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PREFACE

PRESENTATION OF THE BOOK

Following the preliminary observation that traces of illicit drugs could be found in
the aqueous environment, there was an obvious request for a better characterization
of these novel contaminants to assess possible risks for the environment and human
health. A less obvious consegquence of thisfinding was the discovery that the residues
of illicit drugs in wastewater, and sometimes in surface water receiving untreated
wastes, could be used to estimate drug consumption in the group of individuals
producing the waste itself. In particular, the potential applications linked to this
second issue reinforced the need for a specific, sensitive, and accurate measurement
of these substances. Environmental scientists, on the one hand, and social scientists
and personsinvolved in the phenomenon of drug addiction, on the other, have sought
analytical methodsfor the detection and quantification of illicit drugs and metabolites
in environmental media, particularly, wastewater. lllicit drugs and their metabolites
are commonly measured in forensic sciences, but concentrations in urine, blood,
and other fluids or in hair, are much higher and interference much lower than in
wastewater. Wastewater is a complex milieu of thousands of different substances,
dissolved, mixed, or suspended in water. The list of compounds in wastewater, and
by extension, in the downstream environment, is long. Chemicals from industrial or
agricultural activitiesare well known contributorsto this milieu, but pharmaceuticals
are a recent acquisition, and the same is true for the thousands of products we use
daily for personal care. Remnants derived from an enormous number of production
and household activities end up in wastewater and contribute to an increase in the
complexity of its composition and, thus, the difficulties to detect specific target
substances.
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Fortunately, given the physicochemical similarities, the previous experience with
therapeutic drugs has substantially hel ped in developing appropriate anal ytical meth-
ods for illicit drugs; the first proposed were actually based on the extension to these
molecules of multiresidue methods previously established for therapeutic pharmaceu-
ticals, or aternatively, on methods previously established for forensic investigations,
which were adapted to the analysis of these substances in environmental matrices.
The methods proposed were mainly based on HPLC-M S, and sometimes on GC-MS.
Thisis not surprising as liquid chromatography is considered the most appropriate
technique for the analysis of polar substances and mass spectrometry the most pow-
erful technique for multitrace analysis of compounds in complex matrices, such as
wastewater.

Thispresent book “Illicit Drugsinthe Environment: Occurrence, Analysisand Fate
Using Mass Spectrometry” will describe a new application of mass spectrometry in
the detection and measurement of anovel class of environmental contaminants (illicit
drugs). This novel application assesses risks of these newly identified pollutants for
ecosystem and man and exploresthe potential s of thisinnovative approach to estimate
illicit drug consumption in the population.

STATE-OF-THE-ART

To our knowledge, therewas no tracein the scientific literature of any investigation on
illicit drugs in the aqueous environment until year 2001, when Christian Daughton,
without having any direct evidence of their presencein the environment, hypothesized
that remnants of illicit drugs excreted with the urine of the consumers couldend up in
wastewater and that their levels could be used to back-cal culate the intake of drugs by
the population. In afield study in 2004, Jones-L epp first reported the real occurrence
of amphetamines in treated wastewater in the United States and, in 2005, our group
measured cocaine and metabolitesin rivers and in raw wastewater samples, and used
the results to back-calcul ate the consumption of cocaine in the population. Later, in
2006, the method originally established for cocaine by our group was extended to
the analysis of other illicit drugs, which were measured in surface and wastewaters.
Thus far, occurrence, behavior, and fate of illicit drugs in waste-, surface, ground,
and drinking water has been investigated in several European countries, and traces
of various illicit drugs have also been detected in airborne particulates in many
places around theworld. Later, the approach to estimate cocaine abuse by wastewater
analysiswas also used to test community-wide consumption of cannabis, heroin, and
amphetaminesin several countriesin Europe and the United States.

The rationale of this approach is known: traces of amost everything we eat,
smoke, drink, ingest, or absorb, are excreted with our urine or stool and end up in the
sewage system. Therefore, monitoring wastewater has the potential to extract useful
epidemiological information from qualitative and quantitative profiling of biological
indicators entering the sewage system. This is the basis of what we called “ sewage
epidemiology;” illicit drugs were the first application of this new branch of environ-
mental epidemiology. Residues of the illicit drugs consumed by a collectivity are
excreted in wastewater and their levels, knowing kinetic, metabolism, and behavior
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DIAGRAM 1 The pathway of illicit drugs: from the consumer to the wastewater treatment
plant (WWTP) and the environment.

in wastewater, and characteristics of the sewage system, such as flow rate and pop-
ulation size, can be used to collectively back-calculate for the type and amount of
illicit drugs consumed (Diagram 1).

Thus far, the ecological implications of the presence of illicit drugs in surface
water of rivers and |akes have been less explored. Effluents of wastewater treatment
plants are probably the major sources (Diagram 1). Concentrations in surface water
are generally low but, as previously shown for therapeutic pharmaceuticals, these
molecules might also exert potent and specific biological activities on nontargeted
organisms. Moreover, interactions with the effects of other licit and illicit drugs are
possible and toxicity in the aquatic ecosystem cannot, therefore, be excluded. At
the moment, there are several ongoing studies on the effects on the environment of
therapeutic pharmaceuticals and is easy to predict the extension in the near future of
these investigations to also includeillicit drugs.

It is, therefore, expected that the number of scientists interested in these issues
will substantially increase in the future. Environmental and social scientists will
probably use these new applications of mass spectrometry to measureillicit drugsin
waste- and surface water or in air, with the aim of studying their ecologica effects
or tracking illicit drug consumption in the population. This new branch of scienceis
till in itsinfancy, but this book will collect all the available knowledge and the new
ongoing research on this novel topic. We hope it will become a reference text for
future investigations.

ORGANIZATION OF THE BOOK

Thefocus of thisbook isonillicit drugsin, mainly, the aqueous environment, and on
mass spectrometry, used for their analysisto study occurrence and fate. Thistwofold
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novel application of mass spectrometry is : to study risks for ecosystems and man
of these newly identified pollutants and to explore the potentials of this innovative
approach to estimate illicit drug consumption in communities. Therefore, the goal of
thebook isto provideinformation on all theaspectsof themass spectrometry detection
of illicit drugs in environmental media, to address the ecotoxicological implications,
and to present and discuss this novel approach to estimate drug consumption by
wastewater analysis.

Section |, beginswith a contribution from Christian Daughton, of the US National
Exposure Research Laboratory, entitled “1llicit Drugs and the Environment”. It gives
anintroduction to thisissue by providing basic, but detailed, information onwhat it is
anillicit drug, recalls the history of the discovery of illicit drugs in the environment,
including ambient air and money supply, and gives some hypotheses on the future
development of this branch in the environmental and the social sciences.

Section 11 of the book examines the physiological properties of theillicit drugs,
with a chapter entitled “Metabolism and Excretion of Illicit Drugs in Humans’
by Manuela Melis and co-workers. It reviews what is known about metabolism
and excretion of these substances in man. As for therapeutic pharmaceuticals, it is
supposed that the main source of the spreading of illicit drugs in the environment
is the excretion in wastewater of the unmetabolized parent compounds and their
break-down products still contained in the urine and the stools of consumers. An
extensive knowledge of pharmacokinetic, metabolism, and excretion in human is,
therefore, centra to study these substances in the environment, to predict which of
them will end up in the environment, and to estimate their concentrations, with the
aim of identifying the proper target residues for the analysis of illicit drugs.

Section 111, entitled “Mass Spectrometry in Illicit Drug Detection and Measure-
ment; Current and Novel Environmental Applications,” isthe“core” for MSanalysis.
Thefirst chapter by Bagnati and Davoli reviewsthe published methods currently used
to measure illicit drugs in environmental media and examines novel potential appli-
cations of M Sto detect these chemical contaminants. Thislast issueisalso discussed
by two other chapters in this section, the first by Hernandez et a., of the Spanish
Research Institute for Pesticide and Water, which explores the potential of UHPLC-
QTOF MS, and the second by de Voogt and co-workers, from the University of
Amsterdam, which outlines the chances offered by Orbitrap MS in the analysis of
illicit drugsin the environment.

Section 1V, “Mass Spectrometric Analysis of Illicit Drugs in the Environment,”
reports field results of the MS analysis of illicit drugs in waste- and surface wa-
ters around the world, with contributions from Spain (Postigo, L6opez de Alda, and
Barcel), Italy (Castiglioni and Zuccato), UK (Kasprzyk-Hordern), Nebraska
(Bartelt-Hunt and Snow), and the United States (Jones-Lepp and co-workers), in
drinking water, exploring the presence and the removal of these substances in con-
ventional drinking water treatment plants in Spain (Huerta-Fontela, Galceran, and
Ventura) and the United States (Trenholm and Snyder), and in air and suspended
particulate matter around the world (Cecinato and Balducci). Overal, these chap-
ters report on the detection in various environmental media of about 40 different
substances, including cocaine and metabolites, cannabinoids, heroin, morphine and
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their metabolites and conjugates, amphetamine-like molecules, and other related
substances, such as, methadone and its metabolite EDDP, codeine, and more.

Section V deals with the applications of MS analysis of illicit drugs in the envi-
ronment. Thistwofold analysis was intended to assess risks of these newly identified
pollutants for ecosystem and man, and to explore the potentials of an innovative ap-
proach to estimateiillicit drug consumption in the population. Domingo and Bracale,
from Varese University and Schirmer and Pomati from EAWAG, thus explore the
implications for ecotoxicology of the presence of illicit drugs in the environment,
reviewing what is known on thisissue and trying to predict what is still unknown by
an original model-based approach.

A second chapter by Norbert Frost, from EMCDDA, introduces the method of
estimating illicit drug consumption by wastewater analysis, discussing the potentials
offered by this innovative approach from the point of view of a regulatory agency.
A third chapter, from Zuccato and Castiglioni, reviews the applications of this ap-
proach published in the recent literature and critically discusses its potential and
limitationsin estimating community-wideillicit drug consumption. A fourth chapter,
from van Nuijs and co-workers, shows that this approach, which was established to
estimate illicit drug consumption at the community level, can be extended to esti-
mate illicit drug use at nation-wide level, reporting results from a case-study carried
out in Belgium. Last, a contribution, from Chiarelli and co-workers from Loyola
University, introduces another intriguing potential application of this approach, in
studying consumption rates in communities much smaller than those monitored thus
far—students of aschool. Monitoring the trends of drug use and assessing the overall
consumption levels in students are critical to understanding the extent of the drug
problem in this age group, with the aim to develop, target, and evaluate preventive
interventions.

The book isthen concluded by Roberto Fanelli, who sketchesabrief history of the
M S analysis of environmental contaminants, highlighting potential and limitations of
itsusein studyingillicit drugsin the environment, and discussesthefuture perspective
of the “sewage epidemiology approach” in investigating other substances, such as
therapeutic pharmaceuticals, with the aim to monitor patients compliance to the
treatment, or food and air contaminants, and to estimate population exposure.

The most intriguing consequence of the discovery of illicit drugs in wastewater
and other environmental media is in the potential to monitor illicit drug use in the
population. Diagram 1 shows the mechanism through which the quantification of
illicit drug residues in wastewater can be exploited to assess consumption by the
population. We think that this application will probably become a major target for
the analysis of these substances in environmental media.

ETTORE ZUCCATO
SARA CASTIGLIONI
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CHAPTER 1

ILLICIT DRUGS AND THE
ENVIRONMENT

CHRISTIAN G. DAUGHTON

1.1 INTRODUCTION

The spectrum of chemicals recognized as contributing to widespread contamination
of the environment began to be extended to pharmaceutical ingredients as early as
the 1970s. However, the topic did not begin to attract broader scientific attention until
the mid-1990s (Daughton, 2009a). Occurring generally at levels below 1 wg/liter in
ambient waters, the near ubiquitous presence of pharmaceuticals in a wide variety
of environmental compartments serves as a stunning measure of advancements in
analytical chemistry in expanding our understanding of the scope of environmental
pollution.

The extent of progress and effectiveness of pollution regulation, mitigation, con-
trol, and prevention over the last 40 years is now reflected by a focus on trace-level
chemical contaminants—a phenomenon only hypothesized as a possibility in the
early 1970s. This focus is particularly embodied with the so-called “emerging” con-
taminants (Daughton, 2009b) and the myriads of others not yet noticed or identified
and which could be referred to as the “quiet contaminants.”

Up through the 1990s, the emerging study of pharmaceuticals in the environment
(PIiE) inexplicably excluded from consideration the contributions by the so-called
“illicit” drugs. Involving a structurally diverse group of chemical agents possessing
extremely high potential for biological effects in humans and nontarget organisms, the
magnitude of worldwide illicit drug trafficking is presumably enormous, but can only
be very roughly estimated. The potential for illicit drugs to enter the environment
should not differ markedly from that of medical pharmaceuticals—with contribu-
tions from excretion, bathing, disposal, and discharge of manufacturing waste. While
known for many decades that illicit drugs and metabolites (just as with medici-
nal pharmaceuticals) are excreted in urine, feces, hair, and sweat, not until 1999

Ilicit Drugsin the Environment: Occurrence, Analysis, and Fate Using Mass Spectrometry, Edited by
Sara Castiglioni, Ettore Zuccato, and Roberto Fanelli
Copyright © 2011 John Wiley & Sons, Inc.
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(Daughton and Ternes, 1999) and 2001 (Daughton, 2001a, 2001c) was the scope of
concerns surrounding PIiE expanded to include illicit drugs. In characterizing and
assessing risks incurred from PiE, both licit and illicit drugs need to be seamlessly
considered.

Perhaps the first published indication that illicit drugs might be pervasive con-
taminants of our immediate surroundings and the larger environment was a 1987
FBI study in response to a newspaper report 2 years earlier that cocaine was present
on money in general circulation (Aaron and Lewis, 1987). Over the intervening
20 years, analogous seminal surveys of illicit drugs as ambient contaminants have
been published for sewage wastewaters (Khan, 2002), surface waters (Zuccato et al.,
2005), air (Cecinato and Balducci, 2007), sewage sludge (Kaleta et al., 2006) and
biosolids (Jones-Lepp and Stevens, 2007), and, most recently, drinking water (Huerta-
Fontela et al., 2008b). An examination of the US EPA’s bibliographic database on
PiE (USEPA, 2009a), shows that the core journal references having a major focus
on illicit drugs in wastewaters, ambient waters, drinking water, or air total around 60
(this excludes those published on the topic of drugs on money). References (in any
type of technical publication) dealing with illicit drugs in the environment total fewer
than 200—composing only 2% of the documents (approaching 10,000) surrounding
the broader topic of PiE, in general.

Presented here is a broad overview of illicit drugs as environmental contaminants.
Perspectives are provided on their occurrence in various environmental compart-
ments, what their occurrence might mean with regard to risk, and how their occur-
rence can be used as an analytical measurement tool to assess society-wide usage of
illicit drugs.

A chronology of seminal publications on significant aspects of illicit drugs and
the environment is presented in Table 1.1. The topic is transdisciplinary, involving
a variety of disparate, but intersecting, fields, including healthcare, pharmacology,
criminology, forensic sciences, epidemiology, toxicology, environmental and analyt-
ical chemistry, and sanitary engineering, among others.

1.2 WHAT IS AN “ILLICIT” DRUG?

Discussions regarding illicit drugs can become confused by the ambiguity in what
exactly defines an “illicit” drug. Confusion stems from the fact that illicit drugs
are not necessarily illegal. Many are licit medical pharmaceuticals having valuable
therapeutic uses—two common examples being morphine and oxycodone. Instead,
whether a drug is illicit is defined by international convention or national law, not
necessarily by any inherent property of the drug. Some discussion is essential to
better understand the scope of drug substances that can be considered illicit.

1.2.1 Terminology

There is no single, widely used term that accurately captures the myriad substances
that become abused by habitual or addictive use. Although widely used, the term
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TABLE 1.1 Chronology of Some Selected Seminal Publications Regarding I llicit
Drugsin the Environment

Year Aspect? Unique Features of Study Reference

1987 M First report in a journal confirming the Aaron and Lewis
presence of an illicit drug (cocaine) on (1987)
banknotes in general circulation) (objective
to distinguish “drug” money from
“innocent” money)

1998 A Perhaps first data on an illicit drug in the Hannigan et al.
ambient environment; non-target analysis (1998)
revealed cocaine associated with fractions
of particulate matter in outdoor air (Los
Angeles)

2000 M First comprehensive overview of drugs on Sleeman et al.
banknotes (2000)

2001 F Use of residues in sewage to reconstruct Daughton (2001a)
community-wide drug usage first proposed
(later to be termed “sewage epidemiology”
or “sewage forensics”, or sometimes
“community drug testing” or “community
urinalysis”); first discussion to broaden the
topic of drugs as environmental
contaminants to include illicit drugs

2004 WW, Methamphetamine and MDMA in WWTP Jones-Lepp et al.

Mon effluent; first report by US EPA of an illicit (2004)
drug in the environment; first use of
integrative time-weighted sampling for
illicit drugs in wastewaters

2005 ww First report of widespread occurrence of an Zuccato et al.
illicit drug in surface water and wastewater (2005)
(cocaine and BZE in WWTP influent and
river)

2005 F First in-field implementation of “sewage Zuccato et al.
epidemiology” to reconstruct (2005)
community-wide drug usage

2006 ww First study to target a spectrum of illicit drugs Castiglioni et al.
and metabolites (in WWTP influents and (2006)
effluents); those not identified in prior
studies: norbenzoylecgonine, norcocaine,
cocaethylene, 6-acetylmorphine,
morphine-3-D-glucuronide, amphetamine,

MDA, MDEA, EDDP,
11-nor-9-carboxy-9-THC
2006 SS First report in peer-reviewed literature of an Kaleta et al. 2006

illicit drug in sewage sludge (amphetamine
in sewage sludge)

(Continued)
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TABLE 1.1 (Continued)

Year Aspect?  Unique Features of Study Reference

2006 F, mon  First nationwide monitoring in the US of See Bohannon (2007)
illicit drugs in sewage; study by ONDCP
targeted about 100 WWTPs across two
dozen regions in the US (results never

published)

2006 F First multi-country monitoring of cocaine in  See UNODC (2007)
wastewaters to estimate usage

2007 A First targeted analysis of ambient air foran ~ Cecinato and
illicit drug; cocaine quantified in Balducci (2007)

particulates from all air sampled around
Rome and several other Mediterranean
locations (also in air samples archived
several years prior)

2007 SS First report of an illicit drug in biosolids Jones-Lepp and
(methamphetamine in sewage biosolids) Stevens (2007)

2007 R First conference devoted to topic of illicit EMCDDA (2007);
drugs in the environment; led to first Frost and Griffiths

published overview of many of the aspects (2008)
of the topic (including scientific, technical,
social, privacy, ethical, and legal concerns)
2008 DW  First data on the occurrence and stepwise Fontela et al. (2008b)
removal of illicit drugs at a municipal
drinking water treatment plant
2008 F First use of the term “sewage epidemiology”  Zuccato et al. (2008b)
in peer-reviewed literature; perhaps first
mentioned in a 2007 interview, by Fanelli
(Bohannon 2007)
2008 F Creatinine in urine first assessed as means of ~ Chiaia et al. (2008)
normalizing drug concentrations across
WWTPs (and therefore to facilitate drug
usage comparisons across communities);
creatinine first analyzed in sewage.
Creatinine first proposed as a means for
normalizing data by Daughton (2001a)

2008 WW,  First systematic survey of illicit drugs in Zuccato et al. (2008a)
mon surface waters
2008 M, R First overview of an illicit drug (cocaine) Armenta and de la
from banknotes from multiple countries Guardia (2008)
2008-2009 R First major overviews of illicit drugs in the Kasprzyk-Hordern
environment et al. (2009b);
Postigo et al.

(2008); Zuccato
et al. (2008b);
Zuccato and
Castiglioni (2009)
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TABLE 1.1 (Continued)

Year Aspect?  Unique Features of Study Reference

2008-2009 R First major overviews of the analytical Castiglioni et al.
approaches used for illicit drugs in the (2008); Postigo
environment et al. (2008);

Zuccato and
Castiglioni (2009)
2008-2009 R, M  First major overview of the analytical Armenta and de la
approaches used for illicit drugs on money Guardia (2008)
2008-2009 EF First studies regarding the sorption of illicit ~ Barron et al. (2009);

drugs to sediments, soils, and sewage Stein et al. (2008);
sludge Wick et al. (2009)
2009 DW  First data on the occurrence and stepwise Boleda et al. (2009)

removal of cannabinoids at a municipal
drinking water treatment plant

2009 R First major overview of illicit drugs in Postigo et al. (2009)
airborne particulates
2009 WW  First time that illicit drugs (cocaine, BZE, Mari et al. (2009)

and morphine) monitored monthly in the
sewage from an entire city over the course

of a year
2009 Sw Sweat first proposed as a means of general Daughton and Ruhoy
transfer of drugs not just to sewage (via (2009)

bathing and laundry) but also to any object
in the surrounding environment contacted
by skin (dermal transfer)

2009 Mon  First geographic spatial surveys; 24-h Banta-Green et al.
composite WWTP influent samples (2009); van Nuijs
representing 65% of population of State of etal. (2009g;
Oregon analyzed for BZE, 2009b)

methamphetamine, and MDMA, and
Belgium-wide survey of cocaine, BZE,
and ecgonine methy| ester

2009 A First qualitative report of cannabinols in Cecinato et al.
ambient air aerosols (in Rome) (2009b)

2009 A, mon First quantitative study of cocaine in ambient Cecinato et al.
air across several continents (2009a)

aA, air; DW, drinking water; EF, environmental fate; F, forensics; M, money (banknotes); mon, monitoring;
R, review; SS, sewage sludge (and biosolids); sw, sweat; WW, wastewater.

“illicit drug” is not accurate in the sense that most of the widely known abused
drugs have bona fide medical uses as licit pharmaceuticals; the few that do not are
incorporated in various listings or schedules of controlled substances maintained by
various countries.

A variety of terms are used, often interchangeably, including: street drugs, designer
drugs, club drugs, drugs of abuse, recreational drugs, clandestinely produced drugs,
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and hard and soft drugs. The term “designer” drug gained popularity in the 1980s
when 3,4-methylenedioxymethamphetamine (MDMA, ecstasy) was introduced to
the black market. Perhaps the most notable first designer drugs were introduced in
the 1920s—dibenzoylmorphine and acetylpropionylmorphine.

Regardless of the terminology, much overlap exists with licit pharmaceuticals
(those with approved medical uses). This can lead to much confusion or ambiguity
as to exactly what the scope of the topic is. Discussion of the confusion surrounding
illicit drug terminology is provided by Sussman and Ames (2008). In the overview
provided here, the guiding definition used is that of the United Nations Office on
Drugs and Crime (UNODC), which focuses not on the chemical identity of the drug
itself, but rather on the life-cycle pathway traveled by a drug. The UNODC does not
recognize any distinction between the chemical identity of licitand illicit drugs—only
the way in which they are used (UNODC, 2009a). In this sense, the term “illicit”
refers to the way in which these drugs are manufactured, distributed, acquired, and
used, and by the fact that they are being used for nonmedical purposes.

This definition allows the inclusion of legal pharmaceuticals—that is, when they
are manufactured, distributed, trafficked, or used illegally, or diverted from legal
sources. The wide spectrum of sources and routes by which legal drugs become
diverted for illicit use range from the relatively large-scale diversion from pharma-
ceutical distributors, pharmacies, and healthcare facilities, to the smaller scale (e.g.,
“theft” from home storage locations, such as for teen “pharming”) and reuse of used
medical devices, especially dermal medical patches, which present lethal hazards for
both intentional and accidental exposures (Daughton and Ruhoy, 2009).

Whether a drug is classified as illicit is a complicated function of mores and
evidence-based health studies, which are sometimes at odds with one another and
under increasing scrutiny and debate [e.g., see Nutt (2009)]. Illicit substances (drugs
and the precursors used for their manufacture) are captured on various government
lists (controlled-substance schedules) that specify their allowable use. The primary
criteria evaluated for listings are health risks, potential for abuse/addiction, therapeu-
tic value, and utility as precursors for illicit manufacturing. The unifying worldwide
scheme, used by the EU, for regulation comprises the schedules of the three UN Con-
ventions of: 1961 (United Nations Single Convention on Narcotic Drugs, New York,
amended 1972), 1971 (Convention on Psychotropic Substances, Vienna), and 1988
(Convention against Illicit Traffic in Narcotic Drugs and Psychotropic Substances,
introducing control on precursors, Vienna). Combined, these schedules currently
comprise about 250 explicitly named controlled substances (EMCDDA, 2009a).

Showing how the lines of demarcation become blurred, prescription analgesic
opioids have overcome heroin and cocaine in the United States in leading to fatal
drug overdoses (Leonard and Yongli, 2008). Indeed, the use of certain licit drugs,
including over-the-counter (OTC) medications, for nonmedical purposes has recently
surpassed the use of illicit drugs (NIDA, 2008). For example, of the top 10 drugs
misused by high-school seniors in the United States, seven were legal prescription or
OTC medications.

Numerous other illicit substances (such as structural analogs) exist but can only
be captured implicitly by generalized chemical criteria that preemptively ban their
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synthesis; not all countries, however, have control acts that implicitly capture chemical
analogs. Unknown numbers of additional substances exist but their chemical identities
are elucidated only after they have experienced sufficient illegal use. A resource that
provides the chemical structures for many of these substances (those listed by the
Canadian Controlled Drugs and Substances Act) is maintained by Chapman (2009).

Adding further confusion regarding the distinctions between illicit drugs and
medical pharmaceuticals, the laws dealing with illicit drugs dramatically vary from
country to country. Long-standing drug policies in certain countries are also in a
state of flux, because various changes are underway and adjustments are under
consideration. These range from “reducing harm” (e.g., via decriminalization of
possession and use) to acknowledgment from the American Medical Association
regarding the medical benefits of a Schedule I drug (namely, cannabis) and calling
for its clinical research (AMA, 2009). Beginning with Portugal in 2001 with the
decriminalization of drug use, possession, and acquisition by drug end-users (Law
no. 30/2000, which focuses on harm reduction) [see Greenwald [2009)], the array
of laws dealing with illicit drugs has become quite diverse, but growing, illegal
manufacturing, and trafficking remain criminal offenses. Among the EU States, the
spectrum of law is captured by EMCDDA (2009b).

1.3 DIFFERENCES BETWEEN ILLICIT AND LICIT DRUGS AS
ENVIRONMENTAL CONTAMINANTS

With respect to understanding their overall significance in the environment, seven
aspects of illicit drug use contrast sharply with legitimate pharmaceutical use:

1. For most illicit drugs, there are no accurate quantitative data available con-
cerning production or usage. For regulated pharmaceuticals, sales figures and
regional real-time prescribing data can be used in models to calculate predicted
environmental concentrations (PECs); these values can then be compared with
measured environmental concentrations (MECs).

2. Although the chemical identities for the core group of illicit drugs are known,
an ever-increasing number of new drugs (such as structural analogs with mi-
nor madifications of regulated pharmaceuticals and of previously known illicit
drugs) can elude detection by forensics laboratories for years before they are
noticed and identified. The myriad numbers of designer drugs and constant
synthesis of new ones will pose challenges for mass spectrometrists for years
to come and also introduce great uncertainty regarding the true scope of syn-
thetic chemicals that contaminate the environment. Even though many of these
unique chemicals are probably produced in relatively small quantities, the fact
that they belong to relatively few chemical classes possibly means that they
share only a few mechanisms of biological action. This makes additive ac-
tion very likely, especially with substantial numbers of licit and illicit drugs
often sharing the same mechanism of action. Since some have extremely low
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effective doses (e.g., in the range of 1 g per human use), this has relevance
especially for aquatic exposure. As examples, cis-3-methylfentanyl and (-
hydroxy-3-methylfentanyl (as with carfentanyl, a large-animal tranquilizer) are
extraordinarily potent designer drugs, being three to five orders of magnitude
more potent than morphine.

3. Drugs manufactured via illicit routes are commonly contaminated with unin-
tended impurities and purposeful adulterants. These are often present at ex-
tremely high levels (e.g., sometimes more than one-half of the total mass, as
opposed to milligram per kilogram [parts per million] levels for impurities in
registered medicines) and are often more toxic than the sought-after drug.

4. The manufacture of illicit drugs (particularly methamphetamine) can cause
extensive ecological damage as well as irreversible damage to infrastructures,
such as buildings (USEPA, 2009b).

5. To date, the primary interest in residues of illicit drugs in the environment has
been their occurrence in sewage (mainly untreated raw sewage) for use as a
tracking tool to calculate community-wide consumption. This relatively new
tool has been termed sewage (or sewer) forensics or epidemiology. In contrast to
the licit use of pharmaceuticals, interest in their potential as biological stressors
in the environment has been secondary, and very little is known.

6. Much less is known regarding the toxicology (including pharmacokinetics) of
most illicit drugs.

7. With respect to environmental impact, numerous measures can be implemented
to reduce the entry of licit pharmaceuticals into the environment. Routes of
entry span an enormous spectrum of possibilities (Daughton and Ruhoy, 2008).
With illicit drugs, pollution prevention measures—that is, to discourage their
manufacture, distribution (e.g., via unapproved Internet pharmacies), and end
use—are straightforward, but more difficult to implement.

Note that the frequent changes in the introduction of new pharmaceuticals with
potential for abuse, as well as new illicit substances, preclude any comprehensive
definitive worldwide compilation of chemicals. The INCB (International Narcotics
Control Board) maintains three major listings (INCB, 2009): Yellow List (Narcotic
Drugs Under International Control), Green List (Psychotropic Substances under In-
ternational Control), and Red List (Precursors and Chemicals frequently used in the
Ilicit Manufacture of Narcotic Drugs and Psychotropic Substances under Interna-
tional Control). A convenient listing of many of the corresponding chemical structures
is provided by Chapman (2009).

1.4 THE CORE ILLICIT DRUGS AND THE ENVIRONMENT
The types of drugs commonly abused are described in various ways, depending on

their origin and biological effect. They can either be naturally occurring, semisyn-
thetic (chemical manipulations, such as analogs, of substances extracted from natural
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materials), or synthetic (created entirely by laboratory synthesis and manipulation).
The primary categories are opiates, other CNS depressants (sedative-hypnotics), CNS
stimulants, hallucinogens, and cannabinoids.

The scope of chemicals that could be considered illicit can be viewed in terms of
the following categories of medical efficacy:

1. No known medical use (and are illegal in all circumstances according to various
conventions) (e.g., benzylpiperazine; heroin in the United States),

2. Limited established medical use, but which are also manufactured illegally and
used primarily for nonmedical purposes (e.g., methamphetamine),

3. Firmly established wide medical use, but are diverted illegally (e.g., theft;
illegal prescribing such as via unapproved Internet “pharmacies”™),

4. Firmly established wide medical use and are obtained “legally,” but for non-
medical use (e.g., doctor/hospital shopping or by other con schemes),

5. Similar biological action to prescription drugs but are synthesized as analogs
(which are not individually and explicitly categorized as illegal; examples
include the numerous analogs of phosphodiesterase type-5 inhibitors).

All of these categories comprise drugs with high potential for abuse or that enjoy
recreational use. Methadone is usually included in these discussions even though
most of its use is legal; it serves to track opiate addiction but is also used and abused
as an analgesic.

Some drug residues in the environment have substantial multiple origins (both legal
and illegal), making it difficult to ascribe monitored levels to illicit use. Morphine is
one example. It can originate from medical use of morphine itself or from codeine
(via O-demethylation). It can also originate from diverted morphine or codeine, as
well as from heroin. By collecting data on other (and more unique) metabolites, these
pathways can be teased apart. Using morphine as the example, by monitoring for the
heroin metabolite 6-AM (6-acetylmorphine), a more representative picture can be
obtained for that portion of morphine originating from heroin.

While drug usage patterns and prevalence vary among countries as well as with
time, those drugs in frequent use in the United States can serve as an organizing
framework for further discussion. The annual reports of the US DEA’s National
Forensic Laboratory Information System, NFLIS (USDEA, 2008), provide the best
insights regarding which known drugs are most used in nonmedical circumstances
(see Table 1.2).

Of all the samples analyzed in 2008 by US local and state forensic labs for the
presence of nonmedically used drugs, 25 controlled substances (Table 1.2) composed
90% of all samples. The most frequent four were tetrahydrocannabinol (THC), co-
caine (benzoylmethylecgonine), methamphetamine, and heroin. Of these 25, only
15 have been targeted in environmental studies of illicit drugs: amphetamine, co-
caine, codeine, heroin, hydrocodone, MDA, MDMA, methadone, methamphetamine,
methylphenidate, morphine, oxycodone, PCP (phencyclidine), pseudoephedrine, and
THC (A °-tetrahydrocannabinol).
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TABLE 1.2 Drugsof Abuse Frequently Detected by United States Forensics L abs?

25 Abused Drugs

Other Abused Drugs

Most frequent

Tetrahydrocannabinol (THC)

Cocaine (benzoylmethylecgonine)
Methamphetamine

Heroin (diacetylmorphine; diamorphine)

Narcotic analgesics
Buprenorphine
Codeine
Hydrocodone
Hydromorphone
Methadone
Morphine
Oxycodone

Benzodiazepines
Alprazolam
Clonazepam
Diazepam
Lorazepam

Others
1-Benzylpiperazine (BZP)
3,4-Methylenedioxyamphetamine (MDA)

3,4-Methylenedioxymethamphetamine (MDMA)

Amphetamine
Carisoprodol
Methylphenidate
Phencyclidine (PCP)
Pseudoephedrine
Psilocin

Nar cotic analgesics
Butorphanol
Dihydrocodeine
Fentanyl
Meperidine
Nalbuphine
Opium
Oxymorphone
Pentazocine
Propoxyphene
Tramadol

Benzodiazepines
Chlordiazepoxide
Flunitrazepam
Midazolam
Temazepam
Triazolam

“Club” drugs

1-(3-Trifluoromethylphenyl)piperazine
(TFMPP)

3,4-Methylenedioxy-N-ethylamphetamine
(MDEA)

5-Methoxy-N,N-diisopropyltryptamine
(5-MeO-DIPT)

v -Hydroxybutyrate/y-butyrolactone
(GHB/GBL)

Ketamine

Stimulants
Cathinone
Ephedrine
Phentermine

Anabolic steroids
Methandrostenolone
Nandrolone
Stanozolol

aUSDEA’s National Forensic Laboratory Information System (USDEA, 2008).

Note that the top 25 detected by NFLIS are all among the most commonly abused
drugs in the United States. The major ones missing (but which are captured in the
remaining 10% of samples analyzed by NFLIS) are barbiturates (e.g., seconal and
phenobarbital, but whose rate of abuse has been declining), certain benzodiazepines
(except flunitrazepam, such as alprazolam, diazepam, and chlordiazepoxide),
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methaqualone, mescaline (3,4,5-trimethoxyphenethylamine), and dextromethorphan
(NIDA, 2009). Extensive statistics on rates of drug use worldwide (including those
maintained by the UNODC) can be found on the ONDCP web page (ONDCP, 2009).
The UNODC World Drug Report (UNODC, 2009b) provides comprehensive statis-
tics on world illicit drug supply and demand.

From a comprehensive examination of the published literature on illicit drugs and
their metabolites in a variety of environmental compartments (wastewaters, surface
waters, drinking water, sewage sludge, sewage biosolids, air, and banknotes), positive
occurrence data as well as indications of negative occurrence (data of absence) were
compiled (data not shown here). From these data, those analytes with absence of
data (i.e., those that have yet to be targeted in monitoring studies) can be deduced.
For example, Postigo et al. (2008) noted that norcocaethylene and ecgonine ethyl
ester have not been targeted in any monitoring study. Major reviews of illicit drugs
in the environment are provided by Huerta-Fontela et al. (2010) and Zuccato and
Castiglioni (2009).

The published data reveal that the drugs with the most positive occurrence data
across all environmental compartments are among the top 25 detected by NFLIS
—notably codeine, morphine, methadone, amphetamine, methamphetamine, cocaine,
and THC, and the primary metabolites of methadone (i.e., EDDP), cocaine (i.e.,
BZE, benzoylecgonine), and THC (i.e., 11-nor-9-carboxy-9-THC [THC-COOH]).
Although widely detected in drug screens, the occurrence of heroin (diacetylmor-
phine) in an environmental compartment is limited primarily to banknotes—because
of its propensity to hydrolyze in water. Likewise, the cannabinoids are detected most
frequently in air. Not surprisingly, no illicit drug (or metabolite) frequently reported
with environmental occurrence data is missing from the 25 most frequently identified
by forensic labs.

Nine of the remaining 25 drugs most frequently identified by the forensic testing
labs have not yet been targeted in environmental studies focused on illicit drugs:
alprazolam, buprenorphine, BZP (1-benzylpiperazine), carisoprodol, clonazepam,
diazepam, hydromorphone, lorazepam, and psilocin (4-hydroxydimethyltryptamine,
4-HO-DMT). Of these nine drugs, environmental occurrence data have been pub-
lished in studies targeted at medical pharmaceuticals for: alprazolam, carisoprodol,
diazepam, and lorazepam. Data do not exist for buprenorphine, BZP, clonazepam,
hydromorphone, and psilocin. Depending on their pharmacokinetics and extent of
excretion unchanged, these latter five drugs could be considered for targeting in future
environmental monitoring.

Some illicit drug analytes, when targeted, are infrequently reported possibly as a
result of their considerably higher detection limits. Normorphine and THC-COOH
are examples, sometimes having limits of detection one to two orders of magnitude
higher than other analytes. Other targeted analytes are not detected because they are
extensively metabolized or excreted as conjugates. Conjugation undoubtedly plays a
critical role in determining whether a free parent drug will be found in waters. Many
drugs are extensively conjugated, and without a hydrolysis step in analysis, these will
be missed (Pichini et al., 2008; Daughton and Ruhoy, 2009).

Important to note is that some illicit drugs are metabolic/transformation daughter
products of others, explaining why their concentrations in sewage or receiving waters
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are routinely higher than their parents. One example is heroin, which is quickly
deacetylated to 6-AM followed by hydrolysis to morphine. This means that the
probability is higher that these parent drugs, when detected in waters (especially
waters distanced from impact by sewage), are present because they were directly
flushed down the toilet (or excreted via sweat), rather than being excreted via urine;
an alternative source is run-off into streams, such as during clandestine manufacturing.
Another example is fentanyl, which is extensively excreted as norfentanyl.
Environmental occurrence data from most of the major studies on illicit drugs have
been reviewed by Huerta-Fontela et al. (2010) and Zuccato and Castiglioni (2009).

1.4.1 Adulterants and Impurities

In contrast to pharmaceuticals produced under Good Manufacturing Practices, drugs
made illegally contain myriad other chemical substances in addition to (or sometimes
even in place of) the sought-after drug. Adulterants are often used to enhance desired
biological effects. Included are diluents, which are added to mimic the physical
appearance of the sought-after drug when the objective is economic gain (to extend
the doses per mass). Impurities are sometimes integral to the natural chemistry
of the native plant from which a drug is isolated and, other times, a function of
the synthetic route to the desired drug (as dictated by the skill of the operator/
chemist).

Many dozens of impurities and adulterants are possible for any given drug syn-
thesis. Impurities, in turn, can each yield numerous metabolites, most of which
are not yet known. Adulterants can range from common substances such as caf-
feine (albeit in very high concentrations) to more insidious chemicals, such as
the cytotoxic veterinary dewormer drug levamisole, which has led to a number
of deaths; in this way, illicit drugs can serve as a route of entry to the environ-
ment for licit drugs that otherwise would never themselves experience nonmedi-
cal use. Adulteration of illicit drugs has grown to become a major health risk for
drug users.

These substances are often present at very high levels, especially in intentionally
mislabeled drugs. They sometimes represent the bulk of the purported drug (e.g.,
noscapine can be present at levels up to 60% in heroin, or phenacetin, which can
be present at levels up to 50% in cocaine). These contaminants include products
of synthesis or processing (precursors, intermediates, by-products), natural impuri-
ties (e.g., natural product alkaloids), products of degradation (e.g., oxidation during
storage), and pharmacologically active adulterants (e.g., many licit drugs and other
chemicals, obtained illegally, such as levamisole, xylazine, lidocaine, phenacetin,
hydroxyzine, and diltiazem). Some of these impurities or adulterants are more potent
than the sought-after drug (cocaethylene being one example, which is a synthesis
by-product as well as a metabolite of cocaine when consumed together with ethanol).
Some have considerable toxicity. In the course of reviewing the literature, over 90
common adulterants and impurities were noted just for the four illicit drugs cocaine,
MDMA, methamphetamine, and heroin. These represent but a very small sampling
of the variety of chemicals that can compose illicit drugs.
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15 LARGE-SCALE EXPOSURE OR SOURCE ASSESSMENTS VIA
DOSE RECONSTRUCTION

Interest in illicit drugs in the environment has both prospective and retrospective
dimensions. The prospective dimension concerns the questions surrounding the ex-
posure of aquatic organisms and of humans to environmental residues. Of the en-
vironmental studies conducted, however, the major objective in collecting data on
the presence and scope of illicit drugs in sewage and wastewaters has not been for
prospectively assessing their significance as environmental contaminants and their
potential for ecological or human health exposure. Rather, the objective has been the
use of these data as a retrospective tool for reconstructing society-wide drug usage.
This could be considered a large-scale version of exposure assessment called “dose
reconstruction” [e.g., see ATSDR (2009)].

Separate but analogous approaches have also been attempted making use of
the presence of drug residues on banknote currency and in airborne particulates.
These could be more accurately referred to not as dose reconstruction, but rather
as source reconstruction (deciphering the source and intensity of the origin of
the drugs).

1.5.1 Sewage Epidemiology or Forensics

First proposed in 2001 (Daughton, 2001a), the analysis of sewage for residues of
illicit drugs unique to actual consumption (rather than originating from disposal
or manufacture) for the purpose of back-calculating estimates of community-wide
usage rates has since been discussed under a variety of terms, including “sewage
epidemiology” (a term first reported in the literature by Zuccato et al. (2008b)],
“sewage forensics,” and “community-wide urinalysis” or “community drug testing.”
None of these terms, however, fully captures the multiple purposes that can be served
by the methodology.

Epidemiology can be defined simply as the study of populations sharing similar
characteristics of disease (or health status). Among its uses are identifying at-risk sub-
populations, monitoring the incidence of exposure/disease, and detecting/controlling
epidemics. Elements of illicit drug use fit all of these. In its simplest state, “forensics”
involves the extraction of pertinent information to support an argument or investi-
gation (Daughton, 2001b). One of its best known modern renditions is to assist in
resolving legal issues—and the worldwide legal system plays an integral role in all
aspects of illicit drug use.

Since this still-evolving approach for measuring drugs in sewage to estimate
collective drug usage has elements of both forensics and epidemiology, it would
be more accurately captured under the newer term “Forensic Epidemiology,” which
integrates the principles and methods used in public health epidemiology with those
used in forensic sciences (Goodman et al., 2003; Loue, 2010).

With this in mind, a more accurate descriptive term should be considered in order
to better unify the published literature. One possibility could be “Forensic Epidemi-
ology Using Drugs in Sewage” (FEUDS). Use of a unique term and acronym would
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have the added benefit of more easily facilitating communication across disciplines
and would greatly facilitate literature searches. In the remainder of this discussion,
however, the shorthand term “Sewage (or Sewer) Forensic Epidemiology” (SF/E) will
be used.

1.5.2 SF/E Used in Community-Wide Dose Reconstruction
for lllicit Drugs

After its conceptualization in 2001 (Daughton, 2001a), SF/E was first implemented
in a field-monitoring study by Zuccato et al. (2005). SF/E was originally proposed
as the first evidence-based approach for measuring drug use, because the long-
practiced approaches that use population surveys are fraught with limitations, not
the least of which involve numerous sources of potential error that are difficult to
define, control, or measure (especially self-reporting bias) (Daughton, 2001a). This
has been corroborated in “concordance” studies (comparisons of self-report data with
empirical bioanalysis data), which point to gross underreporting by self-reports (often
at rates as low as one-half). These conventional approaches to estimating illicit drug
usage also suffer from two inherent limitations: (a) extreme delays in times before
results can be compiled and reported and (b) costs associated with data collection
and interpretation.

Like public surveys, SF/E also suffers from a large number of sources of poten-
tial error. However, SF/E is in its infancy, and its error derives from variables still
under investigation and which could be better controlled. While conceptually rather
straightforward, the back-calculations used in SF/E are a function of numerous vari-
ables, including demographics, population flows (transient visitors and commuters)
served by a sewage treatment facility, sewage flows, and pharmacokinetics. Com-
bined, these pose a major challenge for modeling to accurately reconstruct dose. The
numerous problems facing SF/E are discussed in Frost and Griffiths (2008). Most
SF/E investigators couple drug concentrations in sewage with per-capita sewage
flows to calculate what is sometimes called “index loads” or “per capita loads,” ex-
pressed as milligram/person/day. Many of the sources of uncertainty are covered by
Banta-Green et al. (2009) and Zuccato et al. (2008b).

Despite the plethora of uncertainties in the many variables involved in SF/E back-
calculations, the ability to provide estimates of near real-time community-wide usage
is something that is not possible with any other known approach. This also opens the
possibility of detecting real-time trends or changes in drug use. Example applications
include verifying reductions in drug use as a result of interdictions, or detecting the
emergence of newly available drugs or overall changes in drug-use patterns. Data on
real-time usage could better inform decisions regarding drug control and mitigation.
Correlating policy actions with resulting society-wide impacts cannot be effectively
done when collected data are significantly delayed in reporting.

Of great potential significance, there is also no apparent technical obstacle to
designing automated continuous monitors for use in sewage collection/distribution
systems. Implementing continuous monitoring to support SF/E would serve to better
inform decisions regarding control and mitigation of drug use.
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Another advantage with SF/E as opposed to population surveys is that not all drug
use is necessarily known to the users themselves, who then unintentionally report to
surveys incorrect drug identities and usage quantities. Illicit-drug users often do not
know the identity or the quantity of the active substances they have consumed because
the purity is unknown. Often the active substance or quantity is not what the distributor
claims. Adulterants are often substituted, in part or in whole, for the purported
drug. One general route of uninformed exposure is the surreptitious incorporation of
designer drugs into otherwise legal OTC diet supplements or recreational or life-style
products. An example is the relatively new (and probably incompletely characterized)
synthetic analogs of the approved phosphodiesterase type-5 (PDE-5) inhibitors (used
primarily in treating erectile dysfunction), such as sildenafil, vardenafil, and tadalafil
(Poonetal., 2007; Venhuis and de Kaste, 2008). The legal registered versions of PDE-
5 inhibitors have only recently been detected in wastewaters (Nieto et al., 2010). The
extent of such adulteration in the drug and supplements industry is unknown, largely
because the targets for analysis are often not known to forensic analysts.

Hagerman (2008) provides a brief history of SF/E research in the United States.
The ONDCP performed the first SF/E monitoring in the United States in 2006,
targeting about 100 wastewater treatment plants (WWTPs) across two dozen regions
(Bohannon, 2007). The first conference devoted to SF/E was organized by EMCDDA
in Lisbon, Portugal in April of 2007 (EMCDDA, 2007). It led to the first published
overview of many of the aspects of the topic (including scientific, technical, social,
privacy, ethical, and legal concerns), as provided by Frost and Griffiths (2008).

1.5.3 Summary of Published Research in SF/E

Overviews and discussion of the SF/E studies published up until 2008 are provided
by Postigo et al. (2008) and Zuccato et al. (2008b). The major published articles
regarding the SF/E approach are compiled in the chronology of Table 1.3. As of the
beginning of 2010, there had been fewer than two dozen studies. All but a handful
have been published after 2007.

Published SF/E studies have been conducted in a number of countries, with as-
sessments at the local, regional, or national levels, primarily in Belgium, Germany,
Ireland, Italy, Spain, Switzerland, the United States (i.e., Oregon), and Wales. To date,
SF/E assessments have focused on a select few parent drugs (primarily cannabis, co-
caine, heroin, and MDMA) using various metabolites. They have been performed
using a broad range of sampling methodologies ranging from single-event discrete
grab sampling to longer-term (e.g., 12-month) integrative continuous sampling over
numerous WWTPs or rivers, servicing regions with populations exceeding millions.
Many of these studies have searched for temporal usage patterns—comparing yearly
seasons or the day of the week (e.g., higher cocaine use on weekends). Usage
rates are reported on various comparative bases, often involving per capita (e.g.,
g/day/1000 population, usually ranging only up to several grams), total consumption
(e.g., tonnes/year/geographic area), or flows (mass/river/day). Discrete monitoring
must acknowledge the cyclic or episodic drug use pattern fluctuations in concentra-
tions that can result from diurnal cycles, seasons, or day of the week. This can be
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TABLE 1.3 Selected SF/E Studies (Arranged Roughly According to Chronology)

Year Title (and reference)

2001 Ilicit drugs in municipal sewage: Proposed new nonintrusive tool to heighten
public awareness of societal use of illicit/abused drugs and their potential for
ecological consequence (Daughton, 2001a)

2005 Cocaine in surface waters: New evidence-based tool to monitor community drug
abuse (Zuccato et al., 2005)

2006 High cocaine use in Europe and US proven — Stunning data for European countries:
First ever comparative multicountry study of cocaine use by a new measurement
technique (Sorgel, 2006)

2007 Using environmental analytical data to estimate levels of community consumption
of illicit drugs and abused pharmaceuticals (Bones et al., 2007)

2008 Occurrence of psychoactive stimulatory drugs in wastewaters in northeastern Spain
(Huerta-Fontela et al., 2008a)

Estimating community drug abuse by wastewater analysis (Zuccato et al., 2008a)

2009 Cocaine and metabolites in waste and surface water across Belgium (van Nuijs
etal., 2009b)

Cocaine and heroin in waste water plants: A 1-year study in the city of Florence,
Italy (Mari et al., 2009)

Monitoring of opiates, cannabinoids and their metabolites in wastewater, surface
water and finished water in Catalonia, Spain (Boleda et al., 2009)

Can cocaine use be evaluated through analysis of wastewater? A nation-wide
approach conducted in Belgium (van Nuijs et al., 2009a)

Ilicit drugs and pharmaceuticals in the environment — Forensic applications of
environmental data, Part 1: Estimation of the usage of drugs in local
communities (Kasprzyk-Hordern et al., 2009a)

Assessing illicit drugs in wastewater: Potential and limitations of a new monitoring
approach (Frost and Griffiths, 2008)

Municipal sewage as a source of current information on psychoactive substances
used in urban communities (Wiergowski et al., 2009)

2010 The spatial epidemiology of cocaine, methamphetamine and
3,4-methylenedioxymethamphetamine (MDMA\) use: a demonstration using a
population measure of community drug load derived from municipal wastewater
(Banta-Green et al., 2009)

Drugs of abuse and their metabolites in the Ebro River basin: Occurrence in sewage
and surface water, sewage treatment plants removal efficiency, and collective
drug usage estimation (Postigo et al., 2010)

particularly pronounced for recreational drugs. Limits of detection (LOD) will dic-
tate the extent to which a monitoring study will produce meaningful data-of-absence
(negative data).

An enormous published literature surrounds the forensic chemistry of illicit drugs.
The numbers of illicit drugs analyzed in the environment, however, is but a small
fraction of those that have been targeted in countless studies published on biological
tissues and fluids for the purposes of forensics and patient compliance monitoring
and for the study of pharmacokinetics in animals. Accurate mass identification of
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unknowns (for example, via LC/TOF—MS) plays a central role especially when
authentic reference standards are not available. While this conventional forensics
literature can serve as a guide for environmental analysis, it is not directly relevant.
There are numerous variables involved with (and impacting) the procedural steps
used in analysis for SF/E, ranging from sampling design and matrix interferences to
analyte determination and need for extremely low limits of detection. Some major
overviews and discussion of the analytical approaches for measuring illicit drugs in
wastewaters and other waters are available (Castiglioni et al., 2008; Postigo et al.,
2008; Zuccato and Castiglioni, 2009).

An issue little addressed in SF/E studies has been the complications posed by
chirality. Possibly the majority of illicit drugs have at least one chiral center (Smith,
2009). The alkaloid truxilline, as an example, occurs in coca leaf as 11 stereoisomers.
Amphetamines can each have a pair of enantiomers, sometimes distinguishing the
licit and illicit forms (as well as dictating toxicology). This may account for a portion
of some of the large variance in estimated amphetamine usage across SF/E studies.
While chiral isomers can pose difficult challenges for analytical chemists, they can
also provide a wealth of forensics information in terms of chemical “fingerprinting,”
for example, in distinguishing legal from illegal origins.

1.6 ILLICIT DRUGS AND ENVIRONMENTAL IMPACT

With the exception of the immediate and overt (as well as hidden) environmental
impacts from clan labs, little is known with respect to the potential actions of illicit
drugs in the environment.

Compared with pharmaceuticals, little attention has been devoted to the environ-
mental fate and transport of illicit drugs. Most illicit drugs have never been monitored
in sewage biosolids or sediments. Doménech et al. (2009) used fugacity modeling to
predict the fate of cocaine and BZE. The microbial degradation of methamphetamine
has been reported by Janusz et al. (2003). Wick et al. (2009) examined biological
removal in activated sludge and found rapid removal for morphine, codeine, dihy-
drocodeine, oxycodone, and methadone but not for tramadol. Two studies report on
the sorption of illicit drugs to sediments (Stein et al., 2008; Wick et al., 2009). Wick
et al. (2009) and Barron et al. (2009) acquired low distribution coefficients (Kg)
for amphetamine, cocaine, cocaethylene, BZE, MDMA, morphine, codeine, dihy-
drocodeine, methadone, and tramadol, showing that removal via sorption to sewage
sludge is possibly negligible.

Far more is known regarding the ecotoxicology of licit pharmaceuticals than of
illicit drugs, especially with regard to low-level mixed-stressor exposures. Almost
nothing is known regarding the potential for biological effects in aquatic systems or
the bioconcentration of illicit drugs in biota. Gagne et al. (2006) report some nominal
effects data for morphine in mussels. The potential for effects from low-level exposure
of fish is further complicated by the complexities in extrapolating across species. The
first in-depth study of an ectotherm with any analgesic (i.e., morphine) comports with
extreme variability between species (Newby et al., 2006).
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1.7 THE FUTURE

Future work addressing the various environmental aspects of illicit drugs in the envi-
ronment would benefit from a comprehensive assessment of what has been accom-
plished to date and what new research needs to be conducted. While the knowledge
base regarding all aspects of illicit drugs in the environment is extremely small com-
pared with that of pharmaceuticals, the body of published data is perhaps sufficiently
large that we risk duplication of efforts while failing to address the more important
remaining gaps or needs (Daughton, 2009a). The first step in ensuring better-targeted
research could be creation of a centralized, publically accessible database of re-
sults from research conducted worldwide. Such data could include environmental
occurrence (sewage influent, effluent, and sludge/biosolids; surface and drinking wa-
ters; air; and money), ecotoxicity, and especially data generated from SF/E studies;
occurrence data should include data of absence (with detection limits).

1.7.1 Advancing the Utility of SF/E

Advancement of SF/E as a topic of research as well as a survey tool could occur
on two fronts. First, numerous improvements could be made to better define and
control the many variables contributing to uncertainty in SF/E back-calculations for
gauging collective drug usage. Needed are standardized methodologies with better
understood and controlled sources of error. This is especially important for facilitating
more meaningful intercomparison of SF/E data.

For SF/E to succeed in gauging illicit drug usage, one variable in particular needs
to be better understood—the pharmacokinetics (PK) of each drug, especially as it
pertains to the excretion of parent drug and metabolites (especially conjugates). PK
parameters are key to accurate dose reconstruction. While excretion rates for many
pharmaceuticals are not well-defined, even less is known regarding the PK of illicit
drugs. PK and its poorly defined variance among a population contributes great uncer-
tainty to the back-calculations used with SF/E. A comprehensive sensitivity analysis
(which has yet to be performed) would probably reveal that small changes in vari-
ables, such as excretion rates (especially for extensively metabolized drugs), can lead
to large errors in SF/E calculations. For those drugs/metabolites with highly variable
excretion rates, the error range could be substantial. As a case in point, with a study
of 12 methamphetamine addicts, the urine ratio of amphetamine/methamphetamine
ranged over two orders of magnitude, from 0.03 to 0.56 (Kim et al., 2008). This
would also prove problematic for allocating amphetamine loadings in sewage to
methamphetamine use versus medical use. A host of factors contributes to PK vari-
ability, including route and size of dose, gender, age, body mass, kidney and liver
function, chronobiology, diet, polypharmacy interactions, and genetics/epigenetics
(namely pharmacogenomics, which dictates the spectrum of PK variability). Simi-
larly, it is important to be able to distinguish bacterial transformations in sewage (and
the ambient environment) from those of human metabolism (Boleda et al., 2009).

Other ways to reduce the error boundaries in SF/E calculations could be viewed
as analogous to internal correction methods, such as isotope dilution or standard
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additions. For example, instead of using correction factors based on modeling as-
sumptions for dilution by waste streams and sewage transformations, correction
factors could possibly be empirically derived by monitoring particular pharma-
ceuticals. Pharmaceuticals that would be most useful for “calibrating” a WWTP
system would be those that (i) are widely prescribed, (ii) are not abused or used
recreationally, (iii) have real-time prescribing/sales data, (iv) are known to have
high patient compliance (minimal leftovers, resulting in little disposal into sewers)
and are used in short-term courses (not maintenance medications), (v) have a po-
tential similar to that of the target illicit drug with regard to biodegradation and
sorption to sewage solids, and (vi) have well-understood pharmacokinetics (prefer-
ably poorly metabolized, resulting in extensive excretion unchanged). By compar-
ing the known consumption rates of the pharmaceutical calibrant (from prescribing
databases) with the levels actually detected in the sewage stream, more accurate
correction factors could possibly be derived and then applied to the illicit drug. By
gathering long-term time-course data for the calibrant pharmaceutical, even more
uncertainty could possibly be removed from the calibration factor. This approach,
however, cannot remove the confounding of dual inputs from excretion and dis-
posal of the targeted illicit drug; the latter, however, probably leads to episodic
spikes in underlying baseline levels, which would become clearer with sustained
monitoring.

Second, the current scope of SF/E could possibly be expanded to tackle ques-
tions other than simply monitoring or gauging illicit drug consumption. Unexplored
possibilities range from early detection of emerging trends in abuse of mainstream
pharmaceuticals and in their illegal trafficking (e.g., from diversion or Internet pur-
chases) to better gauging medication compliance rates for patients. For example, with
access to real-time local prescribing data, those pharmaceutical ingredients in sewage,
whose back-calculated usage rates are substantially higher than the prescribed rates,
could be targeted for investigating the possibility of illegal trafficking. A possible
example can be seen in the data presented by Kasprzyk-Hordern et al. (2009a; see
Table 7 therein), where calculated usage rates for over two dozen prescribed and OTC
pharmaceuticals are compared with known nationwide (not local) dispensing rates.
Of these drugs, the calculated average usage rates exceeded the national average
sales by over an order of magnitude for only one drug: tramadol. Indeed, tramadol
(an opioid) is recognized for its growing incidence of misuse and abuse. Real-time
prescribing data are greatly confounded, however, by the inability of current tracking
systems to correlate location of dispensing with place of actual use (e.g., because of
transient populations and mail-order prescribing). Another expanding source of data
that could potentially be used to verify calculated usage rates is the growing network
of collection programs that take back leftover medications [see Glassmeyer et al.,
[2009)].

An important aspect of SF/E for illicit drug use is that it has set the foundation
for the use of SF/E for other purposes—some unrelated to drug use. A fascinat-
ing possibility would be the use of sewage monitoring for measuring indicators of
community-wide health status via the presence of various biomarkers of health or
disease.
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CHAPTER 2

METABOLISM AND EXCRETION OF
ILLICIT DRUGS IN HUMANS

MANUELA MELIS, SARA CASTIGLIONI, and ETTORE ZUCCATO

2.1 INTRODUCTION

Drug abuse is a worldwide phenomenon. According to official statistics, between
172 and 250 million people have used illicit drugs at least once in 2007 (UNODC,
2009). However, estimating the real number of subjects who useiillicit drugsis dif-
ficult. The prevalence of drug abuse is currently estimated integrating both direct
approaches, mainly based on population surveys and consumer interviews, and indi-
rect approaches based on drug-related indicators (that is, drug-related morbidity and
mortality or treatment demand). Theformer are often unreliable, sincethey arerelated
to the willingness of subjects to report their habits related to an illegal and usually
stigmatized behavior, that is, the use of illicit substances. On the other hand, indirect
estimates, do not refer to the general population, but mainly to heavy drug users.
Moreover, these methods are time-consuming, complex, and require considerable
resources.

A new methodol ogy, whichisdescribed in thisbook (see Chapter 16), wasrecently
developed to estimate drug consumption in a population by measuring the residues
of the drugs conveyed in wastewater after consumers excretion. This method has
been applied in several communities, providing evidence-based estimates of drug
consumption, which were in line with national profiles of drug use based on annual
prevalence data. This novel method was proposed to complement official data giving
amore complete picture of thisissue (Zuccato et a., 2008) and its potential was later
considered and al so discussed by the European Monitoring Centrefor Drugsand Drug
Addiction (EMCDDA, 2008). Estimates of drug consumption obtained by wastewater
analysisarebased on direct measurement of theresidues of drugs, excreted unchanged
in urine (parent drug) or as metabolites and conveyed with the wastewater to the
treatment plants. For instance, cocaine consumption has been estimated by measuring

Ilicit Drugsin the Environment: Occurrence, Analysis, and Fate Using Mass Spectrometry, Edited by
Sara Castiglioni, Ettore Zuccato, and Roberto Fanelli
Copyright © 2011 John Wiley & Sons, Inc.
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its mgjor urinary metabolite, benzoylecgonine, and the same was true for heroin and
cannabis, which were estimated by analyzing their metabolites; amphetamines were
back-cal culated using level sof the parent compounds. Extensive knowledge of human
metabolism of illicit drugsis, therefore, essential to apply this new approach. In this
chapter, we will review the available knowledge on human metabolism of the major
illicit drugs. It will focus on identifying the target metabolites, which can be used to
estimate drug consumption in the population using wastewater analysis.

2.2 COCAINE

Cocaineisan alkaloid extracted from the Erythroxylon coca bush, which growsinthe
Andes Mountains, Mexico, Indonesia, and the West Indies. In particular, the bush’s
leaves show the highest concentrations of cocaine, approximately 2% by weight. In
the 1800s, cocaine wasfirst used as an anesthetic and analgesic drug. However, it also
caused behavioral responses, such as euphoria, excitation, agitation, and addictive
behavior. During the 1980s, cocaine became one of the most abused illicit drugs.
The UNODC estimated that in 2007 the annual prevalence of cocaine use worldwide
ranged from 0.4% to 0.5%, equivalent to 16 to 21 million people aged 15—64 years
(UNODC, 2009). Recent estimates suggest that the largest market is North America,
followed by western and central Europe and South America.

Cocaine is used in two chemica forms: cocaine hydrochloride, usualy snorted
(the dose varies between 20 and 100 mg, but can be much higher in heavy users) or
injected, and cocaine as free base (crack), usually smoked (Goldstein et al., 2009).
An average dose of cocaine (Table 2.2) was reported as 100 mg (UNODC, 2004).

The human metabolic pattern of cocaine, including al the main urinary and
pyrolytic metabolites, is summarized in Fig. 2.1 and Table 2.1.

After ingestion, cocaine is primarily metabolized by three esterases: pseudocho-
linesterase-2, human carboxylesterase-1 (hCE-1), and human carboxylesterase-2
(hCE-2) (Maurer et a., 2006). Cocaine is hydrolyzed in liver mainly by hCE-1
to benzoylecgonine, the primary metabolite excreted in urine, or in blood or plasma
by pseudocholinesterase-2 and hCE-2 to ecgonine methy! ester. In urine, benzoylec-
gonine and ecgonine methyl ester represent, respectively, 45% and 40% of the ad-
ministered dose (Baselt, 2004). Moreover, cocaine is excreted as the unchanged drug
in urine for 1% to 9% of the administered dose, depending on the pH of the urine,
and is detectable in thisform up to 24—36 h (Goldstein et al., 2009). The elimination
half-life of cocaine and benzoylecgonine from plasma are 1 and 6 h, respectively
(Goldstein et al., 2009); benzoylecgonineisfound in urinefor 1 to 2 days after an 1V
(intravenous) injection of a 20-mg dose, while after a higher dose, taken intranasally,
is detectable up to 2— 3 days (Verstraete, 2004). Norcocaine, which isformed by hep-
atic N-demethylation of cocaine, accounts to no more than 5% of the adsorbed dose
(Goldstein et a., 2009) in urine and has been detected in plasma and urine in trace
amounts (Baselt, 2004). The oxidative metabolism of cocaine to horcocaine consists
of two different pathways. In the first one, cocaine can be directly N-demethylated
to norcocaine by the enzyme CY P (cytocrome P450) 3A4. In the second, it is first
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FIGURE 2.1 Metabolism of cocaine in man including all the main urinary and pyrolytic
metabolites.

oxidized to N-oxide by a flavin-containing monooxygenase, followed by a CYP-
catalyzed N-demethylation (Maurer et a., 2006). Norcocaine is the only metabolite
that shows an activity comparableto cocaine (Hawks et a., 1974). In 1977, Williams
and co-workers demonstrated that cocai ne and norcocaine are equipotent inhibitors of
the uptake of dopaminein therat brain. One to three percent% of urinary metabolites
are the N-demethylation products ecgonine, norbenzoylecgonine, and norecgonine
(Goldstein et al., 2009). Fecal excretion represents a minor route of elimination of
cocaine and its metabolites.

Cocaine is often used together with other substances, including alcohal. It is
estimated that between 50% to 90% of cocaine users simultaneously ingest cocaine
and ethanol (Goldstein et al., 2009; Farooq et a., 2009). The transesterification of
these two substances catalyzed by hCE-1 producesthe active metabolite cocaethylene
(Maurer et al., 2006). It accounts for 0.7% of a cocaine dose in 24-hurine, with a
plasma elimination half-life of about 150 min (Baselt, 2004; Goldstein et a., 2009).
Cocaethylene is less active than cocaine, but has a much longer duration of action
and can be neuro- and cardiotoxic (Baselt, 2004; Goldstein et a., 2009). It has a
biological activity on dopaminergic neurons similar to cocaine and acts on the same
receptors. Moreover, it is at least equipotent to cocaine in stimulating motor activity
(Deanetal., 1992; DeLaTorreet a., 1995; Jatlow et a., 1996). According to Harris
et a. (2003), about one-sixth of a cocaine dose is transformed into cocaethylene
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during human metabolism; the rate of biotransformation of cocaine to cocaethylene
increases proportionally to the dosage. Farre et al. (1997) reported that the amount
of ethanol involved in cocaethylene synthesis was not proportional to the level of
alcohol in plasmaand that the concentration of cocaethyleneincreased slowly. Similar
to cocaine, cocaethylene is N-demethylated to norcocaethylene and the rate of this
reaction isthreefold greater than the rate of the cocaine to norcocaine reaction (Farre
et al., 1997; Harris et d., 2003).

When cocaine is smoked as crack, it is typically put on a screen in a pipe and
a flame is drawn across it as the smoker inhales. The pyrolytic degradation starts
at 170°C and, since cocaine has a melting point of 98°C, it travels away from the
flame and cools. The vapor then condenses, forming smoke, which is an aerosol
composed of cocaine base droplets and associated pyrolysis products (Wood et a.,
1995). The main pyrolytic product of cocaine is methylecgonidine (anhydroecgo-
nine methyl ester) and it is consumed together with cocaine. The amount formed
during pyrolysis depends on the pyrolytic conditions and composition of cocaine
(Maurer et a., 2006). Methylecgonidine has three main metabolites: ecgonidine (an-
hydroecgonine), its N-demethylation product, norecgonidine (noranhydroecgonine),
and ethylecgonidine (anhydroecgonine ethyl ester). The presence of these metabolites
in urine might be a potential marker indicating the smoking route of administration
of cocaine. An experiment comparing various routes of administration showed that
subj ectsreceiving cocaine by smoking excrete methylecgonidine in the urine at about
one-half the amount of cocaine (Peterson et a., 1995). On the contrary, those sub-
jects who were administered cocaine by intravenous or intranasal routes had much
lower amounts of methylecgonidine than cocaine in their urine (Peterson et al.,
1995).

Crack smocking is generally preferred to intravenous administration, although the
rapid penetration into bloodstream is similar to intravenous administration, because
of the easy and convenient smoking route and the avoidance of needles and asso-
ciated diseases. On the other hand, intranasal administration produces lower blood
concentrations, but over amore prolonged time, because of a slower absorption rates.
The bioavailability of smocked cocaine is high (approximately 70%) considering
the possible loss of cocaine during smoking and its pyrolysis to methylecgonidine
(Cone, 1998). Intranasal administration also results in high bioavailability (approxi-
mately 94%), but peak concentration are considerably lower than from IV or smoked
administration (Cone, 1998).

Cocaine and its main metabolite benzoylecgonine were initially selected as target
residuesto bemeasured in environmental media(waste- and surfacewater). L ater, sev-
eral other metabolites were investigated, such as ecgonine methyl ester, norcocaine,
norbenzoylecgonine, cocaethylene, and the pyrolytic metabolites, methylecgonidine
and ecgonidine. The presence of these substances in urban wastewater can be used
to measure cocaine consumption and to identify consumption routes (presence of
pyrolytic metabolites when cocaine is smoked as crack) and different consumption
patterns (consumption of cocaine together with acohol, indicated by the presence of
cocaethylene).
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2.2.1 Cannabinoids

The United Nation Office of Drug and Crime (UNODC) estimated that between
143 and 190 million people globally used cannabis at least once in 2007 (UNODC,
2009). The most relevant species of cannabis are Cannabis sativa (the largest vari-
ety), C. indica, and C. ruderalis. There are three main types of cannabis products:
herb (marijuand), resin (hashish), and oil (hashish ail). The plant of Cannabis con-
tains more than 460 chemicals, among which more than 60 are grouped under the
name of cannabinoids. A °-Tetrahydrocannabinol (THC) is the primary hallucino-
genic constituent of Cannabis mainly responsible for its psychotropic effects (Ben
Amar, 2006). THC is a lipophilic compound and can accumulate in fat tissues as a
function of the amount and frequency of smoking and cannabis potency (Cone and
Huestis, 1993). The redistribution of THC from fat tissuesto blood istherate-limiting
step in its metabolism.

THC is administered either orally or by smocking in approximate dose of 5 to
20 mg (Table 2, Baselt, 2004) or higher. Only about 22% of the THC contained in a
cigarette may be recovered from the smoke; however, during the smocking process,
a portion of inactive constituent, such as tetrahydrocannabinol carboxylic acid and
cannabidiol, can be converted to THC (Baselt, 2004).

The human metabolism of THC, including all its main metabolites, is reported in
Fig. 2.2 and Table 2.1.

After consumption, THC israpidly metabolized by hepatic metabolism (cytocrome
P450-CY P enzymes) to 11-hydroxy-THC (11-OH-THC), a pharmacologicaly ac-
tive metabolite, the inactive metabolite 11-nor-9-carboxy-A °-tetrahydrocannabinol
(THC-COOH), and to various other cannabinoids (Huestis and Cone, 1998). 11-
OH-THC is formed by CYP2C9 and further oxidized to the intermediate aldehyde

A9-THC 11-hydroxy-A9-THC 11-nor-9-carboxy-A9-THC

8-hydroxy-A9-THC 8,11-dihydroxy-A9-THC

conjugation

FIGURE 22 Metabolism of A °-tetrahydrocannabinol (THC) in man.
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11-oxo-THC (Fig. 2.2), followed by oxidation to THC-COOH catalyzed by amicro-
somal aldehyde oxygenase of the CYP2C subfamily (Maurer et al., 2006). 11-OH-
THC may contribute to the psychoactive effects of THC when cannabis is admin-
istered orally, as a result of the amounts of 11-OH-THC produced by first-passage
metabolism (Cone and Huestis, 1993). About 70% of a dose of THC is excreted
within 72 h in feces and uring, mainly as metabolites. THC-COOH is the primary
metabolite excreted in urine, 11-OH-THC (as a conjugate) accounts for only 2% of
a dose, and unchanged THC is present only in traces in urine (Baselt, 2004). Most
of the THC-COOH is conjugated and excreted as the water-soluble glucuronic acid
(Huestis and Cone, 1998). However, after excretion, it is readily hydrolyzed back in
wastewater to the free acid by the B-glucuronidases of fecal bacteria, as shown for
glucuronide conjugates of estrogensin untreated wastewater (D’ Ascenzo et al., 2003)
and during wastewater treatment (Ternes et al., 1999). Smoking cannabis results in
the rapid appearance of THC in blood. A THC concentration of 7 and 18.1 ng/mL
was observed after afirst inhalation of smoke from 1.75% and 3.55% THC cannabis
cigarettes, respectively (Cone, 1998).

THC concentrations in blood reached a peak generally before the end of the
smoking period and the bioavailability of THC for smoking cannabis was from 14%
to 27%; following oral ingestion bioavailabilty was from 6% to 19% (Cone and
Huestis, 1993). Estimates of the plasma half-life of THC ranged from 18.7 h to 4.1
days and the half-life of THC among occasional userswastwice aslong asthat found
among experienced cannabis users (Cone and Huestis, 1993). During the smoking
period, 11-OH-THC concentration remained low relative to THC and its maximum
concentration was achieved 15 min after initiation of smocking. THC-COOH con-
centration increased slowly and remained elevated for an extended period of time
(Cone, 1998); peak THC-COOH concentrations occurred between 5.6 and 28 h after
smoking (Huestis and Cone, 1998). Generally, plasma peak THC concentrations are
approximately 3 times greater than peak THC-COOH concentration and 20 times
greater than peak 11-OH-THC concentration (Cone, 1998).

After having smoked cannabis, THC-COOH presents a long plasma half-life,
about 20 to 50 h in occasional users and 3—13 days in regular users (Verstraete,
2004). In urine, THC is detectable for 10 h [limit of detection (LOD) 10 ng/mL]
and THC-COOH can be detected for 25 days (LOD 5 ng/mL) (Verstraete, 2004).
Approximately 15% —30% of aTHC dose has been reported to be eliminated in urine
and 30%— 65% in feces as 11-OH-THC and THC-COOH (Huestis and Cone, 1998).
Cannabis herb comprises the dried and crushed flower heads and surrounding leaves
and often contains up to 5% THC (UNODC, 2009). Cannabis resin can contain up to
20% THC. However, the most potent form of cannabisis cannabis oil, obtained from
the concentrated resin extract. It may contain more than 60% THC (UNODC, 2009).
Acute cannabis effects are highly variable among individual s, also depending on their
health conditions. Cannabisofteninducesmild euphoria, talkativeness, intensification
of sensory experiences, difficulty in concentrating, altered time perception, relaxation,
and drowsiness (Ben Amar, 2006; Schierenbeck et a., 2008). Cannabis also induces
an increased heart rate, a lowering of blood pressure, because of vasodilatation,
appetite stimulation, dry mouth, and dizziness (Baker et al., 2003).
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THC is aso available as a prescription drug, generally as the synthetic form,
dronabinol. Some studies reported that treatment with dronabinol leads to improve-
ment in both appetite ratings and food consumption levels (Kirkham, 2005). Con-
sequently, it is used in stimulating appetite and preventing weight loss in cancer
and AIDS patients. However, its use in these diseases is still debated, because some
authors reported immunosuppressive properties of cannabinoids (Ben Amar, 2006).
Nabilone, another synthetic analog of THC, has also shown an antiemetic effect.
It was used for the treatment of nausea and vomiting associated with chemother-
apy. Levonantradol, a synthetic cannabinoid administered intravenously, has also
shown antiemetic property, but its adverse effects on central nervous system has
limited its use (Hutcheon et a., 1983; Ben Amar, 2006). Cannabis use asillicit drug
seems to be increasing in severa countries in Latin America and Africa, whereas
in the established markets of North America and western Europe the levels of use
are dightly declining, particularly among young adults (UNODC, 2009). Among
users, itispossibleto identify: occasional users (45%), who share cannabis cigarettes
four times per year on average (0.6 g/year); regular users (41%) who use more ad-
vanced inhaling techniques with higher frequency, on average, 100 times per year
(15 g/ year); daily users (9%) who use one to four cannabis cigarettes per day (320
glyear); and chronic users (4%) who smoke ten cigarettes per day (1825 g/year)
(UNODC, 2009).

The main urinary metabolite of THC, THC-COOH, was selected as a target
compound to estimate cannabis consumption by wastewater analysis. OH-THC and
THC were also used, but because of their lipophilic characteristics, they were not
easily found in wastewater.

2.2.2 Amphetamine-Type Stimulants (ATS)

AT Sincludethe amphetamine-group substances, consisting of methamphetamine and
amphetamine, and the ecstasy-group substances, consisting mainly of 3,4-methylene-
dioxymethamphetamine (ecstasy or MDMA), 3,4-methylene-dioxyamphetamine
(MDA), 3,4-methylenedioxy-N-ethylamphetamine (MDEA), and N-methyl-1-(3,4
methylenedioxyphenyl)-2-butanamine (MBDB)(UNODC, 2009).

In 2007, UNODC estimated that between 230 and 640 tons of ATS were man-
ufactured. The ecstasy group manufactured was between 72 and 137 tons. These
substances can be produced anywhere at relative low cost and the locations of pro-
duction can rapidly change. Worldwide, between 16 and 51 million people aged
15—64 years have used amphetamine-group substances at least once in 2007 (an-
nual prevalence 0.4%—1.2%), whereas the number who used ecstasy-group drugs
is between 12 and 24 million (annual prevalence 0.3%—0.5%) (UNODC, 2009). It
is possible to identify different regional patterns of use for ATS: users primarily
consume methamphetamine in east and southeast Asia; amphetamines are consumed
in Europe (UNODC, 2009). In the United States, about one-half of stimulant users
consume methamphetamine. Moreover, methamphetamine use levels are currently
higher in the United States than Europe. This was also confirmed by wastewater
analysis (Banta-Green et a., 2009).
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FIGURE 2.3 Metabolism of amphetamine-type stimulants (ATS) in man.

Amphetamine and related substances show symphaticomimetic and CNS stimu-
lant activity. Amphetamines are indirect monoamine agonists and interact with the
membrane transporters involved in neurotransmitter reuptake and vesicular storage
systems. Therefore, they stimulate the rel ease of norepinephrine, dopamine, and sero-
tonin from presynaptic terminalsin the CNS and at the peripheral level (DeLaTorre
et a., 2004). Methamphetamine and the methylenedioxy derivatives (MDA, MDMA,
MDEA, MBDB) caninhibit the activity of enzymes of dopamine or serotonin biosyn-
thesis (De LaTorre et a., 2004).

The main ATS substances are listed in Table 2.1 and their human metabolism is
reported in Fig. 2.3.

2.2.3 Amphetamine-Group Substances

The amphetamine group is one of the most abused classes of psychotropic drugs.
The usual dose of amphetamine and methamphetamineis 10 —30 mg (Table 2.2), but
the doses can be aso much higher, up to 2000 mg/die for amphetamine (Verstraete,
2004).

Amphetamine is a sympathomimetic phenethylamine derivative that has central
stimulant activity. It is available as the d- or dl-isomeric form, having the d-isomeric
form 3—4 times the central activity of the I-form (Baselt, 2004). It has been used in
the treatment of obesity, narcolepsy, and hypotension, but now it is mainly used as
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TABLE 2.2 Route and Average Dose of Administrations of the Drugs

Drug Route of Administration Mean Dose
Cocaine Snorted, injected, smocked 20—100 mg
Cannabinoids (THC) Ora ingested or smocked 5-20mg THC
125mg THC
Heroin Smocked, injected, subcutaneous injection, snorted 30 mg
Methamphetamine ~ Smocked, snorted, oral ingested, injected 10—30 mg/die
Amphetamine Oral ingested 10—30 mg/die
MDMA Oral ingested 100—150 mg
MDA Oral ingested 50—250 mg
MDEA Oral ingested 50—250 mg

illegal substancefor its stimulant activity (Baselt, 2004). Amphetamine is most often
consumed orally, either as (S)-(+)-enantiomer (d-isomer) or the racemic mixture.
After an oral dose, amphetamine is rapidly adsorbed, with amean maximum plasma
concentration within 4 h after ingestion (De La Torre et al., 2004). Amphetamine
is oxidatively deaminated by monoamine oxidase (MAQO) and this reaction is cat-
alyzed by the cytocrome P450 (CYP) isoenzyme CYP2C (Kraemer and Maurer,
2002). Moreover, the ring hydroxylation of amphetamine and methamphetamine is
mediated mainly by CYP2D6 (Kraemer and Maurer, 2002). It is normally excreted
in unchanged form (30%—74% of adose) in urine (Baselt, 2004). Daviset a. (1971)
have demonstrated that the rate of decline of plasma levels of amphetamine and
the rate of its excretion into urine are markedly influenced by urinary pH. This
has a relevant clinical application in the treatment of overdoses, since the acidi-
fication of the urine is useful to accelerate its excretion. Amphetamine is aso a
metabolite of other drugs such as fenethylline, fenproporex, and methamphetamine
(Baselt, 2004).

Methamphetamine, the N-methyl derivative of amphetamine, is a popular illicit
drug worldwide with an annual prevalence estimated at 0.4%. Its use among adultsis
14%inthePhilippines, 3.2%in Australia, and 0.8%in the United States (Cruickshank
and Dyer, 2009). Most synthetic proceduresfor illicit manufacture lead to production
of relatively pure d-methamphetamine, but some methods result in d/I mixtures. The
|-isomer isless potent and can be used as nasal inhaler decongestant product (Huestis
and Cone, 2007). At low doses used in clinica experiments (5—30 mg), metham-
phetamine responses include reduced fatigue, positive mood, euphoria, accelerated
heart rate and cardiovascular effects, elevated blood pressure, reduced appetite, pupil
dilatation, increase of temperature, behavioral disinhibition, and short-term improve-
ment in cognitive domains, including sustained attention and anxiety (Cruickshank
and Dyer, 2009). M ethamphetamine al so enhances performance on some psychomo-
tor/cognitive tasks, such as visuospatial processing, vigilance, and reaction time
(Hart et al., 2008). Currently, there are only few accepted medical treatments for
pharmaceutically derived d-methamphetamine, such as attention deficit disorder and
short-term treatment of obesity (Huestis and Cone, 2007).
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d-Methamphetamine as an illicit drug is available in different forms and can
be smocked (bioavailability 67%—90% in function of smocking technique), snorted
(bioavailability 79%), orally ingested (bioavailability 67%), or injected (Cruickshank
and Dyer, 2009). Methamphetamine is rapidly absorbed by all routes, but the onset
is faster by the IV and smocked routes. The primary site of metabolism is the liver
by aromatic hydroxylation, N-demethylation (to form the metabolite amphetamine),
and deamination (Huestis and Cone, 2007; Kim et a., 2004). Maximum metham-
phetamine concentrations in plasma were shown to occur at 2.7 and 2.5 h &fter
intranasal and smocked doses. The elimination half-life was 11.4 h for an intra-
venous dose and 10.7 h for an intranasal and a smocked dose (Kim et a., 2004;
Cruickshank and Dyer, 2009). Methamphetamine is amost entirely (70%—90%)
eliminated in urine, depending on pH (Schepers et al., 2003; Cruickshank and Dyer,
2009). It isexcreted mainly unchanged (43% of adose) and partially asamphetamine
(4%—7% of a dose) in the 24-h urine (Baselt, 2004). However, the percentage of
excretion of methamphetamine as an unchanged drug is affected by urine pH and,
when it is akaline, only 2% of methamphetamine is excreted unchanged. When
the pH is acid (pH <5) the percentage excreted as unchanged drug is up to 76%
(Oyler et a., 2002). In urine at pH 6—8, 22% of a dose is eliminated as unchanged
drug, 15% as p-hydroxymethamphetamine, 4%—7% as amphetamine, and 1% as
p-hydroxyamphetamine (Schepers et al., 2003). Moreover, the fraction of metham-
phetamine excreted unchanged in urine decreases with the increased dose, which
is not proportional to the percentage of drug absorbed (De La Torre et a., 2004).
During phase-11 biotransformation, the majority of p-hydroxymethamphetamine and
p-hydroxyamphetamine is conjugated with glucuronic acid. Quantitatively minor
products are phenylacetone and the hydroxylation products of amphetamine and
p-hydroxyamphetamine (Schepers et al., 2003).

2.2.4 Ecstasy-Group Substances

Thisgroup includes the ring-substituted derivative of methamphetamine, (MDMA or
ecstasy), and amphetamine, (MDA, MDEA, and MBDB). These substances areillicit
recreational drugs in Europe and the United States. They are stimulatory drugs and
have al been reported to produce similar central and peripheral effects in humans,
but with different potency, time of onset, and duration of action (Hegadoren et al.,
1999). The positive effects of MDMA are euphoria and increased energy. This drug
was used as an adjunct to psychotherapy for its ability to encourage openness of
emotional expression and to facilitate interpersonal communication and intimacy
(Hegadoren et al., 1999). MDA induces marked sympathomimetic effects, CNS
stimulatory activity, and convulsions at high doses. It was used in clinical practice
for its antitussive, ataractic, and appetite suppressant properties (Hegadoren et al.,
1999).

The typical doses (Table 2.2) are 100—150 mg for MDMA and 50—250 mg for
MDA and MDEA (Baselt, 2004). The onset time is 30—60 min for MDA and within
30minfor MDMA and MDEA.. Duration of actionislonger for MDA (about 8 h) than
MDMA (about 6 h) and MDEA (about 3—4 h) (Hegadoren et al., 1999). The half-life
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of MDMA in plasmais approximately 7 or 8 h and it is detectable in urine for more
than 48 h after administration of 100 mg. For MDEA, the urinary detection time after
administration of 140 mg varied between 1.4 and 2.6 days. Unchanged MBDB was
excreted in urine after a single dose of 100 mg. The drug and its N-demethylated
metabolite, BDB, were detectable in urine during the first 36 h (De La Torre et d.,
2004; Verstraete, 2004).

These substances undergo predominantly two metabolic pathways: O-demethyle-
nation to dihydroxy derivatives (catechol) followed by methylation and/or glu-
curonidation/sulfatation of one of the hydroxy groups (catalyzed by catechol-O-
methyltransferase-COMT) and N-deakylation, deamination, or oxidation of the
side chain to N-dealkyl and deaminooxo metabolites (Maurer et a., 2000). These
metabolic pathways are mainly regulated by cytocrome P450 (CY P) isoenzymes, but
aso by CY P-independent mechanisms (Maurer et al., 2000). Demethylenation of al
these compounds is mainly catalyzed by CYP2D6/1 and CY P3A2/4 isoenzymes. N-
Demethylation of MDMA and MBDB is catalyzed in humans and rats by CYP1A2
and only to a minor extent by the polymorphic CYP2D6/1. In addition, MBDB
is N-demethylated by CYP3A2/4. N-Deethylation of MDEA is predominantly cat-
alyzed in rats and humans by CYP3A2/4 (Maurer et a., 2000; Kraemer and Maurer,
2002). N-Deakylation in humans is catalyzed mainly by CYP1A2 for MDMA and
by CYP3A4 for MDEA (Maurer et al., 2000).

MDMA and MDA are both O-demethylenated, to 3,4- dihydroxymetham-
phetamine (HHMA) and 3,4-dihydroxyamphetamine (HHA), respectively (Perfetti
et al., 2009). MDMA is metabolized for 80% in the liver and about 20% of the
dose is excreted unatered in urine (De La Torre et a., 2004). A single ora
dose (100—125 mg) is eliminated in 24-h urine as MDMA (26%), MDA (1%,
3-methoxy-4-OH-methamphetamine (23%), 3,4-di-OH-methamphetamine (20%),
and 3-methoxy-4-OH-amphetamine (0.9%). Within 3 days, urinary excretion ac-
counted for 65% of the dose as parent drug and 7% as MDA (Baselt, 2004).
MDEA, after a single oral dose, is largely eliminated in 32-h urine as parent drug
(19% of the dose), MDA (28%), 4-hydroxy-3-methoxyethylamphetamine (HMEA)
(32%), and trace amounts of at least eight other metabolites (Baselt, 2004). MDA
is a minor metabolite of MDMA and seems to be excreted mainly unchanged
(Baselt, 2004).

All the substances listed above have been measured in untreated wastewater and
other environmental matrices. Amphetamine, methamphetamine, and MDMA parent
compounds have been used as target residues for wastewater analysis.

2.3 OPIOIDS

The number of persons who used opiates in 2007 was between 15.2 and 21.1 mil-
lion people worldwide (UNODC, 2009). More than one-half of the world's opiate
users live in Asia. The highest level of use (in term of proportion of the population
aged 15—64) are found along the main drug trafficking routes close to Afghanistan.
Afghanistan is the world’s largest producer of opium, followed by Myanmar and
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Lao People's Democratic Republic. Opium poppy cultivations were also reported in
Bangladesh, India, Nepal, Thailand, Vietnam, Colombia, Mexico, Peru, Guatemala,
Venezuela, Baltic countries, Balkan countries, Egypt, Irag, Lebanon, Russian Feder-
ation, Ukraine, central Asia, and Caucasus regions.

Europe has an estimated 3.4—4 million opiate users (around 0.6%—0.7% of the
population aged 15—64), between 1.2—1.5 million of them live in western and
central Europe and between 2.2—2.5 million in eastern and southeastern Europe. The
majority of usersin western Europe are estimated to be in the UK, followed by Italy,
France, Germany, and Spain.

Opioids have been the mainstay of pain treatment for thousands of years. In
ancient times, opium, which is derived from the juice of the opium poppy, Papaver
somniferum, was used to fight cough and diarrhea, and to relieve pain through its
euphoria-inducing properties (Nichol son, 2003). Opium contains more than 20 active
alkaloid compounds, of which morphine is the most potent and was the first to be
isolated in 1806 (Nicholson, 2003; Smith, 2009). Papaver setigerum is also able
to produce morphine. Currently, opioids are used in the management of cancer
and postoperative pain (Smith, 2009). Buprenorphine and methadone, are used in
mai ntenance treatment programs for opioid dependence and opioid antagonists (such
as, naloxone and naltrexone) are used to reverse the symptoms of opioid intoxication
and as adjuncts in the treatment of alcohol dependence (Coller et a., 2009). Long-
term use of opioids can be problematic because of the rapid development of profound
tolerance to analgesic effects coupled with a slow development of tolerance to the
numerous side effects that eventually limits the dose increase and analgesic efficacy
(Dumas and Pollack, 2008).

These drugs exert their pharmacological effects by acting on the opioid receptor
(MOP), agroup of G-protein-coupled receptors. There arethreetypes of opioid recep-
tors, mu, delta, and kappa (Suzuki and Misawa, 1997). Opioids have quite different
affinities for MOP and potency is sometimes classified as low or high (Coller et d.,
2009). Side effects include respiratory depression, constipation, sedation, tolerance,
nausea, vomiting, itch, dry mouth, and addiction (Thorn et a., 2009).

Opioids can be classified according to structural similarity with morphine in
semisynthetic and synthetic derivatives. Structurally similar, semisynthetic morphine-
like derivativesaswell asstructurally distinct opioids have been synthesized to search
for compounds able to improve anal gesi ¢ effects that minimize side effects. Semisyn-
thetic derivatives include morphine-related agonists (hydromorphone, hydrocodone,
oxycodone, oxymorphone, and codeine), and morphine-related partial agonist and
antagonists (buprenorphine, naloxone, and naltrexone). Synthetic derivativesinclude
phenylpiperidines (meperidine and loperamide), diphenylpropylamines (methadone
and propoxyphene), and piperidines (fentanyl, alfentanyl, sufentanil, and remifen-
tanil) (Dumas and Pollack, 2008).

Most opioids undergo extensive first-step metabolism in the liver before entering
the systemic circulation and this step reduces the biocavailability of these drugs.
All opioids are metabolized through two major enzyme systems, CYP450 during
the phase-l metabolism and uridine diphosphate glucuronosyltransferases (UGT)
(mainly UGT2B7) during the phase-11 metabolism (Smith, 2009).
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6- Acetylmorphine

Morphine
FIGURE 2.4 Metabolism of heroinin man.

2.3.1 Heroin

Heroin (3,6-diacetylmorphine or diamorphine) was originally synthesized from mor-
phine and is regarded as one of the most dangerous drugs of abuse. The human
metabolism of heroin is presented in Fig. 2.4; its main metabolites are reported in
Table 2.1. Itisrapidly deacetylated to 6-acetylmorphine, which isfurther hydrolyzed
to morphinein the liver. The first reaction is catalyzed by blood esterases, while the
second occursin the liver (Baselt, 2004).

Heroin is usually administered as the hydrochloride salt by intravenous or sub-
cutaneous injection, nasal insufflation, or inhalation (Baselt, 2004). Bioavailability
of inhaled herain, following sublimation, was estimated at 53% (Rook et a., 2006).
The highest concentration of 6-acetylmorphine in plasmaoccurred immediately after
heroin administration, but heroin and 6-acetylmorphine plasma concentrations de-
clined rapidly and became undetectable after 10—40 min and 2—3 h, respectively.
According to Rook et al. (2006) peak concentrations of heroin and 6-acetylmorphine
were two- to fourfold lower after inhalation than following IV administration. Af-
ter nasal insufflation, heroin was immediately absorbed through the lungs and was
rapidly metabolized following absorption. Following intravenous infusion of 70 mg
of heroin, approximately 45% of the dose was recovered as urinary metabolites
over a 40-h period: 4.2% of morphine, 38.3% of conjugated morphine, 1.3% 6-
acetylmorphine, and 0.1% unchanged (Baselt, 2004). The elimination half-life of
heroin and its metabolites 6-acetylmorphine and morphine in plasmawere 2—7 min,
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6—25 min, and 2—3 h, respectively (Verstraete, 2004). After administration of 12 mg
IV, 6-acetylmorphine was detectable in urine for 4.5 h and total morphine for 35.3 h
(Verstraete, 2004).

The dose used at the beginning is approximately 10 mg, but addicted subjects can
use up to 1 or 2 g, with an estimated average dose of 30 mg (Table 2.2). Heroin
has very little affinity for the opiate receptors in brain and exerts its effects only
after metabolism to 6-acetylmorphine and morphine catalyzed in the liver by human
carboxylesterase (hCE-1 and hCE-2), in serum by pseudocholinesterase, and also
nonenzymatically (Maurer et al., 2006).

6-Acetylmorphine is considered to be responsible for the immediate euphoric
effect after heroin administration. The other metabolites morphine and morphine-
6B-glucuronide, that remain in the human body longer, are related to feelings of
well-being and calmness (Rook et al., 2006). Morphine-33-glucuronide, the major
metabolite of heroin, hasno opioid activity but seemsto be associated with neurotoxic
effects (Rook et a., 2006). A small portion of 6-acetylmorphineis glucuronidated to
6-acetylmorphine-3-glucuronide, which is not active (Coller et al., 2009).

The use of heroin as illicit drug is normally identified by detecting its main
metabolites in human body fluids. Therefore, analysis in wastewater also focused on
morphine, a metabolic residue common to heroin, codeine, and morphine (Baselt,
2004), and on 6-acetylmorphine (1%—3% of a dose), a specific metabolite of
heroin (Baselt, 2004). Heroin and morphine are aso partially excreted as glu-
curonide conjugates (Baselt, 2004), which are, however, readily hydrolyzed back
in wastewater to morphine by B-glucuronidases of fecal bacteria, as reported for
estrogens in untreated wastewater (D’ Ascenzo et al., 2003) and during wastewa-
ter treatment (Ternes et a., 1999). To calculate the amount of morphine coming
from heroin consumption, we subtracted the amounts derived from the use of mor-
phine in therapeutic treatments. Morphine is converted to metabolites up to 87%
of a dose, with 75% consisting of morphine 33-glucuronide (Baselt, 2004). Mor-
phine is mainly metabolized by UGT2B7 to the inactive metabolite morphine-33-
glucuronide (approximately 60%), and to alesser extent to morphine-63-glucuronide
(5%—10%) (Maurer et a., 2006). Morphine is further N-demethylated to nor-
morphine by hepatic CYP3A4 and to a lesser extent by CYP2C8 (Maurer et al.,
2006). A small proportion of morphine is metabolized to hydromorphone that
can be found in the urine a low levels (less than 2.5% of a morphine dose)
(Smith, 2009).

2.3.2 Codeine

Morphine is also a metabolite of codeine, a narcotic analgesic that is mostly used
therapeutically as a potent antitussive (Baselt, 2004). Codeine is found naturally in
the poppy plant Papaver somniferum, but for commercial use it is usually synthe-
sized by 3-O-methylation of morphine, which is most abundant in nature (Baselt,
2004). Codeine is normally used in single doses of 15 to 60 mg given orally or by
subcutaneous injection and is excreted in 24-hurine for 5%—17% as free codeine,
32%—46% conjugated codeine, 10%—21% conjugated norcodeine, and 5%—13%
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conjugated morphine (Baselt, 2004). Codeine is principally metabolized in liver,
where 50%—70% of the dose is converted in codeine-6-glucuronide by UGT2B7
and UGT2B4 (Maurer et a., 2006; Thorn et al., 2009). Approximately 10%—15% of
codeineisN-demethylated to norcodeine by CY P3A4. The O-dealkylation of 0%—15
of codeine to morphineis catalyzed mainly by CY P2D6 (Maurer, 2006; Thorn et al.,
2009). Finally, codeine is metabolized by an unknown mechanism to hydrocodone
that isfound in quantities up to 11% of the codeine dose (Smith, 2009).

Acetylcodeine, which is an impurity (1%—15%) of illicit heroin synthesis, was
suggested as an additional biomarker of illicit heroin use (Staub et a., 2001). This
is particularly useful in detecting illicit heroin use in heroine maintenance programs
(Cone and Preston, 2002).

2.3.3 Methadone

Substitution treatment for opioids is largely used to reduce drug dependence.
Methadone is a synthetic potent opiate receptor agonist and is the most commonly
prescribed drug for this purpose in Europe in more than 90% of treatments. The
substitution therapy is based on the principle of substituting a long-acting for a
short-acting opiate and is actually the most effective treatment for opioid dependence
(Gonzalez et a., 2002). This therapy reduces the fluctuations of opiate receptor
stimulation, permits the elimination of needle use, decreases the withdrawal symp-
toms, and thereby decreases the probability of relapse. Methadone used clinically
is a racemic mixture of (R) and (S enantiomers of which the (R) isomer has the
major activity (Cone and Preston, 2002). The affinity of (R)-methadone for opiate
receptor and its analgesic activity are 10- to 50-fold higher than the (S)-methadone
(Holmquist, 2009). Methadone is a synthetic, potent opiate .-receptor agonist and is
well absorbed when taken orally with 80% bounded to blood proteins. It presents a
long elimination half-life of 24 to 36 h (Gonzales et a., 2002). Both enantiomers are
metabolized by CYP3A4, CYP2C8, CYP2D6, CYP2C9, CYP2C19, CYP2B6, and
CY P1A2 (Holmquist, 2009). Human metabolism of methadoneisreportedinFig. 2.5.
It is mainly excreted unchanged in urine (5%—50% of a dose) or is metabolized by

Methadone EDDP
(excreted unchanged 5-50%)

O 0 255 O 0

FIGURE 25 Metabolism of methadone in man.
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N-demethylation with spontaneous cyclization to inactive metabolite 2-ethylidene-
1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) (3%—25% of a dose) and to 2-ethyl-
5-methyl-3,3-diphenylpyrroline (EMDP). Following a 5-mg oral dose, methadone
and EDDP each accounted for 5% of the dose in the 24-h urine, with less than 1% as
EMDP. In maintenance subjects, 24-h urinary methadone accounted for 5%—50% of
the dose and EDDP for 3%—25%, with large individual variations because of urinary
pH, volume, dose, and rate of metabolism (Baselt, 2004). In a group of 12 former
heroin addicts being stabilized on daily oral methadone for 26 days, the percentage
of adaily dose eliminated in the daily urine as methadone and EDDP increased from
an average 19%— 42% (Baselt, 2004). M ethadone may be cleared viaurine and feces
and the pH of urine has alarge impact on its percentage of excretion. Below pH 6.0,
30% of methadone may be excreted in urine unchanged, while at higher pH, lessthan
5% will be eliminated in this form (Trafton and Ramani, 2009).

Methadone and EDDP were generally the molecul es sel ected as target residuesto
estimate methadone consumption by wastewater analysis.
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CHAPTER 3

ANALYTICAL METHODS FOR THE
DETECTION OF ILLICIT DRUGS IN
WASTEWATERS AND SURFACE
WATERS

RENZO BAGNATI and ENRICO DAVOLI

3.1 INTRODUCTION

Drugs and metabolites are present in wastewater and surface waters at concentra-
tions in the nanogram per liter range and, therefore, their determination requires the
use of analytical techniques capable of high sensitivity and specificity (van Nuijs
et a., 2010). Although the determination of drugs in different research fields and in
forensic analyses has also been performed using gas chromatography —mass spec-
trometry (GC—MS) (Mari et al., 2009), the technique of choice for wastewater
samples, in most of the cases reported in the literature, is high-performance lig-
uid chromatography—mass spectrometry (HPLC—MS) and high-performance liquid
chromatography—tandem mass spectrometry (HPLC—MS/MYS).

The instrumental analysis is generally preceded by preconcentration and clean-
up steps, which are necessary for minimizing matrix effects and chromatographic
problems, which may prevent the achievement of the required selectivities and sen-
sitivities.

Asnew instrumentationsare avail able, new analytical approacheswill beavailable.
An example using new, high-resolution and high-accuracy mass spectrometry, is
presented. Sewage inlets and surface waters have been analyzed by conventional
HPLC—-MS/MS approach and by high-resolution MS. Results indicate that, at |east
for benzoylecgonine and cocaine, analysis could be performed for these sampleswith
new different strategies, each having advantages and limitations.

Ilicit Drugsin the Environment: Occurrence, Analysis, and Fate Using Mass Spectrometry, Edited by
Sara Castiglioni, Ettore Zuccato, and Roberto Fanelli
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3.2 SAMPLE PREPARATION

Collected and stored water samples are generaly filtered and then extracted using
solid-phase extraction techniques (SPE).

The most used SPE sorbent materials are in the form of cartridges for off-line
extraction of water samples: Oasis MCX, OasisHLB, Strata XC, Bond-Elut Certify
LRC and PLPR-s (Castiglioni et al., 2006; Hummel et al., 2006; Boleda et al., 2007,
Huerta-Fontelaet al., 2007; Boneset al., 2007; Gheorghe et a ., 2008; van Nuijset al.,
2009; Bijlsmaet al., 2009). However, there are al so reports of on-line preconcentration
methods (Postigo et al., 2008) or direct injection of water sasmples(Chiaiaet al., 2008).
In general, off-line extraction is considered the most versatile and reliable technique,
asit allowsthe adjustment of the volume of extracted water (50-1000 mL ) and of the
elution conditions to obtain the desired sensitivities and to maximize the recoveries
of different compounds. On the other side, the advantages of on-line extraction or
direct-injection methods (with large volume injection) are the minimal manipulation
of samples and the shorter time for the total extraction analysis procedure; however,
these methods may suffer from lower sensitivities (because of the minor amount
of sample that can be loaded), higher matrix effects, or worse chromatographic
performances. New and more sensitive HPL C—M S instruments may help to improve
the performances of on-line methods (Kasprzyk-Hordern et al., 2008).

Recovery efficiencies of several drugsand metabolitesfor off-line extraction meth-
ods are generally higher than 50%, except for the more polar substances (morphine,
ecgonine methyl ester), for which values as low as 5% are reported.

The use of stable isotope-labeled internal standards is considered mandatory for
the achievement of reliable quantitative results (Castiglioni et a., 2006). The normal
analytical procedure is that of adding known amounts of internal standards at the
beginning of sample extraction, as this permits all the problems deriving from varia-
tions of the recoveries and ionization matrix effectsto be overcome. Currently, these
standards are commercially available for most of the drugs and metabolites, which
have been considered for detection in wastewater samples.

3.3 CHROMATOGRAPHY AND MASS SPECTROMETRY ANALYSIS

Quantitative determination of drugs and metabolitesmay be performed using avariety
of chromatographic and mass spectrometric conditions.

Chromatographic separation for most of the drugs and their metabolites has been
obtained with reversed-phase columns, both using high-performance liquid chro-
matography (HPLC) and ultra-performance liquid chromatography (UPLC) meth-
ods. Some of the more polar drug metabolites, as ecgonine methyl ester, were better
resolved using direct-phase or HILIC columns (Gheorgheet al ., 2008; van Nuijset d .,
2009, 2010). The use of UPLC has been reported to increase the sensitivity of the
analytical methods and shorten the analysistime, however, because of the narrowness
of chromatographic peaks, it requires M S instruments capable of fast scanning rates
(Bijlsmaet a., 2009).
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The composition of the mobile phases used for separation was influenced by
the MS technique used for detection. Most of the drug substances were better
detected with positive ionization (except for the metabolite 11-nor-9-carboxy-A °-
tetrahydrocannabinol, which was also detected with negative ions) and, thus, the
mobile phases were mainly constituted by mixtures of aqueous acids (formic acid or
acetic acid) and organic solvents (acetonitrile or methanal).

The MS ion source which has been almost exclusively used for the ionization
of drugs and metabolites is electrospray (ESI). This source gives better analytical
performances, however it suffers the problem of matrix effect, a phenomenon in
which the presence of coeluting substances causes suppression or enhancements of
the ionization signal of analytes. This is particularly evident with more complex
samples, such as wastewater influents and effluents, than with “cleaner” samples,
such as river or lake water samples. The atmospheric pressure chemical ionization
source (APCI) is considered to be less susceptible to matrix interferences, however,
it is not suitable for all substances, in particular, the more polar ones (morphine,
morphine-33-p-glucuronide, and ecgonine methyl ester).

Most of the analytical methods so far devel oped make of use triple quadrupoles or
quadrupole-linear ion-trap instruments for the quantitative determination of analytes
(Catiglioni et al., 2006; van Nuijs et al., 2010). In these cases, the selected ion
monitoring (SRM) acquisition mode provides the best sensitivity and selectivity,
when at least two specific transitions are recorded. The use of isotope-stable internal
standards, as already explained in the previous section, allows accurate quantitative
determinations for each substance.

Thusfar, the use of high-resolution instruments, like the lon Cyclotron Resonance
(ICR) or the Orbitrap analyzer for the analysis of illicit drugsin wastewaters has not
been extensively reported in the literature. Hogenboom et al. (2009) used alinear ion
trap—Orbitrap instrument, coupled to liquid chromatography, to analyze drugs and
metabolites in waste- and surface waters. Other possible applications of the Orbitrap
analyzer, with the advantages of the use of high resolution and high mass accuracy,
will be discussed in the following sections.

3.4 ADVANCED HIGH-RESOLUTION APPROACHES

As mentioned before, with new instrumentation available, new analytical approaches
will be available. LC—MS/M S has emerged as the technique of choice for the quan-
titation of small molecules in environmental sciences and in severa other different
fields. The striking advantage of this technique is that it brings sensitivity, selectiv-
ity, accuracy (especialy with triple quadrupoles), precision, and reproducibility, all
cornerstones for trace and ultratrace analysis. However, some of these factors also
pose limitations for this approach. The extreme specificity, because of the multi-
ple separations (chromatography, mass spectrometry to isolate parent ions and mass
spectrometry to detect product ions), often results in chromatograms showing the
single-target analytes' peaks. In this way, a postacquisition data mining in search
for other contaminants reveal's, at maximum, (unknown) isomers, if present. Also, as
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mentioned earlier, the matrix effect can be a serious problem (Mortier et al., 2002;
Kjell et a., 2004; Postigo et a., 2008; Huestis and Smith, 2008; Prem et a., 2009).
This phenomenon can be observed by comparing the response of the analyte in its
matrix versus in solvent. The direct influence of the sample matrix on the mass
spectrometer absolute response is observed at different levels in water samples like
drinking water, surface water, and wastewater treatment plants (WWTP) influents
and effluents. It can be caused by several factors, like the make and the model of the
ion source (Bakhtiar and Majumdar, 2007), the presence of nonvolatile substances
(King et a., 2000) and, mainly, the coelution of different, unexpected, substances
with our target analyte. It is clear that although the LC—MS/MS is a highly specific
technique, when running different environmental samples, the user has no clues,
during chromatography, about sample contamination and, therefore, no ideas about
possible different matrix effectsin different samples. This effect is observed even at
high resolution and reported both with TOF—MS (Nielena et al., 2007) and Orbitrap
FT—MS (Davoli et al., 2008).

New instrumentation, like high-resolution mass spectrometers, brings higher data
quality. Preliminary results on small-molecule analysis by high-resol ution mass spec-
trometry, show that the quality of data increases with resolution and it has been pro-
posed to add this point to the performance characteristics described inthe Commission
Decision 2002/657/EC, that establishes criteria and procedures for the validation of
analytical methods for official laboratories of the EU.

For these reasons, we haveinvestigated the possibilities of analyzing sewageinlets
and surface water samples to measure cocaine and its main metabolite, benzoylec-
gonine, using new, high-resolution and high-accuracy mass spectrometers (HRMS).
Samples were analyzed both by the conventional HPLC—MS/MS approach and by
HPLC—HRMS, in full-scan mode, to maintain a postacquisition data mining possi-
bility and to verify sample contamination. Asan example of possible new approaches,
direct infusion of the same environmental samples have been analyzed by HRMS
to investigate limitations and possibilities of direct analysis of environmental drug
residues.

3.4.1 High-Resolution HPLC—MS and HPLC—-MS/MS

Analyses have been performed on aThermo LTQ Orbitrap equipped with aProsolia's
Omni Spray DESI ion source, used asanano ES source. Theinstrument was operated
in full-scan mode (60,000 resolution) and in MS/MS mode (30,000 resolution), to
confirm drug identities.

Results from HPLC—HR M S analysis show that the instrumentation is sensitive
(Fig. 3.1), with a 100-fg injection limit of quantitation and a linear range over at
least three orders of magnitude (Fig. 3.2). Because of these levels of sensitivity,
sample preparation for waste- and surface water samples, where benzoylecgonine
and cocaine residues concentration are in the parts per billion (ppb) range, can be
limited to filtration and addition of internal standards, while more diluted samples
can still be extracted by SPE. HPL C separation was performed on Agilent 1200 series
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FIGURE 3.1 Benzoylecgonine and cocaine analysis. HPL C — high-resolution Orbitrap MS
of benzoylecgonine, cocaine, and their deuterated analogs. A 100-fg injection of standard in
full scan mode allows detection (A) and identification, based on the accurate mass assignment
on the mass spectra (B).

capillary and nano pumps, usinga 150 x 0.5 mm ID, 5 wm particles, Zorbax SB C18
column (Agilent Technologies), at aflow rate of 10 w.L/min.

The wastewater sample, collected at the WWTP influent, extracted by SPE and
analyzed by HPLC—MS/MS, reveals cocaine presence at 318 ppb concentration
levels and it can be readily analyzed by HPLC—HR MS/MS (Fig. 3.3). Samples
collected from surface water, inriverslikethe Lambro River (Fig. 3.4) and in Po River
(Fig. 3.5) can still be detected with this approach, even if concentration decreases
down to approximately 1 ppb.

3.4.2 High-Resolution MS/MS Analysis

Because of the instrumental sensitivity and selectivity, the same wastewater sam-
ple discussed above, can be analyzed directly, with no chromatographic separation.
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FIGURE 3.2 Linearity with HPLC—HR MS/MS approach. The approach is linear within
three orders of magnitude for benzoylecgonine and cocaine. The 100-fg injection appears to
be the limit of quantitation for these compounds.

Sample purification may be limited to the SPE extraction or instrumental approach
only: the precursor molecular ion is selected in theion trap (LTQ), fragmented, and
the product ions are acquired in full scan at high resolution (100,000). Instrumental
analysis is carried out by direct sample infusion, after dilution of the SPE extract
or direct filtration of the wastewater sample and internal standard addition. In the
upper part of Fig. 3.6, the HR full-scan mass spectrum of a diluted wastewater SPE
extract is reported. Here, a zoom over the protonated molecular ion region of the
drugs of interest, reveals several other ions at the same nomina mass, with different
exact masses. lonisolation, for the subsequent collision-induced dissociation, occurs
at low resolution in the ion trap. Therefore, in the product ion scans, several peaks
are present, more than those of the analytes of interest, resulting in much more con-
taminated MS/M S spectra. Still at this level of resolution, compounds like cocaine,
benzoylecgonine, and carbamazepine can be identified by accurate mass assignment
of the main product ions (Fig. 3.6). In these cases, mass assignments were accurate
within 1 millimass unit (mmu) on the exact mass.



FIGURE 3.3 Benzoylecgonine and cocaine anaysis of a WWTP influent. Analysis by
HPLC—MS/MS, with atriple quadrupole, revealed the presence of benzoylecgonine at 2450
and cocaine at 318 ppb concentration (A). The same wastewater sample was analyzed by
HPLC—HRMS (B), giving accurate mass molecular weight confirmation (C).
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FIGURE 3.4 Benzoylecgonine and cocaine analysis of a water sample from the Lambro
River (Northern Italy). Analysis by HPLC—-MS/MS, with a triple quadrupole, revealed the
presence of benzoylecgonine at 50 and cocaine at 15 ppb concentration (A). The same wastew-
ater sample was analyzed by HPLC—HRMS (B), giving accurate mass molecular weight
confirmation (C).
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FIGURE 3.5 Benzoylecgonine and cocaine analysis of a water sample from the Po River
(Northern Italy). Analysisby HPLC—MS/MS, with atriple quadrupole, reveal ed the presence
of benzoylecgonine at 12 and cocaine at 1 ppb concentration (A). The same wastewater sample
was analyzed by HPLC—HRMS (B), giving accurate mass molecular weight confirmation (C).
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FIGURE 3.6 Directinfusion of adiluted wastewater SPE extract, without chromatographic
separation. (A) Full-scan HRMS of the sample, with small boxes showing a zoom view of the
ions around the pseudomolecular weights of carbamazepine (m/z = 237.1022), benzoylecgo-
nine (m/z = 290.1387), and cocaine (m/z = 304.1543). (B) High-resolution MS/M S spectrum
of theion 237.1 (with CID isolation width of 1 amu), showing the identification of the main
fragment of carbamazepine (m/z = 194.0964) with an error less than 1 mmu. (C) High-
resolution MS/M'S spectrum of the ion 290.15 (with CID isolation width of 1 amu), showing
the identification of the main fragment of benzoylecgonine (m/z = 168.1019) with an error
lessthan 1 mmu. (D) High-resolution MS/M S spectrum of theion 304.15 (with CID isolation
width of 1 amu), showing the identification of the main fragment of cocaine (m/z= 182.1176)
with an error less than 1 mmu.
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This approach can be useful at least for qualitative analyses and for the search of
new contaminants in water samples.

3.5 CONCLUDING REMARKS

New mass spectrometry instruments are available and new analytical approaches
are possible in this field. In this work, we have investigated new strategies deriving
from the use of the Orbitrap MS, a newly developed mass spectrometer, capable
of high resolution (up to 100,000 resolving power), with routine use. Results show
that direct detection of illicit drugs in surface waters and in wastewater samples, is
possible at low parts per billion level. Samples can be analyzed by direct infusion
after internal standard addition or after SPE extraction, with no chromatographic
separation. Purification is obtained by tandem mass spectrometry and high-resolution
analysis. Positive samples are then validated by HPLC—MS/MS. Results show that
this approach can be used for qualitative and quantitative analysis of residues of illicit
drugs and their metabolites, pharmaceuticals, and pollutants in waste- and surface
waters. While thismethod isuseful for target compounds, the screening of unknowns,
theoretically possible, is still limited by lack of high-resolution libraries and software
limitations.
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CHAPTER 4

WIDE-SCOPE SCREENING OF ILLICIT
DRUGS IN URBAN WASTEWATER BY
UHPLC-QTOF MS

FELIX HERNANDEZ, JUAN V. SANCHO, and LUBERTUS BIJLSMA

4.1 TOF AND QTOF MS ANALYSIS

The application of time-of-flight (TOF) mass spectrometry (MS) to environmental
analyses hastremendously increased over thelast decade. The sensitivefull-spectrum
dataacquisition and high-mass accuracy of new generation TOF instrumentstogether
with their high-mass resolving power provide a high degree confidence for identifi-
cation of compounds detected in samples. The application of orthogonal acceleration
(0a) TOF MS instruments minimizes the possibility of reporting false positives be-
cause of the accurate mass measurement of (typically) the (de)protonated molecules.
Thisis especialy relevant when facing too highly complex environmental samples
like urban wastewater. Confirmatory analysis, even with greater reliability, can be
performed by using a hybrid quadrupole-TOF (QTOF) MS, where an analyte m/z
ion can be preselected in the first quadrupole as precursor ion. When carrying out
MS/M S experiments, the fragmentation of the precursor ion resultsin full-production
spectra at accurate mass giving relevant structural information and extra confidence
to confirm or deny a suggested structure.

In addition to their excellent potential in the qualitative field, TOF instruments
offer the possibility of awide-scope screening once the analysis has been performed
and MS data acquired, because the preselection of analytes is not compulsory and
searching for contaminants is made in a subsequent step. Ideally, screening methods
should be able to rapidly detect the presence of as many contaminants as possible in
asample, preferably with little sample manipulation. As expected, in environmental
MS, the instrumentation available is of particular importance when selecting the
screening approach. Thus, TOF instruments allow performing target screening after
MS acquisition, taking advantage of their sensitivity in full acquisition mode and
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mass accuracy measurements. However, when analytes have to be presel ected before
acquisition (asin target methods based on LC-M S/M S with triple quadrupol€), there
is a need for reference standards of each target compound for MS optimization and
many other pollutants (nonpreselected) that might be present in samples would be
ignored in the analysis.

For a wide-scope screening in environmental MS using TOF instruments, two
alternatives can typically be applied (Hernandez et al., 2005a; Ibafiez et al., 2008):

1. Post-target screening—after full-spectrum acquisition, selected m/zionsfor the
target compoundsare extracted fromthe Total lon Current (T1C) chromatogram,
giving rise to eXtracted lon Chromatograms (X1C) where the presence of the
compound in the sample leadsto the corresponding chromatographic peak. The
high resolving power of TOF M S allows using narrow-window X1C (normally
1020 mDawidth), which leads to improved selectivity and sensitivity.

2. Nontarget screening—where compounds eluting from the chromatographic
column may be detected and subsequently identified without any kind of previ-
ous selection. Here, the analyst is searching for actual unknown compounds, as
no previous information about the compounds to be investigated is taken into
account.

I dentification of non-arget compounds in environmental samplesis an interesting
feature for analytical chemists, but it is still a chalenge. Its routine application in
environmental laboratories will take some time, as the possibilities of success when
identifying unknown compounds at low levels in environmental complex matrices
are still very scarce (Ibafiez et a., 2005, 2008). Thus, this chapter is focused on the
screening of target compounds (post-target approach), taking illicit drugs of abusein
water as an illustrative example.

The main benefit of a post-target approach is the possibility to detect (almost)
an unlimited number of compounds of interest, without using reference standards or
performing additional analysis. Obviously, the compounds investigated should fit the
requirements of sample preparation and MS analysis to be able of being detected.
The accurate mass spectra can rapidly and simply be evaluated using an in-house
compound database and powerful software, currently available, such as Chromal.ynx
XS (Waters). In subsequent steps, in order to facilitate awider screening, earlier data
can be reprocessed and reevaluated using new or extended databases.

In this chapter, the potential of QTOF MS combined with ultrahigh-pressure
liguid chromatography (UHPLC) for screening and confirmation of illicit drugs in
wastewater isillustrated. The work is focused on the applicability of the post-target
approach, which, from the authors' point of view, is the most relevant application
when using TOF in environmental MS.

4.2 ANALYTICAL STRATEGIES FOR THE DETERMINATION OF
ILLICIT DRUGS IN THE ENVIRONMENT

The occurrence of emerging contaminants in the environment has been amajor issue
for analytical chemists during the last few years (Richardson, 2008, 2009). Emerging
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environmental contaminants, such as pharmaceuticals, persona care products, and
veterinary drugs received much interest (Barcel 6 and Petrovic, 2007) and studies of
illicit drugs increased, since their presence were reported in surface water and urban
wastewaters (Jones-Lepp et al., 2004; Zuccato et al., 2005.; Castiglioni et a., 2006).
Thelow concentration levelsof illicit drugstypically foundintheaquatic environment
in combination with the complexity of the matrix make their reliable determination
difficult. Therefore, highly selective and sensitive analytical methods are required.

Several multiclass methods based on liquid chromatography (L C) coupledtotriple
guadrupole (QgQ) instruments have been devel oped for quantification of illicit drugs
in environmental samples (Castiglioni et a., 2008). Until now, most of the methods
developed have used off-line solid-phase extraction (SPE) for sample pretreatment
and preconcentration. Typically, deuterated analytes are used as surrogate internal
standards to compensate for possible errors resulting from matrix effects, as well
as those associated with the sample preparation step. The use of QqQ analyzers
in selective-reaction monitoring (SRM) mode allows the minimization, or, in some
cases, the eliminatation, of interferences thereby improving selectivity and sensitivity
because of the possihility of adequate precursor and product ion selection, leading
to low chemical noise in the chromatograms. The excellent sensitivity together with
the proved robustness of this analyzer make LC-MS/MS with triple quadrupole a
powerful analytical tool for quantification purposes of illicit drugs at the low con-
centration levels normally present in water. In spite of the good selectivity of tandem
MS, when using low-resolution instruments, such as QQQ, at least two SRM transi-
tions should be monitored for a safe identification, but the quality of the transitions
should be taken into account, avoiding nonspecific transitions (e.g., H,O, CO,, HCl)
in order to prevent false positives or even false negatives (Hernandez et al., 2005a,
2005b; Pozo et a ., 2006). Thus, when acquiring at least two transitions, together with
the accomplishment of the ion ratios deviations between recorded transitions, QqQ
analyzers in SRM mode are highly reliable and suitable for trace determination of
drugs of abuse in water (Bijlsmaet a., 2009).

As any analytical technique, LC-MSMS with QqQ analyzer also has some lim-
itations. The number of compounds to be included in the method is restricted, since
only alimited number of transitions may be selected. Including many compoundsin
a multiresidue method may lead to a loss in sensitivity, as an increase in acquired
transitions usually involves a decrease in either the time of acquiring the transition
(dwell time) or the number of points obtained per peak. Thus, a compromise between
sensitivity and peak shape has to be reached when devel oping multiresidue methods.
However, recent developments in triple quadrupole instruments, such as dynamic or
scheduled—SRMss, permits the counterbalancing of this limitation. Another issueis
that reference standards of each target compound are needed for SRM optimization.
Most of theillicit drugs standards are expensive and it is often time-consuming to
purchase them, because of extensive administrative requirements imposed on the
importation or exportation of controlled substances. However, the main limitation is
that other nonsel ected compounds cannot be revealed, even if they are present at high
levels in the sample, since the analytes are preselected before MS data acquisition.
This might be considered as an important drawback, especialy when wide-scope
screening is the objective of analyses.
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Thelow sensitivity infull-scan mode, themeasurementsin nominal mass, and need
of reference standards for identification make it unadvisable to use QgQ instruments
in post-target or nontarget screening of drugs of abuse in wastewater. Conversely,
TOF MS instruments have shown a great potential for screening and confirmation
purposes in various fields. Compounds such as pesticides, pharmaceuticals, and
antibiotics have been screened in environmental samples by LC-TOF MS (Petrovic
etal., 2006; Ibahez et al., 2008, 2009). Besides, several studies have been reported on
screening of compounds of toxicological interest (including illicit drugs) in forensic
samples (Palander et a., 2003; Ojanpera et a., 2006; Badoud et al., 2009), and
on screening of pesticides in food (Ferrer and Thurman, 2007; Garcia-Reyes et al.,
2008; Grimalt et al., 2010). Several of these methods are directed towards arelatively
high number of compounds (around or even more than 100) exploiting the elevated
resolution and mass-accuracy capabilities of TOF analyzers.

Because of the novelty of this approach, a wide-scope screening (300400 ana-
lytes) has only been applied to a few studies (Grimalt et al., 2010; Mezcua et al.,
2009). The ability of TOF M Sto provide anotable amount of relevant chemical infor-
mation in a single experiment makes this technique very attractive for a wide-scope
screening of illicit drugs in water using a post-target style.

4.3 SCREENING BY UHPLC-QTOF MS

4.3.1 Methodology

As earlier stated, sensitive full-spectrum data acquisition, high-mass resolution,
speed, and mass accuracy of new generation TOF MS or QTOF MS instruments
alows a highly reliable confirmation and a wide-scope screening of illicit drugs in
the aguatic environment.

Orthogonal acceleration TOF M S instruments permit measurements with a mass
accuracy commonly better than 5 ppm and for mass resolution exceeding 10,000
full-width half maximum (FWHM). The mass of any ionizable component in dif-
ferent sample matrices can be measured accurately, which gives high confidence to
the identification process and also implies the possibility to distinguish in between
isobaric compounds. Isobars have identical nominal mass, but different elemental
composition and thus different exact mass. When using QqQ instruments (which
work in nominal mass), isobars can be discriminated from their retention time or
fragmentation. Thus, when chromatographic separation is not fully achieved, afalse
positive or negative (noncompliance of ion ratio) might be reported. TOF MS allows
discriminating isobaric compounds from differences in mass defect reducing the pos-
sibilities of false identification. Moreover, the elevated mass resolution of modern
TOF analyzers allows obtaining narrow-window XIC. For example, a 0.02 Da mass
window can be used at the exact mass of the selected compound. Decreasing the
mass window leads to a reduction of interferences from isobaric compounds and an
increase of the signal-to-noise ratio (Hogenboom et al., 1999; Petrovic et al., 2006;
Sancho et a., 2006; Ibéafez et al., 2008) with the final result of much improved
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selectivity. As an example, in the analysis of a wastewater sample we observed two
chromatographic peaks, corresponding to the antibiotics oxonilic acid (m/z 262.0715)
and flumequine (m/z 262.0879), when a mass window of 1 Dawas selected. Reduc-
ing the mass window from 1 to 0.02 Da led to only one peak per window, which
corresponded to each individual antibiotic (Ibafiez et al., 2009).

An interesting feature in order to generate molecular formulas and to facilitate
an extra confident identification is the use of different isotopic filters. These filters
work based on the isotopic pattern deviation between the empirically measured and
the theoretical spectrum. The presence of an abundant isotopic pattern in the analyte
molecule helps to confirm the presence of that compound in the sample. Thus, the
presence of atoms such as carbon, chlorine, bromine, or sulfur inthe molecule givesa
characteristic isotopic pattern that allows reducing the number of possible elemental
compositions for a certain mass-accuracy window. The match between empirical and
theoretical datais given by the isotope fit (i-FIT) or sigmaFIT values. These values
are calculated, taking into account not only the isotopic distribution but also the
accurate masses. The lower the value, the more plausible the el emental composition
(Ojanperacet al., 2006; | bafiez et al., 2008).

One of the main drawbacks of TOF or QTOF instruments compared to QqQ
working in SRM modeistheir lower sensitivity, sincethe principal difficultiesfor the
analysis of illicit drugs in wastewater and surface water are their low concentration
levelsin combination with the complexity of the matrix. This disadvantage might be
resolved, or at least minimized, by activating specific functionslike, for example, the
enhanced-duty cycle (EDC) modein theinstrument used in our work (QTOF Premier,
Waters). When TOF operates in EDC mode, the ion abundance is expected to be
improved, as ions are transported in packets which make it possible to synchronize
the TOF pusher with each ion packet and enhance the duty cycle over a selected nvz
range (Weaver et a., 2007).

On the contrary, in some occasions (e.g., during musical events) concentrations of
illicit drugsin urban wastewater are higher (Bijlsmaet al., 2009). This might provoke
detector saturation and mass shifts that would increase mass errors, negatively af-
fecting the identification of potential positives. Dynamic-range enhancement (DRE)
is an approach that not only affects the detector saturation, but also the accuracy of
mass measurements. The effectiveness of DRE has been reported in the bibliography
(Weaver et a., 2007; Tiller et al., 2008; Ibafiez et a., 2009) leading to significant
improvement in quantitative and qualitative analysis (i.e., to determine the accurate
mass of compounds with more certainty over alarge range of concentrations).

Inthelast few years, several methods using ultrahigh-pressureliquid chromatogra
phy (UHPL C) coupledto different M S/M S analyzers have been reported for screening
of illicit drugs in water (Huerta-Fontela et al., 2007; Kasprzyk-Hordern et a., 2007;
Bijlsmaet a., 2009). Because of the high selectivity of tandem MS, the importance
of an efficient chromatographic separation might be neglected. However, efficient
chromatography is essential to avoid or minimize matrix effects, especialy in trace
analysis, where failure to completely separate analytes from each other and from the
matrix components may result in reporting fal se positives or negatives (Niessen et al.,
2006; Petrovic et a., 2006; Pozo et a., 2006; Bijlsmaet a., 2009). UHPLC presents
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several advantages over conventional liquid chromatography as it generates narrow
peaks (increasing pesk height and improving sensitivity), facilitates resolving the
analytes and matrix interferences (a crucia aspect when dealing with very complex
samples), and allows multiresidue analysis to be performed with shorter chromato-
graphic runs. Because of the better resolution and ultra-fast separation, UHPLC has
become a powerful tool with significant improvement in terms of sample throughput
and sensitivity. However, it requires a fast detector, adequate for narrow chromato-
graphic peaks. Triple quadrupole instruments rely on defined dwell times to monitor
analytes. Thisisnot alimitation when afew analytes are monitored; however, it may
become a potential problem for multiresidue methods where a wide-scope screening
istheobjective. Although modern QgQ instruments have been significantly improved,
the shortening of dwell times negatively affects the sensitivity and reproducibility.
TOF, being inherently faster than QqQ, might detect a huge number of analytes with-
out compromising sensitivity and selectivity. In addition, the higher chromatographic
resolution renders high-mass spectra purity. The high acquisition speed of TOF an-
ayzers makes them fully compatible with UHPLC, which is highly beneficia for
multiresidue screening methods where difficult matrices are involved (Kaufmann,
2009). As an example, UHPLC-TOF MS has been successfully applied in our group
for screening of antibiotics in water (Ibafiez et al., 2009).

When screening a sample for unknown, nonselected, compounds (nontarget
screening), it becomes difficult to pick out individual ions, especially when the
matrix iscomplicated or when the concentration of the compound islow. Under these
circumstances, it is necessary to use powerful software with chromatographic peak
deconvolution capabilities to identify the presence of multiple components and to
produce pure spectra for each individual component. As the objective of this chapter
issearching for illicit drugs, amore realistic and efficient approach using TOF would
be the post-target screening, acquiring the full-scan spectrum at high resolution and
performing subsequent nw-XIC at selected accurate m/z. Nevertheless, this proce-
dureishighly time-consuming, since each exact m/zneedsto betyped inindividually.
Powerful software is currently available, which offers the possibility of applying a
post-target approach using compound databases based on preselected exact masses.
This permits a rapid and simple reviewing by cataloguing analytes (e.g., based on
color) as a function of mass error. In addition, this software allows simultaneously
visualizing the complete mass spectrum of the positive findings. In many cases, ac-
curate mass spectra can confirm or deny the presence of a specific compound. In
theory, an unlimited number of compounds can be included in a database and expen-
sive reference standards are not compulsory, alowing the possibility of setting up a
wide-scope screening (Laks et a., 2004). However, reference standards are highly
valuable, as experimental data obtained from their analysis (e.g., retention time and
fragmentation) provide additional confidence in the identification process.

A database does not necessarily consist of merely illicit drugs. In fact, it isdesir-
ableto add several drug-related compounds, such as metabolites and conjugates (e.g.,
sulfates or glucuronides), asthey might produce similar or even higher ecotoxicol og-
ical problems. In addition, the occurrence of these compoundsin the environment is
often higher than that of parent compounds. For example, higher concentrations were
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found for benzoylecgonine in comparison to its parent compound, cocaine (Zuccato
et a., 2005.; Huerta-Fontela et al., 2007; Gheorghe et a ., 2008; Bijlsmaet al., 2009).
In certain occasions, it can also be very interesting to include specific fragment ions
in the database.

The compromised standard conditions for a wide-scope screening might lead to
extensivein-source fragmentation for certain unstable compounds and only searching
for (de)protonated molecules might be insufficient. Moreover, today’s medicines can
be tomorrow’s drugs of abuse, as some prescription drugs have the potential of abuse
and theinventiveness of drug addictsand dealersare high. In other words* new” drugs
of abuse may be “discovered” and are of interest in alater stage. Since evaluation of
TOF MS datais performed after acquisition, data can be reexamined in searching for
other or new compounds. By including their theoretical mass and empirical formulas
into a database, the earlier obtained data can be reprocessed and reeval uated without
performing additional analysis. Without the need of reanalyzing the samples, the
presence of many compounds can be investigated months or even years later, taking
advantage of the abundant and useful information contained in TOF full-spectra
acquisition.

As previously stated, TOF instruments normally measure the accurate mass of
(de)protonated molecules, whereas QTOF MS can provide additional structural in-
formation by obtaining full spectra of products ions at accurate mass. QTOF MS
is an excellent technique to perform valuable MS/MS experiments for elucidation
purposes. The accurate mass together with the acquisition of the full product ion
spectrum is also a powerful tool for the unequivocal confirmation of positives in
target analysis. In particular, for anumber of compounds (e.g., isomers), information
on productsionsis amost indispensable for acorrect identification. | somers share the
same empirical formula and, therefore, their exact mass, and can only be discrimi-
nated either from retention times or from fragmentati on pathway. For example, thanks
to the use of QTOF MS/M S experiments, the hydroxyl metabolite of the insecticide
buprofezin could be distinguished from the sulfoxide metabolite in a banana sample
that contained the parent pesticide (Grimalt et a., 2007). Both metabolites share
the same empirical formula and exact mass, but their different fragmentation when
performing MS/MS experiments gave us the information required to discriminate
between them and to assign the correct chemical structure to the metabolite found in
the sample.

On the other hand, the potential of QTOF used in MS/MS mode for wide-scope
screening purposes is limited, as this implies preselection of an analytes m/z in
order to filter it in the quadrupole. However, information of both (de)protonated
molecule and fragment ions from a single experiment is feasible by QTOF MS
running in the so-called MSF acquisition mode, without the need of selecting the
precursor ion or losses of isotopic information. Obviously, a QTOF instrument can
be used in a TOF mode, which would be the approach recommended for wide-scope
screening purposes. However, this tandem mass analyzer offers the possibility of
promoting fragmentation in the collision cell, when also being used as a TOF. MSF
experiments involve the simultaneous acquisition of exact TOF MS data at low- and
high-collision energy (Castro-Perez et ., 2002; Plumb et al., 2006; Weaver et a.,
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2007; Tiller et a ., 2008). By applying low energy (LE) inthecollision cell, compound
fragmentation is minimized; consequently, information givenin theaccurate TOF MS
spectra corresponds mainly to nonfragmented ions. At high-collision energy (HE),
a more efficient fragmentation will take place, resulting in more abundant accurate
mass fragments, but still maintaining, in most of cases, the (de)protonated molecule
information. Although these ions are not generated in a traditional MS/MS manner,
analog terms are sometimes used because of similarities in both approaches by
using the same QTOF instrument. Thus, spectra at low energy are mainly dominated
by “precursor” ions, while high-energy spectra are dominated by “product” ions.
Although similar information might be acquired by varying the cone voltage of a
single TOF MS, to produce in-source fragmentation, data obtained are of reduced
signal intensity, because of the formation of adducts and the effect of neutrals in
the source (Plumb et a., 2006). In addition, we also observed that mass accuracy
deteriorated and less abundant fragmentation was obtained in comparison to the use
of acoallision cell (Diaz et d., 2010).

Hence, the M SF approach applied in QTOF instruments to produce collision-cell
fragmentation is preferable. All MS data obtained by this approach are processed
after acquisition, allowing the search for many other compounds, without additional
analysis, simply by reprocessing the sample data. Despite these advantages, the
technique can be acknowledged as pseudo-MS/MS, the main drawback of MSF.
While the first (quadrupole) mass analyzer operates in wide-band transition mode,
multiple components might simultaneously enter the mass spectrometer, making
the interpretation of the high-energy mass spectra difficult. For this reason, good
chromatographic separation is paramount. When working with UHPLC-QTOF MS
in MSF acquisition mode, full advantage is taken of the higher chromatographic
resolution of UHPL C and both (de)protonated molecul e and fragmentation data can
rapidly be obtained, facilitating simultaneous screening and confirmation.

4.3.2 Application to Real Samples

To illustrate the potential of QTOF MS for confirmation of illicit drugs in the
aquatic environment, we will show illustrative examples taken from effluent ur-
ban wastewater samples (EWW) of the Castellon province (Spain), which were
analyzed in 2008-2009. These complex matrix samples were firstly analyzed by a
target UHPLC—-QqQ-MS/MS method developed for eleven drugs and metabolites
(Bijlsmaet al., 2009). Most of samples analyzed contained benzoylecgonine, amajor
cocaine metabolite. It is interesting to note that another cocaine metabolite, norco-
caine, shares the same empirical formula, and thus the same exact mass ((M+HT,
m/z 290.1392). As reference standards were available to the authors and chromato-
graphic separation was satisfactory, discrimination of both analytes could be made
from their retention times (benzoylecgonine, 4.99 min and norcocaine, 5.37 min).
However, reference standards were not indispensable when analysis was performed
by QTOF MS, as these compounds could also be discriminated from fragmenta-
tion (Fig. 4.1). Although good chromatographic separation is important, these two
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FIGURE 4.1 Top, fragmentation pattern benzoylecgonine[M+H]*. Bottom, fragmentation
pattern norcocaine [M+H]*.

isomerscould bediscriminated by specificfragmentions. ThisisillustratedinFig. 4.2,
where full-scan spectra of an EWW sample (Fig. 4.2a) and benzoylecgonine and nor-
cocaine standard (Fig. 4.2b and c, respectively) by UHPLC-QTOF MS running in
both MSF (LE and HE) and MS/MS acquisition mode are depicted. The relative
intensities and accurate masses of the main ions were compared with those of a
reference standard. For almost all ions, experimental accurate masses compared to
theoretical exact masses (Fig. 4.1) presented errors lower than 2 mDa, giving a high
degree of confidence for confirmation of benzoylecgonine. Although relativeintensi-
ties of high-energy M SF spectraversus M SIM S spectraare slightly different, because
of asmall change in the collision energy ramps applied to the protonated molecule,
spectra were comparable, demonstrating similar capabilities for both approaches.
Nevertheless, QTOF MS/MS provides better spectra with higher sensitivity, as it
is more efficient because of the improved duty cycle as well as to cone voltage
optimization.

Similarly, QTOF MS alowed confirming positives found by LC-MS/MS QqQ,
thanks to the accurate mass measurements of the (de)protonated molecule and the
most abundant fragments at LE and HE simultaneous acquisition. As an example,
Table 4.1 shows the drugs of abuse confirmed by MSF in an effluent wastewater
sample.

In addition to the reliable confirmation of compounds identity, QTOF MSin MSF
acquisition mode is an excellent tool for a wide-scope screening of illicit drugs
in a post-target way. Reference standards are not fully necessary and searching of
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TABLE 4.1 Confirmation of Different Positives of an Effluent Wastewater in M S®
Acquisition Mode at Low (LE) and High (HE) Energy

Exact Accurate Error)
Compound Precursor/Fragment Mass Mass (mDa)
MDMA C1H1sNO, LB 194.1181 194.1164 -1.7
Ci0H110; 163.0759 163.0775 1.6
CgH/0, 135.0446 135.0441 0.2
CyHoO 133.0653 133.0661 -0.8
Cocaine Ci7HxNO, B 304.1549 304.1562 1.3
Ci10H16NO; 182.1181 182.1178 -0.3
CyH12NO 150.0919 150.0923 04
CsHgN 82.0657 82.0648 0.9
Benzoylecgonine CigHoNO, (B 290.1392 290.1407 15
CyH14NO, 168.1025 168.1025 0
CyH12NO 150.0919 150.0918 -0.1
C;Hs0 105.0340 105.0351 11
Norbenzoyl-ecgonine CisHigNO, LB 276.1236 276.1260 24
CgH12NO, 154.0868 154.0882 14
CgH10NO 136.0762 136.0741 21
C;Hs0 105.0340 105.0336 -04

compounds can be easily extended, permitting awider screening. In our case, a spe-
cific software (ChromaLynx XS, Waters) allowed a rapid and simple reviewing by
cataloguing, based on color, the accurate mass of the analyte protonated molecule
[M+H]*, asafunction of mass error. In thisway, an effluent wastewater sample was
suspected to contain ketamine (Table 4.2). This compound had not been considered
in the list of target analytes included in the LC-MS/MS QqQ method applied in
our previous work, but it was subsequently investigated by reexamining data ob-
tained by LC-QTOF MS. When performing anarrow-window XIC at its exact mass,
an abundant pesk was observed (Fig. 4.38). The MSF spectra at LE and HE are
shown in Fig. 4.3b. Notice from the LE spectrathat a characteristic isotopic pattern,
corresponding to 3°Cl and 3'Cl, can be observed. As stated before, the quadrupole
operates during MSF acquisition in wide-band transition mode in such a way that

TABLE 4.2 Ketamine and Codeine Discovered after QTOF Screening of an Effluent
Wastewater by M SF Acquisition Mode at Low (LE) and High (HE) Energy

Compound Precursor/Fragment Exact Mass Accurate Mass Error (mDa)

Ketamine Ci3Hi7CINO (4B 238.0999 238.1017 1.8
C;HeCl 125.0159 125.0166 0.7

Codeine CigHsNO; LB 300.1600 300.1610 1.0
CizHoO 181.0653 181.0636 17
Ci3Ho 165.0704 165.0731 2.7

CioHs 152.0626 152.0641 15
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all ions are transmitted into the collision cell, providing useful information regarding
isotopic pattern. Ketamine ([M-+H]™, m/z 238.0999) contains one chlorine atom,
which isin agreement with the isotopic pattern mentioned above. In addition, the nv/z
207.0596 fragment could be linked to m/z 238.1017 (aloss of -CHsN); since there
is no loss of chlorine, the isotopic peak (mVz 209.0572) corresponding to ¥7Cl was
present at around 30% of that of 3°Cl, as expected (Fig. 4.3b, top). Another fragment,
Mz 125.0173, also shows a small peak at nvVz 127.0133, however the ratio does not
fit with that expected for one Cl atom. At HE, complete fragmentation toward nvz
125.0166 seems to occur, showing neither other fragment nor isotopic peak. Despite
thisfact, we did suspect thisfragment to contain chlorine, because of the mass error of
the fragment in combination with the few possibilities of ketamine to have a product
ion at m/z 125 without Cl. The disappearance of the isotopic peak might be explained
by the fact that the background noise was subtracted from the combined peak spectra
to get cleaner spectra. To ensure the compound identity, ketamine reference standard
was purchased and M S/M S experiments for both reference standard and sample were
carried out (Fig. 4.3c). This allowed us to confirm the presence of ketamine in the
sample, asat | east five product ionswere coincident with low masserrors. In addition,
by using the reference standard, the identity of the analyte could also be confirmed
by retention time and semiquantification could even be performed.

Another example of drugs of abuse found in the samples analyzed by MSF ap-
proach was codeine (see Table 4.2), also discovered in an effluent wastewater sample.

The illustrative examples described here show the great potential of UHPLC—
QTOF MS in MSF acquisition mode, for (post-target) wide-scope screening and
confirmation of illicit drugs in complex environmental samples.

4.4 CONCLUSIONS

Most of the existing screening methodsfor illicit drugsin environmental matricesare
focused on (pre)target analysis, typically using LC-MS/MS with triple quadrupole
analyzers in SRM mode. These methods require a reference standard of each target
compound for optimization, compound identification, and quantification. This ap-
proach is highly suitable and reliable for trace determination of alimited number of
compounds. However, nonpreselected compounds that might be present in samples,
even at high concentrations, would not be reveal ed using this approach. Depending on
the number of transitions monitored and on their specificity, additional confirmation
is sometimes necessary in order to prevent false positives or negatives.

Other strategies would be highly useful to apply awide-scope screening for other
compounds of interest. LC-QTOF in MSF acquisition mode is much more appropri-
atefor thisgoal asmost of drugs of abuse and their metabolites are L C-amenable, and
QTOF offers useful relevant information for a reliable identification of compounds
detected in samples. By means of specialized software and appropriate compound
database, accurate mass information can be processed after MSfull acquisition using
mass error and retention times, when available. This approach allows a safe identifi-
cation of the compound detected, because of accurate mass data and fragmentation,
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and is highly useful for simultaneous rapid wide-scope screening and confirmation
of illicit drugs and their metabolites. Since screening and confirmation is performed
after MS acquisition, data can be reprocessed and reevaluated using new or modified
databases in search for other interesting compounds. In theory, a huge number of
compounds could be detected and confirmed, without performing additional analysis
and without the need of reference standards. Obviously, compounds subjected to
investigation have to satisfy the requirements for LC-M S analysis (e.g., they haveto
beionized in the commonly APl sources, mostly ESI) and they have to be compatible
with the sample treatment applied. Therefore, for a wide-scope screening minimum
sample treatment would be desirable in order to extend the scope of the method to as
many compounds as possible. New generations of QTOF instruments, with improved
resolution and sensitivity, will facilitate direct injection of aqueous samples (in some
cases, after centrifugation or acidification) for detection of drugs present at sub-parts
per billion levels.

Although negativeionization was not taken into consideration in our work, because
of the basic character of most illicit drugs, this acquisition mode would complete an
even wider scope screening. In addition, unknown compounds, like some metabolites
or transformation products (TPs), might also be revealed, by applying a nontarget
search using the same accurate mass data and other relevant information given by
QTOF MS andlysis (e.g., isotopic distribution, fragment ions) together with appro-
priate databases.

UHPLC—QTOF MS has been successfully applied to urban wastewater in order
to investigate the presence of illicit drugs. Previous positives of MDMA, cocaine,
benzoylecgonine, and norbenzoylecgonine found by triple quadrupole LC-MS/MS
have been confirmed and other nonpresel ected compounds, like ketamine or codeine,
have been detected by reexamining M S data after MSF acquisitions.

The strategy described in this chapter for illicit drugs can aso be applied to
many other contaminants that could be present in the aquatic environment like an-
tibiotics, pesticides, and transformation products, widening the searching of organic
pollutants up to more than 1000 compounds. This illustrates the strong potential of
UHPLC-QTOF M S for screening purposes.

REFERENCES

Badoud, F., E. Grata, L. Perrenoud, L. Avois, M. Saugy, S. Rudaz, and J—L . Veuthey. 2009. Fast
analysisof doping agentsin urineby ultra-high-pressureliquid chromatography-quadrupole
time-of-flight mass spectrometry |. Screening analysis. J. Chromatogr. A 1216:4423—
4433.

Barcelo, D., and M. Petrovic. 2007. Pharmaceuticals and persona care products (PPCPs) in
the environment. Anal. Bioanal. Chem. 387:1141-1142.

Bijlsma, L., J. V. Sancho, E. Pitarch, M. |bafiez, F. Hernandez 2009. Simultaneous ultra-high-
pressure liquid chromatography-tandem mass spectrometry determination of amphetamine
and amphetamine-like stimulants, cocaine and its metabolites, and a cannabis metabolite
in surface water and urban wastewater. J. Chromatogr. A 1216:3078-3089.



REFERENCES 83

Castiglioni, S., E. Zuccato, E. Crisci, C. Chiabrando, R. Fanelli, and R. Bagnati. 2006. |den-
tification and measurement of illicit drugs and their metabolites in urban wastewater by
liquid chromatography-tandem mass spectrometry. Anal. Chem. 78:8421-8429.

Castiglioni, S., E. Zuccato, C. Chiabrando, R. Fanelli, and R. Bagnati. 2008. M ass spectrometric
analysis of illicit drugsin wastewater and surface water. Mass Spectrom. Rev. 27:378-394.

Castro-Perez, J., J. Hoyes, H. Mgjor, and S. Preece. 2002. Advances in M S-based approaches
for drug and metabolism studies. Chromatographia 55:S59-S63.

Diaz, R., M. Ibafiez, J. V. Sancho, and F. Hernandez. 2010. Building an empirical mass spectra
library for screening of organic pollutants by UHPLC-QTOF MS. Rapid Commun. Mass
Spectrom. under revision.

Ferrer, 1., and E. M. Thurman. 2007. Multi-residue method for the analysis of 101 pesticides
and their degradates in food and water samples by liquid chromatography/time-of-flight
mass spectrometry. J. Chromatogr. A 1175:24-37.

GarciaReyes, J. F, B. Gilbert-Lopez, A. Molina-Diaz, and A. R. Fernandez-Alba. 2008.
Determination of pesticide residues in fruit-based soft drinks. Anal. Chem. 80:8966-8974.

Gheorghe, A., A. van Nuijs, B. Pecceu, L. Bervoets, P. G. Jorens, R. Blust, H. Neels, and A.
Covaci. 2008. Analysis of cocaine and its principal metabolites in waste and surface water
using solid-phase extraction and liquid chromatography-ion trap tandem mass spectrometry.
Anal. Bioanal. Chem. 391:1309-1319.

Grimalt, S., O. J. Pozo, J. V. Sancho, and F. Hernandez. 2007. Use of liquid chromatography
coupled to quadrupol e time-of -flight mass spectrometry to investigate pesticide residuesin
fruits. Anal. Chem. 79:2833-2843.

Grimalt, S., J. V. Sancho, O. J. Pozo, and F. Hernandez. 2010. Quantification, confirmation and
screening capability of UHPLC coupled to triple quadrupole and hybrid quadrupole time-
of-flight mass spectrometry in pesticide residue analysis. J. Mass Spectrom. 45:421-436.

Hernandez, F., O. J. Pozo, J. V. Sancho, F. J. Lopez, J. M. Marin, and M. Ibafiez. 2005a. Strate-
gies for quantification and confirmation of multi-class polar pesticides and transformation
productsin water by LC-MS2 using triple quarupole and hybrid quadrupole time-of-flight
analyzers. Trends Anal. Chem. 24:596-612.

Hernandez, F., J. V. Sancho, and O. J. Pozo. 2005b. Critical review of the application of liquid
chromatography/mass spectrometry to the determination of pesticide residuesin biological
samples. Anal. Bioanal. Chem. 382:934-946.

Hogenboom, A. C., W. M. A. Niessen, D. Little, U. A. Th. Brinkman. 1999. Accurate mass
determinations for the confirmation and identification of organic microcontaminants in
surface water using on-line solid-phase extraction liquid chromatography electrospray
orthogonal -accel eration time-of -flight mass spectrometry. Rapid Commun. Mass Spectrom.
13:125-133.

Huerta-Fontela, M., M. T. Galceran, and F. Ventura. 2007. Ultraperformance liquid
chromatography-tandem mass spectrometry analysis of stimulatory drugs of abuse in
wastewater and surface waters. Anal. Chem. 79:3821-3829.

Ibafiez, M., J. V. Sancho, O. J. Pozo, W. Niessen, and F. Hernandez. 2005. Use of quadrupole
time-of-flight mass spectrometry in the elucidation of unknown compounds present in
environmental water. Rapid Commun. Mass Spectrom. 19:169-178.

Ibafiez, M., J. V. Sancho, D. McMillan, R. Rao, and F. Hernandez. 2008. Rapid non-target
screening of organic pollutants in water by ultraperformance liquid chromatography cou-
pled to time-of-flight mass spectrometry. Trends Anal. Chem. 27(5): 481-489.



84 WIDE-SCOPE SCREENING OF ILLICIT DRUGS

Ibafiez, M., C. Guerrero, J. V. Sancho, and F. Hernandez. 2009. Screening of antibiotics
in surface and wastewater samples by ultra-high-pressure liquid chromatography cou-
pled to hybrid quadrupol e time-of-flight mass spectrometry. J. Chromatogr. A 1216:2529—
2539.

Jones-Lepp, T. L., D. A. Alvarez, J. D. Petty, and J. N. Huckins. 2004. Polar organic chemical
integrative sampling and liquid chromatography-electrospray/ion-trap mass spectrometry
for assessing selected prescription and illicit drugs in treated sewage effluents. Arch. Envi-
ron. Contamination Toxicol. 47:427-439.

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

Kaufmann, A. 2009. Quantitative analysis of veterinary drug residues by sub 2-pum particul ate
high-perfromance liquid chromatography columns and time-of-flight mass spectrometry
(UPLC-TOF). In: Liquid chromatography time-of-flight mass spectrometry: principles,
tools, and applications for accurate mass analysis, edited by I. Ferrer and E. M. Thurman,
pp. 133-150Wiley, Hoboken, New Jersey.

Laks, S., A. Pelander, E. Vuori, E. Ali-Tolppa, E. Sippola, and I. Ojanpera. 2004. Analy-
sis of street drugs in seized material without primary reference standards. Anal. Chem.
76:7375-7379.

Mezcua, M., O. Maato, J. F. Garcia-Reyes, A. Molina-Diaz, and A. R. Fernandez-Alba. 2009.
Accurate-mass databases for comprehensive screening of pesticide residuesin food by fast
liquid chromatography time-of-flight mass spectrometry. Anal. Chem. 81:913-929.

Niessen, W. M. A., P. Manini, and R. Anderoli. 2006. Matrix effects in quantitative pesticide
analysisusing liquid chromatography-mass spectrometry. Mass Spectrom. Rev. 25:881-899.

Ojanperd, S., A. Pelander, M. Pelzing, |. Krebs, E. Vuori, and |. Ojanperéa. 2006. | sotopic pattern
and accurate mass determination in urine drug screening by liquid chromatography/time-
of-flight mass spectrometry. Rapid Commun. Mass Spectrom. 20:1161-1167.

Pelander, A., I. Ojanpera, S. Laks, |. Rasanen, and E. Vuori. 2003. Toxicological screening
with formula-based metaboliteidentification by liquid chromatography/time-of-flight mass
spectrometry. Anal. Chem. 75:5710-5718.

Petrovic, M., M. Gros, and D. Barcelo. 2006. Multi-residue analysis of pharmaceuticals in
wastewater by ultra-performance liquid chromatography-quadrupole-time-of-flight mass
spectrometry. J. Chromatogr. A 1124:68-81.

Plumb, R. S., K. A. Johnson, P. Rainville, B. W. Smith, I. D. Wilson, J. Castro-Perez, and
J. K. Nicholson. 2006. UPLC/MSE; a new approach for generating molecular fragment
information for biomarker structure elucidation. Rapid Commun. Mass Spectrom. 20:1989—
1994.

Pozo, O. J., J. V. Sancho, M. Ibafiez, F. Hernandez, and W. M. A. Niessen. 2006. Confirma-
tion of organic micropollutants detected in environmental samples by liquid chromatog-
raphy tandem mass spectrometry: achievements and pitfalls. Trends Anal. Chem. 25(10):
1030-1042.

Richardson, S. D. 2008. Environmental mass spectrometry: emerging contaminantsand current
issues. Anal. Chem. 80:4373-4402.

Richardson, S. D. 2009. Water analysis: emerging contaminants and current issues. Anal.
Chem. 81:4645-4677.



REFERENCES 85

Sancho, J. V., O. J. Pozo, M. Ibafiez, and F. Hernandez. 2006. Potential of liquid
chromatography/time-of-flight mass spectrometry for the determination of pesticides and
transformation products in water. Anal. Bioanal. Chem. 386:987—997.

Tiller, P R., S. Yu, J. Castro-Perez, K. L. Fillgrove, and T. A. Baillie. 2008. High-throughput,
accurate mass liquid chromatography/tandem mass spectrometry on a quadrupol e time-of -
flight system asa‘first-line’ approach for metabolite identification studies. Rapid Commun.
Mass Spectrom. 22:1053-1061.

Weaver, P. J.,, A. Laures, and J—C. Wolff. 2007. Investigation of the advanced functionalities
of a hybrid quadrupole orthogonal acceleration time-of-flight mass spectrometer. Rapid
Commun. Mass Spectrom. 21:2415-2421.

Zuccato, E., C. Chiabrando, S. Castiglioni, D. Calamari, R. Bagnati, S. Schiarea, R.
Fanelli. 2005. Cocaine in surface waters: A new evidence-based tool to monitor com-
munity drug abuse. Environ. Health Global Access ci. Source 4:14. Available at
http://www.ehjournal .net/content/4/1/14.



CHAPTER 5

DETERMINATION OF ILLICIT DRUGS
IN THE WATER CYCLE BY
LC—-ORBITRAP MS

PIM DE VOOGT, ERIK EMKE, RICK HELMUS, PAVLOS PANTELIADIS,
and JAN A. VAN LEERDAM

5.1 INTRODUCTION

In the past 60 years, the social impact of drug abuse and illegal trade of drugs has
become significant. As a result, a strong demand has risen for the monitoring of
the amounts and trends of consumption of illicit drugs and for the tracing of new
ones. Thus far, this has been done with the use of traditiona surveys and inventories
of data collected from specific information sources, like the police, hospitals, and
drug addiction treatment centers. Only limited data are available on the consumption
of illicit drugs, because their use is neither registered nor controlled. Although the
Dutch Foundation for Pharmaceutical Statistics (SFK, 2010) publishes dataon annual
prescriptions of some pharmaceutical/drugs that are controlled, these data do not
reflect the consumption volumes. Moreover, the data do not include the uncontrolled
illegal selling of drugs of abuse. Although considerable progress has been made with
the collection of those data, there are still a number of limitations that seem hard
to overcome. More specifically, drug use is highly stigmatized in today’s society, so
that users tend to hide their consumption habits. Furthermore, when the proportion
surveyed is statistically extrapolated to the total of the population, uncertainty is
unavoidably introduced into the reported results. Finaly, these methods are time-
consuming, resulting in slow response reports, usually with an annual periodicity.
Each year the Trimbos| nstitute (Netherlands I nstitute of Mental Health and Addic-
tion) in the Netherlands, publishes the National Drug Monitor (2006). In this report,
the illicit drug consumption is estimated based on criteria such as (il) legal import
volumes, anonymous surveys, consumption during so-called “dance parties’ and so
on. However, it remains very difficult to estimate the consumption of illicit drugs.

Ilicit Drugsin the Environment: Occurrence, Analysis, and Fate Using Mass Spectrometry, Edited by
Sara Castiglioni, Ettore Zuccato, and Roberto Fanelli
Copyright © 2011 John Wiley & Sons, Inc.
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Daughton and Jones-Lepp (2001) were the first to present a new approach to the
solution of this problem. They suggested that monitoring sewage treatment plants
(STPs) for illicit drugs can be used for back-calculations in order to estimate col-
lective consumption. Since then, illicit drugs have been receiving increased interest
from environmental scientists. The same group of investigators was thefirst to report
the occurrence of illicit drugs in treated sewage effluents in 2004 (Jones-Lepp et al.,
2004). In 2006, Castiglioni et al. also reported the occurrence of benzoylecgoninein
the Italian Po River. Sincethenillicit drugs have been reported in wastewaters of sev-
eral countries, including the United States, Germany, Italy, Spain, United Kingdom,
Switzerland, Belgium, The Netherlands, and Poland (Vanderford and Snyder, 2006;
Hummel et al., 2006; Boleda et a., 2007; Huerta-Fontela et a., 2007; Kasprzyk-
Hordern et al., 2007; Postigo et a., 2008; Bijlsmaet al., 2009; Van Nuijset al., 2009;
Hogenboom et a., 2009).

5.1.1 Environmental Occurrence of lllicit Drugs

Since the early work at the beginning of the 21st century, severa studies have been
published on the occurrence of illicit drugs in environmental waters. Illicit drugs
were detected in al studies investigated, either in surface waters or wastewater.
The lowest concentrations, as expected, were detected in surface waters, while the
highest ones occurred in wastewater influents. Analysis of results from surface water
and wastewater influent published in the literature is presented in Tables 5.1-5.3.

Concentrations in surface waters of cocaine and its metabolites, which are the
compounds studied most frequently, range from <1 up to 115 ng/L of cocaine, with
values usually between the limit of detection (LOD) of each method and 35 ng/L.
The higher value was reported for theriver Zenne, 115 ng/L, downstream of Brussels,
which was explained by the untreated, industrial and domestic wastewater discharged
into the river (Van Nuijs et al., 2009). High values (44 ng/L) were also observed in
the river Olona (Zuccato et al., 2008) a small heavily polluted river close to Milan
and in theriver Liffey (33 ng/L) close to Dublin (Bones et al., 2007).

Similar results were reported for benzoylecgonine (BE), cocaine's basic metabo-
lite, but with somewhat higher levels, since most of the cocaine used is metabolized
in the human body, with up to 55% being metabolized into BE (Cook et al., 1985).
The levels of BE ranged from the LOD up to 520 ng/L, with the highest value re-
ported again from the river Zenne (Van Nuijs et al., 2009). For the river Olona, a
concentration of 180 ng/L was reported (Zuccato et al., 2008), while a value below
the LOD was reported for the river Liffey (Boneset a., 2007).

Lower concentrations were reported for the other drugs investigated in surface
waters, including the presence of 11-nor-9-carboxy-A °-tetrahydrocannabinol (11-
COOH-THC), 21 ng/L, in the river Llobregat, close to Barcelona (Boleda et al.,
2007). Morphine (38 ng/L) was found in the river Olona (Zuccato et a., 2008) and
in the river Rhine (78 ng/L), close to Kablenz (Hummel et al., 2006).

More dataare available for wastewater influents and effluents. Cocainein effluents
ranged up to 560 ng/L, a value reported for the STP of Castellon in eastern Spain
(Bijlsmaet al., 2009), while most of the values reported are between 30 and 140 ng/L.
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Relatively high values were reported for the STPs in the UK (Kaszprzyk-Hordern
et a., 2007; Bones et a., 2007), with Ringsed and Clifynydd being two examples.
For BE, the highest values were again reported for Castellon and Clifynydd, 6790
and 1091 ng/L, respectively. Two aggregated results should be pointed out, namely,
onefor 12 STPsin Germany (Hummel et a., 2006) and onefor 16 STPsin Catalonia
(Huerta-Fontela et al., 2007), giving means of 49 and 216 ng BE/L, respectively.
3,4-Methylenendioxy-methamphetamine (MDMA) was detected in high values in
two STPs in the Netherlands (Emke et al., 2009), Castellon (Bijlsma et al., 2009),
Barcelona, and Benicassim (Postigo et al., 2008). High amphetamine levels were
reported for Clifynydd's effluents (Kasprzyk-Hordern et al., 2007). Morphine, THC,
and its metabolites were reported in higher values from surface waters and, in some
locations, heroin, LSD (lysergic acid diethylamide), and its metaboliteswere detected
(see Table 5.1).

The highest concentrations of drugs are observed in STP influents. More specif-
ically, for cocaine, levels of BE up to 10,500 ng/L were detected, the highest value
again being reported for Castellon (Bijlsma et al., 2009). High values were also re-
ported for Barcelona, 4200 ng/L, and in Valencia, 1900 ng/L (Postigo et al., 2008).
An aggregated study of 37 STPsin Belgium (Van Nuijs et a., 2009) gave a mean of
500 ng/L while asimilar onefor 16 STPsin Catalonia gave 810 ng/L (Boledaet al.,
2007). Similar trends, but at lower concentration levels, were reported for cocaine,
except for the study by Bones et al. (2007) that reports higher cocaine values than
BE ones. Amphetamine was also detected at several locations, mostly in Spain, and
remarkably high average values were reported by Kasprzyk-Hordern et al. (2007) for
Clifynydd and Coslech in the UK amounting to 4300 and 1200 ng/L, respectively.

Morphinewas detected in 2 STPsin the Netherlands (40 ng/L), in Catalonia(up to
81 ng/L), inLugano (55 ng/L), andin 12 STPsin Germany giving amean of 110 ng/L
(Table 5.3). Bones et al. (2007) reported a noticeably high value, 870 ng/L, which
shows an 86% standard deviation. Moreover, these authors detected morphine in
effluent while not in influent water, in samples coming from the same STP. An expla-
nation given isthe cleavage of glucuronide metabolites during wastewater treatment.
However, even if that is the case, no similar results, thus far, were observed by any
other researcher. THC and its metabolites were also detected in low concentrations:
14 and 34 ng/L for A°-tetrahydrocannabinol (A°-THC) and its human metabolite
THC-COOH, respectively, in STPs located in Spain (Huerta-Fontela et al., 2007).

Thusfar, only two studies have reported on the measurement of these compounds
in drinking water: meprobamate was detected at a level of 6 ng/L level (Vanderford
and Snyder, 2006) and BE at a mean level of 45 ng/L and a maximum of 130 ng/L
(Huerta-Fontela et al., 2008).

5.1.2 Objectives

As a consequence of the findings of illicit drugs in the water cycle, the possible
hazards for the environment and human health because of exposure to these drugs
areincreasingly being investigated. Acute health hazards because of illicit drugs and
metabolitesin drinking water are unlikely. However, long-term (chronic) effects and
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those because of mixtures of substances with similar mechanisms of action have not,
thusfar, been studied. A well-founded scientific risk assessment is, therefore, not yet
possible. In order to understand the level sthat have been reported and that may occur
in surface waters, it isimportant to know whether or not theillicit drugs are difficult
to remove in (drinking) water treatment processes.

The monitoring of illicit drugs in the aquatic environment began in The Nether-
lands in 2006. A large number of theillicit drugs, viz. ~130 out of atotal of ~160
(Dutch Opium Act List | 4 II; List | refersto illicit drugs, whereas List |l refersto
legal, but addictive, drugs) have medium to high polarities, as is reflected by alog
Kow Value of less than 3. The metabolites are generally more polar than the parent
compound. Asaresult of high polarities and corresponding high aqueous solubilities,
illicit drugs and their metabolites present in influents may pass easily through water
treatment processes. On the other hand, degradation of a compound during waste-
water treatment or in the environment can significantly decrease the environmental or
health relevance of acompound. Whether or not such degradation occursis dependent
on the physicochemical properties of theillicit drug. In order to evaluate the hazard
in the water cycle, the efficiency of removal of the drugsin treatment processes must
not only include the parent compound, but also the transformation product(s).

A further question relates to the perception of the issue by consumers of drinking
water. In general, consumers do not accept pharmaceuticals in their drinking water
even if it is demonstrated not to be associated with a health hazard. Drinking water
companies strive to ensure that concentration levels of contaminants in drinking
water are as low as possible (Van der Hoek et al., 2008). Thus far, there are neither
guidelines for the concentrations of illicit drugs in surface waters or drinking water
(e.g., in the framework of Drinking Water Directive 98/83/EC), nor have tolerable
daily intakes been issued for these substances (Schriks et a., 2010). Illicit drugs have
not been regulated in the Water Framework Directive of the EU.

The work on determination of illicit drugs in surface waters in The Netherlands
began with an inventory conducted in 2006—2007 by the KWR Institute. At that time,
the standards were limited and KWR’s application for alicense to keep standards was
pending. Ananalytical method, based on full-scan accurate mass screening employing
the LTQ Orbitrap—mass spectrometer was sel ected and optimized. |n 2008, theformal
licensefor standardswas obtai ned from the Dutch authoritiesand the existing accurate
mass-based method was extended to cover atotal of 30 differentillicit drugsand some
of their transformation products. Thischapter presentsdetails on the devel opment and
optimization of a single analytical method for a wide group of illicit drugs in water
based on LC coupled to the LTQ Orbitrap—full-scan mass spectrometry. It discusses
the typical characteristics of the methodology and presents some of the findings in
samples collected in The Netherlands in the period 2006—2009.

5.2 ORBITRAP MASS SPECTROMETRY

An Orbitrap is a type of mass spectrometer that consists of an outer barrel-like
electrode and a coaxial inner spindlelike electrode that form an electrostatic field.
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FIGURE 5.1 lon trgectories in an Orbitrap mass spectrometer. (1) Orbitrap; (2) inner
electrode; (3) outer electrodes (taken from Wikipedia).
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(Makarov, 2000; Hu et a., 2005). In the Thermo Electron configuration, the Orbitrap
is combined with alinear iontrap (LTQ).

5.2.1 Principle of Operation

In an Orbitrap, ions are tangentially injected into the electric field between the
electrodes and trapped because their electrostatic attraction to the inner electrode is
balanced by centrifugal forces. Thus, ionsorhit the central electrodeinrings(Fig. 5.1).
In addition, the ions also move back and forth along the axis of the central electrode.
Therefore, ions of a specific mass-to-charge ratio move in rings oscillating along the
central spindle. The frequency, o, of these harmonic oscillations is independent of
theion velocity and isinversely proportional to the square root of the mass-to-charge
ratio.

By registering theion oscillation, thetrap can be used asamass analyzer. Orbitraps
have a high mass accuracy (typically 2—5 ppm), a high resolving power (up to
100,000), and a high dynamic range (around 5000) (Makarov et al., 20063, b).

Theresolution provided by the Orbitrap is proportional to the number of harmonic
oscillations of the ions. As aresult, the resolving power is inversely proportional to
the square root of m/z and proportional to acquisition time. Scigelova and Makarov
(2006) showed that the resolving power is 7500 per 0.1 s transient at m/z 400, a
transient being the duration that the time domain signal is acquired. The resolving
power decreases further asthe nvVz value increases so that at an m/z value of 1600 the
resolving power has halved to 3750 per 0.1 s. Approximately 0.1 s per transient is
required for data processing; thus, a 0.1-s transient has a cycle time of 0.2 s. These
effectsin combination result in aresolving power of 7500 at m/z 400 and 3750 at m/z
1600 when the Orbitrap is operating at five acquisitions/s.
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TheLTQ can be used asafront end for the Orbitrap. Thelinear form of thetrap can
be used either as a selective massfilter, or asan actual trap. In thelatter mode, theions
entering the storage quadrupole lose their energy in collisions with gas molecules
present, thereby becoming unable to escape and accumulate. Bunched ions are next
extracted pulsewise by temporary supplying a negative voltage to the lens between
the LTQ and the Orbitrap. The full processis described in detail by Hu et al. (2005).

Theuseof theLTQ FT Orbitrap—M S/M S combinesthe tandem mass spectrometry
capability of thelinear ion trap with the high-resol ution and mass-accuracy capability
of the FT Orbitrap. This combination allows high-quality accurate mass MS" spectra
to be acquired. Fourier transformation of the acquired transient allows wide mass
range detection with high resolving power, mass accuracy, and dynamic range. High-
accuracy mass measurements are within 2 parts per million (ppm) using internal
standards and within 5 ppm with external calibration.

5.3 METHODS AND MATERIALS

5.3.1 Analytes

5.3.1.1 Compound Selection and Characterization Relevant compounds/
representatives were selected from characteristic groups of List | + 11 Drugs of the
Dutch Opium Act, including their metabolites. The selection was based on criteria
that included known use, reported occurrence, and availability as standards (includ-
ing deuterated standards), as well as toxicity and behavior in treatment processes.
Table 5.4 presents the final selection, which consists of 32 illicit drugs that were
divided into six different classes.

5.3.1.2 Preparation of Standards Once the license was obtained by the
KWR laboratory, al calibrated reference standards were based on the free drug
substances, which were acquired from Lipomed AG (Arlesheim, Switzerland), ex-
cept 2-ethyl-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) and 2-ethyl-5-methyl-
3,3-diphenylpyrrolidine (EDMP), which were obtained from Cerillant (Round Rock,
TX, USA), and Meprobamate obtained from Sigma (St. Louis, MO, USA).

The standards from Lipomed were available in ready-to-use calibrated reference
ampuls of 1 mL in either methanol, ethanol, or acetonitrile, at a concentration of 1
g/L . Fromthe ampul, 900 p.L was diluted to a concentration of 36 mg/L in methanol
according to the groups mentioned in the table above. The final mixture was made
up by diluting aliquots from every group to a concentration of 3.6 mg/L. Working
solutions for the calibration curves were made in methanol concentrations ranging
from: 7 pg/L to 3 ng/uL. Before each analytical run, the standards were diluted 10
times with ultrapure water (Millipore, MA, USA) resulting in a mix of 90% water
and 10% methanol. For the deuterated standards, the same procedure was followed,
except that they were added to all the calibration standards at a concentration level
of 72 pg/p.L. The remaining solution of the ampul was used to made up individual
standards at around 10 mg/L in methanol for checking the purity of the standards.
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Stock and working solutions were stored at a temperature of —20°C. The ul-
trapure water was obtained by purifying demineralized water in a Milli-Q-system.
All organic solvents were HPL C-grade. A 30% hydrochloric acid solution was used
and the quality of the formic acid was 98%. Sea sand was obtained from Mallinck-
rodt Baker, Deventer, The Netherlands and had been glowed and ignited by the
manufacturer.

5.3.2 Sample Treatment

5.3.2.1 Solid-Phase Extraction Samples collected in the period 2006—2007
were preconcentrated off-line employing Oasis HLB adsorbent (5-mL glass car-
tridges, 200 mg, Waters, Milford, MA, USA) cartridges. A 6-mL polypropylene
cartridge, filled with 4 g of sea sand, was placed above the cartridge with adsor-
bent, in order to prevent the SPE material from clogging. The SPE cartridges were
successively conditioned with 10 mL of acetonitrile, 10 mL of methanol, and 10
mL of ultrapure water (pH 2, except for the neutral pH experiments). The sea sand
cartridges were conditioned in the same way, but the methanol was omitted, because
of the absence of active sites. In order to examine the influence of the pH on the
recoveries, spiked samples of drinking water and surface water were concentrated at
pH 7 and 2.

The internal standard compounds fenuron and chloroxuron were spiked to 1 L
of the water sample (200 mL in case of STP in/effluent) at a concentration level of
1 pg/L. The sampleswere acidified to pH 2 with 30% hydrochloric acid (except for
the experiments at neutral pH) and the water samples were percolated through the
cartridges at a flow of 10 mL/min. After passing the water, the sea sand cartridges
were removed and the SPE cartridges were washed twice with 5 mL of acidified
water (pH 2). The cartridges were dried under vacuum for 90 min until dryness and
eluted threetimeswith 2.5 mL of acetonitrile. The eluates were concentrated to afinal
volume of 500 L under agentle flow of nitrogen. Last, the extracts were diluted with
500 p.L of aninternal standard (atrazine-D5 and bentazon-D6) solution in ultrapure
water at a concentration level of 2 mg/L. The final concentration of the deuterated
internal standards in the sample extract was 1 mg/L.

Samples collected in the period 2008—2009 were extracted with the help of
an automated large-volume SPE (Gilson, Australia) system using Oasis-HLB SPE
stationary phase (150 mg, 60 wm). 900 mL (in the case of tapwater, surface water),
200 mL (effluent) or 100 mL (influent) of a sample was adjusted to pH 7 and 16
deuterated anal ogs were added. The analytes were eluted from the SPE column with
8 mL of methanol and concentrated.

5.3.2.2 Chromatographic Separation The liquid chromatograph was
equipped with a Surveyor autosampler model Plus and a Surveyor quaternary gra-
dient HPL C-pump (Thermo Fisher Scientific, Breda, The Netherlands). The separa-
tion of the compounds was performed either on a 3-.m Omnisphere C18 (Varian-
Chrompack, Middelburg, The Netherlands) column with dimensions: 100 x2.0 mm
i.d. (2006—2007 series) or a 150 x 2.1 mm i.d. Xbridge C18-column (Bester,
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Amsterdam, The Netherlands) with 3.5-um particles (2008—2009 series). The pre-
column used in both series was a 4.0 x 2.0 mm i.d. Phenomenex Security Guard
column (Bester). The columns were conditioned in a column thermostat that was
maintained at a temperature of 21°C. The extract (20 pL) was injected into the LC
system and the analytes were separated using alinear gradient elution.

For the 2006—2007 samples, an acetonitrile/water gradient was used at aflow rate
of 0.3 mL/min, starting at 5% acetonitrile/95% water/0.05% formic acid, increasing
to 40% acetonitrile/60% water/0.05% formic acid in 15 min, and then, finaly, to
100% acetonitrile in 10 min, and subsequently held constant for 10 min. Between
the runs, the analytical column was reequilibrated for 15 min. For the 2008—2009
samples, a methanol/water gradient was used at 0.3 mL/min: (A) ultrapure water,
0.05% formic acid; (B) methanol 0.05% formic acid; a linear gradient of 95% A
to 0% in 20 min was employed. The mass spectrometer was operated in positive
ionization mode using an electrospray interface.

5.3.3 Mass Spectrometry

5.3.3.1 Mass Spectrometric Conditions In the present work, a linear ion
trap—FT Orbitrap mass spectrometer (Thermo Electron, Bremen, Germany) was
used. The ion trap part of this system was equipped with an ion max electrospray
ionization (ESI) probe that can be applied in the positive- and negative-ion mode
for the compounds investigated. The present chapter only presents results of the
positive-ion mode.

From the LC column effluent, 125 pL/min (2006—2007 series) or 300 w.L/min
(2008—2009 series) wasintroduced i nto the mass spectrometer. Thefull-scan accurate
mass spectra from 100 to 600 Da, which were obtained at a resolution of 30,000
FWHM, were processed using the X calibur version 2.0 software. Thetotal cycletime
depends upon the resolution; at aresolution of 30,000 FWHM thetotal cycletimeis
about 0.55 s. The following conditions were employed in the ESI positive-ion mode:
source voltage 3.6 kV, heated capillary temperature 300°C, capillary voltage 30 V,
and tube lens 70 V. In the LTQ component of the instrument, the FT part was set to
26°C and helium was used as damping gas. All measurements were done using the
automatic gain control (AGC) of the LTQ to adjust the number of ions entering the
trap. Product ions were generated in the LTQ trap at a normalized collision energy
setting of 35%, using an isolation width of 2 Da.

5.3.3.2 Mass Accuracy Before measuring the samples, accurate mass calibra-
tion was performed using flow injection of a 1,3,6-polytyrosine solution (m/z 181,
507, and 997) in methanol/water (50/50; v/v) with 0.1% formic acid at a flow rate
of 10 pL/min. No recalibration was performed during the experiments. While for
identification of unknowns the mass accuracy is of greatest importance (Hogenboom
et al., 2009), thisis not a strict prerequisite for target analysis, such as in this study,
as the mass error could be accounted for from the injection of calibration solutions.
Still, the mass accuracy should be stable over a whole analytical sequence to ensure
accurate peak detection and integration. To study the mass accuracy, the drift in mass
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error of seven deuterated compounds covering the mass range of target compounds
was evaluated over atime period of ~60 h. The accurate mass was derived from the
apex of the chromatographic peak. The concentration of the compounds in the test
solution was 72 p.g/L.

5.3.3.3 Identification and Confirmation |dentification of the compounds
was performed using the accurate mass of the protonated molecule within amasswin-
dow of 5 ppm together with one product ion (nominal mass). The retention times of
the compounds were compared to those of the compounds in the calibration standard
solution of the final analysis.

For confirmation of target compounds, LC relative retention time criteria (re-
tention time window <2.5%) and mass spectrometric identification criteria need
to be fulfilled. The latter are based on the concept of identification points (EC,
2002). For accurate mass screening using TOF or Orbitrap MS instruments, no cri-
teria are described. Recently, some propositions for these types of instruments were
made by Nielen et a. (2007). For high-resolution screening (resolution >20,000
and a mass accuracy <5 mDa), these authors proposed two identification points.
Each product ion (low-mass- resolution MS) a'so contributes two points. Thus, ac-
quiring a high-resolution precursor ion in combination with at least one product
ion and the LC relative retention time meets the minimum requirement of four
identification points.

5.3.3.4 Matrix Effects The matrix effects in the mass spectrometer (that is,
signal suppression or enhancement) were assessed using a method described by
Matuszewski et al. (2003). To that end, the peak area of the analyte in the sample
extract spiked after extraction (B) was compared with the peak areaof the correspond-
ing analyte in the standard solution (A). The matrix effects (ME) were calculated as
follows:

ME(%) = B/A x 100

Consequently, a value higher than 100% means that signal enhancement occurs
in the mass spectrometer because of the coextracted and coeluted matrix. A value
lower than 100% implies that signal suppression occurs in the mass spectrometer.
Thismatrix effect was measured twofold and cal culated for ultrapure water, drinking
water, and surface water at a concentration level of 0.2 mg/L for each compound. In
order to investigate the effect of the matrix on the response of the mass spectrometer,
the signal suppression was calculated for 15 deuterated standards in sample extracts
of surface water and wastewater compared to astandard in drinking water. Theresults
were corrected for the blank values.

5.3.3.5 Quality Assurance Recovery experimentswere conducted by spiking
drinking water and river water samples, respectively, with known amounts of the
analytes at neutral pH and pH 2. Quantification of the compounds was obtained by
using a nine-point external calibration curve ranging between ~0.001 and 0.3 mg/L,
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corresponding to ~1 - 300 wg/L water. The solutions for the calibration curve were
prepared in acetonitrile/water or methanol /water (50/50; v/v). Because the noise level
in the Orbitrap—MS, especially at m/z values >200 is virtually absent, a standard
signal-to-noise approach is not feasible at these m/z values. LOD were determined
based on thelowest concentration of adeuterated standard in pure water producing an
appreciablesignal. TheLOD in other matriceswas subsequently derived by correcting
for the matrix suppression observed in the Orbitrap—MS.

For confirmation purposes, the samples collected in the period 2006—2007 were
also analyzed by an independent laboratory that had alicense for standards of illicit
drugs at their disposal.

5.4 RESULTS

5.4.1 Method Characteristics

5.4.1.1 Chromatographic Separation For the present study, 29 illicit drugs
were selected. For 15 of these compounds, the corresponding deuterated standards
were obtained. Their CAS numbers, bruto formulas, and n-octanol/water partition
coefficients (Kqy) aretabulated in Table 5.5. Group 3 substances (barbiturates) were
not analyzed in the 2006—2007 monitoring, and, although included in the 2009
monitoring studies, could not be evaluated because of optimization problems that
have not yet been solved.

5.4.1.2 Identification and Confirmation In Table 5.6, the accurate mass of
the precursor ions are tabulated together with the two most abundant (nominal mass)
product ions of the analytes generated in the LTQ part of the instrument by a normal-
ized collision energy of 35%. One product ion was used to check the identity of the
compounds.

5.4.1.3 Mass Accuracy The accurate masses of seven deuterated standards
during aperiod of 60 himmediately after mass calibration of the Orbitrap instrument
are presented in Table 5.7. In general, the mass error ranged from —5.7 to +-2.66 ppm
for the seven deuterated compounds evaluated (Table 5.7). The average mass accuracy
of the compound with the lowest molecular mass (m/z = 147) was —3.73 ppm, that
is, the actual mass observed was on average 3.73 ppm less than the theoretical mass.
The mass accuracy of the compound with the highest molecular mass (m/z 334) was
+0.26 ppm. Typically, the mass error (drift) invariably was negative and did not
exceed arate of —0.05 ppm/h over the course of a sequence of 70 to 80 injections,
corresponding to atotal analysistime of ~60 h. The drift appeared to be independent
of them/zratio (cf. slopesgivenin Table5.7). No effect of the signal intensity on mass
accuracy was noticed, indicating the large dynamic range of the Orbitrap—MS with
respect to massaccuracy (Van Leerdam et al., 2009). Similar resultswere observed by
Krauss and Hollender (2008), who used the Orbitrap for the trace level determination
of low molecular weight nitrosamines.
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TABLE 5,5 Names, CAS numbers, Bruto Formulas, and Calculated log Ko, Values of
Illicit Drugs Reported in This Study

Group  Name CAS? Bruto Formula log Kgn®
A°-THC 1972—08-3 C,1H305 7.68

1 A®-THC-D3 81586-39-2 C,1Hx7D30,

1 11-Nor-9-Carboxy-THC 56354-06-4 C,1Hy50, 6.21

1 11-Nor-9-Carboxy-THC-D3 136844-96-7 C,1HxsD30,

1 11-OH-A®%-THC 2/36557-05-8 C,1H3003 6.58

1 11-OH-A°®-THC-D3 n.a Cy1H»7D303

1 9-COOH-A°-THC 23978-85-0 Cx»H3004 8.41

2 Codeine 76-57-3 CigH21NO3 1.20

2 Heroin 561-27-3 C,1H3NOs 1.52

2 6-Monoacetylmorphine 2784-73-8 CioH21NO, 1.32

2 6-Monoacetylmorphine-D3 136765-25-8 C1o9H1gD3NO,

2 Morphine 57-27-2 Ci7H19NO; 0.43

2 Morphine-D3 67293-88-3 Cy17H16D3NO3

2 Methadone 76-99-3 C,1H7NO 4.20

2 EDDP 66729-78-0 CyoHxsN 5.51

2 EMDP n.a CioHN 5.14

4 Amphetamine 300-62-9 CoH1sN 181

4 Amphetamine-D11 73758-24-4 CoH,D43N

4 Methamphetamine 51-57-0 CyoH1sN 1.94

4 Methamphetamine-D5 60124-88-1 CioH10DsN

4 MDA 4764-17-4 C1oH13NO, 1.67

4 MDA-D2 n.a CioH11D2NO,

4 N-Ethyl-MDA, MDEA 82801-81-8 C1oH17NO, 2.34

4 MDEA-D5 160227-43-0 C1oH12,DsNO,

4 MDMA 42542-10-9 C11H15sNO, 1.81

4 MDMA-D5 136765-43-0 C11H10DsNO,

5 Diazepam 439-14-5 C16H13CIN,O 2.90

5 DlaZepam-D5 65854-76-4 ClGHgDsclNzo

5 Nordazepam 1088-11-5 CisH1:CIN,O 3.15

5 Nordazepam-D5 65891-80-7 C15HgDsCIN,O

5 OXaZepan] 604-75-1 CisHi Cl N»O, 231

5 Oxazepam-D5 65854-78-6 Ci5HgDsCIN,O,

5 TefnanJan’] 846-50-4 CisHis CIN -0, 2.15

5 Desalk-flurazepam 2886-65-9 CisH10CIFN20 3.02

6 Cocaine 50-36-2 Ci17H21NO, 3.08

6 Cocaine-D3 65266-73-1 Cy7H1sD3NO,

6 Benzoylecgonine 519-09-5 CigH1gNO4 2.72

6 Benzoylecgonine-D3 115732-68-8 CisH16D3NO,

6 Methcathinone 5650-44-2 CyoH13NO 1.40

6 Meta-CCP 6640-24-0 C10H13C| N> 2.07

6 Ketamine 1867-66-9 Cy13H16CINO 2.28

6 Fentanyl 437-38-7 CxHsN20 3.89

6 Meprobamate 57-53-4 CoH15N20, 0.70

6 Ritalin 113-45-1 C14H19NO, 255

an.a., CAS number not available.
bPartition coefficient n-octanol /water, calculated by ClogP.
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TABLE 5.6 Accurate Masses of Precursor |on, Nominal Masses and Relative
Abundance of Product | ons of Nondeuterated Illicit Drugsby LTQ Orbitrap MS*

lon2
Precursor  lonl Abundance  RSD %?

Component mz[M+H]* miz mz (%) (n= 16-24)
Morphine 286.14334 2011 229.1 51.9 89
Methcathinone 164.10699 146.1 133.1 17 20.9
Codeine 300.15942 2152 2431 47.7 6.1
Amphetamine 136.11208 1191 911 0.5 14.6
6-Monoacetylmorphine 32815433 2112 268.2 73.7 6.9
Metamphetamine 150.12773 1190 911 9.0 52
MDA 180.10191 1632 -

MDMA 194.11755 163.1 58.0 10 21.3
MDEA 20813321 1631 720 27 7.3
Ketamine 238.09932 220.1 207.1 239 5.3
Benzoylecgonine 290.13868 168.2 272.2 48 129
Heroin 370.16490 3282 268.2 9.1 21
Cocaine 304.15433 1821 150.2 2.6 14.6
Nordazepam(desmethyldiazepam)  271.06327 243.1 208.1 37.7 9.2
Ritalin 234.14886 84.0 1742 0.3 60.7
metaCPP 197.08400 154.0 119.1 6.9 18.7
Fentanyl 337.22744 1882 216.3 5.6 94
Meprobamate 21913393 1581 —

Methadone 310.21654 2651 247.2 0.1 54.3
Oxazepam 287.05818 269.1 241.1 39 8.6
desalk-flurazepam 289.05385 261.1 140.0 445 222
Temazepam 301.07383 2830 2552 9.2 5.0
Diazepam 285.07892 257.1 2222 304 8.7
EDDP 27819033 249.1 234.1 13.0 125
EDMP 264.17468 2351 —

11-OH-AS-THC 331.22677 3133 —
11-nor-9-Carboxy-THC 34520604 327.2 299.3 6.1 8.2
AS-THC 315.23186 259.2 193.2 76.7 8.7
9-COOH-A®-THC 359.22169 - -

aRSD, relative standard deviation in abundance of second product ion; —, no stable product ion observed.

On the basis of these results, peak integration for quantitative analysis was done
from ion chromatograms extracted for each ion at a range of +5 ppm around the
theoretical m/zvalue. If abetter mass accuracy at the low m/z range would be needed,
alower calibration mass would be required than that of myz 181 of polytyrosine in
the routine calibration solution.

5.4.1.4 Repeatability The repeatability of the method was evaluated using a
mixturesolution of 14 standardsin ultrapurewater (milli-Q water)/acetonitrile (50/50)
at a concentration of 50 wg/L and injecting each into the MS seven times. The
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TABLE 5.7 Drift of the Accurate Mass of Seven Deuter ated Standar ds Recor ded
during a 60-h Period

Range Mass
Deviation (ppm) Slope
Substance m'z (n=70-80) (ppm/h)
Amphetamine-D11 147.18112 —1.97to -5.71 —0.05
MDA-D2 182.11446 0.00to —3.79 —0.04
MDEA-D5 213.16459 +0.47to —3.33 —-0.04
Desmethyldiazepam-D5 276.09465 +2.50t0 —2.03 —0.05
Diazepam-D5 290.11030 +2.27t0-1.31 —0.05
Cocaine-D3 307.17316 +2.18t0 —1.79 —-0.04
11-Hydroxy-A ®-THC-D3 334.24560 +2.66 to —1.62 —0.05

concentration was then calculated against a nine-point calibration curve covering a
concentration range of two orders of magnitude. The coefficients of variation thus
obtained were satisfactory and ranged from 3% (heroin) to 13% (A °-THC).

5.4.1.5 Recovery Recovery experiments were conducted by spiking drinking
water and river water samples, respectively, with known amounts of the analytes
at two pH values. The results are shown in Table 5.8. Acceptable recoveries were
observed for the diazepines, XTC, codeine, heroin, cocaine, BE, and methadone. In

TABLE 5.8 Recoveriesof Selected Illicit Drugs from Spiked Water Samples?
Spiked dw at Spiked dw at Spiked rw at Spiked rw at

Substance pH23(n=3) pH70n=2) pH23(n=3) pH70(N=2)
Diazepam 65.7 103.5 48.0 73
Nordazepam 70.0 48.0 68.0 66.5
Oxazepam 80.0 0.0 83.0 14
A®-THC 4.0 3.0 195 6.5
Amphetamine 6.0 30 9.3 45
Methamphetamine 223 0.0 320 0
XTC 65.7 0.0 75.0 0
Codeine 53.7 61.0 57.0 56.5
Heroin® (isomer 1) 9.0 9.0 425 9
Heroin® (isomer 2) 53.7 68.0 64.7 64
Morphine 0.0 0.0 17 05
6-MAM 20.5 5.0 275 21
Cocaine e 835 66.3 74
Benzoylecgonine 91.7 0.0 88.0 0
Methadone 88.3 735 80.7 67.5
Average 47.2 30.5 50.9 30.5

adw, drinking water; rw, river water.
bStandard supplied reveals two peaksin chromatogram.



106 DETERMINATION OF ILLICIT DRUGS IN THE WATER CYCLE BY LC—ORBITRAP MS

general, low recoverieswere observed for A °~THC, metamphetamine, amphetamine,
6-MAM, and morphine. Lowering the pH significantly improved the recoveries of
nordazepam, oxazepam, the amphetamines, and BE.

L ow recoveries of morphine and 6-MAM can be explained by their high polarities
(see log Koy values in Table 5.5; both compounds elute very early in the chro-
matograms); therefore, both are likely to get poorly trapped at the SPE conditions
used. Low recoveries of amphetamines may also be because of thermal instabilities
of some of the compounds (Delta Lab, personal communication). The low recov-
ery of A°-THC is because of its relatively high hydrophobicity (Table 5.5) and its
corresponding tendency to stick to glassware and tube walls.

5.4.1.6 Matrix Effects The suppression or enhancement of drug response in
the Orbitrap—M S because of matrix effects were evaluated by comparing responses
of deuterated standards added to raw drinking water, wastewater, and surface water
samples to the response of the same standards dissolved in tap water. Tap water is
used as areference matrix in drinking water |aboratories. As Table 5.9 shows, matrix
suppression increases in the order raw drinking water ~ surface water < effluent <
influent. Matrix suppression is strongest for amphetamine, metamphetamine, MDA,
MDMA, MDEA, A°-THC and nor-9-COOH-THC with signal reductions of more
than 90% for each of these compounds. For several substances, signal enhancement
can be observed relative to the tap water matrix.

5.4.1.7 Limits of Detection (LODs) The LODs are substance and matrix
dependent as a result of matrix suppression or enhancement, as can be seen in

TABLE 5.9 Suppression or Enhancement (%) of the Orbitrap-M S Response of
Deuterated Standards of Ilicit Drugsin Different Matrices Relative to Tap Water

Drinking Surface STP STP
Deuterated Standard Water (raw) Water Effluent Influent
Morphine-d3 77.1 59.5 30.5 19.3
Amphetamine-D11 167.3 1711 147.9 74
6-Monoacetylmorphine-D3 1354 1375 1179 62.1
Metamphetamine-D5 161.3 156.1 119.0 85
MDA-D2 1145 106.7 86.0 27
MDMA-D5 95.5 815 53.7 33
MDEA-D5 97.1 84.7 50.8 12
Benzoylecgonine-D3 77.2 65.7 435 15.7
Cocaine-D3 114.8 105.4 75.2 38.0
Oxazepam-D5 101.8 102.3 75.8 28.2
Desmethyldiazepam-D5 96.9 96.2 75.8 35.2
Diazepam-D5 91.6 90.4 76.2 417
11-OH-A°-THC-D3 167.9 202.2 141.7 14.6
11-Nor-9-COOH-THC-D3 103.5 108.0 314 5.8

A°-THC-D3 194.2 242.2 1474 0.0
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TABLE 5.10 Limitsof Detection for Determination of Selected Illicit Drugsin Various
Matrices by Orbitrap-M S (in ng/L)

Drinking Surface

Substance Water Water Effluent Influent
Amphetamine 2 2 2 42
M etamphetamine 1 1 1 19
MDA 2 2 2 63
MDMA 2 2 3 48
MDEA 1 1 2 63
Nordazepam 1 1 2 4
Oxazepam 1 1 1 2
Diazepam 1 1 1 2
Morphine 1 1 3 5
11-OH-A®-THC 22 10 13 131
11-Nor-9-carboxy-THC 10 10 28 152
Benzoylecgonine 01-1 01-1 2 5
Cocaine 1 1 2 3

Table 5.10. Matrix effects are, of course, influenced by the sample intake, which
varied depending on the type of matrix. The data in Table 5.10 show that the LODs
range from 1 to 22 ng/L for drinking water and from <1 to 10 ng/L in surface waters.
In wastewaters, L ODs can be much higher because of stronger matrix suppression of
the signal. In effluents, LODs varied from 1 to 28 ng/L and, in influents, from 2 to
152 ng/L.

5.4.1.8 Quantitation and Linearity |n order to evaluate the linear range, the
regression coefficient (r2) of the concentration-response curve was cal culated for the
analytes in ultrapure water and in extracts of ultrapure, drinking water, and surface
water, spiked before extraction. In ultrapure water, the nine-point calibration curves
for all 32 standards (Table 5.4) had regression coefficients (r?) better than 0.99. This
means that the optimized LC—MS method can be used for the quantitative analyses
of the analytes in the range 1—1500 ng/L in drinking water, surface waters, and
wastewater.

5.4.2 Occurrence of lllicit Drugs in Dutch Environmental Waters

5.4.2.1 Period 2006—2007 In 2006 and 2007 samples of surface water were
collected at five locations in the river Meuse catchment. In addition, tap water was
collected from three locations, and a single STP effluent was also collected. As dis-
cussed in the materials and methods section, in the period 2006—2007 our |aboratory
did not possess a license to have in stock the standard compounds. Nevertheless,
by employing the Orbitrap—high-resolution M S several of the analytes could be un-
ambiguously identified and a (semi-)quantitative analysis could be performed. The
results are shown in Table 5.11. As can be seen from Table 5.11, the STP effluent
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100 LCMS Orbitrap
Full scan 50-600 Da
50
0 RT:10.72
100 BP:194.11748
50 s (194.1175 m/z)
0 RT:13.76
100 BP: 287.05859
Oxazepam 1960 ng/|
50 (287.05818 m/z)
0 RT: 14.30
100 BP: 310.21652
Methadone 20 ng/I
50 (310.21654 m/z)
0 RT:15.70
100 BP: 285.07870
50 Diazepam 70 ng/|
(285.07892 m/z)
0
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FIGURE 5.2 LC—MS (+ mode) extracted-ion chromatograms of illicit drugs in a Dutch
STP effluent sample collected in 2007.

contained the largest number of identified illicit drugs and levels ranged from <
LOQ to up to 800 ng/L for oxazepam. Benzoylecgonine, A °-THC, and some of the
diazepines were observed at levels of severa tens of nanograms per liter at several
locations along the river Meuse. Some transformation products of A°-THC and the
diazepines could also be detected qualitatively. Neither in tap water nor in bottled
water were any of the analytes present at levels above the LOQ.

Figure 5.2 shows LC-MS (positive-ion mode) extracted ion chromatograms for
theidentification of someillicit drugsand metabolitesin the STP effluent sample. The
presence of codeine, MDMA, nordazepam, and oxazepam in this STP effluent water
was confirmed by an independent |aboratory (with alicenseto store and analyze drug
reference standards).

5.4.2.2 Period 2008 In 2008 samples were again collected, this time from the
two major rivers in the Netherlands. Meuse and Rhine. Samples were collected on
four different dates at two locations from the river Meuse and on six different days
(in consecutive months) from the river Rhine. Full quantitative analysis could be
performed in the 2008 campaign since the KWR laboratory had been accredited
and a license obtained by that time. Figure 5.3 presents the main results from the
2008 campaign. As can be seen, the major components were invariably two of the
diazepines (temazepam and oxazepam) (concentrations ranged from 0.5 to 10 and 3
to 35 ng/L, respectively) and benzoylecgonine (0.1-9 ng/L). In general, in so far as
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seasonal changescould beinterpreted (no sampleswerecollectedin January—March),
the concentrations appear to be highest in the samples collected in the postsummer
period (September—October).

5.4.2.3 Screening for lllicit Drugs with a Validated Method in the Year
2009 In 2009, KWR Watercycle Research Institute in collaboration with RIVM
conducted a monitoring campaign in The Netherlands. A total of 64 samples of
surface waters and wastewaters were collected and analyzed. A selection of sewage
treatment plants (STPs) were monitored, from small rural site STPs to relatively
large urban STPs. From eight sewage treatment plants both influent and effluents
wereanalyzed by LC—LTQ FT Orbitrap—MS, according to the conditions described
in the methods section and in more detail by Hogenboom et al. (2009). In order to
compare results, severa of the samples were sent to two collaborating laboratories.

In Dutch surface waters collected in 2009, 10 out of 30illicit drugs were detected.
The quantitative results of this campaign were not available at the time of writing
in so far as surface waters and drinking water was concerned. Table 5.12 presents
the major illicit drugs observed in the influents and effluents of eight Dutch STPs.
Theresults shown in Table 5.12 demonstrate that illicit drugs are present in domestic
wastewater influents and effluents at levels similar to those reported elsewhere in
Europe. Diazepines, codeine, morphine (which are all partly available on medical
prescriptions and partly used illegally), MDMA, and benzoylecgonine are the most
abundant illicit drugs observed, with concentrationsamounting to several micrograms
per liter in STP effluents. The significance of the present findings for the drinking
water cycle in The Netherlands, where almost 40% of the total amount of drinking
water consumed is produced from surface waters, needs further investigation.

TABLE 5.12 Presenceof Major lllicit Drugsin Influents and Effluents from Eight
Dutch STP Collected During the 2009 Sampling Campaign (concentrationsin ng/L)

Compound Influents Effluents
Morphine 400—1600 4-75
Codeine 45—-370 2-230
Amphetamine +2 +

M etamphetamine + +
MDMA 22-760 <LOQ-143
Benzoylecgonine 600—3600 7—98
Cocaine + +
Ritalin -8 +
Nordazepam <LOD -27 9-34
Oxazepam 800—2200 800—1900
Temazepam 100—-330 200—650
Desalk-fluazepam 40-100 40-180
Diazepam 0.2-56 <LOQ — 56

a4, present, not quantified; — below LOD; na, not analyzed.
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5.5 CONCLUSIONS

In Dutch surface waters sampled in the period 2006—2008, nine out of thirty com-
pounds tested were actually observed in concentration levels ranging between 10 and
100 ng/L. These included four benzodiazepines + one metabolite (maximum con-
centration 40 ng/L), cocaine + benzoylecgonine (maximum 30 ng/L), and codeine
+ methadone (<10 ng/L). In effluents from STPs, levels were higher, typically up
to one order of magnitude. In Dutch drinking water samples collected in the period
2006—2008, no drugs were found to be present. Apparently, the treatment steps used
in producing drinking water efficiently remove most of the illicit drugs present in
surface water used as source water.

The broad screening method is suitable for the analysis of illicit drugs in water
at low concentration levels. In Dutch surface waters collected in 2009, 10 out of
30illicit drugs were detected. Influents and effluents of STPs again contained much
higher levels, and the same compounds that were observed in the 2006—2008 cam-
paigns appeared to be the most prominent in the 2009 campaign: diazepines, codeine,
methadone, BE, and MDMA. It can be concluded that illicit drugs are present in the
aquatic environment and constitute emerging contaminants, the importance of which
for the Dutch water cycle needs further study.

High-resolution mass spectrometry coupled to LC offers a powerful combination
for screening purposes and identifying new illicit drug and their metabolites in the
environment. The application of accurate mass screening described in this chapter
demonstrates that current analytical instrumentation is well equipped to meet the
challenges posed by newly emerging polar chemicals.
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CHAPTER 6

OCCURRENCE OF ILLICIT DRUGS IN
WASTEWATER IN SPAIN

CRISTINA POSTIGO, MIREN LOPEZ DE ALDA, and DAMIA BARCELO

6.1 INTRODUCTION

Between 172 and 250 million people consume illicit drugs annually worldwide. Most
of them are occasional consumers and only about 10%-15% are heavy drug users
(United Nations Office on Drugs and Crime, 2009). These consumption figures are
sustained by high volumes of production, e.g., more than 800 tons of cocaine per
year, up to 774 tons of heroin and morphine per year, and between 13,300 and 66,100
tons of cannabis herb per year (United Nations Office on Drugs and Crime, 2009).

As a consequence, illicit drugs and their metabolites have become pseudopersis-
tent in the environment and, at the moment, they constitute a recognized group of
emerging contaminants of growing concern (Richardson, 2008). Discharged treated
wastewaters constitute their main source in the environment as direct disposal is less
likely. Like prescribed pharmaceuticals, illicit drugs and metabolites that end up in
wastewaters after human consumption and excretion may not be completely removed
during wastewater treatment. Thus, certain amounts of these compounds may be
released into the aquatic environment.

The presence of illicit drugs in surface waters may have toxicological implications
on biota that are still unknown. Data on environmental levels of these substances
are required to assess their ecotoxicological risk. Moreover, levels of drug residues
determined in aqueous environmental samples have been also used to estimate illicit
drug use at the community level (Zuccato et al., 2005; Huerta-Fontela et al., 2008a;
Zuccato et al., 2008; Boleda et al., 2009; Kasprzyk-Hordern et al., 2009b; Van Nuijs
etal., 2009a; Postigo et al., 2010). Thus far, drug consumption estimations have been
made from influent drug residues levels, because back-calculations in this matrix are
straightforward and less subjected to bias than those performed in effluent or surface

Ilicit Drugsin the Environment: Occurrence, Analysis, and Fate Using Mass Spectrometry, Edited by
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waters (Postigo et al., 2008a; Zuccato et al., 2008) where the drugs residues may
undergo degradation and dispersion processes.

Several peer-reviewed publications have reported the occurrence of various illicit
drugs and metabolites in waste and surface waters in the United States (Jones-Lepp
et al., 2004; Chiaia et al.; 2008; Bartelt-Hunt et al., 2009; Loganathan et al., 2009)
and in European countries, such as Italy (Zuccato et al., 2005; Castiglioni et al., 2006;
Zuccato et al., 2008; Mari et al., 2009), Switzerland (Zuccato et al., 2008), the United
Kingdom (Kasprzyk-Hordern et al., 2008, 2009c; Zuccato et al., 2008), Belgium (Van
Nuijs et al., 2009b, c), Ireland (Bones et al., 2007), Germany (Hummel et al., 2006),
and Spain (Boleda et al., 2007; Huerta-Fontela et al., 2007, 2008a, 2008b; Postigo
et al., 2008b, 2010; Boleda et al., 2009).

According to data estimated by means of official methods, e.g., statistics and
medical and crime indicators, the most abused drug in Europe is cannabis followed
by cocaine (European Monitoring Centre for Drugs and Drug Addiction, 2009).
Despite the fact that Spain follows this pattern, that is, higher use of cannabis than
cocaine, this country currently presents the highest prevalence on cocaine use among
the adult population, aged 15-64, in Europe (European Monitoring Centre for Drugs
and Drug Addiction, 2009). In order to assess the environmental impact of drug
consumption, various analytical methodologies have been developed in Spain to
determine the presence of illicit drugs and metabolites residues belonging to several
chemical classes, namely, opioids, cannabinoids, cocaine-like, amphetamine-like,
and lysergic compounds in waters (Boleda et al., 2007; Huerta-Fontela et al., 2007;
Postigo et al., 2008b; Bijlsma et al., 2009; Gonzalez-Marifio et al., 2009) and in
airborne particles (Postigo et al., 2009).

The occurrence of this type of emerging contaminants in Spain has been monitored
mostly in waste- and surface waters from northeastern (Boleda et al., 2007, 2009;
Huerta-Fontela et al., 2007, 2008a, 2008b; Postigo et al., 2008b, 2010) and eastern
regions of Spain (Postigo et al., 2008b; Bijlsma et al., 2009). The presence of these
substances has been more thoroughly studied in wastewaters than in surface waters.
Nevertheless, both matrices have been investigated in the Ebro River basin (Postigo
et al., 2010) and in the Llobregat River basin (Huerta-Fontela et al., 2008a, 2008b;
Boleda et al., 2009), both located in northeast Spain. The presence of amphetamine-
like compounds has also been studied in wastewaters from the northwestern region
of Spain (Gonzalez-Marifio et al., 2009).

The following sections of the present manuscript will review the analytical method-
ologies developed in Spain to detect illicit drugs and metabolites in wastewater treat-
ment plant (WWTP) influent and effluent water samples, the removal efficiency of
the investigated WWTPs, and the impact that the discharged treated waters have on
the levels of these compounds in surface waters in Spain.

6.2 WASTEWATER ANALYSIS

The analytical methodologies developed to investigate the presence of illicit drugs
and metabolites in environmental waters in Spain are summarized in Table 6.1.
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They are all based on detection by liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) (Boleda et al., 2007; Huerta-Fontela et al., 2007; Postigo
et al., 2008b; Bijlsma et al., 2009; Gonzalez-Marifio et al., 2009).

Water samples were usually vacuum filtered through glass microfiber (1.6 um)
(Boledaetal., 2007; Huerta-Fontela et al., 2007), nylon membrane (0.45 um) (Postigo
et al., 2008b) or nitrocellulose (0.45 um) (Gonzalez-Marifio et al., 2009) filters prior
to extraction. Sample centrifugation (5 min at 4500 rpm) was also applied to separate
suspended solids from the aqueous phase (Bijlsmaetal., 2009). In all the cases, filtered
or centrifuged samples were spiked with a known concentration of the isotopically
labeled compounds used as surrogate standards. Acidification of the sample was
also performed when mixed-mode cation-exchange sorbents were used for sample
extraction (Bijlsma et al., 2009; Gonzalez-Marifio et al., 2009).

Samples were always preconcentrated prior to analysis in order to increase method
sensitivity and to reduce matrix interferences. Most of the reported methodologies
used solid-phase extraction (SPE) to isolate the target analytes from the matrix.
Polymeric SPE sorbents, such as Oasis HLB and PLRPs (Boleda et al., 2007; Huerta-
Fontela et al., 2007; Postigo et al., 2008b; Gonzalez-Marifio et al., 2009), as well
as mixed-mode cation-exchange sorbents, such as Oasis MCX (Bijlsma et al., 2009;
Gonzalez-Marifio et al., 2009), were used for this purpose. Molecular imprinted poly-
mers (MIPs) were also tested for the extraction and concentration of amphetamine-
like drugs by Gonzalez-Marifio et al. (2009), showing better analytical performance
than some SPE sorbents, such as Oasis HLB and Oasis MCX.

On-line coupling of the SPE procedure to the LC-MS/MS analysis has also allowed
the development of fully automated methodologies (Postigo et al., 2008b). Automated
approaches are less labor and time-consuming than off-line SPE procedures and
offer a series of other advantages, such as lower sample volume requirements and
minimal sample handling, which improve reproducibility, accuracy, and sensitivity
of the method. Conversely, the main disadvantages are the absence of extracts for
further analyses and potentially higher matrix effects because of less flexibility in the
selection of washing and eluting solvents.

Overall, method recoveries in complex aqueous matrices, e.g., wastewaters, were
lower than those achieved in cleaner matrices. Several additional matrix components
are concentrated during SPE and can compete with the target analytes in the ionization
process, thus interfering with their MS signal. Analytical methods developed to
determine illicit drugs and metabolites in wastewaters in Spain used isotopically
labeled compounds as surrogate standards to correct for the presence of matrix effects,
which vary from one sample to another and affect negatively analytes recoveries.

The chromatographic separation, carried out always using reverse-phase columns,
was achieved indistinctly by means of high-performance liquid chromatography
(HPLC) (Postigo et al., 2008b; Gonzalez-Marifio et al., 2009) and ultraperformance
liquid chromatography (UPLC) (Boleda et al., 2007; Huerta-Fontela et al., 2007;
Bijlsma et al., 2009) (see Table 6.1). The latter provides a more efficient separation
(higher peak capacity) in shorter time of analysis and, hence, higher throughput.
As shown in Table 6.1, elution of the analytes from the chromatographic column
was achieved with organic gradients using acetonitrile (Huerta-Fontela et al., 2007;
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Postigo et al., 2008b) or methanol (Boleda et al., 2007; Bijlsma et al., 2009; Gonzalez-
Marifio et al., 2009) as organic solvents. Aqueous phases were often acidified with
formic acid to improve analyte ionization and peak shape in the positive-ionization
(PI) mode (Boleda et al., 2007; Huerta-Fontela et al., 2007; Bijlsma et al., 2009).
Eluted analytes were ionized in all the cases by means of electrospray (ESI). Most
illicit drugs and metabolites are better ionized in the Pl mode. However, cannabinoids
show a better response in the negative-ionization (NI) mode (Postigo et al., 2008b). It
is also important to note that none of the reported methodologies discerned between
enantiomeric forms of amphetamine-like drugs.

Mass determination was accomplished by means of triple quadrupole (QqQ)
(Boleda et al., 2007; Huerta-Fontela et al., 2007; Bijlsma et al., 2009; Gonzalez-
Marifio et al., 2009) and quadrupole-linear ion trap (QqLIT) analyzers (Postigo et al.,
2008b) operating in the selected-reaction monitoring mode (SRM). In all the studies,
at least two SRM were monitored for each target analyte (Table 6.1) in order to ful-
fill the European Union requirements for identification and confirmation of banned
substances (Commission Decision 2002/657/EC of 12 August 2002).

6.3 OCCURRENCE OF ILLICIT DRUGS AND METABOLITES IN
INFLUENT WASTEWATER

Ilicit drugs and metabolites levels determined in WWTP influents in Spain are sum-
marized in Table 6.2 and Fig. 6.1. In agreement with other peer-reviewed multiresidue
monitoring studies reporting the presence of these substances in various European
countries (Zuccato et al., 2005; Castiglioni et al., 2006; Hummel et al., 2006; Bones
et al., 2007; Gheorghe et al., 2008; Kasprzyk-Hordern et al., 2008, 2009¢c; Van Nuijs
etal., 2009b, 2009c) and in the United States (Chiaia et al., 2008), the most ubiquitous
and abundant compounds in influent wastewaters in Spain were cocaine (CO) and its
major metabolite benzoylecgonine (BE). These compounds were usually present at
the high nanogram per liter level or even at the microgram per liter level. Maximum
BE concentrations (10.5 pg/L) were reported by Bijlsma et al. (2009) in a WWTP
located in the Castellon province (eastern Spain). This level is the highest registered
so far in Europe for BE; however, it was strongly influenced by the occurrence of
an important music event in the area served by the WWTP during the sampling
campaign. In other investigated areas of Spain, maximum BE levels attained up to
7.5 ug/L (northeast Spain) (Huerta-Fontela et al., 2008a) and 3.8 ug/L (Ebro River
basin area) (Postigo et al., 2010).

The study carried out by Huerta-Fontela et al. (2008a) in northeastern Spain,
in which 42 WWTPs were monitored, reported very variable CO concentrations in
influent waters, ranging from 4 ng/L to 4.7 ug/L (which is the highest CO level
registered in Europe). CO concentrations in the seven WWTPs monitored along the
Ebro River basin were less variable (195-384 ng/L). Other metabolites of cocaine,
such as cocaethylene (CE), norcocaine (nor-CO), and norbenzoylecgonine (nor-BE),
were also monitored in wastewaters in Spain (Postigo et al., 2008b, 2010; Bijlsma
et al., 2009). CE, which is a transesterification product of CO formed when this
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TABLE 6.2 Concentration Ranges of Illicit Drugs and Metabolitesin Wastewater in
the Monitoring Studies Carried Out in Spain

Influent WW Effluent WW
Drug (ng/L) (ng/L) Reference®Pcdela
Cocaine 370-1240 <30-560 Bijlsma et al., 20092

4-4700 1-100 Huerta-Fontela et al., 2008a°

268-305 20-28

517-1120 3-13 Postigo et al., 2008b°¢

651/540/316 33/84/105

195-961 2-31 Postigo et al., 2010¢

79/225 17/47 Huerta-Fontela et al., 2007¢
Norcocaine nd <30-30 Bijlsma et al., 20092
Benzoylecgonine 1480-10500 <30-6790 Bijlsma et al., 20092

9-7500 1-1500 Huerta-Fontela et al., 2008a®

2500-3900 50-96

2550-5980 9-61 Postigo et al., 2008b°

1900/1450/1020 220/50/318

545-3790 4-510 Postigo et al., 20109

810/2307 216/928 Huerta-Fontela et al., 2007¢
Norbenzoylecgonine <150-430 <30-170 Bijlsma et al., 20092
Cocaethylene <150-190 <30-80 Bijlsma et al., 20092

44-125 0.9-4 Postigo et al., 2008b°¢

89/97/49 41217

6-50 0.2-3 Postigo et al., 20109
Ephedrine 340-725 103-144 Postigo et al., 2008h°

394/444/360 266/138/163

203-660 3-276 Postigo et al., 20109
Amphetamine <500-1400 110-210 Bijlsma et al., 20092

3-688 4-210 Huerta-Fontela et al., 2008a°

24-101 <1

26-53 0.4 Postigo et al., 2008b°¢

20/36/7 2/1/3

3-664 0.9-58 Postigo et al., 20109

15/15 <1 Huerta-Fontela et al., 2007¢

<2.7-9.1 nd Gonzalez-Marifio et al., 2009f
Methamphetamine <500 <100 Bijlsma et al., 20092

3-277 3-90 Huerta-Fontela et al., 2008aP

<0.4-12 <0.4-1

10-28 5-7 Postigo et al., 2008b°¢

8/4/3 31212

0.8-8 0.5-8 Postigo et al., 20109

nd nd Huerta-Fontela et al., 2007¢

nd nd Gonzalez-Marifio et al., 2009
MDA or <500-1690 410-680 Bijlsma et al., 20092
3,4-methylenedioxy- 3-266 1-200 Huerta-Fontela et al., 2008a°

amphetamine <0.4-5 <04
nd nd Huerta-Fontela et al., 2007¢
13-19 6-20 Gonzalez-Marifio et al., 2009
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TABLE 6.2 (Continued)

Influent WW Effluent WW
Drug (ng/L) (ng/L) Reference®Pcdela
MDMA or <500-27500 <100-21200 Bijlsma et al., 20092
3,4-methylenedioxy- 2-598 2-267 Huerta-Fontela et al., 2008aP

metamphetamine 26-75 13-40

99-174 56-116 Postigo et al., 2008h°

113/245/47 38/376/30

4-180 3-120 Postigo et al., 2010¢

49/91 41/67 Huerta-Fontela et al., 2007¢

4-11 4-9 Gonzalez-Marifio et al., 2009 f
MDEA or <500 <100 Bijlsma et al., 2009?
Methylenedioxy- 6-114 12 Huerta-Fontela et al., 2008a°
ethylamphetamine 28/28 <15 (Huerta-Fontela et al., 2007¢

nd nd Gonzalez-Marifio et al., 2009 f
LSD or lysergic acid ~ 2-4 0.3-0.8 Postigo et al., 2008h°

diethylamide 5/3/1 2/0.6/0.2

nd nd Postigo et al., 2010¢

nd nd Huerta-Fontela et al., 2007¢
Nor-LSD 2-8 0.1-2 Postigo et al., 2008b°

22/13/5 4/2/1

4 0.4 Postigo et al., 2010¢
O-H-LSD or 4-9 0.3-1 Postigo et al., 2008h°
2-0x0-3-hydroxy-LSD  3/4/nd 0.8/nd/nd

nd nd Postigo et al., 2010¢
Morphine 146-196 17-25 Postigo et al., 2008h°

75/67/63 19/12/30

54-166 5-81 Postigo et al., 2010¢

26-278 12-81 Boleda et al., 20099

356 -

<7-97 <7-81 Boleda et al., 2007"
Normorphine 13-30 31-107 Boleda et al., 20099

28 -

<25 <25-31 Boleda et al., 2007"
Codeine 6-120 3-397 Boleda et al., 2009¢

314 -

18-120 3-397 Boleda et al., 2007"
Norcodeine 5-46 5-40 Boleda et al., 20099

8 —

<5-7 <5-23 Boleda et al., 2007"
Methadone 3-1531 3-732 Boleda et al., 2009¢

55 -

4-24 4-25 Boleda et al., 2007"

(Continued)
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TABLE 6.2 (Continued)
Influent WW Effluent WW

Drug (ng/L) (ng/L) Reference®Pcdelg
EDDP or 2-ethylidene- 3-1029 3-1150 Boleda et al., 20099
1,5-dimethyl-3,3- 132 -
diphenylpyrrolidine  5-41 5-57 Boleda et al., 2007"
Heroin nd-2 nd-1 Postigo et al., 2008b°¢
nd nd Postigo et al., 20109
nd nd Boleda et al., 2009¢
nd -
<20 <20 Boleda et al., 2007"
6-Acetylmorphine 10-19 3-5 Postigo et al., 2008b°¢
11/9/6 3/2/3
1-4 nd Postigo et al., 2010¢
nd nd Boleda et al., 20099
nd -
<3 <3 Boleda et al., 2007"
THC or A°-tetrahydro- nd nd Postigo et al., 2008b°¢
cannabinol 22/39/14 21/13/nd
48.4 nd Postigo et al., 20109
11-1277 21 - Boleda et al., 20099
<8-32 <8 Boleda et al., 2007"
THC-COOH or nd 5-15 Postigo et al., 2008b°¢
11-nor-9-carboxy-  14/33/17 4/19/11
THC 11-22 5-73 Postigo et al., 20109
24-402 15-72 Boleda et al., 20099
152 -
<13-96 <13-15 Boleda et al., 2007"
OH-THC or 7-12 2-8 Postigo et al., 2008b°
11-hydroxy-THC 37/78/24 23/14/8
2-91 0.4 Postigo et al., 2010¢

a0ne WWTP in Castellon (eastern Spain) (n = 14). Sampling period: 1 week in June 2008 and 1 week in
July 2008.

bTop: 42 WWTPs in northeastern Spain (n = 42). Sampling period: April-January 2007.

Bottom: one WWTP in northeastern Spain (n = 7). Samples collected during one week.

¢ Top: one WWTP in Barcelona (n = 7). Sampling period: 1 week in July 2007.

Bottom: one WWTP Valencia (n = 1)/one WWTP Benicassim (n = 1)/one WWTP Gandia (n = 1).
Sampling: 26th July 2007. Concentrations found in each plant.

dSeven WWTPs in the Ebro River basin (n = 14). Sampling period: October 2007 and July 2008.

€16 WWTPs in Catalonia (n = 16). Sampling period: April-September 2006. Average concentra-
tion/maximum concentration.

fFour WWTPs in NW Spain (n = 3 for influent waters and n = 4 for effluent waters). Sampling period:
June 2009.

9Top:15 WWTPs in Catalonia (n = 15). Sampling period: April-May 2007.

Bottom: 1 WWTP in Barcelona (n = 7). Samples collected during one week. Average concentration.
NFive WWTP in Catalonia (n = 5). Sampling period: March-May 2007. nd: not detected.
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FIGURE 6.1 Concentration ranges (ng/L) of illicit drugs and metabolites in influent and
effluent wastewaters in Spain. In the case of HER, MDEA, nor-BE, and nor-CO, which were
only occasionally detected, concentrations range from the lowest limit of quantification of the
method to the only positive value reported.

substance is consumed together with ethanol, was present at levels below 190 ng/L
in most of the water samples investigated (Postigo et al., 2008b, 2010; Bijlsma et al.,
2009). Nor-BE levels increased up to 430 ng/L in the waters collected at the inlet of
the Castellon WWTP. Nor-CO was not detected in any of the investigated samples
(Bijlsma et al., 2009).

Ephedrine (EPH), which is used mainly for therapeutic purposes, was the
amphetamine-like compound detected most frequently at the inlet of the Spanish
WWTPs investigated, being measured at levels between 220 and 725 ng/L (Postigo
etal., 2008b, 2010). 3,4-Methylenedioxymethamphetamine (MDMA or ecstasy) was
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also positively identified in most of the investigated samples. The highest MDMA
level (27.5 pg/L) was reported by Bijlsma et al. (2009) in the WWTP located in
Castellon (eastern Spain). This is the highest MDMA value reported in wastewa-
ters in all the peer-reviewed literature. However, as it was above that discussed for
BE, the sample with such a high value was collected during an international music
event that took place in the area served by the investigated WWTP. The levels of
MDMA were between 2 and 598 ng/L (Huerta-Fontela et al., 2008a) in Catalonia,
and between 4 and 180 ng/L in the Ebro River basin area (Postigo et al., 2010).
The concentrations of MDMA in northwest Spain were somewhat lower (<11 ng/L)
than in northeast Spain (Gonzélez-Marifio et al., 2009). Other related drugs, such as
3,4-methylenedioxyamphetamine (MDA) and 3,4-methylenedioxyethamphetamine
(MDEA), were also determined in Spanish WWTP influents, but their frequency of
detection and their concentrations were lower than those of MDMA.. Huerta-Fontela
et al. (2008a) reported MDA and MDEA levels in Catalonia between 3 and 266 and
6 and 114 ng/L, respectively. Up to 1.7 nug/L of MDA were measured in the WWTP
sampled in Castellon (Bijlsma et al., 2009) at the time of the previously mentioned
music event. Conversely, MDEA was below the limit of quantification of the method
(<500 ng/L) in the same samples (Bijlsma et al., 2009). In influent wastewaters from
northwest Spain, MDA levels were below 20 ng/L, whereas MDEA was not detected
(Gonzalez-Marifio et al., 2009). Note that MDA in wastewater may have sources other
than MDA consumption, as it is also a metabolite of MDEA and MDMA (Postigo
etal., 2008a).

Amphetamine (AM) levels were usually in the nanogram per liter range, except
in the case of the samples collected in Castellon at the time of the music event
previously mentioned, where this compound reached 1.4 ug/L. Up to 688 ng/L of
AM were measured in WWTPs sampled in Catalonia and a similar value, 664 ng/L,
was reported by Postigo et al. (2010) as the maximum AM concentration measured
in the Ebro River basin area. AM levels at the inlet of the WWTPs located in
northwest Spain did not exceed 9 ng/L (Gonzélez-Marifio et al., 2009). Overall,
methamphetamine (MA) levels determined in influent wastewaters were below those
reported for AM and also the frequency of detection of MA was lower than that
registered for AM. MA reached concentrations up to 277 ng/L in Catalonia (Huerta-
Fontela et al., 2008a) and below 10 ng/L in the Ebro River basin area (Postigo et al.,
2010). In northwest Spain, MA was not detected in any of the investigated samples
(Gonzélez-Marifio et al., 2009).

The detection of lysergic compounds (LSD and its metabolites nor-LSD and 2-
oxo-3-hydroxy LSD [O-H-LSD]) was rare. A few nanograms per liter were reported
by Postigo et al. (2008b) in WWTPs located in Barcelona and in different cities of
the Autonomous Community of Valencia (eastern Spain).

The opioids that were most frequently detected at the entrance of the investi-
gated WWTPs in Spain were morphine (MOR) and codeine (CODE); however, the
maximum levels of these compounds were one order of magnitude lower than those
reported for CO and BE. The highest MOR and CODE levels reported in Spain were
356 and 314 ng/L, respectively. These values correspond to the average level detected
in raw water samples collected daily during a 1-week sampling (spring 2007) in a
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large WWTP serving the city of Barcelona (Boleda et al., 2009). About one-half
of the aforementioned MOR concentration (162 ng/L) was determined, on average,
by Postigo et al. (2008b) in the same WWTP in a sampling carried out in summer
2007. MOR levels ranged from 26 to 278 ng/L in wastewater samples from Cat-
alonia (Boleda et al., 2009) and between 54 and 166 ng/L in those from the Ebro
River basin area (Postigo et al., 2010). On the other hand, CODE levels in Catalonia
ranged from 6 to 120 ng/L (Boleda et al., 2009). The MOR metabolite normorphine
(nor-MOR) was detected less frequently than MOR, at levels up to 30 ng/L in Catalo-
nian WWTPs (Boleda et al., 2009). The CODE metabolite norcodeine (nor-CODE)
was detected more frequently than nor-MOR in Catalonia and its levels were below
50 ng/L (Boleda et al., 2009).

Heroin (HER) and its exclusive metabolite 6-acetylmorphine (BACM) were rarely
detected in wastewaters in Spain; they were mostly measured at low levels (few
nanograms per liter) (Postigo et al., 2008b, 2010). This may result from the low
heroin usage in the areas served by the investigated WWTPs or, more likely, from the
low rates at which these compounds are excreted. In contrast, the synthetic opioid ag-
onist methadone (METH), used to treat heroin addiction and its main metabolite
2-ethylidine-1,5-dimethyl-3,3-diphenylpyrrolidine perchlorate (EDDP) were very
ubiquitous and abundant in influent wastewaters. METH and EDDP were determined
at maximum levels of 1.5 and 1.0 ug/L, respectively, ina WWTP of Catalonia (Boleda
et al., 2009). Thus far, these concentrations are the highest reported worldwide.

Despite cannabinoids are hydrophobic (log Kow>5) (PHYSPROPdatabase 2010)
they were occasionally detected in influent wastewaters. Concentrations of the main
psychoactive cannabinoid, A °-tetrahydrocannabinol (THC), usually accounted for
few nanograms per liter. Higher levels, up to 127 ng/L, were measured only in Cat-
alonia. The THC metabolites 11-nor-9-carboxy-THC (THC-COOH) and 11-hydroxy-
THC (OH-THC), which are slightly more hydrophilic than THC, were found more fre-
quently than the parent compound. Their concentrations ranged from few nanograms
per liter to 402 ng/L for THC-COOH (Postigo et al., 2008b, 2010; Bijlsma et al.,
2009, Boleda et al., 2009) and from 7 to 91 ng/L for OH-THC (Postigo et al., 2008b,
2010).

6.4 OCCURRENCE OF ILLICIT DRUGS AND METABOLITES IN
EFFLUENT WASTEWATER

Levels of illicit drugs and metabolites measured in WWTP effluents in Spain are
summarized in Table 6.2 and Fig. 6.1. As it was observed in the WWTPs influents,
CO and its major metabolite BE were the most abundant compounds. The highest
concentration of CO in treated wastewaters (560 ng/L) was reported by Bijlsma
et al. (2009) in the Castellon WWTP (eastern Spain). BE was usually found at
comparatively higher concentrations than CO, reaching the microgram per liter range
in effluents of the Castellon WWTP (6.8 ug/L) (Bijlsma et al., 2009) and of one
WWTP sampled northeast of Spain (1.5 pug/L) (Huerta-Fontela et al., 2008a). Levels
of CO and BE measured in the outlet of the WWTP of Castellon were the highest ever
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reported in the peer-reviewed bibliography. CE was less frequently detected than CO
and BE and it was present usually in the low nanogram per liter range. The maximum
concentration of CE measured in effluent wastewaters (80 ng/L) is almost one-half of
that found in influent wastewaters (Bijlsma et al., 2009). Levels of nor-BE in effluent
wastewaters reached 170 ng/L. Nor-CO, that was absent in influent wastewaters,
was detected in effluent wastewaters at levels between the limits of detection of the
method and 30 ng/L, as reported by Bijlsma et al. (2009).

EPH and MDMA were the amphetamine-like compounds most frequently identi-
fied in Spanish WWTPs effluents. The maximum concentration of EPH, 276 ng/L,
was registered in a sample collected in the Ebro River basin area whereas the maxi-
mum concentration of MDMA (21.2 ug/L), which was determined in the Castellon
WWTP during the already mentioned music event, was two orders of magnitude
higher (Bijlsma et al., 2009). In the Castellon WWTP effluent, MDA and MDEA
were also measured at concentrations higher than those found in effluents of the other
investigated WWTPs. These compounds were present only in samples collected at
the time of the music event, at levels between 410 and 680 ng/L for MDA, and below
100 ng/L for MDEA (Bijlsma et al., 2009). MDMA, MDA, and MDEA concentra-
tions in other areas did not exceed 376 (Postigo et al., 2008b), 200, and 12 ng/L
(Huerta-Fontela et al., 2008a), respectively.

AM was always less frequently detected and at lower concentration in effluent
than in influent wastewaters. The highest AM concentration (210 ng/L) was observed
in treated waters from Castellon (Bijlsma et al., 2009) and from northeast of Spain
(Huerta-Fontela et al., 2008a). MA showed a higher frequency of detection in effluent
wastewaters compared to influent wastewaters in the monitoring studies carried out
in the WWTP of Castellon and in the Ebro River basin (Bijlsma et al., 2009; Postigo
et al., 2010). MA levels in WWTP effluents were always below 100 ng/L and most
often they did not exceed 10 ng/L.

LSD and its metabolites were rarely identified in the WWTP effluents and their
levels were usually in the picogram per liter range (Postigo et al., 2008b, 2010).

Concerning opioids, METH and its metabolite EDDP, followed by CODE, were
the most ubiquitous compounds in effluent wastewaters. These compounds were
measured only in Catalonia at concentrations ranging from few nanograms per liter
to 732 ng/L for METH, 1.2 ug/L for EDDP, and 397 ng/L for CODE (Boleda et al.,
2009). MOR levels in the Ebro River basin area (Postigo et al., 2010) and in Catalonia
(Boleda et al., 2007, 2009; Postigo et al., 2008b) were below 81 ng/L. The MOR
metabolite, nor-MOR, was at lower levels in influents than in effluents where it
reached 107 ng/L (Boleda et al., 2009). HER and its metabolite 6ACM were usually
below the limit of detection of the method in the investigated effluent wastewaters.
They were measured only occasionally in the low nanogram per liter range in WWTPs
in Barcelona and in the Autonomous Community of Valencia (Postigo et al., 2008b).

The most frequently detected and abundant cannabinoid in effluent wastewaters
was the main metabolite of THC, THC-COOH. Its levels (up to 73 ng/L) were above
those of the other investigated metabolite of THC, OH-THC (up to 23 ng/L) (Boleda
et al., 2009; Postigo et al., 2010). THC was identified less frequently in effluents than
in influents and at maximum levels of 21 ng/L.
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6.5 REMOVAL OF ILLICIT DRUGS AND METABOLITES IN
WASTEWATER TREATMENT PLANTS

Levels of illicit drugs and metabolites measured in treated wastewaters were one
order of magnitude lower than those measured in raw wastewaters, indicating their
partial removal during wastewater treatment processes. However, some of the inves-
tigated substances were found at higher levels in WWTP effluents than in influents.
Figure 6.2 shows removal rates calculated for each compound in the WWTPs inves-
tigated in Spain. These rates, however, have to be considered with caution, since not
all the studies reviewed have analyzed composite samples and the WWTP hydraulic
residence time was not always taken into account when collecting samples in the
inlet and outlet.

Removal of illicit drugs residues during wastewater treatment has been mostly
studied in WWTPs equipped with conventional activated sludge (CAS) processes
as secondary treatment (Huerta-Fontela et al., 2008a; Postigo et al., 2008b, 2010;
Bijlsma et al., 2009; Boleda et al., 2009). In only one of the investigated plants, the
secondary treatment consisted of biological filtration (Postigo et al., 2010). Com-
parison of the removal rates obtained using different wastewater treatment processes
is, however, difficult because the analyses were done with different methodologies,
samples were not collected and pretreated equally, and the WWTPs operational con-
ditions were not systematically documented.

According to the reviewed data, cocaine and its metabolites were the class of illicit
drugs best eliminated with CAS treatments (above 90% of removal, in most cases,
for CO, BE, and CE). However, a drastic decrease in their removal efficiency was
observed by Bijlsma et al. (2009) when the wastewaters entering the plant contained
high levels of these compounds.

Amphetaminelike compounds were eliminated differently in the investigated
WWTPs. Some of them, such as MA, MDMA, and MDA occasionally presented
higher levels in samples from the WWTPs outlet than from the inlet (Huerta-Fontela
et al., 2008a; Postigo et al., 2008b, 2010; Bijlsma et al., 2009; Gonzalez-Marifio
et al., 2009). The increase of MDA concentration in WWTPs effluents has been at-
tributed to N-demethylation of MDMA (Huerta-Fontela et al., 2008a). On the other
hand, MDMA and MA might result from desorption processes during wastewater
treatment, but the processes involved in the formation of these compounds have not
yet been elucidated. Among all the amphetamine-like compounds investigated, AM
showed the highest removal rates (above 90% in most of the cases), followed by EPH
and MA (Fig. 6.2).

LSD and its metabolites, when present, were, in general, efficiently removed in
the investigated WWTPs. Only nor-LSD was apparently not removed in one of the
plants (Postigo et al., 2010).

Opioids showed different behavior during wastewater treatment. As observed
in similar studies performed in other European countries (Castiglioni et al., 2006;
Bones et al., 2007) METH and its metabolite EDDP were poorly or not removed
in the Spanish WWTPs investigated (Boleda et al., 2007, 2009). Maximum removal
rates observed for METH and EDDP reached 53% and 15%, respectively (Fig. 6.2).
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In general, MOR was efficiently removed in the investigated WWTPs with removal
rates above 60% in most of the cases (Boleda et al., 2007, 2009; Postigo et al., 2008b,
2010). Only one WWTP located in Catalonia showed poor removal percentages for
this compound (17%) (Boleda et al., 2007). Low MOR removals may be attributed to
the cleavage of conjugated MOR during treatment process (Castiglioni et al., 2006),
since it is mainly excreted in urine as glucuronide metabolites, and/or to inadequate
operational conditions (e.g., low hydraulic retention time, low solids retention time).
Nor-MOR levels also increased during wastewater treatment, which might be because
of N-demethylation of MOR (Boleda et al., 2009). HER and its metabolite 6ACM
were efficiently removed when present in wastewater (Postigo et al., 2008b, 2010).

CODE and its metabolite nor-CODE were fairly persistent (Boleda et al., 2007,
2009), since higher concentrations of these compounds in effluent compared to influ-
ent wastewaters were frequently measured. Like MOR, the lack of or poor removal of
CODE may result from cleavage of the glucuronide forms of CODE during wastew-
ater treatment. On the other hand, N-demethylation of CODE has been proposed as
a possible reaction contributing to the formation of nor-CODE from CODE (Boleda
et al., 2009).

Removal of cannabinoids was observed to vary widely among the investigated
WWTPs. THC and its metabolite OH-THC were removed comparatively better than
THC-COOH, which is often present at higher concentrations in effluent than in
influent wastewaters. In this case, the cleavage of conjugated forms is also proposed
as a possible cause, but it has not yet been investigated (Boleda et al., 2007, 2009;
Postigo et al., 2008b, 2010).

6.6 EFFECT OF DISCHARGED TREATED WASTEWATER ON
SURFACE WATER QUALITY

Incomplete removal of illicit drugs and metabolites during wastewater treatment is
directly related to their presence in surface waters, as it has been shown in several
works carried out in Europe (Kasprzyk-Hordern et al., 2009a) and North America
(Bartelt-Hunt et al., 2009). Treated waters are usually diluted several times when dis-
charged into the receiving natural waters; hence, concentrations of these compounds
in surface waters are generally lower than in effluent wastewaters. Although not yet
investigated in Spain, levels of illicit drugs and metabolites were reported elsewhere
to significantly decrease with increasing distance from the discharge point (Bones
et al., 2007).

The dilution of contaminants is directly related to flow and physical characteristics
of the receiving surface waters. In general, rivers are turbulent enough to allow rapid
mixing and dilution of WWTPs effluents. Rivers in their lower course present usually
higher dilution factors than upstream. However, levels of illicit drugs and metabolites
in Spanish rivers were observed to either keep fairly constant along the course of the
river (Postigo et al., 2010) or increase from upstream to downstream (Huerta-Fontela
et al., 2008b, Boleda et al., 2009) because of the increasing urban pressure toward
the mouth.
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In the Ebro River basin, calculated dilution factors, that is, the ratios between
WWTP effluent and river flows, varied between 3 and 1785. The lowest values were
observed in a tributary, the Arga River, and the largest ones close to the mouth of
the Ebro River. Variability of dilution factors was also observed between different
seasons, probably because of the continental climate conditions (sparse and irregular
precipitation and high evaporation rates) that affect this water basin (Postigo et al.,
2010).

Another watershed in Spain where the occurrence of illicit drugs and metabolites
in surface waters was investigated is the Llobregat River basin. This water catchment
is subjected to Mediterranean climate conditions, characterized by scarce precipita-
tion concentrated in just a few days. As a consequence, the Llobregat River flow rate
varies widely, which is a common feature to all Mediterranean rivers. In addition,
the Mediterranean river basins are usually heavily urbanized, industrialized, and/or
cultivated and, thus, surface waters are most often more contaminated than in other
larger European basins. Moreover, during drought periods, effluent waters may rep-
resent almost 100% of the total flow of the river and, for this reason, very high levels
of illicit drugs and metabolites have been occasionally reported, for instance, for CO,
BE, CODE, and MDMA, in the Llobregat River basin (Huerta-Fontela et al., 2008b;
Boleda et al., 2009).

In agreement with the discussion above, the highest total levels of illicit drugs and
metabolites in Spain have been reported in small creeks, such as the Ebro tributary
Huerva River (578 ng/L) (Postigo et al., 2010) and the Llobregat tributary Rubi River
(330 ng/L) (Boleda et al., 2009).

Despite the fact that CO and BE were usually efficiently removed (>80%) in
WWTPs, they were the two most abundant and ubiquitous substances found in
surface waters in Spain. CO and BE levels in the Ebro River basin reached 59 and
346 ng/L, respectively (Postigo et al., 2010). In the Llobregat River, the maximum
seasonal average concentrations of CO and BE were 60 and 150 ng/L, respectively,
as reported by Huerta-Fontela et al. (2008b).

EPH was the most ubiquitous and abundant amphetamine-like compound found in
the Spanish rivers. EPH levels measured in the Ebro River basin were up to 145 ng/L
(Postigo et al., 2010). MDMA was the second most ubiquitous amphetamine-like
compound found in surface waters. MDMA levels in Spanish rivers were below
12 ng/L in the Ebro River basin (Postigo et al., 2010), with a maximum concentration
of 20 ng/L inthe Llobregat River (Huerta-Fontela et al., 2008b). The other investigated
amphetamine-like compounds AM, MA, and MDA were only occasionally detected
in surface waters in Spain in the low nanogram per liter range.

Detection of LSD and metabolites in river waters was rare, with levels in the
picogram per liter range (Postigo et al., 2010).

Among opioids, CODE, METH, and its metabolite EDDP were the most ubig-
uitous compounds; however, concentrations measured in river waters were usually
substantially lower than those of CO and BE. In the Llobregat River, concentrations
of these compounds were increasing downstream, reaching values of 40 ng/L for
CODE, 4 ng/L for METH, and 17 ng/L for EDDP (Boleda et al., 2009). MOR was
found at low concentrations in some surface water samples collected from the Ebro
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River basin (<11 ng/L) (Postigo et al., 2010) and in Catalonia (below 31 ng/L in Rubi
Creek and below 7 ng/L in the Llobregat River) (Boleda et al., 2009). HER was never
detected in surface waters in Spain and its metabolite 6ACM was rarely detected.

THC-COOH was often detected in the Llobregat River, at concentrations up to
79.5 ng/L, but less frequently than opioids, CO and BE. THC was detected only in
one sample collected from the Llobregat River, at a concentration of 14 ng/L (Boleda
et al., 2007).

6.7 CONCLUSIONS

In recent years, several publications have reported the occurrence of illicit drugs
and metabolites in waste and surface waters in Spain. The studies performed so far
have shown, in general, incomplete removal of these compounds in the WWTPs
investigated, and their consequent presence in the receiving river waters, although at
lower concentrations than in wastewater. CO and BE seem to be the most efficiently
removed compounds, and cannabinoids and amphetamine-like compounds the least.
Nevertheless, removal rates varied widely between compounds and plants and the
interpretation of the results must be handled with caution, since sample collection in
most of the cases did not take into account the WWTP hydraulic residence time and
water samples occasionally were not composite.

Overall, the most ubiquitous and abundant compounds in both treated wastewaters
and surface waters in Spain were CO and its metabolite BE, the opioid CODE, METH,
its metabolite EDDP, the THC metabolite THC-COOH, and the amphetamine-like
compounds EPH and MDMA.. Geographically, comparatively lower concentrations
of these substances, and presumably lower consumption of illicit drugs, were reported
in northwest than in northeast-east of Spain. The highest levels were found in samples
from the Castellon WWTP (eastern Spain), but this occurred on the occasion of a
music event and, therefore, are probably not representative.

The fate and transport of illicit drugs and their metabolites in the environment
requires further investigation, not only in Spain but worldwide. For instance, the
presence of these compounds in solid matrices, e.g., sediments and sludge, has not yet
been investigated, in spite of the fact that some compounds, such as cannabinoids, are
likely to partition to solid matrices. Obviously, this also requires the development of
methodologies suitable for the analysis of these complex matrices. Ecotoxicological
data, not yet available, are also necessary to assess the risk that the presence of these
substances may pose to ecosystems. Further studies are also needed in the field of
waste and drinking water treatment and to assess the stability of these substances
under different environmental conditions.

The main drawback of the analytical methodologies available is that monitoring
of this type of contaminant is limited to selected compounds. Methodologies based
on target analysis are insufficient to identify the relevance of new illicit drugs, such as
the synthetic cannabinoids that constitute the commercially available products known
as “spice,” or the substances with stimulant and psychotropic activity derived from
cathinone and piperazine. Moreover, further photo- and biodegradation products that
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may be of interest to refine the environmental risk assessment of these substances
cannot be monitored by means of target analysis.
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CHAPTER 7

OCCURRENCE OF ILLICIT DRUGS
IN WASTEWATER AND SURFACE
WATER IN ITALY

SARA CASTIGLIONI and ETTORE ZUCCATO

7.1 INTRODUCTION

In the last few years, illicit drugs have been frequently detected in the aquatic envi-
ronment, becoming a class of emerging contaminants. Some recent reviews (Postigo
et al., 2008a; Zuccato and Castiglioni, 2009) suggest their widespread occurrence in
wastewater, surface water (rivers and lakes), drinking water, and airborne particulates.

Analogously with pharmaceuticals, the main source of contamination is sup-
posed to be the consumer itself. In fact, after ingestion, illicit drugs can be excreted
unchanged or as main metabolites in consumers’ urine and enter the urban sewage
network. Once they reach wastewater treatment plants (WWTPs) through wastewater,
they can be only partially removed during conventional water treatment processes,
being often still detectable in treated water. WWTPs are designed specifically to
mostly remove organic matter, nitrates, and phosphates from wastewater, which is
ineffective in completely removing other substances, such as illicit drugs. Treated
wastewater can, therefore, still bring along illicit drugs residues when discharged
in surface water that is subsequently used to produce drinking water by specific
advanced treatments.

Ilicit drugs are a heterogeneous group of substances with different structures and
physico-chemical properties, but they have all a polar chemical structure and similar
behaviors in the environment. Because of their polarity, illicit drugs are mostly
expected to be distributed in the aqueous phase, as recently suggested by several
studies (Zuccato and Castiglioni, 2009; van Nuijs et al., 2010). However, some of
these compounds have also moderate lipophilic properties and can, therefore, be
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adsorbed on the suspended solids of the water phase, or on the sludge in WWTPs
(Kaleta et al., 2006). Despite their low volatility, illicit drugs have been also detected
in airborne particles taken from the atmosphere of several cities (Postigo et al., 2009;
Cecinato et al., 2009), probably because of their specific patterns of distribution and
consumption. Illicit drugs are biologically active substances with pharmacological
activity, and might also have potential actions and toxic effects in wildlife, as shown
previously for therapeutic pharmaceuticals (Pomati et al., 2006). Thus, monitoring
the presence of illicit drugs in the environment is useful to investigate their potential
ecotoxicological implications related to their occurrence in complex mixtures in
different environmental media.

The idea to search for illicit drugs in the environment derives from previous
studies on therapeutic drugs, which were carried out since the end of the 1990s.
During these investigations some authors observed that the amounts of pharmaceu-
ticals measured in some environmental media roughly reflected the amounts pre-
scribed to the population (Calamari et al., 2003). Since illicit drugs are consumed
worldwide in amounts comparable to those of the therapeutic drugs (that is, 200
million individuals are current users of cocaine, heroin, amphetamine-like stimu-
lants, marijuana, and other drugs; United Nations Office of Drugs and Crime, 2009),
these investigators wondered whether illicit drugs too could be measured in the
aquatic environment and their levels used to estimate the consumption of these sub-
stances by the population. The first investigation on this issue was conducted by our
group in 2004 (Zuccato et al., 2005), and showed that cocaine and its main urinary
metabolite (benzoylecgonine) were present either in urban wastewater and surface
water in Italy. Benzoylecgonine was measured at concentrations between 420 and
750 ng/L and cocaine at lower concentrations (42—120 ng/L) in several WWTPs
in Italy. The main Italian river (Po River) was also investigated and benzoylecgo-
nine and cocaine concentrations were, respectively, 25 and 1.2 ng/L. Meanwhile,
methamphetamine and methylendioxymethamphetamine (MDMA, or ecstasy) were
measured in treated wastewaters in the United States at concentrations between 0.5
and 2 ng/L (Jones-Lepp et al., 2004). Our study in Italy was later extended to other
metabolites of cocaine and to other common drugs of abuse, namely, opioids, am-
phetamines, cannabis, and to some related opioid pharmaceuticals, such as codeine
and methadone. Specific analytical methods have been developed and used to measure
these substances in wastewater (Castiglioni et al., 2006) and surface water (Zuccato
et al., 2008a) in Italy, Switzerland, and the United Kingdom. The occurrence, be-
havior, and fate of illicit drugs in waste, surface, and even drinking water were sub-
sequently investigated in several European countries and the United States (Postigo
et al., 2008a; Zuccato and Castiglioni, 2009; Mari et al., 2009; van Nuijs et al.,
2010), where these substances were found at concentrations up to the microgram per
liter range.

This chapter reports the main outcomes from several investigations on the occur-
rence of illicit drugs in waste- and surface water in Italy, summarizing some results
already published, and including some new findings obtained in recent investigations.
This review will also analyze the behavior and fate of these substances in WWTPs in
Italy and will discuss their impact in surface water.
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7.2 ANALYTICAL METHODOLOGY

The multiresidue analytical methods that have been recently developed to measure
illicit drugs in waste- and surface water, are mainly based on high-pressure liquid
chromatography—tandem mass spectrometry (LC—MS/MS) (Castiglioni et al., 2008;
Postigo et al., 2008a). In fact, liquid chromatography is the best technique for the
analysis of polar substances and mass spectrometry is the most powerful technique
to simultaneously detect several different compounds in complex matrices, such as
wastewater. Nevertheless, Mari et al. (2009) have used gas chromatography—mass
spectrometry (GC—MS) to measure illicit drugs in wastewater samples.

The first comprehensive analytical method for the determination of cocaine, am-
phetamines, morphine, and cannabinoid derivatives, methadone, and/or some of
their metabolites was set up by our group in 2006 (Castiglioni et al., 2006) and
was validated both in untreated and treated wastewater (Table 7.1). The original
method was based on solid-phase extraction (SPE) and high-performance liquid
chromatography—tandem mass spectrometry (HPLC—MS/MS) and it was later modi-
fied to be also applied to surface water samples and was used to detect these substances
in several Italian rivers and lakes (Zuccato et al., 2008a). For these analyses, 24-h com-
posite samples were obtained from WWTPs influents and effluents by pooling water
collected at fixed intervals by automatic sampling devices. Surface water samples
were obtained by pooling river or lake water aliquots collected every 20 min during a
period of 2 h by a portable automatic sampler (Sigma 900 Standard, Hach Company,
USA). After collection, water samples (500 mL for wastewater and 2 L for surface
water) were frozen and stored in the dark at —20°C. Before extraction, samples were
first filtered on a glass microfiber filter GF/A 1.6 um (Whatman, Kent, U.K.) and
then on a mixed 0.45-pm cellulose membrane filter (Whatman, Kent, U.K.). Sam-
ples (50—1000 mL) were then spiked with deuterated internal standards and the pH
adjusted to 2.0 with 37% HCI before solid-phase extraction, which was performed by
mixed reversed-phase, cation-exchange cartridges (Oasis-MCX). The cartridges were
conditioned before use by washing with 6 mL methanol, 3 mL MilliQ water, and 3 mL
water acidified to pH 2. Samples were then passed through the cartridges under vac-
uum, at a flow rate of 10 mL/min. Cartridges were vacuum-dried for 5 min and eluted
with 3 mL of methanol and 3 mL of a 2% ammonia solution in methanol. The eluates
were pooled and dried under a nitrogen stream. Dried samples were redissolved in
200 p.L of MilliQ water, centrifuged, transferred into glass vials, and analyzed by
high-pressure liquid chromatography—tandem mass spectrometry (HPLC—MS/MS)
using an API 3000 triple quadrupole mass spectrometer, equipped with a turbo ion
spray source (Applied Biosystems - Sciex, Thornhill, Ontario, Canada) and inter-
faced to LC Series 200 pumps and auto sampler (Perkin-Elmer, Norwalk, CT). Drugs
were analyzed using an XTerra MS C18, 100 x 2.1 mm, 3.5-pm column (Waters
Corp., Milford, MA), at a flow rate of 200 wL/min. Quantitative analyses were done
in the selected-reaction monitoring (SRM) mode, measuring the fragmentation prod-
ucts of the protonated or deprotonated pseudo-molecular ions of each compound and
deuterated analog (Castiglioni et al., 2006, 2008). Quantitation was made by isotope
dilution, using the deuterated analog as an internal standard for each drug residue.
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The performance of the analytical method was good both in waste and surface
water (Table 7.1). Recoveries were generally higher than 80%, except for THC-COOH
(51%—69%) and morphine 33-glucuronide (46%—67% in treated and surface water),
and the overall variability of the method was lower than 10%. Limits of quantifications
were in the low nanogram per liter range for untreated and treated wastewater and were
lower than 1 ng/L for surface water. The instrumental repeatability and precision, the
instrumental limits of detection and quantification, and the linearity of the analytical
response have been tested and are reported in detail elsewhere (Castiglioni et al.,
2006; Zuccato et al., 2008a).

The method developed by Mari et al. (2009) consisted of solid-phase extraction
by Bond Elut Certify LRC cartridges (Varian, Harbor City, CA), and derivatiza-
tion of samples with BSTFA. A gas chromatography—mass spectrometer (GC—MS,
Thermoquest Trace GC/Finnigan Polaris Q MS) was employed for the analysis of
cocaine, benzoylecgonine, and morphine. Recoveries were higher than 87% for all
the compounds and the limits of quantification were lower than 25 ng/L.

7.3 ILLICIT DRUGS IN WASTEWATER

After the first study carried out in Italy in 2004 to investigate the presence of illicit
drugs in wastewater (Zuccato et al., 2005), our group has conducted several other
campaigns analyzing samples from different WWTPs in Italy and in Switzerland
(Lugano), close to the Italian border. The plants we selected for these investigations
were located in Milan, the largest city in the north of Italy, Como (a smaller city in the
same area), and in four cities in Sardinia, an island in the south of Italy. The WWTP
in Milan (Nosedo) processes wastewater from the central and eastern areas of Milan
by means of two sewers and serves a population of 1,250,000 people with a mean
flow rate of 370,000 m®/day. The Como plant collects wastewater from the whole
city, serving 100,000 people with a mean flow rate of 63,000 m®/day. The four plants
investigated in Sardinia serve between 20,000 and 300,000 people with mean flow
rates between 7,000 and 80,000 m®/day. The Lugano plant collects wastewater from
the entire city area serving 120,000 people with a mean flow rate of 60,000 m®/day.
All the plants are equipped with pretreatment, primary, and secondary treatment
facilities, that is, primary settling and activated sludge processes. The Nosedo plant
is equipped with a further disinfection step, consisting of a treatment with peracetic
acid. Mari et al. (2009) collected wastewater from the whole city of Florence at two
collection points located, respectively, on the right and the left bank of the Arno
River.

Concentrations of illicit drugs in untreated wastewater entering the WWTPs are
reported in Table 7.2. Cocaine and its major metabolite benzoylecgonine (BE) were
the most abundant compounds with concentrations up to the microgram per liter range.
The highest levels of BE were detected in Milan (1.5 p.g/L) and in Lugano (0.5 p.g/L),
and the lowest levels were found in Florence (0.1 pg/L). Cocaine was measured at
lower concentrations than BE (50—465 ng/L) and other minor metabolites of cocaine
such as norbenzoylecgonine, norcocaine, and cocaethylene were also detected at
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TABLE 7.2 Concentrations (nanogram per liter) of lllicit Drugsin Untreated
Wastewater in Some Citiesin Italy and Switzerland (L ugano)

Lugano Florence
(Mean £ SD) Sardinia  (Mean £ SD)
4-week Milan Como (4 Cities) (12 Samples

Monitoring (Mean + (Mean £ (Mean+SD) in1 Year)
(2006) SD) 5-week SD) 4-week 1-week (2006-2007)
(Castiglioni  Monitoring  Monitoring  Monitoring  (Mari et al.,

Ilicit Drugs et al., 2006) (2008) (2008) (2009) 2009)
Cocaine and

metabolites

Benzoylecgonine 547 £169 1468 +211 462 + 115 306 + 220 127 £ 12
Norbenzoylecgonine 19+ 6 42+5 13+4 10+7 -
Cocaine 218 + 58 465 + 90 146 + 53 87 + 68 50+9
Norcocaine 44+09 8§+1 11+12 16+£12 -
Cocaethylene 6.0+ 2.6 12+2 33+11 24+26 -
Opioids

Morphine 204 £+ 50 112 +22 1261 +1523 89+ 56 123+16
6-Acetylmorphine 10£5 14 £ 14 20+24 414438 -
Morphine-33-p- 18+ 3 <LOQ? 12+3 2.6 +4.6 -
glucuronide

Morphine-63-p- - <LOQ? 43+29 77174 -
glucuronide

Codeine 186 + 53 96 +12 8191+9845 42+7.0 -
6-Acetylcodeine <LOQ? <LOQ? 15+27 <LOQ? -
Methadone 50 + 10 13+2 15+3 27 £ 19 -
EDDP 91 +£19 24 +3 33+7 38 + 33 -
Amphetamines

Amphetamine <LOQ? 2+34 <LOQ? <LOQ? -
Methamphetamine <LOQ? 40 + 17 12 +£10 <LOQ? -
MDA <LOQ? <LOQ? <LOQ? <LOQ? -
MDMA 14 + 13 28 +£10 57+4.3 09+17 -
MDEA <LOQ? <LOQ? <LOQ? <LOQ? -
Cannabinoids

11-Nor-9-carboxy- 91+£25 60 + 12 53+ 10 70 £13 -
AS-THC

aLoQ, limit of quantification.

mean concentrations usually lower than 40 ng/L. Similar concentrations of cocaine
and BE were found in Spain (Postigo et al., 2008b; Huerta-Fontela et al., 2008;
Bijlsma et al., 2009), UK (Kasprzyk-Hordern et al., 2008), and the United States
(Chiaia et al., 2008). Lower concentrations were observed in Belgium (van Nuijs
et al., 2009a), Germany (Hummel et al., 2006), and Ireland (Bones et al., 2007),
which was the only country where cocaine was measured in untreated wastewater at
higher concentrations than BE.
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Among the opioids, morphine and codeine were the most abundant compounds
in untreated wastewater, and were usually found at concentrations in the hundreds
nanogram per liter range, except in Florence (12 ng/L). Morphine concentrations
in Lugano were higher than in Milan, probably reflecting higher consumptions of
therapeutic morphine in this city. Other minor heroin metabolites (6-acetylmorphine,
morphine-3B-glucuronide, and morphine-6B-glucuronide) were found at concentra-
tions lower than 20 ng/L. Finally, methadone and its major metabolite 2-ethylidene-
1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP), were measured at concentrations be-
tween 10 and 90 ng/L; their levels were higher in Switzerland (Lugano) than in
Italy. Morphine was also detected at higher concentrations in UK (Zuccato et al.,
2008b) and Germany (Hummel et al., 2006), and at comparable concentrations in
Spain (Boleda et al., 2007). Codeine, methadone, and EDDP were detected also in
Spain (Boleda et al., 2007; Postigo et al., 2008b), Belgium (van Nuijs et al., 2009b),
and Germany (codeine only) (Hummel et al., 2006) at concentrations lower than
200 ng/L.

Stimulatory drugs, such as amphetamines were measured in Italy at concentra-
tions lower than 40 ng/L, and the highest levels were found in the city of Milan.
Amphetamine was found in traces in Italy, but it was measured up to the micro-
gram per liter range in the United States (Chiaia et al., 2008) and Spain (Bijlsma
et al., 2009). Other amphetaminelike compounds, such as methamphetamine, 3,4-
methylenedioxymethamphetamine (MDMA or ecstasy), 3,4-methylenedioxyam-
phetamine (MDA), and 3,4-methylenedioxyethamphetamine (MDEA) were found
at similar levels in Europe (<200 ng/L) (Zuccato and Castiglioni, 2009), but, again,
at higher concentrations (up to 2 wg/L) in the United States (Chiaia et al., 2008) and
UK (Kasprzyk-Hordern et al., 2008).

The principal metabolite of cannabis, 11-nor-9-carboxy-A °-THC (THC-COOH),
was measured in all the WWTPs at concentrations between 50 and 90 ng/L, and its
levels were higher in Switzerland (Lugano) than in Italy. THC-COOH was measured
also in Spain (Boleda et al., 2007; Postigo et al., 2008b) at similar levels, and in UK
(Zuccato et al., 2008b) at higher concentrations.

Ilicit drug have been, therefore, commonly detected in untreated wastewater at
high concentrations (up to the microgram per liter range) in several cities in Italy,
other European countries, and the United States, confirming that residues of these
substances derived from human excretion and are direclty conveyed to urban WWTPs
through wastewater.

7.4 REMOVAL OF ILLICIT DRUGS IN WWTPS

Therate of removal of illicit drugs in WWTPs is potentially affected by several factors,
such as molecular structure, treatment process, age of the activated sludge, environ-
mental conditions, such as temperature and light intensity, and characteristics of the
influents. Removal of illicit drugs during wastewater treatment was investigated in
several WWTPs in Italy; the results are reported in Table 7.3. Cocaine and its metabo-
lites, 6-acethylmorphine, morphine-glucuronides and THC-COOH were extensively
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TABLE 7.3 Removal of Illicit Drugsin WWTPsin Italy (Milan and Como) and
Switzerland (L ugano)

Removal (%)

Milan Lugano Como
Cocaine and metabolites 100 57-96 71-100
Morphine 100 70 32
6-Acethylmorphine-morphine glucuronides 100 100 100
Codeine 100 19 19
Amphetamines 59-78 56 10-75
Methadone + EDDP 0.5-31 13-19 7-19
THC-COOH 100 90 100
Total removal rate 97 68 892 (29)

aTotal removal rate calculated not considering morphine and codeine. See text for further explanation.

removed in WWTPs with rates higher than 80%. Removals of morphine and codeine
were almost complete in Milan, but were lower in Lugano and Como. In the last plant,
the low removal observed (29%) was because of the high concentrations of morphine
and codeine (Table 7.2) and were, therefore, only partially removed. Amphetamines
were not completely removed during wastewater treatments and had variable removal
rates from 50% to 80% in the different WWTPs, probably because of the specific
characteristics of the treatment plant. Finally, methadone and EDDP were resistant
to degradation in WWTPs, with low removal rates (0.5—30%) in all cases. Similar
removal rates were observed also in other countries such as Spain, Belgium, and UK
(Huerta-Fontela et al., 2008; van Nuijs et al., 2009a; Zuccato and Castiglioni, 2009;
Kasprzyk-Hordern et al., 2009; Postigo et al., 2010). Some substances (codeine,
norcodeine, THC-COOH, nor-LSD, methamphetamine, and ecstasy) were found at
higher concentrations in effluents than in influents (Boleda et al., 2007; Postigo
et al., 2010). This because some of them are excreted mainly as glucuronide metabo-
lites and are then deconjugated by the B-glucuronidase enzymes of the fecal bacte-
ria in wastewater. The hydrolysis of morphine-33-p-glucuronide to free morphine
was also observed during a 3-day stability test in wastewater (Castiglioni et al.,
2006).

Total removal rates in Milan, Lugano, and Como WWTPs were, respectively, 97%,
68%, and 89%, indicating a good, but incomplete, removal of illicit drugs in these
plants. In the Como plant, the removal was only 29%, if we also take into account
morphine and codeine. However, this low removal rate is a particular case, because
of the very high concentrations occurring in WWTP influents.

In view of their partial removal during wastewater treatment, illicit drugs are per-
sisting in treated wastewater, which is generally discharged into surface water (rivers,
lakes, sea) or undergoes further treatment to produce drinking water. Therefore, sub-
stantial amounts of illicit drugs have the potential to directly enter surface or drinking
water.
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7.5 ILLICIT DRUGS IN SURFACE WATER

In Italy, illicit drugs have also been measured in some of the main rivers and lakes.
For these investigations, river sampling sites were chosen with the aim of collecting
waters downstream of largely populated areas in northern (Po, Lambro, and Olona
Rivers) and central Italy (Arno River). The Po River, the largest Italian river (flow
rate 600—1000 m®/s), was sampled at four sampling sites downstream of the inlets of
the main influents and of the major cities. The Lambro River (flow rate 5 m®/s) was
sampled near its entrance into the Po River. The Olona River (flow rate 0.5 m3/s) was
sampled downstream of a WWTP discharge site. The Arno River (flow rate 4—10
m?3/s) was sampled at four sampling sites upstream and downstream of some major
tributaries and cities such as Florence and Pisa. Different lakes in northern Italy
(Varese, Lugano, and Maggiore Lakes) were sampled with the aim of also assessing
the presence of illicit drugs in large water basins (Fig. 7.1). Lake Maggiore is the
second largest lake in northern Italy, with an area of 212 km?, a total water volume of
37.5 km?®, and a renewal time of 4 years. Lake Varese has a surface area of 15 km?,
a water volume of 0.16 km?, and a renewal time of 1.8 years. Lake Lugano has a
surface area of 49 km?, a water volume of 6.5 km?, and a renewal time of 8.2 years.
Samples were collected on the river banks close to major influents and effluents or
where the lake was deepest.

Olona and Lambro Rivers are small and heavily polluted rivers flowing in the
most inhabited and industrialized area in the north of Italy. Illicit drugs were de-
tected at concentrations up to 183 ng/L (Table 7.4). BE and cocaine were the most
abundant compounds and reached, respectively, 183 and 44 ng/L in the Olona and
50 and 15 ng/L in the Lambro. The other metabolites of cocaine were all detectable,
even if at lower concentrations (0.2—8 ng/L). Among opioids, concentrations of
morphine, codeine, methadone, and EDDP ranged from 3 to 40 ng/L, while 6-
acetylmorphine (metabolite of heroin), and 6-acetylcodeine (metabolite of codeine)
were undetectable. Methamphetamine and MDMA (ecstasy) were the only stimula-
tory drugs detectable in the Olona and Lambro Rivers; THC-COOH was detected
only in the Lambro. Concentrations of drug residues were generally lower in the Po
River, the major Italian river in northern Italy, because of a higher dilution factor.
Cocaine and its metabolites BE and norbenzoylecgonine, codeine, methadone, and
EDDP were in the low ng/L range (0.5—4 ng/L), while the other substances were
in the high picogram per liter range, or undetectable (Table 7.4). In the Arno River,
a major river in central Italy, concentrations of drug residues were generally higher
than in the Po, ranging from 0.5 to 22 ng/L (Table 7.4).

Ilicit drugs have also been measured in rivers in Spain (Llobregat and Ebro
Rivers), UK (Thames, Taff and Ely Rivers), Belgium (3 rivers), Germany (11 rivers),
Ireland (2 rivers), and the United States (4 rivers) (Zuccato and Castiglioni, 2009;
Bartelt-Hunt et al., 2009; Postigo et al., 2010). Median levels were up to the tenths of
nanogram per liter for cocaine and BE, a few nanograms per liter for amphetamines,
morphine, codeine, methadone, and EDDP; trace amounts or below the limit of
quantification (LOQ) were found for the other substances and metabolites.
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TABLE 7.4 Concentrationsof lllicit Drugs (nanograms per liter) in Riversin Italy?

Arno River
Po River (Mean  (Mean + SD) Olona River Lambro River
4+ SD) (Four  (Four Sampling  (One Sampling  (One Sampling

Ilicit Drugs Sampling Sites) Sites) Site) Site)
Cocaine and

metabolites

Benzoylecgonine 37+£1.2 218 +11.9 183 50
Norbenzoylecgonine 03+0.1 16+0.7 8.4 3.2
Cocaine 05+0.2 17+12 44 15
Norcocaine <LOQP 01401 3.6 0.4
Cocaethylene <LOQP 0.14+0.0 1.3 0.2
Opioids

Morphine <LOQP 30+14 38 35
6-Acetylmorphine <LOQP <LOQP <LOQP <LOQP
Codeine 1.8+0.6 6.2+18 51 12
6-Acetylcodeine <LOQP <LOQP <LOQP <LOQP
Methadone 05+0.2 48+4.0 8.6 34
EDDP 1.0+05 43+21 18 9.9
Amphetamines

Amphetamine <LOQP <LOQP <LOQP <LOQP
Methamphetamine <LOQ" <LOQ" 1.7 2.1
MDA <LOQP 12+04 <LOQP <LOQP
MDMA 02+01 1.0+ 04 1.7 11
Cannabinoids

11-Nor-9-carboxy- 0.3+0.2 05+04 <LOQP 3.7
A°-THC

@Data from Zuccato et al., 2008a.
bLOQ, limit of quantification.

Ilicit drugs concentrations in lakes were lower than in rivers (Fig. 7.1). Only BE
was measurable in Lake Varese and only picograms per liter levels of BE and EDDP
were found in Lake Maggiore, the other substances being undetectable. In Lake
Lugano, concentrations were substantially higher, with BE, norbenzoylecgonine,
morphine, codeine, methadone, and EDDP in the nanogram per liter range, but the
other substances were undetectable. The presence of trace amounts of illicit drugs
also in large water basins, highlighted their “environmental persistence,” which is
mostly because of the continuous discharge of these substances from urban WWTPs
or from the direct inlet of untreated wastewater in the environment. Illicit drugs were
detected at higher concentrations in the Lake Lugano than in the Lake Maggiore,
which might be ascribable to several factors, such as different renewal time (4 and
8.2 years, respectively, for the Maggiore and Lugano Lakes) and the different water
volume and circulation of the two lakes.

The loads of illicit drugs flowing through the main Italian rivers have been cal-
culated multiplying the concentrations (nanogram per liter) by the flow rates (cubic
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FIGURE 7.2 Total loads of illicit drugs along Po and Arno Rivers.

meters per second) and obtaining total amounts per day (grams per day) (Fig. 7.2). The
loads were from 318 to 840 g/d in the Po River and from 6 to 65 g/d in the Arno River.
In both rivers, loads increased substantially from source to mouth, in agreement with
the increase of the population size discharging along the waterway. Huge amounts of
illicit drugs, which are mostly biologically active substances, are, therefore, carried
every day through rivers to the sea, with potential effects for ecosystems.

7.6 CONCLUSION

Ilicit drugs have been detected in waste and surface waters in Italy indicating that
these substances are common contaminants of the aquatic environment of populated
areas. All the investigated substances were measured up to the microgram per liter
range in untreated wastewater and benzoylecgonine, cocaine, morphine, codeine, and
THC-COOH were the most abundant compounds. The removal of illicit drugs was
investigated in several WWTPs in Italy and Switzerland and the total removal rates
were generally higher than 60%. Methadone and its main metabolite EDDP were
the most resistant to degradation, while amphetamines, codeine, and morphine were
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variably, but more efficiently, removed in the different WWTPs. Despite the good but
incomplete removal during wastewater treatment processes, illicit drugs have been
found in rivers and lakes at concentrations up to tenths of nanogram per liter. Their
occurrence in surface water is probably ascribable to their continuous discharge in
the environment more than to their persistence. Environmental concentrations are
low, but risks for human health and the environment cannot be excluded. Morphine,
cocaine, methamphetamine, MDA, and ecstasy have potent pharmacological activ-
ities, and their presence as complex mixtures in surface waters-together with those
of the residues of many therapeutic drugs-may lead to unforeseen pharmacological
interactions, possibly causing toxic effects to aquatic organisms. Biological effects
from drug residues might, in fact, occur even at low environmental concentrations as
discussed later in Chapter 14, Section V.

Moreover, the amount of residues of illicit drugs detected in untreated wastewater
might roughly reflect the amounts consumed by the population producing the waste it-
self and our group recently proposed a novel “sewage epidemiology” approach, based
on wastewater analysis for estimating drug consumption in communities (Zuccato
et al., 2008b; see later, Chapter 16, Section V). The method is based on measurement
of the residues of the illicit drugs excreted in consumers’ urine into urban wastewater,
and back-calculation of the local drug consumption from the measured levels. This
method can provide evidence-based estimates of drug use in a defined area with the
unique ability to monitor local consumption in real time.
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CHAPTER 8

OCCURRENCE OF ILLICIT DRUGS IN
SURFACE WATER AND WASTEWATER
IN THE UK

BARBARA KASPRZYK-HORDERN

8.1 INTRODUCTION

Ilicit drugs, including the plant-derived substances (e.g., cannabis, cocaine, and
heroin) and synthetic drugs (e.g., amphetamine, methamphetamine, and related de-
signer drugs) are regarded as emerging environmental contaminants. They belong to
the group of pharmacologically active compounds that also includes legal pharmaceu-
ticals (prescription and over-the-counter pharmaceuticals) and veterinary medicines.
Several reports have been published on the presence and fate of pharmacologically
active compounds, such as veterinary medicines and pharmaceuticals (Capleton et al.,
2006; Sarmah et al., 2006; Aga, 2007; Petrovic and Barcelo, 2007; Crane et al., 2008;
Jjemba, 2008; Joss and Ternes, 2008; Kimmerer, 2008). However, illicit drugs have
hardly been studied in the environment and only a few reports have been published on
the occurrence of these compounds in surface water and/or wastewater. Investigations
have taken place in the following countries: Italy (Zuccato et al., 2005, 2008a, b),
Spain (Huerta-Fontela et al., 2008a, b; Postigo et al., 2008; Bijlsma et al., 2009), Ire-
land (Bones et al., 2007), United Kingdom (Zuccato et al., 2008a; Kasprzyk-Hordern
et al., 2008a, 2009a), Belgium (Gheorghe et al., 2008; Van Nujis et al., 2009a, b, c),
Switzerland (Castiglioni et al., 2006, Zuccato et al., 2008b), and the United States
(Jones-Lepp et al., 2004; Chiaia et al., 2008; Bartelt-Hunt et al., 2009). Because
of the limited extent of research undertaken in this field, there is limited data and
minimal understanding of the environmental occurrence, transport, fate, and expo-
sure for these compounds and their (very often) active metabolites. There is also no
information available on the ecotoxicity of illicit drugs and their metabolites.

Ilicit drugs enter the aquatic environment mainly through treated (or raw) sewage
from domestic households. They can be present in the environment in the form
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of parent unaltered compounds or metabolites, or might undergo transformation
during wastewater treatment to produce compounds of possible concern to humans
and wildlife. Some of these compounds are ubiquitous and might be persistent in
the environment. In addition, they are continuously introduced into the environment;
therefore, even compounds of a low persistence might cause adverse effects. The other
issue is the synergistic effect of different illicit drugs and other pharmacologically
active compounds on organisms, through their combined parallel action. Illicit drugs
are characterized by their polar and nonvolatile nature and, therefore, will not undergo
volatilization from the aqueous environment, which extends the exposure of aquatic
organisms to these compounds.

There are several illicit drugs that have been identified in the aquatic environ-
ment. Among them are: cocaine, amphetamines, opiates, cannabis, LSD (lysergic
acid diethylamide), and their metabolites. Cocaine and its metabolites belong to the
group of the most studied illicit drugs in the aquatic environment. Cocaine, a cen-
tral nervous system stimulant, is produced as hydrochloride salt (which has limited
medical use as a topical anesthetic for surgical procedures involving eye, ear, nose,
and throat) or free base (known as crack) (King, 2009). It is usually quantified in
surface water at concentrations not exceeding 50 ng/L (Fig. 8.1) (Huerta-Fontela
etal., 2007, 2008b; Kasprzyk-Hordern et al., 2008a; Zuccato et al., 2008a; Van Nujis
et al., 20093, b). Benzoylecgonine, its major metabolite, is found in surface water
at much higher levels, reaching a few hundred nanograms per liter (Zuccato et al.,
2005, 2008a; Huerta-Fontela et al., 2007; Kasprzyk-Hordern et al., 2008a; Van Nujis
et al., 20093, b). Other metabolites of cocaine quantified in surface waters include:
norbenzoylecgonine, norcocaine, and cocaethylene (Fig. 8.1) (Zuccato et al., 2008a).
Measurable levels of cocaine and its metabolites in surface waters are linked to in-
sufficient communal wastewater treatment, as both cocaine and its metabolites are
present in raw and treated wastewater at high concentrations reaching, in the case
of benzoylecgonine, 10 and 3, wg/L in wastewater influent and effluent, respectively
(Fig. 8.1) (Castiglioni et al., 2006; Bones et al., 2007; Huerta-Fontela et al., 2007,
2008b; Chiaia et al., 2008; Kasprzyk-Hordern et al., 2008a; Postigo et al., 2008;
Bijlsma et al., 2009; Mari et al., 2009; Van Nujis et al., 2009a, b, c).

Amphetamines, central nervous system stimulants, constitute the second group of
the most studied illicit drugs. Among them are: amphetamine, methamphetamine,
3,4-methylenedioxymethamphetamine (MDMA), 3,4-methylenedioxyamphetamine
(MDA) and 3,4-methylenedioxy-N-ethylamphetamine (MDEA). Amphetamine and
methamphetamine have some limited therapeutic use in narcolepsy and attention
deficit hyperactivity disorder, but most are manufactured in clandestine laboratories
in Europe (King, 2009). Amphetamine is also formed as a metabolite of metham-
phetamine and several prescription drugs, such as selegiline (Kasprzyk-Hordern
et al., 2009b). Amphetamines are frequently found in rivers across Europe at levels
reaching 50 ng/L (Fig. 8.1) (Huerta-Fontela et al., 2007, 2008b; Kasprzyk-Hordern
et al., 2008a; Zuccato et al., 2008a; Bartelt-Hunt et al., 2009). Amphetamine is the
most abundant drug within the group of amphetamines and is found at the highest
levels in surface water and wastewater. Concentrations of amphetamines in waste-
water were found to vary between a few nanograms per liter and <5 w.g/L in different
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FIGURE 8.1 Maximum (e) and mean (1) concentrations of illicit drugs in surface water and wastewater across Europe and the United States
(Castiglioni et al., 2006; Hummel et al., 2006; Boleda et al., 2007; Bones et al., 2007; Huerta-Fontela et al., 2007, 2008a, b; Chiaia et al., 2008;

Gheorghe et al., 2008; Kasprzyk-Hordern et al., 2008a, 2009b; Postigo et al., 2008; Zuccato et al., 2008a; Bartelt-Hunt et al., 2009; Bijlsma et al.,

2009; Loganathan et al., 2009; Mari et al., 2009; Van Nujis et al., 20093, c).

15

a1



156 OCCURRENCE OF ILLICIT DRUGS IN SURFACE WATER AND WASTEWATER IN THE UK

wastewater treatment plants (WWTPs) and different countries and are a reflection
of local drug abuse trends (Fig. 8.1) (Castiglioni et al., 2006; Huerta-Fontela et al.,
2007, 2008b; Chiaia et al., 2008; Kasprzyk-Hordern et al., 2008a; Postigo et al., 2008;
Bartelt-Hunt et al., 2009; Bijlsma et al., 2009; van Nujis et al., 2009c). The levels of
amphetamine and MDMA significantly exceeded the recorded average in wastewater
influent only in the case of two samples and denoted 12 p.g/L of amphetamine in the
United Kingdom (Kasprzyk-Hordern et al., 2009a) and 27.5 p.g/L of MDMA in Spain
(value not included in Fig. 8.1) (Bijlsma et al., 2009). MDMA was also quantified at
a very high level (21.2 p.g/L; value not included in Fig. 8.1) in one treated wastewater
sample in Spain (Bijlsma et al., 2009).

The presence of several opioids in surface water and wastewater was also reported
(Castiglioni et al., 2006; Hummel et al., 2006; Bones et al., 2007; Postigo et al.,
2008; Zuccato et al., 2008a; Mari et al., 2009; Wick et al., 2009). Among them are:
illicit heroin (diamorphine) and several abused prescription drugs, such as codeine,
dihydrocodeine, morphine, and hydrocodone. Diamorphine, a semisynthetic product
of acetylation of morphine (a natural product in opium), is a narcotic analgesic
used in the treatment of severe pain (King, 2009). Heroin and its specific metabolite
6-acetylmorphine were quantified in wastewater at low levels reaching 13 ng/L in
the case of 6-acetylmorphine (Fig. 8.1) (Castiglioni et al., 2006; Postigo et al.,
2008). Methadone, a prescription pain killer and also a drug used in the treatment of
heroin addiction, and its metabolite EDDP have also been a subject of investigation
(Castiglioni et al., 2006).

The most abused A °-tetrahydrocannabinol (THC), an active constituent of
cannabis, its major metabolite, 11-nor-9-carboxy-A °-tetrahydrocannabinol (THC-
COOH) and 11-hydroxy-THC (OH-THC), were also quantified in rivers and/or
wastewater at low nanogram per liter levels (Fig. 8.1) (Castiglioni et al., 2006;
Postigo et al., 2008; Zuccato et al., 2008a; Bijlsma et al., 2009).

Other studied illicit drugs include: LSD, a semisynthetic halucinogen, and its
metabolites: 2-oxo-3-hydroxy lysergic acid diethylamide (OH-LSD) and nor-LSD.
This potent hallucinogen was quantified in wastewater at single nanogram per liter
levels reaching 3 ng/L (Fig. 8.1) (Postigo et al., 2008).

8.2 ABUSE OF ILLICIT DRUGS IN THE UNITED KINGDOM

The most serious drug abuse involves illicit products falling into the following
categories: central nervous system stimulants, narcotic analgesics, hallucinogens,
and hypnotics. The most prevalent of these are the plant-derived substances (e.g.,
cannabis, cocaine, and heroin), although it is predicted that the synthetic drugs (e.g.,
amphetamine, MDMA, and related designer drugs) are likely to pose a more sig-
nificant social problem in the future. There is also an increasing recognition of the
problems caused by misuse of medicinal products, primary benzodiazepine tranquil-
izers (King, 2009).

The 2007/08 British Crime Survey (BCS) estimated that within the group of 16-
to 59-year-olds, around one in three people (35.8%) had ever used illicit drugs in
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England and Wales, one in ten had used illicit drugs in the last year (9.3%), and
one in twenty used these drugs in the last month (5.3%) (Hoare and Flatley, 2008).
Findings from the 2006 Scottish Crime and Victimisation Survey (SCVS) show that:
36.6% of 16- to 59- year-olds have ever used drugs; 12.6% have used drugs in the last
year; and 8% have used drugs in the last month. According to the Northern Ireland
Crime Survey, prevalence is generally lower than in England and Wales, but shows
similar patterns and trends (Eaton et al., 2007).

Cannabis is the world’s most commonly used illicit drug (European Monitoring
Centre for Drugs and Drug Addiction, 2007). The 2007—2008 BCS estimated that
7.4% of 16- to 59-year-olds in England and Wales used cannabis in the last year
(Hoare and Flatley, 2008). The European Monitoring Centre for Drugs and Drug
Addiction (EMCDDA) report on the state of the drugs problem in Europe placed the
United Kingdom, alongside Italy, Spain, and the Czech Republic, among European
countries with the highest cannabis abuse (EMCDDA, 2007).

Cocaine is the next most commonly used drug in the EU with 2.3% reporting use
of any form of it (either cocaine powder or crack cocaine) in 2007—2008 in England
and Wales in the last year (Hoare and Flatley, 2008). The UK is reported next to
Spain, as the EU country with the highest (and increasing) cocaine prevalence levels
(EMCDDA, 2007). Increases in prevalence of cocaine use in the last year among the
15-34-age-group have been registered in all countries reporting recent survey data
(EMCDDA, 2007).

Use of ecstasy and amphetamine in 2007—2008 in England and Wales in the past
year was estimated at 1.5% and 1.0%, respectively. The use of hallucinogens (LSD
and magic mushrooms) in the last year was reported by 0.6% of 16- to 59-year-olds.
Use of other drugs is slightly less prevalent with 0.5% reporting use of tranquilizers,
0.4% reporting using ketamine, and 0.1% using glues or anabolic steroids in the
previous year. Other potent drugs are used in England and Wales on a smaller scale:
opiate (heroin and methadone) use was reported by 0.2% of 16- to 59-year-olds
(Hoare and Flatley, 2008).

Baseline estimates of market size for the United Kingdom (calculated with ref-
erence to seizures, purity, and survey-based estimates of usage) indicate that ag-
gregate pure quantity of cocaine usage was 19.0 tons in the United Kingdom in
2003—2004 (8.9 tons of powder cocaine and 10.1 tons of crack cocaine). Aggregate
pure quantity of cannabis accounted for 412.4 tons in 2003—2004. Amphetamines
(amphetamine and methamphetamine) and ecstasy were estimated at 4.0 and 15.5
tons, respectively. Aggregate pure quantity of heroin accounted for 8.0 tons in the
United Kingdom in 2003—2004. The baseline estimates for Wales and England only
indicate the following pure aggregate quantities: 360.3, 3.6, 13.7, 16.8, and 7.0 tons
of cannabis, amphetamines, ecstasy, cocaine, and heroin, respectively (Singleton
etal., 2006).

The above discussion indicates that because of the high usage of illicit drugs in
the United Kingdom, the presence of illicit drugs as well as their metabolites in the
environment is to be expected.
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8.3 OCCURRENCE OF ILLICIT DRUGS IN WASTEWATER AND
SURFACE WATER IN THE UNITED KINGDOM

Very limited data exists on the presence and fate of drugs of abuse in the United
Kingdom environment. Monitoring of illicit drugs in the United Kingdom has been
undertaken in only one river in England (the River Thames) and two rivers in Wales
(the River Taff and Ely).

8.3.1 lllicit Drugs in the River Thames

Zuccato et al. (2008a,b) studied the presence of several illicit drugs such as cocaine
and its main metabolite benzoylecgonine, amphetamine, methamphetamine, MDA,
MDMA, morphine, and THC-COOH in the River Thames and two WWTPs (Mogden
WWTP and Beckton WWTP) during one sampling regime that took place in October
2005. Samples were collected from the upper rural course of the River Thames in
Oxfordshire (New Bridge and Shillingford Bridge) and in its lower course, in the
London area (near Chiswick Bridge, at the Houses of Parliament and near Tilbury).
The results are presented in Table 8.1. Amphetamine and methamphetamine were not
quantified in any analyzed sample. THC-COOH was quantified in only one sample
in London, Chiswick Bridge at very low levels accounting for 1 ng/L. Cocaine was
quantified in samples collected form the London area at levels reaching 6 ng/L near
the Houses of Parliament. Benzoylecgonine, MDA, and MDMA were present in all
samples collected from the River Thames. The highest levels of these drugs were
quantified in the area of London, Chiswick Bridge and the Houses of Parliament and
accounted for 17, 3, and 4 ng/L in the case of benzoylecgonine, MDA, and MDMA,
respectively. It has to be emphasized here, however, that the River Thames in the
London area is significantly affected by tidal movement contributing to possible
dilution of the river water with sea water (Zuccato et al., 2008a).

8.3.2 lllicit Drugs in the Rivers Taff and Ely and the Impact of
Wastewater Treatment on the Quality of River Water

Kasprzyk-Hordern et al. (2007, 2008a, b, ¢, 20093, b) carried out a 10-month long
monitoring program aimed at the verification of the presence and fate of two illicit
drugs (amphetamine, cocaine and its metabolite, benzoylecgonine) in two differ-
ent rivers in South Wales: Rivers Taff and Ely and two different WWTPs (WWTP
Cilfynydd discharging treated effluent into the River Taff and WWTP Coslech dis-
charging treated effluent into the River Ely) (Fig. 8.2). The River Taff is the tenth
largest river in the United Kingdom. It has as its source the Brecon Beacons National
Park which then flows through the urbanized areas of Merthyl Tydfil, Pontypridd,
and Cardiff. The River Ely is a small and shallow river that flows through rural
areas and finally reaches Cardiff, where it flows together with the River Taff into
the Severn Estuary and the Bristol Channel. The two studied WWTP plants also dif-
fer significantly. WWTP Cilfynydd serves a population of 111,000. It treats mainly
communal sewage and the technology utilized there is trickling filter beds. WWTP
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{

ENGLAND:
River Thames

WALES: River Taff and Ely

BRECON BEACONS NATIONAL PARK

LLANTRISANT
TALBOT GREEN ¢
WWTP COSLECH

0 8 km SEVERN ESTUARY

FIGURE 8.2 Location of sampling sites in the United Kingdom (modified from Kasprzyk-
Hordern et al., 2008a, 2009a).
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Coslech, on the other hand, serves approximately 30,000 inhabitants and treats both
communal and industrial wastewater utilizing the most common biological treatment
process, which is activated sludge. Both wastewater plants contribute significantly to
the rivers’ flows through a high volume of wastewater discharged into the two rivers.
On average, a 23-fold dilution of wastewater effluent from WWTP Cilfynydd was
observed in the River Taff during the period of the study. Only a 13-fold dilution was
noted in the case of treated wastewater from WWTP Coslech reaching the River Ely
(Kasprzyk-Hordern et al., 2008a, 2009a, b).

Both amphetamine and cocaine were found in the River Taff at low single
nanogram per liter levels (Table 8.2). Their presence in the River Taff was found
to be strongly associated with the discharge of insufficiently treated wastewater ef-
fluent. Benzoylecgonine was often found in the River Taff at levels 10 times higher
than the parent compound reaching 100 ng/L. No studied illicit drugs were quantified
in any sample collected in the Brecon Beacons National Park (at the source of the
River Taff). In contrast, both amphetamine and benzoylecgonine were found with
100% frequency in receiving waters 2 km downstream of WWTP, which indicates a
discharge of insufficiently treated wastewater effluent, but also it is a sign of high and
steady consumption of illicit drugs in the region (Kasprzyk-Hordern et al., 2008a).
In addition, all three compounds revealed high persistence in the River Taff as only
a limited decrease of their concentration was observed even 27 km downstream of a
discharge point (Table 8.2).

TABLE 8.2 Concentrationsof Illicit Drugsin Samples Collected in the River Taff for a
10-Month Monitoring Program (November 2006—August 2007)

Concentration (ng/L)

Sampling Points Amphetamine Benzoylecgonine Cocaine

Brecon Beacons National L-H3M) <1 <1 <0.3
Park, BB (the source of o 0 0 0
the River Taff)

Merthyl Tydfil, MT L-H(M) <1-3(1) <1 <0.3
(23.5 km downstream % 20 0 0
of BB)

Abercynon, AC (12 km L-H (M) <1-11(3) <1-1(<1) <0.3
downstream of MT; 1 km % 73 0 0
upstream of WWTP)

Pontypridd, PD (2 km L-H (M) 2-13(7)  <1-92 (46) <0.3—4 (2)
downstream of WWTP) o 100 100 45

Trefforest Estate, TE (7 km  L-H (M) 4-14 (7) 1-100 (36) <0.3-7(2)
downstream of PD) % 100 78 33

Cardiff, CD (18 km L-H (M) <1-5(3) <1-123 (40) <0.3-1(<0.3)
downstream of TE) % 87 78 11

AL, lowest recorded concentration; H, highest recorded concentration; M, mean concentration; %, fre-
quency of detection.
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TABLE 8.3 Concentrationsof Illicit Drugsin Samples Collected in the River Ely for a
10-Month Monitoring Program (November 2006—August 2007)

Concentration (ng/L)

Sampling Points Amphetamine Benzoylecgonine Cocaine

Llantrisant Forest, LF L-H2 (M) <1-21(4) <1-41(7) <0.3
(10.5 km upstream of % 33 17 17
WWTP)

Talbot Green, TG (7 km L-H(M)  <1-19(2) <1-53(7) <0.3
upstream of WWTP) % 13 25 0
Peterson-super-Ely, PSE L-H (M) <1-3(1) <1-54 (16) <0.3
(3.5 km downstream of oy 25 75 0

WWTP)
Cardiff, CD (12 km L-HM)  <1-4(2) 1-84 (23) <03
downstream of PSE) % 83 100 0

aL, lowest recorded concentration; H, highest recorded concentration; M, mean concentration; %, fre-
quency of detection.

In contrast to the situation observed in the River Taff, no cocaine was quantified
in the River Ely (Table 8.3). Amphetamine was quantified at very low concentrations
and its presence varied at different sampling points (from 13% to 83% frequency).
Benzoylecgonine was again quantified at the highest concentrations reaching 50 ng/L.
Lower concentrations of illicit drugs in the River Ely when compared to the River
Taff are strongly associated with lower concentrations of illicit drugs in final WWTP
effluent resulting from better efficiency of treatment in WWTP Coslech than WWTP
Cilfynydd (Tables 8.4 and 8.5). As can be observed from Table 8.5, activated sludge

TABLE 84 Concentrationsof Illicit Drugsin Samples Collected for a 5-Month
Monitoring Program (April 2007—August 2007) in Raw and Treated Wastewater

Concentration (ng/L)

Sampling Points Amphetamine Benzoylecgonine  Cocaine

WWTP
Cilfynydd—
influent

WWTO
Cilfynydd—
effluent

WWTP Coslech—
influent

WWTP Coslech—
effluent

L-H? (M)
%

L-H (M)
%

L-H (M)
%
L-H (M)
%

292-12020 (4310)

100

19-739 (201)
100

255-3225 (1196)
100

<3-11(2)

14

126-2114 (992)
100

202-3275 (1091)
100

187-3715 (1082)
100

<1-29 (13)

86

21-1837 (521)
100

48-324 (128)
100

54-471 (207)
100

<1

0

aL, lowest recorded concentration; H, highest recorded concentration; M, mean concentration; %, fre-

quency of detection.
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TABLE 85 Efficiency of Illicit Drugs Removal during Wastewater Treatment
Calculated for Samples Collected for a 5-Month Monitoring Program
(April 2007-August 2007) in Raw and Treated Wastewater

Removal Efficiency (%)

Sampling point Amphetamine Benzoylecgonine Cocaine
WWTP Cilfynydd (trickling filters) 95+4 —25+£50 25+ 80
WWTP Coslech (activated sludge) 100 +1 96 + 7 100+ 0

treatment utilized in WWTP Coslech gives almost 100% removal of amphetamine,
cocaine, and benzoylecgonine, while trickling filter beds utilized in WWTP Cil-
fynydd resulted in 95% removal of amphetamine, only 25% removal of cocaine,
and no removal of benzoylecgonine. This indicates the poor efficiency of trickling
filter beds technology when compared to activated sludge. As a result of effective
activated sludge treatment in WWTP Coslech, no cocaine and low benzoylecgonine
and amphetamine levels accounting for an average of 13 and 2 ng/L, respectively,
were released with wastewater effluent into receiving waters (Table 8.4). In contrast,
ineffective trickling filters treatment in WWTP Cilfynydd resulted in the release
into receiving waters of much higher quantities of the studied drugs, accounting for,
on average, 128, 1091, and 201 ng/L in treated wastewater effluent in the case of
cocaine, benzoylecgonine, and amphetamine, respectively (Table 8.4). The highest
recorded levels over a few months study denoted: 324, 3275, and 739 ng/L of cocaine,
benzoylecgonine, and amphetamine, respectively (Kasprzyk-Hordern et al., 2009a).

There is limited data on the efficiency of the removal of illicit drugs during
wastewater treatment. Castiglioni et al. (2006) reported 88%-100% degradation
of benzoylecgonine, 95%-100% degradation of cocaine, and 100% degradation of
amphetamine in WWTPs with activated sludge treatment. Bones et al. (2007) also re-
ported high removal of benzoylecgonine (92%), but lower removal of cocaine (72%)
during activated sludge treatment. Huerta-Fontela et al. (2008b) studied 42 different
WWTPs utilizing mainly activated sludge treatment and observed varying, but high,
efficiencies of amphetamine removal ranging from 52% to over 99% in different
wastewater treatment plants. The removal of cocaine and benzoylecgonine was also
very effective and denoted >88% (Huerta-Fontela et al., 2008). High removal of
amphetamine and cocaine (>99%) during wastewater treatment was also reported
by Bijlsma et al. (2009), although it was observed that in the case of high loads of
illicit drugs occurring during weekends, the efficiency of the removal of illicit drugs
decreased to 35% and 85% in the case of benzoylecgonine and amphetamine, respec-
tively. Postigo et al. (2008) reported 49%—99% removal of amphetamine, 69%—99%
removal of benzoylecgonine, and 67%—99% removal of cocaine. The removal rates
were found to be wastewater treatment-plant dependent (Postigo et al., 2008). The
above discussion indicates that illicit drugs such as cocaine and amphetamine are
effectively removed during wastewater treatment, especially when activated sludge
treatment is implemented. It has to be, however, emphasized that high removal of
illicit drugs during activated sludge treatment might be a result of not only biodegra-
dation, but also other processes, such as partitioning of these compounds to sludge.
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TABLE 8.6 Loadsof Illicit Drugsin Riversand WWTPsin Walesfor a 10-Month
Sampling Period?

Load (g/day)

Amphetamine Benzoylecgonine Cocaine
Sampling point Mean Max Mean Max Mean Max
River Taff MT 0.0 0 0.0 0 0.0 0
PD 8.0 29.3 39.0 104.9 1.2 5.4
River Ely TG 1.6 12.8 4.6 53.2 0.0 0
PSE 0.1 0.5 2.6 8.1 0.0 0
WWTP Cilfynydd Influent 109.8 256.5 27.9 76.2 15.3 66.4
Effluent 6.3 15.8 30.4 69.9 3.7 6.9
WWTP Coslech Influent 19.3 41.8 16.4 48.1 3.5 6.1
Effluent 0 0.2 0.3 0.6 0 0

aMean and maximum values calculated for the results obtained.

Unfortunately, despite the high efficiency of treatment processes, the removal of il-
licit drugs is not sufficient to entirely eliminate the possibility of illicit drugs being
discharged into receiving waters.The calculated mean and the highest recorded envi-
ronmental loads of illicit drugs monitored in the Rivers Taff and Ely over the period
of 10 months at two sampling points located above and below WWTP discharge are
presented in Table 8.6. Mean daily loads recorded in the River Taff were as follows:
0 g/day for all illicit drugs at Merthyl Tydfill sampling point located approximately
13 km upstream of WWTP discharge, and 8, 1.2, and 39 g/day for amphetamine,
cocaine, and benzoylecgonine, respectively, at Pontypridd sampling point located ap-
proximately 2 km downstream of WWTP discharge. Lower, although still noticeable,
average loads of illicit drugs were also observed in the case of the River Ely. At the
Talbot Green sampling point (approximately 7 km upstream of WWTP discharge)
average daily loads denoted 1.6, 4.6, and 0 g/day of amphetamine, benzoylecgonine,
and cocaine, respectively. At Peterson-super-Ely sampling point, located approxi-
mately 3.5 km downstream from the discharge point, average daily loads were found
to be lower and denoted: 0.1, 2.6, and 0 g/day of amphetamine, benzoylecgonine, and
cocaine, respectively. This results, as discussed above, from both the lower capacity
of WWTP Coslech and also the better efficiency of treatment when compared with
WWTP Cilfynydd (Table 8.6) (Kasprzyk-Hordern et al., 2008a, 2009a).

The comparison of the results obtained for the three rivers (the Rivers Thames, Taff,
and Ely) (Tables 8.1, 8.2, and 8.3) in the United Kingdom indicates that the presence
of illicit drugs in the aqueous environment is of regional character and reflects drug
abuse trends in the studied catchment area. There are also other vital parameters
that affect concentration levels of illicit drugs in the studied rivers. Among them
are: efficiency of wastewater treatment, dilution of wastewater in receiving waters,
rainfall, and regional climatic variations. Similar cocaine levels were observed in the
case of the Rivers Taff and Thames. Benzoylecgonine was, in general, quantified at
slightly higher concentrations in the Welsh rivers. Surprisingly, no amphetamine was
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TABLE 8.7 Seasonal Variations of Loads of Illicit Drugsin the River Taff?
Load (g/day)

Amphetamine  Benzoylecgonine  Cocaine  Flow (m3/s)  Temp (°C)

January 6.8 39.2 0.0 13.8 7
February 9.9 60.3 5.3 8.8 7
March 6.0 14.6 0.0 14.2 10
April 33 27.6 1.4 53 13
May 24 22.6 0.0 7.6 15
June 21 40.4 0.9 51 17
July 16.1 104.9 5.4 14.3 13
August 6.6 36.5 0.0 9.1 14

apD sampling point.

quantified in the River Thames. This is in contrast with findings in both the Rivers
Taff and Ely.

8.4 EFFECT OF SEASONAL VARIATIONS AND VARIABLE
FLOW CONDITIONS ON ILLICIT DRUG CONCENTRATIONS IN
WELSH RIVERS

The results obtained for the 10-month sampling period in the Rivers Taff and Ely re-
vealed that concentrations of illicit drugs vary. Seasonal variations of loads of chosen
illicit drugs in the River Taff are presented in Table 8.7. The results do not indicate
any particular pattern concerning the levels of illicit drugs loads, which might be sea-
sonally dependent. The main factors affecting the levels of illicit drugs concentrations
include weather conditions (mainly rainfall and sunlight), proximity to wastewater
plant, and the efficiency of wastewater treatment. Because of the particularly mild
climate in South Wales resulting from the proximity to the sea, the temperature of
river water did not change significantly over the year and varied from 7 to 17°C. In
general, concentrations of illicit drugs were found to be considerably higher during
dry weather conditions and significantly decreased during wet weather conditions be-
cause of a significant dilution of the river water with rain water (Kasprzyk-Hordern
et al., 2008a). River flows in the Rivers Taff and Ely vary substantially over the year.
During prolonged dry periods, river flows are significantly reduced and many of the
numerous small springs tend to dry up. This is when the river is largely fed by treated
wastewater effluent. Following heavy rainfall, river flows can increase dramatically,
which, when combined with the mountainous and steep topography of the upper
catchment, contributes to high and rapid flows (Environment Agency, 2000 a, b).

8.5 ILLICIT DRUGS IN THE UNITED KINGDOM AQUEOUS
ENVIRONMENT IN THE CONTEXT OF EUROPEAN FINDINGS

Concentration levels of illicit drugs in the United Kingdom aqueous environment
represents, similarly to other countries, the usage trends of illicit drugs in local
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communities. As the United Kingdom is considered to be among the EU countries
with the highest prevalence of illicit drugs, high environmental loads of these drugs
are to be expected. As mentioned above, the United Kingdom is reported next to
Spain as the EU country with the highest and steadiest increasing cocaine prevalence
levels. It is also known to be among the EU countries with the highest prevalence
of the usage of amphetamines and ecstasy (EMCDDA, 2007). As estimated by the
sewage epidemiology approach, amphetamine consumption in London, Milan, and
Lugano clearly indicates a much higher prevalence of this drug in the United Kingdom
when compared to Italy or Switzerland (Zuccato et al., 2008b). The results obtained
from the two studied WWTPs in Wales indicate that consumption of cocaine, also
calculated with the utilization of the sewage epidemiology approach, accounts for on
average 900 mg/day/1000 people and was found to vary, depending on the day of
collection, from 100 to 3700 mg/day/1000 people (Kasprzyk-Hordern et al., 2009b).
Estimated by Zuccato et al. (2008b), cocaine consumption in Milan and Lugano
accounted for approximately 1000 and 600 mg/day/1000 people, respectively. Van
Nuijs et al. (2009a) reported the following consumption levels in Belgium: 98—1829
mg/day/1000 people. However, it has to be remembered that these calculations have
a regional character only and might be associated with a high error if extrapolated on
a national scale.

The comparison of cocaine, benzoylecgonine, and amphetamines concentration
levels in the United Kingdom rivers with European findings suggests similar patterns
of the occurrence of illicit drugs in the aquatic environment. Cocaine, benzoylec-
gonine, and amphetamine were found in the Rivers Taff and Ely at concentrations
reaching 7, 123, and 21 ng/L, respectively (Kasprzyk-Hordern et al., 2008a). Zuccato
et al. (2008a) quantified cocaine and benzoylecgonine in rivers Olona, Lambro, and
Po in Italy at levels reaching 44 and 183 ng/L, respectively. The levels of cocaine and
benzoylecgonine in Belgium also exceeded 20 and 100 ng/L, respectively, in some
rivers (Van Nuijs et al., 2009a). In Spanish Llobregat River, cocaine and benzoylec-
gonine were quantified in surface water at maximum 10 and 111 ng/L, respectively
(Huerta-Fontela et al., 2007, 2008a). Methamphetamine was not quantified in the
River Thames. However, it was reported at up to 2.1 ng/L levels in rivers Olona and
Lambro in Italy (Zuccato et al., 2008a) and in Llobregat River in Spain (Huerta-
Fontela et al., 2008a). MDA, which was not present in Italian rivers was reported at
single nanogram per liter in the River Thames (Zuccato et al., 2008a) and reached
15 ng/L in the Llobregat River (Huerta-Fontela et al., 2008a). On the other hand,
MDMA was quantified in all studied rivers: Thames, Olona, Lambro (Zuccato et al.,
2008a), and Llobregat (Huerta-Fontela et al., 2007, 2008a) at low nanogram per liter
levels, reaching the highest levels of 40 ng/L in the Llobregat River.

8.6 CONCLUSIONS AND FUTURE RESEARCH DIRECTION

Because of very limited data available on the occurrence and fate of illicit drugs in the
UK, itis very difficult to draw any explicit conclusions on the possible environmental
risk associated with the presence of these compounds in the environment. However,
the research undertaken clearly indicates that illicit drugs as emerging contaminants
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are ubiquitous and persistent in the environment. Although they are present in the
aquatic environment at low parts per trillion levels, their possible effect on living
organisms should not be underestimated. This is because illicit drugs reveal very high
pharmacological potency in humans, even when administered at very low levels. For
example, LSD is among the most potent drugs known, being active in humans at doses
from about 20 w.g (King, 2009). Its possible potency and toxicity in aquatic organisms
isnot known. Inaddition, illicit drugs usually simultaneously occur in the environment
with other pharmacologically active compounds and as a result synergistic action of
several active chemicals is to be expected. Communal wastewater and its insufficient
treatment are considered to be the main source of environmental contamination.

Therefore, more research is needed in order to understand the fate of illicit drugs
during wastewater treatment and in the environment (both aquatic and terrestrial).
In particular, the susceptibility of illicit drugs to biological, chemical, and physical
processes occurring in the environment, such as microbial degradation, photodegra-
dation, sorption to sludge particles, and soil sediments needs to be extensively studied.
As several metabolites of illicit drugs are known to be pharmacologically active, stud-
ies on their occurrence and fate in the environment are of equal importance. Studies
on the possible acute and chronic toxic effects of illicit drugs on aquatic organisms
are nonexistent and this topic needs urgent attention.

The chirality of illicit drugs has to be also considered as it is a major parameter de-
termining the potency and toxicity of drugs (Kasprzyk-Hordern, 2010a). Most illicit
drugs (e.g., amphetamines and opiates) are chiral compounds. A chiral molecule has
at least one chiral center (e.g., asymmetric carbon) as a result of which it shows op-
tical activity. It exists in the form of two enantiomers, being the nonsuperimposable
mirror images of each other. Enantiomers of the same drug have similar physico-
chemical properties, but differ in their biological properties, such as distribution,
metabolism, and excretion, as these processes (because of stereospecific interactions
of enantiomers with biological systems) usually favor one enantiomer over the other.
In addition, because of different pharmacological activity, chiral drugs can differ in
toxicity. Amphetamine is a great example as it exists as a pair of enantiomers, which
differ in pharmacological activity and metabolism. The S-enantiomer of amphetamine
is known to be much more potent than R-enantiomer and, as a result, it might reveal
much higher toxicity toward certain organisms. Furthermore, degradation of chiral
drugs during wastewater treatment and in the environment can be stereospecific and
can lead to chiral products of varied toxicity. Distribution of different enantiomers
of the same chiral drug in the aquatic environment and biota can also be stereospe-
cific. Biological processes can lead to stereoselective enrichment or depletion of the
enantiomeric composition of chiral drugs. As a result the very same drug might
reveal different activity and toxicity and this will depend on its origin and exposure
to several factors governing its fate in the environment. The preliminary research
undertaken by Kasprzyk-Hordern et al. (2010b) aimed at enantioselective analysis of
drugs of abuse: amphetamines (amphetamine, methamphetamine, MDEA, MDMA
and MDA), ephedrines (ephedrine, pseudoephedrine, norephedrine), and venlafax-
ine during wastewater treatment indicated their nonracemic composition. It was, for
example, observed that in the case of methamphetamine, only the more potent S(+)-
enantiomer was detected in all treated wastewater samples. The reverse situation
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was observed in the case of amphetamine, where less potent R(-)-enantiomer was
present in both raw and treated wastewater at slightly higher concentrations than
S(+)-enantiomer. The study of enantiomeric composition of MDMA during wastew-
ater treatment indicated its enrichment in one enantiomer only. A similar situation was
observed in the case of initially racemic venlafaxine. This might suggest enantiose-
lective processes occurring during treatment, although more comprehensive research
has to be undertaken to support such a hypothesis.
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CHAPTER 9

ON THE FRONTIER: ANALYTICAL
CHEMISTRY AND THE OCCURRENCE
OF ILLICIT DRUGS IN SURFACE
WATERS IN THE UNITED STATES

TAMMY JONES-LEPP, DAVID ALVAREZ, and BOMMANNA
LOGANATHAN

9.1 INTRODUCTION

While environmental scientistsfocused onindustrial and agricultural pollutants (e.g.,
PCBs, volatile organics, dioxins, benzene, DDT) in the 1970s and 1980s, the subtle
connection between personal human activities, such as drug consumption, and the
subsequent release of anthropogenic drugs and drug metabolites into the natural en-
vironment was overlooked. There was evidence of this possible connection nearly
30 years ago when Garrison et a. (1976) reported the detection of clofibric acid
(the bioactive metabolite from a series of serum triglyceride-lowering drugs) in a
groundwater reservoir that had been recharged with treated wastewater (Garrison
et a., 1976). A year later, Hignite and Azarnoff (1977) reported finding aspirin, caf-
feine, and nicotine in wastewater effluent, and then Watts et al. (1984) reported the
presence of three pharmaceuticals (erythromycin, tetracycline, and theophylline),
bisphenol A, and other suspected endocrine-disrupting compounds (EDCs) in a
river water sample (Hignite and Azarnoff, 1977; Watts et al., 1984). Following
those three journa articles, nothing was published for nearly a decade regarding
the drug—human—environmental connection. Renewed interest in the subject was
reported by Daughton and Ternes's seminal and authoritative work published in
1999 (Daughton and Ternes, 1999). Since the 1999 publication of Daughton and
Ternes, the number of publications from the scientific community regarding the
human drug consumption and environmental interaction have increased from two
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publications in thel980s to currently over 300 scientific publications per year. Most
of these publications report methods for the detection of common pharmaceuticals
and over-the-counter (OTCs) drugs. However, very few publications have dealt with
the occurrence, transport, and fate of illicit drugs in the environment.

In the United States, Snyder et al. (2001) reported the presence of hydrocodone,
codeine, and diazepam (valium), in astream entering into L ake M ead, Nevada (Snyder
et a., 2001). While these drugs are not considered illicit substances, they are con-
sidered controlled substances, compounds that the Drug and Enforcement Agency
(DEA) lists as schedule 111 and IV drugs, as substances for potential abuse. (DEA,
http://www.usdoj.gov/dea/pubs/ abuse/1-csa.htm). Then, for the first time, the pres-
ence of anillicit substance, methamphetamine, was reported by Khan and Ongerth, in
wastewater effluent from alarge US city in Californiaand announced publicly at the
2003 National Ground Water conference (Khan and Ongerth, 2003). Jones-Lepp et al.
(2004) reported for the first time in the peer-reviewed literature the detection of two
illicit drugs, methamphetamine and methylenedi oxymethamphetamine (MDMA, ec-
stasy), collected from wastewater treatment plant (WWT P) effluent streamsin Nevada
and South Carolina (Jones-Lepp et al., 2004).

In the United States, there are multiple possible sources of release of illicit drugs
into waterways. The largest possible contributor of illicit drugs would be from con-
sumer consumption and subsequent excretion into the municipal sewer systems and
transport through the WWTP process into streams, lakes, rivers, or wetlands (Jones-
Lepp et al., 2004; Chiaia et al., 2008; Loganathan et al., 2009; Bartelt-Hunt et al.,
2009). A smaller contribution could be from consumer consumption and subsequent
excretion into septic systems, or other nonseweraged systems (e.g., boat privies, out-
houses), and then leakage from the septics into surrounding source waters, creeks,
bays, and wetlands (Jones-Lepp, 2006). Another possible source of illicit drugs can
be from runoff from biosolids that have been applied as soil amendments to crops,
municipal parkways, or during forest restoration (Kaleta et a., 2006; Kinney et a.,
2006; Jones-Lepp and Stevens, 2007; Edwards et al., 2009). A likely source of illicit
drugs could be from clandestine drug laboratories. For example, during the illegal
manufacturing of methamphetamine, well over 50 hazardous chemicals are either
used, or produced, as methamphetamine by-products (US EPA, 2008). All of these
hazardous compounds, including methamphetamine, have the potential to enter the
environment through improper disposal into the city sewer or individual septic sys-
tems, or viashallow drainage ditches directly onto surrounding soils (commonly used
in remote methamphetamine operations), and through burn or burial pits (US EPA,
2008).

Another aspect of environmental monitoring of illicit drugs is socioeconomic.
Daughtonin 2001 wasthefirst researcher to comment on devel oping an environmental
monitoring program for the use of illicit substances (Daughton, 2001). Daughton
proposed using sewerage monitoring to provide data on the daily influxes of drugs
fromacommunity and applying thisdatato obtain arealistic perspectiveon theoverall
magnitude and extent of community illicit drug use. Using Daughton’s premise, two
epidemiology studieshave been completed in Europe (Italy and Spain) (Zuccatoet al.,
2005; Postigo et al., 2008). Recently, in 2009, the first epidemiologic study, using
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Daughton’s premise, was completed and published in the United States (Banta-Green
et a. 2009).

Besides environmental monitoring data and, as important, is the lack of data
regarding the ecotoxicity of the pharmaceuticals and illicit drugs. The missing eco-
toxicity data makes estimations of predicted no-effect concentrations (PNEC), and
hazard and risk assessments almost impossible, or at worse, a*“best guess’ scenario.
Some researchers try to derive risk assessment data from the use of models that use
guantitative structure-activity relationships (QSARS) and other measurements.

In the absence of empirical environmental data, one might be tempted to use such
models as EPA’'s Ecological Structure Activity Relationships (ECOSAR) program,
which is insufficiently accurate to actually predict ecotoxicity (Fent el al., 2006).
For example, the collapse of the vulture populations in India because of exposure
to minimal (subtherapeutic doses) amounts of diclofenac would never have been
predicted with modeling (Oaks et al., 2004). Even more critical is generating risk
assessments for those organisms that live in the agquatic environment. Even though
acutetoxicity may not be ahigh risk, chronic exposure to sublethal doses may alter an
aquatic organisms feeding and mating behaviors. Brown et a. (2007) demonstrated
the deficiencies of trying to model bioconcentration factors (BCFs) versusactual field
measurements in fish plasma (Brown et al., 2007). There were extreme differences
for some of the compounds measured and Brown points out the importance of using
real-life exposures to test theoretical models at an early stage in model devel opment
(Brown et al., 2007).

Ecotoxicological consequences of illicit drugs being deposited into environmental
matrices, particularly water, have not been closely examined. Therefore, it can only
be surmised that these substances may have the potential to adversely affect biota
that are continuously exposed to them, even at very low levels. The potential for
chronic effects on human health is aso unknown and of increasing concern because
of the multiuse (continuously recycled in a closed loop) character of water, asin
densely populated arid areas. The focus of this chapter will be on the state-of-the-art
in sampling, extraction, and analysis of illicit drugs in the waterways of the United
States. However, since much of the work with illicit drugs has been performed
outside the United States, some of that data will also be given as examples. Better
characterization of illicit drugs in the environment forms the foundation of improved
risk assessments and sound science-based environmental policy.

9.2 PHYSICOCHEMICAL PROPERTIES OF ILLICIT DRUGS

Thepersistenceof illicit drugs or any chemical in an aguatic ecosystem dependsonits
physicochemical and ecosystem-specific properties. Among these are concentration
of dissolved/suspended organic matter, solubility, microbial population, etc. (Baugh-
man et a., 1978; Loganathan and Kannan, 1994). Persistence of methamphetamine,
MDMA, and related compounds in aguatic systems are a function of physical (e.g.,
volatilization from, and adsorption to, suspended solids and sediment), chemical (hy-
drolysis and photolysis), and biological removal (microbial degradation and uptake)
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mechanisms in addition to flow and other water characteristics (Loganathan et al.,
2001). Considering the chemical makeup of illicit drugs, the volatilization of these
compounds from natural water and sediment mixture is minimal, because of ad-
sorption onto suspended solids or sediment (Loganathan et al. 2009). Very limited
information is available on the half-lives of illicit drugsin water, sediment, and biota.
For example, cocaine hydrochloride’s water solubility is0.17 g/100 mL, whereas its
solubility in ether is 28.6 mg/100 mL, and the boiling point is about 188°C. These
characteristicsindicate that it is compatible with organic matter and will adsorb onto
solid materials (Claustre and Bresch-Rieu, 1999). Photolysisof small molecules, such
as methamphetamine and MDMA, may be possible in clear surface waters; however,
photolysis rates for these chemicals are not available.

The pK,, aong with log Dow (the pH-dependent n-octanol-water distribution ra-
tio), can provide strong evidence of whether compounds will be in an ionized state
and their hydrophabicity (Wells, 2006). These two physicochemical properties can
hel p determine whether they will beretained in water, biosolids, sediment, and/or bio-
logical medium. For example, the pK;'sand log Doy of methamphetamine, MDMA,
cocaine, al weak bases, were 9.9 pK,;/—0.2310g Dow, 10.38 pKa/—1.1110g Dow, and
8.6 pKa/1.8310g Dow, respectively (pKa: methamphetamine, Logan, 2002; MDMA,
Tsujikawa et al. 2009; and cocaine, Domenech et a. 2009; log Dow was calculated
using SPARC program, at pH 7, http://ibmlc2.chem.uga.edu/sparc/index.cfm). Al-
though al three compounds have been detected in the water column, the log Dow’s
would suggest that only methamphetamine and MDMA will make it through the
WWTP process and into the water column, while cocaine may be more likely to
partition to the solids (Logan, 2002; Garrett et al. 1991; Jones, 1998). Structures and
select physicochemical properties of afew commonillicit drugsaregivenin Fig. 9.1
and Table 9.1.

There are four efficiency studies available that look at the removal of illicit drugs
from WWTPs (van Nuijs et al., 2009; Huerta-Fontela et a., 2008a; Castiglioni et a.,
20063a; Loganathan et a., 2009). However, we can use the data from van Nuijs et al.
(2009) and L oganathan et al. (2009) to illustrate the importance of using log Dow, in
conjunction with pKj, to predict removal and partitioning. If we consider thelog Dow
of cocaine and methamphetamine, 8.6 pK;/1.831og Doy and 9.9 pK,/—0.231og Dow,
respectively, one would predict that cocaine (log Dow > 1) would be removed from
wastewater more efficiently than methamphetamine (log Dow < 1). Indeed, van Nuijs
et al. (2009) showed that cocaine is nearly 100% removed by those WWTPs using
conventional activated sludge (CAS) treatment. Loganathan et al. (2009) calculated
the removal efficiency of methamphetamine at 55% at another WWTP that also uses
CAS (van Nuijs et a., 2009b; Loganathan et al., 2009).

9.3 SAMPLING OF ILLICIT DRUGS IN SURFACE WATERS

Thetechniques used for collecting samples of surface waters, or of any environmental
matrix, for the detection of illicit drugs are no different than would be used for any
other chemical class. Illicit drugs, like many OTC and prescription pharmaceuticals,
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Methamphetamine 3,4-Methylenedioxymethamphetamine
(Meth, Crystal meth, Speed) (MDMA, Ecstasy)
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CAS # 77-10-1
pKa=8.29 log D, =3.29

pKa=8.6 logD,, =1.83

CAS # 50-37-3
pKa=7.8 log D, = 0.69

pka = acid dissociation constant
log D, = pH-dependent n-octanol-water distribution coefficent

FIGURE 9.1 Chemical names, common names, structures, and sel ect properties of common
illicit drugs.

can have vast differencesin their chemical structure resulting in awide range of water
solubility, photolytic stability, and other physicochemical parameters. The specific
parameters, important in determining the storage and extraction conditions, havelittle
to no impact on the selection of the sample collection method.

The decision on the sampling method to use is constrained by the type of infor-
mation needed to answer a specific hypothesis and by the available resources (both
logistical and financial). Instantaneous or time-integrated, whole water, or dissolved
(filtered), one sample or replicates, and how much and what types of quality con-
trol measures will be used are all options that need to be considered as part of the
sample collection plan (Alvarez and Jones-L epp, 2010). The development of a sound
sampling plan will help eliminate problems in the field and ensure a representative
sample will be collected to meet the needs of the study.

9.3.1 Sampling Techniques

The collection of surface water samples generally falls into two classes of methods:
active or passive. Active sampling techniques involve physically taking a sample
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TABLE 9.1 Several Common lllicit Drugsand Their Precursor and Product lons
Formed by ESI-MS/M'S

Illicit Drug Molecular ~ Precursor

Weight (CAS No.) lons Product lons LODs Reference
Methamphetamine 150.0 119 (M+H-CH3NH,)* 1.5ng Jones-Lepp
149.3amu (537-46-2) (M+H)* 91 (M+H-CH(CHs) 1.5ng/L eta., 2004
NH(CHg))*" Chiaiaetd.,
2008
MDMA 194.1 163 (M+H-CH3NH,)* 1.0ng Jones-Lepp
193.1 amu (M4H) * 1.0 ng/L eta., 2004
(69610-10-2) Chiaiaetd.,
2008
Cocaine 304.1 182.3 2.0ng/L Chiaiaet dl.,
303.4 amu (50-36-2) (M+H)*  (M+H-C;Hs0,)* 20fg 2008
LSD 324.4 2233 0.5 ng/L Chiaiaet al.,
323.4 amu (50-37-3) (M+H)*  (M+H-CsH1;;NO)* 2008
PCP[1-(1- 2442 159.4 2.5ng/L Chigiaetal.,
phenylcyclohexyl) (M+H)*  (M+H-CsHyN)* 2008
piperidine]

243.4 amu (77-10-1)

either by manual or automatic means. Grab sampling methods are among the most
common of active methods, which in the most simplistic form is filling a container
with water at a specific location. This is performed by “hand-dipping” a container
from the shore or boat or by lowering a container into the water from astructure, such
asabridge. If discrete samplesaredesired to betaken fromaspecific depthinthewater
column, a variety of systems such as the Kemmerer, Van Dorn, and double check-
valve bailers can be used (Lane et al., 2003). Depth and width integrated samples
can be collected using specialized samplers, which can be moved either vertically or
horizontally across a body of water. Composite samples are often taken to achieve a
representative sample of alarger body of water or to obtain an average water sample
over time. Composite samples are generated by combining smaller volumes of water
in a single container either manually or by using a automated sampler. Automated
samplers are often used in remote locations or locations where water flow may be
intermittent. They can be programmed to take samples at predetermined intervals or
be started by an external sensor, such as a flow meter or depth gauge.

The mgjority of the published studies for illicit drugs use a simple grab sampling
techniqueof collectingal-L water sampleinaglassbottle (Buchberger and Zaborsky,
2007; Huerta-Fontela et al., 2008b; Loganathan et a., 2009). Other studies used
automated sampling devices to take 24-h composite samples of 1to 2 L of untreated
WWTP influent (raw sewage) and treated effluent samples (Castiglioni et al., 2006b;
Zuccato et al., 2008). Postigo et al. (2008) also collected 24-h composite samples of
influent and effluent samples, but only needed afinal sample size of 5 mL because of
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theuseof an on-line solid-phase extraction system coupled to aliquid chromatography
electrospray tandem mass spectrometer (Postigo et al., 2008).

Passive sampling techniques arethose that require no manual or mechanical means
for the sampling to occur. The samplers are placed in the water for a defined period
of time and chemical uptake (sampling) occurs by diffusion or partitioning process.
Passive samplershave advantagesover active samplersinthat they can bedeployed for
extended periods (months) in remote locations; episodic events such as runoff, spills,
etc., arenot missed; they allow detection of trace concentrationsof chemicalsthat may
not be possible with standard 1— to 2-L sample sizes; in the case of time-integrative
samplers, they providetime-weighted average concentrations of chemicals, which are
afundamental part of ecological risk assessments (Alvarez and Jones-Lepp, 2010).

Time-integrative and equilibrium samplers make up the bulk of the passive sam-
pling techniques. Among these, the semipermeable membrane device (SPMD), the
polar organic chemical integrative sampler (POCIS), solid-phase microextraction
(SPME), polymer sheets, polymers on glass (POGs), and the Chemcatcher are the
most common (Alvarez et a., 2007; Mills et al., 2007). Jones-Lepp et a. (2004)
were the first to demonstrate the utility of passive sampling devices in illicit drug-
monitoring studies. Since then, three other publications describe the use of passive
samplers to sample for illicit drugs (Alvarez et al., 2007; Mills et al., 2007; Bartelt-
Hunt et a., 2009). In al of these cases, the POCIS was used as it has the ability
to sample chemicals containing varied functional groups over a range of polarities
common with illicit drugs. Although many of the other passive sampling devices
would be capable of sampling certain drugs, they are much more limited in the range
of chemical classesthat could be sampled.

9.3.2 Handling and Storage Considerations

In general, the collection of environmental waters for the detection of illicit drugs
should follow common handling and storage protocols. Samples are generaly col-
lected in amber glass containers and shipped chilled (<4—6°C) viaovernight carrier
to the laboratory. Aswith most emerging contaminants, the use of additives as sample
preservatives is not required. Upon receipt at the laboratory, the samples should be
stored chilled and extracted within 7—14 days. As with all laboratory procedures,
storage and holding times for any new chemical should be evaluated prior to sample
collection to ensure the integrity of the samples.

9.3.3 Quality Control

The types and amount of quality control used during the field component of a study
can vary depending on the data reguirements of the study. At a minimum, field
blanks should be used to identify any contamination either through direct contact
or airborne exposure of the sample. Other quality control samples to be considered
include equipment blanks, if the same sampling equipment is repetitively used, trip
blanks (contaminant-free water sampleswhich accompany thefield collected samples
from the field to the laboratory but are not exposed to the air), and positive control
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samples (water samples fortified with the target analytes used to measure any loss or
degradation of the analytes because of the handling and storage methods).

9.4 ANALYTICAL METHODS FOR ILLICIT DRUGS

While this chapter is devoted to detection of illicit drugs in water, we will aso
briefly mention the analytical methods for environmental media other than water.
Many analytical challenges are offered to environmental chemists by the variety of
environmental matrices, e.g., sediments, water, plants, biosolids/sludges, and soils, in
their quest to tease out individual chemicals from these complex matrices. Additives
and naturally occurring chemicals can cause substantial interferences during both
extraction and detection methodologies. Since most illicit drugs usually occur in
the environment at part-per-trillion (ppt) levels, the analytical methods can require
intensive separation and cleanup procedures to isolate and concentrate the chemical
from the matrix before analysis.

9.4.1 Extraction Techniques

Solid-phase extraction (SPE) is the most widely reported method for the extraction
of pharmaceuticals and illicit drugs from agueous matrices. In this section, we will
look at SPE, aswell aslarge-volumeinjection (LVI) and direct injection as extraction
techniques (Jones-Lepp, 2006; Loganathan et al., 2009; Chiaia et a., 2008; Banta-
Green et a., 2009).

9.4.1.1 Solid-Phase Extractions (SPE) The SPE sorbents are chosen for
their ability to retain the pharmaceuticals of interest based upon a variety of the
physicochemical properties of the analytes of interest (e.g., pKa, Dow, polarity). The
SPE sorbent most frequently reported for recovery of illicit drugs, is the hydropho-
bic lipophilic-balanced (HL B) sorbent-containing cartridges. Mixed-cation exchange
(MCX) sorbents have al so been used. Jones-L epp (2006) and L oganathan et a. (2009)
reported using the HLB [6-mL capacity, 0.2 g, 30-pwm, obtained from Waters Cor-
poration (Milford, MA)] sorbent for the extraction of pharmaceuticals and illicit
drugs and, the USEPA's Office of Water Method 1694 recently published recom-
mends the HLB sorbent cartridges/discs for agueous extractions of pharmaceuticals
(Jones-Lepp, 2006; Loganathan et al., 2009; USEPA, 2007). However, Boles and
WEells (2010), in a review of analytical methods for amphetaminelike compounds,
point to a number of analytical studies using both MCX and HLB sorbents (Boles
and Wells, 2010). They conclude, along with van Nuijs (2009), that MCX and HLB
are interchangeabl e as SPE sorbents (Boles and Wells, 2010; van Nuijs et al., 2009).
The choice of one sorbent over another depends on the compounds of interest and
what interferences would be removed (Boles and Wells, 2010; van Nuijs et a.,
2009a).
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9.4.1.2 Large-Volume Injection (LVI) Chiaiaetal.(2008), report directly cou-
pling alarge-volumeinjector (1800 w.L) to atandem mass spectrometer (Chiaiaet al.,
2008). Their method allowed them to detect part-per-trillion to part-per-billion (ppb)
levels of methamphetamine, amphetamine, ephedrine, cocaine, cocaine metabolites
(e.g., benzoylecgonine, norcocaine, norbenzoylecgonine), hydrocodone, oxycodone,
methadone, MDMA, MDMA metabolites (e.g., MDA, MDEA, MBDB), LSD, and
PCP). Banta-Green et a. (2009) used the LV technique, directly coupled to aliquid
chromatography —mass spectrometry—mass spectrometry (LVI—-LC/MS/MYS), to de-
termine the utility of community-wide drug testing (Banta-Green et al., 2009). They
surveyed 96 WWTPs for the presence of theiillicit drugs and their metabolites, and
then back-calculated the target community’s drug use (Banta-Green et al., 2009).

9.4.1.3 Pressurized Liquid Extraction (PLE) Very few papers have been
written describing the extraction of illicit drugs from solid matrices. Stein et al.
(2008) describe a PLE method for extracting psychoactive compounds from sedi-
ments and Jones-L epp and Stevens (2007) also describe a PLE method for extracting
methamphetamine and MDMA from biosolids (Stein et al., 2008; Jones-Lepp and
Stevens, 2007). Because of the complexity and variable sizes of environmental solids,
the samples usually need to be dried, pulverized, and homogenized before extraction.
Briefly, small amounts of homogenized solid samples (usually < 2 g) are subsampled
and extracted. Depending upon what matrix and what analytes are being extracted,
the proper solvents, pressures, and temperatures are chosen (Stein et a., 2008; Jones-
Lepp and Stevens, 2007).

9.4.2 Detection Techniques

9.4.2.1 lon-Mobility Spectrometry (IMS) Itisinterestingto notethat in 1976
Karasek and colleagues used ion-mobility spectrometry (IMS) to detect heroin and
cocaine at atmospheric pressure (Karasek et al. 1976). In the 1980s Lawrence further
developed IMS to detect other illicit drugs from solid surfaces and for atmospheric
sampling (Lawrence, 1987, 1984). More recently, Hill’sresearch group expanded the
utilization of IMS to amphetamine, methamphetamine, PCP, morphine, THC, LSD,
and heroin, coupling the IM S to a mass spectrometer for more specificity (Wu et al.,
2000).

9.4.2.2 Mass Spectrometry (MS) The majority of detection techniques for
pharmaceuticals and illicit drugs are liquid chromatography—mass spectrometry
(LC-MS) based. To date, the only instruments reported in the United States for de-
tecting illicit drugs in environmental matrices are mass spectrometers. The redlity is
that most environmental matrices are complex and only the mass accuracy and speci-
ficity given by mass spectrometry can overcome the large amounts of interferences
found in real-world matrices. There are a variety of mass spectrometers now being
used as detectors coupled to liquid chromatographs (L C). Available as mass detectors
are ion-trap mass spectrometers (ITMS), quadrupole time-of-flight mass spectrome-
ters(g-TOFMYS), triple-quadrupol e mass spectrometers (QgQ), magnetic-sector mass
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spectrometers, and, most recently, Orbitrap — mass spectrometers. A variety of mass
spectrometers have been used and al US researchers have reported using the tan-
dem mass-spectrometry (MS/MS) mode when detecting illicit drugs, aswell as other
emerging contaminants. The MS/MS mode is where a precursor ion [typically a
(M+H)* in the positive mode, or (M-H)~ ion in the negative mode] is formed in
the LC/MS source. The ion formed is transported to an area of the MS where it
is energized and collided (either in a QqQ, ITMS, g-TOFMS, or a magnetic-sector
mass spectrometer) subsequently producing product ions. Product ions are typically
the loss of various functional groups from the analytes, for example (M+H-OH)* or
(M+H-CHj3)*. Table 9.1 shows several illicit drugs, their precursor, and product ions
asreported intheliterature. In the United States, Jones-Lepp et al. (2004) used micro-
liquid chromatography-el ectrospray/ion-trap mass spectrometry (w.—LC—ES/IITMYS)
to assess and detect four prescription drugs (azithromycin, fluoxetine, omeprazole,
and levothyroxine) and two illicit drugs (methamphetamine and MDMA) in wastew-
ater effluent (Jones-Lepp et a., 2004). Chiaia et a. (2008) and Banta-Green et al.
(2009) coupled LVI to a tandem mass spectrometer (triple-stage quadrupole) to ac-
curately identify and quantify a variety of illicit and prescription drugs and their
metabolites (Chiaiaet al., 2008; Banta-Green et al., 2009). Bartelt-Hunt et al. (2009)
used a QqQ to accurately identify and quantify a variety of prescription drugs, non-
prescription drugs (e.g., DEET, caffeine), and the illicit drugs, methamphetamine,
cocaine, MDMA, etc. (Bartelt-Hunt et a., 2009).

9.4.2.3 Accurate lllicit Drug Identification WhenusingLC—M Stechniques
for identifying known and unknown chemicals, it cannot be emphasized enough that
the analyst must use a MS/MS technique in order to accurately identify analytes.
For example, MDMA and caffeine while having different molecular weights have
overlapping product ions (mass 163 m/z). However, they have different precursor
to product pathways. MDMA with a molecular weight of 193 m/z, forms 194 m/z,
(M+H)™*, forming the predominant product ion, 163.0m/z, (M—CH3NH,+H)*, using
collision-induced dissociation (CID). While caffeine having a molecular weight of
194 m/z (one amu different from MDMA), forms 195 m/z, (M+H)*, and under CID,
forms predominantly the product ion 138 m/z, (M-CH3NCQO)™, with mass 163 m/z
also formed, but less abundantly. Therefore, if an analyst was monitoring the 163 m/z
ion channel, and detected 163 m/z, near or at the same retention time as caffeine, they
might misidentify that compound as MDMA, when, in fact, it is caffeine. Another
example would be between methamphetamine and N,N’-dimethylphenethylamine
(DMPEA, awidely used industrial chemical, used as a flavoring agent). These two
chemicals areisobaric ions of each ather, both have exactly the same molecular mass
(149.0 m/z), but are slightly different in chemical structure. Fortunately, under CID
LC—ESI MS/MS conditions, these two chemicals form unique predominant product
ions, 119 m/z (M+H-CH3NH,)* and 105 m/z (M+H-N(CH3)?)*. However, both
compounds also form 91 m/z as a secondary product ion (M+H-CH-N-(CH3)2)*. If
aresearcher chose to monitor mass 91 m/z, instead of 119 m/z, for methamphetamine
(and there are those who have reported doing so in the literature) then afal se positive
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for methamphetamine could occur. Therefore, it isimportant that the proper product
and transition ions are chosen to ensure specificity and accuracy.

9.4.3 Occurrence of lllicit Drugs in US Waterways

Jones-Lepp et a. (2004) report detecting both methamphetamine and MDMA (ec-
stasy) in the low parts per trillion range from two sewage effluents, one in the
southwest and the other in the southeast regions of the United States (Jones-Lepp
et al., 2004). Jones-Lepp reported finding in 2006 methamphetamine at two sites,
one from an urban creek in Las Vegas, Nevada and the other in the state of Maine.
M ethamphetamine was detected at 5 ng/L in the urban creek, which is surrounded
by homes that were on septic tanks. Methamphetamine was also detected at 7 ng/L
at the sewage effluent outfall of alarge WWTP in Maine (Jones-Lepp, 2006). Chi-
aia et a. (2008), reported detecting methamphetamine at five of the seven WWTPs
sampled from throughout the United States, with concentrations ranging from 10 to
2000 ng/L, and MDMA at five of the seven plants, with concentrations ranging from
3to 70 ng/L (Chiaiaet al., 2008). Chiaia et a. (2008) aso reported finding cocaine
at all seven of the WWTPs sampled (ranging from 10 to 860 ng/L), as well as the
prescription opiates. hydrocodone, oxycodone, and methadone. Bartelt-Hunt et al.
(2009) sampled eight sites across the state of Nebraska for a variety of pharmaceu-
ticals and methamphetamine (Chiaia et al., 2008; Bartelt-Hunt et al., 2009). They
detected methamphetamine at seven sites, except one upstream from the Lincoln
WWTP, ranging from 2 to 350 ng/L (effluent from Omaha WWTP). The lower levels
of methamphetamine were detected not only in WWTP effluents, but also in streams
that were upstream from large city WWTPs (Bartelt-Hunt et al., 2009). This finding
can possibly indicate the presence of clandestine drug labs, as well as input from
septic tank leakages into these feeder streams. Banta-Green et al. (2009) sampled 96
WWTPs effluents from across the state of Oregon for methamphetamine, MDMA,
and cocaine (Banta-Green et a., 2009). At all 96 WWTPs, methamphetamine was
detected, while MDMA was detected at less than one-half of WWTPs, and ben-
zoylecgonine (a cocaine metabolite) was primarily detected in the urban WWTPs
effluents (Banta-Green et al., 2009).

A recent, extensive study [conducted by Jones-Lepp (EPA), Alvarez (USGS) and
Sanchez (University of Arizona, YumaAgricultural Center)] alongthe Colorado River
shows the input of illicit drugs into the Colorado River from various sources. The
Colorado River, isthe main water source (e.g., drinking, agricultural, and industrial)
for millions of people living in the southwestern part of the United States (e.g.,
Nevada, Arizona, California, Utah, and Colorado) and western Mexico. Samples
were taken throughout the Colorado River basin, from the upper basin, starting at
Glenwood Springs, Colorado, to the lower basin, ending in Somerton, Arizona (see
Fig. 9.2). Using amodified version of themethod (OasisMCX, instead of OasisHLB,
SPE cartridges) established by Jones-Lepp (2006), methamphetamine, MDMA, and
pseudoephedrine were detected in most of the effluents of the WWTPs sampled and
at three different non-WWTP sites (Crystal Beach, AZ, New River, CA, and Cedar
Pocket, AZ)(see Table 9.2).
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FIGURE 9.2 Colorado River: upper and lower basin.

Pseudoephedrine (a similar in structure to methamphetamine and MDMA) was
detected in the Virgin River (atributary of the Colorado River) at Cedar Pocket, AZ.
Cedar Pocket is located along the Virgin River and is approximately 18 km down-
stream from the St. George, UT, WWTP, which empties into the Virgin River. One
possibility for detection at thissiteisthe negativelog Dow = —1.85, at pH 7, ascalcu-
lated for pseudoephedrine. This negative value indicates that this compound is more
hydrophilic, and, therefore, more likely to stay in the water column, as compared to
methamphetamine and MDMA.

Methamphetamine, at 220 ng/L, was detected in the New River, CA. The New
River, isinteresting, geographically speaking, asthe New River flowsout of Mexicali,
Mexico, and back into Calexico, United States, to the Salton Sea sink in California
There are raw human waste sources and illegal methamphetamine manufacturing
laboratories along the New River, starting in Mexico, and back to the Salton Sea, that
could contribute to this drug entering into the waterway (personal communication
with anonymous US Border Patrol officer).
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TABLE 9.2 Concentrations of Methamphetamine, MDMA, and Pseudoephedrine
from Colorado River Basin?

Amount Detected (ng/L)

Sampling Site Sample Type Methamphet. MDMA  Pseudoephedrine
Grand Lake, CO (headwaters) CR ND ND ND
Glenwood Springs, CO WWTP 253 74 ND
Glenwood Springs, CO CR ND ND ND
Roaring Fork, CO CR ND ND ND
Grand Junction/Fruita, CO CR ND ND ND
Moab, UT WWTP ND ND ND
Moab, UT CR ND ND ND

St. George, UT WWTP ND ND 350
Cedar Pocket, AZ VR ND ND 230
Lee'sFery, AZ CR ND ND ND

Las Vegas Wash? LVW 230 ND ND
Crystal Beach, AZ® CR ND - 22 ND - 36 ND

Lake Havasu, AZ¢ WWTP 103 (ND —-480) 4 (ND —17) 330 (ND —780)
Yuma, AZ WWTP 650 ND ND
GilaRiver, AZ GR ND ND ND
Tucson, AZ® WWTP 245 ND 372
Imperial Diversion Dam, AZ CR ND ND ND
Somerton, AZ WWTP 84 ND ND

New River, CA NR 221 ND ND

aND, not detected. Sample type: CR, Colorado River; GR, Gila River; LVW, Las Vegas Wash below
convergence of three WWTPs effluents; NR, New River; VR, Virgin River; WWTP, wastewater treatment
plant.

b Average from two sampling events.

¢Range of concentrations of three sampling events (min — max).

d Average from three WWTPs (Northwest Regional, Mulberry, and Island) over one year, wheren = 7
sampling events (min — max).

€Average of n = 9 sampling events from 02/08 to 07/08 .

Thethird non-WWTP site, was offshore, in the middl e of the Colorado River, near
Crystal Beach, AZ. This site was sampled three times, May, July, and November of
2007, and methamphetamine and MDMA were detected only once, at 22 and 36 ng/L,
respectively, in the July 2007 sample.

9.5 CONCLUSIONS

We can see from this chapter, that there are several viable methods available, de-
pending upon the analytical need, to separate, concentrate, quantify, and reliably
detect these compounds. The cavest is that mass spectrometry is the only definitive
detection method and must be used in the MS/M S mode to ensure accurate detection
of not only theillicit compounds, but other emerging contaminants. Papers showing
the detection of illicit drugs in the United States are still few in number (Table 9.3).
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TABLE 9.3 Analytical Methods and Illicit Drugs I dentified in US Waterways

Environmental
Reference Ilicit Drugs I dentified Extraction Method Media
Chiaiaet al., 2008 Methamphetamine, Large volume Wastewater
MDMA, cocaine, injection
cocaine metabolites
Bartelt-Hunt et al., Methamphetamine POCIS Wastewater
2009
Banta-Green et al., Cocaine, cocaine Large volume Sewerage
2009 metabolites injection
Jones-Leppetd., Methamphetamine, POCIS Wastewater
2004 MDMA
Jones-Leppetd., Methamphetamine SPE Source water,
2006 wastewater
Jones-Lepp and Methamphetamine PLE Biosolids
Stevens, 2007
Khan and Ongerth, = Methamphetamine Unknown Wastewater
2003
Loganathan et al., Methamphetamine, SPE Wastewater
2009 MDMA

However, we can discern from these few studies that illicit drugs, and their metabo-
lites, are making their way into US waterways. There are potential ecotoxicological
and sociological ramifications from these findings not yet addressed. Lacking are
the ecotoxicological studies to determine whether the levels of illicit drugs detected
are of significance to both ecological and human health, both for acute and chronic
exposures. It is of socioeconomic significance that, using the methods outlined in this
chapter, researchershave been ableto demonstrate the utility of back-calculating from
the amounts of illicit drugs found in sewerages, and WWTP effluents, to community
usages (Banta-Green et al., 2009).

The methods and approaches presented in this chapter to detect illicit drugs will
provide information needed for devel oping aframework for exposure and ecotoxico-
logical studies to ensure accurate risk assessments for future regulatory efforts.
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CHAPTER 10

MONITORING NONPRESCRIPTION
DRUGS IN SURFACE WATER IN
NEBRASKA (USA)

SHANNON L. BARTELT-HUNT and DANIEL D. SNOW

10.1 INTRODUCTION

Recent improvements in analytical detection methods for trace organic compounds
have alowed for the quantification of numerous organic microcontaminants, in-
cluding pharmaceuticals, hormones, and personal-care products in surface waters.
Effluent from wastewater treatment plants (WWTPs) have been implicated as one
of the primary sources of these compounds to surface water (Lee and Rasmussen,
2006; Glassmeyer et al., 2005; Miao et a., 2004). Although the presence of thera-
peutic pharmaceuticalsin WWTP effluent has been well-established, there have been
a limited number of studies investigating the occurrence of nonprescription phar-
maceuticals, including illicit drugs in WWTP effluent. A small number of studies
have reported the presence of illicit drugs in WWTP effluents at nanogram per liter
levels, including methamphetamine, MDMA (ecstasy), tetrahydrocannabinol (THC),
and cocaine and cocaine metabolites (Bartelt-Hunt et al., 2009; Zuccato et al., 2008;
Bones et al., 2007; Zuccato et a., 2005; Jones-Lepp et a., 2004). There are aso few
published studies of the ecotoxicological impacts of chronic low-level exposures of
therapeutic or illicit pharmaceuticals in aguatic systems (Pounds et a., 2008; Fent
et al., 2006), although these chemicals may have effects at environmentally relevant
concentrations (Raldua et al., 2008; Schreiber and Szewzyk, 2008). Because these
compounds are biologically active, both ecotoxicological and human health impacts
are of potential concern.

Although the occurrence and concentration of illicit and therapeutic pharmaceu-
ticals are primarily documented using discrete sampling events, there are fewer data
available indicating variability or time-weighted average (TWA) concentrations of
these compounds in receiving waters downstream of WWTP outfals. Traditional

Ilicit Drugsin the Environment: Occurrence, Analysis, and Fate Using Mass Spectrometry, Edited by
Sara Castiglioni, Ettore Zuccato, and Roberto Fanelli
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water sampling approaches, such as grab and composite sampling, have been shown
to beeffective for documenting the occurrence of pharmaceutical s, but these sampling
techniques only capture information at the time of sample collection, and may miss
events, such as changes in the flow regime, chemical inputs, and/or the influence of
precipitation (MacLeod et a., 2007). In addition, continuous on-line sampling meth-
ods may be prohibitively expensive. One device that has been developed for use in
sampling trace organic compounds is the polar organic chemical integrative sampler
(POCIS). This sampling device is designed to trap polar organic compounds from
water. Its ease of use and apparent resistance to biofouling makeit particularly attrac-
tive for determining TWA concentrations of organic compounds in water (Alvarez
et a., 2004). POCIS samplers have been used previously for both qualitative and
semiquantitative evaluation of pharmaceuticals, pesticides, and hormones in surface
waters (Bartelt-Hunt et al., 2009; Sellin et al., 2009; Arditsoglou and Voutsa, 2008;
Harman et al., 2008; Zhang et al., 2008; Alvarez et a., 2007; MacLeod et a ., 2007,
Jones-Lepp et a., 2004; Alvarez et al., 2004).

10.2 USE OF PASSIVE SAMPLERS FOR MONITORING OCCURRENCE
AND FATE OF ILLICIT DRUGS IN SURFACE WATERS

Passive samplers have been used in environmental monitoring for over 30 years with
an original focus on air monitoring applications. Morerecently, passive samplershave
been developed to monitor pollutant concentrations in water, soil, and sediments.
The need for using passive samplers for organic microcontaminant identification is
primarily because of low levels of contamination present in environmental mediaand
the high analyte recovery in passive samplers at low concentrations (Alvarez et a.,
2004).

POCIS were designed to sequester hydrophilic compounds from water. It is com-
prised of a solid sequestration media inside a polyethersulfone (PES) membrane,
which is held together by stainless steel compression rings. The sampler has three
compartments: the water boundary layer, the diffusive membrane, and the receiving
phase. The water boundary layer isthe layer adjacent to the bulk water environment.
The diffusive membrane all ows specific contaminants from the water boundary layer
to reach the receiving phase. The receiving phase is an infinite sink for the contam-
inants and maintains a concentration close to zero, which results in optima mass
transfer by diffusion. The only limitation for mass transfer is the actual surface area
available for contaminant transfer. The commercially available divinylbenzene N-
vinylpyrrolidone copolymer (Oasis HLBTM, Waters Corporation, Milford, MA) is
the preferred sorbent mediafor pharmaceuticals because it typically provides analyte
recovery rates exceeding 95% (Alvarez et al., 2004).

The process of compound accumulation on the sorbent mediais a first-order re-
action. First-order kinetic modelsinclude an integrative, curvilinear, and equilibrium
partitioning phases. During the integrative phase, the sampler acts as an infinite sink
for contaminants with linear uptake (Alvarez et a., 2004); the samplers have been
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demonstrated to remain in the integrative phase for exposures of at least 30 days
(Alvarez et a., 2007).

In order to use the POCIS to estimate TWA concentrations of contaminants, an
uptakerate (Rs) must be determined experimental ly for compound of interest (Alvarez
et a., 2004). The uptake rate can be determined as:

Rs = (DW/LW)A (10-1)

where D,, is the agueous diffusion coefficient on the contaminant, L, is the aqueous
film layer thickness, and A is the available surface area. Once an uptake rate has
been calculated, the TWA water concentration of the contaminant of interest can be
calculated as;

Cw = CsMg/Rst (10.2)

where C,, and Cs are the analyte concentration in water and sorbent, respectively; Mg
isthe mass of the sorbent, Ry isthe uptake rate determined from equation above; and
t isthe exposure time.

POCI Shavethe advantage of being ableto retain contaminantsfromtheintegrative
phase, while still being able to acquire additional contaminants. They have the ability
to handlelarge volumesof water over timewith the addition of evaluating variationsin
contaminant concentration and flow rates (Alvarez et al., 2004). Although the POCIS
has been used in numerous studiesinvestigating the occurrence of organic wastewater
contaminants (Bartelt-Hunt et al., 2009; Sellin et al., 2009; MacLeod et al., 2007;
Togola and Budzinski, 2007; Alvarez et a., 2004; Jones-Lepp et d., 2004), it hasa
distinct limitation. Uptakerates haveto be cal cul ated for compounds of interest before
POCI'S can be used to estimate agueous concentrations. Published sampling rates are
available for only a small number of illicit or therapeutic pharmaceuticals (Bartelt-
Hunt et al., 2009). In addition, calculated uptake rates have been demonstrated to
be sensitive to a number of environmental factors including: membrane fouling,
turbulence and its effect on contaminant mass-transfer across the filter membrane,
salinity, and temperature (Togola and Budzinski, 2007).

10.3 DETERMINATION OF LABORATORY UPTAKE RATES FOR
PHARMACEUTICALS

Uptake rates were measured in the laboratory by submerging a POCIS sampler
containing Oasis HLB sorbent media in a 2-L beaker of ultrapure water spiked
with the pharmaceuticals of interest (Table 10.1) at a concentration of 5000 ng/L
under flowing conditions. The experiment was performed in triplicate. The water
temperature was monitored at approximately 25°C. A negative control experiment
was aso performed in duplicate, which consisted of a beaker containing water and
POCIS, but excluded any spiked compounds to assess the potential for contamination
during the experiment. A positive control experiment was performed, consisting
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of a 2-L beaker containing ultrapure water spiked with the same concentration of
contaminants, but containing no POCIS. The purpose of the positive control was to
monitor natural decay of the pharmaceuticalsunrelated to POCI Suptake. The beakers
were covered with foil and 100- mL water samples were obtained from each beaker
a0, 3,7, 14, and 30 days. At the end of the 30-day exposure period, the POCIS was
removed. All agueous samples and the POCIS were stored at —20°C until analysis.
The average flow rate in the beakers during the experiment was determined to be
5cm/s.

10.3.1 Extraction Methodology

Handling and elution of POCIS followed procedures described previously (Bartelt-
Hunt et al., 2009; Alvarez et a., 2004; Jones-Lepp et a., 2004). After the 30-day
exposure, each individual POCIS device was removed from the beaker. The POCIS
was disassembled and the two filter membranes carefully separated to expose the
polymer sorbent. Approximately 20 mL of high-purity methanol was used to wash
the sorbent from the membrane surface directly into silane-treated vials. Vials con-
taining the methanol and sorbent slurry were held at —20°C until they could be
processed for analysis. For the elution step, the methanol —sorbent slurry was poured
into silane-treated glass gravity flow chromatography columns and target compounds
eluted by adding an additional 50 mL of high-purity methanol through the resin col-
umn and drained by gravity into 120 mL evaporation tubes (RapidVAP, Labconco,
Kansas City, MO). Approximately 1 ng of A -9-methamphetamine and *Cs-caffeine
internal standards were added to the eluate and used for quantification. Extracts were
evaporated under nitrogen to approximately 1 mL and quantitatively transferred to
autosampler vialsfor analysis by liquid chromatography —tandem mass spectrometry
(LC—MS/MYS). Standards and spiking solutions were prepared from stock solutions
(5 wg/pL) in methanol. Calibration solutions (2, 5, 12.5, 25, and 50 pg/p.L) for the
POCIS extracts were prepared in 50:50 methanol:water. All standards and extracts
were stored in amber vialsat —20°C. Aqueous samples (25 mL) from the calibration
experiments were spiked with internal standards, extracted, and analyzed using a
Spark Holland Symbiosys Environ on-line extraction system with Oasis HLB car-
tridges. Calibration solutions for the water analysis were prepared in purified water,
extracted, and analyzed by liquid chromatography —tandem mass spectrometry under
identical conditions as water samples collected from the calibration experiments.

10.3.2 Liquid Chromatography—Tandem Mass Spectrometry

POCIS extracts and water samples were analyzed for the pharmaceuticals of interest
as listed in Table 10.1. Standards and extracts were analyzed on a Quattro Micro
triple quadrupole with a Waters 2695 high-pressure liquid chromatography (HPLC)
and autosampler. Electrospray ionization in positive ion mode was used for detection
of target compounds by multiple reaction monitoring (MRM) with argon collision
gas. A Thermo (Bellefonte, PA) Betabasic-18 column (250 x 2.1 mm, 5 u.m, 50°C)
was used for separation at a flow rate of 0.2 ml/min with a gradient of methanol
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with 0.1% formic acid in water. Mass spectrometer operational parameters were
optimized by infusing each compound separately (Table 10.1). The source conditions
were: capillary 2.5 kV, extractor 2 V, RF lens 0.8 V, source temperature 90°C,
desolvation temperature 400°C, cone gas flow at 30 L/h, and desolvation gas flow
a 700 L/h. Compound retention times, ionization modes, and MRM transitions
are listed in Table 10.1. A five-point internal standard calibration curve was used
for quantification of each analyte. A-9-Methamphetamine was used as the internal
standard for methamphetamine and phenyl-13Cg-sulfamethazine and 3Cs-caffeine
was used as the internal standard for all other target compounds. Eight replicate
analysis of the lowest standard (2 pg/.L) was used to determine the signal-to-noise
ratio and sensitivity of the instrumental method. Based on the standard deviation of
thelowest standard (2 pg/p.L), the estimated detection limitsfor most compounds are
lessthan 1 pg/.L, corresponding to 1 ng recovered from the POCIS. Approximately
10 ng of each analyte were mixed with 20 mL of methanol and processed with
the POCIS samples through empty liquid chromatography columns to check for
loss during elution, evaporative concentration, and transfer to autosampler vials.
Recovery of target compounds was calculated by dividing the measured amounts by
the added quantity of each compound and averaged 123 4 30% for all contaminants.
Two laboratory reagent blanks were processed with the POCIS samples, with al
compounds below instrument detection limitslisted in Table 10.1.

10.3.3 Calculation of Uptake Rates

Uptake rates for each compound of interest were determined by applying Eq. (2) to
data obtained in the laboratory calibration experiment. Uptake rates were calculated
using the changein average concentration measured in replicate experiments between
each set of sequential sampling points over the 30-day exposure period. Uptake rates
calculated for each set of sampling points were averaged to produce an uptake rate
descriptiveof theoverall exposureperiod (Table 10.2). Pharmaceutical concentrations
inthecontrol beakersat theend of the exposure period weretypically greater than 85%
of theinitial concentration and, thus, nonspecific losses were considered negligible.
Of the compounds of interest, previously published uptake rates are available only
for methamphetamine. A value of 0.089 L/d was published by Jones-Lepp et al.
(2004). Our measured value of 0.28 + 0.10 L/d compares favorably considering that

TABLE 10.2 Experimentally Determined Uptake Rates

Experimental Uptake Rate Under

Compound Flowing Conditions (L/d)
Caffeine 0.20 + 0.06
1,7-Dimethylxanthine 0.25+0.11
Cotinine 0.12+ 0.04
D-Amphetamine 0.16 £+ 0.07

Methamphetamine 0.28 +0.10




OCCURRENCE OF ILLICIT DRUGS IN NEBRASKA SURFACE WATERS INFLUENCED 195

variability of uptake rates within afactor of two to threeis consistent with variability
in contaminant concentrations observed in the field, based on continuous monitoring
over an extended period (Togola and Budzinski, 2007).

10.4 OCCURRENCE OF ILLICIT DRUGS IN NEBRASKA SURFACE
WATERS INFLUENCED BY WWTP EFFLUENT

In a previously published study (Bartelt-Hunt et al., 2009), we evaluated the occur-
rence and concentration of twenty pharmaceuticals (both illicit and therapeutic) and
related metabolites in surface waters upstream and downstream of WWTP outfalls
and in WWTP effluent in Nebraska. In this chapter, we discuss the results obtained
for the five nonprescription pharmaceuticals evaluated (Table 10.1). The treatment
plants monitored as part of this study serve populations ranging from 20,000 to ap-
proximately 420,000 and represent a variety of secondary treatment technologies,
including trickling filter, activated sludge, trickling filters and activated sludge in
parallel, and biological nutrients. The purpose of this study was (1) to evaluate in-
stream TWA concentrations of pharmaceuti cal sin surfacewatersimpacted by WWTP
effluents and in WWTP effluent in Nebraska; (2) to evaluate the use of POCIS as
a semiquantitative tool for assessing organic compound concentrations in surface
waters; and (3) to document the presence of an illicit drug, methamphetamine, in
WWTP effluents originating from rural municipalities.

10.4.1 Sampling Locations

Surface waters were sampled upstream and downstream of the WWTP discharge
structure at Lincoln, Nebraska, Grand Island, Nebraska, and Columbus, Nebraska.
In addition, samplers were installed downstream of the Hastings, Nebraska WWTP.
Samples were also obtained from the effluent channel just prior to discharge in the
Missouri River at the Omaha, Nebraska WWTP because of the inaccessibility of the
receiving water body at thislocation. Additional information related to each WWTP
including the community population, the average daily flow, and the secondary treat-
ment technique employed at each facility may be found in Table 10.3.

10.4.2 POCIS and Sampling Methodology

POCIS, holders, and deployment canisters were obtained from Environmental Sam-
pling Technologies (EST, Inc, St. Joseph, MO). Each stainless steel canister wasfitted
with three pharmaceutical POCI S filled with Oasis HLB sorbent (Waters Corpora-
tion, Milford, MA). Each POCIS had a surface area of 41 cm? and contained 200 mg
of sorbent medium. At each sampling location, canisters were deployed for a 7-day
exposure period. At the Grand Island site, the downstream POCI'S was recovered 4
weeks after deployment, ostensibly because of vandalism. At sites where upstream
and downstream samples were obtained, POCIS devices were simultaneously de-
ployed at each location. All siteswere sampled between August and November 2006,
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TABLE 10.3 Wastewater Treatment Facilities Sampled in Nebraska?

Community  Secondary Average
Facility Receiving Sampling Population Treatment  Daily Flow
Location Water Body Locations (Year 2006) Technique (mg/d)

Columbus, Loup River Upstream and 20,909 Activated 34
Nebraska downstream sludge
of discharge
Hastings, West Fork of  Downstream 25,437 Trickling 3.6
Nebraska the Big of discharge filter
Blue River
Grand Wood River Upstream and 44,546 Biological 12
Island, downstream nutrients
Nebraska of discharge
Lincoln, Salt Creek Upstream and 241,167 Activated 18
Nebraska downstream sludge and
of discharge trickling
filter
Omaha, Missouri Effluent 419,545 Trickling 27.2
Nebraska River filter

aBartelt-Hunt et al., 2009.

when base flow is a primary source of water in the receiving water bodies. The
sampling period was also outside of the required seasonal disinfection period, so no
disinfection processes were ongoing at the time of sampling. POCIS extraction and
analysis were performed as described above and in Bartelt-Hunt et al. (2009).

Estimated agqueous concentrations of nonprescription pharmaceuticals(Table 10.1)
recovered from POCIS samplers at each sampling location are presented in Ta-
ble 10.4. Aqueous concentrations were calculated using Eq. (2) with experimentally
determined uptake rates (Table 10.2).

Of the five nonprescription pharmaceuticals and metabolites, four were consis-
tently detected at the sampling sites. D-Amphetamine was not detected in any of the
POCIS residues. In general, the concentration of a given compound in the down-
stream sample was higher than in the upstream sample for each location where
POCIS were deployed simultaneously upstream and downstream of the WWTP dis-
charge structure. This result indicates that WWTP effluent is a significant source of
pharmaceutical loading to the receiving waters, a finding in agreement with other
studies, which have also demonstrated WWTP effluent to be a significant source of
pharmaceutical loading to the environment (Batt et al., 2006; Kim et al., 2007; Lee
and Rasmussen, 2006; Roberts and Thomas, 2006). The estimated concentration of
these compounds ranged from 1.1 ng/L to approximately 295 ng/L in the upstream
samplesand 1.8 ng/L to approximately 1350 ng/L in the downstream sampl es. Higher
concentrations of aparticular compound in the upstream samples suggeststhat it may
be persistent in the environment or that surface run-off sources are more significant
than treated WWTP effluent during the sampling period. For example, caffeine was
detected upstream of the Lincoln WWTP at a concentration of 295 ng/L, but the
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downstream concentration was 25.1 ng/L. Similarly, cotinine was detected at a con-
centration of 8.9 ng/L upstream of the Grand Island, NE WWTP, but the downstream
concentration was 5.7 ng/L. It should be noted, however, that at other locations caf-
feine and cotinine were detected at higher concentrationsin the downstream samples.

Trace levels of theillicit drug methamphetamine were detected at most sampling
locations. The methamphetamine metabolite, D-amphetamine, was not detected in
any of the POCI S. Thesedatarepresent only the second report of methamphetaminein
WWTP effluent and in streamsimpacted by WWTP effluent. Previously, Jones-Lepp
et al. (2004) reported estimated methamphetamine concentrations of 1.3 and 0.8 ng/L
from POCIS in WWTP effluent and in-stream sampl es, respectively. These samples
were obtained at a WWTP located in Las Vegas, Nevada, alarge metropolitan area.
In this study, estimated methamphetamine concentrations in about one-half of the
sampleswere comparableto those reported from Las Vegas, while estimated levelsin
the WWT P effluent and downstream samplesfrom three siteswere 276 ng/L (effluent)
and 1.1 to 49.4 ng/L (downstream). The effluent sample was obtained from Omaha,
NE, which has a population of 491,000, whilethe downstream sampleswere obtained
from municipalitieswith popul ationsranging from 20,000 to 240,000. Thedifferences
between data obtained from these locations and previously reported results may
reflect differencesin drug use, wastewater treatment practices, and timing of sample
collection. Trace concentrations of methamphetamine, aniillicit pharmaceutical, was
present in al but one sampling location at higher concentrations than have been
previously reported for this compound.

10.5 FATE OF ILLICIT DRUGS IN SURFACE WATERS DOWNSTREAM
OF WWTP DISCHARGES

To further investigate the behavior of nonprescription pharmaceuticals and personal
care products in the environment, a second study was performed at two field sites:
Salt Creek, downstream from the WWTP in Lincoln, Nebraska and the West Fork of
the Big Blue River, downstream from the Hastings, Nebraska WWTP (Table 10.3).
At each site, POCIS were placed at four locations: in the effluent prior to discharge,
in the stream within the effluent mixing zone, at locations approximately 500, 1000,
and 1500 m downstream from the effluent discharge. POCISwere housed in triplicate
in a steel canister and the canisters were secured to avoid displacement during the
exposure period. POCIS were deployed on May 5, 2009 and retrieved on May 28,
20009, for a 23-day exposure period. POCIS extraction and analysis were performed
as described above and in Bartelt-Hunt et al. (2009).

Figure 10.1 shows the change in estimated concentrations of 1,7- dimethylxan-
thine, caffeine, and methamphetamine detected in receiving waters as a function
of distance from the WWTP outfal. Cotinine and D-amphetamine were not de-
tected in POCIS samplers at either site. Estimated concentrations of caffeine and
1,7- dimethylxanthine were higher in the receiving water downstream from the Hast-
ings, Nebraska WWTP relative to the receiving water downstream of the Lincoln,
Nebraska WWTP. In-stream estimated concentrations of methamphetamine were
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FIGURE 10.1 Estimated in-stream concentrations of 1,7-dimethylxanthine (A), caffeine
(B), and methamphetamine (C) observed in POCI S samplersin receiving watersversusdistance
downstream from WWTP effluent at two locations in Nebraska.
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approximately 1 ng/L. Data obtained during this experiment indicate that all three
compounds were not significantly degraded over distances up to 1500 m from the
WWTP outfall. Although to our knowledge, there has been no previous data inves-
tigating the fate or persistence of methamphetamine in receiving waters, our data
for methamphetamine is consistent with previous studies indicating that metham-
phetamineisrecal citrant and isnot removed during wastewater treatment (L oganathan
et a., 2009).
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CHAPTER 11

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

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

11.1 ILLICIT DRUGS IN DRINKING WATER

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

These compounds directly enter the water system by means of sewage waters,
as was demonstrated in the first study reporting the presence of cocaine and its
major metabolite, benzoylecgonine, in ltalian wastewaters (Zuccato et al., 2005).
Since then, severa studies dealing with the analysis of illicit drugs in wastewaters
showed that some of them survive common wastewater treatments. Compounds such
as cocaine, amphetamine, ecstasy, or cannabinoids are found, at concentrations in
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the nanogram per liter range in wastewater treatment plant (WWTP) effluents in
Italy, Germany, Spain, Belgium, Ireland, United Kingdom, and the United States
(Jones-Lepp et al., 2004; Castiglioni et al., 2006; Hummel et a., 2006; Huerta-
Fontela et al., 2007, 20083, b; Bones et a., 2007; Boleda et al, 2007; Kasprzyk-
Hordern et a., 2008a, 2009; Gheorghe et a., 2008; Biljsma et al., 2009; van Nuijs
et a., 2009; Zuccato and Castiglioni, 2009; Petrovic et a., 2009; Postigo et al.,
2010). For instance, Castiglioni et al. (2006) measured cocaine and benzoylecgonine
at 11 and 29 ng/L, respectively, in effluent samples, and Hummel et al. (2006) found
benzoylecgonine (45 ng/L) in treated waters in Germany. Cocaine was also found
in treated waters in Spain at concentrations ranging from 900 (Postigo et al., 2010)
to 1400 ng/L (Huerta-Fontela et al., 2008a). The poor removal of illicit drugs in
WWTPs has adirect effect on therivers, lakes, or seas where WWTPs discharge their
effluents. Several studies have also reported relatively high levels of several different
illicit drugs, such ascocaine, amphetamines, ecstasy, L SD, or cannabinoids, in surface
waters. For instance, the main carboxylic metabolite of tetrahydrocannabinol (THC-
COOH) was detected at concentrations ranging from 0.5 to 7 ng/L in Italian rivers
(Zuccatoet a., 2008), at 1 ng/L inone United Kingdom river (Boneset a., 2007), and
at 15 ng/L in Spain (Boleda et al., 2009). However, the “water trip” does, not end at
this stage, because surface waters are often used for drinking water production. The
removal efficienciesin drinking water treatment plants (DWTPS) and the production
of new and additional disinfection by-products (DBP) during treatments affect the
quality of tap water directly, asthey are responsiblefor both the complete elimination
of illicit drugs from the water cycle and the introduction of new by-products that can
reach human beings.

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

11.2 ILLICIT DRUGS THROUGH DRINKING WATER TREATMENT

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

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

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

11.2.1 Filtration, Coagulation, and Sedimentation

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

Treatments

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

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

a8, No reactive sites.

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

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

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

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

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

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

R oo _nlf H
NH2 H\N/ \O/ |
(S N-Cl 4 h0 .
ww | (T T -
Y [
R H

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

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

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

Cl

+ HOCI

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

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

11.2.2.2 Chlorine Dioxide Oxidation Chlorine dioxide (ClOy) is an oxidant
used for disinfection of high-quality water, such as groundwater or treated surface
water. Its reactivity is because of free chlorine and ozone. Chemically, CIO; is a
very selective oxidant for specific functional groups of organic compounds, such as
phenolic maieties, tertiary amino groups, or thiol groups (Hoigne and Bader, 1994),
leading to its reduction to chlorite through a one-electron transfer reaction.

Chlorine dioxide cleaves one of the N-C bonds of the tertiary amines (Buxton,
1998), leading to dealkylation to a secondary amine and then to their respective
adehydes. Therefore, illicit drugs containing tertiary amines, such as cocaine, ben-
zoylecgonine, methadone or some opiates, among others, could be removed by chlo-
rine dioxide treatment.
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11.2.2.3 Ozonation Ozoneis used in water treatment as both disinfectant and
oxidant and reacts with alarge number of organic and inorganic compounds. Ozone
decaysrapidly after afew minutes and its decomposition leads to a major secondary
oxidant, the hydroxyl radical. Oxidation then occurs by means of the molecular ozone
(O3) or of the OH radical (OH-) (Hoigneet al., 1983). The OH radical, apowerful, but
less selective, oxidant, reactswith high second-order rate constants with most organic
compounds, but these reactions are less efficient, because a large fraction of the
radical is scavenged by the water matrix (Buxton et al., 1998). Additional oxidation
processes are the advanced oxidation processes (AOPs), which use OH radicals
as the main oxidants. Of the oxidation processes, ozone reacts more readily with
organic compounds than chlorine does and is particul arly reactive toward unsaturated
double bonds or moieties with electron-donating properties (Weyer and Riley, 2001,
Xu et a., 2002). However, it must be taken into account that the ozone reaction
rate with a specific contaminant is moiety-specific and pH-dependent. For instance,
neutral tertiary amine moieties show high reactivity with ozone, but, at low pH, the
protonation of the amines prevents their oxidation. In addition to pH, other water
properties, such as temperature or organic carbon content, affect the reactivity of a
compound with ozone (Huber et al., 2005; Dodd and Huang, 2007; Zwiener et d.,
2007).

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

Reaction 11.3 Suggested chlorination for THC according to Crigee mechanism.

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

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

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

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

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

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

11.3 DISINFECTION BY-PRODUCTS

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

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

R R

NHR 4 H.NCI N N + HOCI
T = SR f

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

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

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

11.4 ANALYSIS OF DRINKING WATER SAMPLES: A REAL
CASE STUDY

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

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

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

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

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

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

11.5 CONCLUDING REMARKS

The presence of illicit drugs in the water cycle, far from being a temporary or a
national problem, has been a constant problem of global concern since it was first
reported by researchers from the Mario Negri Ingtitute. The illicit drugs used by
humans reach the environment by means of sewage waters, which, in some cases,
are discharged into rivers, lakes, or seas and may then be used for drinking water
production. At this point, the crucial question is whether these drugs can return to
human beings by means of our tap waters.

This chapter has conducted a review of the drinking water treatment technolo-
gies most commonly used to eliminateillicit drugs. Treatment efficiencies to remove
these compounds were evaluated theoretically through examination of the chemical
properties of each compound. The estimated behavior was found to be in line with
the results obtained during several surveys carried out at real-scale DWTPs. Chlorine
oxidation was shown to be effective in removing ATSs, cannabinoids, and several
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opiates; GAC treatment removed fentanyl and cocaine; while ozonation removed
morphine completely. Only four compounds survived these treatments, benzoylec-
gonine, norbenzoylecgonine, methadone, and EDDP, which have also been found in
finished waters. However, the complete removal of these substances was achieved
by an UF/RO treatment. The low concentrations measured in finished drinking water
suggest low exposure of humans to these substances. More research is needed on the
topic, because the potentially adverse effects on human health and the environment
that might be posed by exposure to chronic, subtherapeutic levels of these substances
and/or their transformation products are still unknown. In addition, the possible for-
mation of new disinfection by-products, such as chlorinated precursors or NDMA,
should a so be taken into account when eval uating theimpact of illicit drugs' entrance
into conventional drinking water treatment plants.
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CHAPTER 12

ANALYSIS OF ILLICIT DRUGS IN
WATER USING DIRECT-INJECTION
LIQUID CHROMATOGRAPHY-TANDEM
MASS SPECTROMETRY

REBECCA A. TRENHOLM and SHANE A. SNYDER

12.1 INTRODUCTION

Liquid chromatography—tandem mass spectrometry (LC—MS/MS) is becoming a
powerful tool in the identification and quantitation of illicit drugs (Rook et al., 2005;
Concheiro et a., 2007; Maralikova and Weinmann, 2004; Apollonio et al., 2006;
Scheidweiler and Huestis, 2004). LC—MS/MS has many advantages over more tra-
ditional method, such as GC, GC—MS and LC—MS. Typically, compounds do not
require derivatization prior to instrumental analysis and larger volumes can be in-
jected. With advances in instrumentation and methodology, better sensitivity can
be achieved, with reporting limits at or less than nanogram per liter concentrations
(Huerta-Fontela et al., 2007; Barcelo et al., 2008). Because of the utmost impor-
tance of correct identification, LC—MS/MS can add the benefits of selectivity with
additional confirmation techniques, such as multiple-reaction monitoring (MRM), in
which two to three M Stransitions are commonly monitored for each compound. Also
simultaneous product ion scans can be collected, where each compound is monitored
by MRM while collecting a product ion scan over alarger mass (nVz) range using a
triple-quadrupole linear ion-trap hybrid (Herrin et a., 2005; de Castro et al., 2007;
Apollonio et al., 2006).

Typically, in order to achieve low detection limits (nanogram per liter) some sam-
ple preparation may be required, such as sample clean-up and/or sample extraction
and concentration. Depending on the matrix, sample clean-up may be vital to re-
move interferences from complex matrices (that is, wastewater, urine, blood, and
hair), that could result in chromatography interferences or matrix suppression during

Ilicit Drugsin the Environment: Occurrence, Analysis, and Fate Using Mass Spectrometry, Edited by
Sara Castiglioni, Ettore Zuccato, and Roberto Fanelli
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LC—MS/MS analysis (Concheiro et a., 2006; Cheze et a., 2007; Johansen and
Bhatia, 2007; Kronstrand et a., 2004; Scheidweiler and Huestis, 2004), especially
if the sample has been further extracted and concentrated. Solid-phase extraction
(SPE), on-line SPE, and liquid—liquid extractions are commonly used methods for
illicit drugsinwater or liquid matrices (de Castro et ., 2007; Barcelo et a ., 2008; van
Nuijs et a., 2009; Deventer et al., 2006; Concheiro et a., 2007). However, with the
improvements in technology and more sensitive instrumentation, some analytes can
be measured directly with little or no sample preparation, known as direct injection
(Chiaiaet al., 2008). A direct-injection method is described here, which was used for
screening of illicit drugs in wastewater effluent and for monitoring of amphetamines
in wastewater effluent, surface water, and finished drinking water.

12.2 EXPERIMENTAL STUDIES

12.2.1 Compound selection

This method was developed for five illicit drugs and nine of their major metabo-
lites. Selected compounds (Table 12.1) include: methamphetamine and its metabolite
amphetamine; cocaine and its metabolites ecgonine, ecgonine methyl ester, ben-
zoylecgonine, and norcocaine; MDMA (ecstasy) and its metabolite MDA; heroin
and its metabolites 6-acetylmorphine and morphine; and A °-THC and its metabolite
11-hydroxy-A °-THC.

12.2.2 Standards and Sample Collection

All standards and reagents used were of the highest purity commercially available.
Concentrated stocks were prepared in methanol and stored at —20°C. From these
concentrated stocks, calibration standards were prepared by appropriate dilutions in
reagent water and stored at 4°C. Water samples were collected in amber glass bottles,
which contained 1 g/L sodium azide for preservation and 50 mg/L ascorbic acid to
guench any residual oxidant; sampleswere stored at 4°C until analysis. Grab samples
were collected from a single tertiary treatment wastewater treatment plant (WWTP)
effluent and also from the combined wastewater effluent of three tertiary treatment
WWTPs, depending on the analyses. Samples were analyzed using direct injection;
therefore, no additional sample preparation or concentration was required.

12.2.3 Instrumentation

Analyses were performed by liquid chromatography—tandem mass spectrometry
(LC—MS/MS) using a CTC autosampler, an Agilent 1100 LC binary pump, and an
ABSCIEX 4000 QTRAP triple-quadrupole linear ion-trap hybrid mass spectrometer
(Foster City, CA). All analyteswere monitored using positive-el ectrospray ionization
(ESI) mode and multiple-reaction monitoring (MRM). One metabolite of A°-THC
(11-nor-9-carboxy-A °-THC) does not sufficiently ionizein ES| positive and was not
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TABLE 12.1 List of Illicit Drugsand Their Structures, with Their Corresponding
M etabolites (Indented) and Molecular Weights

Molecular
Compound weight Structure
Methamphetamine 149 H
Amphetamine 135 N
Cocaine _ 303 1) /CHs
Ecgonine 185 o
Ecgonine methyl ester 199 HsC—N
Benzoylecgonine 289 o)
Norcocaine 289
O
MDMA (Ecstasy) 193 o e
MDA 179 < HN
O
Heroin 369
6-Acetylmorphine 327
Morphine 285
A®-THC 314 CHgz
11-Hydroxy-A °-THC 330

CHs

included in this method; however, it was able to ionize in ESI negative. A 100-.L
sample loop (sample volume) was used for each injection. Separation was performed
on a150 x 4.6 mm Luna C18(2) with a 5-p.m particle size (Phenomenex). A 0.1%
formic acid in reagent water solution (A) and methanol (B) gradient was used for LC
mobile phases at a constant 0.8 mL/min flow rate.

Table 12.2 lists the MRM transition ions (m/z) for each compound, along with
their corresponding declustering potentials (DP), collision energies (CE), and exit
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TABLE 12.2 Method Reporting Limits(MRL), MRM Transitions, Declustering
Potentials (DP), Collision Energies (CE) and Exit Potentials (CXP) for Target
Compounds

Compound MRL (ng/L) Ql(m2 Q3(mz2 DP(V) CE(V) CXP(V)
Methamphetamine 5 150 119 41 15 20
Amphetamine 5 136 119 36 13 20
Cocaine 10 304 182 46 29 18
Ecgonine 25 186 168 61 27 26
Ecgonine methy!| ester 25 200 82 61 35 14
Benzoylecgonine 10 290 168 71 75 14
Norcocaine 10 290 168 51 23 10
MDMA 10 194 163 41 19 28
MDA 10 180 163 31 15 8
Heroin 25 370 165 71 73 28
6-Acetylmorphine 10 328 165 76 53 8
Morphine 25 286 152 81 87 8
AS-THC 100 315 193 56 31 34
11-Hydroxy-AS-THC 100 331 313 41 21 22

potentials (CXP). Sincethe method does not require any extraction or sample prepara-
tion procedures, method reporting limits (MRL) were based on the lowest instrument
sensitivity with a signal-to-noise ratio greater than 10. MRLs for each compound are
asolisted in Table 12.2. Cdlibration curves ranged from 5 to 500 ng/L.

12.2.4 Amphetamines in Water Samples

Amphetamine and methamphetamine were monitored in wastewater effluent sam-
ples, surface (source) water, and finished drinking water. The wastewater effluent
is discharged into a larger body of water, which also serves as the source water
for adrinking water treatment plant (DWTP), although there is mixing and dilution
prior to the source water intake. The first sample tested was collected directly from
tertiary-treated effluent leaving a wastewater treatment plant (WWTP), which em-
ploys UV disinfection at the end of the treatment process. This wastewater effluent
then enters a wash system, which is comprised of a combination of tertiary treated
effluent from two additional WWTPs and a small amount of urban and storm water
run-off. A second sample was collected after the combined flow of all three WWTPs,
just before the wash system converges into a larger lake/river system. Each of the
three WWTPs uses dlightly different treatment processes for disinfection. While the
WWTP mentioned previously uses UV, a second WWTP uses chlorine, and the last
uses chloramines for disinfection.

Samples were then collected at the source, or raw, water intake and finished
drinking water from a DWTP, which utilizes the lake/river system for its source
water. At the DWTP, the raw water is first treated using ozonation and then enters
a multistage filtration system, followed by chlorination. Finished drinking water
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samples were collected just as the water exits the DWTP and prior to entering the
distribution system.

Matrix spikes were performed on each water matrix to ensure that analyte recov-
eries, and the resulting data, were not compromised because of processes such as
adsorption or matrix suppression, which is commonly observed using LC—MS/MS
for complex matrices (Vanderford et al., 2003; Trenholm et al., 2008). Each matrix
was spiked with 100 ng/L of amphetamine and methamphetamine. In addition, iso-
topically labeled analogs for amphetamine and methamphetamine (ds-amphetamine
and ds-methamphetamine) were used during analyses for isotope dilution quanti-
tation, which has been shown to be an effective approach to correct for matrix
suppression (Vanderford and Snyder, 2006). Each compound was monitored using a
primary MRM transition, along with additional confirmation transitionsto ensurethat
the analytes were correctly identified. Amphetamine was monitored using the MRM
listed in Table 12.2 for quantitation, as well as MRM transitions 13665 m/z and
136-91 myz for confirmation. Methamphetamine was monitored with two additional
confirmation transitions as well (150-65 m/z and 150-91 m/2).

12.2.5 Screening of lllicit Drugs in Wastewater Effluent

Grab samples of tertiary treated wastewater effluent was analyzed for the entire list
of illicit drugs listed in Table 12.1 to show how LC—MS/MS can be a useful tool for
selective target analyte screening in a complex matrix. Although the LC—MSMS
method was essentially the same as used for the monitoring of amphetamine and
methamphetamine in wastewater, the screening method contained MRMs (including
a second confirmation transition) for al 14 compounds. Compounds were analyzed
according to the instruments parameters described previously. Because of the se-
lectivity of MRM, chromatographic separation becomes less important. Compound
identification does not rely heavily on analyte retention time since each compound
has a unique fragmentation pattern and precursor-to-product ion instrument parame-
ters (that is, declustering potentials and collision energies). This can alow for faster
L C programs and sample analyses.

12.3 RESULTS

12.3.1 Amphetamines in Water

M ethamphetamine was detected in the tertiary treated wastewater effluent at 48 ng/L,
but amphetamine was below the reporting limit (Table 12.3). Both methamphetamine
and amphetamine were detected at higher concentrationsin the combined wastewater
effluent from the three WWTPs. This suggests that the contribution of the analytes
to the wash system is higher for one or both of the other two plants. This could be
because of the fact that the treatment processes employed by each treatment plant
differ on their removal efficiency for these compounds or the flow of wastewater
effluent entering the wash system is greater and, therefore, contributes more volume
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TABLE 12.3 Occurrence of Methamphetamine and Amphetaminein Various Water
Matrices (ng/L) and Matrix Spike Recoveries

Wastewater Source  Finished
Effluent  Water Water

WWTP 1 Source Finished Spike Spike Spike

Tertiary Combined Water Water Recovery Recovery Recovery
Compound Effluent Effluent® DWTP 12 DWTP1® (%) (%) (%)
Methamphetamine 48 94 <5.0 <5.0 109 87 110
Amphetamine <5.0 27 <5.0 <5.0 97 95 97

aAverage vaue of duplicate samples.

and analyte mass. Both compounds were less than their reporting limit in the source
and finished drinking water suggesting that there is a substantial amount of dilution
or removal before entering the drinking water treatment plant. Spike recoveries were
between 87% and 110% for all matrices indicating that the use of isotope dilution
corrected for any compound |0ss because of matrix suppression.

12.3.2 Screening of lllicit Drugs

Using LC—MS/MS with direct injection, wastewater effluent was screened for il-
licit drugs. Figure 12.1 shows an overlapping chromatogram of illicit drugs detected
in arepresentative wastewater effluent sample. Six compounds can be qualitatively
identified by their unique MRM transitions using an extracted-ion chromatogram
(XIC) even though they all elute from the LC column very close to each other. Com-
pounds detected in the wastewater effluent include methamphetamine, amphetamine,
cocaine, benzoylecgonine, MDMA (ecstasy), and MDA.. Initia screening analyses by
LC—MS/MS can be auseful method for identifying illicit drugsin complex matrices
for further quantitative monitoring.

12.3.3 Advances in LC-MS/MS Instrumentation for Compound
Confirmation

There are a few circumstances where retention time and MRM cannot thoroughly
determine an analyte correctly. One example is with the identification between ben-
zoylecgonine and norcocaine. Without adequate chromatographic separation, it can
be difficult to correctly identify these compounds, since they share some of the major
MRM transitions (that is, 290-168 nVz) for each compound. New LC—MS/MS in-
strumentation techniques include scanning modes that will allow for the quantitation
of target compounds using MRM, while simultaneously collecting additional con-
firmation information. Using a triple-quadrupole linear-ion trap hybrid LC—MS/MS
system (4000 QTRAPR, ABSCIEX), an enhanced product ion scan (EPI) can be col-
lected along with the usual MRM method. For the example of benzoylecgonine and
norcocaine, the peaks coelute close together and share many of the same MRM
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transitions (Figure 12.2), which could result in misidentification and fal se positives.
However, it is possible to correctly identify each analyte based on their EPI scans,
as compared with a known standard, as there are clear differences between the two
compounds. Although both compounds have the same precursor ion (290 m/z) and
similar product ions (68, 77, 105, and 168 nVz), the ratios and intensities of their
product ions differ. Norcocaine (Fig. 12.2b) also has a significant product ion at
136 vz, that benzoylecgonine (Fig. 12.2a) does not have. This new technique can be
ahelpful tool in further confirming the identity of an analyte.
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FIGURE 122 XIC chromatograms of quantitation (290-168 myz) and confirmation
(290-77) MRM transitions and product ion scans for (a) benzoylecgonine and (b) norcocaine.

12.4 CONCLUSIONS

Liquid chromatography—tandem mass spectrometry (LC—MS/MS) is emerging as
the preferred method for the identification and quantitation of illicit drugs with many
advantages over previous methods (GC and GC—MS). With increases in technol-
ogy and instrumentation, samples can be measured directly with little or no sample
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preparation, such as clean up or extraction and concentrations. Using direct injec-
tion, water matrices (wastewater effluents and surface waters) can be monitored and
screened for avariety of illicit drugs. LC—MS/MSwith direct injection is also afast
and reliable method for monitoring the removal of illicit drugs through wastewater
and finished drinking water treatment plants. Additional analyte confirmation can
be obtained with new techniques using hybrid mass spectrometry, which can greatly
minimize interferences from coel uting compounds and complex matrices, and which
could result in false positives or incorrect quantitation. With LC—MS/MS,; illicit
drugs can be measured in a variety of matrices at or below nanogram per liter levels.
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CHAPTER 13

PSYCHOTROPIC SUBSTANCES IN
URBAN AIRBORNE PARTICULATES

ANGELO CECINATO and CATIA BALDUCCI

13.1 INTRODUCTION

Psychotropic compounds, such as caffeine and nicotine, can exist in air as a result
of their release in tobacco smoke or when certain drugs or essences are inhaled as
vapors. These psychotropic substances belong to various classes of organic com-
pounds with different physico chemical properties and different routes of releaseinto
the environment, so they may exist in the gaseous or asparticulates and as native
compounds or derivatives. For instance, nicotine is mostly gaseous when it isafree
base, but combines with tobacco smoke particles when in acidic form (Liang and
Pankow, 1996). Cocaine and heroin in the atmosphere presumably exist mainly as
solid particulates (Dindal et al., 2000; Cecinato and Balducci, 2007).

These substances may be hydrophilic or hydrophobic, depending on their polarity
and acid properties. Similar to nicotine, caffeine is fairly water soluble (22 g/L at
25°C and 180 g/L at 80°C). Cocaine chlorhydrate is hundreds of times more soluble
than its base (1800 and 1.7 g/L), and heroin is poorly soluble in water (0.6 g/L).
Vapor pressures of cannabinoids mean they can exist only when particle associated
(McPartland and Russo, 2001) and their solubility in water islow (less than 2 mg/L
for A °-tetrahydrocannabinol (THC); Jarho et al., 1998). Moreover, these compounds
decompose so rapidly in the environment that they can be detected only in trace
amounts (a few pigogram per cubic meter), in spite of the fact that marijuanais the
most abused drug worldwide.

Dedicated instruments and procedures exist for the detection and quantification
of illicit substances in vapors of ambient or artificial atmospheres (Ziegler et d.,
1996; Stubbs et al., 2003), but because of their low senditivity they need “high”
burdens of the compoundsin air or require derivatization, e.g., with methylbenzoate
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for detection by solid-phase microextraction (SPME) of crack smoke components
(Lai et al., 2008).

The scientific literature is rich with papers dealing with tobacco smoke and its
constituents, nicotine, in particular. However, most of them refer only to the health
effects of active and passive smoking and to mainstream and sidestream (or “environ-
mental”) effects of smokein air (Bacsik et al., 2007; Charles et a., 2007; Pieraccini
et a., 2008). Composition studies in ambient air are less frequent, probably be-
cause of the difficulties of measuring the composition of both the particulate and the
gaseous phase (Hager and Niesser, 1997; Thielen et a., 2008). Most investigations
have aimed at constructing diffusive samplers or dedicated sensors, or identifying
and assessing the contribution of tobacco smoke to environmental pollution. Much
less frequent are studies on caffeine, the third recreational drug of importance after
acohol and tobacco. Just a handful of papers deal with this substance in rain, river,
sea, and ground water (Weigel et al., 2002), although measures of caffeine have been
proposed as a means of tracing the impact of domestic sewage on contamination
(Verenitch and Mazumder, 2008). Caffeineis present in plants and beverages, includ-
ing coffee, tea, cocoa, and tobacco and isteratogenic, enhancing the potency of some
carcinogenic chemicals. It can promote infarction, convulsions, epilepsy, and neuro-
muscular disorders. However, it also has protective properties against Parkinsonism
and has adjuvant activity in some analgesic preparations (Harinath and Sikdar, 2005;
Eteng et al., 1997; Kiefer and Wiebel, 1998).

In recent years, illicit substances have attracted attention as a consequence
of the accidental finding of cocaine in the air over Los Angeles, Cadlifornia
(Hannigan et al., 1998) and Rome, Italy (Cecinato and Balducci, 2007). Cocaine,
heroin, cannabinoids, amphetamines, ecstasy and their metabolites, pyro products
and adulterants/excipients have been measured more often in environmental or man-
related media, including rivers, wastes, urine, sweat, hair, and blood (Sleeman et al .,
2000; Gentili et a., 2004; Lewiset a., 2004; Cognard et al., 2005; Castiglioni et a.,
2006; Boleda et al., 2007; Mari et al., 2009; van Nuijs et al., 2009; Postigo et a.,
2009). Since the presence of illicit compounds in these media was related to their
consumption and the preval ence of some of these compounds have been calculated,
based on the concentrations in waters (Zuccato et al., 2008a), identifying other indi-
cators of drug consumption through their content in ambient air is challenging and
deserves to be explored.

13.2 CHEMICAL APPROACH TO MONITORING PSYCHOTROPIC
SUBSTANCES

The first observation of illicit drugs in the atmosphere was unexpected and occurred
in a study with quite different goals. Thus, a preliminary objective of a subsequent
study was to confirm the presence of these substances in air. Afterward, dedicated
procedures were optimized to monitor psychotropic substances and drug residues
in air with good precision and accuracy. The determination of psychotropic com-
poundsin air is quite complex. Both air and airborne particles comprise thousands of
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components, including drugs, but at very low concentrations; thus, high sensitivity
and selectivity are needed for reliable determination.

The methods aimed at monitoring drugsin airborne particul ates consist of: (1) col-
lecting samples by passing air through quartz filter membranes; (2) spiking samples
with perdeuterated compounds as internal standards (namely nicotine-d4, cocaine-
d3, and carbazole-d7 for caffeine); (3) solvent extraction in a Soxhlet apparatus with
dichloromethane/acetone (4:1in volume); (4) clean-up step using column chromatog-
raphy on neutral alumina and elution with iso-octane, iso-octane/dichloromethane
(60:40), and acetone, in sequence; (5) separation by capillary gas chromatography
(CGC); and (6) instrumental detection by electron-impact, selected ion-monitoring
mass spectrometry [(EI)MSD].

Some compounds can be easily detected by both CGC and high-pressure liquid
chromatography (HPLC), for instance, cocaine, which has characteristic electron-
impact mass and UV fluorescence spectra (Fernandez et al., 2009). Inert nonpo-
lar or low-polar silicone phases have chromatographic features suitable for sepa-
ration and analysis by CGC. In addition, dedicated base-treated stationary phases
are now used to improve the identification and quantification of compounds.
HPLC analyses are done by reversed-phase elution with buffered water/organic
solvent mixtures. In contrast, numerous native drugs and almost all metabolites
require chemical derivatization before analysis [e.g., with trifluoroacetic anhy-
dride, N-methyl-N-trimethylsilyltrifluoroacetamide, or N-(t-butyldimethylsilyl)-N-
methyltrifluoroacetamide, which is usually used for cannabinoids]; thisimprovesthe
analytical performance of the method and drastically reduces the risk of misinterpre-
tation and misidentification of the compounds.

Figure 13.1 shows the GC-(EI)MSD chromatogram of a sample of suspended
particul ate matter collected in Milan in December 2006. The analysiswas repeated in
scan and selected ion-monitoring (SIM) mode, and less than 40 min were necessary
to scan drugs from amphetamine to heroin. The figure shows both total-ion currents
and signals corresponding to molecular ion traces of nicotine, caffeine, cocaine-d3
(adopted as internal standard for cocaine determination), and native cocaine.

[licit substances usually have high boiling and melting temperatures and low
pressures in room conditions, although their partial volatility is exploited for deter-
mination in aqueous samples by head-space SPME. However, water solutions must
be conditioned at 60°~90°C to determine these compounds. By contrast, thus far,
illicit drugs in ambient air have only been investigated in the particulate phase. Very
few field experiments have been conducted to study the presence of cocaine vapor in
the open atmosphere, or its distribution among the airborne particulate size fractions
(PM1, PM2.5, PM10). Cocaine seems to accumulate in particles, with over 80% in
PM2.5. Usually 5-50 mg of particulate are necessary for chemical characterization,
corresponding to 150 to 1500 m? of air, to reach the limits of quantification of the
analytical methods, as concentrations of illicit substancesin PM2.5 are usually inthe
range 10~500 pg/m?®.

Except for cocaine (Cecinato et al., 2009a), the stability of drugs in particulates
stored in the dark and at ambient temperature has thus far not been investigated. This
is alimitation of the studies to date, because the amounts of illicit substances were
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FIGURE 13.1 GC-MSD profileof the*neutral highly polar fraction” in airborne particul ate
collected in Milan, Italy, in December, 2006.

probably underestimated. There was no relation between the estimated amounts of
some psychotropic substances consumed in various locations, and the corresponding
drug levels measured in the aerosol form; for instance, THC was often found at
much lower concentrations than cocaine. The use of ultraclean inert membranes to
filter air and pooling short-period samplingsinstead of using a single medium-period
collection seems important to correctly measure airborne psychotropic substances.

13.3 CONCENTRATIONS AND SOURCES OF PSYCHOTROPIC
SUBSTANCES IN AIR

As of November 2009, only two research groups investigated the occurrence of
psychotropic substances in the atmosphere, namely, the IDAEA-CSIC in Spain
and the CNR-IIA in Italy, although cocaine was first identified in air over Los
Angeles, Cdifornia (Hannigan et a. 1998). Most measurements have been made
in Europe, particularly in Italy, with sketchy data for South America and Algeria.
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TABLE 13.1 Average Concentrations of Psychotropic Substancesin Airborne
Particulates of Three Italian Cities (ng m~3) with the Cocaine/Benzo[a]pyrene Ratio
(COo/BaP)?

Milan, 2006—2007 Bari Taranto
Jun  Aug Sep Dec Jan Feb Chr.  Oct ‘08 Mar ‘05

Nicotine 752 744 3469 1040 577 535 6.64 216 31
Caffeine 0.17 0.07 0.40 491 0.69 100 192 013 014
Cocaine 0.073 0.097 0216 0.080 0.252 0266 0470 0.014 0.010
Cannabidiol <0.005 <0.005 <0.005 0.009 0.037 <0.005 0.038 0.002 na
AS-THC 0.027 0.027 <0.005 <0.005 <0.005 <0.005 0.100 0.039 na
Cannabinol  0.074 0.098 <0.005 <0.005 <0.005 <0.005 0.310 0.032 na
CO/BaP 113 151 0.76 006 0.12 019 0.09 0.16 0.01

aChr.=Christmas time (late December to early January); na, not assessed.

No investigations have been done in the countries where coca, cannabis or opium
poppy are grown, which would help clarify how cultivation conditions and/or pre-
liminary manufacturing affects drug levelsin the atmosphere.

Table 13.1 shows the average atmospheric concentrations of cocaine, THC,
cannabinol, cannabidiol, nicotine, and caffeine in samples collected in Milan, Bari,
and Taranto. Milan is in northern Italy, while Bari and Taranto are in the south, the
three cities having different drug consumption patterns (Cecinato et al., 2009a). In
Milan, measurements were repeated from June 2006 to February 2007 in order to
explore the variability over time. The ratio of cocaine to benzo[a]pyrene (CO/BaP)
is also reported to illustrate the relationship between illicit substances and other
anthropogenic pollutants.

Table 13.2 reports drug concentrationsin particul ate sampl es collected in PanCevo
(Serbia), Oporto (Portugal), and Madrid and Barcelona (Spain) (Postigo et al ., 2009).
Measurements were taken at sites indicative of the background air pollution, except
in Pantevo; there, the investigation was carried out in three residential districtsin the
city center (data averaged) and in the suburb, during the four seasons of the year.

Table 13.3 showsresultsfrom somefield experimentsin three citiesin Brazil, Ouro
Preto, Sao Paulo, and Piracicaba, and in Santiago del Chile. Except for Ouro Preto
(2002), samples were collected in 20062007 in a university campus, far from other
emission sources like traffic, boilers, and kitchens. Ouro Preto is a small/medium-
size town with extensive air and water pollution because of mining, while Sao Paulo
and Santiago are two very dynamic cities with economic and government affairs.
Other samples were collected in Araraquara (Brazil), where the cocaine contents
were similar to those in Piracicaba.

In Algiers (Algeria), investigations were done in the downtown area and in two
suburbs, Bab-el-Oued and Ben Akroun (Table 13.4). The presence of drugs in the
atmosphere over the year in asocidl, religious, and productive context different from
the western countries was studied. Preliminary samplings for cocaine were taken
in 2004 and 2005 in the town center; a more extensive study followed at the two
suburban locations in 2006—2007 (Ladji et a., 2009).
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TABLE 134 Average Concentrations (ng m—2%) of Psychotropic Substancesin
Airborne Particulates Collected in Algiers, Algeria, in 200620072°

Algiers Suburb Algiers Downtown
Su Au Wi Sp Su Au Wi Sp
Nicotine 0.76 1.04 2.39 171 2.56 0.90 3.30 3.97
Caffeine 0.50 0.38 417 26 2.28 234 1.58 0.71

Cocaine < 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.000 < 0.001
Cannabidiol < 0.001 < 0.001 <0.001 < 0.001 Na < 0.001 <0.001 < 0.001
AS-THC  <0.001 <0.001 <0.001 < 0.001 Na <0.001 <0.001 <0.001
Cannabinol < 0.001 <0.001 <0.001 < 0.001 Na 0.008 0.012 0.009

8na, not assessed.
bAu, autumn; Wi, winter; Sp, spring.

To our knowledge, the most studied metropolitan area from this point of view is
Rome, Italy, where two investigations were done. First, short-field experiments, each
lasting two weeks, mostly in winter or summer, were carried out at siteswith different
anthropogenic emissions. In the city, they were in viale Regina Elena (university
district, area with heavy traffic), via Bissolati (city center, business and touristic
area), piazza Fermi (car park), via Belloni (residential area, with a school and a
street market), and the garden of Villa Ada (urban area); in the suburbs, Maagrotta
(~20 km SW of the city center, a suburban area with houses, small industry, a
landfill, and anincinerator), and Montelibretti (semirural area, ~30 km NE of the city
center). Second, long campaigns were done at Villa Ada (September 2006-2007) and
Montelibretti (January 2006—September 2007). Table 13.5 and Fig. 13.2 summarize
these studies.

The concentrations of nicotine and caffeine varied widely, depending on the site
and time of year of the sampling. Monthly average concentrations of nicotine were
from 0.7 to 50 ng m~2, with peaks exceeding 200 ng m~2 (datanot reported). Caffeine

TABLE 13.5 Average Concentrations (ng m—23) of Cocaine, Nicotine, and Caffeinein
the Air over Rome, Italy (Autumn 2005-Summer 2006), Expressed asng m—32

Via Piazza
RE Bissolati Fermi Via Belloni VA Montelibretti MG

Al® Su Wi Su Wi Su Wi Su Wi Su Wi S

Nicotine 268 156 275 101 224 429 622 150 115 072 174 167
Caffeine 0.18 100 180 338 7.72 538 806 034 075 024 021 104
Cocaine 0.084 0.030 0.036 0.038 0.069 0.053 0.069 0.048 0.070 0.015 0.016 0.047
CO/BaP® 0.06 013 0.07 007 005 075 027 030 008 029 003 035

3RE= viae Regina Elena, VA=Villa Ada garden; MG=Malagrotta.
bCO/BaP=cocaine to benzo[a] pyrene ratio.
€Su, summer; Au, autumn; Wi, winter; Sp, spring.
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levelsranged from lessthan 0.1 to over 10 ng m—3, with val ues exceeding 23 ng m—3.
The caffeine/nicotine ratio was also very variable from site to site and season of the
year. Nicotine is semivolatile, so its partition between the gaseous and particulate
phasesis affected by ambient conditions. At room temperatures, from 10% to 90% of
thetotal nicotine, depending on pH, would bein particul ates and the percentage would
decrease with any rise in the temperature. This is in agreement with the observed
behavior of this drug, whose average content in particulates is lower in summer than
winter.

Cocaine isthe most widely studied illicit substance in air and also seemsto reach
the highest concentrations. Val ues as high as 3000 pg m~2 were recorded in Santiago,
Chile and 500 pg m~2 were measured in Barcelona, Spain and Milan, Italy. Urban
sites are generally more contaminated than suburban and rural areas. For instance,
in two areas in the Taranto countryside, cocaine was close to (Statte, residential
area) or below (Palagiano, rural area) the quantification limit of 0.002 ngm—3. Large
differences were found in different cities. Very high concentrations were detected in
Milan, while in the urban areas of Taranto and Bari, levels were lower than in the
suburban areas of Malagrotta and Montelibretti. In Rome, the cocaine values were
highest in the university district (which also hosts highly populated areas and alarge
hospital complex), whilelevelsin the city center were lower than in residential zones.

The case of VillaAdais noteworthy: it isthe second largest park in Rome, and the
sampling station wasin ano-entry zone, that frequently hosts events, exhibitions, and
meetings. The cocaine level in this area was sometimes higher than in any other part
of the city. The principal metabolite of cocaine, benzoylecgonine, was monitored in
air only in Barcelona and Madrid, where it reached, respectively, 0.029 and 0.014 ng
m~3, and in Rome, where it was virtually absent.

Cannabinoids were measured less frequently than cocaine. Attention was mostly
paid to THC, cannabinol (CBL), and cannabidiol (CBD), al associated with mari-
juana smoking; studies were mainly restricted to detection, but no quantitative as-
sessments were made. The contents of THC, CBL, and CBD in air were usualy
lower than those of cocaine, ranging, respectively, from <0.001 to 0.11 ng m~3,
<0.001 to 0.31 ng m~3, and <0.001 to 0.15 ng m~3. Nevertheless, the compounds
were measurable in air samples from Algiers and Pancevo (where CBD was absent)
and THC levels exceeded those of cocaine in Bari (0.039 versus 0.014 ng m~3) and
Montelibretti (0.058 versus 0.050 ng m~3, in October 2008).

Heroin was detected only in Oporto (~0.07 ng m~3) and Madrid (0.084 ng m~3),
but notin Italy or Barcel ona; methadone was never found. Amphetamine and metham-
phetamineweredetected in Barcelonaand M adrid at very low levels(~0.002 ng m~3);
they have not been measured in Italy. However, these two substances are semivolatile
and measurements focused on particulates and did not include the vapor phase. Ec-
stasy or MDMA (0.003 ng m~3) and acetylmorphine, a metabolite of heroin (0.023
ng m~3) were measurable only in Barcelona and Madrid, respectively.

In general, concentrations of psychotropic substances in air have characteristic
profiles during the year, with lowest levels in summer and highest in winter. This
pattern is probably more related to atmospheric conditions than to the release of the
substances in the environment, as drug consumption in the popul ation does not seem
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to follow thistrend. Differences are seen between weekdays and weekends. A typical
case wasin September 2007, when cocaine levelsin air were about 1.3 and 2.1 times
higher at weekends than on weekdays both in downtown Rome (0.048 versus 0.037
ng m~3) and in Montelibretti (0.021 and 0.010 ng m~2). Thedrug levelsin VillaAda
peaked up to 0.087 ng m~2 during the White Night celebrations, when the CO/BaP
ratio reached 0.6, while on weekdays in the same period this ratio was only 0.2
(Cecinato et al., 2009b).

Like other pollutants, the high concentrations of drugs in air also reflect the
atmospheric conditions. For instance, cocaine levels were 2—4 times higher in winter
than in summer both in Rome and Milan and this may be related to the weather,
which in winter promotes atmospheric stability with accumulation of pollutants
(Perrino et al., 2001; ARPA Lombardia, 2005; Vecchi et al., 2007). Particularly high
concentrations of cocaine, benzo[a]pyrene (the only particulate pollutant regulated
in Italy) (IME, 1994), n-alkanes, and PM 10 were detected in Santiago, which liesin
an area surrounded by high mountains.

The CO/BaPratio generally showsalack of correlation between the concentrations
of these substances and the same is true for cannabinoids. For instance, CO/BaP was
<0.1 in most areas in winter, but exceeded 1.0 in Milan in summer. In Rome, both
low and high cocaine concentrations were measured at sampling stations with high
BaP levels.

According to the limited data available, cocaine and cannabinoid concentrations
inair do not seem correlated either between themselves, or with those of nicotine and
caffeine. Looking at sources of well-known pollutants, BaP and fine particul ates are
produced by combustion of organic fuels (traffic, domestic heating, industry, waste
and wood combustion), while n-alkanes are associated with both anthropogenic and
natural emissions (petroleum and vegetation, respectively). Thus, cocaine’s behavior
in the atmosphere seems to call for some source independent of the main anthro-
pogenic and biogenic emitters.

Ascocaand cannabiscropsare not, or are only occasionally grown in Europe, this
source cannot explainthedrug residuesinair, which aremorelikely to berel ated to the
consumption/abuse of psychotropic substances. Thisissimilar to that for nicotine and
caffeine, whose emission sources are mainly tobacco smoking and coffee drinking
or roasting. However, the sources of illicit drugs in the environment remain to be
confirmed. Hypothetically, residues of drugs of abuse in air might also originate
from sales or disposal of these substances. In the former case, production, refinery,
cutting, transport, dose preparation, street pushing and consumption, and excretion in
biological fluidsor sweat can contribute. A contribution from theclinical usesof some
of these substances cannot be excluded and, in this case, theincineration of substances
seized or disposed of in hospitals or special incinerators merits investigation. As of
November 2009, only one attempt has been made to compare the amounts of cocaine
seized by the police in Italy (Italian Police Annual Drug Report, 2007; UNODC,
2008) and drug concentrations in air. Cocaine was found in air only in areas of
“high” consumption and sales and never where consumption and sales were low. A
rough correspondence was observed by plotting the drug levels in air against the
corresponding abuse rates in Milan (maximum), Rome (medium) and Taranto or
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Bari (both minimum consumption and air concentrations) (Presidency of the Italian
Council of Ministers, 2008).

13.4 FUTURE NEEDS AND FIELDS OF INVESTIGATION

Various activitiesin the field of illicit drugs in the environment appear important and
promising in the future. One of the first topics is monitoring. Only a few countries
have been studied up to now and only with “explorative” aims; nothing is known
about regions where drug crops are extensively grown (e.g., Colombia and Bolivia
for coca, Morocco for cannabis, and Afghanistan for opium) or consumed (United
States, northern Europe, eastern Asia) (Central Intelligence Agency, 2008). Nothing
is known about the presence in air of psychotropic substances from recreational or
illicit use consumed in highly populated regionslike China, India, Japan, and Africa.
Second, the true origin of the illicit substances in the atmosphere still has to be
identified in order to address a number of objectives: (1) to understand whether it is
the market or the disposal of these substances that is responsible for their occurrence
in air; (2) to profit from lessons that promote reduction of drug consumption; (3)
to learn about possible health consequences, for which very little is known. It has
been calculated that one lifetime is not enough to inhale an amount of cocaine from
the air equivalent to one dose. Nevertheless, considering the size of the exposed
population, some effects cannot be excluded. Finaly, (4) the level of contamination
of the atmosphere might serve as an easy, cheap, rapid, and nonintrusive way to
estimate drug consumption at national, regional, or local levels. This will be even
more useful if thisdrug-related index can be combined with other parameters derived
from measurements in parallel in surface and waste waters (Bones et al., 2007,
Zuccato et al., 2008b).
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CHAPTER 14

ILLICIT DRUGS IN THE
ENVIRONMENT: IMPLICATION FOR
ECOTOXICOLOGY

GUIDO DOMINGO, KRISTIN SCHIRMER, MARCELLA BRACALE, and
FRANCESCO POMATI

14.1 LITERATURE REVIEW

14.1.1 Effects on Humans

Acute and long-term effects of what we call “illicit drugs” have been mostly observed
on human subjects. Here we review the effects of cocaine, tetrahydrocannabinol
(THC), 3,4-methylenedioxymethamphetamine (MDMA), and morphine as a refer-
ence for further discussion of potential consequences on nontarget organisms.

14.1.1.1 Acute Effects Acute cocaine and amphetamine consumption produce
similar signs: psychiatric disturbance (agitation, hallucinations), neurological effects
(mydriasis, convulsions), cardiovascular problems (tachycardia, raise in blood pres-
sure, arrhythmia, and acute coronary insufficiency) and respiratory difficulties (car-
diorespiratory arrest). Headaches may occur because of stroke or transient ischemic
attack or to intracerebral or subarachnoid hemorrhage. Spontaneous cerebral hemor-
rhage can occur in normotensive human subjects (Gilman et al., 1985). Although the
oral lethal dose of cocaine is usually given as 1.2 g, death has been reported to follow
with as little as 20 mg parenterally (not intestinally) administered cocaine in humans
(Haddad, 1990).

Users exposed to MDMA or other amphetamines experience psychological diffi-
culties including confusion, depression, sleep problems, drug craving, severe anxiety,
and paranoia; physical symptoms such as muscle tension, involuntary teeth clench-
ing, nausea, blurred vision, rapid eye movement, faintness, and chills or sweating;
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increases in heart rate and blood pressure, is a special risk for people with circulatory
or heart disease (Mas et al., 1999). The toxic dose of amphetamines as MDMA is
variable, with near fatal and fatal ingestions having been reported with blood levels
between 0.11 to 2.1 mg/L. Survival has also been reported after MDMA blood levels
of 4.3 mg/L drawn 13 h after ingestion.

Acute overdose of morphine is manifested by respiratory depression, somnolence
progressing to stupor or coma, skeletal muscle flaccidity, cold and clammy skin,
constricted pupils, and, sometimes, pulmonary edema, bradycardia, hypotension, and
death. Marked mydriasis rather than miosis may be seen because of severe hypoxia
in overdose situations (Thomson Healthcare, Inc. 2006). Morphine leads to death in
amounts of 0.15 to 0.2 g (subcutaneous) or 0.3 to 0.4 g (oral) in adults. Babies and
young children are much more susceptible and death has been observed at doses of
30 mg (Harvey, 1993). Toxic morphine blood concentration is 0.1—1 mg/L, whereas
the lethal morphine blood has concentration higher then 4 mg/L (Gossel and Bricker,
1994).

THC produces effects on mood, memory, motor coordination, cognitive ability,
sensorium, time sense, and self-perception. Most commonly there is an increased
sense of well-being or euphoria, accompanied by feelings of relaxation and sleepiness
when subjects are alone; where users can interact, sleepiness is less pronounced
and there is often spontaneous laughter. Short-term memory is impaired and there
is deterioration in capacity to carry out tasks requiring multiple mental steps to
reach a specific goal (Gilman et al., 1985). There are few data on acute effects of
THC in humans, since the main exposure route is inhalation by smoking and it is
generally considered to be impossible to achieve lethal doses of THC by smoking
cannabis.

14.1.1.2 Chronic Effects Chronic cocaine, but not chronic amphetamine, use
is associated with perseverative responding in humans, which is linked with mem-
ory and learning capabilities (Ersche et al., 2008). In chronic high-dose cocaine or
amphetamine abuse, energy and euphoria, induced by active drug administration, is
replaced in withdrawal by rebound dysphoric and anergic symptoms that appear to
occur whether or not the stimulant abuser meets the diagnostic criteria for a mood
disorder. The sustained increase in the sensitivity to the psychosis-inducing proper-
ties of stimulants suggests that chronic consumption of central stimulants induces
a permanent alteration in the functional organization of the central nervous system,
especially dopaminergic systems. This hypothesis has been presented in reference
to amphetamines and, indeed, similar considerations have been raised for cocaine
(Ellinwood et al., 1998). The effects of cocaine on kidneys have recently become
more apparent more, whereas the acute and chronic effects of cocaine use on other
vasculatures are reasonably well known (Van der Woude, 2000). Long-term use of
THC can lead to squamous metaplasia of tracheal mucosa (Braude et al., 1984).
Regular use may result in reproductive effects in males including decreased testicular
size and testosterone levels. Reproductive effects have also been reported in animals
(Braude et al., 1984).
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14.1.2 Effects on Mammalian Model Species and Other
Terrestrial Organisms

Effects reported in the literature on illicit drugs in model organisms can be considered
similar to those reported above for humans. According to Bedford et al. (1982), the
lethal dose for 50% (LDs) of cocaine when administered intraperitoneal (IP) in mice
was 95.1 mg/kg of weight.

The LDsgy for morphine sulfate anhydrous (oral dose) is 461 mg/kg in rat and
600 mg/kg in mouse. The estimated oral LDsy for MDMA in rat is 325 mg/kg.
Intraperitoneal LDsp for methylendioxyamphetamine (MDA) and MDMA were de-
termined in mice by Davis et al. (1987). The LDso of MDMA and MDA were basically
the same, with MDA equaling 90.0 and MDMA 106.5 mg/kg, respectively.

The LDs of rats tested by inhalation of THC is 42 mg/kg of body weight (Budavari,
1996 [Merck Index, 12th edition, 1996). For oral consumption, the LDs for rats is
1270 and 730 mg/kg for males and females, respectively. In female rats intravenous
LDsg is 29 mg/kg (Budavari, 1996 [Merck Index, 12th edition, 1996]). THC is more
soluble in fat than in water, which may account for the significant fluctuations in
LDs values between injection and oral administration.

Little is known about toxicity of illicit drugs on plants. Mach and Livingston
(1922) showed that lupine roots treated for 24 h with a 2.04% (v/v) cocaine solution
causes complete growth inhibition. The lowest concentration of morphine showing
toxicity to ladino clover seedlings in a complete nutrient culture was reported as
500 mg/kg (McCalla and Haskins, 1964).

14.1.3 Effects on Aquatic Organisms

Most of the toxicological data available for illicit drugs are on acute toxicity in
humans or mammalian model organisms, mostly rats and mice. Little is known
regarding the risk toward aquatic species for which exposure has never been intended
or predicted. Darland and Dowling (2001) have shown that cocaine has specific effects
on the behavior of zebrafish (Danio rerio). The lowest observed effect concentration
(LOEC) determined by measuring change in place preference was 5 mg/L. The
acute responses of the fish to cocaine and another local anaesthetic, lidocaine, were
different. When treated with cocaine, the fish typically displayed slow circling, low in
the water column, with fins more or less extended—indicating arousal. Cocaine also
partially inhibited dark adaptation (Darland and Dowling, 2001). Both codeine and
morphine had similar ECsy values when tested in 24-h immobilization tests using
Daphnia pulex, 83.5 and 88.3 mg/L respectively (Morrow et al., 2001). LCsy of
amphetamine sulpfate determined in Daphnia magna acute toxicity tests after 24-h
exposure ranged from 60.4 to 265.3 mg/L (Guilhermino et al., 2000; Lilius et al.,
1995).

Zebrafish embryos at late high blastula exposed to THC for 24 h showed a statis-
tically significant reduction of spontaneous tail muscle twitch (at the normal time of
its development) and subsequent embryo death above 2.0 mg/L THC levels, while
no effect on spontaneous muscle twitch or any subsequent death of embryos was
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observed at 2.0 mg/L THC, a dose at which 37% distal trunk anomalies (curved
spine or bulbous-tipped tail) were, however, evident. No identifiable effects could be
detected at doses below 2.0 mg/L THC (Thomas, 1975). As reported in Cerilliant
Material Safety Data Sheet for THC in methanol (http://www.cerilliant.com), the
LCsxo for rainbow trout (Onchorhynuchus mykiss, 96-h test) and carp (Cyprinus car-
pio, 48-h test) were 19 and 36 mg/L, respectively, while ECsq (48-h test) for Daphnia
magna has been reported as 24.5 mg/L.

Suzuki et al. (2000, 2004) have shown how cocaine-derived synthetic local anes-
thetics enhance the growth of several algae, including cyanobacteria. Procaine, pro-
cainamide, tetracaine, lidocaine, and dibucaine stimulated the growth of Anabaena
cylindrica, Anabaena variabilis, Dunaliella primolecta, and D. parva at levels of ex-
posure in the range of 0.01 to 1000 mg/L (Suzuki et al., 2000). Lidocaine, in particular,
appeared to be the most effective growth enhancer in cyanobacteria, being effective
at concentration levels of 0.1 to 1 wM on Synechococcus leopoliensis (Suzuki et al.,
2004). In the saxitoxin-producing cyanobacterium Cylindrospermopsis raciborskii
T3 (Pomati et al., 2004), lidocaine was effective in stimulating both growth and the
intracellular accumulation of the potent neurotoxin saxitoxin at 1-wM doses, while
inducing the expression of genes related to bloom formation in another saxitoxin-
producing cyanobacterium, Anabaena circinalis (Pomati et al., 2006). Lidocaine and
synthetic analogs of cocaine, in general, seem to have the capability of interact-
ing with cyanobacterial ion fluxes or channels, modulating membrane potential and
other homeostasis-related activities, which can impact algal growth and production
of secondary metabolites in aquatic environments (Suzuki et al., 2004; Pomati et al.,
2004; Pomati et al., 2006). Excessive proliferation of algae and, in particular, harm-
ful cyanobacterial blooms are a continuous concern in the management of aquatic
ecosystems, especially in relation to climate change (Paerl and Huisman, 2008).

Considering the scarcity of data on aquatic organisms, we include in this article
a brief review of the effects of two other plant-derived alkaloids that commonly
contaminate surface waters, caffeine and nicotine, which may serve as an additional
example of possible effects on fish and aquatic invertebrates. Material Safety Data
Sheet (ERM AC802) for nicotine reported an ECsy (immobilization) for Daphnia
pulex of 0.24 mg/L and a LCsy for rainbow trout of 4 mg/L, both after 48 h of
acute exposure. Zebrafish treated with 100 mg/L nicotine for 3 min by immersion
before testing caused a significant decrease in diving throughout the session, while
50 mg/L was effective during the first minute when the greatest bottom dwelling
was seen in controls (Levin et al., 2007). Chronic exposure of larval zebrafish to
nicotine concentrations of 5, 10, or 20 mg/L beginning at 1-day postfertilization
significantly reduced notochord length and eye diameter (growth). Exposure also
adversely affected the startle responses (behavior) and decreased fish survival (Levin
et al., 2007).

After 24-h exposure to caffeine, the LCsp for Daphnia magna was recorded as
683.7 mg/L (Guilhermino et al., 2000) and an ECs, (immobilization) as 161.18 mg/L
(Lilius et al., 1995). Freshwater invertebrate species, such as Ceriodaphnia dubia,
Pimephales promelas, and Chironomus dilutus, commonly used in water monitoring
tests, were exposed to aqueous caffeine solutions under static exposure for 48 h and
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then daily for 7 days. Averaged responses for 48-h acute endpoints indicated that
C. dubia was more sensitive to caffeine exposures (LCso = 60 mg/L) than either P.
promelas (LCsp = 100 mg/L) or C. dilutus (LCso = 1230 mg/L) (Moore et al., 2008).

14.1.4 Natural Biological Function of lllicit Drugs

Chemistry and chemical signals can play a significant role in determining the outcome
of species interactions and coexistence in natural communities. Many organisms can
produce a wide variety of so-called “secondary metabolites,” which include signaling
molecules and toxins. For many years, secondary metabolites were thought to be
waste products of plants, without any apparent function in the producing organism.
Gradually, however, recognition of the important role of secondary metabolites has
increased, for example, in terms of resistance to pests and disease. Many secondary
metabolites can be involved in offensive and defensive mechanisms utilized to inhibit
the growth of competitor plants and to deter potential predators, grazers, or pathogens
(Bell and Charlwood, 1980). They can be toxic or repellent directly to insects and
microorganisms or they can be produced and released into the air to attract parasites
and predators that kill grazers (Bell and Charlwood, 1980). Recent research sug-
gests further primary roles for some secondary metabolites in plants as antioxidants
(Campos et al., 2006).

Most pharmaceuticals are based on plant chemical compounds and secondary
metabolites are widely used for recreation and stimulation (the alkaloids nicotine
and cocaine; the terpene THC). Among plant secondary metabolites, a few have
been commercially developed and processed into an insecticide product used for pest
control. The best known and most widely used botanical insecticide is pyrethrum, a
mixture of different insecticidal compounds found in the flower head of the pyrethrum
daisy, Chrysanthemum cinerariaefolium. A study demonstrated that cocaine exerts
insecticidal effects at concentrations, which occur naturally in coca leaves (Nathanson
et al., 1993). Unlike its known action on dopamine reuptake in mammals, cocaine’s
pesticide effects have been shown to result from a strengthening of insect octopamin-
ergic neurotransmission. In insects, cocaine can interfere with the neurohormone oc-
topamine (OA) functions as neuromodulator and neurotransmitter (Orchard, 1982).
Monoamine neurotransmitters in insects include OA, serotonin, histamine, and pos-
sibly tyramine (Osborne, 1996). Amine-reuptake blockers of other structural classes
also exert pesticide activity with a rank order of potency distinct from that known
to affect vertebrate amine transporters. These findings suggest that cocaine may
function in plants as a natural insecticide and that octopamine transporters may be
selective target sites of interest in the risk assessment of illicit drugs on aquatic
invertebrates.

As in the case of nicotine and caffeine, THC’s most likely function in Cannabis is
to protect the plant from herbivores or pathogens (Taiz and Zeiger, 1991). THC
also possesses high UV-B (280—315 nm) absorption properties, protecting the
plant from potentially harmful radiation (Lydon et al., 1987). MDMA is a syn-
thetic molecule derived from piperonal, isosafrole, or safrole (Kamdem and Gage,
1995). Sitophilus zeamais motschulsky (Coleoptera, Curculionidae) and Tribolium
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castaneum (Coleoptera, Tenebrionidae) adults were equally susceptible to contact
toxicity of either safrole or isosafrole (Huang et al., 1999).

14.1.5 Molecular Targets of lllicit Drugs

There are four principal protein targets with which illicit drugs can interact: en-
zymes, membrane carriers, ion channels, and receptors (Lambert, 2004). Receptors
are macromolecules involved in chemical signaling between and within cells and acti-
vated receptors directly or indirectly regulate cellular biochemical processes (e.g., ion
conductance, protein phosphorylation, DNA transcription, and enzymatic activity),
which, in turn, can affect the homoeostasis of cells and organisms.

Few drugs are absolutely specific for one receptor or subtype, but most have rela-
tive selectivity. Many recreational drugs, such as cocaine and amphetamines, alter the
functionality of the dopamine transporter (DAT), the protein responsible for remov-
ing dopamine from the neural synapse. When DAT activity is blocked, the synapse
floods with dopamine and increases dopaminergic signaling, inducing euphoric ef-
fects (Di Chiara et al., 2004; Hummel and Unterwald, 2002). Targets of cocaine can
also be k-type opioid receptors, the sodium-dependent serotonin transporter, and the
sodium-dependent noradrenaline transporter (Lee et al., 2006; Imming et al., 2006;
Overington et al., 2006). v-Aminobutyric acid-C (GABA [C]) receptors can also be
targeted and are the least studied of the three major classes of GABA receptors (John-
ston et al., 2003). The physiological role and pharmacology of GABA(C) receptors
are still being unraveled (Johnston et al., 2003). Little is known about binding char-
acteristics and downstream effects on cell physiology of the octopamine transporter
(OAT), a target site of cocaine in insects. Cocaine might be acting biochemically
through a blockade of octopamine reuptake, thereby augmenting octopamine neu-
rotransmission and functionally acting as octopamine agonists (Nathanson et al.,
1993).

Amphetamines stimulate the release of norepinephrine from central adrenergic
receptors. At higher dosages, they cause the release of dopamine. Amphetamine may
also act as a direct agonist on central 5-HT receptors and may inhibit monoamine
oxidase (MAO) activity impairing reuptake of catecholamines from the synaptic cleft
(Banerjee et al., 1978; Juhila et al., 2005).

Morphine is the principal alkaloid in opium and the prototype opiate analgesic and
narcotic, with widespread effects in the central nervous system (CNS) and on smooth
muscle. The precise mechanism of the analgesic action of morphine is unknown.
However, specific CNS opiate receptors have been identified and likely play a role in
the expression of analgesic effects. Opioids interact with so-called opioid receptors,
a group of G protein-coupled receptors. There are three types of opioid receptors, .,
d and « (Suzuki and Misawa, 1997). Recent evidence suggests the existence of two
functional duplicates of the 8-opioid receptor gene in zebrafish (Pinal-Seoane et al.,
2006). The 3-opioid receptor inhibits neurotransmitter release by reducing calcium
ion currents and increasing potassium ion conductance (Knapp et al., 1994).

Cannabinoid receptors are a class of cell membrane receptors under the G protein-
coupled receptor superfamily (Howlett, 2002; Mackie, 2008; Graham et al., 2009).
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There are currently two known subtypes of cannabinoid receptors, termed CB1 and
CB2 (Matsuda et al., 1990; Gérard et al., 1991), both activated by cannabinoid
lipid ligands, which may be either endogenous or exogenous. The CB1 receptor is
expressed mainly in the brain (central nervous system, CNS), but also in the lungs,
liver, and kidneys. The CB2 receptor is mainly expressed in the immune system and in
hematopoietic cells. Different articles (Jarai etal., 1999; Ho and Hiley, 2003; McHugh
et al., 2008) suggest the existence of an additional cannabinoid receptor. A recent
study has shown that the protein GPR55 and a G protein-coupled receptor (GPCR)
in the brain should, in fact, be characterized as cannabinoid receptors (Ryberg et al.,
2007).

14.2 RISK ASSESSMENT

14.2.1 Risk Characterization

The occurrence of illicit drugs in the environment can potentially lead to adverse
effects on a number of nontarget aquatic organisms. Although adverse effects of
illicit drugs on animals have been described, very little is known about the toxicity of
these compounds in an environmentally relevant scenario. A range of aquatic organ-
isms are unintentionally exposed to a large number of illegal drug residues in their
natural habitats (Zuccato and Castiglioni, 2009). Since many bioactive compounds
are capable of affecting specific protein targets at relatively low doses, illicit drugs
can potentially represent a hazard, even at environmentally relevant exposure levels.
The risk assessment of existing illicit drugs is, however, hampered by the limited
availability of experimental data.

Currently, the environmental risk assessment of chemicals is based on ecotoxico-
logical data from standard assays. However, acute toxic effects in nontarget organisms
are not expected or have hardly been observed for environmentally relevant concen-
trations. Given that illicit drugs are designed to elicit specific biological action, poten-
tially, long-term effect information is more relevant for the assessment of unwanted
effects. Predictions of possible impacts upon aquatic biodiversity should be based
on comparative toxicity tests with species of different feeding preferences, habitats,
physiology, and size to determine a toxicant’s effects (Rodgers et al., 1997). The
prediction of long-term effects in nontarget organisms may provide a way forward in
order to allow a tailored risk assessment of illicit drugs. Even if the concentration of an
individual drug is sufficiently low, there is perhaps need for concern if other drug shar-
ing the same mode of action can combine to reach a threshold level (Silvaetal., 2002).

The exposure potential (namely, the extent to which aquatic life might be ex-
posed to these compounds) and the effects potential (that is, whether the compounds
are present and at what levels they may affect aquatic life) need to be assessed to
estimate the potential impacts to aquatic life. One method is to estimate the pre-
dicted or measured environmental concentration (PEC or MEC) and the predicted
no-effect concentration (PNEC). PNECs are derived from experimentally generated
effect concentrations multiplied by an assessment factor, which shall compensate for
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FIGURE 14.1 Concentration of illicit drugs in treated wastewater (a) and surface water (b)
(grey rhombus = maximum value; grey square = mean; black circle = median) (Huerta-Fontela
etal., 2008; Postigo et al., 2008; Castiglioni et al., 2006; Zuccato et al., 2005; Kasprzyk-Hordern
et al., 2008; Zuccato et al., 2008; Gheorghe et al., 2008; Hummel et al., 2006; Bones et al.,
2007; Boleda et al., 2007).

uncertainties based on interspecies and interlaboratory variance and the extrapolation
from acute to chronic toxicity. PECs and PNECs are then used for the calculation of
a “risk quotient” (RQ). In general, if PEC or MEC is less than PNEC (MEC/PNEC
< 1), the environmental risk is deemed acceptable. In case of RQ >1 (PNEC are
lower than PEC or MEC indicating the likelihood of an adverse effect), appropriate
mitigation measures are considered.

MEC:s of illicit drugs have been mainly reported in sewage treatment plant (STP)
effluents and in surface water in many countries, often at locations near STPs. Fig-
ure 14.1 summarizes the concentrations of most frequently assessed illicit drugs in
wastewater and surface water reported so far. In STP effluents, a nhumber of dif-
ferent drugs occur at concentrations generally in the nanogram to microgram per
liter range. In rivers, lakes, and seawaters, they are in the nanogram per liter range
(Huerta-Fontela et al., 2008; Postigo et al., 2008; Castiglioni et al., 2006; Zuccato
et al., 2005; Kasprzyk-Hordern et al., 2008; Zuccato et al., 2008; Gheorge et al.,
2008; Hummel et al., 2006; Bones et al., 2007; Boleda et al., 2007).

In Fig. 14.2, we summarized PNEC values for illicit drugs based on the avail-
able literature for different aquatic organisms (Danio rerio, Oncorhynchus mykiss,
Cyprinus carpio, Daphnia magna, D. pulex), applying a safety factor of 10,000 (1000
accounting for interspecies, interlaboratory and acute to chronic extrapolation plus an
additional safety factor of 10 to account for the availability of a very reduced toxicity
data set) (Thomas, 1975; Martins et al., 2007; Guilhermino et al., 2000; Lilius et al.,
1995; Morrow et al., 2001; Darland and Dowling, 2001).

According to our preliminary analysis of the literature, however, PNEC values of
illicit drugs are about one order of magnitude higher than maximum concentrations
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FIGURE 14.2 Predicted no-effect concentration of illicit drugs for aquatic organisms) (grey
rhombus = maximum value; grey square = mean; black circle = median) (Thomas, 1975;
Guilhermino et al., 2000; Lilius et al., 1995; Morrow et al., 2001; Darland and Dowling,
2001).

reported in either surface waters or STP effluents (Fig. 14.1 and 14.2). This considera-
tion would suggest that no toxicity concerns apply for aquatic organisms. The highest
PNEC for illicit drugs is 13 p.g/L reported for amphetamines (Fig. 14.2) and the RQ
does not exceed the level of one for any illicit drug we considered. For cocaine,
morphine, amphetamines, and THC, the margins of safety appear to be, therefore,
rather large. Concentration and toxicity data on illicit drugs in the environment are,
however, currently insufficient to draw definitive conclusions. The RQ practice relies
largely on standard toxicity tests, which have not been designed to target the specific
effects elicited by illicit drugs, such as altered behavior. In addition, no information on
illicit drugs’ toxicity has been derived by quantitative structure—activity relationships
(QSAR) predictions (Jones et al., 2002; Sanderson et al., 2004). This highlights the
inadequacy of the RQ approach for the environmental risk assessment of illicit drugs.

On one side, more experimental data on chronic toxicity of illicit drugs as well
as more information about MEC are needed to fully judge the environmental risk
posed by these micropollutants. Many illicit drugs and their metabolites co-occur in
surface waters and may show additive or synergistic effects on aquatic organisms,
rendering their low levels of exposure more hazardous than expected. Aquatic species
can also be exposed to illicit drugs at different stages of growth, including embryo
development, for which no exposure or side effects are available. On the other hand,
we suggest the necessity of new approaches in the initial desk-top risk assessment
for illicit drugs in the environment, including in silico evaluation of potential drug
targets.
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14.2.2 Conservation of Drug Targets

In this study, we explore the application of an emerging approach in order to help
improve our understanding of biological effects potentially elicited by illicit drugs,
aiding to our current risk-assessment procedure. The information about illicit drug-
target sites summarized in this review can be utilized to hypothesize and assess
biological effects on a set of aquatic model organisms.

A molecular approach for the prediction of long-term effects has already been rec-
ognized as a valuable tool in regulatory applications (OECD, 2006; USEPA, 2007).
Genomics and phylogenomics, which advocate an evolutionary view of genomic
data, can be useful tools in the prediction of protein function, based on significant
sequence and structural similarity, and of protein interactions, including biological
processes. Gunnarsson et al. (2008), studying water-borne pharmaceuticals, recently
suggested that orthology predictions can be used as a guide to prioritize test species
for a certain drug, to interpret the relevance of existing ecotoxicity data, or to de-
duce which drugs may pose an increased risk to a certain group of organisms.
Environmental effects of certain drugs can be associated with binding and inter-
actions of the bioactive compound with conserved or convergent drug targets in
wild species (Gunnarsson et al., 2008). These interactions can be anticipated by
analysis of evolutionary or structural conservation of the drug targets in different
organisms (Scholz et al., 2010). High homology may imply an evolutionary rela-
tionship between two sequences. Because products of homologous genes should
tend to keep their original functions, targets with high homology may have a high
probability of a functional interaction with the same illicit drug. Gunnarsson and
colleagues suggested that the presence of human drug orthologs (and possible ho-
molog receptors) in aquatic species may highlight possible effects of concern. In
addition, the probability of a toxic effect in species with many human illicit drug
target homologs and high degree of similarity will be great. The value of ortholo-
gous prediction has already been widely recognized in the field of pharmacology
(Searls, 2003).

In this work, we seek to find the potential human illicit drug targets in a set of
model aquatic species to further assess if some organisms may be potentially sensitive
to these compounds and identify potential biological processes in model species that
can be affected by illicit drugs in the environment. Sequence alignment tools such
as BLAST and PSI-BLAST can be utilized for homology detection, aided by the
increasing wealth of genome sequence databases (Altschul et al., 1990, 1997). If one
or more model sequences of known function are found and exhibit a sufficiently high
level of similarity to the query sequence, hypotheses may be possible on the function
of the query sequence. A homology above 40% with conserved functional motifs is
considered sufficient for hypothesizing that the query sequence has similar function
to that of the model sequence (Lengauer and Zimmer, 2000). As the level of similarity
decreases, the conclusions on function that can be drawn from sequence similarity
become increasingly less reliable for prediction.

As a case study, a set of human illicit drug-target sequences were downloaded from
DrugBank (http://www.drugbank.ca). We included primary and alternative targets.
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We compiled homology predictions for these illicit drug targets for a group of model
aquatic species commonly used in environmental risk assessment. They comprised
Danio rerio, Daphnia magna, Xenopus laevis and Chlamydomonas reinhardtii, plus
Synechococcus elongatus and Escherichia coli as prokaryotic representatives for com-
parison and Drosophila melanogaster to account for effects on insects (Table 14.1).
We were not able to include any bentic macroinvertebrate in our selection, since no
fully sequenced and annotated genomes are currently available in the databases for
model aquatic species.

Homology data have been retrieved from the National Center for Biotechnology
Information (NCBI) database (www.ncbi.nlm.nih.gov) using PSI-BLAST analysis
based on our set of human drug-target protein sequences. Each human drug target
was aligned with potential homolog from the translated genome sequences of our
selection of model organisms.

In the aquatic vertebrate D. rerio all homologous sequences were predicted with
relatively high similarity (above 48%) and E-score (threshold value = 0.005) (Ta-
ble 14.1). In X. leavis the similarity was less, but still above 34%. Homologous
sequences for all drug targets were also identified for D. melanogaster, C. Rein-
hardtii, and S. elongatus with, respectively, a similarity less then 57%, 44%, and
37% and E-scores lower then the threshold value. The total number of homologous
sequences in D. magna and E. coli were fewer than in the vertebrates with a similarity
prediction less than 44% (Table 14.1). The presence of a drug target ortholog in a
species does not guarantee that a functional interaction with the drug can occur. Vice
versa, functional interactions between a drug and other nonorthologous proteins are
also possible (Gunnarssonn et al., 2003).

According to our preliminary assessment and among the evaluated species, aquatic
vertebrates as expected appear to have the greatest number of human drug-target
homologous sequences with the highest degree of similarity.

14.2.3 Identification of Possible Biological Processes at Risk

The classifications of amino acid sequences into families that form clusters of struc-
turally or functionally related proteins can aid in the prediction of protein functions
and related biological processes. To predict protein function from sequence similar-
ity, a large database of protein sequences is screened for “model sequences,” which
exhibit a high level of similarity to the query protein sequence. The Gene Ontology
(GO) annotation project aims to provide standard gene ontology annotations for genes
and proteins (Gene Ontology Consortium, 2001). GO provides for each gene product
a series of attributes across different species and databases (terms). GO terms describe
gene product characteristics, such as the cellular component of destination and the
molecular function within the cell, or general and specific biological processes in
which genes/proteins are involved.

Our set of human and homolog illicit-drug targets were classified into different
functional categories based on GO-associated terms. GO assignments for drug targets
were achieved using Blast2GO, a research tool for sequence annotation (Conesaetal.,
2005). For each organism of our preliminary selection (Table 14.1), we annotated
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all possible biological processes associated with our identified set of illicit drug-
target homologous sequences. Blast2GO was unable to predict potential biological
processes in the X. leavis and E. coli sets of sequences because of poor sequence
similarity or to low availability of annotation terms. Figure 14.3 gives reports on a
ranking of the biological processes potentially affected by illicit drugs in our list of
model species. Our preliminary analysis suggests that most drugs tend to interfere
with processes like behavior, ion transport, signal transduction, homoeostasis, and
oxidative stress. Many drugs may interact with more than one target with convergence
of different proteins in the same biological process.

Ilicit drug targets in humans, D. rerio, and D. melanogaster involve several
common processes, such as altered behavior, and functions, such as altered adenylate
cyclase activity, neurotransmitter transport, and sodium ion transport (Fig. 14.3).
Adenylate cyclase signaling is an illicit drug-target process that appears to be common
in humans, fish, D. melanogaster, and Daphnia. Targeted processes predicted in
D. rerio included behavior, nervous system development, sensory perception, and
immune response. Zebrafish CNS, although perhaps less complex, is essentially
organized like the mammalian (Rink and Wullimann, 2001).

Several recent articles support our inferred drug-target processes and, in particular,
altered behavioral responses in zebrafish as a consequence of exposure to illicit
drugs. When treated with cocaine, zebrafish have displayed slow circling, lower
water column position, and extended fins — as in mating behavior. In small groups of
fish, cocaine induced a striking increase in aggressive behavior marked by dominance
displays and chasing. Cocaine also induced a decrease in visual sensitivity (Darland
and Dowling, 2001).

A recent study (Rihel et al., 2010) shows relationships between drugs and their tar-
gets, demonstrating a conserved vertebrate neuropharmacology. Behavioral profiling
of psychoactive drugs in zebrafish reveal new factors implicated in responses such as
an ether-a-go-go-related gene (ERG), encoding a potassium voltage-gated channel,
and immunomodulators in control of rest and locomotor activity. Behavioral effects
can also be linked to amphetamines and have been mainly attributed to changes in
dopamine transmission. In the knifefish Gymnotus carapo, amphetamine treatment
significantly decreased the intensity of aggressive behavior typical of this species,
while it increases the intensity and probability of occurrence of jamming avoidance
response (JAR) (Capurro et al., 1997).

Biological processes affected by illicit drugs in D. melanogaster mainly pertain
to behavioral aspects. Drosophila melanogaster responds, after repeated cocaine ex-
posures, with an increase in the locomotor response and with many of the same
stereotypic motor behaviors seen in vertebrates (McClung and Hirsh, 1998). Psy-
chostimulants, like cocaine and amphetamines, are potent inhibitors of all three
monoamine transporters (Ritz et al., 1987) which help to maintain low extracellular
amine concentrations. Disruption of the monoamine transporter genes in mice re-
sults in profound behavioral (Giros et al., 1996) and neurochemical (Bengel et al.,
1998; Xu et al., 2000) changes. In D. magna the most likely processes that could
be affected by the presence of illicit drugs appeared to be behavior, oxidative stress
regulation, female meiosis, and the regulation of cell proliferation. Our analysis of
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GO terms also showed an over-representation of enzymes involved in the biosyn-
thesis of nitric oxide, a molecule that can be involved in a number of signaling
processes.

The reduced number of available illicit drug-target homologs in the green alga
Chlamydomonas reinhardtii resulted in a limited range of possible affected bio-
logical processes. Prediction of possible effects in this species is, therefore, very
restrictive. Cellular redox homoeostasis and ion transport are, however, common
illicit drug-target processes that have been highlighted by our analysis in all our
model organisms. In Chlamydomonas, calcium transport is also involved in cell—cell
interactions leading to cell fusion and mating (Goodenough et al., 1993).

\Voltage-dependent channels are present in virtually all organisms from bacte-
ria to animals and the voltage-gated Na* channels were predicted by our analysis
to be rather conserved as illicit drug targets. For example cocaine, which acts on
voltage-gated Na™ channels in humans, also increases intracellular sodium concen-
tration via the same mechanism in pond snail neurons (Onizuka et al., 2004). In our
preliminary analysis homologous sequences for this human target were predicted
in D. rerio, C. reinhardtii, and S. elongatus and annotated, respectively, as voltage-
gated Na*, voltage-gated Ca?* channel, and K+ channel proteins. As mentioned
above, cyanobacteria may actually be very sensitive to sodium channel modulators.
Chemotaxis also appeared to be a biological process potentially affected by illicit
drugs in cyanobacteria. There is evidence that channel blockers also interfere with
chemotaxis, motility, and metabolism in heterotrophic bacteria (Tisa et al., 2000;
Pomati et al., 2003). Other important cyanobacterial processes that emerge include
cell wall organization and carbon utilization, which may further indicate detrimen-
tal effects of illegal drugs on algal metabolism. To further emphasize metabolic
and growth effects, hystidyl-tRNA aminoacylation, mMRNA polyadenylation, glycyl-
tRNA aminoacylation, and RNA processing, in general, appeared to represent illicit
drug-target processes in both S. elongates and D. magna.

14.3 GENERAL CONCLUSIONS AND FUTURE DIRECTIONS

Ilicit drugs are secondary metabolites often produced to defend plants against herbi-
vores, pathogens, insects, or competitors and so there would be a reason to hypothesize
that these substances once excreted in the environment may have some toxic effects
on nontarget organisms. Most of toxicological data of illicit drugs found in the litera-
ture are, however, on acute toxicity in humans or model organisms and are, therefore,
insufficient for a complete ecotoxicological assessment.

Our preliminary risk characterization performed with the scarce data found in
literature suggests that no toxicity concerns apply for aquatic organisms. Yet, even
if the concentration of an individual drug is sufficiently low, there is need to iden-
tify synergistic or antagonistic effects, as well long-term effects, to fully judge the
environmental risk, especially in nontarget organisms. Aquatic species can in fact
be continually exposed to illicit drugs and at different stages of growth, including
embryo development.
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Besides the need for more comprehensive experimental data of illegal drugs,
there is the necessity of new approaches in the initial desk-top risk assessment. An
emerging and useful approach for the illicit drug risk assessment is the orthology
and homology predictions. As a case study, we compared the conservation of drug
targets and predicted hypothesis regarding possible biological processes affected by
illicit drugs in a representative set of organisms. This approach can be a guide to
prioritize tests, to understand the biological effects potentially elicited by illicit drugs
or to deduce which drugs may pose an increased risk to a certain group of organisms
(Gunnarsson et al., 2008).

In our proof-of-principle assessment, PSI-BLAST analysis of each human drug
target showed that homology decreases with increasing evolutionary distance between
studied species and man. Aquatic vertebrates (represented by D. rerio) appear to have
the greatest number of human drug-target homologous sequences with the highest
degree of similarity (above 48%). All possible biological processes associated with
our identified set of illicit drug-target homologous sequences were annotated except
for X. leavis and E. coli. This tentative analysis of biological processes involved
suggests that many illicit drugs tend to interfere with processes like behavior, ion
transport, signal transduction, homoeostasis, and oxidative stress.

Several recent articles support our inferred drug-target processes, especially for
D. rerio and D. melanogaster. Cocaine and other local anesthetics are already known
to have specific effects on zebrafish behavior (Darland and Dowling, 2001) and psy-
chostimulants are also known as potent inhibitors of all three monoamine transporters
(Ritz et al., 1987) involved in behavioral (Giros et al., 1996) and neurochemical
(Bengel et al., 1998; Xu et al., 2000) changes in insects. A negative influence on the
behavior of species, such as zebrafish, may suggest possible impacts on the ecology of
fish and, therefore, we propose that aquatic environmental risk assessments for illicit
drugs should always include comprehensive studies on aquatic vertebrates including
reproduction and behavioral responses.

Suzuki et al. (2000, 2004) have shown how synthetic local anesthetics (cocaine-
derived) enhance the growth of several algae, including cyanobacteria. We highlight
in this study that illicit drugs can target processes like hystidyl-tRNA aminoacyla-
tion, mRNA polyadenylation, glycyl-tRNA aminoacylation, and RNA processing in
Synechococcus, which emphasize metabolic and growth effects. Lidocaine has been
shown to stimulate growth and intracellular accumulation of the potent neurotoxin
saxitoxin in cyanobacteria (Pomati et al., 2004, 2006) at the microgram per liter
concentration range; cocainelike compounds may, therefore, influence the develop-
ment of harmful algal blooms (HABs). HABs can cause negative impacts to both the
ecosystem and the services that aquatic ecosystem can provide, including drinking
water and recreation. Cyanobacteria should also be considered in detail for an envi-
ronmental risk assessments of human drugs. Pollutant absorption by microalgae may
also have repercussions throughout the food chain because of biomagnification.

Genomic and proteomic approaches may be useful to provide information on
subtle effects of illicit drugs on aquatic organisms. In addition, with the study of
metabolic changes in organisms in response to environmental challenges (environ-
mental metabolomics), hundreds of metabolites can be monitored simultaneously,
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providing a much more comprehensive snapshot of the effects that a particular chem-
ical has on a living organism (Bundy et al., 2009). These approaches may also be
useful to identify biomarkers, sensitive bioindicators of effect and exposure of illicit
drugs, which can provide early warning of an environmental damage.
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CHAPTER 15

DRUG ADDICTION — POTENTIAL OF A
NEW APPROACH TO MONITORING
DRUG CONSUMPTION

NORBERT FROST

15.1 INTRODUCTION

This chapter is about drugrelated information, reliability of data, why these data
are collected, and who takes responsibility in this field, which is a highly stigma-
tized behavior. This question will be discussed from changing viewpoints. Are there
alternatives or complementary methods that exist to obtain such information?

Drug monitoring in urban wastewater systems will be the principal perspective
here asasourceto estimate overall consumption of dedicated substanceswithin given
populations and spatial context. The aim is not to compete with existing methods but
to provideinput, which could be helpful in devel oping new opinionsto enrich existing
knowledge. Wastewater drug monitoring can be particularly interesting, when there
is pressure to react, e.g., where short-term information about new trends in drug
consumption is required. Since other chapters are provide in-depth contributions
regarding technical and methodol ogical aspects, the discussion herewill focusmainly
on “philosophical” concepts around drug addiction and drug monitoring, including
existing instruments for data collection.

15.1.1 Drug Addiction — Nothing Is “Normal”

How many people die directly or indirectly from taking drugs and how many drug
users have been sentenced for committing a drug-related crime? How can supply
routes be successfully identified and what would this mean in terms of counter-
measures? How many people seek drug addiction treatment? Are there sufficient
healthcare services and who winds up paying the bill? Monitoring illicit drug use

Ilicit Drugs in the Environment: Occurrence, Analysis, and Fate Using Mass Spectrometry, Edited by
Sara Castiglioni, Ettore Zuccato, and Roberto Fanelli
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and its synergistic effects is a complex task where information is not always easy
to obtain. The UNODC estimates that between 172—-250 million persons worldwide
have used illicit drugs at least once during the past year (World Drug Report, 2009).

Drug addiction is a disease, the result of away of living, of conscious or uncon-
scious decisions, the conseguence of misconduct, your own fault. There are many
explanations and definitions to classify substance dependence. Since this is costly
for society and unhealthy for the individual, it is constantly surveyed. However, it
is not just health consegquences that are being looked at. It is also consumption of
illicit drugsthat will leadto aa clinical picture of drug dependence. However, even if
considered a disease, drug addiction is special in the canon of human suffering, asis
its monitoring.

Drug monitoring trys to understand and to describe a cultural and societal phe-
nomenon, which does not follow normative conventions. There are “intrinsic” dif-
ficulties, expressed in a variety of ideologica readings and interpretations around
the concept of drug use and drug addiction. Dependence on one or a variety of
substances is the result of consumption habits, their long-term negative effects on
the organism, and an increasing loss of control when seeking a stimulant. For a
long time, drug addiction was regarded as a consequence of individual failure and
misconduct. With new research results and increasing knowledge, derivedfrom the
field of neuroscience, there has been a shift occurring where the scientific commu-
nity began to understand and to describe drug addiction as a disease (Koob and
Le Moal. 2005). Actually, there is an ambiguous situation where we are close to
hermeneutics. Existing definitions are either, stressing the disease, or the guilt and
criminal aspect or they are presenting mixed concepts, quite often in the realm
of political ideologies. This ambiguity in perception is also manifested in the fact
that in many countries drug addiction affairs are administratively settled between
ministries of health and/or justice. The European Monitoring Centre for Drugs and
Drug Addiction has strong connections to the Directory Genera for Justice, Free-
dom and Security, and DG-SANCO, which represents the European Commission’s
directorate for health related Questions and consumer protection. Apart from ide-
ological nuances, there is common sense, of course, that drug addiction creates a
large variety of problems, where it is a burden to any society. Public measures and
drug programs are focused accordingly, depending on theideological perspective and
emphasis.

To provide a brief example: Diabetes Mellitus type I, which is also called “the
metabolic syndrome,” is a disease of civilization (Pschyrembel, 2007). Assuch, itis
culturally embedded, with immense consequences at theindividual level and costsfor
the society at large (Pschyrembel, 2007). The same applies for drug addiction. Both
diseases depend, in part, on genetic disposition and on individual behavioral aspects,
where external impulses play an essential, additional role, in lifestyle modulation.
For either disease, the public health systems have to cope with the consequences
of providing medical staff, treatment, pharmaceuticals, infrastructure, etc. There are
insurance conditions for the treatment of diabetes type I, but there is big variation,
regarding accessibility to drug addiction treatment. Thus, a website in the United
States advertises for drug addiction treatment abroad.
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In the United States, treatment of cocaine addiction can range from thousands
to tens of thousands of dollars. Medical insurance does not cover the cost of drug
addiction treatment plans, which may range in duration from weeks to months to
years, depending on the individual (source: http://newbizshop.com/2009/11/al cohol-
addiction-treatment-abroad).

It isalso easier to obtain epidemiological background information on prevalence
and incidence of diabetes than on drug addiction. Stigmatization and, in the case
of usage of illicit drugs, criminalization because of the law, creates many problems,
which do not occur in the context of disease. This fact, that there is a distinct
connotation of drug addiction with guilt and individual failure is essential in many
aspects. Isit the alocation of public funding for indicated therapy, or the reputation
of those involved in treating drug addicts or the difficulties faced by investigators
performing data collection on drug use? Data collection is harder once people enter
treatment, but we know that, by far, not all who need drug addiction treatment are
also receiving it or accepting adequate therapy because of existing thresholds. It is,
likewise, easy to convince patients at risk to undergo glucose tolerancetest in the case
of diabetes, whereas drug-addicted patientswoul d rather avoid diagnostic procedures
for drug addiction.

The reasons for the observation of variation in epidemiological data quality are
many (European Monitoring Centre for Drugs and Drug Addiction, 2009), but it
is obvious that all of these circumstances in such a highly stigmatized area create
specific problems when obtaining background information in order to improve un-
derstanding. People afraid to confess their “ negative habits” will contributeto “recall
biases’” and underreporting artifactsin surveys. “ Currently, accurate estimates of drug
consumption are unavailable, as a consequence of the usually stigmatized nature of
drug use, which often leads drug users to hide their habits’ (Frost et a., 2008). This
quote is still valid in 2010.

Looking at the reliability of drug-related information about consumption habits
gives some reasons to think about alternatives or complements, to cope with the pre-
viously mentioned dilemma. Althoughitiswell known, that thereisdrug use existing
in upper and middle class society, it rarely happens that leading personalities will
openly talk about their addiction problems (Hblatt, 2003; Forster, 1984). The exis-
tence of numerous treatment centers offering anonymously conducted detoxification
and psychotherapy underlines this “confession problem.” Drug addiction is nothing
that anybody wants to be connected with, except that the disease has developed so
far that is it no longer easily hidden. Until its consumption, related information is
difficult to obtain.

A conclusion that can be drawn from this is that wastewater screening, or con-
tinuous surveillance, can be a useful complement to provide information on overall
consumption of specific drugs. Suchinformationwill not addressany particular group
within the society, but will only provide quantities and show peaks over time. The ad-
vantage isthat the coverage is across the entire popul ation, without excluding hidden
minorities or subpopulations. Another advantage, which will be discussed later in
detail, is anonymity, since thereis no link between the consumer and any personally
filled-out questionnaire.
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15.1.2 The Question of Responsibility

If there are potential new methods to collect data, maybe cheaper, faster, and more
reliable to measure overall drug consumption, they need funding, as do al the ex-
isting conventional data-collection tools. Therefore, it is important to mention the
underlying concept of responsibility, i.e., to discuss why governments are spending
public money, why they are establishing drug policies, or why they develop versatile
legislature and penal codes to tackleillegal drug consumption, supply, and the like.
Responsibility could be seen as a shared virtue between the citizen and the state,
closely related to the concept of freedom and the right of self-determination. How
far can state paternalism go and where are its limits? Who has to take care of the
damage done? And, finally, who hasto pay? These are some aspectsfor thefollowing
discussion.

15.1.2.1 Individual Responsibility? |sitthedrug user acting most harmfully
in an irresponsible way, being the target? Addicted people suffer from this disease as
other people suffer from any other disease. In addition, they are losing their social
grounding, jobs, and quality of life. Psychodynamic views of addiction haveidentified
two contributory elements “. . .disordered self-esteem and disordered relationships,
which have evolved into a modern self-medication hypothesis, where individuals
with substance use disorders are hypothesized to take drugs as means to cope with
painful and threatening emotions’ (Koob and Le Moal 2005). What finally ends up
as addiction may have originally been an impulse, a wish for self-help, and self-
responsibility (Hart et a., 2008).

When looking at daily newsfrom press and mass mediait is obviousthat there are
other factors influencing individual consumptive behavior beyond free choice. Mar-
keting strategies for legal and illegal substances and dealing methods are becoming
more aggressive, contributing to victimization. Often, violence is involved pushing
peopleinto addiction, particularly in trafficking, e.g., women forced into prostitution.
There is also significant variance in vulnerability, where self-protection works better
with one person than it does with ancther. It is self-evident that there is no way to
leave the individual alone with amanifest drug addiction.

How does peer pressure within societal systems influence teenage habits or adult
behavior (Quensel, 2004)? How intensive are intercommunicative codes working
along with consumption of legal or illegal substances? To what extent doesadvertising
contribute and how large is the influence of transporting this type of behavior over
the World Wide Web? Do we know the real size of medically initiated addiction by
highly addictive pharmaceuticals, e.g., benzodiazepines? Medically prescribed drugs
are seen to alarge extent in environmental screening. Focused substance detection
can help to better understand the size of the problem. Much has been done here over
the last decade, as has been shown within this book.

15.1.2.2 Societal Responsibility? Again the question arises—Is it the so-
cial community (the government), that must cope with drug-related damage be-
cause of the failure of educational systems or insufficient countermeasures to avoid
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trafficking? Of course, there is no societythat can guarantee the completeness of
individual sanctity, but there are laws within constitutions in many countries of the
world that assure security and freedom for citizens. Therefore, the state cannot es-
cape taking the responsibility, to some extent. This implies measures to understand
how effective public responses are, like supply reduction, drug addiction treatment,
or prevention programs? Drug monitoring is a natural consequence to know more
about the success or failure of interventions. Environmental surveillance of exter-
nal fluids like waste- and surface waters are an option that needs to be further
investigated. There are objectives existing in the new EU Action Plan on drugs
2008-2012, where such a concept could have a place (EU Action Plan on Drugs,
2009-2012).

State responsibility on alarge scaleis required when focusing on organized crime.
Thistouches much more on international task force activitiesthan merely just control
at anational level. Are there sufficient means to establish international collaboration
between states where national sovereignty ends (World Drug Report, 2009)? What
about the role of international customs and task forces to combat drug trafficking
and who will pay for them? Just looking at those few questions - and there are many
more —that show that leaving the responsibility to the individual drug user would not
address the complexity of the problem. For the most part, drug users are the victims
rather than the offenders.

Self-responsibility of the individual is one aspect of this question, includingso-
cial stability within a society, acceptable living conditions, reasonable salaries and
equal opportunities, equality in educational programs, and illiteracy. The UNODC
states that drugs are not harmful, because they are controlled, but they are con-
trolled because of their harmfulness (World Drug Report, 2009). Further there is
the statement that UNODC favors the evaluation of the effectiveness of the current
approach in controlling drugs and while changes would be needed, they should “be
in favor of different means to protect society against drugs, rather than by pursuing
the different goal of abandoning such protection” (World Drug Report, 2009). This
touches on the kernel of the dilemma namely, to act responsibly, between protec-
tionism and paternalism, on the one hand, and liberalization and decriminalization,
on the other. Reality around the subject of drugs does not follow black and white
drawings but is rather a gray-scaled field and any approach to expect completely
satisfying answerswill likely fail. Thisambiguity between law and order approaches
and liberalization of drugs explains why there are still so many nuances in existing
drug policies. “... Modern society must, and can, protect both these assets with
unmitigated determination” (World Drug Report, 2009). Governmental programs
on national level or on the continent,like the EU Action Plan on Drugs, do exist
around the world and have existed for quite a long time. It is obvious that, over
time, fine tuning of these plans have occurred with a growing understanding of the
problems. The degree of understanding again depends on the availability and relia-
bility of collected information. Once more, wastewater and environmental screenings
should be seriously taken into consideration as an additional option. The EU Ac-
tion Plan foresees the development of new data collection methods (EU Action Plan
2009-2012).
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15.1.3 Drug Policies

In 2009, “The most serious issue concerns organized crime” (World Drug Report,
2009). “First, law enforcement should shift its focus from drug users to drug traffick-
ers. Drug addiction is a health condition: people who take drugs need medical help,
not crimina retribution” World Drug Report, 2009). A more moderate position has
now been adopted by the European Monitoring Centre for Drugs and Drug Addiction
(EMCDDA). “Broadly speaking the European policy debate has moved towards the
view that priority should be given to interdiction activities targeting the supply rather
than the use of drugs’ (EMCDDA, 2009). A position paper, drafted by the European
Council, which “stressed the importance of public health as the first principle of the
international drug control system” (EMCDDA, 2009) aso underlines this shift of
attention toward the “real” sources of drug addiction.

Day to day reality, however, still differs throughout Europe. “If millions of Euro-
peans have at some stage taken drugs or are doing so right now, thereis agap between
public policy and public behavior that no society can afford to ignore” (EU-Action
Plan on Drugs 2009-2012). It should also be clear, that causal responses alone, like
just fighting drug trafficking, will not reach what they are aiming at, because of the
real world's nonlinearity. Anything in the context of drugsis highly dynamic, which
demands continuously flexible and adapted responses at various levels. This aso
includes control systems to evaluate dedicated programs and measures. Wastewater
mass flow quantification of consumed substances using the waterwater treatment
plant profile can function as a screening instrument to control intervention effects
over time.

Many countries around the world are collecting data on drug consumption and
drug supply. Many of them also have accredited special governmental delegates to
take responsibility and coordinate leadership in political programs. For the European
Union, the Horizontal Drugs Group is a forum where national drug policies, law
enforcement issues, and health programs are discussed between member states and
EU Commission.

According to the 2009 World Drug Report issued by the United Nation’s Office on
Drugs and Crimein Vienna, 118 countries out of 192 have replied regarding the UN
questionnaire on Drug Use Demand and 116 contributed to the questionnaire on Illicit
Supply of Drugs with considerable variation across continents (World Drug Report,
2009). The overall coverage shows up in the World Drug Report 2009 (download at:
http://www.unodc.org/documents/wdr/WDR_2009/WDR2009_eng_web.pdf)

Like the European Monitoring Centrefor Drugs and Drug Addiction, the UNODC
also states that data quality still greatly varies between countries, which presents
problems regarding comparability (World Drug Report, 2009). Apart from such
statements, where competitive aspects regarding data quality are predominantly con-
cerned, the question remains, are other ways to get closer to realistic estimates about
overall drug consumption? There are many countrieswhere even surveysdo not exist,
let alone other sophisticated investigations. Thisis not just a question of reluctance
but, particularly for third-world countries, a question of finances. Wastewater or even
surfacewater drug screenings, when not established asacontinuous program, but with
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periodic standardized sampling routines once or twice a year in the most important
regions, could serveto create comparabl e profiles based on standardized methodol og-
ical protocols. This is particularly interesting, if there are no other data-collection
toolsexisting. From an economical viewpoint, this could be achallenging perspective
toward reduction of public expenditure. The International Narcotics Control Board
INCB monitors the implementation of United Nations drug control conventions.
Agencies like NIDA (U.S. National Institute for Drugs and Alcohol) or EMCDDA
monitor the North American/European situation. Institutions around the globe are
aiming at a better understanding of the drug phenomenon. However, they are also
somehow competing. Instead of devel oping common data collection protocols, they
spend public money for the development of proprietary systems. There is a global
alliance existing regarding drug control, but, thus far, there is no clear and common
understanding. This should be the main target, like international agreements against
uncivil society (World Drug Report, 2009).

The existence of antidrug programsindicatesthat policy and civil society, national
and regional health systems, do see a responsibility resting on their shoulders and
because of some of the reasons have been previously outlined. At least in the demo-
cratic tradition and following the principles of the charter of the United Nations —
a state has to provide guarantees regarding the well-being and health of its citizens.
This protective function requires counterbalancing the observation of human rights
of freedom and inviolability of the individual. Environmental monitoring already
demonstrates in many areas of routine surveillance that it does not violate individual
freedom, but rather can contribute to this responsibility widening the understanding
of otherwise hidden phenomena.

15.2 DRUG MONITORING IN EUROPE AND THE WORLD

The European Monitoring Centre for Drugs and Drug Addiction as the main supplier
of drug-related information in Europe has set up five key epidemiol ogical indicatorsto
inform politicians, scientists, and the popul ation about the drug situation (EM CDDA,
2009). Actually, there are new indicatorsthat have been developed in responseto drug
use, where drug supply and counter measures are becoming increasingly important.
The United Nations and WHO as global organizations are collecting epidemiologi-
cal information by using their own networks. In Europe, for the last 15 years, drug
consumption, patterns of drug use, habits in school populations, drug related crime
and mortality, drug-related infections, and treatment requests on behalf of addicted
patients have been part of EMCDDA's data collection through the REITOX network.
Ontheresponse side, treatment availability, observation and eval uation of drug policy
programs, prevention measures and, more recently, surveys on supply reduction have
been carried out which isin line with the UNODC recommendations and the EU Ac-
tion Plan on Drugs. Thereisalso collaboration with customs and Europol. Initslatest
Annual Report 2009, the Agency provides estimates for drug use in Europe, relating
to the adult population, that is, 15 to 64 years (EMCDDA, 2009). The worldwide
epidemiological situation varies considerably, as stated in the latest UN World Drug
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Report (2009). Comparison of the European coverage is by far the best, followed by
Asia and the United States of America (World Drug Report, 2009). How are these
data obtained and do they provide reliable results to understand the dimension of the
problem? To date, the answer isthat thereisagreat variance in exisiting data quality
not only in Europe, but also around the world (EMCDDA, 2009; World Drug Report,
2009). Data to estimate prevalence of drug use are traditionally derived from cross-
sectional studies, like large population surveys, which are performed periodically at
national level with usually large sets of items where drug consumption habits and
frequency play arather marginal role. The British Crime Survey, which by default is
a“victimization” survey, isone of the most famous among alarge variety of country-
specific national surveillance instruments, but clearly not dedicated to provide“ hard”
information on drug consumption. These surveys are all conducted under the aus-
pices of national responsibility, which means that up until now, there are no common
methodological standards existing throughout Europe. However, the EMCDDA are
providing recommendati onstoward acommon datacoll ection protocol in EU member
states. These are recommendations with no binding character and it depends on the
good will of countrieswhether they implement such advice or continuewith their own
standards. In the early years of the drugdata collection, there were studies carried out
to find common denominators across Europe regarding population survey variables
(EMCDDA, 2009). Although improvements have been made, even 10 years later
there is no unique general population survey dataset. In general population surveys,
there are dedicated instruments for subpopulations existing, like the ESPAD ques-
tionnaire (European School Project on Alcohol and Other Drugs, 2007). This survey
isactually considered to be the best European standard on drug consumption estima-
tion. “. .. to reach the goal of providing data that are cross-nationally comparable,
the methodology of the ESPAD project is strictly standardized. The standardization
regards the target population, data collection instrument, field procedure, timing and
the data processing. “(ESPAD, 2007).

15.2.1 Survey Pitfalls

Survey dataresult from telephone or face to face interviews. The data can also result
from controlled or instructed filling in of questionnaires in classrooms where pupils
are requested to provide answers regarding their existing (or nonexistent) drug con-
sumption habits. Linked problemslikerecall bias, unwillingnessto respond honestly,
personal feelings of shame, etc., have been initially mentioned and are reason for
concern. Such problems create avariety of biases, which can produce underreporting
effects and deviating estimates. Information quality has been improved for the past
15 years, but, unfortunately, there are till considerable methodological gaps, as has
been noted in the World Drug Report on behalf of the United Nations for many
countries not only outside Europe (World Drug Report, 2009). Regarding the most
important data source for drug prevalence in the general population, we face the
problem that almost 30% of the population survey data do not match the proposed
age ranges given by the EU drug agencies, which causes problems when trying to
compare information between countries (EMCDDA, 2009). The explanation for this
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inconsistency issimple. Large surveys are expensive and usually have along national
tradition. Any abrupt change of essentials in data structure like age groups and age
ranges would severely influence the overall evaluation of the national statistical sys-
tem requiring limitless work to adapt historical data with new information resulting
from a changed data collection protocol. Changes are, therefore, not easily to apply
and it can take considerable time, before a common European surveillance system
may be successfully established. Europe is a conglomerate of more than 30 indepen-
dent countries with autonomous governments including health and judicia policies.
The Lisbon treaty, which will amend the Treaty of the European Union and the
Treaty establishing the European Community (Lisbon Treaty, 2007), common data
collection protocols could become more feasible. With this Treaty, the EU member
states will “. . .confer competences to attain objectives, they have in common” (Lis
bon Treaty, 2007). This could mean, in practice, that new data collection protocols
like a common wastewater screening approach or an embedding of such a procedure
within agreater environmental screening framework could be more easily established
in the future starting with an official recommendation. This statement isvalid for any
type of harmonized data collection in the European Union, regardless of whether the
information will derive from surveys or wastewater analyses. A dedicated and decen-
tralized agency like EMCDDA with a high level of insight and expertise, including
the European data exchange network REITOX, could play a leading coordinative
role as it currently does. Alternatively, if established predominantly as an environ-
mental monitoring approach, there is also the European Environmental Agency EEA
in Copenhagen that can play a key role. A collaboration of these agencies with the
European Commission is another scenario that could work, which would depend on
the character of afinal approach, that is. whether the main aspect would be on just
monitoring drug/illicit drug mass-flow or, even broader, it could be taken from the
perspective of environmental toxicology.

Surveys, as has been previously shown, are usualy quite large instruments. They
also require costly and tiring procedures from the beginning of data collection until
final dissemination of the evaluated statistical output. Only a few are performed an-
nually, some biannually, and some every four years, like the ESPAD survey (ESPAD,
2007). Regarding general population surveys, the delay between dissemination at the
national and European level takes even longer. This happens because the national
statistical offices and evaluating ingtitutions are, first, working on their own interests,
making national use out of national datasets. Only then, is the data then passed for
other purposes outside the country. Probably direct European funding or at least in-
direct contribution on behalf of the European Commission through institutions like
EMCDDA or other agencies on these thematic issues will contribute to speeding up
those procedures. In thelong run, Eurostat, the official statistical unit of the European
Union, will likely play a key role in data acquisition. For regularly collected drug
prevalence information in Europe, this currently means a minimum delay of 2 years
(EMCDDA, 2009). Again, the question is whether datasets and information coming
from other sources, likethe environment, could helptoimprovequality and speed. The
answer regarding quality depends essentially on methodological questions, includ-
ing applied technology and laboratory standards, and to what extent environmental
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monitoring data shall be enriched or cross-matched with overlay information from
complementary sources like demography or epidemiology. The second regarding
timeliness and speed could bring considerable advantages. Wastewater surveys car-
ried out according to fixed protocols and standardized analytical procedures could
give results, theoretically and in practice, in the very same day when the samples
were taken. For identification of trends, such a reduced indicator can already give
reliable information. At a later stage, the variable set can aways be combined with
overlay data from other statistical or bioanalytical sources when more comprehen-
sive and exhaustive exploration is needed. This also provides an interesting option
for plausibility controls among various datasets.

Measuring mass flow of drugs within wastewater treatment plants as part of a
greater concept is similar to existing routines like data collection of weather con-
ditions or earthquake surveillance. Detection of drugs in wastewater systems could
become simply part of already existing analytical procedures, that are technically and
analytically extended. At European level with the Council Directive 91/271/EEC,
from 21 May c15+bib+0002 on urban wastewater treatment, there is already a fun-
damental framework existing for administrative decision making (CD 91/271 1991).
Further investigation in the field of environmental toxicology will also probably un-
derlinethe need for extending the existing practicein wastewater analyses. Currently,
thereis greater . . .concern existing for long term health and environmental impacts
of wastewater constituents’ (Tchobanoglous et a., 2002).

15.2.2 Outlook

Political pressure to establish common sampling procedures and analytical protocols
for wastewater drug detection commonly applied in Europe or, even worldwide, will
most likely not emerge from the illicit drugs research community but from the en-
vironmental movement, where engineering expertise is more distributed including
technical insight. However, powerful networks exist. In Europe, the Reitox network,
in collaboration with the EM CDDA and the European Commission, or ajoint venture
between various agencies and the Commission, could promote further investigation,
toward methodological symbioses between conventional and environmental data col-
lection. Eventually, monitoring of illicit drugs in wastewater could become a potent
add-on, established as a module within broader routine procedures. Even if not
serving as a primary source for prevalence of drug use, environmental data can pro-
vide valuable material for cross-validation with conventional epidemiological data
material.

Thisdiscussion might be novel groundsfor the social scientific drug research com-
munity, but it is not within other areas. Environmental data have aready helped to
better understand how human behavior “echoes’ our own living conditions. Concen-
trations of toxic substances, air-borne or water carried, weather and climate surveil-
lance, satellite imaging to monitor erosion, or ocean dumping are well-established
techniques, and there islittle doubt regarding the usefulness of these types of investi-
gations. Environmental drug monitoring can contribute toward a better understanding
of drug consumption quantities without violating data protection issues. In the same
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way as public health investigation looks at population issues rather than observing
individuals, analyses for mass flow of drugs can occur at a level where the focus
is accumulated input. The advantage is, however, that the linked population is well
defined in terms of demographic and infrastructural details. Thus, biases like over-
reporting resulting from other input, like pharmaceutical industries or big hospitals,
can be avoided.

Technically speaking, environmental water screening is not very different from
drug screening at a personal level when sadliva, blood, or urine is examined. The
difference is that concentrations in biofluids, like surface water or wastewater, are
highly diluted and that the “body” investigated is a public one—atechnical plant, but
with intrinsic system information that mirrors collective human behavior. Onecrucial
point is that when we deliver individual samples for laboratory diagnostics, we do
thiswith informed consent; environmental samples are taken without our knowledge
and explicit permission. However, when we look at this in more detail, we have
to acknowledge that contracts between households and municipalities are already
shifting the responsibility from the dismissing party toward municipal services. Such
regulations are also necessary in order to avoid problems of responsibility in the
case of leakage in sewage systems or other accidentsthat can occur during the waste
removal.

What remains is the question, whether it is ethically acceptable to investigate
domestic waste once disposed of in public removal services or sewage systems. De
facto, there is alot statistical evaluation of data already taking place with al types
of waste. Often, the individual consumer is not aware of this fact or does simply
not very much interest. Thus, there are detailed statistics that exist about upcoming
domestic or industrial discharge at the national, as well as at international level. The
national “Agendas21” and their international equivalent, the Global Agenda?l, are
good examples about how far environmental policy has aready entered the fine-tuned
surveillance that bridges horizontally over the wide spectrum between economy,
ecology, and social/human issues like health, genetics, biotechnology, population,
and globalization. Thus, we clearly have to state, that environmental surveillanceis
neither exotic nor dramatic in terms of violating individual integrity, but has rather
developed to a point where humankind may learn by applying measures to avoid
further ecological damage. The crucial point seemsto be where or when the analysis
takes place. Thus, it makes a big difference to examine litter when it is till in the
dusthin in front of a house or if discharged residues are investigated only after they
have been mixed up with those from thousands of other households at a distant
deposit, where former “owners’ are no longer tracesble. Applying these rules of
caution, there is virtually no damage that could be done by wastewater screening as
long asit isredlized at the wastewater treatment site (Frost et al., 2008).

15.2.3 The Urban Space

Text in the introduction to Paul Manning's book (2007) on “Drugs and Popular
Culture,” reads: “ Theuseof illegal drugsisso commonthat anumber of commentators
now refer to the ‘normalization’ of drug consumption.” Furthermore, the author notes
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that “This collection of readings will apply an innovator, multi-disciplinary approach
to this theme, combining some of the most recent research on ‘the normalization
thesis' with fresh work on the relationship between drug use and popular culture.”
(Manning, 2007) With the rapid technological revolution, since the beginning of
industriaization in the 19th century, we are now far away from those times, where
regional devel opmentstook along timeto spread to other regions of the earth. Today,
thousands of existinginternet channels, blogs, and chatscan easily disseminateor give
guidance to any new, fashionable drug culture. What devel oped yesterday in Sydney
spreads around the globe within days, thus establishing itself in the same or asimilar
way. Thisis a new dimension, leaving behind the long lasting heritage procedures
of ancient cultures. Hence, there is another argument for the potential benefits of
environmental screening. One can apply them faster and they will produce overall
consumption estimates in the present, as opposed to the two- or three year- delay asit
wasin the past. Thisis of particular interest with drug “waves’ flooding big cities as
short-term trends. The facts may initialy derive from insider knowledge and spread
through daily news. However, usually we do not really know what the dimensions
are until we can seereliable estimates. Wastewater screening may be the appropriate
tool to provide rapid answers. Thisis of particular interest in large cities where new
trends are usually born. Quite often, infrastructures for new drug cultures in urban
areas mirror the synergies of the“globalization” in drug trafficking. Diversification of
international markets has also led to a streamlining in rapid drug designs, sacrificing
purity of substances in favor of profit margins. Thus, substance stretching is often
subject to additional, severe health risks. An increased interest in early warning
systems has emerged during the last two decades. Here, the international community
wishes to respond more rapidly in terms of joint action, Wastewater screening as part
of such alert systems could be a useful tool.

15.3 THE WATER HAS KNOWLEDGE AND MEMORY

Regarding data collection and prevalence of illicit drug use, the EMCDDA organized
asmall conference in 2007, entitled “In Aqua Veritas’ (Frost et al., 2008), where, for
the first time, a few protagonists came together to discuss potentials and possibili-
ties to measure overall drug consumption through applied wastewater sampling and
subsequent analysis. The title for the meeting was not chosen by chance, but with
the underlying assumption that it could be worthwhile, even necessary, to look for
and at other potential data sourcesto estimate overall consumption of legal or illegal
psychoactive substances. The entrance point was to look where individual behavior
becomes public and adds to collective behavior, leaving accumulated traces in the
environment. In environmental investigations, it is useful to bear in mind that this
type of accumulated contribution to environmental side effects do not just occur with
excreted drug metabolites, but with almost anything we are discharging as waste
products from daily life.

Although we have known for quite some time that the environment mirrors our
habits, we are reluctant to accept negative images from this mirror, particularly when
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the “echo” reflects the dark side of what we are providing. To some extent, we
have accepted changes in the Ozone layer and climate, which are now constantly
being monitored. We also begin to realize that the water is more than a consumer
good, but also an information carrier at a micro level. In the same way as drug
dependence manifests within ahuman organism, leaving tracesin organs, tissues, and
interneuron, the repeated and accumulated discharge of toxic substances accumul ates
in environmental fluids over time. If this process lasts for a long time, substances
will not only remain in the water itself, but become also part of sedimentation,
thus infiltrating deeper layers of the ground. In other words our own environment
echoes back to us what we are doing in our daily life and since the water makes
up an essential part of it, we can ask this fluid to relinquish its intrinsic knowledge.
Instead of asking individual people about their drug consumption habits and hidden
activities, wastewater sampling and analysis provides this possibility of looking into
the environmental mirror of humankind.

The answers are there, whether we like them or not. Quite often, this reading from
environmental carriers is not feasible for social Scientists (due to lack of profes-
sional training and technical equipment) but increasingly adapted by bio-engineering
Science. This implies also a shift in focus, which means that the obtained answers
are differently acquired and of a different type/character. There is a difference in
output and evaluation, but it is not such a complicated one that it would create too
many problems between the various scientific communities. Social scientists have
developed their subject as have natural scientists. The most challenging part hereis,
that multidisciplinarity is required to make these groups capable of understanding
each other’s arguments to build a bridge between their different areas of knowledge.
Thisis aso what has occurred within this reference book and it was the aim of the
first Lisbon meeting in 2007 where people started to communicate their ideas and
what would be necessary to bring this type of analysis forward. It turned out, that
wastewater screening for illicit drugs and their metabolites could give reasonable en-
lightenment. Enriched with epidemiological information and other meta-information
it was even seen as a most useful complement in data collection around drug preva-
lence (Frost et a., 2008). This was the main message coming out of the meeting and
thisis still the message for further investigation in this field. The method, as such,
is not very complicated, but needs further theory building. Once sufficiently elabo-
rated, dissemination of acquired knowledge should spread toward the protagonists
in political decision making, because thisfield is hardly one where private investors
will stepin. Itisnot alucrative areawith big profits but, as said initialy, it isan area
of public interest and responsibility.

The methods applied so far for data collection on prevalence of drug use are
based on protocols that have been and still are individually developed by various
ingtitutions more or less competing round the world with a low degree of inter-
national standardization. The monitoring institutions are using different proprietary
instruments to collect data. They belong to different governmental regimes, or are
independent NGOs based on international funding systems. Although they share
common questions and common knowledge, they are not yet collaborating in a way
that would be desirable in order to develop worldwide-standardized data collection
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instruments. This is admitted by all of them and is especially crucial when aimed
at data comparison, either at the local or at international level. Therefore, interin-
stitutional collaboration should aim at the development of common data collection
protocols, including international standardization, in data interchange. Here again,
natural science within the framework of environmental bioanalytics have a potential
advantage. Laboratory techniques and analytical standards are already implemented
worldwide providing recognized international acceptance. This would allow for an
easier international implementation of new methods, if fine-tuning of methodol ogical
aspects could be initiated and agreed upon. The United Nations would be the most
adequate international body to coordinate collaboration with continental partners
worldwide.

A very last argument for wastewater screening, detection, and analysis for illegal
drugs could be a monetary aspect. There is an increasing bottleneck to be observed
which requires governmental administrations as well as municipal expenditure to
become more tailored. The need for budgetary savings has become a concern, which
extends acrossall societies. Wherever thereisapossibility to reach adedicated public
task with less money compared to a more expensive aternative, the choice is often
clearly made in favor of the economic one. If, asit was discussed before, wastewater
detection for illicit drugs and their metabolites would become an integrated part
of routine surveillance, this could be a cost-effective and appealing aternative to
obtain relevant information. Computer-aided processing and evaluation has— at least
— the potential to reduce costs. Wherever there are huge amounts of data to process
nowadays, there is, at the same time, space for computational rationalizing.

15.4 SUMMARY: “WASTEWATER DATA” - THE WWTP AS
A PUBLIC “BODY”

Evenif wastewater sampling and detection of drug residuesin the environment cannot
lead to direct per capita consumption, it has the potential to design reliable profiles
of total consumption, if monitored continuously, based on a solid and commonly
applied methodology. Without additional information about user populations, their
age structures, consumption habits, and patterns and frequencies of use, it will re-
main a subset to add to a more complex epidemiological indicator. The detection
of total mass flow of substances under constant focus has some advantages, which
conventional methods do not:

¢ Real timeinformation, but at reduced complexity compared to survey informa-
tion! Results from wastewater screenings may quickly serveto aert any rise or
decrease of aparticular substance within a surveyed area.

¢ Intervention control: The same approach may also serve as a fast controlling
instrument to measure the effectiveness of programsbefore, during, and after the
intervention. When looking at field studies that were done by various research
groups publishing here, thisis encouraging.



REFERENCES 289

e A wastewater treatment plant can be seen as the collective societal body of a
given population. Enriched with epidemiological information and demographic
overlays, any investigative bioanalytical result from this figurative body may
contribute creating a picture that could mirror the health status of the population
in many ways.

* Environmental monitoring can vary depending on its focus. Thus, it can stress
aspects of environmental toxicology, environmental forensics, or environmental
epidemiology.
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CHAPTER 16

ASSESSING ILLICIT DRUG
CONSUMPTION BY WASTEWATER
ANALYSIS: HISTORY, POTENTIAL, AND
LIMITATION OF A NOVEL APPROACH

ETTORE ZUCCATO and SARA CASTIGLIONI

16.1 INTRODUCTION

Current official methods to estimate illicit drug (ID) use are based on population
surveys, medical records, and crime statistics. These methods are known to be biased
and to underestimate the extent of ID use, mainly because they rely on users self-
reporting drug use, asocially censured behavior, about which userstend to be elusive.
Moreover, surveys of the general population are too time-consuming to promptly
detect changing trends. International drug agencies havethus called for morereliable
methods to improve their knowledge of the phenomenon (European Monitoring
Centre for Drugs and Drug Addiction, 2008).

Recently, a new approach has been developed, which is based on the chemical
analysis of wastewater. This approach may provide evidence-based and almost real-
time estimates of 1D consumption and has been proposed as a reliable tool to detect
changing trends of ID use in local communities (European Monitoring Centre for
Drugs and Drug Addiction, 2008). The approach consists of the analysis of the
breakdown products of the ID, collectively excreted with the urine by the consumers
after ingestion, and transported with the wastewater to atreatment plant. The analysis
of the residues of the ID (parent compounds and metabolites) in wastewater are
carried out by highly specific and sensitive methods, such as HPLC— tandem mass
spectrometry (HPLC—MS/MS) (Castiglioni et al., 2006). Residues at the treatment
plant can be used to back-cal culate for the amount of the parent ID consumed by the
population living in the area served by the plant. This approach, first applied in 2005
using cocaine as a case study (Zuccato et a., 2005), has been subsequently extended

Ilicit Drugsin the Environment: Occurrence, Analysis, and Fate Using Mass Spectrometry, Edited by
Sara Castiglioni, Ettore Zuccato, and Roberto Fanelli
Copyright © 2011 John Wiley & Sons, Inc.
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to the analysis of heroin, amphetamines, and cannabis (Zuccato et al., 2008a) and
tested in the frame of studies carried out in severa countries (Huerta-Fontela et al.,
2008; Boleda et al., 2009; Kasprzyk-Hordern et al., 2009, van Nuijs et al., 2009;
Banta-Green et al., 2009; Postigo et al., 2010).

The application of wastewater analysis to measure collective ID use in communi-
ties can be considered an example of a new branch of environmental epidemiology
called “sawage epidemiology.” When applied to public health issues, this approach
has the potential to extract useful epidemiological datafrom qualitative and quantita-
tive profiling of biological indicators entering the sewage system (Bohannon, 2007;
Zuccato et a., 2008a).

16.2 METHOD OF CALCULATION

Wastewater of urban treatment plants contains traces of exogenous substances which
after the intake by the consumers are excreted with the urine as such and/or as
metabolites (Bohannon, 2007). In particular, it contains measurable levels of the
urinary excretion products of the ID consumed by the population. Levels of the
residues at the treatment plant can be used to back-calculate for the ID consumed by
the population living in the area served by the plant (Zuccato et al., 2005).

16.2.1 Wastewater Sampling

To estimate ID consumption in a community, representative composite samples of
untreated urban wastewater (representative of the amount flowing in a 24-h period)
were generally prepared by sampling wastewater entering atreatment plant for 24 h,
in a time-dependent or in a flow-dependent manner, and then pooling the aliquots
collected by an automatic, computer-controlled device. This strategy guarantees the
collection of representative and reproducible samples, but, in some studies, grab
samples were also used (Hummel et a., 2006; Kasprzyk-Hordern et al., 2008), as
well as polar organic integrative samplers (POCIS) (Jones-Lepp et a., 2004; Bartelt-
Hunt et al., 2009).

16.2.2 Selection of Drug-Target Residues

The ID considered were generaly those most widely used worldwide, including
cannabinoids, amphetamines, opioids, and cocaine. Methadone, an opioid agonist
used to treat heroin addiction, has been also frequently included. The general criterion
to select target residues for back-calculations leading to consumption estimates of
these substances was to choose the most abundant and specific urinary product(s) of
each active drug, with proved stability in wastewater (the “target residues’).

16.2.2.1 Cannabinoids The principa active constituent of Cannabis sativa is
A ®-tetrahydrocannabinol (THC). It is absorbed through the lung during smoking and
is rapidly metabolized in the liver to the active metabolite 11-hydroxy-THC, which
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is further oxidized to a group of compounds, including the main metabolite 11-
nor-9-carboxy-A °-THC (THC-COOH), which is generally chosen as the analytical
target. THC-COOH isexcreted in feces and urine mostly conjugated with glucuronic
acid (Huestis et al., 1996), but it is readily hydrolyzed back to the free acid by -
glucuronidases of fecal bacteria in untreated wastewater (D’ Ascenzo et a., 2003).
This has been confirmed by specific stability studies (Castiglioni et al., 2006).

16.2.2.2 Cocaine In humans, only a small percentage of a cocaine dose is
excreted in urine as the parent drug, while alarger amount is excreted as benzoylec-
gonine (BE) (Basdlt, 2004), which is the metabolite more often measured in urine to
obtain evidence of cocaine use in forensic medicine. BE was shown to be sufficiently
stableinwastewater to allow itsdetection (Castiglioni et al., 2006). Therefore, most of
the published studies measured both cocaine and BE in wastewater, but then used only
concentrations of BE to cal culate cocaine consumption. A further advantage of using
a metabolite (BE) instead of the parent compound in estimating cocaine consump-
tion, is that of excluding from calculations the amounts of unused cocaine directly
disposed in wastewater. An alternative approach used concentrations of the parent
compound itself, cocaine, for the back-calculation of cocaine consumption (Bones
et a., 2007).

16.2.2.3 Amphetamines After intake, amphetamine is normally excreted in
unchanged form (30%—74% of adose) in the urine. M ethamphetamine, an N-methy!|
derivative of amphetamine, is aso excreted mainly unchanged (43% of a dose).
The same is true for methylendioxymethamphetamine (MDMA, or ecstasy), aring-
substituted derivative of methamphetamine that is also excreted unchanged (65% of a
dose) inthe urine and partially as methylendioxyamphetamine (MDA) (7% of adose).
In turn, MDA is also a psychotropic amphetamine derivative with hallucinogenic
properties at high doses, which seems to be excreted mainly unchanged (Baselt,
2004). Amphetamines are, therefore, mainly excreted in the urine in unchanged
forms and generally chosen as the analytical targets.

16.2.2.4 Opioids Inhuman, heroinisrapidly deacetylated to 6-acetylmorphine
and to morphine in the liver. Analysis in wastewater, therefore, focused on mor-
phine, a metabolic residue common to heroin, codeine, and morphine, and on 6-
acetylmorphine (1%—3% of a dose), a specific metabolite of heroin (Baselt, 2004).
Morphine is partly excreted as glucuronide conjugates (Baselt, 2004), which are
readily hydrolyzed back to morphine by 3-glucuronidases of fecal bacteria, asshown
for glucuronide conjugates of estrogens in untreated wastewater (D’ Ascenzo et al.,
2003), and confirmed by specific stability studies (Castiglioni et al., 2006).

16.2.2.5 Methadone Methadone was first synthesized as a morphine substi-
tute and possesses many of that drug’'s pharmacological properties. It is mainly
excreted in urine in unchanged form (5%—50% of a dose) or is metabolized
by N-demethylation with spontaneous cyclization of the resulting metabolite to
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) (3%—25% of a dose).
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Analysis in wastewater, therefore, focuses on methadone itself and its primary
metabolite EDDP.

Further details on metabolism and excretion of 1D in humans are given elsewhere
in this book (see Chapter 2).

16.2.3 Multiresidue Analysis

ID target residues have been measured in wastewater samples with fully validated,
highly selective multiresidue assays. Briefly, water samples were generaly solid-
phase extracted, purified, and subsequently analyzed by liquid chromatography—
tandem mass spectrometry or alternative methods. These methods are reviewed el se-
where in this book (see Chapter 3).

16.2.4 From Measured Concentrations to Collective Excretion Rates

Using theapproach first described for cocaine (Zuccato et a ., 2005), the concentration
(nanograms per liter) of agiven target residue in wastewater is multiplied by the flow
rate(litersper day) of influent wastewater to cal culatethe daily amount of each residue
(grams per day) reaching a given wastewater treatment plant (WWTP). Assuming no
relevant loss of wastewater along the sewage system, and given the proved stability
of the chosen residue in the wastewater under study, these figures (milligrams per
day) reasonably reflect the collective excretion rates for the various target residues
considered.

16.2.5 From Target Residues Excretion Rates to ID
Consumption Rates

The excretion load of a given target residue is subsequently used to extrapolate the
amount of the active parent drug consumed by the population under study. This
is done by taking into account the known fraction of a drug dose that is excreted
as the chosen target residue (Table 16.1), and the molar mass ratio between the
parent drug and the residue. For example, in the case of cocaine, given that about
45% of intranasal cocaine (MW 303) is excreted as benzoylecgonine (MW 289), a
measured benzoylecgonine excretion rate of 1 g/day would correspond to 1/0.45 x
303/289 = 2.33 g/day of consumed cocaine. Table 16.1 shows the correction factors
for each ID as used by Zuccato et al. (2008a). An ideal target residue is a major
and exclusive excretion product (metabolite or unchanged parent drug) of the drug
under study. This is the case for cocaine, amphetamines, and cannabis. In the case
of heroin, consumptions are generally estimated by measuring morphine levels, but
other sources, such as the therapeutic use of morphine and codeine, may account for
the presence of morphinein wastewater. However, the relative contribution of codeine
to wastewater morphine level s can be considered to belimited (Zuccato et al., 2008a).
Hence, when back-calculating heroin from wastewater morphine, corrections must
be applied to compensate for the contribution from therapeutic morphine. In a recent
study carried out in Italy, Switzerland, and United Kingdom, the daily amounts of
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TABLE 16.1 Drug Residues Selected as Analytical Targetsfor D Monitoringin
Wastewater?

Molar
Mass
Relation Percentage Ratio
of Residue of Dose  (Parent Correction
to Parent Excreted as Drug/ Factor
Drug Selected Residue Drug Residue® Residue) (CF)
Cocaine Benzoylecgonine  Major metabolite 45 1.05 2.33
Cocaine Parent drug (minor
excretion
product)
Heroin Morphine Major but 42 1.29 3.07
nonexclusive
metabolite
6-acetylmorphine  Minor but
exclusive
metabolite
Amphetamine Amphetamine Parent drugs and 30 1.0 33
major excretion
products
M ethamphe- Methamphe- 43 1.0 2.3
tamine tamine
Ecstasy MDMA 65 1.0 15
Cannabis THC-COOH Major metabolite 0.6 0.91 152
(12-nor-9- of THC
carboxy-A °- (cannabis active
tetrahydro- principle)
cannabinol)

3L evels of residues were used for back-cal culating consumption of the parent drugs. The correction factor
takes into account the percentage of parent drug excreted as the chosen target residue, and the parent
drug-to-residue molar mass ratio (with permission from Zuccato et al., 2008a).

bAverage for the most frequent route of intake (see Methods).

wastewater morphine expected to originate from therapeutic morphine use in these
countries were subtracted from the total daily amounts of wastewater morphine and
the remaining wastewater morphine was assumed to originate mostly from heroin
(Zuccato et a., 2008a). Since 42.5% of adose of intravenous heroin is excreted inthe
urine as morphine (Baselt, 2004) and that the heroin/morphine molar ratio is 1.29,
the following formula has been used to back-calculate heroin consumption: heroine
= total morphine (milligrams per day), subtracted from the predicted amount of
therapeutic morphine, x 3.07. Accurate updated information about local morphine
use is, therefore, mandatory to estimate for heroin consumption. Alternatively, 6-
acetylmorphine, a minor, but exclusive, metabolite of heroin, can be used to estimate
consumption of this D, but because of the low and variable concentrations found in
wastewater, this possibility needs further investigation.
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TABLE 16.2 |DsPreferential Route of Administration and Average Dose

Route of Average Dose (mg)
Drug Administration (Active Ingredient)
Cocaine Intranasal 100
Heroin Intravenous 30
Amphetamines
Amphetamine Oral 30
M ethamphetamine Ord 30
Ecstasy Oral 100
Cannabis (THC) Smoked 125

16.2.6 From ID Consumption Rates to the Number
of Doses Consumed

To attempt a comparison between estimates of collective drug consumption by the
sewage epidemiology approach, with official figures that mainly refer to drug use
preval ence, total amounts of parent drugs should be trandated into the corresponding
number of doses consumed. An example of average doses (by typical intake route)
as reported in the literature is summarized in Table 16.2. The number of doses
consumed daily is generally calculated by dividing drug loads (milligrams per day)
by the average amount of active principlein a dose. The data can be then normalized
for the local population size (hnumber of people served by the WWTP) to give, for
instance, the doses per day of ID consumed per 1000 people.

16.3 RESULTS AND DISCUSSION

Official figures describing prevalence and patterns of 1D use are currently estimated
from population surveysintegrated with crime statistics, medical records, and seizure
rate. These methods are designed to estimate ID consumption prevalence data, that
is, the percentage of users in a population, but give only limited information on the
actual frequency of use by the consumers and the amounts of ID consumed. On
the other hand, wastewater analysis can give “real-time’ qualitative and quantitative
information on the ID actually consumed by a given community. The application
of this approach has, therefore, disclosed new information previously inaccessible,
such as details of the daily consumption rates and of the weekly profiles of use, and
have shown, for instance, that ID consumption in a large community is constant,
with typical and predictable patterns, such as a rise in cocaine consumption during
the weekend. ID consumption can, therefore, be studied by sewage epidemiology
to search for the most effective interventions and for planning and monitoring local
drug prevention and treatment efforts.

16.3.1 Cocaine

Analysisof BE in wastewater was used for thefirst timeto estimate cocaine consump-
tion rates in four medium-size Italian towns (Cagliari, Cuneo, Latina, and Varese).
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In the same study, BE levels were also measured in surface water samples from
the River Po, the largest in northern Italy, and used to estimate consumption rates
in its heavily populated basin. Consumption estimates were in the range 0.21—0.73
o/day/1000 peopleinthetownsinvestigated and 0.70 g/day/1000 peopleininhabitants
of the River Po basin (Table 16.3). Results of this study suggested that actual co-
caine consumptionsin Italy were much greater than estimated by population surveys
and disclosed to the scientific community the potential of this novel, evidence-based
approach (Zuccato et a., 2005). This method was subseguently applied to estimate
consumptions of cocaine and other IDsin Milan, Lugano (Switzerland), and London
(Zuccato et al., 2008a). Daily load profiles measured in Milan are shownin Fig. 16.1.
Consumption estimates (mean+ standard deviation), expressed in grams per day per
1000 people were 0.91 + 0.15 in Milan, 0.62 £ 0.12 in Lugano, and 0.69 + 0.04
in London. In Milan and Lugano, where weekly profiles were also monitored, re-
sults revealed a constant and reproducible consumption of the drug during the week,
with atypical increase at the weekend. A further study carried out in Italy estimated
consumption loads ranging from 38.02 to 72.64 g/day in the city of Florence (Mari
et al., 2009). Cocaine consumption have also been estimated by wastewater analy-
sisin Belgium, Spain, and Wales. Van Nuijs et al. (2009) carried out an extensive
campaign sampling 41 WWTPs in various locations in Belgium. Samplings were
repeated twice during aweek, on a Wednesday, and a Sunday. Cocaine consumption
estimates were 0.06 to 1.83 (mean 0.43) g/day/1000 people, with the highest val-
ues detected in large cities such as Antwerp, Charleroi, and Brussels and the lowest
in small towns. Further, consumptions were higher on Sunday than on Wednesday,
confirming a rise of cocaine use on weekends. Consumption rates in Spain have
been reported by Huerta-Fontela et a. (2008) and Postigo et a. (2010). In the first
study, grab samples were collected from 42 WWTPs of various sizes in northeast
Spain and cocaine consumption rates were estimated from undetectable to 5.4 (mean
1.4) g/day/1000 people. In the second study, seven WWTPsin the Ebro River Basin
were sampled and consumption rates of 0.6 to 3.1 (mean 1.8) g/day/1000 people
15—64 years old were estimated, which roughly corresponded to 0.4 to 2.2 (mean
1.3) g/day/1000 people of the general population. Another study was carried out in
two citiesin south Wales, where consumption rates of 0.6 and 1.2 g/day/1000 people
were estimated (Kasprzyk-Hordern et al., 2009).

16.3.2 Opiates

Consumption rates were estimated in Milan, Lugano, and London starting from
the total wastewater morphine, after subtracting the fraction presumably originating
from local use of therapeutic morphine (Zuccato et a., 2008a). Daily load profiles
measured in Milan are shown in Fig. 16.1. Wastewater morphine from heroin con-
sumption accounted for 23, 32, and 68 mg/day/1000 inhabitants in Milan, Lugano,
and London, respectively. Considering that 42.5% of a dose of intravenous heroin
is excreted in the urine as morphine (Baselt, 2004) and the heroin/morphine molar
ratio is 1.29, this corresponded to 70, 100, and 210 mg heroin/day per 1000 inhabi-
tants in Milan, Lugano, and London, respectively. Boleda et a. (2009) and Postigo
et a. (2010) measured morphine, respectively, in 15 and 7 WWTPs in Spain and
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TABLE 16.3 Consumption Estimates (grams per day per 1000 people) of Major 1D
Based on Wastewater Analysis Published in the Recent Literature

grams per day
per 1000 people  References
Cocaine
Cagliari-Cuneo-Latina-Varese (IT) 0.21-0.73 Zuccato et al., 2005
Belgium 0.43 Van Nuijset al., 2009
UK (south Wales) 0.6-1.2 Kasprzyk-Hordern, 2009
L ugano (Switzerland) 0.62 Zuccato et al., 2008a
London 0.69 Zuccato et al., 2008a
River Po basin (I1T) 0.7 Zuccato et a., 2005
Milan 091 Zuccato et a., 2008a
Spain (Ebro River basin) 13 Postigo et al., 2010
Spain (northeast) 14 Huerta-Fontela et al., 2008
Heroin
Spain (Ebro River basin) 0.061 Postigo et al., 2010
Milan 0.07 Zuccato et al., 2008a
Lugano 0.1 Zuccato et al., 2008a
Spain (Catalonia) 0.138 Boledaet al., 2009
London 0.21 Zuccato et al., 2008a
THC
Spain (Ebro River basin) 0.5 Postigo et al., 2010
Milan 3 Zuccato et al., 200a
Spain (Catalonia) 35 Boledaet al., 2009
Lugano 6.6 Zuccato et a., 2008a
London 7.6 Zuccato et al., 2008a
Amphetamine
Lugano Nd Zuccato et a., 2008a
Milan 0.009 Zuccato et al., 2008a
Spain (northeast) 0.076 Huerta-Fontela et al., 2008
London 0.08 Zuccato et a., 2008a
Spain (Ebro River basin) 0.193 Postigo et al., 2010
South Wales 25 Kasprzyk-Hordern et a., 2009
M ethamphetamine
Lugano Nd Zuccato et al., 2008a
Spain (Ebro River basin) 0.001 Postigo et al., 2010
London 0.006 Zuccato et al., 2008a
Milan 0.01 Zuccato et al., 2008a
Spain (northeast) 0.024 Huerta-Fontela et al., 2008
MDMA (ecstasy)
Milan >0.01 Zuccato et a., 2008a
Lugano >0.01 Zuccato et al., 2008a
London >0.01 Zuccato €t a., 2008a
Spain (Ebro River basin) 0.06 Postigo et al., 2010

Spain (northeast) 0.4 Huerta-Fontela et al., 2008
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FIGURE 16.1 Consumption profile (grams per day, means 4+ SD) of cocaine, THC, heroin
and amphetamines (> amphetamine, methamphetamine, and MDMA) in Milan. (Modified,
from Zuccato et a., 2008a.)

estimated a heroin consumption, respectively, of 138 mg/day per 1000 inhabitants
and 61 mg/day per 1000 inhabitants age 15—64 years (roughly corresponding to
43 mg/day/1000 people). Consumption rates in doses/day/1000 people were also
calculated, considering an average content of pure active drug in a typica dose of
30 mg for intravenous heroin (United Nations Office of Drugs and Crime, 2004).
Means+ SD were2.3+ 0.2, 3.3+ 0.5, and 7.0 + 1.2 doses/day per 1000 inhabitants
in Milan, Lugano, and London, respectively (Zuccato et al., 2008a) and 4.6 and 1.4
doses/day per 1000 inhabitants in Spain (Boleda et al., 2009; Postigo et al., 2010).
Extrapolation to whole countries would suggest that heroin consumption was higher
in the United Kingdom than in Italy, Switzerland, and Spain, which is in line with
information from the United Nations Office of Drugs and Crime (2004), who re-
ported an annual prevalence of heroin use for the age group 15—64 yearsin England
and Wales (0.9%), which was greater than those in the other countries. However,
consumption estimates by wastewater analysis in Milan were lower than in Lugano



300 ASSESSING ILLICIT DRUG CONSUMPTION BY WASTEWATER ANALYSIS

and Spain, while the corresponding prevalence of use was higher in Italy (0.8%),
than in Switzerland (0.6%) (United Nations Office of Drugs and Crime, 2006) and
Spain (0.4%) (European Monitoring Centre for Drugs and Drug Addiction,, 2009).
This discrepancy might result from local differences in consumption, different time
trends, and difficultiesin extrapolating data from single cities or regionsto the whole
country. One year later, a further study was carried out in Milan. Results showed
that heroin consumption estimated in the population served by the loca WWTP
(1,250,000 inhabitants) decreased from a mean of 2800 doses/day in 2006 to 1900
doses/day in 2007 (Zuccato et al., 2008b).

16.3.3 Cannabis

Surveys have been carried out in Milan, Lugano, and London in 2005—2006 (Zuccato
et al., 2008a), and in Spain in 2007—2008 (Boleda et a ., 2009; Postigo et al., 2010).
Daily load profiles measured in Milan are shown in Fig. 16.1. THC consumption
estimates were 3.0, 6.6, and 7.6 g/day per 1000 inhabitants in Milan, Lugano, and
London, respectively, while in Spain, Boleda et a. (2009) and Postigo et a. (2010)
estimated a consumption of 3.5 and 0.5 g/day per 1000 inhabitants, respectively.
Cannabis consumption rates expressed as doses (mean + SD) were 24 + 2, 53 +
12, and 61 £+ 26 doses/day per 1000 inhabitants in Milan, Lugano, and London,
respectively (Zuccato et a., 2008a) and 27 (Boleda et al., 2009) or 4 doses/day per
1000 inhabitants (Postigo et al., 2010) in Spain. These figures are in good agreement
with data from the UNODC, which, in 2006, reported an annual prevalence for
cannabis use in the age group 15—64 years of 11% in the United Kingdom, 10% in
Switzerland, and 7%in Italy (United Nations Office of Drugsand Crime, 2006), while
the annual prevalence estimate for Spain in 2008 was 10.1% (European Monitoring
Centrefor Drugs and Drug Addiction, 2009). Results of a second sampling campaign
carried out in 2007, showed a decrease of cannabis consumption in Milan, where
the estimated use of THC in the population served by the local WWTP (1,250,000
inhabitants) decreased from 3.80 + 0.59 kg/day (about 30.400 doses/day) in 2006
to 2.82 + 0.20 kg/day (22,500 doses/day) in 2007 (Zuccato et al., 2008b), in line
with the“ strong decrease of cannabis popularity” in Europe, asreported by European
Monitoring Centre for Drugs and Drug Addiction, (2009).

16.3.4 Amphetamines

Amphetamine was not detected in wastewater samples from Lugano (Switzerland)
whereas levels found in Milan (Italy) and London (UK) resulted in an amphetamine
use estimate of 9 and 80 mg/day/1000 people, respectively (Zuccato et al., 2008a).
Much higher estimates (2500 mg/day/1000 people) were reported in South Wales
(Kasprzyk-Hordern et a., 2009), and in Spain, where Huerta-Fontela et al. (2008)
and Postigo et al. (2010) cal cul ated an average use of 76 and 193 mg/day/1000 people
of the general population, respectively.

Methamphetamine was not found in wastewater samples from Switzerland,
whereas it was found at levels corresponding to about 6 and 10 mg/day/1000 people



RESULTS AND DISCUSSION 301

in London and Milan, respectively (Zuccato et al., 2008a). Consumption estimates
in Spain were 24 (Huerta-Fontela et a., 2008) and 1 mg/day/1000 people (Postigo
et a., 2010).

MDMA (ecstasy) consumption rates were less than 10 mg/day/1000 people in
Milan, Lugano, and London (Zuccato et al., 2008a) and 400 (Huerta-Fontela et al.,
2008) and 60 mg/day/1000 people (Postigo et a., 2010) in Spain.

16.3.5 Comparison of Wastewater Analysis and Population
Survey Evidence

To verify whether 1D consumption rates assessed from measurement of drug residues
in wastewater were in line with official epidemiological data, estimates of ID con-
sumption obtained by wastewater analysis in Milan, Lugano, and London, were
compared with national prevalence figures obtained from population surveysin Italy,
Switzerland, and the United Kingdom (Fig. 16.2). Comparison of the results showed

FIGURE 16.2 Comparisonof ID use(dosesper day per 1000 people, mean + SD) estimated
by sewage analysis (A) and national profiles of drug use (percentage of users among 15- to
64-year-olds) based on annual prevalence data in the countries under study (B) (UNODC,
2006). (With permission, from Zuccato et al., 2008a.)
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that wastewater estimates reasonably matched with official figures and provided
further complementary information (Zuccato et a., 2008d). In fact, results of the
wastewater approach were in agreement with national prevalence figures in indicat-
ing that the most used drug by far was cannabis. The relative importance of cocaine
and heroin use was al'so similarly represented by the two methods. However, wastew-
ater analysis, but not prevalence estimates, suggested that amphetamines were the
least used drugs in all locations. A possible reason for this discrepancy may lie
in the intrinsic differences in the two approaches wWastewater analysis offers di-
rect evidence of consumption rates, but no indication about the number of users.
Population surveys provide information on the number of users, without specific
reference to use patterns and amounts consumed. As the number of users is gen-
eraly defined as the percentage of people who admit to having used a drug in
a given interval, population surveys might overestimate the use of drugs that are
occasionaly used by many (e.g., the amphetamines), rather than steadily used by
afew.

Overall these findings suggest that wastewater measurements provide objective,
direct evidence of collective ID consumption, which are comparable with data esti-
mated by epidemiological methods. Wastewater analysis was also used to estimate
cocaine consumption at national scalelevel in Belgium and Spain, providing resultsin
accordance with official statistics (van Nuijset al., 2009; Postigo et ., 2010). More-
over, in a recent study from United States, the distribution of wastewater-derived
drug index loads of cocaine, methamphetamine, and MDMA was found to corre-
spond with expected epidemiological drug patterns and this highlighted the potential
of this approach to improve the measurement of the true level and distribution of a
range of drugs (Banta-Green et a., 2009).

16.3.6 Potential and Limitation of This Novel Approach

Current methods to estimate ID consumption are known to be inaccurate, relying on
the individual willingness to self-report use. Moreover, surveys of the general pop-
ulation are too time-consuming to promptly detect changing trends. Alternatively,
wastewater analysis may provide evidence-based and almost real-time estimates of
ID consumption inlocal communities. Therefore, this approach to drug consumption
monitoring has some advantages. First, wastewater analysi s uses objective measures
providing evidence-based pictures of the amount and type of ID collectively con-
sumed in a community, thus avoiding possible bias associated with self-reporting.
Second, these results can be obtained in near real time, because drug profiling by
wastewater analysis can be completed in few days after sampling. Population sur-
veys are expensive, which limits the frequency at which they can be conducted and
reguire long time to be performed. Third, wastewater analysis allows comparison of
consumption patterns in different communities, to highlight possible differencesin
ID use, and to better understand the extent of the drug problem in local populations.
Fourth, results within a community, taken at different times, can be compared, to
identify changing trends and to develop, target, and evaluate preventive interventions
on the population.
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However, athough wastewater analysis is promising, it still needs to be refined
beforeit can really becomeageneral tool for monitoring drug abuse. For instance, this
method has some sources of variability, such as pharmacokinetic and metabolism,
route of ingestion, drug purity, and other criticisms that may be addressed in future
studies to improve the accuracy of the calculations and assumptions. In particular,
efforts could be aimed at: (1) using demographic data to cross-check population
sizein WWTP catchment aress, (2) improving knowledge of metabolism/kinetics of
the various ID by experimental work and modeling, and (3) updating statistics on
local drug use patterns for each drug (e.g., intake routes, purity, and size of typical
dose). Critical work isneeded to improve the current approach, and aconsensus view,
combining expertise from researchers, authorities, and international drug agencies,
appears essential for the comparability of future studies.
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CHAPTER 17

COCAINE AND METABOLITES IN
WASTEWATER AS A TOOL TO
CALCULATE LOCAL AND NATIONAL
COCAINE CONSUMPTION
PREVALENCE IN BELGIUM

ALEXANDER L.N. VAN NUIJS, LIEVEN BERVOETS, PHILIPPE G.
JORENS, RONNY BLUST, HUGO NEELS, and ADRIAN COVACI

17.1 INTRODUCTION

Prevalence of illicit drug consumption is currently estimated based on classic so-
cioepidemiologica studies using population surveys, consumer interviews, medical
records, seizure rates, drug production knowledge, and crime statistics (European
Monitoring Centre for Drugs and Drug Addiction, 2002, 2008a; United Nations
Office of Drugs and Crime, 2009). These studies often have limitations since they
include (1) specific populations (from acity, from a specific age class) or (2) the gen-
eral population. While the first type of studies cannot provide nationwide estimates,
because the studied population is not representative for the general population, the
second type cannot offer information about local (urban versus rural areas) and age-
specific trends. Moreover, classic socioepidemiological studies are, in many cases,
not objective because only information originating from the consumers themselves
is available. Furthermore, they are time-consuming, leading to alack of frequently
updated information in order to detect changes in drug-use patterns in a short time
frame. In 2007, the United Nations Office on Drugs and Crime (UNODC) concluded
in their recommendations that novel approaches are needed to estimate illicit drug
consumption in amore objective way and that these approaches have to rapidly detect
changes in drug abuse patterns (United Nations Office on Drugs and Crime, 2007).
Astheoretical proposed by Daughton (2001), the analysis of illicit drugs and their
metabolites in surface water and wastewater could have interesting implications for

Ilicit Drugsin the Environment: Occurrence, Analysis, and Fate Using Mass Spectrometry, Edited by
Sara Castiglioni, Ettore Zuccato, and Roberto Fanelli
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epidemiological purposes. In his manuscript, Daughton introduced the hypothesis of
estimating local and national patternsof illicit drug consumption from concentrations
of (urinary) excreted illicit drugs and metabolitesin wastewater. Zuccato et a. (2005)
applied this theoretical idea for the first time on real waste- and surface water from
four wastewater treatment plants and the River Po in Italy for the estimation of local
(city or part of city) cocaine consumption and showed the great potential of thistool.
There has been increased interest in the analysis of illicit drugsin waste- and surface
water for the calculation of illicit drug consumption in several European countries
(Bones et al., 2007; Huerta-Fontela et al., 2008; Zuccato et a., 2008; Boleda et d.,
2009; Kasprzyk-Hordern et al., 2009; van Nuijs et al., 2009a-c; Mari et a., 2009),
and the United States (Banta-Green et al., 2009). This approach, named “sewage
epidemiology” by Zuccato and co-workers (Zuccato et al., 2008), is schematically
shown for cocainein Fig. 17.1.

The sewage epidemiology approach is objective (“a urine test for illicit drugs
on a complete population”) and relatively cheap. Results can be obtained in a
short time frame and can provide information on local and national illicit drug
consumption, which can be used in addition to information obtained with the
classic socioepidemiological approaches. As already has been concluded from a
multidisciplinary meeting of experts organized in 2007 by the European Monitoring
Centre for Drugs and Drug Addiction (EMCDDA), it must be stressed that sewage
epidemiology is not an aternative, but an additional tool that complements and
extends the possihilities of existing approaches to counter the difficult problem of
the monitoring of illicit drug consumption (Frost et a., 2008; European Monitoring
Centre for Drugs and Drug Addiction, 2008b).

In this chapter, an overview will be given on the sewage epidemiology work
that has been carried out until now in Belgium (Gheorghe et a., 2008; van Nuijs
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et a., 2009a-d). The focus will be on the calculation of local and national cocaine
consumption based on measured concentrations of cocaine (COC) and its major
metabolite, benzoylecgonine (BE), in influent wastewater. First, the analysis of these
compounds with solid-phase extraction (SPE) and liquid chromatography coupled
to tandem mass spectrometry (LC-MS/MS) will be reviewed. Second, the back-
calculation from concentrations in wastewater to an amount of cocaine used will be
explained. Third, local and national results for cocaine consumption in Belgium will
be discussed. Last, general conclusions will be drawn and uncertainties of sewage
epidemiology and the need for future research will be underlined.

17.2 ANALYTICAL ASPECTS OF THE DETERMINATION OF COCAINE
AND METABOLITES IN WASTEWATER AND SAMPLE COLLECTION

17.2.1 Generalities

To quantify COC and metabolites in a complex matrix such as wastewater, a clean-
up and concentration step have to be implemented to obtain a clean extract which
contains concentrations of the three analytes in a detectable concentration without
much interference. This extract will then be analyzed for the compounds of interest
with an optimized and validated method based on LC-MS/MS. This section presents
an overview of the method used and will be given together with a comparison and
discussion with other existing and published methods.

17.2.2 Clean-up and Concentration Step

To remove solid particles from the wastewater, samples (100 mL) were first filtered
over aglassfilter. Thefiltered water was then further cleaned and concentrated based
on off-line SPE. Initially, seven different SPE sorbents were tested for the extraction
of COC, BE, and ecgoninemethyl ester (EME) (Gheorghe et al., 2008). Results
showed the best recovery (> 90% for COC and BE with > 70% for EME) for Oasis
HLB cartridges, conditioned with 3 mL methanol (MeOH) and 3 mL Milli-Q water,
washed after loading (sample at pH 6) with 5% MeOH in Milli-Q water and eluted
with2 x 4 mL MeOH. Theresultsarein agreement with earlier literature that reports
the use of Oasis HLB cartridges for the extraction of illicit drugs from wastewater
(Huerta-Fontela et a., 2007). It has to be mentioned that besides off-line SPE, other
techniques have also been reported for the analysis of illicit drugs in wastewater,
namely, on-line SPE proposed by Postigo et a. (2008) and large-volume injection
suggested by Chiaia et a. (2008).

17.2.3 Analysis with LC-MS/MS

In most publications concerning the analysis of COC and metabolites in wastewa-
ter, reversed-phase liquid chromatography (RP-LC) coupled to MS detection was
chosen for separation and quantification of illicit drugs (Castiglioni et a., 2006;
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Huerta-Fontela et a., 2007; Postigo et a., 2008; Chiaia et al., 2008; Kasprzyk-
Hordern et al., 2008; Bijlsma et al., 2009). For the Belgian studies, a different
separation principle was used for the analyses. Gheorghe et a. (2008) compared
the use of RP-LC-MS/MS with hydrophilic interaction liquid chromatography
(HILIC-MS/MYS) for the determination of COC, BE, and EME in wastewater. HILIC
isarelatively new development in LC, which addresses the problematic retention of
polar compounds in RP-LC. For these compounds, normal-phase liquid chromato-
graphy instead of chromatog-raphy (NP-LC) could be used, but, unfortunately, the
mobile phase used in NP-LC contains solvents, such as hexane, which are not com-
patible with the necessary MS detection. HILIC is a suitable aternative, because it
offersgood retention for polar analytes together with ahigh percentage of acetonitrile
(AcN) or MeOH (in amixture with an aqueous phase) in the mobile phase and thus
optimal conditions for MS detection. Especially for EME, a highly polar compound
that shows very little retention in RP-LC, HILIC shows good performance (Gheorghe
et al., 2008; van Nuijs et al., 2009d). HILIC separations were tested on two different
columns(Zorbax Rx-SIL, 2.1 x 150 mm, 5 wm; LunaHILIC, 150 x 3mm, 5 um) and
ontwo different M S detection systems (Agilent 1100 M SD ion trap with electrospray
ionization and Agilent 6410 triple-quadrupole mass spectrometer with electrospray
ionization) (Gheorgheet al., 2008; van Nuijset al ., 2009d). TheLunaHILIC columnin
combination with the triple-quadrupol e mass spectrometer performed the best, with a
significant differencefor EM E (van Nuijset al., 2009d). Quantification wasdoneusing
deuterated interna standards (COC-d3, BE-d3, and EME-d3), with seven-point cali-
bration curves. Methods were fully validated by addressing linearity, accuracy, preci-
sion, and limit of quantification (LOQ). Quality control and quality assurance during
analysisof the sampleswas carried out by analyzing QC samplesand blankswith each
batch of samples and by performing an interlaboratory test (van Nuijs et a. 2009a).

17.2.4 Sampling Sites and Sample Collection

Influent 24-h composite wastewater samples were collected from 41 wastewater
treatment plants (WWTPS) spread over Belgium. The chosen WWTPs cover both
urban and rural regions and are all designed to serve more than 10,000 residents;
the total of the 41 WWTPs cover approximately 3,700,000 residents. The following
parameters were recorded for each sample: date of collection, temperature (°C), pH,
and flow rate (m®/day). Composite samples were collected in a volume-proportional
way, meaning that a fixed amount of wastewater is automatically sampled when a
certain volume of wastewater has passed the device. This procedure was repeated
for each sample during 24 h, so that a representative sample for a complete day
was acquired. To evaluate weekly variations, two samples were collected for each
WWTR, one on Sunday (representative for the weekend) and one on Wednesday
(representative for the week). This sampling procedure was executed during the
summer—autumn of 2007 and repeated during the winter of 2007—2008 so that each
WWTP was sampled on four separate days. After collection, samples were stored at
pH 2 and at —20°C to prevent degradation of COC, BE, and EME during storage
(Gheorghe et al., 2008; Chiaia et a., 2008).
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17.3 BACK-CALCULATION OF COCAINE CONSUMPTION FROM
CONCENTRATIONS OF COC, BE, AND EME IN WASTEWATER

To discriminate between direct discharge of cocaine through the sewer system and
human cocaine consumption, we preferred to use only concentrations of the principal
human metabolite of cocaine, benzoylecgonine, to make a back-calculation into an
amount of used cocaine. The use of cocaine concentrationsin the calculations would
possibly lead to overestimations, because of the inclusion of (possible) discharges of
cocaine powder through the drain. Moreover, it was also demonstrated by Gheorghe
et al. (2008) that COC is not stable in water, with a degradation of 80% within 24 h
at 20°C. In another stability study in which we tried to simulate real wastewater
conditions (temperature 11°C and pH 8), a degradation of 40% for COC in 24 h was
observed, while BE was stable in this time frame and under these conditions (van
Nuijs et a., unpublished).

BE and EME account for 45% and 35% of the urinary recovery of a cocaine dose,
respectively (Ambre et a., 1984, 1988; Cone et al., 1998). Because EME could not
be quantified in any sample with the applied method, calculations for the wastewater
samples from Belgium were based exclusively on BE.

The back-calculations can be summarized in three steps:

1. Concentrations of BE (nanogram per liter) are transformed into loads (grams
per day) with the known flow rate (liters per day) of the wastewater stream.

2. The BE loads (grams per day) are transformed into COC equivalents with a
formulaproposed by Zuccato et al. (2005): COC (in grams per day) = BE loads
(grams per day) x 2.33. The 2.33 factor results from the molar ratio of COC
and BE (1.05) and from the fact that COC is metabolized, on average, for 45%
to BE.

3. The amount of consumed COC (grams per day) is divided by the amount of
residents (design capacity of the WWTP) that are served by each WWTP (the
design capacity) to obtain cocaine consumption in grams per day per 1000
residents.

It hasto be remarked that in arecent published HILIC-M S/M S method (van Nuijs
et al., 2009d), EME could be quantified in a series of real wastewater samples. These
findings will be further explored in the future.

17.4 LOCAL AND NATIONAL RESULTS OF COCAINE CONSUMPTION
IN BELGIUM

17.4.1 Generalities

COC and BE were quantifiablein all influent wastewater sampleswith concentrations
ranging 9-753 ng/L for COC and 37-2258 ng/L for BE (van Nuijset a., 2009a). EME
was hot detected in any of the samples using the method described by Gheorghe et al.
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TABLE 17.1 Calculation of Cocaine Consumption for Sunday Samples (Winter
2007-2008) from 41 Wastewater Treatment Plant Regionsin Belgium?®

COoC
Conc. Conc. Flow Loads Loads CcocC Consumption
Number BE COC Rate BE COC Consumption (g/day per 1000
WWTP inhabitants (ng/L) (ng/L) (m3/day) (g/day)® (g/day)® (g/day)© Inhabitants)

Aalst 89,847 410 158 29,768 1221 471 28.438 0.317
Aartselaar 61520 286 101 31,288 8.95 3.17 20.860 0.339
Antwerp North 69,668 248 100 34,280 8.49 3.42 19.788 0.284
Antwerp South 157,268 2130 693 57,932 123.39 40.16  287.444 1.828
Arlon 16,043 640 169 12,553 8.03 2.13 18.709 1.166
Beersel 63531 692 273 11,614 8.04 317 18.733 0.295
Bruges 178987 196 61 100,776  19.70 6.10 45.895 0.256
BrusselsNorth 850,000 1306 453 233,303 304.69 105.69  709.785 0.835
Charleroi 138,000 1297 545 39,329 51.01 2141 118835 0.861
Ciney 10000 140 70 6,000 0.84 0.42 1.955 0.196
Dendermonde 68276 578 218 25000 1444 5.45 33.638 0.493
Destelbergen 57,999 392 174 17,912 7.03 312 16.369 0.282
Deurne 198,569 1245 394 57,088 71.07 2249 165568 0.834
Gembloux 37,131 160 38 8,400 1.34 0.32 3131 0.084
Genk 68924 863 363 45540 3928 16.52 91.509 1.328
Ghent 206,109 918 350 47,744 4381 1669  102.066 0.495
Harelbeke 111,515 803 244 33292 26.74 8.12 62.299 0.559
Hasselt 63,333 37 9 38,712 1.43 0.35 3.337 0.053
Heist 18,123 642 284 9,770 6.27 2.77 14.611 0.806
LaLouviere 29,800 549 195 12,134 6.66 2.37 15.518 0.521
Leuven 113,015 832 321 22288 1855 7.15 43.213 0.382
Liedekerke 92,465 648 247 27392 17.75 6.76 41.355 0.447
Liege 26,300 1061 319 5773 6.12 184 14.267 0.542
Lier 28866 891 321 14,800 13.19 4.75 30.719 1.064
Lokeren 37,199 288 101 28,440 8.18 2.88 19.052 0.512
Mechelen North 87,452 1550 683 15,180 2353 10.37 54.807 0.627
Menen 62574 361 133 28,892 1043 3.84 24.287 0.388
Mol 47538 338 145 18,188 6.14 2.63 14.300 0.301
Mons 82,350 625 217 39294 2457 851 57.246 0.695
Morkhoven 38211 171 67 19,358 331 129 7.711 0.202
Mouscron 27831 228 73 11,045 2.52 0.81 5.861 0.211
Nivelles 27,000 515 133 14,400 7.42 1.92 17.279 0.640
Ostend 106,737 596 208 42,096 25.11 8.77 58.487 0.548
Roeselare 62,438 231 110 33,296 7.70 3.65 17.948 0.287
Sint-Niklaas 44443 620 228 19,756 12.25 4.50 28.533 0.642
Sint-Truiden 44131 393 159 16,590 6.52 2.63 15.188 0.344
Tessenderlo 41,761 350 117 16,710 5.85 1.96 13.624 0.326
Tournai 29,000 516 173 4,325 2.23 0.75 5.203 0.179
Verviers 95000 554 161 33355 1848 5.36 43.046 0.453
Wavre 80,000 132 52 15,703 2.07 0.82 4.812 0.060
Wulpen 57,495 287 67 16,070 4.62 1.08 10.759 0.187

AaWWTP, wastewater treatment plant; conc, concentration; BE, benzoylecgonine; COC, cocaine.
b(Concentration x flow rate)/106.

¢Loads BE x 2.33.

Reproduced from van Nuijs et al. (2009b) with the permission the publisher, Wiley-Blackwell.



LOCAL AND NATIONAL RESULTS OF COCAINE CONSUMPTION IN BELGIUM 311

Heist

Antwerpen Noord
Oostende

Brugge Sint-Niklaas Deurne Mol
Antwerpen Zuid
Lier Morkhoven
Wulpen Gent IbLokeren Aartselaar
estelbergen Mechelen Noord Tessenderlo
Dendermonde Genk
Roeselare Aalst Brussel Noord “
u Hasselt
Harelbeke Liedekerke Leuven
Menen Sint-Truiden
Mouscron Beersel
Wavre
Liege
Tournai Nivelles
Gembloux Verviers

Mons | a Louviere

Charleroi
Ciney

g COCeq/1000 persons * day
1

0,5
0,1

Arlon

FIGURE 17.2 Geographical distribution of cocaine consumption (in gramsper day per 1000
inhabitants) for Wednesday samples (sampling campaign I1) from 41 wastewater treatment
plant regionsin Belgium.

(2008). Theresultswerein agreement with theliterature (Zuccato et al., 2005; Chiaia
et a., 2008; Huerta-Fontelaet al., 2008; Kasprzyk-Hordern et al ., 2008; Postigo et a .,
2008; Bijlsmaet a., 2009).

Cocaine consumption for each WWTP region for a weekday (Wednesday) and
a weekend (Sunday) and for both sampling campaigns (summer and winter), was
calculated with the above mentioned strategy. Table 17.1 gives an overview of
calculations from concentrations of COC and BE to amounts of used cocaine for
the Sunday samples of each of the 41 WWTP regions in the winter 2007—2008.
Figure 17.2 gives the graphical presentation of the results of cocaine consumption
in the winter 2007—2008 for the Wednesday samples of the WWTP regions. The
calculated cocaine consumption for each WWTP region for each sampling day and
for each sampling campaign is shown in Table 17.2.

17.4.2 Daily Variations in Cocaine Consumption

From the statistical comparison of the cocaine consumption on a weekday and a
weekend it can be concluded that there is a significant increase of cocaine use in the
weekend for each WWTP region. In an additional three-week sampling campaign
in the WWTP region of Brussels (daily collection of a 24-h composite sample), a
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constant cocaine consumption from Monday to Friday (week) followed by apeak in
the period Saturday—Sunday (weekend) was demonstrated (van Nuijs et al., 2009c).
Other studies applying the sewage epidemiology approach in Italy and Spain also
observed higher cocaine consumption during the weekend, confirming our results
(Zuccato et a., 2008; Huerta-Fontela et a., 2008). Such observation of higher con-
sumption of cocaine during weekends is supported by findings of the EMCDDA,
which report on the recent surge of cocaine as replacement for ecstasy and other
“party drugs’ (European Monitoring Centre for Drugs and Drug Addiction, 2008a).

17.4.3 Cocaine Consumption and Urbanization

The local results in Belgium suggest a higher cocaine use in WWTP regions with
high urbanization compared with WWTP regions that cover more rural and, thus,
less urbanized areas. In WWTP regions receiving wastewater from large and strong
urbanized cities in Belgium, namely Antwerp, Charleroi, Mechelen, and Brussdls,
higher cocaine consumption was observed in comparison with more rural regions,
such as Wulpen, Mol, Menen, Ciney, and Gembloux (Tables 17.1 and 17.2 and
Fig. 17.2).

If we focus on the results of cocaine consumption in Antwerp, the role of ur-
banization can be clearly seen. For the Antwerp region, three WWTP regions were
included in the study. WWTP Deurne and Antwerp South, which receive wastewater
mainly from the centre of Antwerp (high urbanicity), and WWTP Antwerp North,
which receives wastewater from the northern part of Antwerp, covering amore rural
(including the Antwerp harbor) area (van Nuijs et al. 2009a). The difference in co-
caine consumption (Table 17.1 and 17.2 and Fig.17.2) between these areas is clear
and confirms that cocaine consumption is higher in urbanized regions. Thiswas also
evidenced by a recent study from United States comparing wastewater results with
socioepidemiological data (Banta-Green et ., 2009). Yet, we should be cautiousin
making generalizations from such results, since many other factorsthan urbanization
can be related to cocaine consumption.

17.4.4 Extrapolation of Local Results to a Yearly Nationwide
Prevalence of Cocaine

The sampling campaign in Belgium covered wastewater originating from approxi-
mately 3,700,000 residents (35% of the total Belgian population), including regions
with high and low urbanization. With these features, it seemed appropriate to ex-
trapolate local results to the general population and to estimate a yearly prevalence
of cocaine consumption in Belgium. In a first step, weekly cocaine consumption
was calculated for each WWTP region, assuming that a week consists of two days
of aweekend and five weekdays. This assumption is supported by observations in
the three-week sampling campaign carried out in the WWTP Brussels North (van
Nuijs et a. 2009c). The mean value for the Sunday samples and Wednesday samples
of each WWTP region was thus multiplied by 2 and 5, respectively, and summed.
The weekly results were then multiplied by 52 to obtain yearly cocaine consumption
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for each WWTP region. In anext step, all yearly results were summed to obtain the
yearly cocaine consumption by the 3,700,000 residents. In alast step, thisnumber was
multiplied by 2.86 to result in an estimate of the amount of cocaine that is consumed
yearly by the total Belgian population (10,584,534 residents). Results suggested a
use of 1.88 tons per year of cocaine in Belgium for 2007—2008. From this absolute
amount, we estimated a prevalence of cocaine consumption in Belgium, for which
several assumptions had to be made:

1. An average cocaine dose is 100 mg (Lamkaddem and Roelands, 2007)

2. An average cocaine user consumes 0.650 g/week or 33.8 g/year (Everingham
and Rydell, 1994; Cohen and Sas, 1994).

Taking these assumptions into account, the calculated 1.88 tons of cocaine corre-
sponded to 55,770 users [(1.88 x 106 g)/33.8 g], which is about 0.53% of the total
Belgian population (55,770/10,584,534) or 0.80% (55,770/6,976,743) and 1.32%
(55,770/4,230,029) of the Belgian population aged 15-64 or 15-44 years, respec-
tively.

17.45 Comparison with Existing Estimates

An important question is if this estimate of cocaine consumption in Belgium is rea-
listic. The EMCDDA reported an average valuefor the *last year cocaine preval ence”
in the age group 15-64 years in 2007 in Europe of 1.2%, with a range from 0.1%
(in Greece) to 3% (in Spain) (European Monitoring Centre for Drugs and Drug
Addiction, 2008). The calculated prevalence for Belgium from wastewater analysis
for this age group — (0.80%) seems thus realistic and fits in this European picture,
where Belgium can be placed as a country with medium cocaine consumption.
However, because of the lack of national studies of cocaine usein Belgium, it isvery
difficult to really validate this estimate. The only comparison that can be made is
with an estimate of the UNODC, which, in 2004, reported alast year prevalence of
cocaine consumption in Belgium of 0.9% of the population aged 15-64 years (United
Nations Office of Drugsand Crime, 2004). It isimportant to mention that thisestimate
was based only on local studies, special population groups, and/or law enforcement
agency assessments, since general prevalence studies have never been executed in
Belgium. As a conclusion, we can state that from the little available information of
cocaine use in Belgium, the estimate of the cocaine prevalence derived from waste-
water data appears logical and fits in the European picture of cocaine consumption
prevalence. In this way, sewage epidemiology shows its great potential to provide
additional information about cocaine consumption both at local and national level.
Of course there are limitations and uncertainties about the calculations made.
The extrapolation from four days to a complete year can probably be improved
and the calculation of prevalence from ayearly consumption is subjected to several
assumptionsthat have to berefined or updated in future research. The latter are based
on research in the 1990s on drug consumption and is it possible that the patterns



316 COCAINE AND METABOLITES IN WASTEWATER

of drug use could have changed since then. However, the purpose of the study was
to explore the potential of wastewater analysis as an informational tool to estimate
local and, for the first time, also national cocaine use, rather than giving an exact
calculation of cocaine prevalence.

17.5 CONCLUSIONS AND FUTURE TRENDS AND RESEARCH

The sewage epidemiology work carried out in Belgium shows that this approach
provides objective and realistic data of illicit drug consumption both at the local and
nationwide scale. Compared to the socioepidemiological approaches, wastewater
analysis has a higher degree of objectivity, is relatively inexpensive, and can offer
resultsin ashort time frame. Therefore, it can be used to trace hot-spots of illicit drug
use and to evaluate prevention campaigns and targeted actions in a short period of
time.

However, it isimportant to mention that sewage epidemiology hasto be seenasa
tool to monitor illicit drug consumption synergistically to the classic socioepidemi-
ological studies. Combining both approaches and tuning both methodologies will
lead to a better and more detailed understanding of theillicit drug problem and use
patterns. Therefore, collaborations between epidemiol ogists, criminologists, doctors,
toxicologists, environmental scientists, and policy makers have to be established in
the near future.

Sewage epidemiology is arelatively new scientific field and it is still in an early
stage of development. The presented work demonstrates the great potential of the
approach, but there hasto be stressed that sewage epidemiology isfar from optimized
and validated. The presented work shows resultsfor only cocaine. The same working
strategy should be followed for the estimation of local and nationwide consumption
of other drugs of abuse, such as amphetaminelike stimulants, opiates, and cannabis.

Because of variousuncertaintiesin sewage epidemiol ogy, extensivefutureresearch
is needed. Until now, there is a high degree of uncertainty related to the degradation
or adsorption of illicit drugs and metabolites in the sewer system from the toilet to
the WWTP. If so, the measured concentrations have to be corrected for this loss,
leading to a higher calculated illicit drug use. To optimize the back-calculation from
concentration to amount of used drug, new pharmacokinetic studieshaveto becarried
out to have more extensive knowledge about metabolic patterns of illicit drugs. In
the back-calculations, more than one metabolite (e.g., EME for cocaine) should
be included, if possible, to obtain more accurate calculations. Furthermore, future
research should also focuson WWTPrelated parameters, such asthe flow rate and the
amount of served inhabitants. It isyet unclear what the error is on the measured flow
rate and the amount of served residents by aWWTP is until now estimated through
the design capacity of the WWTP, while in reality this parameter is not as stable as
previously thought. To calcul ate prevalences, sociological studiesat the average dose,
the purity, and the daily amount consumed by an average user have to be established
to update, confirm, or replace the values that are now assumed in the calculations.
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CHAPTER 18

MEASUREMENT OF ILLICIT DRUG
CONSUMPTION IN SMALL
POPULATIONS: PROGNOSIS FOR
NONINVASIVE DRUG TESTING OF
STUDENT POPULATIONS

DEEPIKA PANAWENNAGE, SARA CASTIGLIONI, ETTORE ZUCCATO,
ENRICO DAVOLI, and M. PAUL CHIARELLI

18.1 INTRODUCTION

The abuse of illicit drugsisaglobal problem from which no society isimmune (Cas-
tiglioni et al., 2006; Drug Abuse, 2009). In the United States alone, approximately
40 million seriousillnesses and injuries result from drug abuse annually. Drug abuse
contributes to major social problems such as reckless driving, crime, and family vio-
lence, such as spousal or child abuse (Drug Abuse). According to the National Survey
on Drug Use and Health (NSDUH), it is estimated that about 20.1 million Americans
aged 12 or older (8.1% of the population) had consumed an illicit drug within a
month of completing the survey. Approximately one-half of these people admitted to
driving under the influence of drugs within the last month as well (Substance Abuse
and Mental Health Services Administration, 2009).

Drug testing of individuals began in earnest in the late 1960s to discourage the
use of illicit drugs. Positive drug tests were and are used to disqualify potential job
applicants and, in some instances, terminate employment. One of the first groups
subjected to mandatory drug testing were persons undergoing methadone treatment
in federally mandated programs treating heroin and opiate addiction (Coombset al.,
1991). Methadone is a drug that eases withdrawa symptoms associated with opiate
use. Individuals wanting access to methadone were required to undergo urine tests
to show progress in overcoming their opiate addiction. During the Vietham War,
the US Department of Defense authorized urine testing of soldiers participating in
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combat operations to discourage the use of freely available heroin originating from
other parts of southeast Asia. The US Navy ingtituted mandatory drug testing of
all personnel after a fighter plane crashed on the carrier USS Nimitz in May 1981,
which resulted in the deaths of nine people and injuriesto 42 others. The drug testing
mandate wasissued after it was determined in autopsi esthat nine of the crew members
on deck had cannabinoids in their systems. It was also determined by autopsy that
the pilot was flying under the influence of bromopheniramine, an antihistamine that
causes drowsiness, which had not been prescribed by his physician (US Navy Judge
Advocate General investigation and report, 1982). More recently, the drug testing of
athletes participating in the Olympics or other professional sporting events has been
mandated by various governing bodiesto ensure that no participant has an advantage
in competition because of the use of illegal or nonsanctioned drugs. Today, the most
widely tested group of peoplework in thetransportation industry. M ost of the accepted
analytical methods used to test individual drug use have been based on the analysis of
urine extracts by GC/MS (Jones, 2001). L ately, methods for individual drug testing
based on LC and tandem mass spectrometry have become more prevalent, because
little or no sample pretreatment is required prior to analysis (Pizzolato et al., 2007).

Recently, many public secondary schools in the United States have considered
implementing mandatory drug testing for al students in attendance (Health, kids,
and parenting; Las Vegas Review-Journal online, 2010). However, in practice, im-
plementing drug testing of all students has run into some resistance. As a result,
most secondary schools that have implemented drug testing can only do so when
they have the parents' permission or when students seek administrative approval to
participate in extracurricular activities, such as an athletic competition. Some private
secondary schools in the United States require parental consent to test students for
drugs as a condition of admission. Mandatory drug screening of individuals will no
doubt discourage illicit drug use. However, public resistance to individual testing is
likely to persist becauseit is personally invasive. Here we demonstrate an aternative
or complementary form of drug testing of small targeted populationsthat is based on
the sampling and analysis of illicit drugs and their metabolitesisolated from wastew-
ater. This method can provide information regarding the overall drug use within
demographically well-defined populations, such as students in secondary schools or
universities. Wastewater testing can provide information on the design of anti-drug
campaigns and other public health initiatives. Drug testing based on wastewater anal-
ysisislikely to be more palatable because it does not violate the personal privacy of
those being tested.

To date, efforts to measure drug consumption and abuse in targeted populations,
such as young adults, have relied on information gathered from questionnaires (such
as Substance Abuse and Mental Health Services Administration, 2009, mentioned
above). The utility of information gathered from surveysis limited because individ-
uals have atendency to underreport illicit drug use for fear of the breaking the law.
Analytical methods based on the measurement of illicit drugs and their metabolites
are an attractive aternative to survey-based data, because they are unaffected by
human bias encountered in data collected by self-reporting. The potential for mass
spectrometry-based analytical methods to differentiate drug use in different selected
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populations was first suggested by the GC/M S analysis of cocaine on paper currency
(Oyler etdl., 1996). Inthisstudy, dollar billswere collected from banksin 14 different
geographic locations and analyzed for cocaine. Dollars taken from Baltimore, Mary-
land, Minneapolis, Minnesota, and Portsmouth, Ohio were found to have a factor of
10 or more cocaine than the other 11 localities tested. The data was interpreted to
suggest that these three | ocations had the highest concentration of cocaine users. The
successful analysis of drugs on money has prompted the development of analytical
methods for the direct analysis of drugs on different surfaces and in different matri-
ces using laser desorption (Lowe et al., 2009) and desorption electrospray ionization
(Kauppilaet a., 2007).

The discovery of pharmaceuticals, endocrine disruptors, and other personal care
products accumulating in the water supply (Daughton and Ternes, 1999; Terneset al.,
2001) suggested that the LC-MS/MS analysis of illicit drugs and their metabolites
may be possible as well. Cocaine was the first drug of abuse analyzed in wastewater
and natural water. Zuccato et al. (2005) quantified cocaine and benzoylecgonine (the
main metabolite of cocaine) inriver (surface) water and untreated wastewater in 2005.
The information provided by the quantification allowed the authors to estimate the
cocaine consumption in the urban areas along the Po River. A year later, Castiglioni
et al. (2006) demonstrated the quantification of 16 different drugs and metabolites
in influent taken from wastewater treatment plants in Lugano and Milano. Some
of these compounds could be found in the effluent as well, suggesting that these
metabolites could accumulate in the environment if conditions at water treatment
facilities were not monitored regularly. Following these initial studies of drug and
drug metabolite distribution in different water sources, a number of studies have
been carried out in different localities to assess the environmental impact of these
micropollutants and the potential of LC and tandem mass spectrometry as a tool
for monitoring drug consumption in targeted communities. To date, the size and
demographic composition of the population surveyed has been dictated by the area
served by awastewater treatment plant whose water is sampled for analysis. Here we
demonstrate the feasibility of testing very small populations whose composition is
determined by a school campus or workplace. We have detected several illicit drugs
in the wastewater run-off from a campus serving a small population (less than 1000
students).

18.2 EXPERIMENTAL

Most of the experimental procedures used in this study are described in detail else-
where (Castiglioni et a., 2006) and are briefly summarized here. Illicit drugs and
their metabolites extracted from wastewater were analyzed by LC-MS/M S (API 3000
triple-quadrupole mass spectrometer) and isotope dilution mass spectrometry. The
mass spectrometer was equipped with aturbo ion-spray source (Applied Biosystems-
Sciex, Thornhill, Ontario, Canada) and an HPLC system consisting of two Series
200 pumps and a Series 200 autosampler (Perkin-Elmer, Norwalk, CT). Drugs and
metaboliteswere divided into four groupsfor concurrent quantification based on their
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chromatographic and ionization properties. A Waters Xterra C18 column, 2.1 x 100
mm was used for al separations.

Wastewater sampleswere collected at an educational institutionin northernlllinois
on different days during regular class sessions, final exams, and summer break. The
wastewater pipe was accessed under a manhole cover approximately 3 m below the
ground. A container was lowered bel ow the building output pipe to collect the water
asit emptied into the municipal sewer system. Samples (up to 500 mL) were collected
every 20 min for 2 h and pooled together for most analyses. Composite sampleswere
collected between 10 am and 12 pm (am) and between 12 pm and 2 pm (PMm).

Each 2-h composite wastewater sample was acidified to pH 2 using 37% hy-
drochloric acid and filtered through Whatman glass microfiber filter papers (47-mm
1.6 um GF/A). After filtering, water samples (100-mL) were spiked with 20 ng of
each deuterated, internal standard, and then subjected to solid-phase extraction using
mixed reversed-phase cation-exchange cartridges (Oasis-M CX, 60 mg, Waters Corp.,
Milford, MA, USA). Cartridges were conditioned using 6 mL of methanol, 3 ml of
18 MQ water, and 3 mL of water acidified to pH 2 prior to the extraction. Cartridges
were then eluted with 3 mL of methanol and 3 mL of a 2% ammonia solution in
methanol and eluates were pooled and dried under a nitrogen stream. Eluates were
concentrated to dryness and then reconstituted in 200 pL of water for LC-MSMS
analysis. Tap water samples (1 L) were collected at different times and analyzed to
estimate the concentrations of drugs and metabolites entering the campus.

All standard compoundswere acquired from SigmaAldrich (St. Louis, MO USA),
Cerulliant (Round Rock, TX USA), or Cambridge Isotope Laboratories (Andover,
MA USA) and used without further purification.

18.3 RESULTS AND DISCUSSION

18.3.1 Identities of Drugs in School Wastewater Runoff

Our initial experimentswere undertaken to demonstrate that illicit drugs and metabo-
lites could be detected in wastewater collected from a small population. Wastewater
samples were taken from a school campus on different days during the academic
year. These studies of asmall population were encouraged by the detection of drugs
in natural and wastewater drawn from treatment plants serving large metropolitan
areas (Cadtiglioni et al., 2008). Even though the population we sampled is much
smaller than the water treatment plant studies, the volume of water in which the
drugs and metabolites are dispersed is smaller as well, suggesting that the concen-
trations of drugs found in the water taken from the campus may be comparable to
concentrations found in wastewater treatment plants. We tested the campus wastew-
ater output for the presence of 16 different drugs and metabolites (Castiglioni et al.,
2006). There are eight compounds that were detected in multiple water samples. The
relative standard deviation (RSD) associated with these measurements varied from
approximately 1% —10% as the concentration of the analyte in the sample decreases
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TABLE 18.1 Measured Concentrations (ng/L) of Drugsand Their Metabolites during
the Regular Class Sessions (2008)

Concentration (ng/L)

Wed Wed Frii Mon Tue Wed Fri Fri Sat
Oct1 Oct1l Oct3 Oct 13 Oct 14 Oct 22 Oct 31 Oct 31 Nov 1

Substances AM PM AM PM AM PM AM PM AM
THC-COOH 3.6 0.0 279 438 1771 542 0.0 815 0.0
Amphetamine 14.6 0.0 46 559 75 11.3 67.8 1404 70.2
MDA 00 1739 00 0.0 00 00 00 00 00
MDMA 0.0 3266.0 0.0 84 0.0 0.0 0.0 0.0 0.0
Benzoylecgonine 2.6 20 38 23 100 19 25 29 21
Cocaine 45 24 138 6.2 37 23 35 105 33
Codeine 16.1 628 714 211 0.0 120 195 0.0 0.0
Morphine 0.0 00 0.0 0.0 00 00 00 00 00
6-Acetylmorphine 0.0 00 0.0 0.0 00 00 00 00 00

Morphine-33-glucuronide 0.0 29.1 419 271 46 88 00 0.0 0.0

from 1t0 0.1 ng/mL. Therecovery of the analytein the solid phase extraction process
was generally > 80%.

Tables18.1, 18.2, and 18.3list concentration measurementsmade at different times
during regular classes, final exams, and the summer when few students were present,
respectively. A °-Tetrahydrocannabinol (THC) is the major psychoactive compound
in marijuana. THC is rapidly oxidized to 11-hydroxy THC and then to 11-nor-9-
carboxy-A °-THC, which is the main metabolite excreted. The main metabolic route
of cocaineinvolvesthe hydrolysisof ester linkagesto produce benzoylecgonine (BE).
6-Acetylmorphine is the main specific metabolite of heroin (3,6-diacetylmorphine).
Codeine is Oz-methylmorphine. Morphine-3B-glucuronide is ametabolite formed in
vivo by the attachment of a sugar to the O3 oxygen, which facilitates elimination of
morphine from the body. All three of these morphine-based derivatives are nar-
cotics. 3,4-Methylenedioxymethamphetamine (MDMA) and 3,4-methylenedioxy-
amphetamine (MDA) are amphetamine derivatives that are commonly referred to
as ecstasy.

The data summarized in Tables 18.1—18.3 clearly indicates that the mgjority of
the drug consumption was because of the students. The concentrationsin Table 18.3
indicate that those drugs and metabolites sampled during the summer daysat thetimes
indicated were not present in detectable amounts. However, measurable quantities
were aso detected on some occasions. This because there were administrators and
building maintenance staff present during the summer; the main building was aso
open during business hours so that anyone off the street had access to the facilities.
The datain Table 18.3 shows that morphine and two of its derivatives, morphine-3(3-
glucuronide and 6-acetylmorphine were all present in the water system at the same
time, on one occasion, and then not detected at any other time. This suggests that
these concentrations may represent the narcotic usage of asingleindividual, probably
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TABLE 18.3 Concentrations (ng/L) of Drugsand Their Metabolitesduring the
Summer Break (2008)

Concentration (ng/L) and Sampling Date?

Substances Mon Jun 09 Wed June 11 Thu Jul 10
THC-COOH 40.3 0.0 7.1
Amphetamine 0.0 0.0 0.0
MDA 0.0 0.0 0.0
MDMA 0.0 0.0 0.0
Benzoylecgonine 6.2 13 13
Cocaine 42 12 15
Codeine 6.1 0.0 0.0
Morphine 95.4 0.0 0.0
6-Acetylmorphine 7.7 0.0 0.0
Morphine-33-glucuronide 63.6 0.0 0.0

aSamples were acquired in the morning only.

consuming heroin, since 6-acetylmorphineis aminor, but specific, metabolite of this
drug. There are several factors that must be considered in understanding how these
concentration measurements are reflective of the overall drug usage in this targeted
population; they are discussed bel ow. The data suggeststhat the three most frequently
used drugsin this small population are cannabis, cocaine, and amphetamine. Most of
the discussion that follows concerning the significance of these measurements will
focus on these three drugs.

18.3.2 Calculation of Total Drug Quantities Sampled

In order to calculate the total consumption of a particular drug by the population, one
needsto know both concentration and the total volume of water being sampled. There
are two ways in which the volume associated with a measured concentration can be
estimated in this particular application. One is dependent on how the wastewater is
collected and dispersed. In most buildings that serve a large number of people such
as those on this campus, wastewater coming from different sources (sinks, urinals,
showers, and toilets, etc.) isfirst collected in a tank within the building that emits
its contents once it is full. The tanks (typically one or two per building) that service
these buildings have a maximum volume of 50 gallons (190 L). Therefore, one could
calculate a total amount of drug by assuming that the concentration being measured
representswhat iscontainedin 190 L (or 380 L) and correlate the total amount of drug
with the number of usersby dividing thetotal amount of adrug by the average dosage.
The frequency with which the tanks are discharged is proportional to the number of
individuals using the facilities as well. Such an approach might be appropriate for
calculating the number of doses when the instantaneous flow rate of the wastewater
into the municipal sewer is small. Dosage calculations, such as these, may be most
appropriate during atime when few people are present on campus.
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The average daily flow rate was about 2.9 x 10° L/day during the school year
and 1.5 x 10° L/day during the summer. These daily flow rates were estimated from
the monthly billing by the water utility (we are assuming all the water that enters
the building through the plumbing exits to the sewer). The flow rate of water going
into the municipal sewer will vary depending on how often the collection tanks are
discharged. In order to achieve these daily flow rates, the tanks will discharge every
1-2 min during the day.

The second way one could estimate the total quantity of a drug is to assume that
the concentration is constant over the time that the wastewater is sampled. Dosages
could be calculated based on the average volume of water that passes through the
pipe during the time that the samples are being collected and pooled. For these
particular analyses, three samples were taken and pooled over a 2-h period. If one
uses the highest concentrations of the three most persistent drugs to estimate the
number of doses, we find that the quantity of drug or representative metabolite that
passes through the pipe in 2 h was less than an estimated single dose of all drugs,
except THC. The highest 2-h concentrationsfor the three most persi stent drugs and/or
metabolites were found during finalsweek (Table 18.2). The highest concentration of
the THC—carboxylic acid found wason Thursday afternoon during finals(372.9ng/L).
For amphetamine, the highest concentration found was 153.6 ng/L onthefirst Monday
morning of the examination period. The highest BE concentration determined was
34.7 ng/L on Tuesday morning. Based on the flow rates stated above, this means that
153.6 ng/L x 2/24h x 2.9 x 10° L/day = 3.7 mg of amphetamine was collected in
a 2-h period. Based on the maximum concentrations stated for the other two drugs,
the total amounts of BE and THC carboxylic acid were 0.8 and 9.0 mg, respectively.
We extracted and analyzed 1 L of tap water on five consecutive daysto determine the
background of levels of the various drugsin the water entering the campus. Only BE
and cocaine were detected; their average concentrations were determined to be 0.67
and 0.43 ng/L, respectively. These results suggest that background levels of these
compounds do not contribute significantly to our measurements.

18.3.3 Estimating Differences/Changes in Drug Use

The concentrations of the different drugs found (Tables 18.1.1-18.3) and the average
daily flow rates suggest that less than one whole dose of any of these three drugs
passes through the wastewater system over the course of day, except for THC. This
result is significant because, to date, comparisons between different populations (in
different urban centers) have been made by comparing the total number of doses
of a particular drug per 1000 people (Zuccato et al., 2008; Postigo et al., 2008).
Correlations between amounts of drugs consumed and drug/metabolitesin wastewater
have been made taking into account two factors (Zuccato et a., 2008). One is the
percentage of drug itself that is excreted or as atarget analyte (parent or metabolite).
The second factor is the molar mass ratio of a particular metabolite structure to that
of the parent compound consumed by the user. The quantity of drugs consumed for
the purpose of making comparisons is calculated assuming that the concentration
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of the drug in question or metabolite is the same throughout the treatment plant
where the water is sampled. Such an assumption may cause an underestimation if a
significant percentage of the compound being analyzed is present in the sediment or
dissolved solids. The amounts of the three drugs present in the wastewater system we
are sampling are cal culated below.

Anaveragedose of cocaineis 100 mg, which resultsin amaximum of 54 mg of BE
upon excretion (Baselt and Cravey, 1989; Inabaet al., 1978) over the course of aday.
Theamount of BE that passesthrough awastewater pipe over the course of aday even
when calculated using the largest concentrations of metabolite found corresponds to
less than one dose. Amphetamines are most often acquired as prescription drugs,
so the fraction of the determined concentration that representsiillicit drug use is not
immediately obvious. It is possible that a student with a prescription for an ADHD
(attention deficit hyperactivity disorder) drug, such as Adderall, could sell some
tablets to their fellow students to help them study for exams. Adderall capsules are
manufactured with total amphetamine doses ranging from 5 to 30 mg. Typically, 30%
of the dose is excreted as the parent compound (Zuccato et a., 2008). For a 30-mg
dose, this corresponds to 9 mg in wastewater. The total amount of amphetamine
flowing through the pipe for the highest amphetamine concentration measured was
3.7 mg, as discussed above.

The amount of THC in average dose is harder to estimate. An accepted dosage
for the sake of calculating total drug is 125 mg (Zuccato et al., 2008). The amount
of THC absorbed is more much harder to estimate than drugs that are ingested
in a pill or powder form, because much of the THC can be exhaled and thus not
metabolized. The amount of THC in different strains of marijuana can vary a great
deal aswell. Approximately 0.6% of a dose is excreted as the carboxylic acid. Asa
result, the total measured quantity of the carboxylic acid that represents one dose is
only 800 ng, suggesting that the cannabisis used far more frequently than cocaine or
amphetamine in this population. Thisis roughly consistent with the results obtained
by the National Survey on Drug Use and Health (NSDUH) that suggestsin the United
States among individuals aged 12 and over marijuana is the most frequently abused
drug (Substance Abuse and Mental Health Services Administration). The survey
states that over a 1-month period, 15.2 million individual s used marijuana compared
to 1.9 million that used cocaine. The survey also suggests that marijuana is used
far more frequently than cocaine. Fifteen percent of individuals admitting to using
marijuanawithin a month of taking the survey, indicated that they used marijuanaon
300 or more days within the past year. Unusually, large concentrations of MDMA
(3266 ng/L —Table 18.1) and morphine-3B-glucuronide (565.5 ng/L—Table 18.2)
were detected in two different wastewater samples. The observation of the high
glucuronide concentration at a time when no 6-acetylmorphine is detected suggests
the glucuronide resulted from alarge therapeutic dose of morphine, rather than heroin
(6-acetylmorphine is specific for heroin). The concentration of MDMA detected at
one single time suggests that an individual may have disposed of a single dose at
once, although without a simultaneous flow rate measurement, one cannot be sure.
The flow rate of water into the sewer varies during the day and it is reasonable to
assume that the peak flow rates would occur during a time of day when students
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are on campus. If the average flow rate over the 3-h period approached 1.9 million
liters per day (above the average of 2.9 x 10° L/day), then a single dose may have
passed through the water supply over that time. Observations of instantaneously high
concentrations underscore the need for flow rate measurements conducted at thetime
of sampling to help distinguish drug concentrations that result from a single act of
disposal from the concentrationsthat result from the metabolism of many individuals.

Our data suggests that measuring drug consumption in small, demographically
well-defined populations (1000 individuals) will have to be approached differently
than for populations whose size is defined by the area serviced by a wastewater
treatment plant. Since the concentrations of drug and/or metabolite being measured
are so small, the best way to describe changes in drug consumption isto compare the
absolute quantities of drugsinwastewater rather than the number of doses. Estimating
the number of users (implied by the number of doses) in a population such asthisis
not possible, because individuals will excrete a whole dose over a period of several
days. The amount contributed by a particular user will vary depending upon when
(and how much) a drug was consumed relative to the time of excretion. Therefore,
estimating the total drug consumption in asmall population is easier than estimating
thetotal number of users. Asaresult, the success of a public health initiative targeted
at aparticular school may be defined by the changes in the absol ute quantity of drugs
measured at different times.

18.4 CONCLUSION

We have demonstrated the measurement of several illicit drugs and their metabolites
inawastewater stream coming from the campus of an educational institution using an
analytical method based on liquid chromatography and tandem mass spectrometry.
The concentrations of these drugs varied depending upon thetime of the year samples
were taken (final exam period > regular class session >> summer). The results
suggest that drug measurementstargeted at small populations may be used to monitor
changes in drug consumption over time.
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CHAPTER 19

CONCLUSIONS AND FUTURE
PERSPECTIVES

ROBERTO FANELLI

The two key words with which | can summarize the contents of this book are mass
spectrometry and drug abuse. | had the unique opportunity to follow the application
and the explosive trend of the use of mass spectrometry in the field of life sciences
from the beginning and was lucky enough to be part of the recent exciting application
of thistechniquein the field of drug abuse monitoring. Therefore, | am glad to offer
some impressions about the specific contribution the reader can find in this book
and, to make more genera comments about the state of the art of the problems
addressed.

This book collects al the main research that has emerged in about the last
5 years since the first publication on the successful attempt to estimate commu-
nity drug abuse by wastewater analysis. The matter is of outmost importance be-
cause modern society, with its rapid changes in social behaviors, needs to have
tools able to describe and monitor real-time trends in illicit behaviors, which can
have a negative impact on community life. The idea of monitoring social behav-
iors and diseases through the observation of urban wastewater is not new (“Sewer
Sociology. The Days of our Lives” 2006, ADA Corporation) spanning from the
simple measure of sewer flows during weekdays and holidays back to the ori-
gins of modern epidemiology when Doctor John Snow discovered that sewage
water contaminating tap water was the cause of cholera outbreaks in London.
(http:/Avww.ph.ucla.edu/epi/snow/fatherof epi demiol ogy.html#ONE). However, only
in recent years has the availability of powerful mass spectrometry-based analytical
methodologies made possible a breakthrough in the possibilities to investigate, in
detail, the content of sewer waters and to identify behavioral markers.

Mass spectrometry is a unique technique with the capacity of unambiguously
identifying the chemical structure of compounds present in complex matrices in
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parts per billion or even parts per trillion concentrations and to obtain, when needed,
guantitative information about their presence. Sewage waters represent the sum of
what we ingest, use, metabolize, and excrete from our body, in an extreme diluted
sample containing thousands of different compounds, each one carrying information
about its nature, origin, and, therefore, potentially useful data on their significance
at the population level. It is not surprising, therefore, that the application of such a
powerful analytical technique to the description of a wide diffuse and hidden social
behavior like the consumption of illicit drugs has emerged, creating a striking interest
among those working in the field of drug abuse, the analytical chemistry commu-
nity, and the press, which always craves new data describing socia behaviors and
trends.

The state of the art of analytical chemistry of illicit drugs in the environment as
described in this book and in several publications shows that is possible to identify
and measure, with a high degree of confidence, drugs, metabolites, and degradation
productsin environmental matrices. However, information arising from the avail abil-
ity of such datais still difficult to obtain and to gather in a significant way. There are
still open issuesthat need to be addressed, which, when solved, will completely fulfill
the potentia of the “sewage epidemiology” approach. One of theseis the availability
of a direct quantitative marker of human presence that will allow the estimation of
how many people are present at a certain time in the territory served by a specific
sewage treatment plant, acting as contributors to the content of sewage waters; this
is not an easy task, since we require a substance that is sufficiently stable during
the trip from the origin to the sample collection and that is excreted in a rather
constant rate by humans. Currently, we are still using indirect information, such as
the amount of water or electricity consumed on a certain day. Another point in need
of a better quantitative assessment is what we know about the metabolism and ex-
cretion of compounds that we ingest or to which we are exposed. Since thisis key
information to back-calculate the exposure from sewage water concentrations, the
reliability of the exerciseisbound to the availability of robust data about the behavior
of xenabiotic in the human body and to the diversity of people, in a case by case
basis.

To redly fulfill the potential of this new methodology, one should try to intensify
the cross-relationships with classical epidemiological techniques, which is not an
easy task, since epidemiology is based on what happened in the past, but isslow in
obtaining new data and analyzing it. Sewage epidemiol ogy, on the other hand, can be
used for real-time data, but lacks detailed knowledge about the people contributing
to the composite samples that arrive at wastewater treatment plants. It is easy to see
how a comparison and a melding of the two techniques would end up in a powerful
tool to study social problems at the population level.

Can we try to figure out what could be the future of this story? As we physically
reached the moon 100 hundred years after Julius Verne in his book (From the Earth
to the Moon -1865) was dreaming of it, which prompted the human race to dream
and create programs of more challenging trips to outer planets, so we are now in
the position of planning new, challenging applications of the “ sawage epidemiol ogy”
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approach, since we have demonstrated that we have the necessary technology and
knowledge on how to draw useful information from wastewater. There are thousands
of wastewater treatment plantsserving small and large communitiesall over thedevel -
oped world, which allows one to think of them as unique diffuse sources of important
information easily available on a daily basis,. This permits real-time epidemiolog-
ical considerations that can be used in both small- and large-scale applications, as
needed. How to extend our observations beyond illicit drugs monitoring is just a
matter of using our imagination and putting our technology to work on what we think
is more interesting and/or needed. A few examples that | find more interesting will
follow.

Pharmaceuticals and their metabolites are classes of compounds that are well de-
scribed as arriving in substantial amounts to wastewater treatment plants where, in
many cases, they are not completely degraded and therefore enter surface waters.
Hence, they become a new problem of water contamination both for ecotoxicolog-
ical concerns and for human exposure through tap water. However, the amount of
pharmaceuticals arriving through sewage waters brings some precious information
not yet mined. One consideration is that people who are sick or who think they
are sick are consuming pharmaceuticals. Thus, if we could do for pharmaceuti-
cals what has been done for illicit drugs, we could monitor single active principles
consumed daily and have a real-time measure of the health state of the popula-
tion or the perception they have of their health. One could say that this could be
done by collecting sales data, but these data are just sales data not real consumer
data since the compliance to prescriptions is not 100% foolproof and there are
huge amounts of pharmaceuticals sitting in our drawers waiting for their expiration
date.

A second never-explored field is the theoretical possibility of monitoring, at the
population level, the exposure to food and air contaminants. This is generally done
by measuring, at a national or local level, food and air concentrations of selected
contaminants and through simple statistical values of food consumed. For instance, it
is possible to calculate population exposure to contaminants. Thistype of monitoring
isvery expensive and does not takeinto consideration theenormousvariability infood
and air contaminations in time and for different types of products. The possibility
of measuring exposure biomarkers, such as metabolites of food contaminants and
air pollutants, known to be present in urine, at the level of sewage wastewaters
would allow the monitoring of real-time popul ation exposure and open the possibility
of comparison between exposure in different locations and to make correlations
between exposure and epidemiological data using morbidity and mortality data.
Besides exposure to pollutants, our health is also bound to our lifestyles, which are
based on genetic traits. Therefore, one could measure using the sewage epidemiology
approach some of the excreted biomarkers proposed to be indicative of an increased
risk for cancer or cardiovascular diseases. If one could find a relationship between
disease incidence and the increased presence of arisk biomarkers one could rapidly
go to the individua level to identify the population subgroups at increased risk for
disease.
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Last, but not least, our responsibility toward the sustainability of our presence
on the planet must be based, among other things, on the reasoned use of consumer
items chosen among those that do not increase the environmental chemical burden.
A reasoned classification of the type and amount of consumer chemicals arriving at
wastewater plants and surviving the treatment could provide useful information to
the industry and to consumers on how to orient production and use toward a more
environmentally sustainable life.
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ozonation; 207; 216; 217; 218; 226

ozone;, 207; 211; 212; 213; 214, 215; 216;
219; 287

Papaver setigerum; 45

Papaver somniferum; 45; 47

parent drug; 13; 20; 31; 44; 293; 294; 295
passive sampler(s); 177; 190

persistence; 147; 149; 154; 161; 173; 200
persona care products; 71; 82; 215; 323
pesticides; 72; 82; 190; 215
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pharmaceuticals; 3; 4; 7; 8; 9; 10; 13; 14,
19; 20; 21; 71; 72; 87; 95; 117; 137; 138;
153; 171; 172; 173; 174; 178; 179; 181;
189; 190; 191; 193; 195; 196; 198; 215;
257; 262; 276; 278; 323; 337

pharmacokinetics; 10; 13; 16; 18; 20; 21

phenacetin; 14

photodegradation; 167

photolysis; 173; 174

physicochemical properties; 95; 137; 167;
174; 178; 207; 210; 214

piperazine; 12; 98; 133

plants; 255; 257; 267

plasma half-life; 39

PNEC; see predicted no-effect
concentration

POCIS; 177; 190; 191; 193; 194; 195; 196;
197; 198; 199; 292

population surveys, 16; 17; 31; 282; 283;
291; 296; 297; 301, 302; 305

Portugal; 9; 17; 239; 240

precision; 57; 141; 236; 308

predicted no-effect concentration; 173; 259;
260; 261

pressurized liquid extraction; 179

prevalence data; 31; 296; 300

prevalence figures; 301; 302

protein function; 262; 263

protein targets; 258; 259

pseudoephedrine; 11; 168; 181; 182

psychotropic drugs; 41

psychotropic substances; 235; 236; 238;
244; 245

QqQ; see triple quadrupol e(s)

g-TOFMS; see quadrupol e time-of-flight
mass spectrometers

quadrupole time-of-flight mass
spectrometers; 179

rat; 33; 255

receptors; 33; 45; 47; 258; 259; 262

recovery(s); 56; 99; 101; 105; 106; 120;
140; 194; 227; 228

recreational drugs; 7; 18; 43; 258

regression coefficients; 107

removal; 19; 95; 113; 118; 129; 131; 133;
143; 144; 148; 163; 164; 173; 174, 206;
207; 210; 211; 214; 216; 217; 227; 228;
285

removal efficiency; 118; 129; 174; 207;
211; 227

repeatability; 104; 141

responsibility; 275; 278; 279; 280; 281;
282; 285; 287; 290

reverse osmosis; 207; 218

Rhine; 88; 89; 109; 110

risk assessment; 95; 134; 173; 257; 259;
261; 263; 268

risk characterization; 267

River Ely; 158; 161; 162; 164

River Po; 297; 298; 306

River Taff; 158; 160; 161; 162; 164; 165

River Thames; 158; 159; 160; 165; 166

routes of administration; 37

sampling; 14; 17; 19; 121; 126; 127; 130;
139; 145; 158; 160; 162; 164; 165; 173;
175; 176; 177; 179; 183; 184; 189; 190;
191; 194; 195; 196; 198; 242; 244, 245;
281; 284; 286; 287; 288; 292; 297; 301;
302; 308; 311; 314; 322; 329

secondary schools; 322

sedimentation; 207; 287

sediments; 19; 133; 167; 178; 179; 190

selected ion monitoring; 57

Serbia; 239; 240

sewage; 4, 7; 10; 13; 14, 15; 16; 19; 20; 21;
58; 88; 111; 137; 153; 158; 166; 176;
181; 205; 218; 236; 260; 285; 292; 294;
296; 300; 306; 307; 314; 315; 316; 335;
336; 337

sewage biosolids; 13

sewage epidemiology; 15; 149; 166; 292;
296; 306; 307; 314, 315; 316; 336;

337

sewage sludge; 4; 7; 13; 19

sewage treatment plants; 88; 94; 99; 106;
107; 109; 111; 121; 260; 261

small population; 323; 324; 327

solid-phase extraction; 56; 58; 59; 60; 64;
71; 99; 106; 119; 120; 139; 178; 181,
224; 307



sorption; 19; 21; 167; 214

South America; 32; 238

South Wales; 158; 165; 298; 301

Spain; 17; 45; 76; 88; 94; 118; 120; 121,
124; 125; 126; 127; 128; 129; 130; 131;
132; 133; 142; 143; 144; 145; 153; 156;
157; 166; 172; 205; 206; 238; 239; 240;
244; 297, 298; 299; 300; 301; 302; 314;
315

SPE; see Solid-phase extraction

spice; 133

SPME; 177; 236; 237

sterecisomers; 19

STP(s) see sewage treatment plants

surface water; 37; 58; 59; 71; 73; 82; 88; 99;
101; 106; 107; 132; 137; 138; 139; 141;
144; 153; 154; 155; 156; 166; 175; 189;
212; 224; 260; 280; 285; 297; 305; 306

Switzerland; 17; 88; 97; 118; 138; 141; 142;
143; 148; 153; 166; 294; 297; 298; 299;
300; 301; 302

synthetic cannabinoids; 133

synthetic drugs, 153; 156

target residues; 37; 44; 292; 294

A S-tetrahydrocannabinol; 11; 12; 13; 34;
38; 39; 40; 88; 89; 90; 93; 94, 97, 98;
104; 105; 106; 108; 109; 127; 128; 130;
131; 133; 140; 141, 143; 144; 145; 148;
155; 156; 158; 159; 179; 189; 208; 213;
216; 224, 225; 235; 238; 239; 240; 241,
244; 253; 254, 255; 256; 257; 260; 261,
264; 292; 293; 295; 298; 299; 301, 325;
326; 327; 328; 329

THC; see A °-tetrahydrocannabinol

THC-COOH; see 11-nor-9-carboxy-A °-
tetrahydrocannabinol

time-of-flight (TOF); 69

triple quadrupole(s); 57; 62; 63; 71; 72; 73;
74; 76; 77; 79; 119; 121; 179

UHPLC; see ultra-performance liquid
chromatography

ultra-performance liquid chromatography;
56; 69; 70; 72; 73; 74; 75; 76; 77; 78; 79;
81; 119; 120
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United Kingdom; 88; 118; 138; 153; 156;
157; 158; 160; 164; 166; 205; 206; 294;
299; 301; 302

United Nation Office of Drug and Crime; §;
13; 31, 32; 38; 39; 40; 44; 276; 279; 280;
281; 300; 301; 305; 315

United States; 8; 11; 12; 17; 40; 42; 43; 88;
118; 121; 138; 142; 143; 145; 153; 155;
172; 173; 179; 181, 182; 183; 184; 205;
276; 277; 282; 302; 306; 314; 321; 322;
329

UNODC,; see United Nation Office of Drug
and Crime

UPLC; see ultra-performance liquid
chromatography

uptake rate(s); 191; 194

urban wastewater; 76; 284; 335

urinary excretion products; 292

veterinary drugs; 71

wastewater; 7; 17; 31; 32; 37; 39; 40; 44,
47; 55; 56; 57; 58; 59; 60; 61; 62; 63; 64
69; 70; 72; 73; 76; 77; 78; 79; 80; 81; 88
94; 95; 101; 106; 107; 111; 117; 118
126; 127; 129; 131; 133; 137; 138; 139
140; 141; 142; 143; 144; 147; 148; 153;
154; 155; 156; 161; 163; 164; 165; 167
171; 172; 174; 183; 189; 191; 198; 205
206; 223; 224, 226; 227; 228; 229; 260;
275; 277; 279; 283; 284, 285; 286; 287
288; 291; 292; 293; 294; 295; 296; 297
299; 301; 302; 305; 306; 307; 308; 309
310; 311; 314, 315; 316; 322; 323; 324,
327; 328; 329; 335; 336; 337; 338

wastewater analysis; 13; 15; 17; 19; 20; 31,
32; 40; 44; 47; 55; 56; 57; 58; 59; 60; 61
62; 63; 69; 70; 73; 74; 75; 76; 81; 82
100; 101; 102; 104; 107; 108; 109; 120;
133; 139; 141; 173; 178; 193; 194; 196
198; 205; 215; 216; 223; 224; 237; 260;
262; 263; 265; 267; 268; 285; 286; 287
288; 291; 292; 296; 297; 299; 300; 301
302; 305; 306; 307; 308; 315; 316; 322
323; 324; 335

wastewater effluent; 161; 163; 165; 171;
224; 226, 227; 228
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wastewater treatment plant(s); 17; 21; 58;
59; 61; 118; 121; 124; 125; 126; 127,
128; 129; 130; 131; 132; 133; 137; 138;
139; 141; 143; 144, 145; 147; 148; 155;
156; 158; 161; 162; 163; 164; 166; 172;
174, 176; 179; 181; 182; 183; 184; 189;
195; 196; 197; 198; 199; 205; 206; 224;
226; 227; 228; 288; 294; 296; 297; 300;

301, 306; 308; 309; 310; 311; 312; 313;
314; 315; 316; 323

water solubility; 174; 175; 207

wide-scope screening; 69; 70; 71; 72; 74;
75; 77, 81; 82

WWTRP(s); see wastewater treatment plant

zebrafish; 255; 256; 258; 265; 268
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