 [13]
a [1] (Zuccato E 2005), [2] (Castiglioni, Zuccato et al. 2006), [3] (Mari, Politi et al.), [4] (Berset, Brenneisen et al. 2010), [5] 
(Huerta-Fontela, Galceran et al. 2008b), [6] (Huerta-Fontela, Galceran et al. 2007), [7] (Postigo, López de Alda et al. 
2010), [8] (Postigo, Lopez De Alda et al. 2008), [9] (Bijlsma, Sancho et al. 2009),  [10] (González-Mariño, Quintana et al. 
2012), [11] (Bijlsma, Emke et al. 2012), [12] (Nefau, Karolak et al. 2013), [13] (Van Nuijs, Pecceu et al. 2009a), [14] (van 
Nuijs, Pecceu et al. 2009c), [15] (van Nuijs, Tarcomnicu et al. 2009d), [16] (Kasprzyk-Hordern, Dinsdale et al. 2007), [17] 
(Baker and Kasprzyk-Hordern 2013), [18] (Bones, Thomas et al. 2007), [19] (Terzic, Senta et al. 2010), [20] (Chiaia, Banta-
Green et al. 2008), [21] (Metcalfe, Tindale et al. 2010), [22]  (Hummel, Löffler et al. 2006), [23] (Klupzyska, Dereziski 
et al. 2016), [24] (Irvine, Kostakis et al. 2011), [25] (Du, Li et al. 2015), [26] (Makuľak, Bodík et al. 2016), [27] (Subedi, 
Balakrishna et al. 2017), [28] (Martínez Bueno, Uclés et al. 2011) [29] (Boleda, Galceran et al. 2007), [30] (Wick, Fink et 
al. 2009) 
b average concentration, c median concentration, dlimit of detection, e limit of quantification 



25 

Table 2. Levels of drugs of abuse and their metabolites in influent and effluent 
wastewaters (cont.). 

Compound Country Study site

Concentration range 
(ng/L) Reference

a

Influent Effluent

BE

UK
Cilfynydd 1229 1597 [16]

7 WWTPs 16-576 0.8-293 [17]

Ireland 5 WWTPs 290 31-22 [18]

Croatia WWTPs in Zagreb 89-325 47-147 [19]

Poland 9 WWTPs 11-149 [23]

Slovakia 14 towns <LOD
d
-295 [26]

Czech Republic 3 towns <LOD
d

[26]

USA 7 WWTPs 110-2800 [20]

Canada 3 WWTPs 287-2624 62-775 [21]

Australia
WWTPs in South 
Australia

52
b

[24]

India 5 WWTPs 12-55 15-2 [27]

CE

Italy Milan 11.5
b

<0.95 (LOQ
e
) [2]

Switzerland Lugano 5.9
b

0.2
b

[2]

Spain

4 cities east coast 49-97 2-7 [8]

7 WWTPs Ebro basin 6-50 0.2-3 [7]

Castellon (music fest) <150-190 <30-80 [9]

France 25 WWTPs <LOD
d
-167 <LOD

d
-25 [12]

UK 7 WWTPs 0.9-15 0.5-7.9 [17]

India 5 WWTPs <LOD
d

<LOD
d

[27]

EPH

Spain
7 WWTPs Ebro basin 203-660 2.6-276 [7]

WWTP at Almeria 3212
b

1420
b

[28]

UK 7 WWTPs 8.7-1979 5.3-265 [17]

USA 7 WWTPs 580-6900 [20]

AM

Italy Milan 14.7
b

<2.8 (LOQ
e
) [2]

Switzerland 5 towns <20-93 <20 [4]

Spain

42 towns in NE Spain 3-688 4-210 [5]

16 WWTPs in Catalonia 15 <1 (LOQ
e
) [6]

4 cities east cost 6-41 0.5-3.3 [8]

7 WWTPs Ebro basin 3.3-664 0.9-58 [7]

Castellon <500-1400 <LOD
d
-210 [9]

WWTPs in NW Spain 64
b

14
b

[10]

WWTP at Almeria 496
b

225
b

[28]

The Netherlands 5 WWTPs 41-1779 <4-7 [11]

France 25 WWTPs <LOD
d
-194 <LOD

d
- 31 [12]

Belgium 11 WWTPs 206
b

[15]

UK
Cilfynydd 5236 127 [16]

7 WWTPs 17-3112 4.3-145 [17]

Croatia WWTPs in Zagreb <2.6-91 <0.9-9.4 [19]

Poland 9 WWTPs 153-1222 [23]

Slovakia 14 towns <LOD
d
-162 [26]

Czech Republic 3 towns 23-80 [26]

USA 7 WWTPs 80-550 [20]

Canada 3 WWTPs <3(LOQ
e
)-25 <1-14 [21]

China 18 towns (36 WWTPs) 50
b

[25]

India 5 WWTPs 238-4720 <LOD
d

-2240 [27]
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Table 2. Levels of drugs of abuse and their metabolites in influent and effluent 
wastewaters (cont.). 

Compound Country Study site

Concentration range 
(ng/L) Reference

a

Influent Effluent

MA

Italy Milan 16
b

3.5
b

[2]

Switzerland 5 towns <20 <20-11 [4]

Spain

42 towns in NE Spain 3-277 3-90 [5]

4 cities east coast 3-18 1.5-6 [8]

7 WWTPs Ebro basin 0.8-8 0.5-8 [7]

WWTP at Almeria 614
b

[28]

The Netherlands 5 WWTPs <15-17 <5 [11]

France 25 WWTPs <LOD
d
-51 <LOD

d
- 24 [12]

Belgium 11 WWTPs 3.5
b

[15]

UK 7 WWTPs 0.6-70 0.4-1.3 [17]

USA 7 WWTPs <LOD
d
-920 [20]

Poland 9 WWTPs 0.6-17.4 [23]

Slovakia 14 towns <LOD
d—1587 [26]

Czech Republic 3 towns 244-759 [26]

Canada 3 WWTPs <7(LOQ
e
)-6 <2(LOD

d
)-95 [21]

Australia
WWTPs in South 
Australia

587
b

[24]

China 18 towns (36 WWTPs) 229 [25]

India 5 WWTPs 10-386 nd-498 [27]

MDMA

Italy Milan 14
b

4.4
b

[2]

Switzerland
Lugano 14

b
5.1

b
[2]

5 towns <20-108 <20-29 [4]

Spain

42 towns in NE Spain 2-598 2-267 [5]

16 WWTPs in Catalonia 49 41 [6]

4 cities east coast 47-245 30-376 [8]

7 WWTPs Ebro basin 3.5-180 3-120 [7]

Castellon (music fest) <500-27500 <100-21200 [9]

WWTPs in NW Spain 26
b

[10]

The Netherlands 5 WWTPs <12-241 19-222 [11]

France 25 WWTPs <LOD
d
-756 <LOD

d
- 352 [12]

Belgium 11 WWTPs 34
b

[15]

UK 7 WWTPs 0.7-455 0.6-177 [17]

Croatia WWTPs in Zagreb <2.2-33 <0.3-8.4 [19]

Poland 9 WWTPs 1.2-95 [23]

Slovakia 14 towns <LOD
d—58 [26]

Czech Republic 3 towns <LOD
d
-24 [26]

USA 7 WWTPs <LOD
d
-70 [20]

Canada 3 WWTPs 9-35 <3(LOD
d
)-32 [21]

Australia WWTPs in South Australia 187
b

[24]

India 5 WWTPs <LOD
d
-23 LOD

d
-29 [27]

a [1] (Zuccato E 2005), [2] (Castiglioni, Zuccato et al. 2006), [3] (Mari, Politi et al.), [4] (Berset, Brenneisen et al. 2010), [5] 
(Huerta-Fontela, Galceran et al. 2008b), [6] (Huerta-Fontela, Galceran et al. 2007), [7] (Postigo, López de Alda et al. 
2010), [8] (Postigo, Lopez De Alda et al. 2008), [9] (Bijlsma, Sancho et al. 2009),  [10] (González-Mariño, Quintana et al. 
2012), [11] (Bijlsma, Emke et al. 2012), [12] (Nefau, Karolak et al. 2013), [13] (Van Nuijs, Pecceu et al. 2009a), [14] (van 
Nuijs, Pecceu et al. 2009c), [15] (van Nuijs, Tarcomnicu et al. 2009d), [16] (Kasprzyk-Hordern, Dinsdale et al. 2007), [17] 
(Baker and Kasprzyk-Hordern 2013), [18] (Bones, Thomas et al. 2007), [19] (Terzic, Senta et al. 2010), [20] (Chiaia, Banta-
Green et al. 2008), [21] (Metcalfe, Tindale et al. 2010), [22]  (Hummel, Löffler et al. 2006), [23] (Klupzyska, Dereziski 
et al. 2016), [24] (Irvine, Kostakis et al. 2011), [25] (Du, Li et al. 2015), [26] (Makuľak, Bodík et al. 2016), [27] (Subedi, 
Balakrishna et al. 2017), [28] (Martínez Bueno, Uclés et al. 2011) [29] (Boleda, Galceran et al. 2007), [30] (Wick, Fink et 
al. 2009) 
b average concentration, c median concentration,d limit of detection, e limit of quantification 
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Table 2. Levels of drugs of abuse and their metabolites in influent and effluent 
wastewaters (cont.). 

Compound Country Study site

Concentration range 
(ng/L) Reference

a

Influent Effluent

MOR

Italy
Milan 83

b
<3.95 (LOQ

e
) [2]

WWTPs at Florence 4-24 [3]

Switzerland
Lugano 204

b
55

b
[2]

5 towns <20-1860 84-1270 [4]

Germany
12 WWTPs 310

c
40

c
[22]

WWTP 300
c

25
c

[30]

Spain

WWTPs in NE-Spain 54
b

51
b

[25]

Catalonia 25-278 12-81 [31]

4 cities east coast 63-162 11-30 [8]

7 WWTPs Ebro basin 54-166 5-80 [7]

WWTPs in NW Spain 21
b

[10]

WWTP at Almeria 152
b

73
b

[28]

France 25 WWTPs <LOD
d
-1637 <LOD

d
- 902 [12]

UK 7 WWTPs 66-986 13-267 [17]

Ireland 5 WWTPs <LOD
d

452-874 [18]

Croatia WWTPs in Zagreb 160-476 18-101 [19]

India 5 WWTPs <LOD
d
-189 <LOD

d
[27]

6 MAM

Italy Milan 11.8
b

<5.3 (LOQ
e
) [2]

Switzerland
Lugano 10

b
<5.3 (LOQ

e
) [2]

5 towns <20-82 <20 [4]

Spain
7 WWTPs Ebro basin 1-4 <LOD

d
[7]

4 cities east coast 6-12 2-4 [8]

The Netherlands 5 WWTPs <19-73 <7-30 [11]

France 25 WWTPs <LOD
d
-136 <LOD

d
[12]

UK 7 WWTPs 3.0-224 0.6-7.7 [17]

Croatia WWTPs in Zagreb 3.3-28 <0.2-6.8 [19]

HER

France 25 WWTPs <LOD
d
-82 <LOD

d
[12]

Spain
7 WWTPs Ebro basin <LOD

d
<LOD

d
[7]

4 cities east coast <LOD
d
-2.0 <LOD

d
-1.2 [8]

UK 7 WWTPs <LOD
d

<LOD
d

[17]

METH

Italy Milan 12
b

9.1
b

[2]

Switzerland
Lugano 50

b
36

b
[2]

5 towns 42-202 44-128 [4]

Spain

WWTP in NE-Spain 13
b

11
b

[29]

Catalonia 3.4-1531 3.4-732 [31]

WWTPs in NW Spain 29
b

18
b

[10]

WWTP at Almeria 45
b

18
b

[28]

Germany WWTP 88
c

87
c

[30]

The Netherlands 5 WWTPs <45 6.9-58 [11]

France 25 WWTPs <LOD
d
-234 <LOD

d
-145 [12]

Belgium 11 WWTPs 19
b

[15]

UK 7 WWTPs 2.6-171 1.4-91 [17]

Croatia WWTPs in Zagreb 25-94 20-60 [19]

USA WWTPs 5-62 [20]

EDDP

Italy Milan 20
b

23
b

[2]

Switzerland Lugano 91
b

72
b

[2]

5 towns 153-634 151-442 [4]
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Table 2. Levels of drugs of abuse and their metabolites in influent and effluent 
wastewaters (cont.). 

Compound Country Study site

Concentration range 
(ng/L) Reference

a

Influent Effluent

EDDP

Spain

WWTPs in NE-Spain 20
b

22
b

[29]

Catalonia 3.3-1029 2.7-1150 [31]

WWTPs in NW Spain 40
b

27
b

[10]

WWTP at Almeria 138
b

64
b

[28]

France 25 WWTPs <LOD
d
-260 <LOD

d
-246 [12]

Belgium WWTP Brussel 109
b

[15]

UK 7 WWTPs 4-342 2.6-162 [17]

Croatia WWTPs in Zagreb 71-156 74-163 [19]

Ireland 5 WWTPs <LOD
d

9-206 [18]

India 5 WWTPs <LOD
d
-10 <LOD

d
-11 [27]

LSD

Spain 4 cities east coast 1.1-4.7 0.2-1.6 [8]

UK 7 WWTPs <LOD
d

<LOD
d

[17]

USA WWTPs around US 5-62 [20]

OH-LSD
Spain 4 cities east coast <LOD

d
-5.6 <LOD

d
-0.8 [8]

UK 7 WWTPs <LOD
d

<LOD
d

[17]

THC Spain
7 WWTPs Ebro basin 48 (1 sample) <LOD [7]

4 cities east coast <LOD
d
-39 <LOD

d
-20 [8]

THC-OH Spain
7 WWTPs Ebro basin 2-90

0.4 (1 
sample)

[7]

4 cities east coast 8.4-76 4.8-23 [8]

THC-
COOH

Italy Milan 63
b

<1.75(LOQ
e
) [2]

Switzerland
Lugano 91

b
7.2

b
[2]

5 towns <100 <100 [4]

Spain

WWTP in NE-Spain 64
b

39
b

[29]

Catalonia 11.3-127 4.2
C

[31]

WWTPs in NW Spain 126
b

32
b

[10]

7 WWTPs Ebro basin 10-22 5-72 [7]

4 cities east cost 4-32 4-19 [8]

The Netherlands 5 WWTPs <33-489 <7-22 [11]

France 25 WWTPs 44-1196 <LOD
d
- 202 [12]

Croatia WWTPs in Zagreb 21-128 <53 [19]

Slovakia 14 towns <LOD
d—290 [26]

Czech Republic 3 towns 47-132 [26]

ALP
Portugal 2 WWTPs <LOQ

e
<LOQ

e
[34]

USA 7 WWTPs <LOD
d
-18 [35]

Spain WWTP in Madrid 3
b

3
b

[33]

DIA

UK 7 WWTPs 6.6-8.0 0.5-7.1 [17]

The Netherlands WWTPs (n=5) <LOD
d

<LOD
d

[11]

Germany 12 WWTPs <10 <10 [22]

LOR Italy WWTP in Verona <LOQ
e

<LOQ
e

[31]

Spain 3 WWTPs <LOD
d
- 40 [32]

Portugal 2 WWTPs <LOD
d

240-438 [34]
a [1] (Zuccato E 2005), [2] (Castiglioni, Zuccato et al. 2006), [3] (Mari, Politi et al.), [4] (Berset, Brenneisen et al. 2010), [5] 
(Huerta-Fontela, Galceran et al. 2008b), [6] (Huerta-Fontela, Galceran et al. 2007), [7] (Postigo, López de Alda et al. 
2010), [8] (Postigo, Lopez De Alda et al. 2008), [9] (Bijlsma, Sancho et al. 2009),  [10] (González-Mariño, Quintana et al. 
2012), [11] (Bijlsma, Emke et al. 2012), [12] (Nefau, Karolak et al. 2013), [13] (Van Nuijs, Pecceu et al. 2009a), [14] (van 
Nuijs, Pecceu et al. 2009c), [15] (van Nuijs, Tarcomnicu et al. 2009d), [16] (Kasprzyk-Hordern, Dinsdale et al. 2007), [17] 
(Baker and Kasprzyk-Hordern 2013), [18] (Bones, Thomas et al. 2007), [19] (Terzic, Senta et al. 2010), [20] (Chiaia, Banta-
Green et al. 2008), [21] (Metcalfe, Tindale et al. 2010), [22]  (Hummel, Löffler et al. 2006), [23] (Klupzyska, Dereziski 
et al. 2016), [24] (Irvine, Kostakis et al. 2011), [25] (Du, Li et al. 2015), [26] (Makuľak, Bodík et al. 2016), [27] (Subedi, 
Balakrishna et al. 2017), [28] (Martínez Bueno, Uclés et al. 2011), [29] (Boleda, Galceran et al. 2007), [30] (Wick, Fink et 
al. 2009), [31] (Repice, Grande et al. 2013), [32] (Gros, Petrovi et al. 2010), [33] (Rosal, Rodríguez et al. 2010), [34] 
(Sousa, Gonçalves et al. 2011), [35] (Batt, Kostich et al. 2008) 
b average concentration, c median concentration, dlimit of detection, e limit of quantification 
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1.3.1.1.  Removal of drugs of abuse during wastewater treatment 

processes. 

The distinct efficiency of WWTPs for the removal of Das from wastewater has been 

studied in different works taking into account the difference in concentration between the 

influent and the effluent of the WWTP facilities. Considering the polar nature of most of the 

investigated compounds, most studies have focused on the dissolved phase, while only a 

limited number of research works have investigated the presence of drugs of abuse in 

suspended particulate matter and sewage sludge, as well as the formation of by products

during wastewater treatment.

Wastewater treatment is a complex process. In general, removal efficiency 

depends on the physicochemical properties of the organic pollutants and on different 

factors related to the specific treatment processes (biological or chemical) and the 

operation conditions of the wastewater treatment facility, such as the hydraulic retention 

time (HRT), sludge retention time (SRT), and the biodegradation kinetic (Kbio) (Petrovic, 

de Alda et al. 2009; Evgenidou, Konstantinou et al. 2015)   

While more polar compounds tend to partition to the liquid phase and may pass 

unchanged through the WWTP, lipophilic compounds can undergo biodegradation 

processes as well as sorption onto sludge during primary and secondary wastewater 

treatments (Petrovic, de Alda et al. 2009). Moreover, following human metabolism, some 

drugs (e.g. MOR and THC-COOH) are excreted in urine mainly as glucuronide conjugates 

which act as reservoirs of the parent compounds. In that case, cleavage of the conjugate 

molecules by enzymes produced by fecal bacteria in wastewater samples can release the 

deconjugated compounds (Castiglioni, Zuccato et al. 2006). 

In general, significant removals of DAs from wastewater have been obtained with 

activated sludge treatment processes (Devault, Néfau et al. 2016). Kasprzyk et al., for 

example, estimated a 100% removal of COC and BE with activated sludge processes, 

while no removal of BE and a lower removal of COC (25%) were obtained with trickling 

filter beds (Kasprzyk-Hordern, Dinsdale et al. 2009). 

Based on the published results, DAs can be grouped in three different classes 

depending on the removal efficiency (Devault, Néfau et al. 2016). 

On average, removal rates in the 75-99% range have been reported for the 

cocainic compounds (COC, BE, and CE), EPH, AM, THC, and one of its urinary 

metabolites, OH-THC (Huerta-Fontela, Galceran et al. 2008b; Kasprzyk-Hordern, Dinsdale 
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et al. 2009; van Nuijs, Pecceu et al. 2009b; Postigo, López de Alda et al. 2010; Terzic, 

Senta et al. 2010; Bijlsma, Serrano et al. 2014). 

A second group of compounds, including MDMA, MA, MOR, the HER metabolite 

6ACM, and the main THC urinary metabolite THC-COOH, is characterized by a wide 

range of removal efficiencies, from negative (higher concentration in effluent than in 

influent wastewater) to 100% (Huerta-Fontela, Galceran et al. 2008b; Postigo, López de 

Alda et al. 2010; Terzic, Senta et al. 2010; Bijlsma, Emke et al. 2012; Bijlsma, Serrano et 

al. 2014). Among this group, especially significant variations have been reported in the 

published literature for MOR and THC-COOH.  

Finally, among the drugs of abuse considered in this thesis, a third group includes 

the recalcitrant synthetic opioids METH and its main urinary metabolite EDDP, and the 

benzodiazepines ALP, LOR and DIA, which show poor removal (lower than 50%) and 

sometimes higher levels in effluent than in influent wastewater (Castiglioni, Zuccato et al. 

2006; Boleda, Galceran et al. 2009; Terzic, Senta et al. 2010; Bijlsma, Emke et al. 2012; 

Kosjek, Perko et al. 2012; Baker and Kasprzyk-Hordern 2013).  

Within the ATS, high removal rates (>70%) have been reported for AM and EPH in 

studies performed in Spain (Postigo, López de Alda et al. 2010; Bijlsma, Serrano et al. 

2014) and the UK (Kasprzyk-Hordern, Dinsdale et al. 2008; Baker and Kasprzyk-Hordern 

2013) while a wider range of removal efficiencies, from negative to 100 % have been 

reported for MDMA and MA (Castiglioni, Zuccato et al. 2006; Kasprzyk-Hordern, Dinsdale 

et al. 2008; Huerta-Fontela, Galceran et al. 2008b; Loganathan, Phillips et al. 2009; 

Metcalfe, Tindale et al. 2010; Terzic, Senta et al. 2010; Bijlsma, Serrano et al. 2014). 

Regarding opioids, MOR presents in general good removal efficiencies, above 70% 

(Castiglioni, Zuccato et al. 2006; Boleda, Galceran et al. 2009; Terzic, Senta et al. 2010; 

Baker and Kasprzyk-Hordern 2013) (Bones, Thomas et al. 2007), but a wide range of 

removal efficiencies has also been reported in other studies. Postigo et al., for example, 

found a significant variation in the removal of MOR in 7 Spanish WWTPs, from 46 to 100% 

(Postigo, López de Alda et al. 2010). Similar to MOR, removal of the HER metabolite 

6ACM has ranged from negative to 100% (Castiglioni, Zuccato et al. 2006; Postigo, López 

de Alda et al. 2010; Terzic, Senta et al. 2010; Bijlsma, Emke et al. 2012; Baker and 

Kasprzyk-Hordern 2013). It should be noted that 6AMC undergoes further 

biotransformation and can contribute to the levels of MOR detected in wastewater (Hastedt 

2015). 
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Regarding cannabinoids, high removal rates of THC and one of its metabolites, 

OH-THC, have been reported in two different studies carried out in different WWTPs in 

Spain (Boleda, Galceran et al. 2007; Boleda, Galceran et al. 2009; Postigo, López de Alda 

et al. 2010). On the contrary, significant variations in the removal of THC-COOH, the main 

urinary metabolite of THC, have been generally reported. Three  studies found removal 

rates higher than 80% for this compound (Castiglioni, Zuccato et al. 2006; Nefau, Karolak 

et al. 2013; Bijlsma, Serrano et al. 2014), whereas others reported poor (32-48%) or 

negative (higher concentration in the effluent than in the influent) removals (Boleda, 

Galceran et al. 2007; Boleda, Galceran et al. 2009; Postigo, Lòpez de Alda et al. 2010). 

Similar to MOR, higher levels of THC-COOH in effluent water can be related to the 

cleavage of the conjugated molecule excreted following human metabolism.   

Finally, to the best of our knowledge, only one study has investigated the 

elimination of LSD and its metabolites 2-oxo-3-hydroxy-LSD (OH-LSD) and nor-LSD in 

WWTPs, which found it to be low (Postigo, López de Alda et al. 2010).  

Although the published data have provided important information related to the 

removal efficiency of different DAs during wastewater treatment processes, less is known 

regarding predominant elimination processes taking place during wastewater treatments. 

In this context, only a limited number of studies have investigated biotic/abiotic processes,

such as sorption on suspended particulate matter and degradation processes like direct or 

indirect photo-degradation, hydrolysis and oxidoreductive reactions, which may occur 

during conventional and advanced wastewater treatments as well as in the environment.

Within the most abused drugs, preliminary studies have shown that cannabinoids, 

METH and EDDP present a significant tendency to be adsorbed onto the solid phase, thus 

sorption onto sludge may play a really important role on the elimination of these 

compounds from the aqueous phase (Baker and Kasprzyk-Hordern 2011b; Mastroianni, 

Postigo et al. 2013; Senta, Krizman et al. 2013). 

Abiotic degradation such as hydrolysis, photo-degradation and the formation of 

transformation products during water disinfection have been investigated in a limited 

number of studies during laboratory degradation experiments. In different cases, known 

urinary metabolites of the DAs were formed. Bijlsma et al. studied the transformation 

products of COC and BE in lab controlled degradation experiments (hydrolysis, 

chlorination, and photo-degradation by UV and simulated sunlight) (Bijlsma, Boix et al. 

2013). The authors of these studies successfully identified 16 TPs (1 from hydrolysis, 8 

from chlorination and 7 from photo-degradation experiments) and 10 TPs (3 from 
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chlorination and 7 from photo-degradation) of COC and BE, respectively. Three of the 26 

TPs were known metabolites of COC and BE (BE itself, norbenzoylecogine and 

norcocaine).

The formation of TPs of COC during conventional and advanced water treatments 

(hydrolysis, chlorination, and advanced oxidation processes based on heterogeneous 

titanium dioxide (TiO2) and homogeneous photo-Fenton photocatalysis) has also been 

investigated by other authors. Postigo et al. identified BE, ecgonine, ecgonine methyl ester 

and CE as the main photodegradation products of COC (Postigo, Sirtori et al. 2011). 

Afterwards, Gonzales Mariño et al. also confirmed the formation of BE as the main 

hydrolytic by-product of COC, whereas three additional TPs, namely, norbenzoylecgonine, 

norcocaine and N-formylnorcocaine were found to be formed during advanced chlorination 

treatment of COC (González-Mariño, Quintana et al. 2012). 

The photolytic and photocatalalytic transformation of the synthetic opioid METH 

has also been investigated by Postigo et al. (Postigo, Sirtori et al. 2011b). Different photo-

transformation products were observed to be formed in lab scale experiments performed 

with demineralized water and synthetic effluent wastewater. This study demonstrated that 

while METH is stable in the dark at room temperature, it is completely transformed within 

minutes (<36 minutes) during photo-catalysis experiments. Among the photo-

transformation intermediates formed during the experiment, EDDP could be confirmed 

(Postigo, Sirtori et al. 2011b). EDDP was also one of major METH’s TPs (total of 8) formed 

in laboratory water chlorination experiments conducted by Gonzales Mariño et al. 

(González-Mariño, Quintana et al. 2015). In a similar experimental setup, the same 

authors also demonstrated a rapid degradation of THC-COOH followed by the formation of 

seven by-products during water disinfection with chlorine (González-Mariño, Rodríguez et 

al. 2013). Later on, Boix et al. identified 19 TPs of THC-COOH: 1 hydrolysis, 8 chlorination, 

3 UV, and 7 sunlight photo-degradation TPs. In the latter case, occurrence of six of the 

formed TPs were reported in wastewater effluents and surface water (Boix, Ibáñez et al. 

2014). 

The complete removal of MA followed by the formation of several by products, has 

also been reported during photocatalytic degradation experiments (UV-TiO2) in both 

deionized water and secondary WWTP effluent by Kuo et al. (Kuo, Lin et al. 2015).  

Overall, these studies demonstrated that, although removal of the parent 

compounds can be obtained during conventional and advanced water treatment processes 

as well as in the environment, more complex mixtures of parent compounds, metabolites 



33 

and TPs can arise as a consequence of different biotic/abiotic transformations. Compared 

to the parent compounds, there is even less information regarding the toxicity to the 

aquatic organisms of the byproducts formed during water purification. Therefore more 

studies are needed in order to better characterize the complex mixtures, their occurrence 

in the environment and the potential toxicity of both the individual compounds and the 

mixtures.

1.3.2.  Occurrence of drugs of abuse in surface water, groundwater and 

drinking water. 

The incomplete removal of drugs during wastewater treatment has a direct effect 

on the receiving water bodies (rivers, lakes and seas) where sewage treatment plants 

discharge their effluents. The levels of drugs found in surface waters are in the order of 

tens of ng/L to a few µg/L for compounds like BE, COC, AM, MOR, codeine, METH and 

EDDP, whereas other DAs have been both found at trace levels or below the limit of 

quantification of the analytical methodologies employed (Zuccato and Castiglioni 2009).  A 

review of the levels of DAs in surface water collected around the world is provided in table 

3. 

In a study carried out in different rivers in Italy and the UK, BE was the compound

found at the highest concentrations, followed by METH and its metabolite EDDP, codeine, 

THC-COOH, and the compounds belonging to the group of ATS (Zuccato, Castiglioni et al. 

2008a). These results have been confirmed in different rivers located in Spain as well in 

other European countries (Huerta-Fontela, Galceran et al. 2008a; Bijlsma, Sancho et al. 

2009; González-Mariño, Quintana et al. 2010; Postigo, Lòpez de Alda et al. 2010).  

However, in some rivers from central Spain, comparatively higher concentration of 

cocainics, the ATS, MDMA, MA and AM, THC-COOH, and benzodiazepines were reported

(Mendoza, López de Alda et al. 2014; Mendoza, Rodríguez-Gil et al. 2014). Higher 

concentrations in these rivers were mostly attributed due to the high population density 

and their lower river flow (dilution factor) compared to other Spanish and European rivers, 

rather than to an indication of a worse removal during wastewater treatment and/or a 

higher drug consumption in the concerned localities. 

Overall, in Spanish river basins, the most abundant compounds were BE and COC, 

detected in surface water at average concentrations up to 142 and 44 ng/L, respectively. 

MDMA was the most ubiquitous ATS in surface water collected in Spain, with average 

concentration usually below 14 ng/L. Among the opioids considered in this thesis, MOR

was detected in surface water at a maximum concentration of 35 ng/L (Mendoza, 
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Rodríguez-Gil et al. 2014), while average concentrations below 12 ng/L were reported for 

the synthetic opioids METH and EDDP. Other compounds (CE, AM, MA, MOR, LSD, nor-

LSD, OH-LSD, THC, THC-COOH and OH-THC) were either not detected or present in a 

limited number of the collected samples at trace levels (<12 ng/L). 

Polluted surface water as well as sewage leaks can contribute to the contamination 

of groundwater which, in some countries, represents together with surface water an 

important source for drinking water production. Occurrence of DAs in groundwater as well 

as in tap water has been reported in some studies carried out in Spain as well as in other 

countries around the world (Rosa Boleda, Huerta-Fontela et al. 2011; Jurado, Mastroianni 

et al. 2012; Valcárcel, Martínez et al. 2012), while Huerta Fontela et al. investigated the 

fate of some DAs during drinking water potabilization processes (Huerta-Fontela, Galceran 

et al. 2008a).

Average concentrations of DAs in groundwater samples collected throughout the 

city of Barcelona were below 3.9 ng/L for the detected compounds COC, BE, CE, MOR, 

METH, EDDP and MDMA (Jurado, Mastroianni et al. 2012). 

In tap water samples collected in Spain as well as other countries, cocaine and its 

metabolite BE, the opioid METH, and its metabolite EDDP were the most ubiquitous and 

abundant DAs. The reported average concentrations were lower than 2.7 ng/L in all cases 

(Rosa Boleda, Huerta-Fontela et al. 2011; Valcárcel, Martínez et al. 2012; Mendoza, 

Rodríguez-Gil et al. 2014).
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Table 3. Levels of drugs of abuse and their metabolites in surface water.

Compound Country Sampling site
Concentration  

(ng/L)
Reference

a

COC

Italy Po, Olona, Lambro, Arno 0.5
b

, 44, 15, 1.7
b

[1]

Switzerland Rivers, creek and lakes nd
e
-3.7

d
[2]

Spain

Manzanares, Jarama 7.7-73
c

[3]

Tagus nd
e

[4]

Sar, Dos Pasos, and Lengüelle 30
b

[5]

Henares 44
b

[6]

Llobregat 6
b

[7]

Llobregat basin 3.0-120
d

[8]

Ebro 1.4
c

[9]

Albufera nd
e
-4.4

d
[10]

Belgium
3 rivers 7-26

d
[11]

28 rivers nd
e
-115

d
[12]

UK

1 river 0.3-3.7
d

[13]

Taff and Ely nd
e
-7

d
[14]

Thames nd
e
-6

d
[1]

Ireland Broadmeadow, Liffey, Boyne 25-33
d

[15]

BE

Italy Po, Olona, Lambro, Arno 3.7
b
, 183, 50, 21.8

b
[1]

Switzerland Rivers, creek and lakes nd
e
-11

d
[2]

Spain

Manzanares, Jarama 46-145
c

[3]

Tagus river 29
c

[4]

Sar, Dos Pasos and Lengüelle 316
b

[5]

Henares 142
b

[6]

Llobregat 77
b

[7]

Llobregat basin 20-1350
d

[8]

Ebro 11
c

[9]

Albufera nd
e
-79 [10]

Belgium
3 rivers 44-191

d
[11]

28 rivers nd
e
-520

d
[12]

UK

1 river 0.7-18
d

[13]

Taff and Ely nd
e
-123 [14]

Thames 4-17
d

[1]

Ireland Broadmeadow, Liffey, Boyne nd
e

[15]

Germany 11 rivers 3
c

[16]

CE Italy Po, Olona, Lambro, Arno nd
e
, 1.3, 0.2, 0.1

b
[1]

Spain

Manzanares, Jarama 11 [3]

Tagus nd
e

[4]

Sar, Dos Pasos and Lengüelle nd
e

[5]

Ebro 0.3
c

[9]

Albufera nd
e

[10]

UK 1 river 0.1-0.3
d

[13]

Ireland Broadmeadow, Liffey and Boyne nd
e

[15]

EPH

Spain

Manzanares, Jarama 86-206
c

[3]

Tagus 13
c

[4]

Henares 70
b

[6]

Ebro 5.4
c

[9]

UK 1 river 9.4-14.5
d

[13]

a 
[1] (Zuccato, Castiglioni et al. 2008a), [2] (Berset, Brenneisen et al. 2010),  [3] (Mendoza, Rodríguez-Gil et al. 

2014), [4] (Valcárcel, Martínez et al. 2012), [5] (González-Mariño, Quintana et al. 2010), [6] (Martínez Bueno, 
Uclés et al. 2011), [7] (Huerta-Fontela, Galceran et al. 2007), [8] (Huerta-Fontela, Galceran et al. 2008a), [9] 
(Postigo, López de Alda et al. 2010), [10] (Vazquez-Roig, Andreu et al. 2010), [11] (Gheorghe, van Nuijs et al. 
2008), [12] (van Nuijs, Pecceu et al. 2009c), [13] (Baker and Kasprzyk-Hordern 2013), [14] (Kasprzyk-Hordern, 
Dinsdale et al. 2008), [15] (Bones, Thomas et al. 2007), [16] (Hummel, Löffler et al. 2006), [17] (Boleda, 
Galceran et al. 2009), [18] (Racamonde, Villaverde-de-Sáa et al. 2012), [19] (Silva, Jelic et al. 2011), [20] 
(Gros, Petrović et al. 2010), [21] (Calamari, Zuccato et al. 2003), [22] (Valcárcel, González Alonso et al. 2011) 
b
 average concentration, 

c 
median concentration, 

d
 concentration range,

e
 not detected
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Table 3. Levels of drugs of abuse and their metabolites in surface water (cont.) 

Compound Country Sampling site
Concentration  

(ng/L)
Reference

a

AM

Italy Po, Olona, Lambro, Arno nd
e

[1]

Switzerland Rivers, creek and lakes nd
e
-1.2

d
[2]

Spain

Manzanares, Jarama nd
e

[3]

Tagus nd
e

[4]

Sar, Dos Pasos and Lengüelle nd
e

[5]

Henares 309
b

[6]

Llobregat nd
e

[7]

Llobregat basin 5-90
d

[8]

Ebro 6.8
c

[9]

Albufera nd
e
-3.4

d
[10]

UK

1 river 0.7-3.8
d

[13]

Taff and Ely 1-21
d

[14]

Thames nd
e

[1]

MA

Italy Po, Olona, Lambro, Arno nd
e
, 1.7, 2.1, nd

e
[1]

Switzerland Rivers, creek and lakes nd
e

[2]

Spain

Manzanares, Jarama 3.1-5.0
c

[3]

Tagus 3.2
c

[4]

Sar, Dos Pasos and Lengüelle nd
e

[5]

Henares nd
e

[6]

Llobregat basin 0.2-2
d

[8]

Ebro 0.4
c

[9]

Albufera
d

nd
e

[10]

UK
1 river 0.1-0.3

d
[13]

Thames nd
e

[1]

MDMA

Italy Po, Olona, Lambro, Arno 0.2
b
, 1.7, 1.1, 1

b
[1]

Switzerland Rivers, creek and lakes nd
e
-1.4

d
[2]

Spain

Manzanares, Jarama 10-26
c

[3]

Tagus 2.1
c

[4]

Sar, Dos Pasos and Lengüelle nd
e

[5]

Henares nd
e

[6]

Llobregat 3
b

[7]

Llobregat basin 4-190
d

[8]

Ebro 1.0
c

[9]

Albufera nd
e

[10]

UK
England, median value (n=69) 0.5-5.8

d
[13]

Thames 2-6
d

[1]

Ireland Roadmeadow, Liffey, Boyne nd
e

[15]

MOR

Italy Po, Olona, Lambro, Arno nd
e
, 38, 3.5, 3

b
[1]

Switzerland Rivers, creek and lakes nd
e
-14

d
[2]

Spain

Manzanares,Jarama 9.9-35
c

[3]

Tagus 1.7
c

[4]

Sar, Dos Pasos and Lengüelle 89
b

[5]

Henares 16
b

[6]

Llobregat, Cardener, Anoia, Rubí nd
e
-31

d
[17]

Ebro 9.8
c

[9]

Albufera nd
e
-11.7

d
[10]

UK
1 river 1.3-9.5

d
[13]

Thames nd
e
-42

d
[1]

Ireland Broadmeadow, Liffey,Boyne nd
e

[15]

Germany 11 rivers 10
c

[16]
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Table 3. Levels of drugs of abuse and their metabolites in surface water (cont.)

Compound Country Sampling site
Concentration  

(ng/L)
Reference

a

6ACM

Italy Po, Olona, Lambro, Arno nd
e

[1]

Switzerland Rivers, creek and lakes nd
e
-1.2

d
[2]

Spain

Manzanares and Jarama nd
e

[3]

Tagus nd
e

[4]

Henares nd
e

[6]

Llobregat, Cardener, Anoia, Rubí nd
e

[17]

Ebro nd
e

[9]

Albufera nd
e

[10]

UK 1 river 0.3-0.4
d

[13]

HER
Spain

Manzanare, Jarama nd
e

[3]

Tagus nd
e

[4]

Sar, Dos Pasos, Lengüelle nd
e

[5]

Henares nd
e

[6]

Llobregat, Cardener, Anoia, Rubí nd
e

[17]

Ebro nd
e

[9]

Albufera nd
e

[10]

UK 1 river nd
e

[13]

METH

Italy Po, Olona, Lambro, Arno 0.5
b
, 8.6, 3.4, 4.8

b
[1]

Switzerland Rivers, creek and lakes nd
e
-4.6

d
[2]

Spain

Manzanares, Jarama 26-37
c

[3]

Tagus 2.6
c

[4]

Sar, Dos Pasos and Lengüelle nd
e

[5]

Henares 7
b

[6]

Llobregat, Cardener, Anoia, Rubí 0.8-18
d

[17]

Albufera nd
e
-0.84

d
[10]

UK 1 river 0.6-12
d

[13]

Ireland Broadmeadow, Liffey, Boyne nd
e

[15]

Germany 11 rivers nd
e

[16]

EDDP

Italy Po, Olona, Lambro, Arno 1
b

, 18, 9.9, 4.9
b

[1]

Switzerland Rivers, creek and lakes 0.6-12
d

[2]

Spain

Manzanares, Jarama 94-112
c

[3]

Tagus 7.6
c

[4]

Henares 35
b

[6]

Llobregat (n=9) 2-64
d

[17]

UK 1 river 1.2-14.5
d

[13]

Ireland Broadmeadow, Liffey, Boyne nd
e

[15]

THC Spain

Manzanares, Jarama nd
e

[3]

Tagus nd
e

[4]

Sar, Dos Pasos, Lengüelle nd
e

[5]

River Sar nd
e
-3.7

d
[18]

Llobregat, Cardener, Anoia, Rubí nd
e

[17]

Ebro nd
e

[9]

Albufera nd
e

[10]

a 
[1] (Zuccato, Castiglioni et al. 2008a), [2] (Berset, Brenneisen et al. 2010),  [3] (Mendoza, Rodríguez-Gil et al. 

2014), [4] (Valcárcel, Martínez et al. 2012), [5] (González-Mariño, Quintana et al. 2010), [6] (Martínez Bueno, 
Uclés et al. 2011), [7] (Huerta-Fontela, Galceran et al. 2007), [8] (Huerta-Fontela, Galceran et al. 2008a), [9] 
(Postigo, López de Alda et al. 2010), [10] (Vazquez-Roig, Andreu et al. 2010), [11] (Gheorghe, van Nuijs et al. 
2008), [12] (van Nuijs, Pecceu et al. 2009c), [13] (Baker and Kasprzyk-Hordern 2013), [14] (Kasprzyk-Hordern, 
Dinsdale et al. 2008), [15] (Bones, Thomas et al. 2007), [16] (Hummel, Löffler et al. 2006), [17] (Boleda, 
Galceran et al. 2009), [18] (Racamonde, Villaverde-de-Sáa et al. 2012), [19] (Silva, Jelic et al. 2011), [20] 
(Gros, Petrović et al. 2010), [21] (Calamari, Zuccato et al. 2003), [22] (Valcárcel, González Alonso et al. 2011) 
b
 average concentration, 

c 
median concentration, 

d
 concentration range,

e
 not detected 
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Table 3. Levels of drugs of abuse and their metabolites in surface water (cont.)

Compound Country Sampling site
Concentration  

(ng/L)
Reference

a

THC-COOH

Italy Po, Olona, Lambro, Arno 0.3
b
, <0.48, 3.7, 0.5

b
[1]

Swizerland Rivers, creek and lakes nd
e

[2]

Spain

Manzanares, Jarama 42- 50
c

[3]

Tagus 6.5
c

[4]

Sar, Dos Pasos, Lengüelle 31
b

[5]

River Sar 9.5-10
d

[18]

Llobregat, Cardener, Anoia, Rubí 3.1-79
d

[17]

Ebro River 5.5
c

[9]

Albufera nd
e

[10]

UK 1 river nd
e
-1

d
[1]

THC-OH Spain

Manzanares and Jarama nd
e

[3]

Tagus nd
e

[4]

Ebro 0.4
c

[9]

CBD Spain
Manzanares, Jarama nd

e
[3]

Tagus nd
e

[4]

ALP
Spain

Manzanares, Jarama 6.1-6.7
c

[3]

Tagus nd
e

[4]

Ebro basin nd
e
-2.7

d
[19]

LOR Spain

Manzanares and Jarama 113-136
c

[3]

Tagus 29
c

[4]

Ebro nd
e
-40

d
[20]

Ebro basin nd
e
-46.1

d
[19]

DIA

Italy Po, Lambro n.d. -2.1
d

[21]

Spain

Manzanares, Jarama 5.4-6.7
c

[3]

Tagus 15
c

[4]

10 rivers 1- 90
d

[22]

Ebro nd
e

[20]

UK England, median value (n=69) 0.6-0.9
d

[13]

Germany 11 rivers nd
e

[16]

Ireland Broadmeadow, Liffey, Boyne nd
e

[15]

a 
[1] (Zuccato, Castiglioni et al. 2008a), [2] (Berset, Brenneisen et al. 2010),  [3] (Mendoza, Rodríguez-Gil et al. 

2014), [4] (Valcárcel, Martínez et al. 2012), [5] (González-Mariño, Quintana et al. 2010), [6] (Martínez Bueno, 
Uclés et al. 2011), [7] (Huerta-Fontela, Galceran et al. 2007), [8] (Huerta-Fontela, Galceran et al. 2008a), [9] 
(Postigo, López de Alda et al. 2010), [10] (Vazquez-Roig, Andreu et al. 2010), [11] (Gheorghe, van Nuijs et al. 
2008), [12] (van Nuijs, Pecceu et al. 2009c), [13] (Baker and Kasprzyk-Hordern 2013), [14] (Kasprzyk-Hordern, 
Dinsdale et al. 2008), [15] (Bones, Thomas et al. 2007), [16] (Hummel, Löffler et al. 2006), [17] (Boleda, 
Galceran et al. 2009), [18] (Racamonde, Villaverde-de-Sáa et al. 2012), [19] (Silva, Jelic et al. 2011), [20] 
(Gros, Petrović et al. 2010), [21] (Calamari, Zuccato et al. 2003), [22] (Valcárcel, González Alonso et al. 2011) 
b
 average concentration, 

c 
median concentration, 

d
 concentration range,

e
 not detected 
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1.3.3.  Presence of drugs of abuse in sewage sludge and river sediments. 

The first analytical methodologies developed for the analysis of DAs in river 

sediment and sewage sludge were limited in scope and included only a few target 

compounds (Kaleta, Ferdig et al. 2006; Jones-Lepp and Stevens 2007). In addition, these 

studies did not included cannabinoid compounds, the most abused illicit drugs worldwide, 

in the list of target compounds. To the best of our knowledge, it was only after 2011 when 

multi-residue analytical methods covering a broad variety of compounds, including 

pharmaceuticals and DAs, were developed and applied to the analysis of these 

compounds in activated and digested sewage sludge as well as suspended particulate 

matter from wastewater samples in Spain (Mastroianni, Postigo et al. 2013; Arbeláez, 

Borrull et al. 2014; Álvarez-Ruiz, Andrés-Costa et al. 2015), Croatia (Senta, Krizman et al. 

2013), UK (Baker and Kasprzyk-Hordern 2011b; Evans, Davies et al. 2015), and Greece 

(Gago-Ferrero, Borova et al. 2015).  

Knowledge regarding the sorption of biologically active compounds onto sewage 

sludge is important in order to better understand the removal mechanisms which take 

place in wastewater treatment processes, but also to investigate if digested sewage sludge 

represents a route of entrance of these compounds into the environment. 

Depending on the country, sludge generated during the treatment of wastewater 

can be incinerated for energy production or applied to the fields to take advantage of its 

organic matter and its nutrients (Fytili and Zabaniotou 2008). In the latter case, 

contaminated sludge can be a source of pollution to the environment and could affect 

terrestrial organisms and, in the case of highly mobile compounds in the environment, 

contaminate groundwater (Clarke and Smith 2011; Langford, Reid et al. 2011). Moreover, 

drugs residues together with different human metabolites and transformation products 

released through wastewater treatment effluents may accumulate onto river sediments, 

which can act as reservoirs of these biologically active compounds in the environment. 

As it can be observed in table 4, among the investigated compounds, cannabinoids 

and opioids were the most ubiquitous and abundant compounds in both sewage sludge 

and suspended particulate matter according to the published literature, while other DAs 

and metabolites presented a low tendency to be adsorbed onto both river sediments and 

sewage sludge. 

In two different studies performed in Spain, COC, BE, EDDP, MOR, MET and 

EDDP were detected in sewage sludge at maximum concentration of 58, 19, 171, 32, 232 

ng/g d.w., respectively (Arbeláez, Borrull et al. 2014; Álvarez-Ruiz, Andrés-Costa et al. 
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2015). On the other hand, in the Santorini Island in Greece only 3,4-

methylenedioxyamphetamine (MDA) (average concentration of 20 ng/g d.w.), EPH 

(average concentration of 24 ng/g d.w.) and ALP (< LOQ) were detected in sewage sludge 

collected (Gago-Ferrero, Borova et al. 2015). Presence of COC, BE and MET at levels 

lower than 30 ng/g d.w. were also found in river sediments collected in Spain by Alvarez et 

al. (Álvarez-Ruiz, Andrés-Costa et al. 2015)  

In a study published in 2013, Senta et al. found that the average percentage of 

particulate MOR, MDMA, COC, BE, METH and THC-COOH in wastewater samples was 

below 9%, while higher percentages were found for EDDP and THC-OH, 21 and 28%, 

respectively. However, in the aeration tank of the investigated WWTPs, due to the 

presence of a much higher concentration of suspended solids, the percentage of DAs 

adsorbed onto suspended particulate matter (SPM) ranged from 23 to 65%. The same 

authors calculated that partition coefficients Kd in wastewater samples ranged from 55 

L/Kg for BE to 1788 L/Kg for OH-THC (Senta, Krizman et al. 2013).  

Overall, these studies confirm that most DAs present a low tendency to be 

adsorbed onto solid matter. However, in the case of the most lipophilic cannabinoids and 

opioids, sorption onto solid matter plays an important role on the removal of DAs during 

wastewater treatment processes. Moreover, considering that THC-COOH and EDDP have 

been selected in different studies as biomarkers for cannabis and methadone consumption 

estimation, respectively, accurate estimation of their usage through the analysis of 

untreated wastewater must take into consideration the particulate phase. Contribution of 

the particulate phase to the determination of most of the other DAs in dissolved phase was 

estimated to be lower than 5%, and thus considered negligible.
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Table 4. Levels of drugs of abuse and their metabolites in environmental solid matrices.

Compound Country

Sample type
(sewage sludge, wastewater 

suspended particulate matter (SPM) 
and river sediment)

Concentration 
(ng/g)

Reference
a

COC

Spain

SPM (n=50)/sludge (n=29)/river 
sediment (n=5)

14-127/4-58/1 [1]

sludge (n=4) 3.8-4.7 [2]

UK

SPM (n=6) 1.8-2.7 [3]

Treated sludge (n=3)/river sediment 
(n=6)

nd/nd
b

[4]

Croatia SPM/activated sludge
<1.2 (LOQ

e
)-

10/<0.1 (LOQ
e
-37

[5]

Greece Treated sewage sludge (n=6) <4.5 (LOD
c
) [6]

BE

Spain

SPM (n=50)/sludge (n=29)/river 
sediment (n=5)

3-258/1-4/1 [1]

Sludge (n=4) 3.5-19 [2]

UK

SPM (n=6) 0.1-11 [3]

Treated sludge (n=3)/river sediment 
(n=6)

nd/nd
b

[4]

Croatia SPM/ activated sludge
<0.5 (LOQ

e
)-

11/1.4-62
[5]

Greece Treated sewage sludge (n=6) <2.3 (LOD
c
) [6]

CE
Spain

SPM (n=50)/sludge (n=29)/river 
sediment (n=5)

6-51/1/nd
b

[1]

UK SPM (n=6) 0.2-0.3 [3]

EPH

Spain
SPM (n=50)/sludge (n=29)/river 
sediment (n=5)

nd/nd/nd
b

[1]

UK SPM (n=6) nd
b

[3]

Digested sludge nd
b

[7]

Greece Treated sewage sludge (n=6) 17-75 [6]

AM

Spain
SPM (n=50)/sludge (n=29)/river 
sediment (n=5)

nd/nd/nd
b

[1]

UK

SPM (n=6) 5.2-17 [3]

Treated sludge (n=3)/river sediment 
(n=6)

nd/nd
b

[4]

Digested sludge 7.9 [7]

Croatia SPM/ activated sludge
<0.8 (LOQ

e
)/<0.6-

32(LOQ
e
)

[5]

Austria Activated and digested (n=15) 5-300 [8]

Greece Treated sewage sludge (n=6) <1.5 (LOD
c
) [6]

MA

Spain
SPM (n=50)/sludge (n=29)/river 
sediments (n=5)

nd/nd/nd
b

[1]

UK

SPM (n=6) nd
b

[3]

Treated sludge (n=3)/river sediment 
(n=6)

nd/nd
b

[4]

digested sludge 3.18 [7]

Croatia SPM/ activated sludge
<0.8(LOQ

e
)/<0.2(LO

Q
e
)

[5]

Greece Treated sewage sludge (n=6) <0.9 (LOD
c
) [6]

USA Treated sludge (n=2) nd
b
-4 [9]

a 
[1] (Álvarez-Ruiz, Andrés-Costa et al. 2015), [2] (Arbeláez, Borrull et al. 2014). [3] (Baker and 

Kasprzyk-Hordern 2011b), [4] (Langford, Reid et al. 2011), [5] (Senta, Krizman et al. 2013), [6] 
(Gago-Ferrero, Borova et al. 2015), [7] (Evans, Davies et al. 2015), [8] (Kaleta, Ferdig et al. 2006), 
[9] (Jones-Lepp and Stevens 2007), [10] (Peysson and Vulliet 2013); 

b 
Not detected

c 
LOD: limit of detection; 

e 
LOQ: limit of quantification
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Table 4. Levels of drugs of abuse and their metabolites in environmental solid matrices 

(cont.)

Compound Country

Sample type
(sewage sludge, wastewater 
suspended particulate matter 

(SPM) and river sediment)

Concentration 
(ng/g)

Reference
a

MDMA

Spain
SPM (n=50)/sludge (n=29)/river 
sediment (n=5)

nd/nd/nd
b

[1]

UK
SPM (n=6) 0.2-0.7 [3]

Digested sludge 16.3 [7]

Croatia SPM/activated sludge <0.5-5/<1.2 (LOQ
e
)-8.9 [5]

Greece treated sewage sludge (n=6) <2.5 (LOD
c
) [6]

MOR

Spain
SPM (n=50)/sludge (n=29)/river 
sediment (n=5)

nd
b
/24-171/nd

b
[1]

UK SPM (n=6) 18.6-115.8 [3]

Croatia
SPM/activated sludge <2.6 (LOQ

e
)-

24/<1(LOQ
e
)-199

[5]

Greece Treated sludge (n=6) <2.5 (LOD
c
) [6]

France sludge (n=7) nd
b

[10]

6ACM

Spain
SPM (n=50)/sludge (n=29)/river 
sediments (n=5)

nd/nd/nd
b

[1]

UK SPM (n=6) [3]

Croatia
SPM/activated sludge <0.5(LOQ

e
)-2/<0.3 

(LOQ
e
)-7.2

[5]

Greece Treated sewage sludge (n=6) <4.6 (LOD
c
) [6]

HER

Spain
SPM (n=50)/sludge (n=29)/river 
sediment (n=5)

nd/nd/nd
b

[1]

UK SPM (n=6) nd
b

[3]

Greece Treated sewage sludge (n=6) <0.6 (LOD
c
) [6]

METH

Spain

SPM (n=50)/sludge (n=29)/river 
sediment (n=5)

21-602/2-42/nd
b

[1]

Sludge (n=4) 7.7-32 [2]

UK SPM (n=6) 19-58 [3]

Croatia SPM/activated sludge 6.1-54/9-44 [5]

Greece Treated sewage sludge (n=6) <4.7 (LOD
c
) [6]

EDDP

Spain

SPM (n=50)/sludge (n=29)/river 
sediment (n=5)

nd/nd/nd
b

[1]

Sludge (n=4) 9.7-232 [2]

UK SPM (n=6) 30.1-194 [3]

Croatia SPM/activated sludge 10-190/36-138 [5]

THC-
COOH

Croatia SPM/activated sludge <LOD
c
-32/< LOD

c
-58 [5]

Greece Treated sewage sludge (n=6) <14.3 (LOD
c
) [6]

OH-THC Croatia SPM/activated sludge <LOD
c
-185/<LOD

c
-17 [5]

ALP Greece Treated sewage sludge (n=6) <11 (LOQ
e
) [6]

LOR
Greece Treated sewage sludge (n=6) <3.4 (LOD

c
) [6]

France Sludge (n=7) nd
b

[10]

DIA

UK SPM (n=6) nd
b

[3]

Greece Treated sewage sludge (n=6) <5.5 (LOD
c
) [6]

France Sludge (n=7) nd
b
-23 [10]

a 
[1] (Álvarez-Ruiz, Andrés-Costa et al. 2015), [2] (Arbeláez, Borrull et al. 2014). [3] (Baker and 

Kasprzyk-Hordern 2011b), [4] (Langford, Reid et al. 2011), [5] (Senta, Krizman et al. 2013), [6] 
(Gago-Ferrero, Borova et al. 2015), [7] (Evans, Davies et al. 2015), [8] (Kaleta, Ferdig et al. 2006), 
[9] (Jones-Lepp and Stevens 2007), [10] (Peysson and Vulliet 2013); 

b 
Not detected

c 
LOD: limit of detection; 

e 
LOQ: limit of quantification
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1.3.4.  Drugs of abuse in the atmosphere. 

The first evidence related to the presence of COC in the airborne particulate was 

reported in a study carried out in 1988 in Los Angeles (Hannigan, Cass et al. 1998), while 

years later COC was detected in air samples collected in the city of Roma (Cecinato and 

Balducci 2007).   

Based on their physico-chemical properties (i.e., low vapor pressure, high and 

medium polarity, see Table 1) most illicit drugs are expected to be bonded primarily to 

particle airborne. 

Following these first observations, multi-residue methods have been developed in 

order to include a wider range of compounds, and have been applied to the study of 

temporal and spatial variations of DAs in airborne particulate samples collected in different 

cities around the world (Balducci, Nervegna et al. 2009; Postigo, Lopez De Alda et al. 

2009). 

Among the investigated DAs, cannabinoids and COC have been found to be the 

most ubiquitous and abundant compounds in airborne particulate collected in different 

studies performed in Italy, Spain, Portugal, Serbia, UK, The Netherlands, Sweden, Algeria, 

Chile and Brazil (Cecinato, Balducci et al. 2009; Viana, Postigo et al. 2011; Balducci, 

Green et al. 2016). Levels of DAs in airborne particulate samples reported in the published 

literature are summarized in table 5. 

Outdoor air concentrations of COC from 6 to 1848 pg/m3 were detected in Italy, 

Spain and Brazil, whereas maximum concentrations as high as 3300 pg/m3 were detected 

in Chile. In a recent study performed in different cities located in Northern Europe, average 

concentrations found in London (150 ±110 pg/m3) were higher than those reported for 

Rome (90 ±30 pg/m3) and Amsterdam (60 ± 30 pg/m3) (Balducci, Green et al. 2016), but 

lower than the average concentration of COC found in different Spanish cities (Viana, 

Querol et al. 2010; Viana, Postigo et al. 2011; Balducci, Green et al. 2016). 

The main COC metabolite, BE, has also been detected in different Spanish cities, 

at levels always lower than those of the parent compound (Viana, Postigo et al. 2011).  

Among the main active compounds present in cannabis (THC, CBD and CBN, 

among others), significant differences in their relative occurrence in airborne matter 

samples have been reported. In Barcelona, for example, CBN contributed between 75 and 

100% to the total cannabinoid concentrations (sum of THC, CBD and CBN) (Mastroianni, 

Postigo et al. 2015). Similar results were confirmed in other studies performed in Italy 
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(Cecinato, Balducci et al. 2011). Cecinato et al. suggested that high levels of CBN could 

be related to the degradation of THC in contact with ozone and with sunlight (Cecinato, 

Romagnoli et al. 2014). 

Overall levels of cannabinoids in airborne samples ranged from not detected to the 

maximum levels of 460, 984, and 6020 pg/m3 reported for THC, CBD, and CBN, 

respectively (Balducci, Nervegna et al. 2009; Mastroianni, Postigo et al. 2015). 

Surprisingly, cannabinoids were not detected in Amsterdam and significantly lower levels 

of cannabinoids were also reported in Northern European countries (Balducci, Green et al. 

2016). 

Presence of ATS in airborne particulate matter has also been reported in different 

studies carried out in Spain. Overall, AM and MA were the most ubiquitous ATS in outdoor 

ambient air collected in Spain and they usually occurred at concentrations lower than 

cocainics and cannabinoids (<15 pg/m3) (Viana, Postigo et al. 2011). Among the opioid 

class, presence of HER and 6ACM has been reported in less than half of the collected 

samples in Spain. Average concentrations of HER in air were usually below 84 pg/m3

(Cecinato, Balducci et al. 2009; Viana, Querol et al. 2010). Concentrations of 6ACM were 

lower than those of HER, with average concentrations of 10 and 32 pg/m3 in Madrid and 

Barcelona, respectively (Viana, Postigo et al. 2011). It should be noted, that similar to BE 

(the main urinary metabolite of COC), presence of 6ACM in the atmosphere could be 

related to the degradation of the parent compounds in the atmosphere during consumption 

as well as to its presence as impurity in the consumed drug.  

Concerning the synthetic METH, this compound was not detected in airborne 

particulate matter collected worldwide (Cecinato, Balducci et al. 2009), while it was present 

in 37% of the PM10 samples collected in the city of Barcelona though at very low 

concentrations (mean concentrations of 3 pg/m3)(Mastroianni, Postigo et al. 2015).   

The results obtained in this field indicate that DAs concentration in airborne 

particulate can reflect local spots of drugs consumption, however a direct link between 

levels of DAs in this matrix and the local consumption remains to be demonstrated, and 

more studies are needed in order to assess persistence of these compounds in the 

atmosphere, including their photodegradation, deposition, and dispersion under different 

meteorological conditions (Viana, Postigo et al. 2011; Cecinato, Balducci et al. 2016) .  
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Table 5. Levels of drugs of abuse and their metabolites in airborne particles. 

Compound
a

Country City
Concentration 
range (pg/m

3
)

Reference
b

COC

Italy

Rome 7-260 [5]

Bari 11-15 [1]

Milan 37-470 [1]

Portugal Ermesinde, Oporto 37-304 [1]

Serbia Pancevo <LOD
c

[1]

Spain

Barcelona 98-336
d

[2] 

Madrid 28-334
d

[2] 

La Coruña 11-85
d

[2] 

Chile Santiago 2200-3300 [1]

Brazil

Sao Paulo 200-890 [1]

Piracicaba 69-110 [1]

Araraquara 78-120 [1]

Ouro Preto 42-113 [1]

The Netherlands Amsterdam <3-140 [3]

UK London 50-230 [3]

Sweden Stockholm <3 [3]

Algeria Algiers <LOD
c

[1]

BE Spain

Barcelona 19-54
d

[2]

Madrid <LOD
c
-15 [2]

Coruña <LOD
c
-3 [2]

EPH Spain

Barcelona 3,1-4,3
d

[2]

Madrid <LOD
c

[2]

Coruña <LOD
c

[2]

AM Spain

Barcelona <LOD
c
-13

d
[2]

Madrid <LOD
c

[2]

Coruña <LOD
c

[2]

MA Spain

Barcelona <LOD
c
-6

d
[2]

Madrid <LOD
c
-10

d
[2]

Coruña <LOD
c

[2]

MDMA Spain

Barcelona <LOD
c

[2]

Madrid <LOD
c
-3

d
[2]

Coruña <LOD
c
-5

d
[2]

HER Spain

Barcelona <LOD
c
-26

d
[2]

Madrid <LOD
c
-44

d
[2]

Coruña 5-90
d

[2]

6ACM Spain

Barcelona <LOD
c
-32

d
[2]

Madrid <LOD
c
-10

d
[2]

Coruña <LOD
c
-28

d
[2]

THC

Italy

Rome 44-104
d

[4]

Montelibretti 30-58
d

[4]

Bari 39 [4]

Algeria Algiers <1 [4]

Spain

Barcelona <LOD
c
-26

d
[2]

Madrid <LOD
c
-23

d
[2]

Coruña <LOD
c
-34 [2]

a 
Compounds CE, DIA, LSD, OH-LSD, MOR, OH-THC and THC-COOH were not detected in 

airborne particulate matter in different studies performed in Spain (Postigo, Lopez De Alda et al. 
2009; Viana, Postigo et al. 2011; Mastroianni, Postigo et al. 2015) 
b 

[1] (Cecinato, Balducci et al. 2009), [2] (Viana, Postigo et al. 2011), [3] (Balducci, Green et al. 
2016),  [4] (Balducci, Nervegna et al. 2009) 
c 
 Limit of detection 

d
 Range of average concentrations. 
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Table 5.Levels of drugs of abuse and their metabolites in airborne particles (cont.).

Compound
a

Country City
Concentration 
range (pg/m

3
)

Reference
b

CBN

Italy

Rome 39-70
d

[4]

Montelibretti 17-19
d

[4]

Bari 32 [4]

The Netherlands Amsterdam <3-20 [3]

UK London 10-60 [3]

Sweden Stockholm <10-20 [3]

Algeria Algiers 10 [4]

CBD
Italy

Rome 3-6
d

[4]

Montelibretti <1-2
d

[4]

Bari 2 [4]

Algeria Algiers <1 [4]
a 

Compounds CE, DIA, LSD, OH-LSD, MOR, OH-THC and THC-COOH were not detected in 
airborne particulate matter in different studies performed in Spain (Postigo, Lopez De Alda et al. 
2009; Viana, Postigo et al. 2011; Mastroianni, Postigo et al. 2015) 
b 

[1] (Cecinato, Balducci et al. 2009), [2] (Viana, Postigo et al. 2011), [3] (Balducci, Green et al. 
2016),  [4] (Balducci, Nervegna et al. 2009) 
c 
 Limit of detection 

d
 Range of average concentrations. 

1.3.4.1.  Stability of drugs of abuse in solid samples. 

While the behavior and stability of DAs in waters have been given considerable 

attention (see section 1.3.1.1) there is a clear lack of information surrounding the stability 

of DAs in solid samples. A study published in 2003 assessed the stability of 

methylamphetamine (MA) and a precursor, phenyl-2-propanone (P2P) in soil. The 

obtained results indicated a rapid degradation of P2P, whereas MA proved to be stable in 

different types of soils for a period of 6 weeks (Janusz, Kirkbride et al. 2003). The same 

research group recently published another paper investigating the degradation of MA and 

MDMA, along with other precursors and synthesis products, in three different soils, both 

under sterile conditions and in non-sterile conditions. The results indicated a close 

relationship between the soil properties (sterile and non-sterile) and the degree of 

degradation observed for each compound. The highest half-life was obtained for the 

compound MA (t ½ 131-502 days), while for MDMA t½ varied from 15 to 59 days (Pal, 

Megharaj et al. 2011).  

In airborne matter, Balducci et al. suggested that CBN could be formed in the 

atmosphere as a consequence of the oxidation of THC (Balducci, Nervegna et al. 2009), 

while CBN itself appeared to be stable in this matrix (Cecinato, Romagnoli et al. 2014). 
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1.4.  Sewage epidemiology approach: from drugs of abuse 

concentrations in wastewater to drug use consumption figures. 

In 2005 a research group from the Mario Negri Institute in Italy, applied for the first 

time the sewage epidemiology approach proposed by Daughton in 2001 for the estimation 

of the consumption of COC in the city of Milan based on the trace levels of BE measured 

in wastewater samples. Since then, this method has been applied by different research 

groups around the world in order to assess drugs and alcohol consumption in the 

community at local and national levels. In the published studies, sewage waters were 

collected during different days in order to assess differences between weekdays and 

weekends and in many cases the study was repeated in different years in order to study 

temporal consumption trends (Thomas, Bijlsma et al. 2012; Lai, Bruno et al. 2013; Ort, van 

Nuijs et al. 2014; Rodríguez-Álvarez, Racamonde et al. 2015; Been, Lai et al. 2016; 

Boogaerts, Covaci et al. 2016; Gatidou, Kinyua et al. 2016; Lai, O'Brien et al. 2016; Ryu, 

Barceló et al. 2016) 

At national and international level, drugs consumption estimations have been 

historically obtained with different methods being the most important population surveys, 

crime statistics, medical records and seizure data (Castiglioni, Bijlsma et al. 2013; 

Mounteney, Griffiths et al. 2016). Although these methods are the most important in order 

to achieve a snapshot of the drug production, trafficking and consumption, information 

related to drug users, frequency and mode of consumption, and the healthy problems 

related to drug consumption, they also present important limitations. It has been 

demonstrated, for example, that estimation of DAs consumption based on population 

surveys presents low objectivity and in some cases the final user may not be aware of the 

purity and nature of the consumed substance (Ort, van Nuijs et al. 2014). Moreover, these 

surveys involve long periods of realization and present high costs. 

In contrast, sewage analysis of different drug biomarkers provide evidence based, 

objective and nearly real time estimations of the common and emerging consumed 

substances in a given sewage catchment as well as information related to geographical 

differences and temporal changes in illicit drug consumption, e.g. among days, weeks, 

months, years, and during special events such as music festivals (Thomas, Bijlsma et al. 

2012; Ort, van Nuijs et al. 2014). 

The back calculation of DAs consumption is based on the equations reported 

below:  
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where C is the concentration of the drug indicator at the inlet of the WWTP, Q is the 

total amount of wastewater treated by the WWTP during the sampling period, P is the

population served by the WWTP, F is the molecular mass ratio of the parent drug to its 

biomarker (Mdrug/Mbiomarker), and E is the average excretion rate of the biomarker (E) 

(EMCDDA 2016b). 

Back calculation of COC, for example, usually considers the daily load of its main 

urinary metabolite, BE, and applies a correction factor of 2.3 (van Nuijs, Pecceu et al. 

2009c; Metcalfe, Tindale et al. 2010; Postigo, López de Alda et al. 2010; Terzic, Senta et 

al. 2010; Nefau, Karolak et al. 2013). As in the case of COC, the main urinary metabolite 

has been selected as biomarker for drug consumption calculation of HER (6ACM, 

correction factor 86.9) (Postigo, de Alda et al. 2011; van Nuijs, Castiglioni et al. 2011a), 

cannabis (THC-COOH, correction factor 36.4 and 152) (Zuccato, Chiabrando et al. 2008b; 

Terzic, Senta et al. 2010; Postigo, de Alda et al. 2011) and METH (EDDP, correction factor 

of 3.4 and 6.3) (Baker and Kasprzyk-Hordern 2011; Nefau, Karolak et al. 2013). In 

contrast, in the case of the ATS the parent compounds themselves are monitored and then 

correction factors of 3.3, 2.3-4.06 and 1.5-6.7 have been applied for back calculation of 

consumption of AM, MA and MDMA, respectively (EMCDDA 2016b). Differences in the 

correction factors applied in the different studies for the same drug are related to the 

different excretion values reported in the literature.  

It is worth nothing that, similar to the conventional national surveys, the sewage 

epidemiology approach also presents important limitations. An overview of the main 

limitations as well as an estimation of the uncertainties associated to the sewage approach 

can be found in Castiglioni et al. (Castiglioni, Bijlsma et al. 2013), while an overview of the 

entire back calculation approach is provided in a recent publication by the EMCCDA 

(EMCDDA 2016b). Overall, all the steps involved in the measurement of DAs in such a 

complex matrix (e.g. sampling, biomarker stability in sewer and during sample collection 
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and storage, and the analysis itself) as well as in the back calculation (correction factor 

and estimation of population size) present different grades of uncertainty. 

In the published literature, collection of 24 h composite samples was based on 

automatic sampling devices operating in different sampling modes (flow, volume and time 

proportional). Although each sampling approach suffers from some kind of uncertainty, as 

a general rule, the most accurate sampling can be obtained with the high frequency flow 

proportional approach (Ort, Lawrence et al. 2010), where the amount and frequency of 

each fraction of the final composite sample are taken based on the WWTP influent flow. In 

the case of the volume and time proportional approaches, collecting a representative 

composite sample can be negatively affected by the WWTP flow variation as well as by the 

variation of the biomarker concentration in the influent wastewater. In those cases, the 

overall uncertainty can be reduced increasing the sampling frequency (Ort, Lawrence et al. 

2010; Castiglioni, Bijlsma et al. 2013). 

Another important aspect that must be taken into consideration is the biomarker’s 

stability in the sewage pipeline as well as during sampling collection (usually 24 h) and 

storage. Different authors have studied the stability of the most common DAs and 

metabolites in wastewater samples at different storage times (up to 72 h), temperatures (4-

22 ºC) and pH. Although some incongruences have been reported in the published 

literature, which may be due to the different experimental conditions as well as the different 

composition of the wastewater employed (McCall, Bade et al. 2016), the resultes obtained 

indicate that ATS (AM, MA and MDMA) are stable up to 72 h at 4 ºC and up to 12 h at 20 

ºC (Castiglioni, Zuccato et al. 2006; González-Mariño, Quintana et al. 2010; Baker and 

Kasprzyk-Hordern 2011; van Nuijs, Abdellati et al. 2012; Senta, Krizman et al. 2014).  

High stability in sewage water has also been reported for BE, THC-COOH, METH, 

its main metabolite EDDP, and LSD and its metabolite OH-LSD (Castiglioni, Zuccato et al. 

2006; González-Mariño, Quintana et al. 2010; Baker and Kasprzyk-Hordern 2011; van 

Nuijs, Abdellati et al. 2012; Senta, Krizman et al. 2014).  

On the other hand, significant degradation of COC, its metabolite ecgonine methyl 

ester, and the main urinary metabolite of HER, 6ACM, has been observed. Degradation of 

COC in sewage water was usually followed by an increase of BE (Castiglioni, Zuccato et 

al. 2006; Castiglioni, Bagnati et al. 2011; Senta, Krizman et al. 2014). Similarly, 6ACM 

showed a low stability and a rapid transformation to MOR. Up to 42% of 6ACM was lost in 

wastewater samples at 19 ºC over a period of 24 h (Baker and Kasprzyk-Hordern 2011), 

while Thai et al. (2014) found a decrease of 90% of 6ACM in simulated sewer conditions at 
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a temperature of 20 ºC after 12 h (Thai, Jiang et al. 2014). On the other hand, variable 

stabilities of MOR have been reported in wastewater samples (McCall, Bade et al. 2016). 

Castiglioni et al, for example, found that the decrease of the glucuronide complex 

morphine-3β-d-glucuronide was followed by a significant increase of MOR concentration in 

wastewater samples (Castiglioni, Zuccato et al. 2006).  

Because drug degradation can lead to significant over or underestimation of the 

level of a selected biomarker in wastewater (degradation or formation of a given 

biomarker), as a general rule, a proper procedure of sampling collection and storage 

should involve refrigeration of the composite sample during collection and transport to the 

lab (4 ºC). Moreover, the addition of some preservative as well as the acidification of the 

composite sample can improve drug stability (González-Mariño, Quintana et al. 2010; 

Baker and Kasprzyk-Hordern 2011). Once in the lab, samples are generally spiked with a 

known amount of deuterated analogues, filtered and either the samples themselves or 

their SPE extracts are stored in the dark at -20 ºC until analysis (Chiaia, Banta-Green et al. 

2008; González-Mariño, Quintana et al. 2010; Ort, Lawrence et al. 2010; Baker and 

Kasprzyk-Hordern 2011; Castiglioni, Bijlsma et al. 2013; McCall, Bade et al. 2016).  

For the normalization of the total load of DAs, in the published literature, estimation 

of residential population contributing to the presence of drugs residues in the wastewater 

samples is based on census data, design capacity of the monitored WWTP or the 

measurement of different chemical parameters of the wastewater (biological (BOD) and 

chemical (COD) oxygen demand, total phosphorus (P) and nitrogen (N)). Monitoring a 

well-known biomarker specific to human activity (e.g. creatinine, caffeine, nicotine and 

prescription drug metabolites) has been also proposed as a tool for the estimation of the 

total number of people contributing to the release of chemicals in sewage water (van Nuijs, 

Castiglioni et al. 2011a; Baker, Barron et al. 2014).  

Another important aspect related to the determination of drugs residues in 

untreated wastewater is their adsorption onto suspended particulate matter as well as the 

fate of those compound excreted as conjugated complexes following human metabolism. 

Conjugated compounds are usually reverted to the parent compound by enzymes 

produced by different bacteria present in sewage water (Castiglioni, Zuccato et al. 2006). 

Regarding sorption, preliminary studies confirm that the most lipophilic compounds, i.e., 

cannabinoids and opiates, present a significant tendency to be adsorbed on SPM, thus 

their determination in wastewater must take into consideration the bonded amount. On the 

contrary, in the case of ATS, COC and BE, the amount found in SPM would contribute less 
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than 9% to the total amount of dissolved drug, therefore it has been considered negligible 

(Senta, Krizman et al. 2013).  

Overall, based on the data collected in an Europe-wide investigation involving 19 

WWTPs from different countries, Castiglioni et al. estimated that the highest contribution to 

the uncertainties associated to the sewage epidemiology approach are related to the 

determination of the drug residues in the wastewater samples (uncertainty 6-26 %), the 

back calculation itself (uncertainty 26% for COC) and the estimation of the population (7-

55%)(Castiglioni, Bijlsma et al. 2013).  

There is no doubt that more research is needed in order to improve all aspects 

related to the back calculation of drugs consumption from wastewater samples analysis. 

However, at the same time, it is also clear the increasing interest arisen by this approach 

(demonstrated by an also increasing number of publications showing that this new tool can 

provide objective information on real time usage of existing and new DAs) and its 

consideration today as a complementary tool to existing survey-based methods. As a

consequence of the improvements achieved during the last 5 years, drug consumption 

data obtained through monitoring of different biomarkers in wastewater samples from 

different European countries have been included in the last reports published by the 

EMCCDA. 

Table 6 reports the results obtained applying the sewage epidemiology approach in 

different countries worldwide. 
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Table 6. Drug use figures back-calculated from drug concentrations in wastewater

Compound Country Sampling mg/day/1000inh
Correction

Factor
a Reference

b

COC

Norway 2 WWTPs 30
c

[1]

France 25 WWTPs 220
e

2.33 [8]

Slovak 14 WWTPs 24
e

2.7 [3]

Czech Rep. 3 WWTPs nd
h

[3]

Australia Several WWTPs 104-303
f

3.1 [6]

Colombia 2 WWTPs 67
c

[9]

India 5 WWTPs 0.42
c

[11]

BE

Norway 2 WWTPs 81
c

[1]

Finland 9 WWTPs 0.05-6.82
d

[7]

Switzerland 16 WWTPs 315
c

[2] 

Germany 5 WWTPS 113
c

[2] 

Poland 9 WWTPs 8
c

[4]

Colombia 2 WWTPs 524
c

[9]

India 5 WWTPs 3.3
c

[11]

Belgium Antwerp 914 [10]

Netherlands Eindhoven 497
c

[10]

Germany Munich 114
c

[10]

UK London 894
c

[10]

Switzerland Zurich 722
c

[10]

Spain

Barcelona 699
c

[10]

Castellon 364
c

[10]

Valencia 261
c

[10]

Santiago 142
c

[10]

Portugal Lisbon 258
c

[10]

Italy Milan 306
c

[10]

France Paris 169
c

[10]

Croatia Zagreb 162
c

[10]

CE

Norway 2 WWTPs 3
c

[1]

Italy Milan 2.2-2.3
c

[13]

Spain Santiago 2.9-7.1
c

[13]

India 5 WWTPs nd
h

[11]

AM

Norway 2 WWTPs 70
c

[1]

Finland 9 WWTPs 4.41-30
d

[7]

Switzerland 16 WWTPs 12
c

[2]

Germany 5 WWTPS 73
c

[2] 

Slovakia 14 WWTPs 13
c

[3]

Czech Rep. 3 WWTPs 14
c

[3]

Poland 9 WWTPs 79
c

[4]

India 5 WWTPs 346
c

[11]

South Korea 15 WWTPs 2
c

[5]

Belgium Antwerp 193
c

[10]

Netherlands Eindhoven 497
c

[10]

Germany Munich 26
c

[10]

Switzerland Zurich 35
c

[10]

Spain

Barcelona 46
c

[10]

Castellon nd
h

[10]

Valencia 7.5
c

[10]

Santiago nd
h

[10]

Italy Milan nd
h

[10]

France Paris nd
h

[10]

Croatia Zagreb 72
c

[10]
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Table 6. Drug use figures back-calculated from drug concentrations in wastewater (cont.)

Compound Country Sampling mg/day/1000inh
Correction

Factor
a Reference

b

MA

Norway 2 WWTPs 27
c

[1]

Finland 9 WWTPs 0.87-47
d

[7]

Switzerland 16 WWTPs 9
c

[2] 

Germany 5 WWTPS 34
c

[2] 

Slovakia 14 WWTPs 146
c

[3]

Czech Rep 3 WWTPs 155
c

[3]

Poland 9 WWTPs 1
c

[4]

Australia Several WWTPs 112-1062
e

2.6 [6]

India 5 WWTPs 19
c

[11]

South Korea 15 WWTPs 9
c

[5]

Belgium Antwerp 9.3
c

[10]

Netherlands Eindhoven 2.3
c

[10]

Germany Munich 24.8
c

[10]

Switzerland Zurich 25.1
c

[10]

Spain

Barcelona 24
c

[10]

Castellon nd
h

[10]

Valencia 0.9
c

[10]

Santiago nd [10]

Italy Milan 14 [10]

France Paris nd
h

[10]

Croatia Zagreb nd
h

[10]

MDMA

Norway 2 WWTPs 14
c

[1]

Finland 9 WWTPs nd
h
-21

d
[7]

France 25 WWTPs 26
e

1.5 [8]

Switzerland 16 WWTPs 18
c

[2] 

Germany 5 WWTPs 16
c

[2] 

Poland 9 WWTPs 5
c

[4]

Slovakia 14 WWTPs 3
c

[3]

Czech Rep 3 WWTPs nd
h

[3]

Colombia 2 WWTPs 2.6
c

[9]

India 5 WWTPs nd
h

[11]

Australia Several WWTPs 47-211
f

6.7 [6]

Belgium Antwerpz 98
c

[10]

Netherlands Eindhoven 126
c

[10]

Germany Munich 24
c

[10]

Switzerland Zurich 59
c

[10]

Spain

Barcelona 47
c

[10]

Castellon 6
c

[10]

Valencia 7
c

[10]

Santiago 4.5
c

[10]

Portugal Lisbon 27
c

[10]

Italy Milan 4.5
c

[10]

France Paris 17
c

[10]

Croatia Zagreb 49
c

[10]
a 
Correction factor=  c

b 
[1] (Baz-Lomba, Reid et al. 2016), [2] (Been, Bijlsma et al. 2016), [3] (Mackuľak, Bodík et al. 2016), 

(Klupczynska, Dereziński et al. 2016). [5] (Kim, Lai et al. 2015), [6] (Lai, O'Brien et al. 2016), [7] 
(Vuori, Happonen et al. 2014). [8] (Nefau, Karolak et al. 2013), [9] (Bijlsma, Botero-Coy et al. 2016), 
[10] (EMCDDA 2016c), [11] (Subedi, Balakrishna et al. 2017), [12] (Ryu, Barceló et al. 2016), [13] 
(Rodríguez-Álvarez, Racamonde et al. 2015) 
c
: average and 

d
: median load, range values sepated by –

e
: average and 

f
 median consumption (after applying a correction factor), range separated by –

g
: average consumption L/day/1000 inhabitant 

h 
not detected 
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Table 6. Drug use figures back-calculated from drug concentrations in wastewater (cont.)

Compound Country Sampling mg/day/1000inh
Correction

Factor
a Reference

b

MOR

Norway 2 WWTPs 21
c

[1]

Finland 9 WWTPs 14-31
d

[7]

India 5 WWTPs 8.7
c

[11]

6ACM

Norway 2 WWTPS 18
c

[1]

Switzerland 16 WWTPs 7
c

[2] 

Germany 5 WWTPs nd
h

[2] 

METH

Norway 2 WWTPs 7
c

[1]

Finland 9 WWTPs nd
h
-9.5

d
[7]

France 25 WWTPs 128
e

6.3 [8]

EDDP

Norway 2 WWTPs 18
c

[1]

India 5 WWTPs 0.2
c

[11]

Finland 9 WWTPs 0.2-9.3
d

[7]

THC-
COOH

Switzerland 16 WWTPs 47
c

[2]

Germany 5 WWTPs 50
c

[2]

Slovakia 14 WWTPs 23
c

[3]

Czech Rep 3 WWTPs 25
c

[3]

France 25 WWTPs 122
e

1.52 [8]

Colombia 2 WWTPs 40
c

[9]

EtS 
(Alcohol)

Norway Oslo 19
g

3047 [12]

Netherlands Amsterdam 22
g

3047 [12]

Denmark Copenhagen 40
g

3047 [12]

UK London 21
g

3047 [12]

Switzerland Lugano 6.5
g

3047 [12]

Germany

Dortmund 24
g

3047 [12]

Dülmen 20
g

3047 [12]

Dresden 29
g

3047 [12]

Munich 29
g

3047 [12]

Berlin 17
g

3047 [12]

Spain

Barcelona 12
g

3047 [12]

Castellon 23
g

3047 [12]

Santiago 5
g

3047 [13]

Portugal Almada 15
g

3047 [12]

Italy

Milan 6
g

3047 [12]

Eindhoven 22
g

3047 [12]

Utrecht 13
g

3047 [12]

Australia

Canberra 15
g

3047 [12]

Toowoomba 9.7
g

3047 [12]

Montreal 29
g

3047 [12]

Canada Granby 44
g

3047 [12]

a 
Correction factor=  mass ratio compound/biomarker divided by the biomarker excretion rate

b 
[1] (Baz-Lomba, Reid et al. 2016), [2] (Been, Bijlsma et al. 2016), [3] (Mackuľak, Bodík et al. 2016), 

(Klupczynska, Dereziński et al. 2016). [5] (Kim, Lai et al. 2015), [6] (Lai, O'Brien et al. 2016), [7] 
(Vuori, Happonen et al. 2014). [8] (Nefau, Karolak et al. 2013), [9] (Bijlsma, Botero-Coy et al. 2016), 
[10] (EMCDDA 2016c), [11] (Subedi, Balakrishna et al. 2017), [12] (Ryu, Barceló et al. 2016), [13] 
(Rodríguez-Álvarez, Racamonde et al. 2015) 
c
: average and 

d
: median load, range values sepated by –

e
: average and 

f
 median consumption (after applying a correction factor), range separated by –

g
: average consumption L/day/1000 inhabitant 

h 
not detected 
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1.5.  Ecotoxicity. 

Another aspect that raises increasing concern related to the presence of these 

emerging contaminants in the environment is their potential ecotoxicity effects to aquatic 

organisms (Zuccato and Castiglioni 2009).  

Although preliminary studies have indicated that levels usually found in surface 

water do not represent a risk to the aquatic organisms, there is a clear lack of knowledge 

about the potential toxicological consequences that the short- and long-term environmental 

exposure to these biologically active compounds can have on aquatic ecosystems and on 

human health.  

To the best of our knowledge, only a limited number of studies have been 

conducted into the ecotoxicological effects of COC, its metabolite BE, AM and THC (Rosi-

Marshall, Snow et al. 2015). A 14-day exposure to BE at concentrations of 0.5 and 1 µg/L 

produced oxidative stress in zebra mussel (Dreissena polymorpha) (Parolini, Pedriali et al. 

2013). This compound also induced alterations in mitochondrial activity and DNA levels of 

fern spores, a model of vascular plant development (García-Cambero, García-Cortés et al. 

2015). A 14-day sub-lethal exposure to AM (500 ng/L and 5000 ng/L) of the same target 

organism led to oxidative damage and DNA fragmentation at the highest concentration 

(5000 ng/L), while neither oxidative nor genetic damage were observed at more realistic 

environmental concentrations (500 ng/L) (Parolini, Magni et al. 2016). Disruption on the 

embryos development was also observed in zebrafish (Danio rerio) exposed to a 

concentration of THC higher than 2 mg/L (Domingo, Schirmer et al. 2011), while a 14-day 

exposures to THC (0.5 μg/L) of zebra mussels resulted in indicators of oxidative stress 

(increase of lipid peroxidation, protein carbonylation and DNA damage) (Parolini and 

Binelli 2014).  

Considering the lack of experimental data, in different works mathematical models 

have been employed to estimate the environmental risk associated to the presence of 

these biologically active compounds in the environment.

In this context, Environmental Risk Assessment (ERA) has been performed using 

the Hazard Quotients (HQ) approach, where the HQ is defined as the ratio between the 

measured environmental concentration (MEC) of a given compound and its chronic 

toxicity, usually expressed as the no observed effect concentration (NOEC) or the 

predicted non effect concentration (PNEC) (Ginebreda, Muñoz et al. 2010). In the case of 

mixtures of contaminants, as they occur in the environment, the toxicological risk is most 
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often calculated as the sum of the HQs (Mendoza, Rodríguez-Gil et al. 2014) obtained for 

each compound positively identified in a given sample following a concentration addition 

model (Ginebreda, Kuzmanovic et al. 2014), commonly referred as cumulative HQ or Toxic 

Units (TUs). When the calculated HQ or cumulative HQ is equal or greater than one, 

harmful effects cannot be ruled out, while a value <1 indicates low or no risk (US-EPA 

1997b). 

The PNEC can be derived from the lowest toxicity value among three different 

model-organism groups (Algae, Cladocerans and Fish) divided by an assessment factor 

(AF) which ranges from 1 to 1000 depending on the quality/type of the available toxicity 

data. In the case of DAs a high AF (usually 1000) is required because either toxicological 

data come from QSAR models or a limited number of short-term median lethal (effective) 

concentration (L(E)C50) values are available for calculation (Mendoza, Rodríguez-Gil et al. 

2014). 

As presented in this thesis, an Environmental Risk Assessment (ERA) study 

carried out in different rivers located in Spain showed that the levels of DAs found in the 

surface water did not possess risk to aquatic organisms. In the study cumulative HQ higher 

than 1 were estimated in only a limited number of samples and the toxicological risk was 

mainly associated to the presence of trace levels of EDDP, METH, LOR, and MDMA.   

Hazard Quotients higher than 1 were also obtained in another study performed in 

two rivers located in Central Spain where moderate environmental risk was associated 

mainly to the presence of MOR, EDDP and THC-COOH in the surface waters analyzed 

(Mendoza, Rodríguez-Gil et al. 2014). 

1.6.  Analysis of drugs of abuse in environmental matrices. 

The environmental matrices in which drugs are studied are generally very complex 

and, in addition, drugs are found at very low levels (ng-µg/L), requiring advanced and 

sensitive analytical techniques for their determination and quantification. 

Moreover, the quality of the results obtained depends on the sampling technique 

employed as well as on the control of the samples storage, sample pre-treatment and 

sample pre-concentration prior to the chromatographic analysis. Both gas chromatography 

(GC) and liquid chromatography (LC) coupled to mass spectrometry (MS) have been used 

for the analysis of DAs and metabolites in different matrices (biological and 
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environmental). However, due to their physicochemical properties (compounds with 

medium-high polarity and low volatility), LC coupled to tandem MS/MS can be considered 

as the technique of choice due to its high sensitivity and selectivity (Postigo, Lopez de Alda 

et al. 2008; Castiglioni 2008 ). 

Most of the methodologies described for the analysis of drugs in aqueous matrices 

are based on pre-concentration of the samples by SPE with polymer cartridges prior to 

their determination by LC-MS/MS.  With this type of methodologies the detection limits 

reached are of the order of 0.2-25 ng/L in wastewater and 0.1-12.5 ng/L in surface water 

(Castiglioni 2008 ). 

1.6.1.  Sampling and sample storage and pre-treatment. 

WWTP effluents can be considered the main source of DAs residues in the 

environment. Concentration of these compounds in the water cycle usually decreases in 

the order untreated wastewater, treated wastewater, surface water, groundwater and 

drinking water. Moreover, presence and levels of DAs in some of these compartments may 

differ along the day, depending on when the drugs are consumed and the characteristics 

of the sewer system (e.g. catchment size, pumping stations, flow regulators)(Ort, 

Lawrence et al. 2010; van Nuijs, Mougel et al. 2011b). Study of temporal and spatial 

variations of DAs in the different environmental compartments requires the use of 

appropriate sampling techniques. As it has been discussed in section 1.4, composite 

sampling over an extended period of time (typically 24 h) represents the most appropriate 

sampling technique. However, this has been only applied to the determination of DAs in 

wastewater influents and effluents as well as in airborne particulate matter. In the latter 

case, two different fractions (2.5 and 10 pm) have been collected (on previously dried and 

weight PTFE or quarz filters) employing high volume air samplers at either low (0.5 

m3/min) or medium (2.3 m3/min) flow rate over a period of 24 h (Balducci, Nervegna et al. 

2009; Viana, Querol et al. 2010). Figure 1 shows pictures of automated systems used for 

collection of air particulate and wastewater samples. 

Unlike both wastewater and airborne particles, sampling of surface water, 

groundwater and drinking water as well river sediments and sewage sludge has been

generally based on grab samples. 
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Figure 1: High volume air sampler (on the left, http://www.mcvsa.com) and 6712C 

Compact Portable Sampler for collection of water (on the right, 

http://www.teledyneisco.com)

On the other hand, prior to the analytes pre-concentration step, collected water 

samples are usually vacuum filtered in order to remove suspended solids, spiked with 

known amounts of surrogates standards, and stored in the dark at -20 ºC until analysis. 

Samples have been mainly filtered through glass fiber filters with different pore sizes (<1-

2.7µm), while two authors reported also the use of 0.45 µm nylon (Postigo, Lopez De Alda 

et al. 2008) and nitrocellulose (González-Mariño, Quintana et al. 2010) filters. Sample 

centrifugation has been also employed as an alternative to filtration in the analysis of DAs 

and EtS in wastewater samples (Chiaia, Banta-Green et al. 2008; Reid, Langford et al. 

2011).  

Passive sampling devices, such as the Polar Organic Chemical Integrative 

Samplers (POCIS), have been also employed for the simultaneous determination of AM, 

MA and different pharmaceuticals in wastewater and water bodies (Bartelt-Hunt, Snow et 

al. 2009). Although these devices represent an interesting alternative to the conventional 

sampling and sample pre-concentration steps, they also present many limitations. POCIS 

need to be previously calibrated in order to study the accumulation rate of any compound. 

Moreover, the accumulation rate may change in time depending on the environmental 

temperature, turbulence in the sampled stream, and formation of biofouling on the device 

membrane. These limitations have likely precluded a more extensive use of these 

systems. 

http://www.teledyneisco.com/
http://www.mcvsa.com/
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In the case of sewage sludge and river sediments, different grab samples are 

usually randomly collected and mixed up at the sampling location, and then prior to sample 

storage (normally at -20 ºC) and for analysis, they are freeze-dried or centrifuged for water 

reduction, and ground (Langford, Reid et al. 2011; Evans, Davies et al. 2015; Gago-

Ferrero, Borova et al. 2015). 

In addition, in the case of sediments, samples are usually sieved to a particle size 

ranging from 0.1 to 2 mm (Barron, Havel et al. 2009; Vazquez-Roig, Segarra et al. 2010; 

Álvarez-Ruiz, Andrés-Costa et al. 2015).  

1.6.2.  Extraction, pre-concentration and clean up of water samples. 

In order to achieve the low limits of detection and quantification required in the 

environmental analysis of these compounds, most of the methodologies described for the 

analysis of DAs in aqueous matrices have been based, as previously mentioned, on a pre 

concentration step of the samples by SPE prior to determination by LC or GC coupled to 

(tandem) mass spectrometry. 

In the published methodologies, the use of different SPE cartridges (Oasis MCX, 

Oasis HLB, Strata XC, Bond-Elut certify LRC and PLPR-s) has been reported, although 

Oasis HLB and MCX have been the most used sorbents for the analysis of DAs in 

environmental samples (Castiglioni, Zuccato et al. 2006; Hummel, Löffler et al. 2006; 

Boleda, Galceran et al. 2007; Bones, Thomas et al. 2007; Huerta-Fontela, Galceran et al. 

2007; Gheorghe, van Nuijs et al. 2008; Postigo, Lopez De Alda et al. 2008; Bijlsma, 

Sancho et al. 2009). All these sorbent materials offer the possibility to extract a wide range 

of organic compounds from both environmental and biological samples.  

Following the initial cartridge activation and equilibration, which is usually 

performed by percolating a small amount of organic solvents and water (with or without the 

addition of a modifier), respectively, all the other steps involved in the samples pre-

concentration are optimized in the published methodologies. Among them, sample volume 

and pH, and cartridge wash and elution solvents play a really important role in order to 

achieve maximum recoveries of the analytes of interest.

Taking into account DAs concentration and the complexity of the investigated 

matrices, in the published methodologies sample volume (ranging from 50 to 2500 mL) 

increase in the order wastewater<effluent wastewater< surface water. On the other hand, 

sample volumes lower than 7 mL have been employed in on line SPE (Postigo, Lopez De 

Alda et al. 2008) and for the direct analysis of DAs and EtS in wastewater samples (Baker 
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and Kasprzyk-Hordern 2011; Reid, Langford et al. 2011; Rodríguez-Álvarez, Rodil et al. 

2014). 

In recent years, on line pre-concentration and clean-up of the samples has been 

employed for the analysis of different classes of environmental emerging pollutants, 

including DAs (Postigo, Lopez De Alda et al. 2008), personal care products (Gago-Ferrero, 

Mastroianni et al. 2013), endocrine disruptors (Gorga, Petrovic et al. 2013) and cytostatic 

(Kovalova, Siegrist et al. 2012; Negreira, López de Alda et al. 2013) compounds. With 

these approaches, after sample pretreatment, samples are automatically loaded onto SPE 

cartridges or dedicated pre-concentration columns by the same instrumentation employed 

for the chromatographic separation and detection of the target compounds. The entire 

process, sample load, cartridge wash and elution, and compounds separation and 

detection, is automatically performed in the same run in a sequential fashion. Compared to 

the conventional SPE, on line approaches drastically increase the overall throughput of the 

analytical methodology reducing samples manipulation and volume of sample required for 

the analysis. Figure 2 shows as an example a picture of an on-line SPE system used in the 

environmental analysis of DAs. 

Figure 2: OnLine SPE system Symbiosis TM Pico (http://www.sparkholland.com)

Besides the conventional cartridges employed in both off line and on line SPE 

approaches, molecularly imprinted polymers (MIPs) are more specific sorbent materials for 

the extraction and pre-concentration of DAs. Differently from conventional SPE sorbents, 

these polymers are specifically synthetized for a given analyte or a group of structurally 

http://www.sparkholland.com/
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related compounds. These sorbents have been employed for pre-concentration and clean-

up of ATS (González-Mariño, Quintana et al. 2009) and BE (Zurutuza, Bayoudh et al. 

2005) from aqueous samples. Overall, MIPs can provide higher recovery and cleaner 

extracts (lower matrix effects) compared to conventional sorbents. However, they also 

present inherent drawbacks, such as template bleeding and a tedious synthesis 

procedure, among others (Tamayo, Turiel et al. 2007). Moreover, being compounds 

specific, they present a limited application in the multi residue methods usually applied for 

environmental analysis of DAs. 

Following elution of the analytes, off-line SPE extracts are dried under a stream of 

nitrogen before their final reconstitution into convenient solvents for LC or GC 

determination. During sample evaporation part of the recovered analyte may be lost due to 

evaporation and/or adsorbed on the glass surfaces. To the best of our knowledge, only 

one study focused on this topic. Kaspryzky et al reported a significant loss of AM during 

sampling evaporation at different temperatures (Baker and Kasprzyk-Hordern 2011). 

Based on the results obtained, authors of this study proposed the use of sylinazed 

glassware for the analysis of DAs.  

When the analytes of interest are present in the investigated sample at relatively 

high concentrations, analyses can take advantage of the high sensitivity of the modern 

mass spectrometry instrumentation, avoiding the pre-concentration step. In these 

methodologies, after the internal standard addition and sample filtration or centrifugation, 

wastewater samples were directly injected in the LC-MS system. Direct injection has been 

applied to the analysis of different DAs (Chiaia, Banta-Green et al. 2008; Bisceglia, 

Roberts et al. 2010) as well as to the detection and quantification of EtS in wastewater 

samples (Reid, Langford et al. 2011; Mastroianni, Lopez de Alda et al. 2014; Rodríguez-

Álvarez, Rodil et al. 2014).  

1.6.3.  Extraction of solid samples. 

The analytical methodologies developed for analysis of DAs and other 

pharmaceutical ingredients in solid samples, such as river sediments, sewage sludge, 

wastewater suspended matter and airborne matter, are based on pressurized liquid 

extraction (PLE) (Jones-Lepp and Stevens 2007; Postigo, Lopez De Alda et al. 2009; 

Langford, Reid et al. 2011; Baker and Kasprzyk-Hordern 2011b; Senta, Krizman et al. 

2013; Arbeláez, Borrull et al. 2014), ultrasonic extraction (USE) (Kaleta, Ferdig et al. 2006; 

Álvarez-Ruiz, Andrés-Costa et al. 2015; Gago-Ferrero, Borova et al. 2015), microwave 
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assisted extraction (MAE) (Evans, Davies et al. 2015) and Soxhlet extraction (Cecinato, 

Balducci et al. 2009; Cecinato, Balducci et al. 2012) and the use of chloroform, methanol 

(MeOH), acidified MeOH, and different mixtures of MeOH and water as extraction 

solvents. 

Normally, extracts are then subject to SPE, employing usually the same cartridges 

used for extraction and clean-up of water samples (Kaleta, Ferdig et al. 2006; Stein, Ramil 

et al. 2008), or liquid-liquid extraction (LLE) with hexane (Jones-Lepp and Stevens 2007), 

though in some cases extracts were either filtered (Álvarez-Ruiz, Andrés-Costa et al. 

2015) or centrifuged (Langford, Reid et al. 2011; Gago-Ferrero, Borova et al. 2015) without 

further purification prior to their analysis. 

Compared with other extraction techniques, PLE is a completely automated 

extraction technique performed under pressure which requires the optimization of different 

parameters: extraction solvent, number of cycles (number of sequential extractions 

performed on the same cell with fresh solvent), temperature and time (Nieto, Borrull et al. 

2010). In the published methodologies, an amount of sample ranging from 0.5 to 1 g of 

river sediment or sewage sludge is usually loaded in the extraction cell. Cells are then 

filled up with an inert resin such as hydromatrix or active resins such as neutral, acid or 

basic alumina for a first clean-up of the extract. Figure 3 shows a picture of a PLE system. 

Figure 3: Dionex™ ASE™350

(https://www.thermofisher.com/order/catalog/product/083114)

Dichloromethane, methanol, and different mixtures of methanol:water with or 

without the addition of acid, 1-3 extraction cycles, extraction temperatures ranging from 70 

to 100 ºC, and static times ranging from 5 to 15 min have been employed by different

https://www.thermofisher.com/order/catalog/product/083114
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authors for PLE extraction of a wide range of DAs from sewage sludge, river sediments, 

and wastewater particulate samples (Stein, Ramil et al. 2008; Langford, Reid et al. 2011; 

Baker and Kasprzyk-Hordern 2011b; Senta, Krizman et al. 2013; Arbeláez, Borrull et al. 

2014). 

1.6.4.  Instrumental analysis 

Following sample pre-treatment and pre-concentration, separation, identification 

and quantification of DAs in environmental samples has been carried out mainly by high 

performance liquid chromatography (HPLC) and ultra-performance liquid chromatography 

(UPLC) (or ultra-high performance liquid chromatography (UHPLC). Fewer analytical 

methodologies have used GC. In all cases detection has been performed by MS or MS/MS 

due to their high sensitivity and selectivity. 

1.6.5.  Chromatographic separation 

Most analytical methodologies developed for analysis of DAs in environmental 

samples employ C18 reversed phase columns for their chromatographic separation 

(Castiglioni 2008 ). In general, HPLC instrumentation used chromatographic columns 

packed with particles having an inner diameter of 3-5 µm, whereas higher separation 

efficiency, sensitivity and resolution and shorter analysis times (10 minutes or less) have 

been achieved with the use of smaller particles (< 2 µm) in UPLC systems (Huerta-

Fontela, Galceran et al. 2007; Bijlsma, Sancho et al. 2009; Kasprzyk-Hordern, Dinsdale et 

al. 2009). It should be noted that the narrow peaks usually obtained in UPLC (5-10 s wide) 

require fast MS acquisition in order to obtain enough data points (10-15) for accurate 

analyte quantification (Huerta-Fontela, Galceran et al. 2007). Mobile phases for multi-

residue determination of DAs and other pharmaceutically active ingredients have been 

based on binary mixtures of water and an organic solvent such as MeOH or ACN (Postigo, 

Lopez de Alda et al. 2008), although the latter provides slightly better resolution for the 

investigated compounds (Bisceglia, Roberts et al. 2010). In order to reduce peak tailing 

and to enhance compounds ionization in the MS source, the pH of the mobile phase has 

been frequently reduced at a value below pH ~ 3-4 by addition of a small amount of a 

volatile acid (e.g. 0.1% acetic or formic acid (v/v)) or 1-50 mM of an ammonium formate or 

acetate buffer to the water phase or both the water and the organic phase (Castiglioni 

2008 ). 
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Considering that really polar analytes, such as glucuronic complexes as well as 

small, highly polar metabolites like the alcohol metabolite EtS, are not retained on 

conventional C18 chromatographic columns, some authors have developed analytical 

methods based on hydrophilic interaction liquid chromatography (HILIC) which employs 

polar stationary phases. Differently from the methods based on reversed phase 

chromatography, HILIC methodologies require the use of high amounts of organic solvents 

at the beginning of the chromatographic run. These columns have been employed for the 

analysis of COC, BE, ecgonine methyl ester, AM, MA, MDMA, 6ACM, METH and EDDP in 

wastewater samples (Gheorghe, van Nuijs et al. 2008; van Nuijs, Pecceu et al. 2009c). 

However, poor chromatographic resolution of HILIC columns for the analysis of DAs in 

environmental samples has also been reported (Bisceglia, Roberts et al. 2010). 

As an alternative to the use of the HILIC, optimum chromatographic conditions for 

the analysis of the polar EtS in wastewater samples have been achieved through the 

development of analytical methodologies based on ion pair chromatography (IPC). In IPC, 

the separation of ionic compounds can be achieved on hydrophobic stationary phases by 

adding a MS compatible ion-pair reagent to the mobile phase. This approach was followed 

by Reid et al. who employed the ion-pair reagent dihexylammonium acetate (7 mM) for the 

LC–MS/MS analysis of EtS and EtG in wastewater (Reid, Langford et al. 2011), while in 

the analytical method developed by Rodríguez-Álvarez et al. the ion-pair reagent 

(tetrabutylamoniumbromide, 50 mM) was added to the sample vial, thus drastically 

reducing the total amount of ion pair needed (Rodríguez-Álvarez, Rodil et al. 2014).  

GC has also been applied to the analysis of DAs in aqueous (González-Mariño, 

Quintana et al. 2010) and airborne particulate (Balducci, Nervegna et al. 2009; Castiglioni 

and Zuccato 2009) samples by different authors. However, due to the medium-high 

polarity and low volatility of most of the illicit drugs, the use of GC requires the 

performance of a derivatization reaction to increase the compounds volatility and thermal 

stability. In general, the derivatization step required by GC methodologies limits the total 

number of detectable compounds that can be analyzed in the same analytical run and it 

can also affect negatively method accuracy and throughput. 

1.6.5.1. Analyte detection, identification and quantification

In the published literature, both GC and LC analytical methodologies developed for 

the analysis of DAs in environmental samples employed MS detectors. 



65 

For compounds ionization, GC uses either electron impact (EI) or chemical 

ionization (CI), while LC makes use mainly of electrospray (ESI) and atmospheric pressure 

chemical ionization (APCI). In EI, the ionization of the analyte is achieved by bombarding 

the sample with a bean of electrons at high energy which produces a significant in source 

fragmentation of the molecular ions. In contrast, the other ionization approaches, CI, ESI 

and APCI, are soft ionization techniques which provide mostly protonated/deprotonated 

([M-H]+/[M-H]-) molecular ions with poor in source fragmentation.

Considering that most DAs present a medium-high polarity (log Kow < 3) and a 

wide range of molecular masses (100-500 Da), ESI is the most suitable and therefore 

commonly used ionization technique in their environmental determination by LC-MS (Pal, 

Megharaj et al. 2013). Although positive and negative voltages can be applied to the 

electrospray needle, ionization of most DAs has been achieved in positive mode due to the 

presence of amino groups in their chemical structure; only cannabinoids have been 

analyzed in both positive and negative modes (Castiglioni 2008 ). 

In the ESI process, the mobile phase eluting from the LC column is forced through 

the electrospray needle, to which a high voltage (2-5 kV) is applied, forming charged 

droplets. Then, the charged droplets containing the ionized molecules evaporate while 

moving towards the entrance of the mass spectrometer, where they release free charged

analyte molecules which pass into the mass analyzer. In the analyzer the molecules are 

then separated based on their mass-to-charge (m/z) ratio and finally detected (Cech and 

Enke 2001). 

Compared to other ionization techniques, ESI is prone to matrix effects, which can 

be defined as the in source MS signal enhancement or suppression of a given compound 

in the presence of non-volatile and co-eluting compounds (natural organic matter (NOM), 

salts, ion pairs, buffers used for chromatographic separation improvement). Correction of 

matrix effects is of the most importance, not only for the accurate quantification of the 

analytes of interest in a given matrix, but also to avoid false negative results which may 

arise from signal reduction during compound ionization. Different approaches can be 

adopted in order to limit or correct matrix effects during the LC-MS determination of DAs in 

different matrices (Gosetti, Mazzucco et al. 2010). A first reduction of the matrix effects can 

be obtained during method development through the improvement of both the clean-up of 

the extract and the chromatographic separation of the analytes of interest, avoiding co-

elution of analytes and matrix’s interferences. For really complex matrices, dilution of the 

sample and reduction of the volume of injection lead to a reduction of the overall matrix 
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effects, although this approach can negatively affect the limit of detection and 

quantification of the analytical method.

Because matrix effects cannot be completely eliminated, especially in multi residue

LC-MS methods developed for the simultaneous determination of a wide range of organic 

compounds in the environment, accurate determination of organic compounds in 

environmental samples has been attempted through the use of internal standards (IS), 

matrix match calibration, standard addition and the echo-peak technique (Gosetti, 

Mazzucco et al. 2010; P. Nicholas Shaw 2014). In the IS method, fixed amounts of the ISs 

are added to the calibration curve, blanks, control samples, and samples. Then, 

concentrations of the analytes of interest are obtained by plotting signals and 

concentration ratios of the analytes and their associated ISs. Nowadays, the use of stable 

isotope–labeled compounds as ISs, when available, is considered the best choice for LC-

MS methodologies developed and applied for the analysis of DAs in the environment 

(Postigo, Lopez de Alda et al. 2008). 

Ionized compounds are then introduced in the MS instrument, which can be 

classified based on type and resolution power of the mass analyzer. Quadrupole and ion 

trap analyzers provide low-medium resolution capacity (unit), while high resolution (HR) 

MS (10000-20000 resolving power at full width at half maximum (FWHM) and mass 

accuracy error lower than 5 ppm) can be obtained with time of flight (TOF) and Orbitrap 

MS instrumentations.

Analysis of DAs in environmental samples has been carried out mostly by MS/MS, 

with instruments combining different analyzers, e.g., triple quadrupole (QqQ), quadrupole-

linear ion trap (QqLIT), quadrupole-high resolution TOF (QqTOF) and linear ion trap-high 

resolution Orbitrap (LIT Orbitrap). Among them, target analysis of DAs used mainly QqQ 

and to a lesser extent QqLIT, where the ion trap is used as a conventional quadrupole

(Metcalfe, Tindale et al. 2010; Irvine, Kostakis et al. 2011). Figure 4 shows for illustration a 

scheme of the main parts of a QqLIT instrument. 

With QqQ instrumentation, among the various modes of acquisition, the selected 

reaction monitoring mode (SRM), with the acquisition of the two most abundant and 

selective SRM transitions per compound, has become the modality of choice due to the 

high sensitivity and selectivity provided.
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Figure 4: Ion optics of an ABSciex 4000QTrap (from instrument’s Hardware Guide)

Detection of two SRMs per compound allows obtaining the number of identification 

points required by the European Decision 2002/657/CE for the identification and 

confirmation of residues in products of animal origin which has been also widely applied to 

the determination of organic pollutant residues in the environment. 

Differently from the quadrupoles, ion trap analyzers are capable of MSn

experiments by storing ions in a three dimensional space (no filtering analyzer) and they 

have been employed in both GC and LC methodologies developed for the analysis of DAs 

in environmental samples (Jones-Lepp, Alvarez et al. 2004; Kaleta, Ferdig et al. 2006; 

Bones, Thomas et al. 2007; Balducci, Nervegna et al. 2009; González-Mariño, Quintana et 

al. 2010).  

Although triple quadrupole instrumentations have been extensively used in the

target analysis of DAs in the environment, an increasing trend is the use of HRMS coupled 

with LC for both the confirmation and quantification of target analytes and identification and 

characterization of unknown compounds (e.g. metabolites and transformation products) in 

environmental samples as well as in degradation lab scale experiments. 

With HR instruments, identification of suspected and unknown compounds in 

environmental samples is achieved through the acquisition of full spectra information with 

high mass-resolving power of both the parent molecule ion and its more characteristic 

fragment ions. Apart from the identification and characterization of unknowns, mass 

spectra acquisition based on HRMS overcomes important pitfalls of target analysis based

on the use of QqQ, such as the limited number of compounds which can be monitored 
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during a MRM acquisition experiment and the reliance on the availability of reference 

standards for compound identification, confirmation and quantification. Moreover, a really 

important aspect of the acquisition of HR data is the possibility of post-acquisition data 

mining.

In this context, different workflows have been developed and applied for the target 

and non-target identification of DAs, and their metabolites and transformation products, in 

different environmental samples. Overall the proposed methodologies employed TOF and 

Orbitrap based instrumentations. Figure 5 shows for illustration a scheme of a HR Orbitrap 

instrument.

Figure 5: Schematic of the Thermo Scientific Q Exactive Benchtop LC-MS/MS (from 

http://planetorbitrap.com/q-exactive#tab:schematic) 

A recent study by Bade et al. demonstrated that both technologies (TOF and 

Orbitrap) performed very similarly in the identification of DAs in wastewater and surface 

water (Bade, Rousis et al. 2015).  

A HRMS methodology based on a Q-Exactive Orbitrap has been developed and 

applied to the identification and detection in sewage influent of 56 transformation products 

of different DAs (Heuett, Batchu et al. 2015). Meanwhile QqTOF instruments have been 

employed, for instance, for the quantification in wastewater samples of 51 drugs and 

emerging substances (Baz-Lomba, Reid et al. 2016), non-target screening of drugs and 

http://planetorbitrap.com/q-exactive#tab:schematic
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personal care products (Andrés-Costa, Carmona et al. 2016), and the investigation of 

degradation products formed in the environment as well as during conventional and 

advanced water treatments in laboratory scale experiments with COC (Postigo, Sirtori et 

al. 2011; González-Mariño, Quintana et al. 2012; Bijlsma, Boix et al. 2013), methadone 

(Postigo, Sirtori et al. 2011b; González-Mariño, Quintana et al. 2015) and THC-COOH 

(González-Mariño, Rodríguez et al. 2013; Boix, Ibáñez et al. 2014).
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2 OBJECTIVES 

DAs, including both licit and illicit substances, are biological active compounds which,

following consumption, are constantly released in our environment, mainly through WWTP 

effluents. Similar to pharmaceuticals, their levels in the environment are usually low (ng to 

µg/L range). Their detection thus requires the use of state of the art analytical techniques.

Since the first publication reporting the presence of these compounds in the environment 

in 2004, an increasing number of studies worldwide have described the development and 

application of analytical methods, based mainly on LC-MS, for characterization of the fate 

of DAs in different environmental compartments. 

In addition, following the first evidence of the presence of illegal drugs in wastewater and 

surface water, in 2005 a research group of the Mario Negri Institute in Milan demonstrated 

for the first time that the levels of DAs in wastewater and surface water could be used to 

estimate drug consumption.

Since then, a significant number of works, including the present thesis, started to 

investigate the occurrence and possible pseudo-persistent character of DAs, and their 

metabolites and transformation products, in the environment, and the potential usefulness 

of the so-called sewage epidemiology approach for nearly real-time estimation of drugs 

consumption by the population.

In this context, the main objectives of the present thesis were:

 To develop and validate an analytical method for determination of DAs in sewage 

sludge in order to better characterize the fate of these compounds during 

wastewater treatment.

 To develop and validate an analytical method for the determination of EtS, a 

human metabolite of ethanol, in wastewater samples in order to study the 

consumption of alcohol in the city of Barcelona.
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 To improve and expand analytical methods previously developed in the laboratory

for analysis of various classes of illicit and abused drugs in both waters and air 

particulate matter.

 To study the occurrence (spatial and temporal distribution) of DAs in surface water 

in various Iberian rivers under climate change scenarios and the associated 

environmental risks.

 To investigate the patterns and trends of DAs consumption in the city of Barcelona 

along 5 consecutive years through the sewage epidemiology approach in the frame 

of the European SCORE COST Action.

 To comprehensively study the occurrence of DAs (geographical and temporal 

differences) in the air of the city of Barcelona and assess potential associated risks 

as well as the use of this matrix for investigation of DAs consumption/trafficking.

. 
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3 RESULTS  

The results obtained in this thesis have been reported and discussed in five scientific 

papers published in SCI international journals. The first two works included in the thesis 

describe the analytical methodologies developed and applied to the analysis of DAs and 

EtS in sewage sludge and wastewater samples, respectively. The publications #3 

describes the results obtained within the SCARCE project where presence and levels of 

selected DAs were investigated in four Spanish river basins during two sampling 

campaigns performed in 2010 and 2011 in order to identify geographical differences and to 

estimate the associated ecotoxicological risk. The work reported in the publication #4 

focused on the application of the sewage epidemiology approach in the city of Barcelona 

for the estimation of DAs and alcohol consumption during the period 2011 to 2015. Finally, 

the publication #5 reports detailed information related to presence and levels of DAs in 

airborne matter collected in 11 districts of the city of Barcelona and assess whether the 

levels of DAs measured in the atmosphere could provide additional information on their 

consumption patterns and trends by the population.  
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3.1.  Illicit and abused drugs in sewage sludge: Method 

optimization and occurrence 

The paper “Illicit and abused drugs in sewage sludge: Method optimization and 

occurrence” by Nicola Mastroianni, Cristina Postigo, Miren López de Alda and Damià 

Barceló was accepted for publication in Journal of Chromatography A in October 2014. 

In this work a multi-residue analytical methodology based on PLE, SPE clean-up 

and LC–MS/MS analysis was developed for the determination of DAs and some of their 

metabolites in sewage sludge. Considering the polar nature of most DAs (log Kow<3) their 

environmental fate has been extensively investigated in aqueous phases, such as 

wastewater, surface water, and groundwater. However, among them, cannabis 

compounds, the most abused illicit drug worldwide, as well as METH and its main urinary 

metabolite EDDP, present a marked lipophilic nature. Besides that, sorption of organic 

compounds to environmental matrices is a complex process that may not only depend on 

hydrophobic interactions, thus chemical analysis is still required in order to evaluate their 

environmental fate and behavior.  

Knowledge regarding the presence of these active compounds in sewage sludge is 

not only important in order to assess their fate during wastewater treatment processes, but 

also to investigate if the application of sewage sludge as a soil fertilizer constitutes an 

additional route of entry of these organic contaminants to the environment.  

Before this work, the presence of drugs of abuse in sewage sludge had been 

reported for AM, MA, MDMA, COC, BE, DIA and LOR while only two multi-residue 

analytical methods had been applied to the extensive investigation of the presence of a 

wide range of DAs in suspended particulate matter from wastewater samples. However, 

none of these works included in the list of target compounds the main cannabis active 

components THC, CBN, and CBD, which together with CE, EPH, HER, ALP, LSD and 

OXO-LSD were investigated in this study for the first time.   

In the multi-residue analytical method developed, extraction of the target analytes 

from sewage sludge is performed by pressurized liquid extraction (PLE) with MeOH/water 

(9/1, v/v) followed by extracts pre-concentration and clean- up by SPE with Evolute ABN 

cartridges. During method development, the most important variables affecting the 

performance of both steps, including in-cell clean-up of the matrix PLE extracts with 
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activated alumina, were extensively investigated. Chromatographic separation was 

achieved with a PurospherStar RP-18 end-capped column (125 mm × 2.0 mm, particle 

size 5 µm) and a binary mobile phase consisting of ACN and water containing 20 mM of 

formic acid/ammonium formate buffer (pH 3.8) at a constant flow rate of 0.3 mL/min. 

The performance of the methodology was evaluated in terms of linearity, sensitivity, 

recovery, repeatability, and matrix effects. 

Overall, absolute recoveries were low (< 63%) for all compounds, but recoveries 

lower than 13% were obtained for the cannabinoids THC, CBD and CBN (5–13%). Despite 

the two clean up steps (in cell and SPE), all target compounds were subject to significant 

matrix ionization suppression (between 26 and 89 % drop), being cannabinoids and 

benzodiazepines the most affected compounds. Nevertheless, in spite of these significant 

matrix effects, reliable determination of the target compounds was achieved through to the 

use of isotopically labeled compounds as internal standards for quantification, obtaining 

relative recoveries between 89 and 130 %. Thanks to the high sensitivity of the tandem 

mass spectrometry instrumentation employed in this study, method limits of detection and 

quantification were lower than 2.5 and 3.3 ng/g d.w., respectively, for all compounds but 

cannabinoids, which presented limits of quantification between 8.2 and 22.5 ng/g d.w. 

The method was applied to the determination of the target compounds in sewage 

sludge collected from 15 different WWTPs located along 4 different river basins in Spain.  

The most ubiquitous compounds were METH, EDDP, and THC (present in all 

samples), followed by COC, EPH and CBD (present in at least 80% of the samples). The 

compounds HER, 6ACM, LSD, and its metabolite OH-LSD were not detected in any 

sample. Cannabinoids and the synthetic opioids METH and EDDP were by far also the 

most abundant compounds, with median concentrations ranging between 78-168 and 16-

46 ng/g d.w, respectively. The compounds COC, BE, EPH, AM, MDMA, MOR, and the 

benzodiazepines ALP and DIA were present in more than 40 % of the collected samples, 

however at much lower concentrations (median concentrations lower than 6.6 ng/g d.w. in 

all cases). The contamination pattern of illicit drugs in the sewage sludge was similar to 

those reported in other studies (Arbeláez, Borrull et al. 2014; Álvarez-Ruiz, Andrés-Costa 

et al. 2015), although compared with the results obtained by Senta et al in SPM (Senta, 

Krizman et al. 2013), the levels of the cannabinoid OH-THC and the synthetic opioids 

METH and EDDP were significantly higher in this study.  
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The results obtained in this work confirmed that the lipophilic compounds THC, 

CBD, CBN, METH, and EDDP accumulate in sewage sludge, thus their determination in 

this matrix must be considered in order to assess their fate during activated sludge 

wastewater treatment. Moreover, application of the treated sewage sludge in agriculture 

may contribute to re-introduce them in the environment, thus knowledge regarding their 

presence and levels in this matrix is essential in order to correctly assess their 

environmental fate and risk. 
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3.2.  Analysis of ethyl sulfate in raw wastewater for estimation of 

alcohol consumption and its correlation with drugs of abuse in 

the city of Barcelona 

The paper “Analysis of ethyl sulfate in raw wastewater for estimation of alcohol 

consumption and its correlation with drugs of abuse in the city of Barcelona by Nicola 

Mastroianni, Miren López de Alda and Damià Barceló was accepted for publication in 

Journal of Chromatography A in July 2014. 

The publication describes the optimization of an analytical methodology based on 

ion-pair LC-MS/MS for detection and quantification of EtS, a urinary metabolite of alcohol, 

in wastewater and its application to different samples collected in the city of Barcelona. At 

the time of this publication, there was an increasing interest on the calculation of the 

consumption of different DAs based on the levels of selected biomarkers measured in 

sewage water, and one of the main objectives pursued in this publication was to extend 

this methodology to the back calculation of alcohol consumption.  

Estimation of alcohol consumption based on EtS levels in wastewater samples was 

reported for the first time by a research group from Norway who also demonstrated that 

the results obtained were in good agreement with the national statistic related to alcohol 

consumption. Three years later a similar work was performed in Galicia (Spain) and this 

last study was followed by the work performed in this thesis. 

Overall, the three methodologies proposed for the analysis of EtS in wastewater 

are based on IPC. In IPC, separation of ionic compounds can be achieved on conventional 

hydrophobic stationary phases, such as C18 columns, by adding an MS compatible ion-

pair reagent to the mobile phase. In this context, Reid et al. employed the ion-pair reagent 

dihexylammonium acetate (7 mM) for the LC–MS/MS analysis of EtS and EtG in 

wastewater, while in the method developed by Rodríguez-Álvarez et al. the ion-pair 

reagent (tetrabutylammonium bromide, 50 mM) was added to the sample instead of to the 

chromatographic eluents. 

The optimization of the analytical method here presented went through the 

selection of the optimum ion-pair reagent (between ammonium acetate and dibutylamine 

acetate (DBAA)) and its concentration (5mM or 10 mM), chromatographic separation, and 

volume of injection (10, 15 or 20 µL). In the optimized method, 10 mL of each sample was 
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spiked with the surrogate standard at a concentration of 25 µg/L. One mL of this solution 

was transferred to a 1.5 mL microcentrifuge tube and was centrifuged at 10000 rpm for 10 

minutes at a temperature of 4ºC. Then the supernatant formed was transferred to a glass 

vial for subsequent LC–MS/MS determination. The optimum chromatographic conditions 

were achieved with direct injection of 20 µL of the sample and a binary mobile phase 

consisting of MeOH and water both containing 5 mM of dibutylammonium acetate (DBAA) 

(ion-pair reagent). 

Compared to previously published methods the present method provided 

considerably better sensitivity (LOQ equal to 0.07 µg/L, versus 0.3-0.6 µg/L and 1 µg/L 

reported by Reid et al. (Reid, Langford et al. 2011)  and Rodríguez-Álvarez et al. 

(Rodríguez-Álvarez, Rodil et al. 2014) respectively), as well as slightly better repeatability 

(RSD < 2.3% versus 5–10%) and less matrix effects. 

The validated analytical methodology was applied to the determination of EtS in 24 

h composite wastewater samples collected from Wednesday to Tuesday in March 2013 at 

the inlet of a large WWTP in the city of Barcelona for estimation of the alcohol 

consumption. Moreover, considering that presence of several DAs had also been 

investigated in the same samples, correlations between EtS and other DAs and 

metabolites could also be studied.  

The results obtained showed levels of EtS ranging from 5.5 to 32 µg/L, with a clear 

increase during the weekend. Alcohol consumption was then estimated taking into 

consideration the total amount of wastewater treated during sampling, the average 

excretion rate of EtS, and the molar mass ratio between EtS and ethanol. This calculation 

yielded a total consumption of pure alcohol in the studied area of 21000 liters per day, 

which corresponds to an average absolute alcohol consumption of 18 mL/day/inhabitant, 

value which is lower than the 32 mL/day/inhabitant reported in the official statistics for 

Spain for the period 2003/2005 by the World Health Organization (WHO). In a similar 

multiyear national wide study performed later in Belgium, estimation of the alcohol 

consumption based on the levels of EtS in wastewater was also lower than that reported in 

the official statistics (WHO and Belgian Scientific Institute of Public Health) (Boogaerts, 

Covaci et al. 2016).  

Moreover, considering that 45, 36, and 13% of the pure alcohol is consumed as 

beer, wine, and spirits, respectively, the results obtained could be extrapolated by type of 
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alcohol beverage. The estimated average consumption of wine (23 L/year/inhabitant) was 

in good agreement with the value reported by the Spanish Ministry of Agriculture (25 

L/year/inhabitant) while the consumption of beer resulted somewhat overestimated (66 

versus 47.5 L/year/inhabitant).  

Finally, the consumed alcohol correlated with the load of various drugs like cocaine 

(and its metabolites), ecstasy, and amphetamine, which indicates a link between 

recreational drugs of abuse and alcohol consumption. 
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3.3.  Occurrence of drugs of abuse in surface water from four 

Spanish river basins: Spatial and temporal variations and 

environmental risk assessment 

The paper “Occurrence of drugs of abuse in surface water from four Spanish river 

basins: Spatial and temporal variations and environmental risk assessment” by Nicola 

Mastroianni, Maria Jose Bleda, Miren López de Alda, and Damià Barceló was published in 

Journal of Hazardous Materials in May 2016.  

The study here presented is part of the CONSOLIDER-INGENIO 2010 SCARCE 

project (2009-2014), a multidisciplinary and multipurpose project that aimed to describe 

and predict the relevance of global change impacts on water availability, water quality and 

ecosystem services in Mediterranean river basins of the Iberian Peninsula, as well as their 

impacts on the human society and economy.  

The main objective of the work presented was to study the occurrence and levels of 

DAs in surface water from four representative Mediterranean River basins (Llobregat, 

Ebro, Jucar and Guadalquivir) within the Iberian Peninsula in order to (i) establish potential 

relationships between the DAs levels and the hydrological conditions of the rivers, (ii) 

identify potential geographical differences, and (iii) estimate the ecotoxicological risk 

associated with the presence of these active compounds in the environment. To this end, 

grab surface water samples were collected from 77 different locations along the selected 

basins during two sampling campaigns carried out between September and October in 

2010 and 2011. Although at the time of publication, the occurrence of a wide range of DAs 

and metabolites had been previously investigated in the Llobregat, Ebro, and Guadalquivir 

River Basins, their occurrence in the Jucar basin had never been studied. 

Analysis of the target analytes was performed following a previously published fully 

automated method based on on-line- SPE-LC-MS/MS slightly modified in this study in 

order to include METH, EDDP, CBD and CBN in the list of target compounds and to 

improve the chromatographic resolution of the target analytes through the addition of 

ammonium formate to the aqueous mobile phase. Moreover, taking into account that 

ionization of cannabinoids can be achieved in both positive and negative polarity, the 

former was selected in the revalidated methodology in order to investigate the presence of 

all the analytes in the same chromatographic run.  
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The performance of the analytical methodology employed in this study (presented 

and discussed in the supplementary information) was satisfactory for all the investigated 

compounds.  

In both sampling campaigns, the most ubiquitous compounds were COC, BE, EPH, 

MDMA, METH and EDDP (found in more than 50% of the samples) while the compounds 

LSD, OH-LSD, and the cannabinoids CBD and CBN were not detected in any sample. This 

was not surprising considering the low prevalence of use and dose of LSD (20 µg 

compared to 100 mg of cocaine, for example) and the lipophilic nature of the cannabis 

components. 

Meanwhile, the most abundant compounds, with maximum concentrations above 

100 ng/L, were BE (up to 129 ng/L in the Huerva River) and EPH (up to 144 ng/L in the 

Arga River) both in the Ebro basin and in 2011. In terms of median concentration, apart 

from BE, EPH, THC-CCOH (detected in one sample at a concentration of 17 ng/L) and 

LOR (detected in a limited number of samples), the investigated compounds occurred in 

surface water with median concentrations lower than 5 ng/L. The results obtained were in 

good agreement with other studies performed in Spain as well as in other European 

countries. 

DAs contamination patterns were similar in both sampling campaigns. Overall 

higher concentrations of DAs were found in small tributary rivers, which receive treated 

wastewater from different WWTPs and present low dilution factors due to their low flow 

rates.  

Levels of DAs did not show a clear relation with the hydrological conditions of the 

rivers and we speculate that different factors such as natural attenuation processes 

(mainly photodegradation and biodegradation), different DAs consumption patterns by the 

population and different efficiency of the WWTPs in the removal of DAs could have 

counteracted the natural dilution of the discharged wastewater. 

Consistent (in both campaigns) differences in the occurrence of the studied drugs 

between river basins were only observed for MDMA, which may indicate a regional specific 

consumption of this ATS.  

Finally, the Environmental Risk Assessment (ERA) performed based on the Hazard 

Quotients (HQ) approach revealed that in only 4 samples DAs occurred at levels that could 

generate a certain level of risk to aquatic organisms, being EDDP, METH, LOR and MDMA 

the most concerning compounds. 
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3.4.  Five-years monitoring of 19 licit and illicit drugs of abuse at 

the inlet of a WWTP in Barcelona (NE Spain) and estimation of 

drug consumption patterns and trends 

The publication “Five-year monitoring of 19 illicit and legal substances of abuse at 

the inlet of a WWTP in Barcelona (NE Spain) and estimation of drug consumption patterns 

and trends” by Nicola Mastroianni, Ester López-García, Cristina Postigo, Damià Barceló,

and Miren López de Alda was submitted to Science of the Total Environment in April 2017.

This study was carried out in the framework of an international collaboration, the 

Sewage Analysis CORe group Europe (SCORE). The SCORE group, in collaboration with 

the European Monitoring Center for Drugs and Drug Addition (EMCCDA), aims to estimate 

drugs consumption in different European cities through the analysis of selected biomarkers 

in wastewater samples and to harmonize and standardize different aspects related to the 

sewage epidemiology approach for the back calculation of DAs consumption.

In this context, a common sampling campaign was performed yearly in different 

European cities in the period between 2011 and 2015 and the results obtained during the 

entire period (in terms of loads, g/day) were published on the EMCCDA web page 

(http://score-cost.eu/network-activities/meetings/ttw2017/) and for the period 2011 to 2013 

in two collaborative publications (Thomas, Bijlsma et al. 2012; Ort, van Nuijs et al. 2014). 

At the same time, an estimation of the overall uncertainty associated to the methodology 

proposed for estimation of drugs consumption was performed by Castiglioni et al. in 2013 

(Castiglioni, Bijlsma et al. 2013), gathering important information in relation to the sampling 

approach, and sample storage and pretreatment in each city. Moreover, prior to each 

sampling campaign, the performance of the analytical methodologies employed by all 

participants was assessed through an interlaboratory exercise.  

The SCORE collaboration did not include estimation of the alcohol consumption 

within the target analytes. It was only in a second stage that different laboratories 

developed and applied analytical methods for the determination of EtS, as a biomarker of 

alcohol consumption, in wastewater samples. A comparative study of the results obtained 

in different European cities, including those included in the present thesis, was published 

by Ryu et al. in 2016 (Ryu, Barceló et al. 2016). 

http://score-cost.eu/network-activities/meetings/ttw2017/
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While the works performed within the SCORE group made possible to directly 

compare loads of the most abused drugs in Europe and other cities around the world, it 

focused only on a preselected number of compounds, thus it did not included all the 

compounds monitored in the multi-target analytical methodology employed in this thesis.

In this context, the main objective of this publication was to provide more details 

regarding the temporal changes of drugs and alcohol consumption in the city of Barcelona, 

expand this evaluation to important DAs not considered within SCORE but analyzed in the 

Barcelona wastewater samples, and study poly drug consumption, including alcohol.

In this study, 24-h composite wastewater samples (starting at 9 a.m. every day) 

were taken during seven consecutive days in mid-March from 2011 to 2015 at the inlet of a 

WWTP located in Barcelona (Northeast of Spain). Analysis was performed according to a 

previously described fully automated method based on isotope dilution on-line SPE-LC-

MS/MS (Mastroianni, Bleda et al. 2016)  

Meanwhile, analysis of EtS in the samples collected between 2013 and 2015 was 

performed according to the IPC-MS/MS method described in the publication #2 of this 

thesis. 

The back-calculation of the daily amounts of drugs consumed (Kg/day) was 

performed following the equation proposed by Zuccato et al. in 2005 (Zuccato E 2005) In 

the analyzed samples, the ATS (AM, MA, MDMA, and EPH,), COC and its main metabolite 

BE, the opioids MOR, METH and EDDP, the cannabinoid THC-COOH, and the ethanol 

metabolite, Et-S were found in all investigated samples. CE and the benzodiazepines DIA 

and LOR were present in 83%, 71% and 69% of the samples, respectively. The heroin 

metabolite, 6ACM, was found only in 20% of the samples, and LSD, OH-LSD, HER, ALP, 

and THC were not detected in any sample. 

COC, BE, EPH, THC-COOH, and Et-S were the most abundant compounds in all 

sampling campaigns. Among them, the highest average concentrations in wastewater (up 

to the µg/L level) were found for BE, EPH and Et-S (971 ng/L, 2,125 ng/L and 1,708 ng/L, 

respectively), while CE (33 ng/L), 6ACM (5 ng/L), METH (77 ng/L) and DIA (14 ng/L) 

occurred in the analyzed samples at average concentrations lower than 100 ng/L.

In the studied periods, the most abused substances in Barcelona were alcohol, 

followed by cannabis, cocaine, and ephedrine. These results are in good agreement with 
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the last Drug Report of the Spanish Observatory of Drugs and Drug Addiction (OEDT 

2016) 

Regarding the temporal trend of drugs use, this study found a steady increase of 

consumption from the average total annual load of drugs of 6.5 kg/day calculated in 2011 

to the value of 12 kg/day estimated in 2015 (85% increase). Overall the increase in drugs

consumption was mainly due to an increase in cannabis consumption since consumption 

of other compounds included in the study increased by 26%. Exceptions were heroin, 

which showed a decreasing trend, and alcohol, which remained stable. These findings are 

in contrast to the general decreasing trend in the use of cannabis, cocaine, and 

amphetamine reported in the last official estimates for Spain (OEDT 2016)  

Finally, a statistically significant higher consumption was observed during 

weekends compared to weekdays for alcohol, cocaine, and MDMA.

Moreover, the simultaneous determination of a wide number of DAs and alcohol in 

the same samples allowed to study correlations between the consumed substances. In this 

context, a previous observation that CE and EtS correlated in wastewater samples could 

not be confirmed during the entire studied periods, probably due to the low stability of CE 

in wastewater samples. A high correlation could be confirmed only for EtS and BE, which 

may indicate a high recreational consumption of both substances in the investigated area.

As previously indicated inter-laboratory exercises were performed prior to each 

sampling campaign in order to assess the performance of the analytical methodology 

employed for trace determination of the most abused drugs by each participant through the 

calculation of z-scores. The analytical methodology employed in this thesis performed well 

for BE, AM, MDMA, MA, 6ACM and THC-COOH in all cases (from 2011 to 2015).

In conclusion, in line with the increasing interest demonstrated for the back 

calculation of drugs consumption based on sewage levels by different research groups 

worldwide as well as by the EMCDDA, the results obtained in this multiyear study 

demonstrate that the proposed method provides complementary and valuable information 

for a nearly real-time monitoring of drug consumption in a given sewage catchment, and 

that the analytical methodology applied is robust, accurate and reliable.
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Miren López de Alda1 
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ABSTRACT 

Illicit and legal drugs of abuse, including alcohol, continue to be in the focus of many 

governmental national and international studies due to the important consequences of their 

consumption at both individual and social level. Estimation of drug use at the community 

level through the concentrations of the drugs themselves or their major metabolites in 

wastewater has become an increasingly accepted and extended tool, complementary to 

the methods traditionally used for this purpose. The present work describes the application 

of this approach, generally known as sewage epidemiology, to investigate the latest drug 

consumption patterns and trends in the European city of Barcelona. To this end, a total of 

19 selected drugs of abuse and metabolites were monitored at the inlet of one of the main 

wastewater treatment plants of Barcelona every day during one week in March between 

2011 and 2015. Analysis of the selected drugs and metabolites in the wastewater samples 

was performed by means of two methodologies based on liquid chromatography-tandem 

mass spectrometry (LC-MS/MS), and the concentrations obtained were translated into 

consumption data. In agreement with official records, alcohol, followed by cannabis, 
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cocaine, amphetamine-like compounds, and methadone were the most consumed drugs. 

Alcohol, cannabis, and cocaine consumption were on average 18 mL/day/inhabitant (>15), 

255 doses/day/1000 inhabitants aging 15-64 and 16 doses/day/1000 inhabitants aging 15-

64, respectively. As for drug use trends, consumption increased over the 5 years 

monitored for all drugs, but for heroin and diazepam. Weekly profiles characterized by 

higher consumption over the weekend as compared to weekdays were observed only for 

alcohol, cocaine, and MDMA. Extrapolation of the data obtained for the area under study 

to the national Spanish territory yields consumption figures of 112 tonnes of illicit drugs per 

year and more than 1,705 million euro turnover per year in the black market.   

KEYWORDS: alcohol, drug abuse, sewage epidemiology, wastewater analysis, liquid 

chromatography-mass spectrometry. 

Abbreviations: 6ACM, 6-acetylmorphine; ACN, acetonitrile; AEMPS, Spanish Agency for 

Medicines and Medical Devices; ALP, alprazolam; AM, amphetamine; ATS, amphetamine-

type stimulant; BE, benzoylecgonine; CE, cocaethylene; COC, cocaine; DBAA, 

dibutylammonium acetate; DIA, diazepam; EDADES, Spanish household survey on 

alcohol and drugs; EDDP, 2-ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine; EMCDDA, 

European Monitoring Centre for Drugs and Drug Addiction; EPH, ephedrine; ESI, 

electrospray ionization; Et-S, ethyl sulfate; HER, heroin; HPLC, high performance liquid 

chromatography; INE, Spanish National Statistics Institute; LC, liquid chromatography; 

LOD, limit of detection; LSD, lysergic acid diethylamide; MA, methamphetamine; MDMA, 

3,4-methylenedioxymethamphetamine; METH, methadone; MOR, morphine; MS, mass 

spectrometry; MS/MS, tandem mass spectrometry; MSSSI, Spanish Ministry of Health, 

Social Services and Equality; N.D., not detected; OEDT, Spanish Observatory on Drugs 

and Drug Addiction; OH-LSD, 2-oxo-3-hydroxy-LSD; PET, polyethylene terephthalate; 

SPE, solid phase extraction; SRM, selected reaction monitoring; SS, surrogate standard; 

THC, Δ9 –tetrahydrocannabinol; THC-COOH, 11-nor-9-carboxy-THC; UNODC, United 

Nations Office on Drugs and Crime; WHO, World Health Organization; WWTP, wastewater 

treatment plant.
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1. INTRODUCTION 

In recent years, illicit and legal substances of abuse and their human metabolites 

have emerged as environmental organic pollutants of concern. Due to their widespread 

production and use and incomplete removal in wastewater treatment plants (WWTPs), 

they have become ubiquitous pseudo-persistent compounds in the aquatic environment 

and consequently, their analysis in the water cycle has raised increasing interest 

(Evgenidou et al., 2015; Mastroianni et al., 2013; Pal et al., 2013; Postigo et al., 2010). 

According to the last World Drug Report of the United Nations Office on Drugs and 

Crime (UNODC), 247 million people (5 % of the world population) between 15 and 64 

years consumed an illicit drug in 2014 (UNODC, 2016). This kind of data is obtained by 

means of general population surveys on illicit drug use, sales data, drug seizures, medical 

records, etc. However, these approaches present some limitations like (i) lack of objectivity 

because the information gathered in the population surveys comes from the consumers 

themselves, (ii) insufficient spatial resolution to allow realistic drug use estimation at 

regional level due to the varying confounding socio-economic and cultural factors affecting 

consumer habits and trends, and (iii) delayed response time, since surveys and other 

statistical analyses involve long periods of realization and, in addition, are considerably 

expensive (van Nuijs et al., 2011a). One alternative possibility to overcome some of these 

limitations is to use the so-called sewage epidemiology approach to back-calculate drug 

use from the drug amount present in the sewage water of any given population. Zuccato et 

al. (2005) were the first to apply this approach in 2005 to estimate cocaine consumption in 

several cities in the North of Italy from the concentrations of this compound and its main 

metabolite, benzoylecgonine, measured in untreated wastewaters. Thereafter, this 

methodological approach, which allows obtaining realistic and reproducible drug 

consumption data in an objective and fast way, has been used and refined by a 

continuously increasing number of authors to estimate the consumption of a large variety 

of illicit drugs in many different geographic areas (Andrés-Costa et al., 2014; Baker et al., 

2014; Castiglioni et al., 2006; Gatidou et al., 2016; Karolak et al., 2010; Khan et al., 2014; 

Kim et al., 2015; Klupczynska et al., 2016; Postigo et al., 2011; Postigo et al., 2010; van 

Nuijs et al., 2011a; van Nuijs et al., 2011c).   

The sewage epidemiology approach relies on the fact that, after consumption, the 

drugs themselves and/or their metabolites are excreted via urine and feces, and 

subsequently collected and pooled by the sewage systems that carry them to WWTPs. 
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Then, concentrations of these substances are measured in the water entering WWTPs and 

used to back-calculate the amount of drugs consumed by the population served by the 

investigated WWTPs in kg/day, doses/day, kg/day/1000 inhabitants or doses/day/1000 

inhabitants. Besides drug residue concentrations in the WWTP influent, additional 

information such as the flow entering the WWTP during the sampling event, the metabolic 

excretion rate of the monitored drug residue, and the population served by the WWTP are 

also required to back-calculate drug use by means of the sewage epidemiology approach 

(van Nuijs et al., 2011a). 

The present study aimed at estimating the consumption of various psychoactive 

illicit and legal drugs in Barcelona through a sewage-based epidemiology approach to 

assess weekly patterns of consumption and drug use trends in the last years. To do this, a 

total of 19 compounds including various selected illicit drugs and metabolites and 

psychoactive pharmaceuticals were daily measured during one week in the middle of 

March for five consecutive years (2011- 2015) at the inlet of a WWTP that receives most of 

the wastewater produced in Barcelona and its metropolitan area. Analyses of selected 

chemicals in wastewater were performed by means of on-line solid phase extraction-liquid 

chromatography-tandem mass spectrometry (on-line SPE-LC-MS/MS). Alcohol was also 

investigated in the wastewater samples collected between 2013 and 2015, using a 

different analytical method based on simple LC-MS/MS.  

2. MATERIALS AND METHODS 

2.1 Reagents and materials 

High purity standard solutions (> 97%) for 19 selected analytes and corresponding 

deuterated analogues, used as surrogate standards (SS), were purchased from Cerilliant 

(Round Rock, TX, U.S) as solutions in methanol (MeOH) or acetonitrile (ACN) at a 

concentration of 1 mg/mL or 100 μg/mL. Drugs and metabolites selected for analysis 

belong to different chemical classes and the list includes the cocainic compounds cocaine 

(COC), benzoylecgonine (BE) (the major metabolite of COC) and cocaethylene (CE) 

(metabolite formed when cocaine and ethanol are simultaneously consumed); the 

amphetamine-type stimulants amphetamine (AM), methamphetamine (MA), 3,4-

methylenedioxymethamphetamine (MDMA or ecstasy), and ephedrine (EPH); the 

hallucinogenic substance lysergic acid diethylamide (LSD) and its metabolite 2-oxo-3-
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hydroxy-LSD (OH-LSD); the opioids/opiates morphine (MOR), heroin (HER), 6-

acetylmorphine (6ACM) (metabolite of HER), methadone (METH), and 2-ethylidene-1,5-

dimethyl-3, 3-diphenylpyrrolidine (EDDP) (metabolite of METH); the cannabinoids Δ9-

tetrahydrocannabinol (THC) and 11-nor-9-carboxy-THC (THC-COOH) (metabolite of THC); 

the benzodiazepines alprazolam (ALP), and diazepam (DIA); and ethyl sulfate (Et-S) 

(minor but stable urinary human metabolite of ethanol (alcohol) (Mastroianni et al., 2014)). 

Working standard solutions containing the target analytes and the corresponding 

SS were prepared at different concentrations by appropriate dilution of the individual stock 

solutions (100 µg/L) in methanol (MeOH), and stored in the dark at -20ºC until use. These 

solutions were used to construct calibration curves. In the case of illicit drugs and 

benzodiazepines analysis, calibration standards were freshly prepared by 1000-fold 

dilution of each working standard solution (0.1 - 2000 µg/L of each target analyte and a 

constant concentration of SS, i.e., 20 µg/L for , CE-d3, AM-d5, MA-d14, MDMA-d5, LSD-d3, 

HER-d9, 6ACM-d6, ALP-d5 and DIA-d3 and 50 µg/L for the remaining isotopically labelled 

compounds) in HPLC-grade water. For Et-S analysis, calibration standards were freshly 

prepared by 100-fold dilution of the working Et-S solutions (10 - 20000 µg/L with a 

constant concentration of ethyl-d5 sulfate (Et-S-d5) of 2500 µg/L) in HPLC-grade water. 

All solvents used were from J.T. Baker (Serviquimia, Barcelona) and were HPLC 

grade. Formic acid (> 98%) was purchased from Merck (Darmstadt, Germany), and 

ammonium formate (> 99%), dibutylamine (> 99.5 %) and ammonium acetate (≥ 98%) 

were supplied by Sigma Aldrich (Steinheim, Germany). These chemicals were used as 

mobile phase modifiers. 

2.2. Sample collection 

Wastewater samples were taken on consecutive days during one week in mid-

March from 2011 to 2015 at the inlet of a WWTP located in Barcelona (Northeast of Spain) 

receiving a large amount of wastewater produced in Barcelona and its metropolitan area. 

Twenty-four-h composite samples, starting at 9 a.m. every day, were collected in a 

refrigerated glass bottle by means of an automatic ISCO 6712C compact portable sampler 

(Instrumentación Analítica, El Prat de Llobregat, Barcelona, Spain) programmed to sample 

50 mL every 10 min. Samples were manually shaken for homogenization and an aliquot of 

approximately 1 L was transferred to an amber polyethylene terephthalate (PET) flask and 
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transported in cool conditions to the laboratory. Once in the laboratory, samples were 

pretreated (see sections 2.3.1 and 2.3.2) and stored in PET bottles at – 20 ºC in the dark 

until analysis. 

2.3. Sample analysis 

2.3.1. Illicit drugs and psychoactive pharmaceuticals 

Analysis of the selected illicit drugs and psychoactive pharmaceuticals in the 

wastewater samples was performed according to a previously described fully automated 

method based on on-line SPE-LC-MS/MS determination and isotope dilution quantitation 

(Mastroianni et al., 2016). Prior to analysis, samples were diluted with HPLC water (1:10, 

v/v) and spiked with the mixture of the SS at a concentration of 20 ng/L for CE-d3, AM-d5, 

MA-d4, MDMA-d5, LSD-d3, HER-d9, 6ACM-d6, ALP-d5 and DIA-d3, and 50 ng/L for the 

remaining isotopically labelled compounds, and vacuum filtered through 1 µm glass fiber 

filters, followed by 0.45 µm nylon membrane filters (Whatman International Ltd, Maidstone, 

England). Five mL of pretreated sample was extracted onto PLRPs cartridges (Spark 

Holland, Emmen, The Netherlands) with an automated sample processor SymbiosisTM

Pico (Spark Holland) connected in series with a 4000QTRAP hybrid triple quadrupole-

linear ion trap (QqLIT) mass spectrometer equipped with a Turbo Ion Spray Source (AB-

Sciex, Framingham, MA, USA) set in positive ionization mode (ESI+). Elution of retained 

analytes from the SPE cartridge to the LC system was performed with a chromatographic 

mobile phase consisting of acetonitrile and water with 20 mM of formic acid/ammonium 

formate buffer (pH 3.8) at a constant flow rate of 0.3 mL/min. Chromatographic separation 

was achieved with an organic gradient and a Purospher Star RP-18 end-capped column 

(125mm × 2.0 mm, particle size 5 µm) preceded by a guard column of the same packing 

material (Merck, Darmstadt, Germany). MS/MS detection was performed in the selected 

reaction monitoring (SRM) mode recording 2 characteristic SRM transitions per analyte 

and one SRM transition per SS.  

2.3.2. Alcohol 

The analysis of Et-S in the wastewater samples was performed following a 

previously described LC-MS/MS methodology (Mastroianni et al., 2014) using the 

aforementioned SymbiosisTM Pico-4000QTRAP system. Prior to analysis, samples (10 mL) 
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were spiked with the isotopically labeled compound Et-S-d5 at a concentration of 25 µg/L. 

Then, one mL aliquot was centrifuged at 10000 rpm and 4ºC for 10 minutes, and the 

supernatant was transferred to a vial for LC-MS/MS analysis. Chromatographic separation 

was performed using a Purospher Star RP-18 end-capped column (125mm × 2.0 mm, 

particle size 5 µm) and a mobile phase consisting of MeOH and water both containing 5 

mM of dibutylammonium acetate (DBAA), at a constant flow rate of 0.3 mL/min. 

MS/MS detection was performed in negative ion mode (ESI–) recording 2 SRM 

transitions for both Et-S and its deuterated analog. Just as for illicit drugs and psychoactive 

pharmaceuticals, quantitation of Et-S was based on peak areas and was performed 

following an isotope dilution approach. 

2.4. Estimation of drug consumption 

Table 1 shows the different parameters used to back-calculate drug use figures. It 

contains the compounds selected as consumption indicators for the various drugs 

monitored, which were usually the main drug excretion product. These can be either the 

drug itself or one major and/or stable metabolic byproduct. In the case of heroin, morphine, 

which is the major metabolic byproduct of heroin, was not used as consumption indicator 

because its presence in water may originate from various sources other than heroin 

consumption (Postigo et al., 2008), and its minor but exclusive metabolite, 6ACM, was 

used instead. The main characteristics of the WWTP where sampling took place are 

shown in Table 2. 

To back-calculate daily amounts of drugs consumed (kg/day), levels of 

consumption indicators in WWTPs were normalized by the daily influent flow rate  and 

corrected by a factor which takes into account the molar mass ratio between the 

consumed drug and the drug consumption indicator, as well as, the excretion rate (see 

Table 1 and Equation 1). Finally, data were normalized across the adult population (aging 

15-64) served by the WWTP to express drug use in kg/day/1000 inhabitants (see Table 2 

and Equation 2). Average doses of drug use (see Table 1) were also used to express 

consumption figures in doses/day/1000 inhabitants (see Equation 3). Thus, the following 

equations were used to calculate different drug consumption figures: 
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where L is the drug load, C is the drug consumption, Conc is the concentration of 

the drug indicator at the inlet of the WWTP, F is the influent flow rate, f is the correction 

factor, and P is the population served by the WWTP. To backcalculate alcohol 

consumption, the adult population above 15 years served by the WWTP was used to 

normalized Et-S loads and express drug consumption in kg/day/inhabitant. The value of 

ethanol density (0.789 kg/L) was used to estimate alcohol consumption in 

mL/day/inhabitant. 

In this approach, the following assumptions were also considered: no sewage water 

loss in the pipeline on its way to the WWTP, minimal or no transformation and/or 

particulate adsorption of the drug excretion products entering the sewage until their arrival 

to the WWTP inlet, and no direct drug disposal into the sewage system (Postigo et al., 

2010).  
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Table 1. Parameters considered in the back-calculation of drug consumption figures: 

consumption indicator and its corresponding average excretion rate and correction factor, 

and average drug dose. 

Drug
Consumption 
indicator

Average
excretion rate (%)

Correction
factor

Dose
(mg)

Cocainea Benzoylecgonine 45 2.3 100
Amphetaminea Amphetamine 30 3.3 30
Methamphetaminea Methamphetamine 43 2.3 30
MDMAb MDMA 65 1.5 100
Ephedrinea Ephedrine 75 1.3 25
LSDa OH-LSD <1 >100 0.25
Heroin (a,b) 6ACM 1.3 86.8 30
Methadone Methadone 27.8c 3.6 50d

THCa THC-COOH 2.5 36.5 30
Alprazolama Alprazolam 20 5.0 1
Diazepam Diazepam 10f 10 10g

Ethanolh Ethyl sulfate 0.01 3320.4 -
a 

(Postigo et al., 2011); 
b 

(van Nuijs et al., 2011a); 
c 

(Baker et al., 2014); 
d 

(Lai et al., 2011); 
e 

(Mendoza et al., 2015); 
f 
(Carballa et al., 2008); 

g
 (MSSSI, 2002); 

h
 (OEDT, 2015). 

Table 2. Characteristics of the WWTP (population served and treatment technology) and 

of the influent wastewater sampled.  

2011 2012 2013 2014 2015

Treatment technology

Primary Primary settling (removal of grease, sand, suspended solids)  

Secondary Denitrification and phosphorous removal by activated sludge

Tertiary Coagulation, flocculation, maturation, decantation and filtration

Additional treatment Ultrafiltration and reverse osmosis

Population served 
(Inhabitants)

1,159,071 1,162,129 1,156,767 1,150,874 1,149,722

(aging 15-64) 794,132 804,402 782,968 773,522 768,100

Influent 
characteristicsa

Origin Municipal (domestic) and treated industrial wastewater

Flow (m3/day) 283,349 246,501 297,906 226,738 234,149

pH n.a. 7.4 7.5 7.7 7.8

T (° C) n.a. n.a. n.a. 19.1 n.a.

BOD (mg/L) n.a. 279 151 260 363

COD (mg/L) 516 n.a. 454 662 841

N (mg/L) 55 68 64 66 78

P  (mg/L) 5.5 9.5 6.9 8.7 10.3

NH4 (mg/L) n.a. 51 51 53 61
a Average value measured during the week when the studied was carried out. 
n.a: data not available. 

file:///C:/Users/Administrador/AppData/Local/Temp/bat/articulos/Carballa,%20M.%20Omil,%20F.%20lema%20JM%202008,%20Comparison%20of%20predicted%20and%20measured%20concentrations%20of%20selected%20pharmaceuticals,%20fragances%20and%20hormones%20in%20Spanish%20sewage.%20Chemosphere%2072.pdf
file:///C:/Users/Administrador/AppData/Local/Temp/bat/articulos/water%20research%2045%20(2011)%204437-4448.pdf
file:///C:/Users/Administrador/AppData/Local/Temp/bat/articulos/DRBaker%20et%20at_Science%20of%20the%20Total%20Environment%20487%20(2014)%20629-641.pdf
file:///C:/Users/Administrador/AppData/Local/Temp/bat/articulos/C.%20Postigo%2037%20(2011)%2049-55.pdf
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3. RESULTS AND DISCUSSION 

3.1. Occurrence of illicit and legal drugs in wastewaters. 

Table 3 summarizes the levels (average concentration and concentration range) 

and the frequency of detection of the investigated drugs of abuse and metabolites in the 

wastewater samples analyzed. While LSD, OH-LSD, HER, ALP, and THC were not 

detected in any sample, all selected amphetamine-type stimulants (ATS) (AM, MA, MDMA 

and EPH,), the cocainic compounds COC and BE, the opioids MOR, METH and EDDP, 

the cannabinoid THC-COOH, and the ethanol metabolite, Et-S were found in all 

investigated samples. CE, and the benzodiazepines DIA and LOR were also very 

ubiquitous in influent wastewater, being present in 83%, 71% and 69% of the investigated 

samples. The heroin metabolite, 6ACM, was found only in 20% of the wastewater samples 

analyzed.  

Overall, concentrations measured for all investigated analytes in wastewater were 

very similar throughout the whole investigated period. The most abundant compounds 

were COC, BE, EPH, THC-COOH and Et-S, presenting average concentrations in the 

investigated samples in the high ng/L range, or even in the µg/L range in the case of BE, 

EPH and Et-S (971 ng/L, 2,125 ng/L, 1,708 ng/L, respectively). The lowest average 

concentrations (below 100 ng/L) were measured for CE (33 ng/L), 6ACM (5 ng/L), METH 

(77 ng/L) and DIA (14 ng/L). 

As for cocainic compounds, whereas COC and BE reached the µg/L level in every 

sampling campaign (except in 2011 for COC), CE was present at much lower 

concentrations, about two orders of magnitude lower.  

EPH was the most abundant ATS in the investigated wastewater samples, with 

maximum concentrations in the µg/L level in all investigated years and with concentrations 

always one order of magnitude higher than those measured for AM, MA and MDMA. 

MDMA concentrations were usually slightly higher than those registered for AM and MA. 

MOR, with an average concentration of 228 ng/L was the most abundant opioid in 

influent wastewater, followed by EDDP, METH and 6ACM.  

As for cannabinoids, despite the fact that THC was not detected in any sample, its 

main metabolite, THC-COOH was found at concentrations between 212 ng/L and 1231 

ng/L, with the highest overall concentrations detected in 2015.  
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The benzodiazepine DIA presented rather constant low levels in wastewater (<65 

ng/L).  

Despite its low excretion rates (0.01 %, see Table 1), Et-S was the target analyte 

presenting always the highest concentrations (between 5.5 and 32.5 µg/L) in the 

wastewater samples analyzed.   
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3.2. Drug use in the investigated area 

Figure 1 shows the average annual consumption (in doses/day/1000 inhabitants 

aging 15-64 or mL/day/inh. (>15 years) in the case of alcohol, and in kg or g/day) of 

several illicit and legal drugs in the investigated area during the period of study. In the 

calculations of these figures, concentrations equal to half of the LOD were used to back-

calculate average annual consumption of those drugs whose consumption indicators were 

occasionally detected in wastewater, i.e., heroin (6ACM), and diazepam (DIA). Average 

annual consumption was set to 0 when the consumption indicator was not detected in any 

sample (n=0). 

3.2.1. Drug consumption trends throughout the period of study 

According to our estimates (see Figure 1), alcohol, followed by cannabis, cocaine, 

and ephedrine were the most consumed drugs in the investigated area. These results are 

in good agreement with the last Drug Report of  the Spanish Observatory of Drugs and 

Drug Addiction (OEDT) that states that cannabis (with THC as its main psychoactive 

cannabinoid) and cocaine are the most consumed illicit drugs in Spain, with last year 

prevalence of use among adults of 9 % and 2 %, respectively (OEDT, 2015). This report 

also indicates that the most abused legal drugs in Spain are alcohol (last year prevalence 

of 78 %), followed by tobacco (41 %) and hypnosedatives (12 %).  The large consumption 

estimate obtained for ephedrine can be attributed to its common therapeutic use to treat 

asthma, bronchitis, flu, and hypotension associated with anesthesia. 
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Figure 1. Consumption of drugs of abuse in the investigated area between 2011 and 2015 

(average consumption rates were calculated with n=7 unless otherwise indicated). 
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In the light of our estimates, and with the exception of ethanol consumption, total 

drug use increased throughout the period of study, with total drug loads (sum of the 

average annual loads of each drug, but alcohol) in 2015 (12.0 kg/day) 85% higher than in 

2011 (6.5 kg/day). Having a look at the individual drugs, the average annual use increased 

for all drugs between 2011 and 2015, but for heroin and diazepam that showed a 

decreasing trend in their use (see Figure 1). In the case of ethanol consumption, estimates 

indicate a decreasing trend from 2013 to 2014 and a slight increase of the use during the 

last investigated year. 

THC (cannabis) was the drug that contributed the most to the increase observed in 

total drug use because total loads of the remaining drugs increased only 26% in the 

investigated period (from 1.9 kg/day in 2011 to 2.4 kg/day in 2015). Therefore, it can be 

concluded that THC consumption remarkably increased in the investigated area 

throughout the period of study. Catalonia, the region where Barcelona is located, is indeed 

ranked as the second Spanish region with kg(in 2014) were consumed in the investigated 

area between 2011 and 2015. Ephedrine consumption averaged 712 mg/day/1000 inh. 

aging 15-64 (equivalent to 29 doses/day/1000 inh.). This value is higher than that reported 

for the Ebro River basin (Spain) (12.01 doses/day/1000 inhabitants) (Postigo et al., 2010) 

and for two Canadian cities (20.9 doses/day/1000 inhabitants) (Yargeau et al., 2014). 

The occasional detection of 6ACM confirms the consumption of heroin in the 

investigated area, being on average 113 mg/day/1000 inh. aging 15-64 (equivalent to 4 

doses/day/1000 inh.). Heroin consumption in Barcelona is higher than in the Ebro River 

basin (61 mg/day/1000 inh.), lower than in Brussels (415 mg/day/1000 inhabitants 

equivalent to 13.8 doses/day/1000 inhabitants) (van Nuijs et al., 2011b) and similar to that 

reported in Zagreb (100 mg/day/1000 inhabitants) (Krizman et al., 2016). As for 

methadone consumption, it varied between 47 and 416 mg/day/1000 inh. aging 15-64, and 

was on average 88 mg/day/1000 inh. aging 15-64 (equivalent to 2 doses/day/1000 inh.). 

While methadone use remained fairly constant between 2011 and 2014, it doubled in 

2015. The latter could be related to an increasing number of people going into heroin 

addiction treatment. This hypothesis is reinforced by the absence of 6ACM, the selected 

heroin consumption indicator, in wastewater in 2015. Although the absence of 6ACM in 

wastewater can be also attributed to the low excretion rate of this metabolite, as it was not 

detected in 2014 either. Methadone use in Barcelona is lower than in Brussels (138 
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mg/day/1000 inhabitants) (van Nuijs et al., 2011b) and in Zagreb (120 mg/day/1000 

inhabitants) (Krizman et al., 2016). 

THC (cannabis) consumption, in the range of 2.9-17.5 g/day/1000 inhabitants aging 

15-64 and 7.6 g/day/1000 inh. aging 15-64 on average (equivalent to 255 doses/day/1000 

inh.) continuously increased since 2012, becoming almost three times higher in four years. 

(Average use in Barcelona is 10 times higher than that reported for the Ebro River basin 

(680 mg/day/1000 inh. aging 15-64) and doubles the maximum measured in Catalonia in 

2007 by Boleda et al. (3.1 g/day/1000 inh.) (Boleda et al., 2009). Taking into account THC 

consumption indicator (THC-COOH) loads in wastewater, THC consumption in Barcelona 

is slightly higher than in other investigated cities in Spain (Santiago de Compostela, 

Valencia, and Castellón), and behind Amsterdam, one of the highest THC consumption 

figures in Europe (Ort et al., 2014; SCORE, 2017; Thomas et al., 2012). According to the 

European Monitoring Centre for Drugs and Drugs Addiction (EMCDDA, 2016), cannabis is 

the drug more consumed in Europe and its prevalence is five times higher than the rest of 

the drugs.  

Regarding the use of benzodiazepines, diazepam consumption in the investigated 

area ranged between 35 and 221 mg/day/1000 inh. aging 15-64 and was on average 42 

mg/day/1000 inh. aging 15-64 (equivalent to 4.2 doses/day/1000 inh). Consumption of 

diazepam was found to be rather constant despite the fact that consumption of 

benzodiazepine-type anxiolytics has been reported to increase since 2000 in Spain, and in 

particular, from 2009 to 2012 due to the economic crisis (AEMPS, 2014; Gili et al., 2014). 

Ethanol consumption calculated from Et-S concentrations in wastewater ranged 

between 7 and 31 mL/day/inhabitant (>15 years) and was on average 17.6 

mL/day/inhabitant (>15 years) (see Figure 1). Comparing these estimates with those 

reported for other Spanish and European cities, alcohol consumption in Barcelona is 

similar to that estimated for a population in Galicia (16.3 mL/day/inh.) (Rodríguez-Álvarez 

et al., 2014), Berlin and Canberra (Ryu et al., 2016), higher than in Milan (Rodríguez-

Álvarez et al., 2015), Lugano and Utrecht (Ryu et al., 2016), and lower than in Montreal, 

Dortmund, Munich, Castellon, London, Amsterdam, Oslo and Eindhoven (Ryu et al., 

2016). Table 4 shows the average amounts of pure alcohol consumed in the investigated 

period (2013-2015) and the corresponding amounts of different alcoholic beverages 

consumed, including spirits (distilled beverages), wine, and beer, considering an alcohol 

content in each beverage of 40, 12 and 4.5 % of pure alcohol (Gutiérrez-Fisac, 1995), 
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respectively, and a distribution of the consumption per capita (>15 years) in Spain of 50% 

beer, 28% spirits, and 20% wine, as reported in the “Global status report on alcohol and 

health” of the World Health Organization (WHO, 2014). Average pure alcohol consumption 

between 2013 and 2015 was equivalent to 12,268 L of spirits /day (12 mL of 

spirits/day/inh.), 194,733 L of beer /day (196 mL of beer/day/inh.), and 29,210 L of 

wine/day (29 mL of wine/day/inh.).  

Table 4. Estimates for average consumption of pure alcohol for the period of study and 

equivalent figures for consumption per capita (> 15 years) of different alcoholic beverages.

Consumed EtOH Consumed spirit Consumed beer Consumed wine 

L/day mL/day/inh L/day mL/day/inh L/day mL/day/inh L/day mL/day/inh

2013 21,001 21.0 14,701 14.7 233,344 233.6 35,002 35.0

2014 14,755 14.9 10,329 10.4 163,947 165.2 24,592 24.8

2015 16,822 17.0 11,775 11.9 186,907 188.6 28,036 28.3

WED 13,365 13.4 9,356 9.4 148,500 149.4 22,275 22.4

THU 15,679 15.8 10,975 11.0 174,205 175.2 26,131 26.3

FRI 17,046 17.1 11,932 12.0 189,400 190.5 28,410 28.6

SAT 24,229 24.4 16,960 17.1 269,213 270.7 40,382 40.6

SUN 23,272 23.4 16,290 16.4 258,573 259.9 38,786 39.0

MON 14,849 14.9 10,394 10.4 164,986 165.8 24,748 24.9

TUE 14,243 14.3 9,970 10.0 158,254 159.2 23,738 23.9

Period 17,522 17.6 12,268 12.3 194,733 195.8 29,210 29.4

Table 5 shows the average consumption rate of illicit drugs in the investigated area 

during the period of study (doses/day/1000 inhabitants aging 15-64), the total amount (kg) 

consumed per day and per year by the population served by the investigated WWTP, and 

extrapolates these data to the Spanish territory. Around 2 tonnes of cannabis (THC), 447 

kg of cocaine, slightly more than 30 kg of amphetamine and heroin, and 23 kg of 

methamphetamine and 19 kg of MDMA were consumed annually in the investigated area. 

If we consider this area as representative, in terms of drug use, of the whole Spanish 

territory, extrapolation of these data to the total Spanish population during the studied 

period (average 32,102,114 inhabitants aging 15-64 years) (INE, 2015) would yield a total 

annual consumption of around 90 tonnes of cannabis, 18 tonnes of cocaine, and about 

one ton of each ATSs and heroin. This consumption would move in the black market 
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around 1,704 million of Euros. This value is higher than reported by  (Postigo et al., 2010) 

in 2010 (around 1100 million of Euros). This could be explained because in the previous 

study, consumption estimates extrapolated to the whole country were obtained from seven 

different WWTPs serving both large and small populations, and thus, they could be more 

representative of drug use habits in Spain.  

Table 5.  Average consumption of drugs in the investigated area of Barcelona between 

2011 and 2015 and extrapolation to the whole Spanish territory. 

Average 
consumption 

rate in the 
studied area 

(doses/day/1000 
inh. aging 15-64)

Total amount 
(kg)

consumed 
per day in 
the studied 

area

Total amount 
(kg) 

consumed 
per year in the 
studied area

Total amount 
(kg) 

consumed per 
day in Spain 

(extrapolation)

Total amount 
(tonnes) 

consumed per 
year in Spain 
(extrapolation)

€/year 
(Spain)a

COC 15.6 1.22 446.5 50.1 18.3 1,069,546,095

AM 3.6 0.08 30.9 3.5 1.3 35,066,986

MDMA 0.7 0.05 18.7 2.1 0.8 86,865,948

MA 2.7 0.06 23.3 2.6 0.9 26,430,997

HER 3.8 0.09 32.5 3.6 1.3 76,976,438

THC 254.7 5.99 2187.9 245.3 89.5 409,977,212

Total 7.51 2739.8 307.11 112.1 1,704,863,674

a Report on drugs of abuse 2015 of the Spanish drug observatory: 58,550 €/kg of cocaine; 27,700 
€/kg of speed (methamphetamine and amphetamine); 113,400 €/kg of MDMA; 57,970 €/kg of 
heroin; 4,580 €/kg marihuana (THC). Available at: https://goo.gl/DsZ1YA

3.2.2. Weekly drug consumption trends 

Figure 2 shows the average daily use (kg/day, and doses/day/1000 inhabitants 

aging 15-64) of the different drugs throughout the week. 

Only four drugs, namely, alcohol, cocaine, amphetamine, and MDMA, showed a 

weekly trend, with higher consumption figures during the weekend (Saturday and Sunday) 

compared to the weekdays (Monday to Friday). However, differences were only 

statistically significant with a significance level of 0.05 in the case of alcohol, cocaine and 

MDMA. Weekly trends for heroin could not be evaluated due to the rare detection of its 

consumption indicator in the investigated wastewaters; however, note that positive 

detections were performed in samples collected from Friday to Monday.  

https://goo.gl/DsZ1YA
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Daily estimates of alcohol consumption show the weekly drinking pattern in the 

investigated area. According to these figures, average alcohol consumption during the 

weekend is higher than during the week (24 mL/day/inhabitant vs. 15 mL/day/inhabitant). 

Weekend consumption figures were equivalent to the consumption of 23,750 L of pure 

alcohol/day (23.9 ± 5.5 mL/day/inh.), which is equivalent to 16,625 L of spirits/day (16.7 ± 

3.8 mL/day/inh), 263,893 mL of beer/day (265.3 ± 60.7 mL/day/inh.), and 39,584 mL of 

wine/day (39.8 ± 9.1 mL/day/inh.) (see Table 4). The same consumption trend was 

observed in a study that investigated alcohol consumption by means of a sewage-based 

epidemiology approach in 20 cities worldwide (Ryu et al., 2016). 

As for cocaine consumption, weekend estimates averaged 1.5 ± 0.2 kg/day, 

whereas weekdays values were 1.1 ± 0.2 kg/day on average. MDMA (ecstasy) 

consumption increased from Friday to Sunday, and its use was duplicated during the 

weekend, reaching its maximum on Sunday (87.7 ± 10.7 g/day). These results are in 

agreement with the weekly patterns of consumption observed for cocaine and MDMA, and 

occasionally for amphetamine, in similar studies (Andrés-Costa et al., 2014; Krizman et al., 

2016; Ort et al., 2014; Thomas et al., 2012; van Nuijs et al., 2011b; Zuccato et al., 2011). 

The higher consumption figures obtained for alcohol, cocaine, amphetamine, and 

MDMA during the weekend in comparison to weekdays confirm previous findings that 

indicate that the consumption of these drugs is associated with recreational and socializing 

purposes.  

3.2.3. Correlation between consumption of different drugs 

Since alcohol, cocaine, amphetamine and MDMA were identified as recreational drugs 

(see section 3.2.1), and alcohol consumption has been linked to the use of illicit drugs 

(Mastroianni et al., 2014), the potential simultaneous consumption of different drugs was 

investigated. For that, correlations between loads of selected drugs and metabolites 

measured in wastewater were assessed. Table 6 shows the coefficients of determination 

(R2) obtained. As it can be observed in the table, a high correlation (>0.7) was only 

obtained between BE and Et-S loads. This suggests that alcohol use is linked to cocaine 

use. However, this observation is weak, as very low correlations were observed between 

Et-S and COC, and Et-S and CE (a transesterification product formed when alcohol and 

cocaine are consumed simultaneously). In the case of the parent drug, COC, the lack of 
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correlation could be explained by delivered dumping of the drug into the sewage. However, 

the absence of correlation between Et-S and CE is unexpected. This could be attributed to 

the instability of CE in wastewater (McCall et al., 2016). 
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Figure 2. Average daily consumption (kg/day and doses/day/1000 inhabitants aged 15-64) 

of drugs of abuse in the investigated area between 2011 and 2015 (2011-2013 in the case 

of alcohol). 
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Table 6. Correlation coefficients between loads (g/day) of all substances measured in 

wastewater. R2 values >0.70 are highlighted in bold font.

4. CONCLUSIONS 

The occurrence of various illicit and legal drugs of abuse and metabolites was analyzed in 

the influent of a WWTP located in Barcelona daily during one week in March for five 

consecutive years. Concentrations of drug consumption indicators were used to estimate 

drug use in the investigated area by means of a sewage-based epidemiology approach. 

Consumption estimates obtained indicate that alcohol, followed by cannabis, cocaine, and 

ephedrine, are the most consumed drugs and that illicit drug use increased overall during 

the studied period, which is in agreement with the official figures of drug use in the region.  

Consumption of alcohol, cocaine, amphetamine and MDMA was found to be higher during 

the weekends compared to weekdays. This confirms that these drugs are used for 

recreational purposes in the investigated area. A positive and significant correlation was 

found between cocaine and ethanol consumption. Despite the fact that there are many 

known uncertainty sources affecting the sewage-based epidemiology estimates (e.g., 

sample collection, biomarker related aspects – stability, analysis, and excretion rate – and 

population estimates), figures obtained are valid to evaluate trends and changes in drug 

use in a specific community in a fast, inexpensive, and anonymous way.   

COC BE CE AM MA MDMA EPH MOR 6ACM METH EDDP THC-COOH DIA Et-S

COC 1

BE 0.223 1

CE 0.137 0.356 1

AM 0.088 0.145 0.173 1

MA 0.361 0.020 0.065 0.174 1

MDMA 0.067 0.280 0.538 0.251 0.136 1

EPH 0.082 0.000 0.035 0.625 0.358 0.063 1

MOR 0.038 0.031 0.003 0.016 0.151 0.002 0.004 1

6ACM 0.005 0.017 0.184 0.051 0.015 0.039 0.107 0.015 1

METH 0.000 0.016 0.010 0.037 0.059 0.083 0.090 0.001 0.017 1

EDDP 0.027 0.012 0.011 0.234 0.050 0.004 0.106 0.155 0.135 0.003 1

THC-COOH 0.056 0.008 0.007 0.382 0.072 0.002 0.342 0.005 0.174 0.115 0.101 1

DIA 0.013 0.034 0.011 0.005 0.123 0.001 0.050 0.218 0.006 0.009 0.000 0.002 1

Et-S 0.054 0.715 0.331 0.027 0.007 0.223 0.358 0.005 0.018 0.018 0.026 0.016 0.199 1
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3.5.  Comprehensive monitoring of the occurrence of 22 drugs of 
abuse and transformation products in airborne particulate 
matter in the city of Barcelona 

The paper “Comprehensive monitoring of the occurrence of 22 drugs of abuse and 

transformation products in airborne particulate matter in the city of Barcelona” by Nicola 

Mastroianni, Cristina Postigo, Miren López de Alda, Mar Viana Aureli Rodríguez, Andrés 

Alastuey, Xavier Querol and Damià Barceló was published in Science of the Total 

Environment in June 2015. 

This work describes spatial and temporal variations of DAs in airborne particulate 

matter collected from 12 different locations in the city of Barcelona. Presence of DAs in 

airborne PM (range pg-ng/m3) is mainly attributed to drug manufacturing, distribution, sale, 

and consumption, which generate a continuous input of these substances into the 

environment. Although at the time of this publication the presence of DAs in airborne 

matter had been demonstrated in a few works carried out worldwide, this study presented 

the most extensive sampling ever performed, covering almost the entire city of Barcelona, 

and providing detailed information on the presence and levels of these compounds in the 

atmosphere as well as on their spatial and temporal distribution within the monitored city. 

In connection with this, another objective of the work was to assess whether the levels of 

DAs measured could provide additional information on their consumption patterns and 

trends by the population. This study was performed in the framework of a collaboration 

between two groups of the Institute of Environmental Assessment and Water Research 

(Environmental Geochemistry and Atmospheric Research (EGAR) and Water and Soil 

Quality Research (WSQR) and the Department of Interior of the Generalitat de Catalunya. 

The sampling campaign involved the collection of 24h composite samples of PM10, 

i.e., particles with an aerodynamic diameter finer than 10 μm or less, in 12 different 

districts of the city of Barcelona and its metropolitan area along February-March 2012. In 

total, 114 samples were collected on Wednesdays (n=58) and Saturdays (n=56) to 

compare drug use on weekdays vs weekends. The analytical methodology employed for 

analysis of the DAs in the samples was based on a PLE-LC-MS/MS method previously 

developed in the laboratory (Postigo, Lopez De Alda et al. 2009), slightly modified to 

include a few additional target analytes and improve the chromatographic resolution and 

ESI ionization of some compounds.  
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The most frequently detected compounds were COC and its TP BE (present in 

more than 90% of the samples), followed by MA (88%) and CBN (76%). CE, DIA, LSD, 

OH-LSD, MOR, OH-THC, and THC-COOH were not detected, and the remaining 

compounds were present in less than 39% of the samples.  

In all cases, cocainics and cannabinoids contributed significantly to the total 

amount of DAs found in this matrix. In terms of abundance, CBN presented the highest 

mean concentration (985 pg/m3), followed by COC (267 pg/m3) and CBD (214 pg/m3). 

Moreover, CBN and COC were found at maximum concentrations in the ng/m3 range, i.e., 

6.0 ng/m3 and 1.8 ng/m3, respectively. 

Overall, concentrations of cocainics compounds were similar to those previously 

measured in the city of Barcelona (average concentration of 204 and 209 pg/m3, in 2007 

and 2008, respectively) and in the same order of magnitude or higher than those observed 

in other cities in Spain (Postigo et al., 2009; Viana et al., 2011) and around the world 

(Cecinato et al., 2009). However, occurrence and levels of MA found in the present study 

were comparatively higher than in previous studies carried out in Barcelona and in other 

Spanish cities.  

On the other hand, analysis of the data showed: 

 significantly higher concentrations of total cannabinoids on Wednesdays 

compared to Saturdays, triggered by distinctly higher levels measured on 

two specific Wednesdays (29/2 and 14/3), with the hypothesis that a 

massive street protest that occurred on the 29/2 could have contributed to 

them; 

 significant differences also between locations (e.g., lower levels of total DAs 

in the district D9 (airport) than in 8 different districts located in the city 

center, and similar results for total cocainics and total cannabinoids); 

 a high temporal correlation between PM10 and total DAs in each site, 

suggesting that DAs concentration in airborne matter is strongly influenced 

by meteorological conditions such as the wind speed and height of the 

boundary layer, 
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 peaks of concentration of total DAs or classes of them in some districts, 

pointing out to specific local emissions in certain days.  

The influence of the meteorological conditions on the levels of DAs in the airborne 

matter, as well as the contribution of local emission sources on the back- ground 

concentration of cocaine and cannabinoids, has been recently demonstrated also in a 

study performed in different European cities (Balducci, Green et al. 2016). 

Finally, the study here presented demonstrated that the air quality in urban 

environments is affected by the presence of these biologically active compounds, which 

occur at similar or higher levels than other elements usually found in this compartment, 

such as vanadium, nickel and cadmium. However, based on the concentrations measured, 

neither toxic nor psychotropic acute effects are expected from the daily exposure to these 

compounds, while the chronic exposure still needs scientific consideration. Estimation of 

DAs consumption based on residues concentrations in airborne matter is still challenging 

and requires further research on the persistence of these compounds in the atmosphere, 

including the study of their photo-degradation, deposition, and dispersion under different 

meteorological conditions.  
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4. DISCUSSION OF THE RESULTS 

In this thesis, different analytical methods were developed and applied to the determination 

of DAs in wastewater, sewage sludge, surface water and airborne particles collected in 

Spain in order to study their occurrence and geographical distribution, to estimate their 

consumption through the so-called sewage epidemiology approach and to estimate the 

possible toxicological consequences derived from the presence of these biological active 

compounds in different rivers from Spain. 

Considering that at the beginning of this thesis most of the published studies investigating 

the environmental occurrence of DAs were focused on their determination in waste and 

surface water samples, there was a significant gap regarding the occurrence of DAs in 

sewage sludge. In this context, the analytical methodology presented in the publication #1 

allowed to investigate the occurrence and levels of the most common DAs in this matrix. In 

this work THC, CBN, and CBD, together with CE, EPH, HER, ALP, LSD, and OXO-LSD 

were investigated in sewage sludge for the first time. In the analyzed samples, THC, CBD, 

and CBN and one of the cannabis urinary metabolite THC-OH were by far the most 

abundant compounds, being detected in the analyzed samples with maximum 

concentrations of 579, 479, 188 and 160 ng/g d.w., respectively. In term of abundance, 

cannabinoids were followed by the opioid METH and its main metabolite EDDP, which 

reached maximum concentrations in the analyzed samples of 111 and 279 ng/d dw., 

respectively, while other DAs were detected at comparatively lower concentrations. The 

cumulative concentrations of the target DAs and metabolites found in this work are shown 

in Figure 6. These results were confirmed in similar studies performed afterwards in other 

European countries. In a study performed in two urban WWTPs located in southern 

Catalonia the highest concentrations were found for METH (concentrations ranging from 

7.7 to 32 ng/g d.w) and EDDP (concentrations ranging from 9.7 to 232 ng/g d.w.), while 

COC and BE did not surpass the maximum concentrations of 4.7 and 19 ng/d d.w., 

respectively (Arbeláez, Borrull et al. 2014). Álvarez-Ruiz et al. also reported maximum 

concentrations of 58, 4 and 21 ng/g. d.w. for COC, BE and METH, respectively, in sewage 

sludge collected at three different WWTPs located in Valencia (Álvarez-Ruiz, Andrés-

Costa et al. 2015). On the other hand, EPH and DIA were the only DAs found in sewage 

sludge collected in the Santorini Island in Greece (Gago-Ferrero, Borova et al. 2015). It 

should be noted that none of these studies investigated the presence of cannabinoids 

THC, CBD, CBN and THC-OH in sewage sludge. Considering that sorption of DAS onto 

wastewater SPM can negatively affect the estimation of drugs consumption based on the 

sewage epidemiology approach the presence of DAs in wastewater SPM was investigated 
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in two different studies performed in Croatia (Senta, Krizman et al. 2013) and the UK 

(Baker and Kasprzyk-Hordern 2011b). Overall these studies confirmed that sorption of 

cannabinoids and synthetic opioids play a significant role in the removal of these 

compounds during wastewater treatments, thus this matrix must be considered in order to 

assess their environmental fate and for a more accurate estimation of their consumption. 

Figure 6: Total concentration of DAs in the sewage sludge samples from different Spanish 

WWTPs analysed, distinguishing between compound classes.

Another objective pursued in this thesis was to study the levels and geographical 

distribution of DAs in surface water samples collected from four Spanish River basins in 

order to provide the first comprehensive picture of the presence of these compounds in 

Mediterranean river basins within the Iberian Peninsula (publication #3). In the investigated 

samples, the most ubiquitous compounds were COC, BE, EPH, MDMA, METH and EDDP 

(found in more than 50% of the samples). The compounds BE, EPH, MDMA, EDDP and 

LOR showed the highest concentrations (up to 129, 144, 57, 50 and 86 ng/L, respectively). 

In Spain, the highest maximum concentration of BE in surface water was reported in the 

Llobregat River (1350 ng/L) (Huerta-Fontela, Galceran et al. 2008a) and in the 

Manzanares River (823 ng/L) (Mendoza, Rodríguez-Gil et al. 2014). BE reached a 

maximum concentration of 520 ng/L in surface water from Belgium (van Nuijs, Pecceu et 

al. 2009c), whereas levels similar to those found in this thesis were reported in different 

rivers locates in the UK (Kasprzyk-Hordern, Dinsdale et al. 2008) and Italy (Zuccato, 

Castiglioni et al. 2008a). EPH and MDMA were also the most abundant and ubiquitous 

ATS found in surface water collected in different European countries. Overall 

concentrations of the illegal ATS MDMA, MA and MA previously reported in Spain were 

higher than those found in other investigated rivers in Europe (Kasprzyk-Hordern, Dinsdale 
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et al. 2008; Huerta-Fontela, Galceran et al. 2008a; Zuccato, Castiglioni et al. 2008a; 

Postigo, López de Alda et al. 2010; Mendoza, López de Alda et al. 2014). Within the 

opioids included in this thesis, HER and its main urinary metabolite, 6ACM, were usually 

not detected or present in a limited number of surface water samples throughout Europe 

(Pal, Megharaj et al. 2013), while the levels of MOR, METH and EDDP found in this thesis 

were very similar to those previously determined in Spain (Boleda, Galceran et al. 2009), 

UK (Baker and Kasprzyk-Hordern 2013), Switzerland (Berset, Brenneisen et al. 2010) and 

Italy (Zuccato, Castiglioni et al. 2008a), but lower than those found in the Manzanares and 

Jarama rivers where METH and EDDP reached maximum concentrations of up to 55 and 

151 ng/L, respectively (Mendoza, Rodríguez-Gil et al. 2014). Among the investigated 

benzodiazepines, LOR was the most abundant compound. Finally, in contrast to a 

previous study performed in the Llobregat River (Boleda, Galceran et al. 2009), only a 

limited number of samples were found positive for cannabinoids in the present thesis.  

The entire set of data collected in this study was employed to study differences in the 

presence of DAs between sampling campaigns and also between river basins.  

Although statistically significant differences in DAs concentration were found between 

sampling campaigns (see as example cocaine in Figure 7), the lower river flow observed in 

2011 as compared to 2010 did not lead to an increase of DAs concentration suggesting 

that different factors (e.g. hydrological factors, sociological habits of the population, the 

efficiency of the WWTPs in the removal of DAs and natural attenuation processes) could 

have counteracted the natural dilution of the discharged wastewater.

Figure 7: Difference between 2011 and 2010 predicted median concentrations and its 

95% confidence interval for cocaine. 
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The results obtained also indicated a statistically different distribution of different drugs 

among the considered basins. However, an important outcome of the study was that no 

different distributions were observed for the DAs metabolites (e.g. BE, EDDP, THC-COOH, 

6ACM), and only for the compound MDMA statistically significant differences between river 

basins were observed in both sampling campaigns. We speculate that this finding may 

indicate a different consumption of MDMA and a similar consumption pattern of the other 

compounds in the investigated areas. 

Finally, the levels of DAs detected in the surface waters were subject to an Environmental 

Risk Assessment (ERA) study based on the Hazard Quotients (HQ) approach. The results 

obtained revealed that in only 4 samples (see Figure 8) DAs occurred at levels that could 

generate a certain level of risk to aquatic organisms (HQ>1), being EDDP, METH, LOR, 

and MDMA the most concerning compounds. In a similar study performed in Spain also a 

limited number of DAs (MOR, EDDP, and THC-COOH) were present in surface waters at 

concentrations that might represent a moderate risk to aquatic organisms (Mendoza, 

Rodríguez-Gil et al. 2014). 

Figure 8: Contribution of the various detected compounds to the calculated cumulative HQ 

in the samples showing potential risk to the aquatic environment (HQ>1).

On the other hand, and considering the growing concerns surrounding drugs consumption 

and its consequences for the society, it was only in recent years that the development of 

analytical methods for the determination of specific biomarkers in the environment 

emerged as a new tool for an accurate, objective, anonymous and nearly real-time 

monitoring of drugs consumption.  
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In this context, the analytical methodology presented in the publication #2 of this thesis for 

analysis of EtS in wastewater and the on-line-SPE-LC-MS/MS method previously 

developed in the laboratory for analysis of DAs also in waters, were both very useful to 

estimate alcohol and drugs consumption in the city of Barcelona throughout the years 

applying the sewage epidemiology approach. The main findings of these studies have 

been presented and discussed in the publication #4 included in this thesis. 

In the studied periods, the most abused substances in Barcelona were alcohol, followed by 

cannabis, cocaine, and ephedrine. Regarding the temporal trend of drugs use, this study 

found an overall steadily increased consumption, from the average annual load of 6.5 

kg/day calculated in 2011 to the value of 12 kg/day calculated in 2015 (85% increase). 

Overall the increase in drug consumption was mainly related to an increase in cannabis 

consumption, since consumption of the other compounds included in the study increased 

in average 26%. A decreasing trend was only observed for heroin, while alcohol 

consumption remained stable during the investigated period. 

Considering that the sewage epidemiology approach is based on the measurement of DAs 

metabolites in wastewater samples it allows to directly compare the results obtained in a 

given city with those obtained in other localities where the same approach was applied. 

This aspect was exploited within the SCORE collaboration where simultaneous and 

common sampling campaigns were performed in a significant number of cities around the 

world.  

As it has been discussed in the publication #4 of this thesis, in the investigated period, for 

example, cocaine consumption in Barcelona (on average 1.6 g/day/1000 inhabitants aging 

15-64) was higher than that registered in other Spanish cities (Valencia  and Santiago de 

Compostela) and cities from Northern and Eastern European countries (Poland, Finland, 

Romania, Slovakia, Cyprus, Norway, and Germany) but lower than that reported for 

Antwerp (in Belgium), London (in the UK) or Amsterdam (in the Netherlands) (Thomas, 

Bijlsma et al. 2012; Ort, van Nuijs et al. 2014; SCORE 2017). Higher consumption of the 

ATS amphetamine, methamphetamine and MDMA was also higher in Barcelona than in 

other Spanish cities but, in agreement with the official statistics, lower than in Northern 

Europe as well as Australia, New Zealand, Switzerland and the USA (Thomas, Bijlsma et 

al. 2012; Ort, van Nuijs et al. 2014; SCORE 2017). 

The results obtained also confirmed a statistically significant higher consumption during 

weekends compared to the weekdays for alcohol, cocaine, amphetamine and MDMA 

which indicates that consumption of these drugs is associated with recreational and 

socializing purposes. 
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Overall, the results obtained with the sewage epidemiology approach were in agreement 

with the official statistics in term of prevalence of use of given compounds, but differences 

were also found in terms of temporal trends (increasing or decreasing consumption). 

Moreover, the inter-laboratory exercises performed at the time of each sampling campaign 

demonstrated that the analytical methodology employed in this thesis performed well. 

Values were always within the acceptable margins for the various compounds tested 

(COC, BE, AM, MDMA, MA, 6ACM and THC-COOH) at the varying concentrations 

prepared in the different matrices used (methanol, drinking and wastewater) for the inter-

laboratory exercise performed along the years (from 2011 to 2014), with just a few 

exceptions. Z-scores higher than 2 were obtained for COC in wastewater and HPLC water 

at the lower level in 2014. Meanwhile, starting from 2013 THC-COOH was not detected in 

various of the water samples delivered to our laboratory. Considering that from 2013 on 

waters were acidified in order to increase the stability of COC during sample shipment, we 

speculate that this affected negatively the determination of THC-COOH (because of 

sorption onto the wastewater SPM or the filter employed in the sample preparation step). 

Thus, in the particular case of THC-COOH, the performance of the method was only 

evaluated in 2012 and 2013, when results were satisfactory. Figure 9 shows as an 

example the results obtained for BE in the inter-laboratory exercises performed from 2011 

to 2014 (our identification code is 109). 
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Figure 9: Results obtained for BE in interlaboratory tests performed between 2011 and 2014 (identification code 109)
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The last study included in the thesis was dedicated to the measurement of DAs in airborne 

particulate collected from 11 different districts of the city of Barcelona 

As it can be seen in Figure 10, in the investigated samples cocainics and cannabinoids 

contributed significantly to the total amounts of DAs found in this matrix. Among the ATS 

investigated MA was by far the most ubiquitous and abundant compound, while HER and 

METH were the most ubiquitous opioids present in airborne particulate matter. 

Overall, cumulative levels of DAs in airborne matter did not exceed 8925 pg/m3, but 

ranged from 19165 to 24555 pg/m3 in two samples collected in February (Saturday 25th 

and Wednesday 29th). 

Figure 10: (left) distribution of the sampling locations; (right) mean concentration of DAs in 

ng/m3 in a) each sampling date and b) each Barcelona district.

In order to assess if the presence of DAs in the airborne matter can provide additional 

information to evaluate drug use patterns and identify potential emission sources, 

differences of DAs levels among sampling days (weekdays versus weekend) and sampling 

locations were statistically evaluated. 

A first observation made within this study was that, differently from the results obtained 

with the sewage epidemiology approach where a higher concentration of DAs occur during 

the weekends, in airborne matter total DAs, total cocainics and total ATS concentration do 

not statistically differ between weekdays (Wednesday) and weekends (Saturday). 

Statistically significant differences, however, were observed between sampling locations.. 
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In this study, peaks of total DAs or of a specific drug group concentration detected in some 

districts pointed out to specific local emissions in given sampling days. However, in 

agreement with an study performed in different European cities published in 2016 

(Balducci, Green et al. 2016), the high temporal correlation observed between PM10 and 

total DAs indicates that presence of these compounds in airborne is not directly correlated 

to drugs consumption and that DAs concentration in airborne matter is strongly influenced 

by meteorological conditions (e.g. wind speed and height of the boundary layer). 

Overall the analytical methodologies developed and employed in this thesis together with 

the extensive sampling campaigns performed allowed to study and characterize the 

presence and levels of these compounds at national level in the case of surface water and 

sewage sludge and in the case of wastewater and airborne samples in the city of 

Barcelona. Different DAs were investigated for the first time in the investigated matrices. 

The results presented and discussed in the publication #3 included in this thesis 

represents one of the most extended and comprehensive investigations of DAs in surface 

water ever performed at national level. In the four river basins studied the most polluted 

sampling points were identified and the presence and levels of DAs were characterized 

under different hydrological conditions. This survey was completed with an estimation of 

the possible ecotoxicological risk associated with the presence of these biologically active 

compounds  

Also, although at the beginning of this work, the presence of the main cannabis 

metabolites THC-OH and TCH-COOH had been reported in water samples collected 

worldwide, there was a clear lack of knowledge surrounding the environmental fate of the 

main active ingredients of cannabis, the most abused illicit drug worldwide. The results 

presented in the publication #1 and #5 included in the manuscript demonstrate that the 

high consumption rate of this drug generates a significant accumulation of THC, CBD and 

CBN in both sewage sludge and airborne matter.Moreover, considering that presence of 

DAs in airborne matter was proposed as an additional tool to estimate drugs consumption 

by the population, an extensive sampling campaign covering the entire city of Barcelona 

was required in order to provide a better resolution of the presence of DAs in airborne 

matter. As it has been already discussed only in a limited number of cases the presence of 

DAs in this matrix could be correlated with a local emission, thus the proposed method did 

not provide further insight into drugs consumption within the monitored city. 

On the contrary, nowadays the sewage epidemiology approach is considered an additional 

tool for studying DAs habits within the population served by a given WWPT as 

demonstrated by the inclusion of the results obtained in different cities, including the work 
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performed in this thesis, in the last reports on drugs consumption published by EMCDDA. 

As it has been discussed in paragraph 1.4, similar to the conventional surveys, also the 

sewage epidemiology approach presents important limitations. The most important 

sources of uncertainty associated with the proposed method lay in the sampling approach, 

the measurement of the DAs in the wastewater samples (stability of the selected 

biomarker and the analytical determination itself), the limited knowledge of the 

pharmacokinetics of the selected biomarker, and the estimation of the total population 

contributing to the concentration of the biomarker in the wastewater samples. Keeping in 

mind all that, there is however no doubt that the sewage epidemiology approach is already 

providing valuable information on drugs consumption trends as shown in the publication #4 

of this thesis for the city of Barcelona and in other works performed worldwide. 

In this context, the analytical methodology presented in the publication #2 of this thesis 

allowed extending the previous sewage epidemiology approach to the (almost) real-time 

monitoring of alcohol consumption and its correlation with other DAs. 

Having demonstrated the value of the information provided by the analysis of DAs and 

alcohol residues in wastewater there is no doubt that more studies are needed in order to 

refine the back calculation of DAs consumption based on wastewater levels of selected 

biomarkers and to extend the proposed methodology to other compounds that can provide 

important information to the different authorities involved in the study of population habits 

and its general healthy condition. This fact is especially important considering the 

increased concerns surrounding the presence of a significant number of emerging drugs 

(e.g. synthetic cannabinoids, synthetic opioids) reaching the market. Considering the low 

prevalence of use of these new compounds, their detection in wastewater samples 

represents a challenge which needs also to be addressed in future studies.  

From the environmental point of view an increasing number of studies have demonstrated 

that following drugs metabolism, the released parent compounds and metabolites undergo 

further transformations in the environment leading to an even more complex mixture of 

these biologically active compounds. In this context, future studies need to determine their 

fate and occurrence in the environment and to assess the toxicological risk associated to 

the environmental presence of both well-known DAs, as discussed in this thesis, and their 

most important TPs. Since experimental aquatic toxicity data for all these substances is 

very scarce and extensive work in this field is also required. 
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5 CONCLUSIONS 

This thesis has investigated the occurrence of several DAs, including alcohol, in 

different environmental compartments, with focus on the Spanish territory. At the 

beginning, especial emphasis was put on the development of new, advanced analytical 

methodologies: one for the determination of different classes of DAs in sewage sludge, 

and another one for the determination of ethyl sulfate, an indicator of alcohol consumption, 

in wastewater. These newly developed methods, together with others previously 

developed in the laboratory for analysis of DAs in other matrices, further optimized in the 

course of this thesis, were then used to study the presence and fate of a significant 

number of DAs and their metabolites in Spain and its significance in terms of 

environmental risk and drugs consumption habits of the population. 

The results of these studies have been reported and discussed in the five scientific 

articles published in SCI international journals included in this thesis (as well as in various 

other SCI papers and oral conferences and posters presented in both national and 

international conferences). Environmental presence as well as usage data of some 

compounds were studied and reported in this thesis for the first time. 

The main findings and conclusions of these works are itemized below. 

1. The analytical method developed for the trace analysis of the most abused drugs and 

their metabolites in sewage sludge, based on PLE-LC-MS/MS, allows their reliable and 

accurate determination at levels below 3.3 ng/g d.w. for most of the investigated 

compounds. The optimization of the different aspects related to sample extraction and 

clean-up did not allow avoiding the matrix effects usually observed in this complex 

matrix, but the use of deuterium labeled compounds for the quantification of the majority 

of the analytes permitted to overcome the associated problems. This work investigated 

for the first time the presence and levels of THC, CBN, CBD, CE, EPH, HER, ALP, LSD 

and OH-LSD in this matrix. 

Application of this methodology to the determination of DAs in 15 sewage sludge 

samples collected from different WWTPs located in Spain showed that: 

o sorption onto sewage sludge represents the main route of removal of the most 

lipophilic drugs (e.g. cannabinoids and synthetic opioids) from wastewater, 
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o METH, EDDP and THC (present in all samples) were the most ubiquitous 

compounds followed by COC, EPH and CBD (present in at least 80% of the 

samples), while HER, 6ACM, LSD, and its metabolite OH-LSD were not detected, 

o cannabinoids and the synthetic opioids (METH and EDDP) were also the most 

abundant compounds, with median concentrations ranging between 78-168 and 16-

46 ng/g d.w, respectively; other compounds were detected with median 

concentrations lower than 6.6 ng/g d.w. 

2. Analysis of EtS in wastewater samples, as a bio-indicator of alcohol consumption, at 

trace levels (LOD 0.02 µg/L and LOQ 0.07 µg/L, RSD 2.2 %) is possible with a simple 

developed method, based on addition of the surrogate standard, sample centrifugation, 

and subsequent direct analysis of the supernatant by ion pair-LC-MS/MS. 

Application of this methodology to the analysis of 7 composite samples collected daily 

during one week at the inlet of a WWTP from Barcelona showed: 

o a daily consumption of pure alcohol of 11000 to 25000 Kg/day in the studied area, 

which represents an averaged alcohol consumption of 18 mL/day/inhabitant, 

o in agreement with similar studies performed in other countries, alcohol consumption 

values, estimated with the sewage epidemiology approach, lower than those 

published in the official reports (32 mL/day/inhabitant for Spain in the period 

2003/2005, according to the WHO), 

o concentrations of EtS, thus alcohol consumption, higher during the weekend than 

on weekdays. 

3. The extensive monitoring performed to investigate the occurrence of DAs in surface 

water in Iberian rivers showed: 

o comparatively higher levels of DAs in small rivers receiving WWTPs effluents than 

in the main course of the river, 

o that COC, BE, EPH, MDMA, METH and EDDP were the most ubiquitous 

compounds, and BE and EPH the most abundant ones (with concentrations up to 

144 ng/L), 

o no direct links between the rivers flow and the levels of DAs, indicating that other 

attenuation mechanisms play significant roles in the environment, 
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o consistent, statistical significant differences in the presence of DAs between basins 

only in the case of MDMA, which suggests differentiated geographical consumption 

of this ATS in the studied area, 

o a certain risk for aquatic organisms due to the presence of DAs in 4 out of the 144 

river waters samples analyzed, being EDDP, METH, LOR, and MDMA the most 

concerning compounds. 

4. The 5-year monitoring of DAs and alcohol in 24-h composite wastewater samples 

collected daily during one week in the middle of March from the inlet of a WWTP giving 

service to Barcelona city and its metropolitan area, showed that: 

o the most abused substance in Barcelona in the studied period was alcohol, followed 

by cannabis, cocaine, and ephedrine, in agreement with the last Drug Report of the 

Spanish Observatory of Drugs and Drug Addiction (OEDT), 

o overall consumption of DAs increased in the studied period, from an average annual 

load of 6.5 kg/day in 2011 to 12 kg/day in 2015 (85% increase), 

o this upward trend was mainly related to a higher consumption of cannabis, since 

consumption of other drugs increased to a lower extent (by 26%) and consumption 

of alcohol and heroin either decreased or remained stable, 

o the optimized analytical method developed and applied to the analysis of DAs in the 

above wastewater samples is accurate, robust and reliable, at least for the 

compounds BE, AM, MA, MDMA, 6ACM and THC-COOH tested in the inter-

laboratory exercises annually organized within the “SCORE” European COST 

Action. 

5. The extensive monitoring of the presence of DAs in airborne matter collected in eleven 

different districts of the city of Barcelona in order to study presence and levels of DAs in 

airborne matter and to assess if levels found in this matrix can provide further 

information on drugs consumption in the investigated area showed that: 

o the most ubiquitous compounds were COC, its TP BE, MA, and CBN, detected in 

more than 76% of the analyzed samples; CE, DIA, LSD, OH-LSD, MOR, OH-THC, 

and THC-COOH were not detected; and the remaining compounds were present in 

less than 39% of the samples, 

o CBN was be most abundant compound, reaching the highest mean concentration of 

985 pg/m3, followed by COC (267 pg/m3), and CBD (214 pg/m3), 



205 

o there are significant differences between sampled days and locations, pointing out to 

specific local emissions, though 

o the high temporal correlations between PM10 and total DAs in each site also 

suggest a strong influence of the meteorological conditions on the concentration of 

DAs in airborne matter, 

o based on the concentrations measured, neither toxic nor psychotropic acute effects 

are expected from the daily exposure to these compounds. 
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