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Abstract 

The analysis of drug residues in waste and environmental waters offers valuable insights 
into the epidemiological and environmental implications of drug use. This study employs 
a wastewater-based epidemiology (WBE) approach to estimate the use of licit and illicit 
drugs and new psychoactive substances (NPS) among both general and specific 
populations. In the latter case, the main focus is on evaluating drug use within educational 
institutions. Notably, this study comprehensively assessed the presence of illicit drugs in 
primary schools for the first time. Previously, except for cannabis, such data have not been 
obtained even through conventional surveys. Additionally, the study evaluates the use of 
WBE as part of an early warning system capable of detecting the presence of a wide range 
of psychoactive substances in educational institutions without exposing individuals, as is 
the case with drug testing. Lastly, this research aims to address a significant knowledge 
gap regarding the impact of drug use on aquatic ecosystems. 

Herein are described the target analytical methods (LC-MS/MS) developed to determine 
both licit and illicit drug residues in raw wastewater. To study new psychoactive substances 
(NPS) in educational institutions, suspect screening (LC-IMS-HRMS) was applied. 
Enantiomeric profiling (chiral derivatization, GC-MS/MS) and determining isotopic 
composition (GC-C-IRMS) of carbon in biomarkers were explored as complementary 
approaches to the obtained WBE data. Targeted analytical methods (LC-MS/MS) were 
also developed to determine drug residues in treated wastewater, surface water, and 
groundwater. The aim was to assess the removal efficiency of drug residues using 
conventional biological wastewater treatment processes and determine their occurrence in 
effluent-receiving rivers and groundwater. In addition, the distribution of drug residues in 
groundwater was predicted using solute transport modelling. 

The toxicity of drug residues towards green algae Chlamydomonas reinhardtii, which 
serves as a representative primary producer in the aquatic food web, was also explored. 
This was accomplished through in vivo testing, specifically the algal growth inhibition test. 
Furthermore, the environmental risks posed by drug residues in effluent-receiving rivers 
were assessed using in silico methods (ECOSAR). 

The research findings on the use of licit, illicit drugs and NPS in the general population 
reveal distinct patterns. The use of stimulants shows similarities to Western and Southern 
European countries, with cocaine being the predominant drug detected, as observed 
through international SCORE monitoring. Among the NPS identified, the use of eutylone, 
3-MMC, and mitragynine is confirmed based on international NPS monitoring, with 3-
MMC having one of the highest detected mass loads within the study. In educational 
institutions, drugs are also detected, with nicotine, alcohol, and cannabis being the most 
prevalent, along with the unequivocal identification of four NPS (stimulants: 3-MMC, 
ephedrine, 4-chloro-α-PPP, and ethcathinone). It is worth noting that, despite 
methodological differences, the results obtained through WBE only partially align with 
data from other sources, regardless of the target population. 

In addition to WBE data, a dumping event is confirmed solely through enantiomeric 
profiling of MDMA, a drug with a straightforward synthesis and excretion profile. Although 
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the effectiveness of determining the isotopic composition of light elements (C13/C12) in drug 
residues from raw wastewater for reducing the uncertainty of WBE consumption estimates 
has not been established, it could be used as a complementary method to drug profiling, 
potentially providing an early warning system for detecting changes in drug supply. 
However, further studies are required to substantiate this claim. 

Due to the incomplete removal of drug residues during conventional biological 
wastewater treatment, their presence has been detected in effluent-receiving rivers within 
the ng/L range. In the algal growth inhibition test conducted on Chlamydomonas 
reinhardtii, a species of green algae, no adverse effects were observed, even at 
concentrations higher than those measured (1 mg/L). However, in silico predictions 
indicate potential effects on aquatic organisms for nicotine, methadone, EDDP, morphine, 
and MDMA, which warrant further in vivo studies. Furthermore, drug residues have also 
been found in groundwater within the low ng/L range, which raises concerns considering 
that groundwater is a primary source of drinking water globally. Contrary to expectations, 
it was found that the River Sava, which recharges the Ljubljansko polje aquifer and 
contains drug residues (ng/L range), is not their primary source. Instead, the source has 
been identified as Ljubljana's leaky sewer infrastructure, emphasizing the need to address 
raw wastewater as an important source of pollutants when studying urban aquifers. 

To summarize, while the thesis successfully addressed several gaps related to estimating 
drug use through WBE and understanding the environmental impact of drug residues, it 
has also raised numerous new research questions in epidemiology and environmental and 
human risk evaluation. For instance, the application of determining the isotopic 
composition of drug residues in raw wastewater opens up opportunities for further 
investigation of its applicability as support for forensic intelligence. Additionally, there is 
a need for ecotoxicological studies to assess the potential harm caused by drug residues 
(e.g., to subterranean organisms) and studies to examine the occurrence and impact of 
these residues in drinking water. 
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Povzetek 

Analiza ostankov zdravil v odpadnih in okoljskih vodah omogoča vpogled v stanje na 
področju uporabe drog (epidemiologija) ter vpogled v vplive, ki jih uporaba drog ima na 
okolje. V okviru študije smo z epidemiologijo na osnovi odpadnih vod (WBE) ocenili 
uporabo dovoljenih in prepovedanih drog ter novih psihoaktivnih snovi (NPS) v splošni in 
specifični populaciji, s poudarkom na oceni uporabe drog v izobraževalnih ustanovah. Kot 
prvič je bila celovito ocenjena prisotnost prepovedanih drog v osnovnih šolah, saj se tovrstni 
podatki, z izjemo uporabe konoplje, ne zbirajo niti s klasičnimi raziskavami (vprašalniki). 
Ocenili smo tudi aplikativnost WBE za sistem zgodnjega opozarjanja kot postopek, ki je 
sposoben zaznati prisotnost širokega nabora psihoaktivnih snovi v izobraževalnih 
ustanovah, ne da bi pri tem izpostavil posameznike (kot je to v primeru testiranja na droge 
v urinu). Poleg tega smo v raziskavi odpravili veliko vrzel v poznavanju posledic uporabe 
drog na vodne ekosisteme. 

Za dosego ciljev smo razvili tarčne analizne metode (LC-MS/MS), s katerimi smo 
določili ostanke dovoljenih in prepovedanih drog v neprečiščeni odpadni vodi. Za 
preučevanje pojavnosti novih psihoaktivnih snovi (NPS) v odpadni vodi izobraževalnih 
ustanov smo uporabili netarčno analizo (Eng., suspect screening; LC-IMS-HRMS). 
Dodatno smo raziskali uporabo enantiomernega profiliranja (derivatizacija s kiralnim 
reagentom, GC-MS/MS) in določanje izotopske sestave (GC-C-IRMS) ogljika biomarkerjev 
za identifikacijo neuporabljene droge, ki je bila odvržena v kanalizacijski sistem kot 
dopolnitev podatkov o uporabi drog, ki so bili pridobljeni s klasično analizo neprečiščene 
odpadne vode (WBE). Tarčne analizne metode (LC-MS/MS) smo razvili tudi za določanje 
ostankov drog v prečiščeni odpadni in površinski vodi ter podtalnici s ciljem, da bi ocenili 
učinkovitost odstranjevanja ostankov drog med običajnimi biološkimi postopki čiščenja 
odpadne vode, pridobili podatke o pojavljanju ostankov drog v rekah, v katere se prečiščena 
odpadna voda iz čistilnih naprav izliva, in ocenili pojavnost ostankov drog v podzemni 
vodi. Poleg tega smo z modeliranjem prenosa snovi predvideli porazdelitev ostankov drog 
v podzemni vodi. Toksičnost ostankov drog smo raziskali za zelene alge Chlamydomonas 
reinhardtii, ki predstavljajo primarnega proizvajalca prehranjevalne verige v vodnem 
okolju. Izvedli smo tudi in vivo test zaviranja rasti alg, tveganja, ki jih predstavljajo ostanki 
drog v rekah, v katera se izliva prečiščena odpadna voda, pa smo ocenili in silico 
(ECOSAR). 

Rezultati raziskav o uporabi dovoljenih, prepovedanih drog in NPS v splošni populaciji 
so pokazali specifične vzorce uporabe drog v Sloveniji. Na primer, v mednarodnem SCORE 
monitoringu je bilo ugotovljeno, da se v Sloveniji, podobno kot v državah zahodne in južne 
Evrope, med stimulansi največ uporablja kokain, na podlagi NPS monitoringa pa je bila 
detektirana uporaba eutilona, 3-MMC in mitraginina, pri čemer so bile vrednosti masnih 
obremenitev 3-MMC med najvišjimi v študiji. V izobraževalnih ustanovah smo največkrat 
zaznali nikotin, alkohol in konopljo, od NPS pa smo identificirali štiri stimulanse: 3-MMC, 
efedrin, 4-kloro-α-PPP in etkatinon. Zaradi metodoloških razlik so se rezultati, pridobljeni 
z WBE, ne glede na tarčno populacijo, vedno le delno ujemali s podatki iz drugih virov. 
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Poleg pridobljenih WBE podatkov o uporabi drog smo zaznali tudi odvrženo 
neuporabljeno drogo v kanalizacijskem sistemu. In sicer smo z enantiomernim profiliranjem 
potrdili prisotnost neuporabljene MDMA kot droge z enostavnim enantiomernim profilom 
sinteze in izločanja. Čeprav z določanjem izotopske sestave lahkih elementov (ogljika) 
biomarkerjev, prisotnih v neprečiščeni odpadni vodi, nismo mogli zmanjšati negotovosti 
uporabe drog v populaciji, bi določanje izotopske sestave ostankov drog lahko uporabili kot 
sistem zgodnjega opozarjanja na spremembe v ponudbi drog na trgu in tako dopolnili 
podatke, ki se običajno pridobivajo s profiliranjem (zaseženih) drog. Vendar pa so za 
utemeljitev te trditve potrebne nadaljnje študije. 

Zaradi nepopolne odstranitve ostankov drog med konvencionalnim biološkim čiščenjem 
odpadne vode smo ostanke drog (ng/L) določili tudi v rekah, v katere se iztoki iz čistilnih 
naprav izlivajo. Pri testu zaviranja rasti alg, opravljenem na zelenih algah Chlamydomonas 
reinhardtii, nismo opazili učinkov na njihovo rast, čeprav so bile testirane koncentracije 
(1 mg/L) precej višje od izmerjenih rečnih koncentracij. Ker pa smo predvideli učinke na 
vodne organizme pri teh koncentracijah in silico za nikotin, metadon, EDDP, morfij in 
MDMA, bi bilo za te ostanke drog smiselno opraviti nadaljnje in vivo ekotoksikološke 
študije. Ostanke drog smo detektirali tudi v podzemni vodi (spodnje območje ng/L), kar 
vzbuja zaskrbljenost tudi v svetovnem merilu, saj je podzemna voda običajno glavni vir 
pitne vode. V nasprotju s pričakovanji smo v študiji ugotovili, da v preiskovanem 
vodonosniku (Ljubljansko polje) reka Sava, ki vodonosnik napaja in vsebuje ostanke drog 
(ng/L), ne doprinese pomembno k pojavljanju ostankov drog v podzemni vodi. Kot njihov 
primarni vir smo identificirali puščanje kanalizacijskega sistema Ljubljane, kar poudarja 
potrebo po obravnavanju neprečiščene odpadne vode kot pomembnega vira onesnaževal pri 
preučevanju urbanih vodonosnikov. 

Medtem ko smo v okviru doktorske disertacije uspešno premostili številne vrzeli, ki so 
povezane z ocenjevanjem uporabe drog z uporabo WBE in razumevanjem njenega vpliva 
na okolje, smo odprli tudi številna nova raziskovalna področja, ki so povezana z uporabo 
drog, tako v okviru epidemiologije kot tudi ocenjevanja okoljskega tveganja in tveganja za 
zdravje ljudi. Na primer, določanje izotopske sestave ostankov drog v neprečiščeni odpadni 
vodi odpira možnosti za nadaljnje raziskave njene uporabnosti kot podpore obveščevalnim 
službam. Po drugi strani pa so se kot potrebne izkazale dodatne ekotoksikološke študije  
ostankov drog na okoljske organizme (npr. na podzemne organizme), pa tudi študije, ki 
preučujejo pojav ostankov drog v pitni vodi in njihov morebitni vpliv na človeka. 
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Glossary 

Alcohol – ethanol (if not specified otherwise).   

Biomarker – the excreted metabolic residue of the substance under investigation. Its levels 
in raw wastewater are used to estimate drug consumption.  

Chiral molecules – molecules that contain an asymmetric (chiral) carbon atom, which 
results in two enantiomeric forms: R(−) and S(+). 

Contaminants of emerging concern (CEC) – defined by EU NORMAN as “Substances that 
have been detected in the environment, but which are currently not included in routine 
monitoring programs at EU level and whose fate, behavior and (eco)toxicological effects 
are not well understood”.  

Dark web – also known as the darknet, the Dark web is an internet network that can be 
accessed only with specific software, configuration, or authorization.  

Decriminalization – the process in which a criminal offense is reclassified as non-criminal 
through legislation. The behavior remains an offense but is addressed by other means than 
criminal law. Decriminalization is within the provisions of international drug control 
conventions. 

Defined daily dose (DDD) – “the assumed average maintenance dose per day for a drug 
used for its main indication in adults” and “does not necessarily reflect the recommended 
or prescribed daily dose”, defined by the World Health Organization (WHO). 

Depenalization – when behavior remains a criminal offense but with reduced criminal 
sanctions. A change in the legal framework is not needed.  

Diastereomers – are molecules of the same chemical composition that differ in 3D 
configuration at one or more stereocenters, but are not mirroring images of one another.  

(Current) drinkers – are defined by the WHO as “those who have consumed a drink 
containing alcohol in the last 12 months”.  

Ecotoxicity – is defined according to the United Nations Office on Drugs and Crime 
(UNODC) as “The potential for biological, chemical or physical agents to affect ecosystems 
and thereby, indirectly, biodiversity”. 

Enantiomers - molecules that are a pair of mirror images of each other. 

FAIR data – are the data that meet four foundational principles, namely findability, 
accessibility, interoperability, and reusability. 
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Heavy drinkers – drinkers, that consume more alcohol than the established limit of reduced-
risk drinking, i.e., more than four standard drinks per day (14 standard drinks per week) 
for men and three drinks per day (seven drinks per week) for women. 

Isotopes – atoms of the same element with the same number of protons and electrons (same 
atomic number) but differing numbers of neutrons, i.e., atomic mass. Isotopes can be stable 
(non-radioactive) or unstable (radioactive).   

Legalization – the commercialization of controlled substances for non-medical and non-
scientific purposes, including production, export/import, and distribution, entailing no 
penalty. Legalization is not within the provisions of international drug control conventions. 

Limit of detection (LOD) – the lowest concentration of an analyte that can be detected 
with a stated probability. 
 
Limit of quantification (LOQ) – the lowest concentration of an analyte that can be 
quantified with an acceptable method performance (accuracy and repeatability). 
 
Matrix effect – the effect (enhancement or suppression) of co-eluting residual matrix 
components of the sample on the ionization of the target analyte in mass spectrometry. 

Recorded alcohol – alcohol beverages, recorded in official statistics on sales and taxation. 
 
Second-hand smoke – smoke emitted from lighted tobacco products, namely cigarettes, 
bidis, and water pipes, and exhaled smoke of the smoker. 

(Standard) daily dose – defined by WHO as “the assumed average maintenance dose per 
day for a drug used for its main indication in adults”. 

Substitutional drugs – pharmaceutical opioids used to treat people with opioid use disorder. 

Unrecorded alcohol – alcohol, such as homemade alcohol (legal and illegal), smuggled 
alcohol, alcohol intended for medical and industrial use, alcohol obtained from cross-border 
marketing and surrogate alcohol (e.g., mouthwash and medical tinctures), which is 
produced outside of government control and is not accounted for in official statistics on 
sales and taxation.  

Wastewater influent – the raw or untreated wastewater entering a wastewater treatment 
plant. 

Wastewater effluent – the treated wastewater emitted to the environmental waters from 
the wastewater treatment plant.  



1 

 

 

Chapter 1 

1 Introduction 

1.1 Psychoactive Substances 

Psychoactive substances are chemicals that, after administration, act upon the central 
nervous system and change a person's perception, consciousness, cognition, mood, and 
emotions [1]. They can be classified based on their pharmaceutical effect, origin, and legal 
status (Table 1). The United Nations Office on Drugs and Crime (UNODC) [2] classifies 
psychoactive substances as hallucinogens, stimulants and depressants based on their 
pharmaceutical effect. Hallucinogens, sometimes called “psychedelics”, induce synesthesia 
and alter a person's perception of reality. In contrast, dissociative anesthetics, another type 
of hallucinogen, create feelings of detachment and separation from self and environment 
[3], while stimulants increase alertness, heighten arousal and cause behavioral excitement. 
Some stimulants, e.g., amphetamines or amphetamine-type stimulants, have established 
therapeutic uses [4]. In contrast, depressants, namely opioids, sedatives, tranquilizers and 
hypnotics, suppress brain activity. The term “opioids” refers to several groups of 
substances, including natural opium poppy alkaloids known as opiates, their semi-synthetic 
derivatives, and synthetic opioids, primarily synthesized by the pharmaceutical industry 
to enhance the effectiveness of painkillers [5]. 

Based on their origin, psychoactive substances are divided into natural, semi-synthetic 
and synthetic. Natural or plant-based substances are directly extracted from plants or 
fungi, while semi-synthetic substances are synthesized from these natural precursors using 
addition or substitution reactions and share a similar chemical structure. In contrast, 
synthetic substances are synthesized from chemical precursors using multistep chemical 
reactions [5].  
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Table 1: Classification of psychoactive drugs with most prominent examples [2]. 

Pharmaceutical effect Origin International legal status  

Hallucinogens: 
- Classic hallucinogens 

(psychedelics) 
- Dissociative 

anesthetics 
- Cannabinoids 
 

Classic hallucinogens (psychedelics): 
- natural: mescaline, psilocybin, naturally-occurring tryptamines 
- semi-synthetic: lysergic acid diethylamide (LSD) 
- synthetic: dimethyltryptamine (DMT) analogs, NBOMe series 
Dissociative anesthetics: 
- synthetic: phencyclidine (PCP), ketamine 
Cannabinoids: 
- natural: tetrahydrocannabinol (THC) 
- synthetic: synthetic cannabinoids (e.g., HU-210, CP-47,497, 

JWH-018) 

Most of the common hallucinogens: 
Regulated under UN71 
 
Some synthetic hallucinogens: 
Unregulated – labeled as NPS (e.g., 
ketamine) 
 
 

Stimulants - natural: cocaine, “crack” cocaine, nicotine, caffeine 
- synthetic: amphetamine, methamphetamine, 3,4-

methylenedioxymethamphetamine (MDMA)*, 3,4-
methylenedioxyamphetamine (MDA), 3,4- 
methylenedioxymethamphetamine (MDEA), and synthetic 
cathinones (e.g., mephedrone) 

Legal stimulants: 
Nicotine, caffeine 
 
Regulated stimulants:  
Regulated under UN61, UN71 (e.g., 
cocaine, amphetamines, MDMA) 
 
Newly emerged stimulants: 
Unregulated – labeled as NPS (e.g., 
synthetic cathinones) 
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Table 1: Continued. 

Depressants: 
- Opioids 
- Sedatives, 

tranquilizers and 
hypnotics 

Opioids: 
- natural: opiates, namely morphine and codeine 
- semi-synthetic: opiates, namely heroin 
- synthetic: fentanyl 
Sedatives, tranquilizers and hypnotics: 
- natural: alcohol (ethanol) 
- synthetic: benzodiazepines, barbiturates, gabapentinoids, 

methaqualone, gamma-hydroxybutyric acid (GHB) 

Legal depressants: 
Alcohol (ethanol) 
 
Regulated depressants: 
Regulated under UN61 (most opioids), 
UN71 (most sedatives, tranquilizers and 
hypnotics) 
 
Newly emerged depressants: 
Unregulated – labeled as NPS (e.g., 
synthetic opioids) 

 *Since 2002, MDMA has been classified as a hallucinogen and a stimulant. 
NBOMe – N-methoxybenzyl-substituted phenethylamines, NPS – new psychoactive substances, UN61 – the Single Convention on Narcotic Drugs 
1961, UN71 – the Convention on Psychoactive Substances 1971, UN88 – 1988 United Nations Convention Against Illicit Traffic in Narcotic Drugs 
and Psychoactive Substances 
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The legal status of psychoactive substances is regulated under international and national 
laws, which classify substances as legal (licit or unregulated) and illicit (controlled). The 
prohibition of the recreational use of selected psychoactive substances (called illicit or 
controlled substances) began in the late 19th and early 20th century, considering factors 
such as health and social risks of use, colonial interests and culture [6]. Alcohol and tobacco, 
for example, which are socially accepted drugs in European countries, have never been 
considered subject to international laws, even though they are known to contribute more 
overall harm to society than the misuse of some controlled drugs, such as ecstasy [6].  

Coherent international law controlling illicit psychoactive drug consumption, possession 
and trade was established after World War II. More than 300 psychoactive substances were 
classified under the United Nations Convention on Narcotic Drugs in 1961 (UN61) [7] and 
the Convention on Psychoactive Substances in 1971 (UN71) [8] based on their therapeutic 
value, risk of abuse, and health risks (Table 2). In addition, the United Nations 
Convention Against Illicit Traffic in Narcotic Drugs and Psychoactive Substances (UN88) 
[9] was written in 1988 to control the trade of drug precursors and reagents. Parties to the 
conventions can also prohibit specific substances as part of their national legal frameworks. 
Accordingly, different concepts of legalization, namely depenalization, decriminalization 
and legalization, are used when discussing the status of, for example, cannabis (Cannabis 
sativa L.). Slovenia has signed the UN61, UN71, and UN88 conventions and classifies illicit 
psychoactive drugs into three levels (Table 2); cannabis is classified under level II [10].  

Substances for which trade and consumption are not prohibited by law are marked as 
legal. These can be divided into prescription pharmaceuticals, recreational or culturally 
used substances (e.g., nicotine and alcohol), and new psychoactive substances (NPS). 
Despite being licit, misuse, abuse, unauthorized synthesis, and trade of prescribed 
pharmaceuticals are considered illicit. In some cases, when misuse is of particular concern, 
i.e., in the case of substitutional drugs (pharmaceutical opioids used to treat people with 
opioid use disorder), their use is internationally controlled (UN61) [7]. 

The numerous proven adverse effects of tobacco and alcohol use have resulted in 
legislation controlling their prevalence. Internationally, the Framework Convention on 
Tobacco Control (FCTC) [11] and The Tobacco Products Directive (2014/40/EU) [12] 
regulate the production, distribution, taxation, sale, packaging, advertisement, and use of 
tobacco products. In 2018, heated tobacco products (HTP) became subject to FCTC 
control, while other novel tobacco and nicotine products, namely electronic nicotine 
delivery systems (ENDS) and electronic non-nicotine delivery systems (ENNDS), remain 
unregulated [13], [14]. In the case of alcohol, guidelines for reducing its harmful use were 
published by the World Health Organization (WHO) in 2010 [15]. In Slovenia, the first 
tobacco restrictions were introduced in 1996. It was later adopted to implement the 
European directive 2014/40/EU [16], while restrictions on alcohol sales and advertisement 
were made in 2003 [17]. Among others, tobacco, tobacco-related products and alcohol were 
prohibited from being sold to persons under 18 years of age. In addition, their use and sale 
were banned within educational institutions [17], [18]. 
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Table 2: International and national substance scheduling (adapted by [7], [8], [10]). 

Single Convention on Narcotic Drugs (1961) 

Classification Schedule I Schedule II Schedule III Schedule IV 

Type of substances 
(examples) 

Highly addictive substances 
with a high risk of abuse 
(cannabis, cocaine, heroin, 
methadone, morphine, coca 
leaf, opium) 
 

Substances used for medical 
purposes, with a lower risk 
of abuse than substances in 
Schedule I (codeine) 

Preparations containing a 
low number of substances 
in Schedule II and cocaine 
(<2.5 % codeine, <0.1 % 
cocaine) 

The most dangerous 
substances, already listed 
in Schedule I, with 
limited therapeutic value 
(heroin) 

Degree of control Very strict: taking all 
measures of control under 
the 1961 convention  

Less strict Lenient Very strict: a complete 
ban on the production, 
export/import, trade, 
possession, and use. 
Exceptions: medical and 
scientific purposes 

Convention on Psychoactive Substances (1971) 

Classification Schedule I Schedule II Schedule III Schedule IV 

Type of substances 
(examples) 

Substances with a high risk 
of abuse and little/no 
therapeutic value, which 
pose a serious threat to 
public health (LSD, MDMA, 
cathinone, THC) 
 

Substances with a risk of 
abuse and low/moderate 
therapeutic value which 
pose a serious threat to 
public health 
(amphetamines) 

Substances with a risk of 
abuse and moderate/high 
therapeutic value that pose 
a serious threat to public 
health (barbiturates, 
buprenorphine) 

Substances with a risk of 
abuse and high 
therapeutic value, which 
pose a minor threat to 
public health 
(tranquilizers, analgesics, 
and narcotics) 

Degree of control Very strict: use limited to 
medical and scientific 
purposes  

Less strict Available for medical 
purposes 

Available for medical 
purposes 
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Table 2: Continued. 

Decree on the classification of illicit drugs in Slovenia, no. 69/19, 157/20,162/21 

Classification Group I Group II Group III 

Type of substances 
(examples) 

Substances (and plants) 
with no therapeutic 
value, which pose a 
serious threat to public 
health if abused (heroin, 
MDMA, coca leaves) 

Substances (and plants) 
with a known therapeutic 
value that pose a serious 
threat to public health if 
abused (Cannabis sativa L. 
– herb, extracts and resins, 
cocaine, codeine, 
methadone) 

Substances (and plants) with known therapeutic value, 
which pose a medium threat to public health if abused 
(GHB) 

Degree of control Very strict: production, 
trade, and use limited to 
educational and scientific 
purposes 

They may be produced, traded, possessed, and used for medical, veterinary, 
educational, or scientific purposes. 

GHB – gamma-hydroxybutyric acid, LSD – lysergic acid diethylamide, MDMA – 3,4-methylenedioxymethamphetamine, THC – 
tetrahydrocannabinol 
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1.1.1 New psychoactive substances 

New psychoactive substances are substances that have recently appeared on the drug 
market and are not controlled under UN61 or UN71 [19], [20]. According to UNODC [20], 
they are classified into 15 main groups based on their pharmacological effect, origin and 
chemical structure (Table 3).  

Table 3: UNODC NPS classification (June 2023) [20]. 

NPS class Pharmaceutical effect Substituted illicit drug  

Aminoindanes   Stimulant 2-aminoindane (2-AI) 

(New) benzodiazepines Sedative/hypnotics Benzodiazepines 

Fentanyl analogs Depressant Fentanyl 

Lysergamides Hallucinogen Lysergic acid diethylamide 
(LSD) 

Nitazenes  Depressant n.a. 

Phencyclidine-type 
substances 

Stimulant, dissociative Phencyclidine (PCP), 
ketamine 

Phenethylamines Stimulant, hallucinogen Amphetamine, 
methamphetamine, and 
MDMA 

Phenidates Stimulant Methylphenidate 

Phenmetrazines Stimulant n.a. 

Piperazines Antidepressant, opioid 
(rarely) 

MDMA, 1-benzylpiperazine 
(BZP) 

Plant-based substances n.a. n.a. 

Synthetic cannabinoids Stimulants, hallucinogens, 
dissociative 

Cannabinoids (THC) 

Synthetic cathinones Stimulant Natural cathinone (khat 
plant) 

Tryptamines Hallucinogen Dimethyltryptamine 
(DMT) 

Other substances Hallucinogen, stimulant, 
opioid, sedative/hypnotics 

n.a. 

n.a. – not applicable; 
MDMA – 3,4-methylenedioxymethamphetamine, THC – tetrahydrocannabinol 

New psychoactive substances are intended to replicate the effects of controlled 
substances, as outlined in Table 3. Although they may also be present as adulterants in 
controlled substances, they are primarily accessible as legal alternatives [21], [22]. With 
time, individual NPS and their classes may come under control primarily within national 
laws established in more than 60 countries, including Slovenia [20], [23]. However, the 
regulation of NPS at the international level is slow, considering the rapidly growing number 
of newly produced and identified NPS. For example, in the 15 years up to December 2021, 
1,127 NPS were newly identified, while only 300 psychoactive substances have been 
scheduled under international drug conventions since 1961 [19]. 

The ease of NPS synthesis through minor modification (substitution/addition of 
functional groups; Figure 1) also makes NPS regulation problematic, and their market is 
large and dynamic. For example, in 2021 alone, 52 new NPS were reported in Europe and 
50 in the United States [20], [24]. Moreover, the lack of safety data on toxicity, carcinogenic 
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potential, long-term effects, purity, and compound identity presents a challenge for public 
health and puts users at risk of intoxication [20], [21], [24].  

 

Figure 1: Examples of synthetic cathinones: (a) mephedrone, (b) methylone, 
(c) pyrovalerone and (d) 3,4-methylenedioxypyrovalerone (MDPV). 

1.2 Estimating Drug Use Prevalence 

Drug abuse imposes a significant burden on society, the economy, and public health. For 
instance, in 2019, licit drugs such as tobacco and alcohol, as well as illicit drugs, accounted 
for 5 % of all substance use-related deaths and 9 % of all substance use-related healthy 
years of life lost [22]. Therefore, to establish effective prevention programs, accurately 
monitoring the prevalence of drug use is crucial [25], [26]. The prevalence of legal drug use 
is usually estimated using sales data and self-reported population surveys. In contrast, the 
use of illicit drugs is usually evaluated using self-reported population surveys, medical and 
toxicological reports, drug-related crime statistics, police seizures, and data from treatment 
programs [27], [28].   

Estimating the use of NPS is equally essential, but it faces many unique challenges due 
to, for example, the short-lived nature of these drugs on the market. Also, estimating NPS 
use by reporting quantities of consumed or seized NPS remains inaccurate, as little is 
known about their typical dose. Accordingly, NPS trends are mainly monitored by counting 
their number on the drug market and acquiring their identity. At the European Union 
(EU) level, the European Union Early Warning System (EWS) was established in 1997 to 
collect, analyze, assess, and communicate data on NPS [29], while the Early Warning 
Advisory (EWA), established by the UNODC in 2013 [20], monitors, analyzes, and reports 
trends in the use of NPS at the global level. 

1.2.1 Licit drugs: production, trafficking and consumption trends 

1.2.1.1 Pharmaceutical opioids 

When expressed in standard daily doses, the most widely used pharmaceutical opioid 
globally in 2020 was codeine (and its preparations), followed by hydrocodone, fentanyl, 
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methadone, buprenorphine, oxycodone and morphine. However, codeine use declined by 
30 % between 2016-2020, while the use of substitutional drugs (opioids, used in the 
treatment of opioid use disorder) has an increase over a more extensive period (1999–2019), 
i.e., the amount of methadone and buprenorphine, the most frequently prescribed 
substitutional drugs, increased six-fold [22], [30]. In general, the availability of 
substitutional drugs depends on a country's income, the prevalence of their use as 
analgesics, the number of people with opioid use disorder and policies related to opioid 
agonist treatment. For example, opioids are extensively available in North America, 
Western and Central Europe, and the most developed parts of Oceania, while their 
availability is limited in Africa and Asia [30]. The COVID-19 pandemic has significantly 
impacted the availability of substitutional treatment. In countries with limited resources, 
there has been a reduced availability of substitutional drugs, while in others, there has 
been a decrease in supervised services; for instance, users in the United States were provided 
with up to 28 days of take-home medicines [31].  

Substitution treatment in Slovenia is fully financed by national health insurance and is 
available under supervision at centers for the prevention and treatment of illicit drug 
addiction, as well as in prison clinics. In 2020, users included in the substitution treatment 
(approximately 3,100) were mainly prescribed methadone (59 %), buprenorphine (31 %), 
and morphine (10 %). Most users included in the substitution treatment program (62 %) 
were over 40 years of age [32]. 

1.2.1.2 Tobacco and related products 

Tobacco is grown on approximately 4 million ha of land across 125 low-and-middle-income 
countries, mainly in southern Africa, the Middle East, south and east Asia, Latin America, 
and the Caribbean [33], [34]. Within those countries, cigarettes are produced in 
approximately 500 factories [34]. In 2020, tobacco was used by 1.3 billion people (22 % of 
the global population), among which 10 % were children (age 13–15), 14 % were adolescents 
(age 15–24), and 22 % were young adults (age 25–34). As a result of international and 
national tobacco controls, the trend in tobacco use is declining, with 20 % of the global 
population predicted to use tobacco in 2025. Regardless, the so-called tobacco epidemic is 
considered the biggest health threat and is responsible for more than 8 million deaths 
annually, among which 1.2 million are related to exposure to second-hand smoking [13].  

Since 2014, a new health threat has arisen from the increasing popularity of novel 
tobacco and nicotine products, whose use, in contrast to traditional tobacco use, is expected 
to continue to grow, mainly at the expense of new users. These products were launched on 
the tobacco market by companies independent of the tobacco industry. Still, their 
increasing popularity attracted the tobacco industry's attention, which purchased shares 
in those companies and started to develop new brands [13]. Currently, novel tobacco and 
nicotine products are available in more than 40 countries, with Western Europe and North 
America being the largest markets. Nevertheless, they still represent only a small share of 
the total tobacco market, e.g., 2 % of the global market are ENDS, while cigarettes 
represent 91 % [13]. 

According to the latest data, every fifth adult (18-74 years of age) and almost every 10th 
youth (15 years of age) smokes tobacco in Slovenia, while the primary users of novel 
tobacco and nicotine products have been young people (<25 years of age). For example, e-
cigarettes were used by 13 % of 13-, 28 % of 15-, 31 % of 17-year-olds, and only 4 % of 25–
74-year-olds in 2020. Following global trends, tobacco use declined in Slovenia between 
2000–2020, while the use of novel tobacco and nicotine products has been increasing since 
they became available in 2017. Regardless, tobacco smoking still prevails; 20 % of tobacco 
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and related product users report tobacco smoking, 1.9 % report using smokeless tobacco 
products, and 2.2 % of electronic cigarettes [35]. 

1.2.1.3 Alcohol (ethanol) 

Since ancient times, alcoholic beverages have been produced in tribes and villages in 
batches by fermentation or distilling various local vegetables and fruits. With the industrial 
revolution, alcohol (ethanol) production became industrialized. Nowadays, the alcohol 
market is centralized, with ten transnational alcohol corporations dominating the 
production and branding. On the retail level, alcohol sales are mainly organized separately 
from its producers (recorded alcohol), considering national legislation. However, traditional 
production of alcohol (unrecorded alcohol) still represents approximately one-quarter of all 
consumed alcohol [36]. 

According to the latest data on global consumption of alcohol (2016), 2.3 billion people 
use alcohol (are current drinkers). While, on average, 57 % of the world's adult population 
(aged 15 and above) reported not drinking alcohol (being abstinent) in the last 12 months, 
three WHO regions - Europe (60 % drinkers), the Americas (54 % drinkers), and the West 
Pacific Region (54 % drinkers) - reported alcohol consumption by more than half of their 
population [37]. Adults generally drink 6.4 L of pure alcohol per year, while the highest 
consumption of alcohol (10 L of pure alcohol/adult/year) was reported for the WHO 
European Region [37]. According to the European School Survey Project on Alcohol and 
Other Drugs (ESPAD), alcohol is the psychoactive substance that is most available to 
young people [38]. The ratio between abstinent and current drinkers among the young 
population (15–19 years of age) reflects drinking habits in the general population, i.e., the 
highest number of young people reported drinking was in the WHO European Region 
(44 %), followed by Region of America (38 %) and Western Pacific Region (approx. 
38 %) [37]. 

In 2020, only 21 % of Slovene adults (18-74 years of age) were alcohol abstinent, and 
55 % were heavy drinkers [39]. Adolescents (11-, 13-, 15- and 17-year-olds) also reported 
drinking alcohol, with the percentage of those who had tried alcohol at least once in their 
lifetime increasing with age (11-year-olds: 15 %, 17-years old: 86 %) [40]. Compared to the 
WHO average global consumption of registered alcohol (6.4 L of pure alcohol/adult/year 
[37]), Slovenia, with 10.4 L of pure alcohol/adult/year, is way above the average. 
Additionally, it is estimated that 1.8 L/adult/year of unrecorded alcohol was 
consumed [41]. 

1.2.2 Illicit drugs: production and trafficking 

Cannabis cultivation is a global phenomenon, as it is known to be cultivated both indoors 
and outdoors in at least 190 countries worldwide [42]. In contrast to cultivating plants to 
produce other illicit drugs (e.g., cocaine and opiates), cannabis is mainly produced in the 
countries where it is consumed [31]. Due to the lack of systematic monitoring of cannabis 
cultivation, the global area of cannabis cultivation cannot be estimated. However, its 
trafficking can be evaluated through seizure data, which suggests cannabis trafficking has 
increased in the last decades and during the COVID-19 pandemic [42], [43]. 

In contrast to other illicit drugs, hallucinogens are mainly concentrated and trafficked 
in America, accounting for 88 % of the hallucinogens seized between 2015 and 2017, while 
European seizures accounted for 10 % during the same period. The trafficking of 
hallucinogens has increased over the past two decades, with LSD dominating [3].  

The total area under coca bush cultivation is estimated at 234,200 ha and is mainly 
located in Columbia (61 %), followed by Peru and Bolivia. Cocaine is typically trafficked 
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by sea (89 % of cocaine in 2021) to North America and Europe via well-known routes, with 
Columbia and Brazil as the leading countries of departure. Globally, cocaine trafficking is 
increasing and expanding from its major markets to Africa, Asia and Indonesia [31]. 
Trafficking of other conventional stimulants, namely amphetamine, methamphetamine and 
ecstasy, is also increasing, with four-, five, and three-fold increases in their seizure in the 
past decade, respectively. Methamphetamine is the most sized (2016–2020: 72 % of seizures 
were related to methamphetamine), with its trafficking showing a worldwide spread, i.e., 
117 countries reported seizures in 2016–2020 compared with 84 countries in 2006–2010 [19]. 
In comparison to cocaine, where production and trafficking were not disrupted during the 
COVID-19 pandemic, production and trafficking of other stimulants (especially ecstasy) 
were affected by the unavailability of precursors and applied measures [22], [43].  

Globally, Afghanistan, followed by Myanmar (South-East Asia) and Mexico, accounted 
for 95 % of cultivated opium poppy (total cultivation area: 246,800 ha) in 2021 and for 
97 % of illicit opium produced between 2017–2021 [31], [42]. The trafficking of opiates 
continues to increase, with seized amounts doubling in the period 2000-2020 [42]. No effect 
of COVID-19 was observed on opium and heroin production in 2020 [43]. Similarly, 
trafficking with pharmaceutical opioids increased in the last decade, with tramadol being 
the most seized in quantity and fentanyl in the number of defined daily doses [42]. 

1.2.2.1 Drug production and trafficking in Slovenia 

Slovenia is known to be an important logistic point for organized criminal groups across 
Europe and beyond. It lies on the main route for the illicit trafficking of heroin (produced 
in Turkey) and cannabis (produced in Western Balkan countries), known as the Balkan 
route. Recently, it has become an important European entry point for cocaine. Illicit drugs 
entering Slovenia are typically not intended for the Slovene market but are transported 
through Slovenia to other countries by heavy goods vehicles. The Slovenian illicit drug 
market is self-sufficient with locally grown cannabis, which is even exported to neighboring 
countries, namely Austria, Italy, Croatia, and Germany [44]. Stimulants, such as 
amphetamine, MDMA, and cocaine, intended for the Slovenian market are mainly 
smuggled to Slovenia from the Netherlands, while clandestine amphetamine laboratories 
have also been reported to exist in Slovenia [16]. 

1.2.3 Illicit drugs: Consumption trends 

From 2000 to 2020, the number of drug users (15–74-year-olds) grew by 26 % to 284 
million, partly due to an increasing global population. In 2020, cannabis was the drug of 
choice (209 million users), followed by opioids (61 million users, out of which 31 million 
are using opiates, mainly heroin), amphetamines (34 million users), cocaine (21 million 
users) and ecstasy (20 million users). The number of cannabis users has increased by 23 % 
over the past decade and remains the highest in North America [22], [30].  

Opioids remain a significant health risk, i.e., accounting for two-thirds of drug use-
related deaths, primarily due to overdose. There are two epidemics of non-medical use of 
opioids, namely fentanyl (North America) and tramadol (North and West Africa, the Near 
and Middle East and South-West Asia). The use of cocaine continues to grow in North 
America and Europe and is spreading in Africa and Asia. Similarly, the prevalence of 
amphetamines has increased, with the highest use reported in North America and the 
highest number of users in East and South-East Asia [22], [30].  

The latest data indicate that 284,600 (21 %) Slovenians (15–64 years of age) have used 
illicit drugs at least once. Cannabis is the most commonly used illicit drug (the use reported 
by 21 % of users), followed by ecstasy (2.9 %), cocaine (2.6 %), amphetamine (2.3 %) and 
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LSD (2.2 %). Between young adults (15–34 years of age), the lifetime prevalence of illicit 
drug use was 34 %. Again, cannabis was the most commonly used (21 % of 15- and 42 % 
of 17-year-olds), while a lower percentage of young people used other drugs. For example, 
4.5 % of 17-year-olds reported using ecstasy, 4.2 % non-medical use of pharmaceuticals 
(stimulants, tranquilizers and analgesics), 4.1 % magic mushrooms, 3.8 % cocaine, 3.8 % 
amphetamine or methamphetamine, 3.6 % solvents, 2.8 % LSD and <1 % 
heroin [16], [40], [45]. 

1.2.4 NPS market 

New psychoactive substances have no established, large or long-standing market; NPS are 
rapidly changing and quickly replaced, making it impossible to generate long-term demand 
for a specific NPS. Regarding the number of NPS available, the market expanded globally 
after 2009 and stabilized in 2018 at approximately 550 readily available NPS. The most 
diverse among them are stimulants, followed by synthetic cannabinoids and opioids. The 
latter has diversified in the past decade, from one known opioid NPS in 2009 to 87 in 2020 
[19], [22].  

In general, NPS use is assumed to be decreasing in North America and most parts of 
Europe, while it is likely to increase in Eastern Europe, Asia, and Africa [22]. Two 
important NPS markets have formed: synthetic and plant-based. The synthetic NPS 
market has expanded geographically, from 30 countries reporting their seizure between 
2009 and 2010 to 57 between 2019 and 2020 (based mainly on reports from East and South-
East Asia) [19], [22]. Among synthetic NPS, ketamine was the most commonly seized [19], 
[22]. In contrast, the trafficking of plant-based NPS expanded more slowly, with 28 
countries reporting their seizure between 2009 and 2010 and 37 between 2019 and 2020. 
Among plant-based NPS, kratom was the most seized in 2020, followed by khat [19]. 

According to the latest data, 0.3 % of inhabitants of Slovenia (15–64-year-olds) reported 
using NPS [32], [40]. Although students of the University of Ljubljana reported their first 
NPS use at the age of 21 in 2021 [45], data from other studies suggest that the age of first 
NPS use is even lower. For example, 2 % of 17-year-olds reported using NPS in 2018, and 
5 % of 15–16-year-olds reported their use in 2019 [16], [32], [40]. The most commonly 
recognized NPS by the students of the University of Ljubljana were benzodiazepines 
(83 %), followed by ketamine (83 %), gamma-hydroxybutyric acid/gamma butyrolactone 
GHB/GBL (52 %), and DMT (33 %). Identified NPS from street drug analysis for Slovenia 
in 2021 are shown in Table 4 [45].  
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Table 4: Identified NPS in Slovenia in 2021 (acute emergency cases, anonymous testing 
of street drugs and drug seizures, adapted by [45]). 

NPS class NPS  

(New) 
benzodiazepines 

- Triazolobenzodiazepine (TBZD)  
- Clonazolam 
- Bromazolam 
- Etizolam 
- Flualprazolam 
- Flubromazepam 
- Flubromazolam 
- Meclonazepam 

Fentanyl analogs - Brorphine  

Lysergamides - 1cP-LSD 
- 1P-LSD 

Nitazenes  - Etazene 
- Etonitazepyne 
- Metonitazene 

Phencyclidine-type 
substances 

- N-ethyldeschloroketamine (2-Oxo-PCE) 
- 2-fluoro deschloroketamine (2-FDCK) 

Phenethylamines - X-fluoroethamphetamine (X-FEA) 
- 2-fluoromethamphetamine (2-FMA) 
- 4-fluoromethamphetamine (4-FMA) 
- 1-(benzofuran-5-yl)-N-methylpropan-2-amine (5-MAPB) 
- 6-(2-aminopropyl)benzofuran (6-APB) 
- 4-bromo-2,5-dimethoxyphenethylamine (2C-B) 
- 4-fluoroamphetamine (4-FA) 

Phenidates - 4-fluoromethylphenidate (4F-MPH) 

Phenmetrazines - 3-fluorophenmetrazine (3-FPM)  

Synthetic 
cannabinoids 

- MDMB-4EN-PINACA 
- ADB-BUTINACA 

Synthetic 
cathinones 

- 3-methylmethcathinone (3-MMC) 
- 4-methylmethcathinone (4-MMC) 
- 4-methyl-alpha-pyrrolidinopentiophenone (alpha-PHiP) 
- 4-chloro-alpha-pyrrolidinovalerophenone (4Cl-PVP) 
- 4-chloromethcatinone (4-CMC) 
- alpha-pyrrolidinohexanophenone (alpha-PHP) 
- 1-phenyl-2-(1-pyrrolidinyl)-1-pentanone (alpha-PVP) 
- Eutylone 
- N-Ethylhexedrone 

Tryptamines - 4-hydroxy-N-methyl-N-isopropyltryptamine (4-HO-MiPT) 
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1.2.5 World Wide Web – an alternative market for licit and illicit drugs 

The internet provides new opportunities for tobacco (and related products) and alcohol 
marketing. Websites (including video games) and applications provide platforms for cross-
border advertisement through banners, pop-up advertisements, and videos. At the same 
time, social media present new ways of engaging consumers, e.g., via shared media. Taking 
personalized advertisements and the power of social influence into account, marketing on 
the internet is highly effective and may (non-)intentionally target users whom it should 
not reach, i.e., youth [36], [46]. In the case of tobacco or novel tobacco and nicotine 
products, internet marketing is especially prominent and raises additional concerns due to 
deceptive health claims [46]. 

With the high levels of anonymity, increased interconnectivity, and continuing evolution 
of online platforms, internet sales using social media, messaging, and dating applications 
means the internet has become an alternative way of illicit drug distribution. Transactions 
are done in person, by an online payment system, or by cryptocurrency. The latter is used 
especially on the dark web, which quadrupled between 2017–2020 compared to 2011–2017. 
In 2021, cannabis was the most sold drug on the dark web (49 % of the sales on investigated 
markets), followed by amphetamines (16 %), cocaine (12 %), benzodiazepines (6 %), opioids 
and pharmaceuticals (5 %). Between 2019 and 2020, shipments of the drugs bought on the 
dark web were mainly sent to Eastern Europe, with notable geographic expansion to 
marketplaces in Asia and South America. Despite the growth in illicit drug sales on 19 
monitored dark web markets, darknet sales present only 0.2 % of total illicit drug sales in 
the United States (US) and the EU (2017–2020). Dark web sales remained stable during 
the COVID-19 pandemic, i.e., no pronounced increase or decrease was observed. However, 
the smuggling trend shifted towards remote and contactless modes, such as mail and food 
delivery services [31]. 

1.3 Wastewater-Based Epidemiology – A Complementary 

Approach to Conventional Epidemiological Approaches 

Estimating illicit drug consumption is essential from many aspects, e.g., public health and 
crime control, and is typically done using socio-epidemiological methods 
(Chapter 1.2 Estimating Drug Use Prevalence. These methods pose ethical challenges and 
are susceptible to recall bias, sampling limitations, and time lag in reported data [19], [47], 
suggesting the need for a different approach not subject to such limitations. Accordingly, 
in 2001, Daughton et al. [48] proposed a complementary method for the estimation of illicit 
drug consumption using targeted chemical analysis of raw (untreated) wastewater for pre-
selected drug metabolic residues (biomarkers). The proposed approach, known as 
wastewater-based epidemiology (WBE), is non-invasive, cost-effective, and can gather 
spatial and temporal consumption data in near real-time [49]. It was first implemented in 
2005 to address the consumption of cocaine in Milan, Italy [50]. Since then, most WBE 
studies have adopted the same approach, which consists of the following steps (Figure 2): 
raw wastewater collection, targeted wastewater analysis for selected biomarkers, and back-
calculation of drug consumption [51], [52]. In 2010, the approach was synchronized in the 
frame of the Sewage Analysis CORe group Europe (SCORE) COST Action [53], which 
developed a best practice protocol considering wastewater sampling, sample storage, and 
wastewater analysis [51] and established the SCORE network.  

From estimating illicit drug consumption, the use of WBE has expanded to include 
consumption estimation of licit drugs (e.g., tobacco and alcohol), food and artificial 
sweeteners; use of pharmaceuticals and personal care products; determining human 
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exposure to hazardous substances (e.g., to pesticides, mycotoxins, and bisphenols); and 
population health assessment (e.g., stress, and COVID-19) [52]. Moreover, non-target 
wastewater analysis was introduced into the WBE protocol to identify known (suspect 
screening) and unknown substances in wastewater, which may reveal possible new 
biomarkers. The approach is mainly used when addressing NPS [52]. 

 

Figure 2: Schematic showing the main steps (blue squares) and required data (grey 
squares) in the WBE approach (adapted from [51], [52]). 

1.3.1 Methodology 

1.3.1.1 Wastewater sampling 

To estimate drug consumption in the general population, e.g., city and municipality level, 
wastewater influent is sampled at the wastewater treatment plant's (WWTP) inlet [54]. 
Following best practices, sampling is advised to be carried out during dry periods on a 
typical day (without WWTP maintenance). Rain dilutes wastewater and thus obstructs 
the detection of biomarkers. Moreover, some wastewater is commonly discharged untreated 
during overflow, leading to incorrect consumption estimates. Special events such as public 
holidays and festivals should also be avoided when targeting average drug consumption in 
the population since during such events, population size (migration) and drug consumption 
may vary from typical. Also, wastewater samples should be collected as 24 h composites 
using an autosampler that operates in flow-proportional mode, where subsamples are 
collected in proportion to wastewater flow at constant time intervals. Alternatively, the 
sampler should operate in volume-proportional mode, where the sampling frequency is 
adjusted according to wastewater flow while the sampling volume is kept constant. Due to 
the increase in sampling uncertainty, time-proportional sampling (sampling frequency and 
volume are constant) is less favorable. However, regardless of the sampling mode, the 
sampling frequency should be adapted to the catchment characteristics, e.g., exfiltration 
and expected drug prevalence, but ideally, it should not exceed ten-minute intervals [54].  

According to reviews by Huizer et al. [55] and Verovšek et al. [56], 24-h composite 
wastewater samples are most commonly collected at the WWTP to address drug 
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consumption in the general population. Autosamplers typically work in time-proportional 
mode; however, volume- or flow-proportional modes have also been applied. Few studies 
reported using grab or passive sampling (Figure 3) [55]–[58]. The latter is interesting, 
given the possibility of increasing substance detection by accumulating analytes on a 
polymeric-based sorbent, which is exposed to wastewater over an extended period (days or 
weeks) [57]. However, a need for in-field calibration (uptake is affected by environmental 
conditions), biofouling, limitation in the number of extracted compounds and low 
robustness currently limit the applicability of passive samplers [56]. To evaluate the use of 
NPS on a city scale as well as during specific night-time settings (music festivals), pooled 
urine from portable urinals set across the city was also used [57]. 

 

Figure 3: Setting passive sampler (POCIS) at municipal WWTP (Photo: Taja 
Verovšek). 

Obtaining representative wastewater samples from specific sites or small sub-catchments, 
i.e., educational institutions and prisons, is challenging due to the physical boundaries of 
the sewer system (depth of the sewer), power availability (in case of composite sampling), 
inconsistent wastewater flow and low number of pulses (e.g., toilet flushes) containing drug 
residues [59]. Although flow-proportional sampling with short sampling intervals (1 min) 
is proposed [54], time-proportional sampling with an adjusted sampling period (2–72 h) is 
most commonly used in specific catchments (Figure 4). The sampling frequency was 
optimized in specific instances using a dye tracer test or dynamic flow analysis [59]. 
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Figure 4: Example of sampling wastewater in specific sub-catchment using autosampler 
(Photo: Taja Verovšek). 

Wastewater samples that cannot be processed immediately should be appropriately stored 
to prevent compound degradation. According to best practice, one of the following storage 
conditions should be used in the preferred order: extraction on solid-phase extraction (SPE) 
cartridges within 12 h with the addition of internal standard (IS) or kept frozen (–18 °C) 
after the addition of the IS (–18 °C) [51], [53].  

1.3.1.2 Selection of biomarkers 

Biomarker selection can be performed using a top-down or bottom-up approach (Figure 
5). In the top-down approach, biomarkers are selected from a set of human-related 
substances obtained from pharmacokinetic and human biomonitoring (HBM) studies for 
which metabolism, excretion, and wastewater stability are well known. In a bottom-up 
approach, with non-target analysis, human-related substances present in wastewater are 
identified, and after studying their stability, biomarkers are proposed for studying 
compounds. Although this approach provides extensive data, including occurrence data for 
yet-unknown substances, which may contain important information about drug 
consumption trends, it is less used than the top-down approach. The reason is the 
problematic identification of potential biomarkers due to their low concentration and the 
large amount of organic matter in wastewater [52]. 
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Figure 5: Scheme of top-down and bottom-up approach (adapted from [52]). 

Regardless of the approach, selected biomarkers should ideally have a well-known metabolic 
pathway, high urinary excretion, high wastewater stability and a low tendency to adsorb, 
e.g., on particulate matter in wastewater. Also, they should be unique to human 
metabolism and specific to the investigated substance [25]. However, meeting such criteria 
can be challenging in reality, and therefore, the closest approximations (Table 5) are 
selected as biomarkers [60]. For example, tobacco use is often estimated by measuring 
cotinine or the sum of cotinine and trans-3′-hydroxycotinine (HCOT), which are non-
specific for tobacco. Both metabolites are also produced due to nicotine replacement 
therapies and the use of novel nicotine-related products, which result in the overestimation 
of tobacco use. Specific tobacco metabolites anabasine and anatabine have been proposed 
as alternatives, but they are not used routinely due to insufficient information on their 
excretion rates from the human body [60]. Since selected biomarkers may also originate 
from pharmaceutical use, so-called non-specific biomarkers are used when dealing with the 
use of amphetamine (amphetamine), methamphetamine (methamphetamine) and heroin 
(morphine) [60], [61]. In the case of heroin, the specific biomarker 6-acetylmorphine is often 
used, but it may underestimate the consumption of heroin, as it tends to degrade in the 
sewer [60]. 

Selecting parent compounds as biomarkers may also result in overestimating 
consumption since, in addition to consumption, these compounds can also originate from 
their direct disposal unused into the sewer. Typical examples are amphetamines: 
amphetamine, methamphetamine, and MDMA [61]. In the case of methamphetamine, its 
metabolite pholedrine has recently been proposed as an alternative biomarker, albeit 
studies proving its applicability are needed [62]. In some cases, the co-consumption of drugs 
can be estimated using a specific biomarker. For example, by determining levels of 
cocaethylene, simultaneous consumption of cocaine and alcohol can be evaluated [63].  
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Table 5: In-sewer stability and excretion data of biomarkers of selected drugs applied in WBE studies [25], [60], [63]–[65]. 

Drug Metabolic residue Information on 
metabolic residue and 

its specificity 

In-sewer stability Excretion rate  
(correction factor, CF) 

Licit drugs 

Tobacco Cotinine 
 
 
Cotinine + HCOT 

Non-specific metabolite 
 
Non-specific metabolite 

High 
 
High 

30 % 
(3.13) 
74 % 
(1.35) 

Alcohol (ethanol) EtS Human-specific metabolite Medium-high 0.012 % 
(3047)  

Codeine Codeine Parent compound High  30 %  
(3.33)  

Methadone EDDP Specific metabolite High 55% 
(2.04) 

Illicit drugs 

Cannabis (THC) THC-COOH Specific metabolite High 0.5 % 
(182) 

Cocaine Benzoylecgonine Specific metabolite High 29.2 % 
(3.59) 

Amphetamine Amphetamine Parent compound (also a 
metabolite of 
methamphetamine and 
prescription drugs) 

High 
 

36.3 % 
(2.77)  

Methamphetamine Methamphetamine Parent compound (also a 
metabolite of prescription 
drugs) 

High 22.7 % 
(4.4)  

Ecstasy MDMA Parent compound High 22.5 % 
(4.4)  
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Table 5: Continued. 

Heroin Morphine Metabolite (also the 
parent compound of 
morphine and 
metabolite of other 
opioids, such as 
codeine) 

High 42 % 
(3.1) 

6-acetylmorphine Specific metabolite Low 1.3 % 
(86.9) 

NPS 

Ketamine Ketamine Parent compound Medium 20 % 
(50) 

EDDP – 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, EtS – ethyl sulfate, HCOT – trans-3′-hydroxycotinine, MDMA – 3,4-
methylenedioxymethamphetamine, THC-COOH – 11-nor-9-carboxy-Δ9-tetrahydrocannabinol;  
Stability classification: high (decay <20 %), medium (decay 20–60 %), low (decay >60 %). 
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1.3.1.3 Sample treatment 

Analytical challenges in determining drug residues in wastewater are linked mainly to 
matrix complexity and the relatively high levels of compounds that may interfere with the 
analytes [66]. Best practice protocols suggest using isotopically labelled internal standards 
to ensure analytical quality, e.g., deuterated or 13C isotopically labelled analyte analogs, 
for each target analyte [51].   

As a first step in sample preparation, suspended solids are removed using filtration, 
centrifugation, or successive filtration and centrifugation [66]. For nicotine and alcohol 
residues, typically present in wastewater in high concentrations (µg/L), direct analysis of 
filtered wastewater is possible [56]. However, using direct injection, a lack of sample clean-
up may result in poor ionization and the loss of sensitivity [56]. In contrast to alcohol 
residues, where direct injection is the only reported method, SPE (Oasis HLB) appears to 
be the method of choice for extracting nicotine residues [67], [68].  

The determination of medications of abuse (e.g., methadone and codeine) and illicit 
drugs, which are present in wastewater in trace levels (ng/L), require extraction and pre-
concentration. Usually, this involves SPE (Figure 6) using RP (e.g., Oasis HLB) or mix-
mode RP-cation-exchange sorbents (e.g., Oasis MCX) [52], [54], [67], [69]–[73]. To reduce 
the matrix effect, Senta et al. [71] proposed an additional purification step for cannabinoids 
using a weak anion exchange sorbent (Strata NH2). Extraction and pre-concentration are 
also needed when screening for NPS to extract the broadest range of compounds possible. 
Multiple SPE sorbents are often used sequentially or in a mixture [52], [73]. 

 

 

Figure 6: SPE manifold with extraction cartridges and wastewater samples (Photo: Blaž 
Samec). 

1.3.1.4 Target analysis   

The polar nature of the analytes, along with robustness, good reproducibility, selectivity, 
and sensitivity, makes liquid chromatography coupled with tandem mass spectrometry 
(LC-MS/MS) the analytical technique of choice for quantifying drug residues in wastewater 
[55], [56]. Although the polar nature of drug residues enables the utilization of hydrophilic 
interaction liquid chromatography (HILIC), reversed-phase (RP) chromatography is 
typically used for their separation [55], [56]. In RP, mobile phases consist of a mixture of 
water and organic solvent (e.g., methanol or acetonitrile), in which modifiers, namely 
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ammonium acetate, formate or fluoride, formic or acetic acid, and trimethylamine, are 
added to improve peak shape and compound ionization [56], [74]–[77].  

An ion-pair reagent can improve the interactions between highly polar drug residues 
and the hydrophobic stationary phase. Here, the reagent adsorbs onto the surface of the 
stationary phase, which retains the analytes through electrostatic interactions. For 
example, alcohol metabolites (e.g., ethyl sulfate), which are anionic by nature, can be 
retained on RP columns by using positively charged ion-pair reagents, namely 
dibutylammonium acetate, dihexylammonium acetate, tetrabutylammonium bromide. Ion-
pair reagents can be added to the mobile phase or the samples before analysis. Since higher 
amounts of the non-volatile ion-pair reagent can suppress the MS signal due to its build-
up on the ion source, reducing the amount of the iron pair reagent is advisable by adding 
it to the sample, not to the mobile phase. Avoiding using it entirely is also an option. In 
the latter case, it is necessary to use an RP column with a ligand distributed within the 
stationary phase to promote the retention of polar compounds [56].  

High selectivity and sensitivity with LODs in the low ng/L range make tandem mass 
spectrometry (MS/MS) the detection technique of choice when performing targeted 
analysis. The most commonly used detectors are triple quadrupole (QqQ) and hybrid triple 
quadrupole/linear ion trap (QTRAP) mass analyzers operating in multiple reaction 
monitoring (MRM) mode. Sufficient sensitivity can also be achieved using a high-resolution 
mass spectrometer (HRMS), such as an Orbitrap or quadrupole time-of-flight (QTOF) 
instrument [55], [56].  

For the detector interface, electrospray ionization (ESI) is most commonly used [55], 
[56]. ESI is known to be susceptible to the matrix effect (enhancement or suppression of 
the analyte signal by co-eluting substances), which can result not only in reduced 
sensitivity (signal suppression) but also in quantification errors [77]. Internal calibration is 
used to compensate for this effect, i.e., the intensity of the analyte is normalized to the 
intensity of its deuterated analogs (internal standard), which is expected to behave 
similarly to the analytes during the analysis [77]. Also, the methods reported in the 
literature are mostly multi-analyte (i.e., not optimized to a single compound) and 
consequently a wide range of LODs and LOQs (low ng/L to low μg/L) have been 
reported [56], [78]. 

Although widely accepted as the gold standard in forensic drug analysis, gas 
chromatography coupled with tandem mass spectrometry (GC-MS/MS) was used only in 
individual studies addressing the occurrence of nicotine, cotinine, cocaine, benzoylecgonine, 
morphine, and NPS in wastewater [56], [57], [79]–[81]. For GC analysis, derivatizing agents 
such as trifluoroacetic anhydride (TFA) and N,O-bis-(trimethylsilyl)trifluoroacetamide 
(BSTFA) with 1 % trimethylchlorosilane (TMCS) are often required to enhance analyte 
volatility. However, derivatization is not needed when targeting nicotine and cotinine. 

1.3.1.5 Non-target analysis 

Non-target wastewater analysis is performed on liquid chromatography coupled with high-
resolution mass spectrometry (LC-HRMS) instruments [52] and is most commonly used to 
identify NPS, for which only a limited number of standards are available [57]. Despite 
having a lower resolution than an Orbitrap, the QTOF is the most used HRMS analyzer 
[52]. Mass spectral data are gathered in data-independent (DIA) or data-dependent (DDA) 
acquisition mode. DIA simultaneously acquires mass spectral data using different collision 
energies. Low energy mode (LE) is used to obtain a (de)protonated molecular ion, and high 
energy mode (HE) is used to obtain fragment ions. 

In contrast, DDA provides a full scan spectrum (MS), from which 5–20 most abundant 
precursor ions are isolated and fragmented to obtain their HRMS/MS spectra. Since 
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residues of psychoactive compounds are mainly present in low concentrations in 
wastewater, DIA is more applicable in WBE [52], [57]. To provide clearer mass spectra and 
increase selectivity, LC-HRMS is coupled with advanced separation techniques, such as ion 
mobility separation (IMS) [57], [82]. IMS separates ions based on their size, shape and 
charge in the gas phase and the presence of an electric field. Drift time, i.e., the time an 
ion travels through the mobility cell, is measured, and the collision cross-section (CCS) 
values are calculated. The CCS values obtained, which represent the surface of the sphere 
created by the ion, are robust, deviating by <2 %, independent of the instrument, i.e., 
chromatographic conditions and sample matrix, and can be therefore used in addition to 
retention time (tR) and mass spectral data for compound identification [57]. 

1.3.1.5.1 Compound identification workflows 

Two workflows can be used to analyze obtained data: suspect screening and non-target. 
The suspect screening workflow includes searching a suspect list of compounds expected to 
be found in the sample [52], [57]. Based on different criteria proposed by Schymanski et al. 
[83] (LC-HRMS analysis) and upgraded by Celma et al. [82] (LC-IMS-HRMS analysis), 
compounds are identified with different levels of confidence. The accurate mass of 
(de)protonated molecule and one significant fragment ion are considered minimal 
requirements for tentative identification of the compound (Level 3). Alternatively, 
unequivocal identification (Level 1 – the highest level of confidence) can only be achieved 
using a reference standard (Table 6). In cases where reference standards are unavailable 
(e.g., NPS), in silico tools can predict parameters, namely CCS values, tR, and MS 
fragmentation, for increased confidence in identification [82].  
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Table 6: Levels of confidence as proposed by Celma et al. [82]. 

Level  Name Data available 

Level 1 Unequivocally identified 
compound 

- Level 1*: due to the matrix 

effect of wastewater, higher 

deviation in ∆tR or accurate 

mass is permitted (but not 

simultaneously) 

- Empirical data fully agree with a 
reference standard (are within criteria)  

- Criteria:  
o LC: ∆tR≤0.1 min 
o IMS: ∆CCS ≤2 % 
o MS: ∆MR≤5 ppm; precursor and 

one diagnostic fragment are 
visible 

Level 2 Probable identification: 
- Level 2a: probable 

identification by library 
search 

- Level 2b: probable 
identification by 
diagnostic evidence (in 
silico prediction tools) 

- LC, IMS: predicted 
- MS: experimental and library data 
- An exact structure can be proposed 

based on experimental data 

Level 3 Probable candidate(s) - MS: experimental data 
- Different chemical structures are 

compatible with experimental data 

Level 4 Unequivocal molecular 
formula 

- MS: molecular formula can be assigned 

Level 5 The exact mass of interest - MS: exact mass 

CCS – collision cross-section value, IMS – ion mobility separation, LC – liquid 
chromatography, MS – mass spectrometry, MR – accurate mass, tR – retention time  

When using a non-target workflow, unknown compounds are identified without pre-
selecting targeted compounds [52], [57]. Software is used for peak picking, removal of noise 
and background, comparison between datasets, and extraction of feature candidates. 
Subsequently, retrospective data mining and grouping of identified compounds are 
performed using multivariate data analysis [52]. However, the process requires extensive 
examination of mass spectral data for each chromatographic peak, which is a difficult and 
time-consuming task; therefore, it has limited potential for identifying unknown and rapidly 
emerging NPS [57].  

1.3.1.6 Back-calculation of consumption 

The principle of back-calculation of drug consumption is based on Zuccato et al. [50], who 
assumed negligible losses of wastewater and stability of selected biomarkers. Back-
calculation is performed as presented in the following equations (Equations 1 and 2): 

 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑚 [𝑚𝑔 𝑑𝑎𝑦 1000 𝑖𝑛ℎ𝑎𝑏𝑖𝑡𝑎𝑛𝑡𝑠⁄⁄ ] =
𝑐 × 𝜑 × 𝐶𝐹

𝑁 
 (1) 

 𝐶𝐹 =
𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑝𝑎𝑟𝑒𝑛𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑎𝑛𝑑 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑡𝑒

𝑏𝑖𝑜𝑚𝑎𝑟𝑘𝑒𝑟 𝑒𝑥𝑐𝑟𝑒𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
 (2) 

 
The c represents the measured concentration of the biomarker in wastewater (ng/L), φ the 
daily wastewater flow (m3/day), CF a correction factor (Table 7), and N the number of 
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people in the catchment area. In most WBE studies, the static population is used in the 
calculation, often derived from census data (de jure population). Several studies consider 
population fluctuations by calculating de facto population from measured hydro-chemical 
parameters, such as chemical oxygen demand – COD, biological oxygen demand – BOD, 
total nitrogen, phosphorus and ammonium, mobile phone trace data and population 
biomarkers (e.g., cotinine, cortisol, homovanillic acid, creatinine) [69], [84]. 

Taking into account additional data such as average dose, nicotine uptake per cigarette, 
amount of pure alcohol per standard drink (Table 7), the consumption of illicit drugs in 
doses/day/1000 inhabitants, tobacco in cigarettes/day/1000 inhabitants, and alcohol in 
standard drinks1/day/1000 inhabitants can be calculated and compared with socio-
epidemiological data [63], [85], [86].  

Considering uncertainties related to CF (Chapter 1.3.1.7 Uncertainty) and variability 
of average doses, the content of alcohol and nicotine in the products and drug uptake [51], 
[80], normalized mass loads, i.e., measured concentrations normalized to wastewater flow 
and the number of people in the catchment, are usually reported and used in comparison 
studies such as SCORE monitoring [53], [87].   

                                                                                                                                                                                                         

1One standard drink = 10 g of pure ethanol = 1 dcL of wine = 2.5 dcL of beer = 0,3 dcL of spirit [39]   
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Table 7: Data used to back-calculate drug consumption from measured biomarker 
concentrations [25], [39], [63], [65], [86], [88]–[90]. 

Drug Biomarker Correction 

factor (CF) 

Average dose 

Methadone EDDP 1.63  100 mg* 

Codeine Codeine 3.33 15-25 mg* 

Ketamine Ketamine 5.00 8 mg* 

Tobacco (nicotine) Cotinine+HCOT 1.35 1.25 mg† 

Alcohol Ethyl sulfate 3,047 10 g‡ 

Cannabis (THC) THC-COOH 182 83 mg 

Cocaine Benzoylecgonine 3.59 45 mg 

Amphetamine Amphetamine 2.77 47.5 mg 

Methamphetamine Methamphetamine 4.4 20 mg 

Ecstasy  MDMA 4.4 95 mg 

Heroin 6-acetylmorphine 86.9 10 mg 

*Defined daily dose (DDD), †uptake per cigarette, ‡one standard drink; 
EDDP – 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, HCOT – trans-3′-
hydroxycotinine, MDMA – 3,4-methylenedioxymethamphetamine, THC – 
tetrahydrocannabinol, THC-COOH – 11-nor-9-carboxy-∆9-tetrahydrocannabinol  

1.3.1.7 Uncertainty 

Uncertainty sources in drug consumption estimates using wastewater analysis were first 
evaluated for illicit drugs within the SCORE [51], [91], while Zheng et al. [92] evaluated 
uncertainties related to alcohol and tobacco consumption estimates. The measurement of 
wastewater flow, biomarker concentration, correction factor application, and population 
estimation are all recognized as potential sources of uncertainty (Figure 7). 

 

 

Figure 7: Fishbone presentation of uncertainty sources in drug consumption estimates 
obtained by WBE. 
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In order to properly evaluate sampling biases, a high temporal resolution is required for 
both wastewater flow and intra-day biomarker concentration profiles. Therefore, errors 
arising from the sampling strategy are only roughly estimated. Sampling bias strongly 
depends on the catchment characteristic, i.e., population size, number of drug users, and 
operation of the pump station in the sewer system, and was estimated to range from 
negligible to 100 % [51], [55], [93].  

Urinary excretion rate is considered an important source of uncertainty since it varies 
greatly depending on the route of administration, dose, gender, age, physical condition and 
even drug co-consumption. Moreover, it is derived from limited pharmacokinetic studies of 
a small cohort of typically healthy men [51], [92], [94]. For example, the variability in the 
excretion rate of benzoylecgonine was 26 % (RSD) [51]. Uncertainty contribution of the 
excretion rate is especially pronounced in small catchments with few users, and excretion 
cannot be averaged out [59].  

Another dominant source of uncertainty is the estimated number of people in the 
catchment area. According to an inter-laboratory study, population variability, taking into 
account different population estimates (census data and data from hydro-chemical 
parameters were between 7 and 55 % (RSD) [51]. 

Analytical variability (up to 34 %, depending on the analyte) was estimated within the 
SCORE inter-laboratory study [51] and by Zheng et al. [92] and is considered a minor 
source of uncertainty. Also, biomarker in-sewer and in-sample stability are considered 
negligible (<10 % RSD) [51], [55], [84]. In addition, Lai et al. [93] showed that the 
systematic error (20 %) associated with flow measurements could be significantly reduced 
by regularly calibrating the flowmeters.   

The high temporal and spatial resolution of WBE approaches makes it more suitable 
for tracking changes in drug use over time (e.g., within-week or long-term) and across 
space (e.g., inter-municipality and international comparisons) than for evaluating absolute 
drug use in a particular population. Accordingly, individual sources of uncertainty, e.g., 
variability of excretion rates, become less critical [95]. However, improvements in methods 
would still be beneficial to reduce systematic over- and under-estimation of drug use and 
critically evaluate obtained consumption estimates. For example, additional methods to 
differentiate between drug use and disposal are needed when parent compounds are selected 
as biomarkers, e.g., amphetamines.   

1.3.2 Addressing uncertainties in evaluating drug consumption 

Currently, sewage disposal of waste from the large-scale clandestine production of illicit 
drugs is a growing concern in Europe, particularly in Belgium and the Netherlands [96], 
[97]. Such events and the disposal of unused drugs systematically affect WBE estimates 
when parent compounds are selected as biomarkers of drug use (overestimation). Therefore, 
additional analytical methods that distinguish between consumption and direct disposal 
are urgently needed [98], [99]. So far, investigation of dumping events has been rarely 
performed and always followed the analysis of wastewater, during which unusually high 
biomarker mass loads were observed [98]. As reviewed by Quireyns et al. [98], drug disposal 
is most commonly addressed using the parent compound-metabolite (P:M) ratios approach 
(72 % of 29 reviewed studies), enantiomeric profiling (28 %) or searching for markers of 
chemical waste from the illicit drug production by non-target and suspect screening 
workflows (10 %).  

Another approach capable of providing data on the origin of organic compounds is 
through studying the isotopic composition of light elements (carbon, nitrogen, hydrogen 
and oxygen) using isotope ratio mass spectrometry (IRMS). The method is frequently used 
to determine food authenticity and traceability (e.g., confirmation of the geographic origin 
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and distinguishing between natural and synthetic aromas), but also in forensic science to 
discriminate between batches of explosives and illicit drugs and to trace their sources [100], 
[101], [102]. Accordingly, determining the isotopic composition of light elements of 
biomarkers in wastewater may also provide data on their origin. However, such an approach 
is yet to be studied.  

1.3.2.1 Parent compound-metabolite ratio approach 

In the P:M approach, the ratio between wastewater concentrations of the parent compound 
and metabolite is calculated, and cut-off values, representing the limit between human 
consumption and disposal, are set based on the excretion profile of the drug. Despite the 
simplicity of the approach, its use requires a good knowledge of the drug excretion profile 
and data on the concentration of parent compounds and metabolites, which are only 
sometimes available [98].  

1.3.2.2 Enantiomeric profiling  

Enantiomeric profiling can only be used for chiral drugs, i.e., molecules that contain an 
asymmetric (chiral) carbon atom, for which only parent compounds are being determined 
in wastewater, e.g., amphetamines [98]. Enantiomeric profiling is based on the fact that 
enantiomers (molecules that are a pair of mirror images of each other; Figure 8) of the 
same chiral substance interact differently with other chiral molecules despite identical 
physical and chemical (except optical activity) properties [103]. Accordingly, synthesis, 
distribution, receptor binding, metabolism, and excretion processes are enantioselective, 
resulting in specific chiral signatures (ratio between enantiomers). By measuring the ratio 
between enantiomers, we can differentiate between consumption and direct disposal and 
also determine drug origin (illicit or licit pharmaceuticals), synthesis route (ratio of 
enantiomers differ based on synthesis route), and the potency of the drug in the illicit drug 
market (potency, as well as biological activity, differ between enantiomers) [61].  

 

Figure 8: Enantiomers of amphetamine.  
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In wastewater analysis studies, enantiomers are determined using chiral LC-MS/MS. 
Chiral separation is achieved on a cellobiohydrolase (CBH) column, with the chiral selector 
being the enzyme CBH immobilized on the spherical silica particles [103]. Enantiomeric 
fraction (EF) is calculated using the following formula (Equation 3): 

 

 𝐸𝐹 =
𝐸1

𝐸1 + 𝐸2 
 (3) 

 
Here, E1 and E2 represent R- and S- enantiomer concentrations. The mixture is racemic 
when EF equals 0.5 [98]. However, the method does have its limitations. Namely, the 
enantiomeric profile of administered and excreted drugs must be known [98]. Also, there is 
the need for ad hoc sample preparation, which is time- and cost-intensive and requires 
collecting higher sample volumes [103]. 

As an alternative to chiral LC-MS/MS, chiral derivatization can be used when 
identifying enantiomers of optically active amines and alcohols. The approach is based on 
the reaction between enantiomers of a chiral drug and optically pure derivatizing agent, 
whereby diastereomers, i.e., non-mirroring compounds, with differences in the 3D 
configuration on at least one stereocenter (chiral carbon), are formed (Figure 9) [104], 
[105]. In contrast to enantiomers, diastereomers have different physicochemical properties 
and can, therefore, be separated by conventional chromatography, e.g., GC [104], [106].  

Various chiral derivatizing agents are available for this task, namely S-(−)-N-
(trifluoroacetyl)propyl chloride (S-TPC), R-(−)-α-methoxy-α-
(trifluoromethyl)phenylacetyl (R-MTPCl) and S-(−)-N-(heptafluorobutyryl)propyl 
chloride (S-HFBPrCl) [107]. However, chiral reagents containing α-proton on the chiral 
carbon, such as S-TPC and S-HFBPrCl, can undergo racemization due to keto-enol 
tautomerization of the α-proton on the chiral carbon with the neighboring carbonyl group 
and therefore derivatizing agents without the α-proton are preferred, e.g., R-MTPCl [108]. 
Chiral derivatization followed by GC-MS analysis is widely used in the pharmaceutical 
industry, e.g., in the process of discovering new pharmaceuticals, clinical (toxicological) 
and forensic studies, e.g., to distinguish between the use of licit and illicit drugs, and linking 
clandestine drug production, traffickers and consumers [105], [107]–[111]. However, its 
applicability in wastewater analysis to complement WBE consumption data has not yet 
been investigated.  
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Figure 9: Acylation reaction between amphetamine enantiomers and R-MTPCl 
(adapted by [106]). 

1.3.2.3 Non-target analysis supporting WBE data 

Non-target analysis can be used as an alternative approach to detect dumping events by 
utilizing non-target and suspect screening workflows. The method identifies chemicals used 
in illicit drug production, i.e., precursors (e.g., amphetamine precursor 1-phenylpropan-2-
one [112]), impurities and intermediates, and parent compounds in wastewater. The 
method provides comprehensive data on the incidence of drug production and the type of 
synthesis, making it a potential early warning system for identifying spatiotemporal 
variations in illicit drug production. A significant disadvantage of this approach is that it 
is laborious and cannot trace the clandestine production of pharmaceuticals [98].  

To standardize the handling of dumping events, i.e., when unusually high mass loads 
in wastewater are observed, Quireyns et al. [98] proposed a scoring system that requires 
the simultaneous use of more than one of the aforementioned approaches to confirm drug 
disposal. However, not all methods can be used in all cases, as they are specific to the 
compound and require specific analytical equipment (e.g., chiral column and HRMS). 
Accordingly, further studies of analytical techniques and standardization of the approach 
are still needed, e.g., establishing criteria for exclusion of WBE data in case of drug disposal 
evidence from total (average) consumption estimates [98].  

1.3.2.4 Stable isotopic composition of light elements 

Organic compounds with the same molecular formula and chemical structure (e.g., 
biomarkers) can be distinguished based on the composition of stable isotopes, i.e., atoms 
that differ in the number of neutrons, which result in a different atomic mass [113], [114]. 
This difference means that stable isotopes of the same element have different 
physicochemical properties and behave differently during physical and chemical processes, 
e.g., breaking of bonds involving heavier atoms requires higher activation energies, which 
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causes enrichment or depletion of one of the stable isotopes relative to the other and hence 
result in isotopic fractionation [115]. Therefore, the determination of the most commonly 
used isotopic ratios of light elements (2H/1H, 13C/12C, 15N/14N, 18O/16O) of organic 
compounds is widely used to study chemical and biological processes to obtain data on 
compound origin or history as well as source. In the case of organic compounds, the isotopic 
composition is usually determined by gas chromatography-combustion-isotope ratio mass 
spectrometry (GC-C-IRMS), where the compounds are evaporated, separated and 
converted by combustion to gases, such as H2, CO2, N2, and CO, for hydrogen, carbon, 
nitrogen and oxygen measurements, respectively. The analyte gas is then ionized (electron 
impact ionization, EI) and introduced into IRMS, where produced ions are separated by a 
magnetic sector and determined according to m/z ratios in dedicated Faraday cups 
explicitly positioned to collect the masses of interest [116].  

In nature, the lighter isotope is much more abundant, e.g. approximately 98.9 % of all 
carbon is 12C and 1.1 % is 13C [117]. At this natural abundance, isotopic variations are tiny, 
making absolute isotopic abundances less important than the changes in isotopic 
abundance. For this reason, changes in natural abundance are expressed compared to 
reference material as δ-notation in parts per thousand or per mil, ‰. δ-notation is 
calculated as presented in Equation 4:  
 

 
𝛿𝑖𝐸 [‰] = (

𝑅𝑆

𝑅𝑅𝑒𝑓

− 1) × 1000 
(4) 

where δiE represents the isotopic composition of an element in the sample (e.g., δ13C), and 
RS and RRef indicate the ratio between the heavier and the lighter isotope (e.g., 13C/12C) in 
the sample and reference material, respectively [117], [118]. Typically, δ2H and δ18O values 
are reported relative to the Vienna-standard mean ocean water (VSMOW), δ13C to the 
Vienna-pee dee belemnite (VPDB) and δ15N to AIR [116], [119].  

Stable isotope analysis is often used to detect adulterated food and flavors and determine 
their authenticity [102]. It is also used in forensic science where, among others, stable 
isotopes (13C/12C and 15N/14N) have been used for illicit drug profiling [120]–[122]. The 
purpose of illicit drug profiling is to provide basic data for law enforcement agencies on 
illicit drug production and trafficking networks by linking seized drugs to the route of 
synthesis (synthetic and semi-synthetic illicit drugs) or geographic origin (semi-synthetic 
and natural illicit drugs). This task is usually achieved through physical and chemical 
characterization of seized drugs, including determining the isotopic composition of light 
elements of active substances using IRMS. For example, in the study of Thompson et 
al. [123], opium samples from Mexico were distinguished from South American samples 
based on the δ15N values determined in extracted morphine, while Southwest Asian samples 
were isolated based on δ13C values. Similarly, data on the isotopic composition of carbon 
and nitrogen were used to link seized synthetic drugs (e.g., amphetamine, 
methamphetamine and MDMA) and NPS to a production batch and a common source 
[100], [101], [123], [124].  

Given its wide use in forensics and its discriminating ability, analysis of the isotopic 
composition of light elements has excellent potential to complement WBE data by 
providing information on the origin of drug biomarkers present in wastewater. Nevertheless, 
the utility of determining the composition of stable isotopes in supplementing wastewater 
analysis data has yet to be investigated. 
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1.3.3 WBE: general population 

Wastewater-based epidemiology is an established and synchronized approach for estimating 
consumption of conventional illicit drugs in the general population (e.g., cities and 
municipalities) by the SCORE network [53], which annually organizes an inter-laboratory 
study (to guarantee comparability of results) and international monitoring to track 
spatiotemporal trends in cocaine, amphetamines, cannabis (THC), and from 2022 also 
ketamine consumption. Since its first monitoring campaign in 2011, the number of 
participants has grown from 12 laboratories, 21 WWTPs, and 19 European municipalities 
participating; it stretched in 2022 to 41 laboratories, 132 WWTPs, and 118 worldwide 
municipalities participating.  

SCORE data provide spatiotemporal trends in drug use and accordingly reveal city- 
and even country-specific characteristics of drug use. For example, data show that cocaine 
prevails in western and southern European cities (particularly in Belgium, the Netherlands, 
Portugal and Spain) and amphetamine in the north and east Europe (Sweden, Belgium, 
Germany, the Netherlands and Finland). Historically, methamphetamine is concentrated 
in Czechia and Slovakia, but the data suggests its use is increasing in Belgium, East 
Germany, Spain, Turkey and northern Europe (Figure 10). Ecstasy is the most prevalent 
in Belgium, Czechia, the Netherlands, Spain and Portugal, and cannabis in Czechia, Spain, 
the Netherlands and Portugal. Data from 2022 show ketamine was the most prevalent in 
Denmark, Italy, Spain and Portugal [87].  

The SCORE monitoring system, which is capable of providing timely data on changes 
in drug use trends across various European cities simultaneously, has been recognized and 
supported by the European Monitoring Centre for Drugs and Drug Addiction (EMCDDA). 
The EMCDDA publishes monitoring data and utilizes them as an early warning of 
temporal and spatial changes in drug use throughout Europe [87], [125], [126].  
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Figure 10: “Changes in the mean weekly methamphetamine metabolites from 
wastewater analyses in selected European cities between 2021 and 2022” (Source: © 

EMCDDA [126]). 

1.3.3.1 Slovenia in SCORE monitoring 

Slovenia became part of the SCORE monitoring in 2017 when the Group of Organic 
Analysis (Department of Environmental Science, Jožef Stefan Institute) joined the SCORE 
monitoring and provided the data on mass loads for the capital city, Ljubljana. In 2018, 
Maribor and Domžale-Kamnik were also included in the monitoring campaign [87]. Initial 
data (2017-2018) indicated that cocaine use prevailed in Slovenian municipalities, which 
placed them aside western and southern European cities.  

The importance of Slovenia’s participation in SCORE monitoring was also recognized 
by the Slovenian National Institute of Public Health (Slovene: Nacionalni inštitut za javno 
zdravje, NIJZ). NIJZ, as the Slovenian focal point, has a long history of collecting data on 
drug situation (e.g., national drug policy, trends in drug use, prevention, treatment and 
harm reduction strategies and best practice protocols) from different sources, namely the 
ministries responsible for the national strategy in the field of drugs, government 
institutions, non-governmental organizations, universities and research institutions, and 
reporting the data to EMCDDA. Accordingly, annual reports on the drug situation of the 
Republic of Slovenia are published by the NIJZ, where WBE (SCORE monitoring) data 
are also included since 2018 [32], [127]. Initially (2017 and 2018 monitoring campaigns), 
SCORE partners analyzed Slovene wastewater samples in 2018 Slovenian Research and 
Innovation Agency (ARIS, former Slovenian Research Agency – ARRS) project “Illicit 
drugs, alcohol and tobacco: wastewater-based epidemiology, treatment efficiency and 
vulnerability assessment of water catchments” was approved, and in-house analytical 
methods were developed for integrating Slovenian WWTPs into the SCORE annual 
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monitoring campaigns. Aside from Ljubljana, Maribor and Domžale-Kamnik 
municipalities, namely Novo mesto, Koper and Velenje, were additionally included in the 
monitoring and are described in Chapter 3.1.1 National reports to the EMCDDA: Reports 
on the drug situation of the Republic of Slovenia (2019–2022). 

1.3.4 WBE: Specific populations  

Due to its non-invasiveness, WBE has a high potential to explore drug consumption trends 
in small, specific populations susceptible to drug use by sampling and analyzing wastewater 
of small sub-catchments upstream from WWTP (e.g., an outlet of a particular institution). 
However, only a few WBE studies have been performed in educational institutions, prisons 
and other specific catchments, namely fitness centers and airports [59], [128], [129].  

Monitoring drug use in educational institutions aims to track the spread of drugs among 
young people and is commonly done through surveys and drug testing [59], [130]. Since 
surveys are susceptible to biased reporting and have a time lag in reported data, and 
because drug testing is highly intrusive and can detect only a limited number of drugs, a 
few studies have explored the potential of wastewater analysis [59]. However, these studies 
have focused on only one type of institution, i.e., high education institutions. Moreover, 
only the consumption of conventional illicit drugs and medications of abuse has been 
addressed, confirming the use of cannabis, cocaine, amphetamines, ecstasy, heroin, 
methadone, and codeine [59]. To date, only Gatido et al. [131] addressed the consumption 
of licit drugs (alcohol), while NPS have been addressed in the literature twice using targeted 
analysis (LC-MS/MS) [59], [131], [132]. 

Drug use in prisons impacts prison security and prisoners' reintegration into society 
[59]. Usually, drug use in prisons is investigated through mandatory drug testing and 
surveys, which requires additional security measures [59]. As an alternative approach, WBE 
was introduced. Studies have mainly assessed illicit drug and opioid use, while NPS were 
studied to a lesser extent. The use of substitutional drugs was detected daily, while the use 
of illicit drugs and NPS was detected occasionally. In such cases, WBE could provide an 
objective and comprehensive picture of drug use in prisons and be a non-invasive 
alternative to currently applied approaches [59]. 

Despite the many advantages of WBE, its application in specific populations also has 
drawbacks. For example, calculated consumption estimates may be biased, as irregular 
wastewater pulses in small sub-catchments prevent obtaining a representative sample. 
Moreover, they can be significantly affected by the application of correction factor taking 
into account the average drug excretion rate as discussed in Chapter 1.3.1.6 Back-
calculation of consumption; the small number of drug users (e.g., compared to the number 
of users in the whole municipality) means that the individual profile of drug excretion is 
more pronounced than for larger populations.  

Also, sampling wastewater from the whole institution means drug prevalence can only 
be obtained for the whole population present at the time of sampling, and no extrapolation 
to a particular group of people, e.g., pupils, prisoners, staff or visitors, can be made [59]. 
Finally, although WBE poses a low ethical risk when applied to the general population 
(individuals cannot be identified and traced), its application to small populations may raise 
specific ethical concerns. For example, obtained results may increase stigmatization, 
provoke sensationalized media reporting and inadvertently cause harm to the participants 
or the participating institution’s reputation [133]. Accordingly, detailed planning, 
anonymity, and proper communication of the results are essential in such settings [133]. 
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1.3.4.1 WBE: Special events 

In addition to assessing drug use in specific populations, the WBE has also been applied 
to track drug use during special events, namely holidays, sporting events, and festivals, 
where the results can be used as an early warning for changes in licit (including NPS) and 
illicit drug consumption trends [59]. Wastewater for the determination of drug use during 
special events is usually collected from municipal WWTP [59], [134]–[138]. Only two studies 
have used pooled urine collected from portable urinals and toilets set up at festival venues 
to estimate drug prevalence [73], [139]. Trends in drug use showed to be event-specific; 
however, in general, a significant increase in the use of licit (e.g., alcohol, tobacco, and 
NPS) and illicit drugs (e.g., stimulants) was observed during various special events in 
comparison to “normal days”, i.e., weekdays without special events [59], [134]–[137], [140]–
[143]. 

1.4 Environmental Perspective 

Awareness of the impact that licit (e.g., nicotine-tobacco) and illicit psychoactive 
substances have on the environment began in the 1980s with studies that showed a 
connection between the cultivation of plants (e.g., tobacco plant and coca bush) and 
deforestation [34], [144]. Later, in the 2000s, studies focused on the broader environmental 
and health aspects of the production (cultivation and synthesis) and consumption of 
psychoactive drugs (Figure 11).  

In addition to deforestation, other adverse effects were associated solely with licit and 
illicit drug production: air, soil and water pollution (with the end product and production 
waste), soil and water depletion, biodiversity loss, and energy use [34], [144]. Although the 
impact of drug production on the environment on a global scale has been estimated to be 
small compared to the total impact of agriculture and pharmaceutical production, studies 
have shown its importance on a local scale, i.e., where drug production is centralized. This 
fact is especially true in the case of illicit drugs, in which clandestine production takes place 
outside regulatory frameworks in remote and often even protected areas (e.g., national 
parks), where it has a high potential for harmful environmental effects [144]. The extent of 
the impact of drug production on the environment was reduced by the implementation of 
alternative development projects within the framework of already existing drug policy 
responses. The projects promote reforestation, agroforestry, shifting agriculture to 
alternative crops and reduction of the environmental footprint (e.g., tobacco manufacturing 
carbon footprint) by the introduction of payment schemes [11], [145].  

Compared to the amounts of contaminants released into the environment through drug 
production, the amounts of drug metabolites and unused drugs released into the 
environment due to drug consumption are estimated to be larger and contribute 
significantly to the overall environmental impact [144]. Of particular concern is their 
ubiquitous presence in waste- and environmental waters. Significantly, since drugs and 
individual metabolites are bioactive by nature (psychotropic), they have a high potential 
to affect non-target organisms negatively [56], [146]. Indeed, many adverse effects on 
aquatic organisms have already been demonstrated at the environmental level (Chapter 
1.4.4 Effects on aquatic organisms). However, while drugs and their metabolites are 
commonly determined in wastewater in order to assess drug use in the population (WBE), 
their occurrence in the environmental waters, together with the impact they have on the 
ecosystem, remain understudied [56], [144], [146], [147]. 

Because of this and the global increase in drug use, the UNODC [144] pointed to the 
need to develop appropriate strategies for environmental protection, which require a better 
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understanding of the extent of the impact of drug residues on the environment, i.e., 
comprehensive monitoring of drug residues (starting compounds and metabolites) in waste 
and environmental waters and evaluation of hazard assessment. 
 

 

Figure 11: Routes of environmental impact (adapted from [144]). 

1.4.1 Analytical methods used to determine drug residues in the 

aqueous environment 

Since WBE presents a “bridge between the environmental and social sciences” [48], it is 
not surprising that the determination of drug residues in environmental waters is mainly 
carried out using slightly modified methods (e.g., higher sample volume) primarily 
developed to estimate drug consumption in the population through wastewater analysis 
(Chapter 1.3.1 Methodology). Determining drug residues in environmental waters requires 
an efficient sample preparation step, including high pre-concentration of analytes, efficient 
removal of interferences and sensitive instrumental methods [78]. Accordingly, drug 
residues are most often extracted from environmental waters using SPE (Oasis MCX or 
HLB) and determined (target analysis) by LC-MS/MS, as presented in the latest 
reviews [56], [78].  

However, the sampling strategies differ. Unlike wastewater, where sampling is done 
according to best practice protocol, surface water sampling strategies are not synchronized. 
Typically, samples are obtained as grab samples (Figure 12), which do not consider time-
dependent fluctuations in concentrations and can only provide a "snapshot" at the time of 
sampling [56], [146], [148]. As an alternative, passive sampling using polar organic chemical 
integrative samplers (POCIS), low-density polyethylene film devices, solid-phase 
microextraction fiber and Chemcatcher® device were used [149]–[151]. In the case of 

En
vi

ro
n

m
en

ta
l i

m
p

ac
t 

Drug  production

Energy use

Deforestation Biodiversity loss

Soil pollution and 
depletion

Biodiversity loss, 
food chain effect

Water pollution 
and depletion

Biodiversity loss, 
food chain effect

Air pollution

Drug use

Water pollution
Biodiversity loss, 
food chain effect

Soil pollution
Biodiversity loss, 
food chain effect

Drug policy 
response

Alternative 
dvelopement 

programs

Reforestation

Lower carbon 
footprint

Shifting to 
alternative crops



37 

  

  

groundwater, sampling strategies are either not described [152], [153] or involve obtaining 
representative grab samples using existing protocols [154]–[156].  

 

 

Figure 12: Photo showing grab sampling of surface water (Photo: Eirini Andreasidou).  

1.4.2 Wastewater 

As the primary recipient of human biological fluids such as urine, saliva, sweat, and feces, 
raw wastewater typically contains drug residues ranging from ng/L to µg/L (Table 8). As 
conventional WWTPs are not originally designed to eliminate recalcitrant organic 
contaminants (e.g., selected contaminants of emerging concern, CEC) such as drug residues 
[56], [146], [157], they remain present in treated wastewater where they were detected, 
mostly in lower concentration range (ng/L-µg/L) than in wastewater influents (Table 8).  

Most commonly activated sludge, sequential batch reactor (SBR), Bardenpho2, trickling 
filters and membrane bioreactors (MBR) have been researched to eliminate drug residues 
from raw wastewater (Table 9). The removal efficiency depends on numerous factors, such 
as the treatment process, WWTP operational parameters, the compound’s physicochemical 
properties and concentration, and in-sewer conditions [56], [148], [158]. Accordingly, 
reported removal efficiencies vary widely even for the same treatment technology and 
compound. In general, nicotine residues and amphetamines (except MDMA) are considered 
to be efficiently removed during biological treatment, followed by cannabinoids, opioids 
and cocaine-related compounds [56], [148], [158]. In some cases, negative removals, i.e., 
drug residues present in higher concentration in treated than in raw wastewater, were 

                                                                                                                                                                                                         

2 “conventional activated sludge coupled with nutrient removal” [166] 
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reported for codeine, methadone, EDDP and MDMA and explained by desorption from 
sludge, deconjugation or poor sampling strategy (difficulty in obtaining appropriate 
influent/effluent pairs) [144], [159].  

Although many studies have already addressed the occurrence of drug residues in 
wastewater and their removal during various wastewater treatment processes, inconsistent 
data indicate that the behavior of drug residues during wastewater treatment is still only 
partially understood and requires further studies [160]. Moreover, the recently proposed 
EU Directive on urban wastewater treatment [161] includes provisions for establishing limit 
values for CEC, which will be regulated by a minimal percentage of removal (80 %). 
Consequently, this would necessitate implementing an additional (quaternary) treatment 
step capable of effectively removing a broad range of organic contaminants. Although the 
directive currently focuses on limiting the concentration of pharmaceuticals and personal 
care products in treated wastewater [161], it is envisaged that this list will be extended to 
cover other compounds that pose an environmental risk, e.g., in localized areas with 
extensive pollution. 
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Table 8: Determined concentrations (ng/L) of selected drug residues in waste- and environmental water 

 [56], [146], [153]–[155], [157], [162]–[164]. 

Drug residue Wastewater Surface water Groundwater 

Influent Effluent River Lake Sea 

NIC <424,000 15–32,000 <9,340 n.a. 15–1,770 <8,070  

COT <42,300 <18,000 <6,580 <15 4–1,070 <130 

HCOT 300–53,000 15-1,550 14-777 <77 n.a. n.a. 

EtS 500–33,000 <LOD n.a. n.a. n.a. n.a. 

MOR <2,400 <1,270 <631 n.a. n.a. n.a. 

COD 35-6,460 25-3,970 0.8-342 2.1-4.4 n.a. <2,440 

MTHD 2.6–1,530 1.4–742 <40 1.1-2.5 n.a. 7.4  

EDDP 3.7–1,030 2.6–1,150 0.1–71 1.9-8.7 n.a. 0.4  

KET 0.78–447 0.19–278 0.05–205 n.a. n.a. n.a. 

THC-COOH <1,640 <170 <80 n.a. n.a. <LOD  

COC 0.2-4,700 <496 <5,900 n.a. <537 <3.8  

BE 1.3-9,720 0.8-3.280 <3,580 0.3-2.40 <142 <1.5  

COE 0.4–60 0.2-7.9 <5.2 n.a. n.a. 0.05  

AMP <12,020 <755 <343 n.a. n.a. <LOD [153] 

MAMP <3,640 <675 <277 0.2-96 n.a. <LOD  

MDMA <27,000 <1,270 <57 n.a. n.a. 3.9 [153] 

6-AM <224 <96 <16 n.a. n.a. <LOD [153] 

n.a. – not available; 6-AM – 6-acetylmorphine, AMP – amphetamine, BE – benzoylecgonine, COC – cocaine, COD – codeine, COE – cocaethylene, 
COT – cotinine, EDDP – 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, EtS – ethyl sulfate, HCOT – trans-3’-hydroxycotinine, KET – 
ketamine, MAMP – methamphetamine, MDMA – 3,4-methylenedioxymethamphetamine, MOR – morphine, MTHD – methadone, NIC – nicotine, 
THC-COOH – 11-nor-9-carboxy-∆9-tetrahydrocannabinol 
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Table 9: Removal efficiency for selected drug residues using various treatment technologies [56], [158], [165], [166]–[171]. 

Compound Activated sludge Sequential batch 
reactor (SBR) 

Bardenpho Trickling filters Membrane 
bioreactors (MBR) 

NIC >57 % >21 % >99 % 85-98 % >99 % 

COT >46 % >75 % 96-98 % >82 % >93 % 

HCOT 66-99 % n.a. >99 % n.a. >99 % 

EtS 80-99 % n.a. >99 % n.a. >99 % 

MOR 73-89 % 60-95 % >99 % n.a. >99 % 

COD <95 % >10 % 82-92 % 50-75 % 78-93 % 

MTHD -120-39 % >90 % 1-23 % 25 % 44-63 % 

EDDP -40-61 % n.a. 13-30 % 46 % 20-40 % 

KET n.a. >75 % n.a. n.a. n.a. 

THC-COOH 18-98 % n.a. n.a. n.a. n.a. 

COC >72 % 35-45 % >-21 % 25-37 % >99 % 

BE >33 % >10 % > 99 % <27 % >23 % 

COE >68 % >25 % n.a. 25 %  

AMP >33 % 2-70 % >99 % 89-95 % >99 % 

MAMP >-130% 61-91 % >99 % 60 % > 63 % 

MDMA 19-95 % -40 % >11 % 13 % >99 % 

6-AM 72 % n.a. n.a. n.a. n.a. 

n.a. – not available; 
6-AM – 6-acetylmorphine, AMP – amphetamine, BE – benzoylecgonine, COC – cocaine, COD – codeine, COE – cocaethylene, COT – cotinine, 
EDDP – 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, EtS – ethyl sulfate, HCOT – trans-3’-hydroxycotinine, KET – ketamine, MAMP – 
methamphetamine, MDMA – 3,4-methylenedioxymethamphetamine, MOR – morphine, MTHD – methadone, NIC – nicotine, THC-COOH – 11-
nor-9-carboxy-∆9-tetrahydrocannabinol 
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1.4.3 Environmental waters 

Although drug residues enter environmental waters mainly through wastewater effluent, 
the clandestine landfilling of illicit drugs and their precursors, the leaching of nicotine from 
cigarette butts, the leaking sewer infrastructure and fertilization with biosolids from 
WWTPs also contribute to their presence in the environment [146], [148], [172], [173]. Once 
in the environment, the distribution and fate of drug residues depend on their 
physicochemical properties and environmental conditions, namely dilution, pH, 
temperature, and sunlight [56]. According to their physicochemical properties (Table 10), 
drug residues (except methadone, EDDP and THC-COOH) are hydrophilic compounds 
(logarithm of octanol-water partition coefficient, logKOW<4), which tend to remain in the 
aqueous phase (water solubility: Sw>8.4 mg/L) rather than be adsorbed on particulate 
matter. Accordingly, most drug residues are highly mobile in the aquatic environment and 
can reach groundwater [56], [146].  

In addition, environmental conditions, such as pH, also influence their aqueous mobility, 
which is promoted when compounds are ionized [56]. At environmentally relevant pHs (pH 
5-9), most drug residues (pKa 4.21–10.2) will be neutral or protonated, while ethyl sulfate 
will be negatively charged. Biotransformation and indirect photodegradation, i.e., reactions 
with substances that are produced during photodegradation of humic substances and NO3

− 
(·OH, 1O2, H2O2, and eaq

−), are the most probable processes for removing drug residues 
from environmental waters. At the same time, removal through adsorption and 
volatilization (lowKow and Henry’s law constant, KH) is unlikely. Accordingly, their 
tendency to bioaccumulate is considered low, except for THC-COOH (logKow=5.14–
5.24) [56], [146]. 
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Table 10: Physicochemical properties of selected drug residues obtained by Ecological Structure-Activity Relationships software (ECOSAR) 2.0. 

D
ru

g 

Drug residue 

(CAS) 

Structural formula  MR pKa logKOW Sw [mg/L] KH  

(atm ⨯ m3/mol, at 

25 °C) 

N
ic

ot
in

e 

Nicotine 

(54-11-5) 

 
 

162 8.58 [174] 

 

1.17  1⨯106  8.1 ⨯ 10-9 

Cotinine 

(486-56-6) 

 

 
 

176 4,7–8.8 [56] 0.07  1⨯106   3.33 ⨯ 10-12 

HCOT 

(34834-67-8) 

 

   

192 4,5 [175]  -1.45  1⨯106   5.20 ⨯ 10-13 
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Table 10: Continued. 
A

lc
oh

ol
 Ethyl sulfate 

(540-82-9) 

  

126 -2.1 [174]  -2.49  1⨯106   1.08 ⨯ 10-8 

M
or

p
h
in

e 

Morphine 

(57-27-2) 

 

    

285 8.21 0.89  149 1.33 ⨯ 10-16 

C
od

ei
n
e 

Codeine 

(76-57-3) 

 

     

299 8.21 1.19 9000  7.58 ⨯ 10-14 

M
et

h
ad

on
e Methadone 

(76-99-3) 

 

      

309 8.94  3.93    48.5  4.97 ⨯ 10-10 
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Table 10: Continued. 
 

EDDP 

(30223-73-5) 

 

    

278 9.64 [174] 4.94  10.2  Not available 

K
et

am
in

e 

Ketamine 

(6740-88-1) 

 

 

238 7.5 [176] 3.12  2,800  1.38 ⨯ 10-8 

C
an

n
ab

is
 11-nor-9-carboxy-∆9-

THC 

(not available) 

   

344 4.21 [174]   5.14– 

5.24 [174]    

8.4 [174] Not available 

C
oc

ai
n
e 

Cocaine 

(50-36-2) 

   

303 8.61  2.30     1,800     4.24 ⨯ 10-11 
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Table 10: Continued. 

 

Benzoylecgonine  

(519-09-5) 

 

    

289 3.15 and 

9.54 [174] 

-1.32  88,300 1.03 ⨯ 10-13 

Cocaethylene 

(529-38-4) 

 

     

317 8.77 [174] 2.66  528 Not available 

A
m

p
h
et

am
in

e 

Amphetamine  

(300-62-9) 

      

135 10.1 1.76  28,000  1.08 ⨯ 10-6 
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Table 10: Continued. 
M

et
h
am

p
h
et

am
in

e 

Methamphetamine  

(537-46-2) 

 

 

 

 

        

179 9.87  2.07   13,300   2.37 ⨯ 10-6 

E
cs

ta
sy

 MDMA 

(42542-10-9) 

  

193 10.1 [174]   2.15   7,034 [176]   2.75 ⨯ 10-9 [176] 

H
er

oi
n
 

6-acetylmorphine 

(2784-73-8) 

 

    

327 10.2 [174] 1.55 4,093 Not available 

EDDP - 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, HCOT – trans-3’-hydroxycotinine, HK - Henry’s law constant, Kow – octanol-water 
partition coefficient, MDMA – 3,4-methylenedioxymethamphetamine Mr – relative molecular mass, pKa – negative logarithm of the acid dissociation 
constant, Sw – water solubility 
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1.4.3.1 Surface waters 

Drug residues are detected in surface waters mainly in the ng/L range (Table 8), with 
differences related to the sampling site, time (seasonal variations), dilution factors, and 
trends in drug consumption and production [56], [148]. For example, high nicotine 
concentrations (9,340 ng/L) observed in Nigeria surface waters probably derived from 
agricultural activities [163], while high concentrations of cocaine (5,900 ng/L) and 
benzoylecgonine (3,580 ng/L) in urban streams in Brazilian reflect the use of cocaine, as 
untreated wastewater is directly discharged into streams in the area of the study [177].  

Currently, limit values for drug residues in surface waters are not established. However, 
their pseudo-persistency in the environment [56], [146], together with already proven 
harmful effects of individual drug residues on aquatic organisms (Chapter 1.4.4 Effects on 
aquatic organisms), warrants further studies on their occurrence in surface waters. In 2022, 
the European Commission (EC) considered 61 compounds, including six illicit drugs and 
their metabolites: cannabinol, cocaine, benzoylecgonine, ephedrine, methamphetamine, 
MDMA and THC, for which there is data on their occurrence in the environment and 
ecotoxicity indicators, as candidates for the 4th Watch List (WL) under the Water 
Framework Directive [178]. However, in the EC’s final evaluation, they were classified in 
the priority 2 category, i.e., as “almost suitable candidates for the 4th WL, but for which 
there is lack of information on predicted no-effect contestation (PNEC) value or analytical 
methods”. These substances will be re-evaluated in the next WL update in 2024 to allow 
time for the development of sensitive analytical methods that will provide more data on 
their occurrence in surface water (considering PNEC) and the performance of additional 
ecotoxicity studies [178].  

1.4.3.2 Groundwater 

On a global scale, groundwater represents an important source of freshwater, i.e., it covers 
40 % of irrigation demands and a quarter of industrial supplies and provides drinking water 
to one-third of the global population [179]. Accordingly, its quality is maintained through 
several legislations, e.g., following the EU’s Water Framework Directive 2000/60/EC [180] 
and the Groundwater Directive 2006/118/EC [181]. Among others, the directives also 
regulate the chemical status of groundwater, which includes monitoring only a limited 
number of chemicals (e.g., nitrate and pesticides) and parameters (salinity). A group of 
compounds whose presence in groundwater is of increasing concern but are not covered by 
the directives are CEC, including licit and illicit drug residues [182].  

To increase data available on such substances in groundwater, evaluate the risks, and 
identify substances for which limit values should be set within Groundwater Directive 
2006/118/EC, Groundwater Watch List (GWWL), a voluntary mechanism developed in 
2019 [183]. Based on the data on their leaching, occurrence, and hazard, 12 substances 
from classes of pharmaceuticals and polyfluoroalkyl substances (PFAS) have been included 
in the pilot version of GWWL, and more are expected to follow since the data gathered 
within GWWL showed 62 compounds, including cocaine, that are despite limited data 
availability already considered as commonly present in European groundwater. 

Generally, drug residues in groundwater are poorly studied due to limited access to 
samples and demanding sampling, and more data are needed to evaluate the risks [56], 
[183]. So far, the occurrence of drug residues was mainly determined in the groundwater of 
EU member states and the USA [56], [183], where they were typically present in the low 
ng/L range (Table 8). However, significantly higher groundwater concentrations of 
nicotine and codeine (range μg/L) were also detected in the UK (nicotine: 8,070 ng/L) 
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[162] and Nigeria (nicotine: 3,530 ng/L, codeine: 2,440 ng/L) [163], which further emphasize 
the importance of studying drug residues in groundwater.  

1.4.4 Effects on aquatic organisms 

Due to the pseudo-persistence of drug residues in the aquatic environment, aquatic 
organisms are constantly exposed to (low levels) drug residues [144], [184]. Aquatic 
organisms, including algae, bacteria, invertebrates and vertebrates, have receptors to which 
drug residues can bind and thus affect their functioning [173]. The extent to which drug 
residues can affect the environment was clearly expressed in several local incidents in the 
province of Limburg in the Netherlands, where there was a mass die-off of amphibians, 
invertebrates and fish due to the release of large amounts of waste into the environment 
from the clandestine production of MDMA [144].  

Drug residues may affect aquatic organisms also at trace levels, e.g., through chronic 
exposure [144]. For example, amphetamines are generally known to disrupt catecholamine 
production in mammals and potentially affect catecholamine production in algae (primary 
producers in the aquatic food web), which would alter the algal defense against herbivores 
[173]. General findings also suggest that plant-derived alkaloids, such as nicotine, opioids, 
and cocaine, have antimicrobial properties and affect fungal and bacterial pathogens [185], 
[186]. Moreover, they may also influence the functioning of invertebrates since plant-
derived alkaloids evolved to protect plants from herbivorous insects. On the other hand, 
vertebrates are expected to be affected by amphetamines through disruption of dopamine 
activity [173]. In addition, enantiomer-selective toxicity is predicted for chiral drug residues 
(e.g., amphetamines), which means that individual drug enantiomers will cause different 
adverse effects on aquatic organisms in general [103].  

Despite indications that drug residues may affect aquatic organisms, little research has 
been performed on their ecotoxicity [144]. Studies have focused mainly on parent 
compounds (drugs) and a limited number of organisms from the group of microorganisms, 
invertebrates and vertebrates (Table 11). The ecotoxicity of drug residues, namely 
nicotine, morphine, cocaine, benzoylecgonine, amphetamine, methamphetamine and 
MDMA, has been confirmed for various organisms at different concentration levels, 
including environmental ones. However, none of the studies addresses their effect on algae, 
an important primary producer in the aquatic food web. Similarly, studies mainly do not 
explicitly look at the effect of individual enantiomers of chiral drugs, which could also affect 
toxicity [103], [173]. For example, in one of the rare studies addressing stereoselective 
toxicity of illicit drugs, the authors confirmed that amphetamine enantioselectively 
interferes with invertebrate (Daphnia magna), i.e., a sharper decrease in body size and 
number of eggs per daphnia caused by (R)-amphetamine in comparison to (S)- and racemic 
amphetamine [187]. Accordingly, to set action limits and evaluate the risks that drug 
residues pose in the environment, more ecotoxicological studies are needed that look at 
various organisms, including primary producers (algae and cyanobacteria) as well as 
stereoselective toxicity [103], [173]. 
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Table 11: Summary of reported biological effects on aquatic organisms [146], [157], [173], [188]–[195]. 

Group of organisms Tested compound Tested organisms (exposure) Reported acute biological effect 

Microorganisms Nicotine  Bacteria: 
Streptococcus mutans:  
0–32 mg/mL 

Repressed growth, increased biofilm 
formation 

Amphetamine and cannabinoids  
 

Bacteria: 
Pseudomonas fluorescens:  
5–1,000 µg/mL 

Chemotactic effect: influencing 
respiration, nutrition transformation 

Invertebrates Nicotine  Planaria: 
Dugesia dorotocephala: 5 mM 

Induce C-shape movement 

Morphine  
(alone and in mixture with other illicit 
drugs)  

Mussel: 
- Elliptio complanata:  
30–750 ng/g wet weight 
- Dreissena polymorpha: 
100 ng/L MOR in a mixture 
- Zebra mussel: 100 ng/L MOR 
in a mixture 
- Bivalves: 50–5,000 ng/L 

Physiological changes, damage in 
macromolecules, increased 
antioxidant defense, triggering 
apoptotic process 

Crayfish: 
- Orconectes rusticus: 
2000 ng/g 

Increased mobility 

Tetrahydrocannabinol (THC)  Mussel: 
Zebra mussels: 500 ng/L 

Oxidative stress, DNA damage 

Larvae: 
Aedes albopictus: 400 and 
500 µg/L  

High mortality rate 
 

Snail: 
Physella acuta: 100 µg/L 

High mortality rate 
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Table 11: Continued. 

 Cocaine Mussel: 
- Dreissena polymorpha: 40, 200 
and 10,000 ng/L 
- Perna perna: 500–500,000 
ng/L 
- Daphnia magna: 50 and 500 
ng/L 

Cytotoxicity, oxidative stress, DNA 
damage, altered swimming behaviour 
and reproductive success 
 

Crustaceans: 
Orconectes rusticus: 2,000 and 
10,000 ng/L 

Increased mobility, behaviour 
changes 

Crayfish: 
2.5-10 µg/g (species not 
specified) 

Alter locomotion 

Planaria:  
Girardia tigrina: 1 mM 

Induce C-shape movement 

Benzoylecgonine  Mussel: 
- Dreissena polymorpha: 500 
and 1,000 ng/L 
- Freshwater mussels: 500 and 
1,000 ng/L 

Damage in macromolecules, 
oxidative stress 

Amphetamine  
(alone and in mixture with other illicit 
drugs)  

Mussel: 
- Zebra mussels: 300 ng/L AMP 
in a mixture 
- Zebra mussels: 5,000 ng/L 

Damage in macromolecules, 
increased antioxidant defense, 
oxidative and genotoxic damage 
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Table 11: Continued. 

 Methamphetamine Crayfish [146], [157]: 
Orconectes rusticus: 2,000 and 
10,000 ng/L 

Increased mobility 

Snail:  
Lymnaea stagnalis: 3.3 µM 

Strengthen the long-term memory 

Vertebrates Nicotine  Fish embryos: 
- Zebrafish: 6.8 µM  

- Zebrafish: 1.3–1.7 mM 

Dose-dependent effect: lower doses – 
tachycardia, higher doses – 
bradycardia 

Fish: 
Zebrafish: ≥0.49 µg/L 

Neurotoxicity, altered predator 
escape response, 25-100 % reduction 
in survival 

Tetrahydrocannabinol, THC (alone or as 
an extract of C. sativa)  

a) Fish: 
- Cyprinus carpio: 2,000–
30,000 ng/L; 
- Oreochromis niloticus: 
10.7 g/kg extract 

Decreased alkaline phosphate 
activity in the gills and liver, high 
levels of transaminases and lactate 
dehydrogenase in blood, low growth 
rate, increased metabolism 

Cocaine  Fish embryos: 
Zebrafish: 0.3 and 1.0 µg/L 

Tachycardia, decreased cell viability 

Fish: 
Anguilla anguilla: 20 ng/L 

Affect the endocrine system and 
physiology. COC can accumulate in 
the tissue (brain, muscle, and liver) 

Amphetamine  Fish: 
5,000 and 10,000 ng/L (species 
not specified) 

Altered levels of brain monoamines, 
behavior changes 

3,4-methylenedioxymethamphetamine 
(MDMA)  

Fish: 
Zebrafish: 40,000–120,000 ng/L 

Reduce bottom swimming and 
immobility 
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Chapter 2 

2 Aims and Hypotheses 

Review of the existing literature highlights the significance and utility of wastewater 
analysis in tracking drug consumption from both health and environmental perspectives. 
Although the approach is well established for drug consumption estimation in the general 
population (SCORE monitoring), it still has methodological shortcomings (e.g., 
differentiation between consumption and disposal of unused drugs) and a lack of 
applicability studies in some countries, including Slovenia, and in vulnerable populations, 
e.g., educational institutions. Also, there is limited data on drug consumption's 
environmental impact. Accordingly, the thesis aimed to estimate drug use in general and 
specific populations (wastewater-based epidemiology, WBE) and to evaluate the impact 
that drug use has on aquatic ecosystems. Specifically, it aimed to: 
- develop target analytical methods (LC-MS/MS) for the determination of 17 drug 

residues in aquatic matrices (wastewater influent and effluent, surface water, 
groundwater) 

- explore analytical approaches to differentiate drug use and disposal, namely 
enantiomeric profiling (chiral derivatization, GC-MS/MS) and determination of the 
isotopic composition of light elements (GC-C-IRMS) of biomarkers present in raw 
wastewater; 

- investigate the applicability of wastewater analysis using targeted analysis (LC-
MS/MS) to explore the prevalence of licit and illicit drugs in specific populations, 
namely educational institutions; 

- investigate the applicability of wastewater analysis using suspect screening (LC-IMS-
HRMS) to explore the possible presence of NPS in educational institutions; 

- assess the removal efficiency of drug residues by conventional biological wastewater 
treatment technologies  

- determine the occurrence of drug residues in effluent receiving surface waters (rivers) 
and groundwater; 

- evaluate the toxicity of selected drug residues toward green algae (Chlamydomonas 
reinhardtii) using the algal growth inhibition test and 

- perform a risk assessment using an in silico methodology (Ecological structure-activity 
relationships software, ECOSAR); 
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More specifically, this work set out to test the following hypotheses (H):  

H1: Determining drug biomarkers in wastewater influent can confirm reported socio-
epidemiological data on trends in drug consumption in Slovenian communities. 

H2: Enantiomeric profiling and stable isotope-ratio analysis can differentiate illicit drug 
consumption and direct disposal.  

H3: Conventional wastewater treatment technologies do not fully mineralize drug residues.  

H4: Levels of drug residues in studied receiving river waters do not pose a risk to the 
aquatic organisms.  
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Chapter 3 

3 Publications  

The work presented in this dissertation comprises three contributions to the National 
Reports on the Drug Situation in the Republic of Slovenia and ten scientific papers. Nine 
papers have already been published in peer-reviewed journals. In addition, one paper is in 
preparation and will be submitted to Environmental Science & Technology (October 2023).  

The publications are divided into four sections:  

1) WBE applications in Slovenian municipalities 
The publications in the first section address hypothesis 1 (H1) and focus on the 
applicability of WBE to estimate drug consumption in the general Slovenian population, 
i.e., six municipalities (WWTPs). Analytical methods and procedures used in international 
monitoring (SCORE and NPS) are described, and data obtained on illicit drugs and NPS 
use are compared with the data from other epidemiological studies.  

2) Applicability of WBE to assess drug use in specific populations 
The work presented here also addresses H1 but focuses specifically on the applicability of 
WBE in specific populations. Analytical methods and approaches used to address drug use 
in various populations, namely prisons, educational institutions, and nightlife settings, are 
summarized, along with reported estimates of drug use. In particular, the work addresses 
the applicability of wastewater analysis to assess the prevalence of licit, illicit drugs and 
NPS in (Slovenian) educational institutions. For the first time, licit, illicit drugs and NPS 
in primary school wastewater were reported and compared between educational institutions 
of different types, i.e., primary and secondary schools and high education institutions.  

3) Supplementing WBE data: Reducing uncertainties in evaluating drug 
consumption 

Here, developed analytical methods, i.e., enantiomeric profiling of amphetamines (chiral 
derivatization, GC-MS/MS) and, to the best of our knowledge, for the first time, 
determining the isotopic composition of morphine (GC-C-IRMS) are presented and their 
applicability for complementing WBE data are discussed (H2).  

4) Drug residues in the aqueous environment: occurrence and ecotoxicity 
This last part addresses H3 and H4 and includes scientific publications on the 
environmental impact resulting from drug use. The efficiency of the removal of drug 
residues by various conventional biological wastewater treatment processes and the 
occurrence of drug residues in receiving rivers and groundwater are presented. To our 
knowledge, this is the first time the efficiency in removing drug residues by moving bed 
biofilm reactor (MBBR) has been addressed. Also, the impact on aquatic organisms is 
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evaluated based on the measured concentrations of drug residues in receiving rivers and 
predicted effect concentration using ECOSAR. Finally, the ecotoxicity of drug residues 
towards green algae (Chlamydomonas reinhardtii) is explored using an algal growth 
inhibition test.   



 57 

 

3.1 WBE Applications in Slovenian Municipalities 

3.1.1 National reports to the EMCDDA: Reports on the drug situation 

of the Republic of Slovenia (2019–2022) 

 
1) Published in 2022: Verovšek, T., Blaznik, U., Hočevar Grom, A., Heath, D., Laimou-

Geraniou, M., Heath, E., 2022, National Institute of Public Health, Ljubljana, p. 69-
75. 

2) Published in 2021: Verovšek, T., Blaznik, U., Hočevar Grom, A., Heath, D., Laimou-
Geraniou, M., Heath, E., 2021, National Institute of Public Health, Ljubljana, p. 65-
71. 

3) Published in 2020: Verovšek, T., Krizman-Matasic, I., Blaznik, U., Hočevar Grom, A., 
Kosjek, T., Heath, E., 2020, National Institute of Public Health, Ljubljana, p. 64-69. 

Following the best practice protocol [51], consumption of illicit drugs, namely cocaine, 
amphetamine, methamphetamine, ecstasy, and cannabis (THC), was estimated in the 
Slovenian general population (municipalities) within the SCORE monitoring 2019-2022. 
For the continuous inclusion of Slovene data, analytical methods had to be developed in a 
Slovene laboratory (Chapter 1.3.3 WBE: general population). Accordingly, in 2019, 
analytical methods were implemented to analyze Slovene WW influent. Their adequacy 
and comparability of results with the rest of the laboratories participating in SCORE were 
confirmed by an inter-laboratory study. Furthermore, a greater number of Slovenian 
municipalities were included in the monitoring, i.e., in addition to Ljubljana (2017), 
Maribor, and Domžale-Kamnik (both 2017 and 2018), which previously participated in the 
monitoring, Novo mesto, Koper and Velenje were also included in 2019 (Chapter 1.3.3.1 
Slovenia in SCORE monitoring).  

This work revealed that the most widespread drug in Slovenian municipalities was 
cannabis (THC), while contrary to survey results [32], cocaine was shown to be by far the 
most used stimulant. The consumption of individual drugs was usually the highest in 
Ljubljana, except for amphetamine, which was always the highest in Velenje. Stimulants 
showed a distinctive weekly pattern, with peak consumption observed over the weekend. 
Interestingly, we showed how the pattern changed during COVID-19 lockdowns by showing 
that the consumption of simulants (except cocaine) was relatively constant over the whole 
week. The findings supported other observations in other European cities [179], [180]. In 
2020, an extremely high MDMA mass load was observed in Ljubljana and was speculated 
to be related to a dumping event.  

When placing Slovenian municipalities in the broader European context, i.e., comparing 
them with the other participating municipalities within SCORE monitoring, they ranked 
in the upper half of the range (municipalities with the highest consumption) for cocaine 
and cannabis (THC). The exception was Velenje, which in the investigated period ranked 
in the upper half of the range in terms of amphetamine use. 

Knowledge of the spatiotemporal trends of drug use in Slovenia has supplemented that 
of drug use trends at the European level and provided timely data on changes in drug use 
within Slovenia. They were published as part of SCORE monitoring results by the 
EMCDDA [87] and as part of the presented National reports on the drug situation of the 
Republic of Slovenia by the national focal point, i.e., the National Institute of Public 
Health [16], [32], [45]. In addition, the results of the studies were summarized within nine 
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working reports to final users, i.e., Slovenian WWTPs, which showed that the data was 
also important for tracking changes in WWTP’s catchment, which can affect the 
composition of wastewater and the efficiency of wastewater treatment. Finally, the results 
were of great interest to the Slovenian public, to which they were presented on more than 
ten occasions in the form of interviews, articles and popular science lectures, e.g., Znanost 
na cesti, Eng.: Science on the street (Figure 13).  

 

 

Figure 13: Science on the street, 30th September 2022 (Photo: Radojko Jaćimović). 
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3.1.2 Three years of wastewater surveillance for new psychoactive 

substances from 16 countries 

 
Published: Bade, R., Rousis, N., Adhikari, S., Baduel, C., Bijlsma, L., Bizani, E., 
Boogaerts, T., Burgard, D.A., Castiglioni, S., Chappell, A., Covaci, A., Driver, E.M., 
Fabriz Sodre, F., Fatta-Kassinos, D., Galani, A., Gerber, C., Gracia-Lor, E., Gracia-
Marín, E., Halde, R.U., Heath, E., Hernandez, F., Jaunay, E., Lai, F.Y., Lee, H.J., 
Laimou-Geraniou, M., Oh, J.E., Olafsdottir, K., Phung, K., Pineda Castro, M., 
Psichoudaki, M., Shao, X., Salgueiro-Gonzalez, N., Silva Feitosa, R., Silvino Gomes, C., 
Subedi, B., Ching Löve, A.S., Thomaidis, N., Tran, D., van Nuijs, A., Verovšek, T., 
Wang, D., White, J.M., Yargeau, V., Zuccato, E., Mueller, J.F, 2023, Water Research X, 
19, 100179.  

Due to the legality of use, the dynamic market and the lack of data on identity and safety, 
NPS represent a global public health problem that requires comprehensive information on 
NPS availability and trends in their use. However, only limited data on the global 
prevalence of NPS is available (Chapters 1.1.1 New psychoactive substances and 1.2.4 NPS 
market). To fill the gap, this international study aimed to obtain spatiotemporal trends on 
NPS using synchronized wastewater analysis protocol and compare the data with the data 
available from other sources.  

A total of 546 municipal wastewater samples were obtained in three New Year periods, 
namely 2019/2020, 2021/2022, and 2021/2022, whereby the number of participating 
countries (sites) increased from 8 (12) to 10 (25) and in the last year of the study at 16 
(47). Notably, in the New Year period 2021/2022, Slovenia joined the study with Ljubljana, 
Maribor, Novo mesto and Kranj. The comparability of the results was ensured by applying 
a synchronized protocol. Each participating country was required to obtain a maximum of 
seven consecutive 24-h composite samples of raw wastewater per sampling site during a 
predefined period (e.g., 29.12. 2021–4.1.2022) and extract analytes using the same 
extraction protocol (SPE: UCT XtracT DAU cartridges), while the extracts were analyzed 
at the University of Queensland, Australia.  

In line with UNODC reports [2], NPS (n=18) detected within three years mainly were 
synthetic cathinones, followed by phenethylamines and benzodiazepines. They were used 
across all participating countries following distinctive regional trends, i.e., 3-MMC and N-
ethylhexedrone were most common in Europe, eutylone and mephedrone in New Zealand, 
2F-DCK in China, while the highest mass loads of mitragynine were obtained in the US. 
Changes in timely trends were also observed, including the impact of the COVID-19 
pandemic. However, 3-MMC was consistently found, with its use spreading (from Europe 
to Oceania) and increasing (from 5 in 2019/2020 to >100 mg/day/1000 people in 
2021/2022, with the highest mass loads observed in Spain and Slovenia). Aside from 3-
MMC, eutylone and mitragynine were also detected in Slovenia. 

The results demonstrate the utility of wastewater analysis for monitoring NPS use in 
the general population globally. The study also provides the basis for further systematic 
monitoring of the use of specific NPS through wastewater analysis, following the example 
of the already established SCORE monitoring and developing new workflows, including 
non-target analysis.  
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3.2 Applicability of WBE to Assess Drug Use in Specific 

Populations 

3.2.1 Site- and event-specific wastewater-based epidemiology: Current 

status and future perspectives 

Published: Verovšek, T., Krizman-Matasic, I., Heath, D., Heath, E., 2020, Trends in 
Environmental Analytical Chemistry, 28, e00105.  

Due to its non-invasiveness, objectivity and capability of providing near-real-time data, 
WBE is suitable for monitoring drug use trends on the level of small, specific communities. 
Accordingly, it has already been used to assess licit (including NPS) and illicit drug use in 
specific populations, namely educational institutions, prisons, fitness centers and an airport 
(Chapter 1.3.4 WBE: Specific populations) and during special events, such as public 
holidays, sporting events, and festivals (Chapter 1.3.4.1 WBE: Special events). Although 
the number of sites- and event-specific WBE studies is increasing, such studies have not 
yet been included in any comprehensive literature review. In order to fill this gap, the 
methods and results of the published site- and event-specific studies were summarized, and 
current challenges and future perspectives were elaborated. 

The literature has shown that WBE can be a valuable source of information on drug 
use in specific populations and can act as an early warning of changes in drug use trends 
when applied during special events. However, its application in specific sites is not without 
its limitations. Currently, the main limitations are related to difficulties in obtaining 
representative wastewater samples (in the case of sampling wastewater in small 
populations, where wastewater flow is inconsistent), pronounced variability in the drug 
excretion profile of individuals, the inability to extrapolate results to a particular group of 
people who contributed to wastewater sample, and ethical considerations (Chapters 1.3.4 
WBE: Specific populations and 1.3.4.1 WBE: Special events). Given the many advantages 
of site- and event-specific WBE, further studies on methodology and applicability are 
relevant. 
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3.2.2 Investigation of drugs of abuse in educational institutions using 

wastewater analysis 

Published: Verovšek, T., Krizman-Matasic, I., Heath, D., Heath, E., 2021, Science of the 
Total Environment, 799, 150013.  

Both licit and illicit drug use harm the health and future of young people, with a higher 
likelihood of developing harmful patterns of drug use (e.g., injection) and addiction closely 
related to a younger age of first use [182]. In order to establish efficient prevention 
programs, it is crucial to have good knowledge of trends in drug use among young people, 
which is usually obtained in the environment of educational institutions using surveys, 
such as ESPAD (targeting 15-16-year olds) and the study on Health Behavior in School-
aged Children (HBSC, targeting 11-, 13-, 15-, and 17-year olds), and even drug testing [38], 
[114]. Also, WBE studies have been conducted in US, Italian and Greek educational 
institutions, although they mainly assessed drug use in individual high education 
institutions (Chapter 1.3.4 WBE: Specific populations) 

In response, for the first time, a comprehensive WBE study was conducted to assess the 
prevalence of licit and illicit drugs in a large number (n=44) of educational institutions in 
Slovenia. Institutions were of different types, namely primary schools (6-15 yrs.), secondary 
schools (15-19 yrs.), mixed secondary and high education institutions (15+ yrs.) and high 
education institutions (19+ yrs.), and located in urban and non-urban areas of six 
municipalities. Analytical methods were developed to determine drug residues of licit 
(nicotine, alcohol, morphine, codeine and methadone) and illicit drugs (cannabis, cocaine, 
amphetamine, methamphetamine, ecstasy, and heroin) using SPE (Oasis MCX) and target 
analysis (LC-MS/MS).  

Drug residues were present in all obtained wastewater samples, with residues of nicotine 
(detection frequency, DF>98 %), cannabis (DF=93 %) and alcohol (DF=80 %) being the 
most frequently detected. Moreover, cocaine residues were detected in >50 % of the 
samples, while other residues were less common (DF<40 %). Although differences in drug 
prevalence were found between educational institutions in different municipalities and 
urban and non-urban areas, the type of educational institution influenced the consumption 
patterns the most. Notably, a difference between primary schools and other institutions 
was observed. Also, the data only partially agreed with available data from ESPAD and 
HBSC but agreed with other WBE studies, i.e., SCORE data and limited WBE studies 
performed in educational institutions abroad.  

Although the study could not distinguish between pupils, staff and visitors, important 
information was obtained about which and when drugs enter young people’s environment. 
It also demonstrated that as a non-invasive approach, WBE could be complementary in 
assessing drug use in specific populations. Its application is especially valuable when 
assessing the presence of drugs in vulnerable populations.  

The developed method and study outcomes were presented at five scientific conferences, 
i.e., the 11th Jožef Stefan International Postgraduate School Students’ Conference and 13th 
Young Researchers’ Day; Lisbon Addictions 2019: the 3rd European Conference on 
Addictive Behaviors and Dependencies; the 21st European Meeting on Environmental 
Chemistry; Testing the Waters 5 Conference 2021; and the 18th International Conference 
on Chemistry and the Environment. At the 11th Jožef Stefan International Postgraduate 
School Students’ Conference and 13th Young Researchers’ Day, the presentation was 
awarded as “the best presentation of research achievements in terms of scientific quality 
and their applicability, the best oral presentation by a young researcher”. In addition, the 
results were presented to the Slovenian public on four occasions through interviews in 
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national journals and radio/TV stations and popular science lectures (Science on the street, 
Slovene: Znanost na cesti). So far, the study globally presents the most extensive 
wastewater analysis study conducted in a specific population regarding the number of sites 
studied. 
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3.2.3 Data in brief: Dataset of residues of drugs of abuse in wastewater 

from Educational Institutions 

Published: Verovšek, T., Krizman-Matasic, I., Heath, D., Heath, E., 2021, Data in Brief, 
39, 107614.  

To produce FAIR data obtained in the framework of the WBE study carried out in 
Slovenian educational institutions (Chapter 3.2.2 Investigation of drugs of abuse in 
educational institutions using wastewater analysis, the data has been published in full in 
the peer-reviewed journal Data in Brief.  
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3.2.4 Screening for new psychoactive substances in wastewater from 

educational institutions 

Published: Verovšek, T., Celma, A., Heath, D., Heath, E., Hernández, F., Bijlsma, L., 
2023, Environmental Research, 237, 117061. 

The (mis)use of drugs among young people is a serious problem, which is further 
complicated by using readily available NPS, as their users are exposed to a high risk of 
intoxication (Chapter 1.1.1 New psychoactive substances). Accordingly, evaluating the 
prevalence of NPS among young people is essential and is commonly done by surveys and 
drug testing, while WBE studies were also performed to explore NPS use. However, in 
those WBE studies, only a limited number of NPS have been investigated using target 
analysis (Chapter 1.3.4 WBE: Specific populations). 

As an upgrade of the research described in Chapter 3.2.2 Investigation of drugs of abuse 
in educational institutions using wastewater analysis, selected wastewater samples from 
Slovenian educational institutions (n=23) were screened for over 5600 NPS using liquid 
chromatography-ion mobility-high-resolution mass spectrometry (LC-IMS-HRMS). 
Educational institutions of all types, i.e., from primary schools to high education 
institutions and of different geographic locations (two municipalities), were included in this 
study. The study aimed to examine the presence of NPS in educational institutions and 
assess WBE's usefulness for this purpose. 

Results showed that NPS were present in all wastewater samples. In line with the study 
conducted in municipal wastewater (Chapter 3.1.2 Three years of wastewater surveillance 
for new psychoactive substances from 16 countries), most identified NPS in wastewater of 
educational institutions were synthetic cathinones, with 3-MMC, ephedrine, 4-chloro-α-
PPP, and ethcathinone being identified unequivocally. No inter-institutional trends in the 
occurrence of NPS were observed, while there was a clear difference in their distribution 
regarding the geographic location of the institutions, i.e., higher prevalence of NPS in the 
capital city.  

 The study indicates the presence of NPS in educational institutions and confirms the 
potential of wastewater analysis for their identification, even though NPS consumption 
cannot be linked to a specific group of people within an institution. Even though 
educational institutions should be drug-free environments, wastewater analysis, even 
without additional adaptations, can be used as a non-invasive approach for drug detection 
(including NPS) in such settings. In addition, WBE can complement otherwise invasive 
drug testing performed in various countries worldwide. 

The study outcome was presented at two scientific conferences, i.e., Testing the Waters 
5 Conference 2021 and the 18th International Conference on Chemistry and the 
Environment. 
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3.3 Supplementing WBE Data: Reducing Uncertainty in 

Evaluating Drug Consumption 

3.3.1 Enantiomeric profiling of amphetamines in wastewater using 

chiral derivatization with gas chromatographic-tandem mass 

spectrometric detection 

Published: Verovšek, T., Heath, D., Heath, E., 2022, Science of the Total Environment, 
835, 155594.  

Enantiomeric profiling can distinguish between used and disposed or unused drugs and is 
commonly used to investigate so-called “dumping events” when high biomarker mass loads 
are observed in wastewater (Chapter 1.3.2 Addressing uncertainties in evaluating drug 
consumption). Until now, enantiomeric profiling has only been performed by chiral LC-
MS/MS, which is impractical and requires an expensive chiral column purchased to analyze 
a small number of samples. In order to overcome these disadvantages, a cost-effective 
alternative method for enantiomeric profiling of amphetamines (amphetamine, 
methamphetamine and MDMA) in wastewater was developed. The method is based on 
chiral derivatization with (-)-α-methoxy-α-(trifluoromethyl)phenylacetyl chloride (R-
MTPCl) and GC-MS/MS analysis and was applied to municipal wastewater samples 
obtained within SCORE monitoring (see 3.1.1 National reports to the EMCDDA: Reports 
on the drug situation of the Republic of Slovenia (2019–2022)). In particular, the work 
focused on samples with high MDMA (Ljubljana) and amphetamine (Velenje) mass loads, 
while a more representative sample in terms of amphetamine loads (Ljubljana) was used 
as a baseline. 

Comparable method performance to chiral LC-MS/MS was observed, with a wide 
linearity range (LOQ-1000 ng/mL) and extraction recoveries of 81-99 %, an accuracy of 
99-111 % and repeatability of 1-8 %RSD within the SANTE/12682/2019 guidelines [181]. 
Although the obtained LOD (120 ng/L) and LOQ (400 ng/L) were approximately 10-times 
higher compared to chiral LC-MS/MS methods (LOQ <20 ng/L), LOD/LOQ of the 
method was still sufficiently low for investigating higher concentrations of biomarkers (e.g., 
amphetamine in Velenje) and potential dumping events (e.g., MDMA in Ljubljana). 
Indeed, according to the enantiomeric profile, the high MDMA mass load in Ljubljana 
(sampled on Tuesday, 21. 4. 2020) was related to the disposal of unused drugs, while 
MDMA in the representative sample was related to drug consumption. Unfortunately, the 
complicated excretion of enantiomeric profiles of amphetamine and methamphetamine 
prevented investigating dumping events. However, it provided valuable information about 
the possible route of synthesis and potency of those drugs on the Slovenian illicit drug 
market (no amphetamine/methamphetamine-based prescription medications were 
prescribed in Slovenia at the time of sampling). The latter also highlights the importance 
of further developing analytical methods that complement WBE data by providing insight 
into spatiotemporal trends in drug production (e.g., synthesis routes) and availability (drug 
potency).     

The developed method and results were presented at one scientific conference, i.e., the 
26th International Symposium on Separation Sciences, and the presenter was awarded “Best 
oral presentation by a young researcher”. 
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3.3.2 Combining a Stable Isotope Analysis with a Wastewater-Based 

Epidemiological Approach to Complement Illicit Drug Profiling 

To be submitted to Environmental Science & Technology (October 2023): Verovšek, T., 
Potočnik, D., Heath, D., Kranvogl, R., Laimou-Geraniou, M., Ogrinc, N., Heath, E.  

Determining the composition of stable isotopes of organic molecules using isotope-ratio 
mass spectrometry (IRMS) is widely used to determine food authenticity, namely 
confirming geographic origin and detecting aroma adulterations, but also in forensic science 
to discriminate and track sources between batches of explosives and illicit drugs (Chapter 
1.3.2.4 Stable isotopic composition of light elements). Accordingly, it was hypothesized 
that the isotopic composition of drug residues in raw wastewater may also provide data on 
their origin, e.g. used or dumped drug (Chapter 1.3.2 Addressing uncertainties in evaluating 
drug consumption). However, to our knowledge, this is the first attempt of a kind, e.g., 
determining the isotopic composition of drug residues in wastewater and exploring potential 
applicability. In this study, gas chromatography-combustion-isotope ratio mass 
spectrometry (GC-C-IRMS) was used to determine the δ13C value of morphine in raw 
wastewater. In order to complement forensic data [120] – [122], the δ13C value of drugs, 
namely amphetamine, morphine, codeine and heroin in street drugs (amphetamine powder, 
opium resin and heroin powder) and laboratory analytical standards were also obtained.  

For determining the δ13C value of morphine in raw wastewater, it was extracted from a 
large volume of wastewater (51.5 L) using SPE-disks (AttractSPETM Disks HLB), purified 
using SPE (Strata® C18-E) and isolated by flash chromatography (Biotage® Sfär C18 D). 
The morphine-containing fractions were then dried, derivatized (N,O-
bis(trimethylsilyl)trifluoroacetamide, BSTFA) and analyzed using GC-C-IRMS. To 
eliminate fractionation that may occur during sample preparation and analysis, blank 
samples (1.5 L of spiked tap and raw wastewater) were prepared and analyzed following 
the same procedure. Before derivatization and analysis, street drugs were dissolved in the 
corresponding solvent and dried, while laboratory analytical standards already dissolved in 
methanol were only dried. Before GC-C-IRMS, the presence of analytes was confirmed in 
all samples using GC-MS/MS. 

As expected due to its synthetic nature, highly negative δ13C values were obtained for 
amphetamine (-42.6 to -40.0 ‰). Surprisingly, a highly negative value was also obtained 
for one opium resin (δ13C values of morphine: -35.8 ‰), suggesting morphine in this drug 
is of synthetic origin. The δ13C value of morphine isolated from raw wastewater was  
-33.7 ‰, which falls in the interval of δ13C values of morphine in street drugs. Since 
morphine in wastewater may also originate from its medical use, further studies analyzing 
medical morphine are needed to evaluate the results more fully.  

Based on the δ13C value of morphine in wastewater alone, it was impossible to discern 
a possible dumping event, as no changes in carbon bonds were made during the metabolism. 
However, monitoring changes in δ13C value over time may be used as an early warning 
detecting changes in drug supply in the illicit drug market and can be used to support drug 
profiling [123]. For example, in the case of natural and semi-synthetic drugs (e.g., cannabis, 
cocaine, morphine/opium and heroin), GC-C-IRMS analysis of drug residues in wastewater 
may be used to detect the geographic origin of plant material used for their production. Of 
course, such applicability requires further studies that will, aside from determining the 
isotopic composition of carbon, consider the isotopic composition of other light elements, 
i.e., nitrogen, oxygen and hydrogen. More importantly, to include GC-C-IRMS analysis in 
the routine analysis of drug residues in wastewater, investigating alternative pre-
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concentration methods is needed, replacing the tedious extraction of high volumes (approx. 
50+ L) of wastewater, e.g., passive or active-passive sampling.   
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3.4 Drug Residues in the Aqueous Environment: Occurrence 

and Ecotoxicity 

3.4.1 Occurrence, fate and determination of tobacco (nicotine) and 

alcohol (ethanol) residues in waste- and environmental waters 

Published: Verovšek, T., Heath, D., Heath, E., 2022, Trends in Environmental Analytical 
Chemistry, 34, e00164.  

Due to increasing production and consumption, partial removal during wastewater 
treatment, and potential ecotoxicity, residues of licit and illicit drugs are classified as 
contaminants of emerging concern (Chapter 1.4 Environmental Perspective). Accordingly, 
many reviews have already been published summarizing the methods used to determine 
drug residues in aquatic matrices, the occurrence and fate of drug residues in waste and 
environmental waters, and their adverse effect on various (aquatic) organisms [78], [130], 
[132], [141]–[144], [157], [168]. However, these reviews focus mainly on residues of illicit 
drugs and pharmaceuticals and do not summarize data for the otherwise most used licit 
drugs worldwide, i.e., tobacco (nicotine) and alcohol (ethanol) (Chapter 1.4.1 Analytical 
methods used to determine drug residues in the aqueous environment), which residues (in 
case of nicotine) have already been proven ecotoxic (Chapter 1.4.4 Effects on aquatic 
organisms).  

This comprehensive review summarizes 102 papers published in the past two decades 
investigating the occurrence and fate of most commonly determined nicotine (nicotine, 
cotinine, HCOT) and alcohol (ethyl sulfate and ethyl glucuronide) residues in waste- and 
environmental waters. Additionally, methods used for their determination are presented 
with challenges and future recommendations.  

For nicotine and alcohol residue analysis, wastewater was usually sampled as a 
composite sample, while grab samples are commonly used for environmental waters. Since 
grab samples cannot provide data on time-dependent fluctuations of concentrations, the 
investigation of other sampling techniques is encouraged, e.g., passive sampling. SPE 
followed by RP-LC-MS/MS was typically used to determine nicotine residues, while alcohol 
residues were determined using an ion-pair reagent and direct injection onto the RP-LC-
MS/MS. In order to reduce the amount of matrix entering the MS and lower LOD/LOQ 
in the case of alcohol residue determination, analytical approaches need to be improved, 
e.g., by including an extraction step and avoiding using an ion-pair reagent.  

Targeted drug residues were determined in aquatic matrices in ng/L to µg/L range. As 
expected, the highest concentrations were determined in wastewater 
(raw>treated>reclaimed), followed by surface waters, groundwater and drinking water. 
Compared to nicotine residues (85 % of revised studies), much less data on the occurrence 
of alcohol residues is available. Moreover, studies mainly focus on waste- and river waters, 
indicating more data on environmental waters are still needed.   
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3.4.2 Removal of residues of psychoactive substances during 

wastewater treatment, their occurrence in receiving river waters 

and environmental risk assessment 

Published: Verovšek, T., Šuštarič, A., Laimou-Geraniou, M., Krizman-Matasic, I., Prosen, 
H., Eleršek, T., Kramarič Zidar, V., Mislej, V., Mišmaš, B., Stražar, M., Levstek, M., 
Cimrmančič, B., Lukšič, S., Uranjek, N., Kozlovič-Bobič, T., Kosjek, T., Kocman, D., 
Heath, D., Heath, E., 2023, Science of The Total Environment, 866, 161257. 

Incomplete removal during wastewater treatment means drug residues are continuously 
introduced into the environmental waters through wastewater effluent. Once in the 
environment, they can potentially affect aquatic ecosystems adversely. Many studies have 
already addressed the efficiency of various wastewater treatment technologies for removing 
drug residues and the occurrence of drug residues in environmental waters (mainly effluent-
receiving river waters). However, additional studies are still needed considering the 
proposed EU Directive concerning urban wastewater treatment (Chapter 1.4.2 
Wastewater) and the consideration of individual drug residues for inclusion in the 4th 
Watch List under the Water Framework Directive (Chapter 1.4.3.1 Surface waters). 
Furthermore, ecotoxicity studies are warranted to adequately assess environmental risks 
posed by drug residues in environmental waters (Chapter 1.4.4 Effects on aquatic 
organisms).  

To fill the knowledge gap, this study aimed to determine the efficiencies of Slovenian 
WWTPs of various sizes and configurations during different seasons (spring, summer and 
winter) in removing various residues of licit and illicit drugs. For the first time, the removal 
efficiencies were reported for moving bed biofilm reactor (MBBR). In addition, drug 
residues were explored in receiving rivers using modified analytical methods developed to 
determine drug residues in wastewater (Chapter 3.2.2 Investigation of drugs of abuse in 
educational institutions using wastewater analysis) and a prediction approach based on 
generating dilution factors. Finally, toxicity towards green algae (Chlamydomonas 
reinhardtii) was studied using a growth inhibition test and environmental risk assessment 
was made for studied rivers based on measured concentrations of drug residues and effect 
concentrations predicted using ECOSAR. 

Drug residues were detected in wastewater influents and effluents in ng/L to µg/L 
range. On average, the highest removal efficiencies were observed for nicotine residues 
(>97 %), while methadone residues were removed to a lower extent (<30 %). The 
treatment technology employed at the WWTP was recognized as the most critical factor 
influencing the removal of drug residues, with similar removal observed for activated sludge 
and MBR and poorer removal of cotinine, cocaine and benzoylecgonine in MBBR. The 
removal of drug residues at various WWTPs affects their occurrence in river waters, where 
they were found in the ng/L range. Similar values were obtained with the water analysis 
and prediction method, indicating that the prediction of environmental concentrations in 
effluent-receiving rivers can be used as an alternative to labor- and cost-intensive water 
analysis. Although no pronounced biological effect of drug residues (as an individual or in 
selected mixtures) was observed on green algae, drug residues may still affect other species, 
including algae. Indeed, environmental risk assessment predicted that nicotine, methadone, 
EDDP, morphine and MDMA could affect aquatic organisms at concentrations detected 
in the studied rivers and warranted further monitoring and regulatory actions. 

The study results were presented at four scientific conferences, i.e., Chem2Change, 
Environmental Chemistry towards Global Change, the 2nd Online ACE Seminar on 
Chemistry and the Environment Led by Early-Career Scientists; the 26th International 
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Symposium on Separation Sciences; the 15th International Symposium on the Interactions 
Between Sediments and Water; and the 22nd European Meeting on Environmental 
Chemistry, and were summarized within seven working reports to the final users, i.e., 
Slovenian WWTPs.  
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3.4.3 Occurrence and sources of residues of drugs of abuse in an urban 

aquifer: chemical analysis and solute transport modelling 

Published: Verovšek, T., Janža, M., Heath, D., Šuštarič, A., Prosen, H., Heath, E., 2023, 
Science of the Total Environment, 892, 164364. 

Since groundwater is an essential source of freshwater worldwide, its quality is highly 
important and regulated under several legislations. Despite growing concern about 
groundwater contamination by CEC, existing legislation does not cover these. However, 
several are already included in the EU voluntarily Groundwater Watch List, namely 
pharmaceuticals and PFAS. As representatives of CEC, drug residues also have the 
potential to deteriorate groundwater, a potential source of drinking water quality. So far, 
only a few studies addressed their occurrence in aquifers (Chapter 1.4.3.2 Groundwater). 
Accordingly, this study aimed to investigate the occurrence, distribution and potential 
sources of the residue of licit and illicit drugs in an urban aquifer located beneath the city 
of Ljubljana, Slovenia. For that purpose, municipal wastewater samples (n=28), samples 
from aquifer-recharging rivers (n=4) and groundwater samples (n=22) were analysed using 
SPE followed by RP-LC-MS/MS (Chapter 3.4.2 Removal of residues of psychoactive 
substances during wastewater treatment, their occurrence in receiving river waters and 
environmental risk assessment). In addition, the distribution of drug residues was predicted 
using a solute transport model. 

Most commonly, nicotine (<45.7 ng/L), cotinine (<5.86 ng/L), HCOT (<0.528 ng/L) 
and benzoylecgonine (<0.572 ng/L) were detected. The more frequent occurrence of drug 
residues was observed in samples downgradient from the main urbanisation area, while 
they were mainly absent in samples obtained near the river. The result indicates that the 
leaky sewer system is the primary source of drug residue in the studied aquifer, while the 
river water that recharges the aquifer and contains drug residues does not significantly 
contribute to their presence. A good agreement between the measured concentrations and 
the predicted groundwater distribution was observed, suggesting that modelling can be 
used to predict the occurrence of drug residues in urban aquifers.  

Even though low concentrations of drug residues were found in the study, their 
occurrence in groundwater and known pharmacological activity emphasize the importance 
of their inclusion into groundwater monitoring for a better evaluation of possible impacts 
on the environment and even human health. 

The study results were presented at one scientific conference, i.e., the 18th International 
Conference on Chemistry and the Environment. 
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Chapter 4 

4 Overall Conclusions 

WBE applications in the Slovenian general population 

Using licit and illicit drugs strongly affects public health. In order to efficiently deal with 
drug use and prevent its consequences, it is first necessary to obtain information on drug 
consumption trends in the population. Commonly used approaches like self-reporting 
surveys and medical and police reports have many weaknesses. To overcome these, other 
complementary approaches are needed.  

Since its first application in 2005 (Milan, Italy), WBE has flourished and gained 
international recognition through the annual SCORE monitoring. Although monitoring 
began in 2011, Slovenia participated for the first time in 2017, providing data for Ljubljana, 
the capital of Slovenia. In the following year, data were provided for three Slovenian 
municipalities. However, the wastewater samples were analyzed by established SCORE 
partners, which meant developing an in-house analytical method was crucial for the 
permanent inclusion of Slovenia in SCORE monitoring. Accordingly, within the thesis, 
analytical methods were developed for determining licit and illicit drug residues in aquatic 
matrices using LC-MS/MS.  

The development of these methods led to Slovenia's continuous participation in SCORE 
and the inclusion of the WBE approach in the national drug use monitoring scheme in 
Slovenia, where slight differences between wastewater analysis data and data obtained by 
other sources were observed. For example, survey data (2018) indicated a similar 
prevalence of cocaine, amphetamine and ecstasy among Slovenes aged 15-64, while SCORE 
2019 data showed cocaine strongly prevailed. The difference in the obtained data is most 
likely the result of different methodologies, i.e., surveys are conducted only every few years, 
have a time lag in reported data, and are often subjective, with respondents tending to 
underreport drug use. In contrast, wastewater analysis provides rapid and objective data 
and, as a complementary approach, enables a broader overview of the drug situation in the 
country, including NPS.  

It can be seen from the thesis that using WBE can overcome problems associated with 
conventional data gathering on NPS, i.e., discovering which NPS are present on the market 
without obtaining actual data on prevalence or use. With targeted analysis, the use of NPS 
in a targeted population can be quantified, while by introducing suspect screening into the 
workflow, rapid data on the identity of newly emerged NPS can be obtained. Accordingly, 
wastewater analysis tracking changes in NPS use has been developed in the context of an 
international study, which was carried out for the first time during the New Year period 
2019/2020, and whose long-term purpose is to establish monitoring of the international 
proportion according to the example of SCORE. 
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This study covers Slovenia’s inclusion in the third international NPS monitoring 
campaign (New Year period 2021/2022) by providing samples from three Slovenian 
municipalities. Eutylone, 3-MMC and mitragynine were detected in Slovenia, with 3-MMC 
having one of the highest mass loads detected within the study. Slovenia’s participation is 
important as it provides timely data on NPS use that can support Slovenian public health, 
similar to SCORE monitoring. Since NPS monitoring is still in its infancy, further 
participation and evaluation of the methods and results are needed to reach the level of 
SCORE, e.g., to form best-practice protocol and perform inter-laboratory studies. 

 
Specific populations and vulnerable groups 

Aside studying drug use in general populations, the non-invasive nature of WBE makes it 
highly suitable for studying specific/vulnerable populations, such as young people. In the 
case of young people, educational institutions have already been recognized as settings to 
study the motivations behind drug use. Drug trend data among young people are typically 
gathered through surveys and, in some cases, actual drug testing. Although both 
approaches pose some ethical issues, drug testing is especially problematic as it is intrusive 
and may cause long-term psychological and social harm without reducing drug use among 
routinely tested youth. Moreover, it may even encourage punitive actions rather than early 
prevention.  

In order to augment the existing survey data, WBE has been employed in educational 
institutions. However, these previous studies primarily focused on a limited number of 
compounds (conventional illicit drugs, medications of abuse and NPS–targeted analysis) 
mainly in high education institutions. In this respect, this thesis represents a step forward 
by looking at the prevalence of residues of licit (alcohol and nicotine), medications of abuse 
and illicit drugs in the wastewater of 40 wastewater samples from different Slovenian 
educational institutions covering primary to tertiary levels and different geographic 
locations. In addition, 23 wastewater samples covering institutions of different types were 
screened for NPS. This work, therefore, presents the most extensive and comprehensive 
WBE study of its kind. Moreover, drug prevalence in primary schools was addressed for 
the first time, offering a unique insight into NPS and illicit drug presence in settings where 
such data have not been obtained even by surveys (there is only data for cannabis).  

Licit drugs, medications of abuse (morphine and codeine), illicit drugs (most commonly 
cannabis and cocaine), and NPS (e.g., unequivocally identified synthetic stimulants) were 
present in all types of educational institutions. Sampling was identified as a significant 
weakness of the study, i.e., good knowledge of the sewer system was required to obtain 
wastewater only from the targeted educational institution. In contrast, the sampling 
strategy had to be adopted to avoid inconsistent wastewater flow. Also, obtaining 
wastewater from the entire institution meant it was impossible to differentiate between 
drug consumption in specific groups present at the institution, i.e., to obtain data on drug 
use exclusively for pupils/students. Accordingly, a slight discrepancy was observed when 
comparing wastewater analysis data with data obtained from surveys, targeting exclusively 
pupils and students. Regardless, the data clearly showed that drugs are present even in 
environments otherwise considered “drug-free”, such as educational institutions, 
emphasizing the need for drug monitoring in such settings. Also, they open up the 
possibility of using WBE as a non-invasive alternative to drug testing, not only for 
targeting the use of conventional illicit drugs but also for scanning for various NPS. 
Accordingly, the obtained data can also be used in establishing educational and prevention 
programs.  

Based on the data obtained within this thesis, it can be seen that due to methodological 
differences in approaches, regardless of the population targeted, there will always be a 
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discrepancy between WBE data and the data obtained from conventional socio-
epidemiological studies. Accordingly, hypothesis 1 (H1): “Determining drug 
biomarkers in wastewater influent can confirm reported socio-epidemiological 
data on trends in drug consumption in Slovenian communities” was rejected. 
Nevertheless, WBE still provides objective and rapid data on trends in drug use in the 
population, providing valuable and timely information on the drug situation on the national 
and international levels. However, specific data, such as data on consumption trends of 
individuals (e.g., the average dose used, number of drug users in the catchment) and purity 
of drugs available on the illicit market, cannot be obtained using wastewater analysis as a 
stand-alone approach. Accordingly, WBE will continue to be used to complement other 
socio-epidemiological approaches.  

WBE: Uncertainties in evaluating drug use 
  
Methodologically, WBE is well established for studying illicit drug use in the general 
population (municipalities). A best practice protocol has been developed, and 
comparability of the results has been ensured within the SCORE inter-laboratory studies. 
Regardless, the approach still has shortcomings, e.g., when parent compounds are selected 
as biomarkers, drug use may be overestimated due to the contribution of disposed unused 
drugs, waste from drug production or biomarker loads in wastewater. Without a suitable 
alternative, parent compounds are commonly used to estimate drug use even within 
SCORE, e.g., for amphetamines. Therefore, additional analytical methods are needed to 
reduce such uncertainties, e.g., methods capable of identifying the disposal of unused drugs. 
The feasibility of two approaches that can predict the origin of biomarkers was studied as 
part of this dissertation: enantiomeric profiling and isotope-ratio mass spectrometry 
(IRMS) of light elements, more precisely, carbon.  

Enantiomeric profiling using chiral LC-MS/MS has already been used to address the 
origin (consumption or disposal) of amphetamines in wastewater samples. The analysis has 
been performed on a limited number of samples with unusually high mass loads, and 
enantiomeric profiling based on chiral derivatization was investigated. The data showed 
that chiral derivatization is a suitable alternative to chiral LC for enantiomeric profiling of 
drug residues in wastewater. Enantiomeric profiling detected dumping events, but only 
when illicit drugs under investigation are available exclusively in racemic form 
(e.g., MDMA). However, for drugs with a more diverse synthesis and excretion 
enantiomeric profile, such as amphetamine and methamphetamine, enantiomeric profiling 
could supplement WBE consumption data by providing information on drug potency and 
consequently propose the most probable synthesis route.  

The possibility of tracing the origin of organic compounds to detect the disposal of 
unused drugs using the stable isotope approach combined with WBE was investigated for 
the first time in this dissertation. The isotopic composition of carbon (13C/12C) was 
analyzed in morphine extracted from analytical standards, street drugs (morphine and 
heroin) and wastewater. Although it was impossible to differentiate between consumption 
and disposal, the data shed light on a new area where stable isotope/wastewater analysis 
could potentially contribute to a better understanding of the drug market, i.e., by 
complementing data obtained by drug profiling. It can be speculated that changes in the 
isotopic ratios of the light elements in drug residues present in wastewater could also 
provide an early warning system regarding changes in the supply of drugs on the illicit 
drug market. For example, in the case of natural and semi-synthetic drugs (e.g., cannabis, 
cocaine and heroin), GC-C-IRMS analysis of drug residues in wastewater may also be used 
to track changes in the geographic origin of plant material used for their production. 
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However, despite the progress reported in this thesis, more research is needed to support 
such a claim and take advantage of this potentially powerful new approach. 

It can be seen that both enantiomeric profiling using chiral derivatization and stable 
isotope analysis can supplement WBE data. However, given that only enantiomeric 
profiling could distinguish between consumption and disposal in specific cases, i.e., drugs 
with uniform synthesis and excretion profiles. Therefore, H2: “Enantiomeric profiling 
and stable isotope-ratio analysis can differentiate illicit drug consumption and 
direct disposal” was partially confirmed. 

The ecological impact of drug residues in the aquatic environment 
 
No doubt, licit and illicit drug use has a major impact on the individual and society, but 
its impact on the environment is no less important. On the contrary, cultivation, 
production and drug use have been shown to contribute to the overall carbon footprint and 
pollute water, soil and air, leading to biodiversity loss. In line with this and the fact that 
drug use is increasing worldwide, the UNODC also identified drug residues as a growing 
threat to the environment and encouraged the implementation of studies that address their 
occurrence in the environment and toxicity.  

Considering the physicochemical properties of drug residues, i.e., high hydrophilicity, 
the aquatic environment is considered the most vulnerable, with treated wastewater being 
the primary source of drug residues. Accordingly, many studies have assessed the removal 
efficiency of drug residues in conventional wastewater treatment processes, namely 
activated sludge, SBR, Bardenpho and MBR. However, the data's inconsistency and the 
lack of available data for otherwise commonly used drugs (e.g., THC) and treatment 
processes (e.g., moving bed biofilm reactor, MBBR) shows that removing drug residues 
during wastewater treatment is only partially understood. More studies are needed in light 
of that and the fact that the EU Directive on urban wastewater treatment foresees the 
establishment of limit values for CEC, including psychoactive substances in treated 
wastewater.  

A significant part of this thesis focuses on the removal efficiency of drug residues in 
Slovenian WWTPs of different sizes and employing different treatment processes, namely 
activated sludge, SBR, SBR with UV disinfection, MBR and MBBR. Among studied 
treatment technologies, the efficiency of MBBR in removing drug residues was tested for 
the first time. Although, on average, most of the studied drug residues were effectively 
removed (>90 % removal), complete mineralization was not achieved, confirming H3: 
“Conventional wastewater treatment technologies do not fully mineralize drug 
residues”. Moreover, nicotine and cocaine residues were removed to a lower extent in 
MBBR than in other treatment processes, with comparable efficiency in removing drug 
residues. Drug residues were also found in various amounts in effluent-receiving rivers, 
reflecting their degree of removal during treatment. 

The widespread occurrence and pseudo-persistence of drug residues in surface waters 
such as rivers, lakes and seawater (received by wastewater) is problematic as it has been 
shown that drug residues can harm aquatic organisms from bacteria to vertebrates. The 
ubiquity and potential ecotoxicity of drug residues have also led to the consideration of 
seven drug residues for inclusion in the 4th Watch list under the Water framework directive 
in 2022, namely cannabinol, cocaine, benzoylecgonine, ephedrine, methamphetamine, 
MDMA and THC. However, more data are needed on the occurrence and ecotoxicity of 
these and other drug residues at the environmental level to evaluate the risks they pose to 
aquatic ecosystems properly. 

This thesis investigated the ecotoxicity of residues of commonly abused licit and illicit 
drugs using in vivo (algal growth inhibition test) and in silico (ECOSAR) methods. The 
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impact of drug residues on green algae (Chlamydomonas reinhardtii) as a representative of 
the primary producer in the aquatic food web was tested for the first time. No effect on 
algae growth was observed at a concentration level (1 mg/L) considered high compared to 
expected concentration levels in surface waters (literature data) and measured levels in 
Slovenian effluent receiving rivers (range ng/L). However, only one type of algae was 
tested, and the effect may still be seen in other types. Especially since a negative effect at 
concentration 1 mg/L was predicted in silico (ECOSAR) for EDDP and THC-COOH. 

In environmental risk assessment, ECOSAR was also used to evaluate risks posed by 
the levels of drug residues detected in Slovenian effluent receiving rivers. At the measured 
concentrations, the effect on aquatic organisms was predicted for nicotine, methadone, 
EDDP, morphine, and MDMA, which leads to the partial rejection of H4: “Levels of 
drug residues in studied receiving river waters do not pose a risk to the aquatic 
organisms”, i.e., some drug residues may pose a risk to the aquatic organisms at levels 
measured. Considering in silico data, further in vivo studies would be warrented.  

The ubiquitous presence in surface waters and their known pharmacological effects 
indicate that drug residues have a high potential to affect human health, for example, 
through exposure to polluted drinking water. For many people, groundwater is their vital, 
high-quality source of drinking water. For this reason, its quality is regulated at the EU 
level under various directives, which do not currently cover CEC that are otherwise 
increasingly present in the environmental waters. Such CEC are also drug residues, among 
which cocaine, despite the limited amount of data (data available only for groundwater of 
some member states within the EU), is already considered to be frequently present in the 
EU groundwater and has therefore been proposed for inclusion in the volunteer 
Groundwater Watch List (GWWL). However, the low amount of data reduced its priority 
for inclusion, indicating the need for additional studies addressing the occurrence of cocaine 
(as well as other drug residues) in groundwater.  

In this thesis, drug residues were studied for the first time in an unconfined intergranular 
urban aquifer (Ljubljansko polje, Ljubljana, Slovenia) using both chemical analysis and a 
solute transport modelling approach. Among targeted drug residues, nicotine and cocaine 
residues were the most commonly detected. However, the significant result was that 
chemical analysis confirmed the model, i.e., that residues were distributed downgradient 
from the main urbanized area, indicating that the leaky sewer system is their primary 
source in the studied aquifer. The data indicate that although wastewater effluent is 
commonly considered the primary source of drug residues in the environment (including 
groundwater), raw wastewater (sewage leakage from the sewer system) should also be 
considered when addressing urban aquifers.   

To summarize, determining drug residues in waste and environmental waters provides 
data on epidemiological and environmental aspects of drug production and use, which are 
closely related and require a multidisciplinary approach when being studied. This thesis 
used different methods, i.e., chemical analysis, ecotoxicity tests modelling, and assessing 
risks in order to (i) determine drug residues in aquatic matrices, (ii) estimate licit, illicit 
drug and NPS use in general and specific populations in Slovenia utilizing WBE, (iii) 
supplement obtained WBE data by providing information on the origin of drug residues, 
(iv) evaluate removal efficiency of drug residues during various conventional biological 
wastewater treatments, (v) determine the occurrence of drug residues in environmental 
waters and (vi) to evaluate associated risks. 

Overall, the work represented by this thesis has made significant contributions to both 
science and society. Importantly, it has provided timely data on changes in spatiotemporal 
trends in licit and illicit drug use in Slovenia, augmenting our understanding of drug use 
trends at the international level. 
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Additionally, it has comprehensively assessed the application of target and non-target 
wastewater analysis to small, vulnerable populations, such as educational institutions. 
Notably, it provides insight into the presence of drugs in institutions offering different 
levels of education, like primary schools, where it is difficult to ethically gather data on 
illicit drug use using conventional approaches, e.g., surveys. The dissertation has also made 
strides in assessing the disposal of unused drugs by performing enantiomeric profiling 
through chiral derivatization. Furthermore, it marks the novel approach of combining the 
stable isotope approach (using IRMS specifically to obtain δ13C of drug residues) with WBE 
to supplement drug profiling data. 

It has also provided additional data on removing drug residues during wastewater 
treatment, specifically for the first time, their removal in an MBBR. Moreover, it has 
evaluated the prevalence of drug residues in surface waters and assessed associated 
environmental risks. The thesis has also explored the potential effects of drug residues on 
green algae—primary producers in the aquatic food web. Lastly, it has investigated (water 
analysis and modeling) and showed the presence of drug residues in groundwater within 
an aquifer, an essential source of freshwater. 

These contributions are documented in ten peer-reviewed scientific publications, three 
national reports, and nine working reports. Furthermore, the research findings have been 
presented at nine scientific conferences (both orally and in writing) and disseminated to 
the public through more than 15 events, including interviews, articles, and popular science 
lectures.  

However, it is essential to emphasize that this work is far from complete and opens up 
new avenues of research in wastewater epidemiology. These avenues include researching 
the application of stable isotopes and further investigation of the environmental impact of 
drug residues.   
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Chapter 5 

5 Future Perspectives 

Methodological improvements 

Although the WBE has been used to study licit and illicit drug use for nearly two decades 
and is already well-established for studying trends in most common drug use in the general 
population, several aspects of the approach require further research. The first is the 
methodology. More studies are needed to identify new biomarkers and evaluate their 
applicability, i.e., assess their pharmacokinetics and stability to overcome the uncertainties 
associated with using parent compounds as biomarkers, as in the case of using pholedrine 
to assess methamphetamine use. This data is also needed for quantifying NPS in 
wastewater (e.g., in the frame of international NPS monitoring) since data on the 
metabolism and excretion of NPS is currently limited, which makes estimating their 
consumption difficult.  

Additional research is also needed to reduce the uncertainty related to estimating the 
size of the targeted population. Although many attempts have already been made to reduce 
this uncertainty by evaluating fluctuations in population, proposed methods, namely the 
use of mobile phone trace data and the determination of hydro-chemical parameters, 
remain unsatisfactory. For example, mobile phone trace data are not readily available in 
all countries (including Slovenia), while hydro-chemical parameters, such as COD and 
BOD, reflect human metabolism and industrial and agricultural activities. Accordingly, 
studies shifted to specific population biomarkers (e.g., metabolites such as cotinine or 
hormones such as cortisol) research, and this area of research is expected to expand further. 
Especially since currently proposed population biomarkers show shortages, such as low in-
sewer stability and variability in excretion rate.   

WBE: applications in general populations 

Assuming further support (e.g., by EMCDDA), SCORE monitoring is expected to continue 
to provide data on trends in drug use internationally since, contrary to surveys, it provides 
timely and objective data that can track changes yearly, which can be used as an early 
warning of changes in drug use. In agreement with data obtained by other sources, shifts 
in targeted drugs can be predicted following the example of ketamine, which was included 
in the monitoring for the first time in 2022 based on indications of increasing illicit use. 
Similarly, international monitoring of NPS is expected to continue, within which best 
practice protocols and interlaboratory studies will need to be developed. Slovenia’s 
continued participation in SCORE and NPS monitoring is beneficial from both national 
and international perspectives. Accordingly, in the New Year period 2022/2023, Slovenia 
continued participating in NPS monitoring by providing samples from seven municipalities. 
However, future participation depends on funding, which is currently funded by ARIS 
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project N1-0143, “Novel approaches for the estimation of the use of psychoactive 
pharmaceuticals and illicit drugs by wastewater analysis”. 

In the future, the use of wastewater analysis is expected to continue to expand into 
other fields besides estimating population drug use. As demonstrated in this thesis, 
determining the isotopic composition of light elements in drug residues present in raw 
wastewater, once expanded upon, may be used to support forensic analysis to complement 
the field of drug profiling since the analysis shows potential for revealing changes in illicit 
drug market supply. This thesis, which for the first time determined the δ13C in morphine 
present in wastewater, highlighted many areas for improvement. Of particular importance 
would be simplifying the extraction of drug residues from large volumes of wastewater, i.e., 
by studying the applicability of passive sampling and expanding the analysis to other 
isotopes of light elements commonly used to track the origin of organic compounds 
(nitrogen, oxygen and hydrogen). Any future work will also require a study of potential 
isotopic fractionation that could bias the results and build a suitable isotopic database of 
authentic samples.  

Another promising application of WBE is using wastewater analysis to assess the spread 
of viruses (and other diseases) in the population, as has already been exploited during the 
COVID-19 pandemic. Furthermore, WBE can be used to explore the exposure of a 
population to compounds that are not intended for human consumption (e.g., pesticides, 
plasticizers and other household and industrial chemicals) and, in that way, complement 
HBM (no such study has been done in Slovenia so far). Also, such application is currently 
tested within an ongoing Partnership for the Assessment of Risks from Chemicals (PARC) 
project, which is co-funded by the EU and aims to assess safety challenges of well-known, 
emerging and novel pollutants in line with EU goals towards a pollution-free environment.  

WBE: applications in specific populations 

Many gaps still need to be addressed when applying WBE to study drug use in specific 
populations. First, difficulties in wastewater sampling (adjusting to inconsistent 
wastewater flow) must be addressed to obtain a representative sample and provide good 
insight into the type and extent of the drug used in a particular isolated population. As an 
alternative to active sampling, passive and active-passive samplers, i.e., samplers, which 
use a pump to draw water through the sampler and accumulate targeted compounds onto 
the sorbent, can be tested for this purpose. However, even in the case of passive samplers, 
a good knowledge of the sewage system and sampling strategies is required, as passive 
samplers must be immersed/exposed to wastewater at all times (not to dry out), which is 
often problematic in case of sampling wastewater from small sub-catchments. 

Sampling only a part of a certain sub-catchment or facility should also be explored, as 
it may offer insight into drug use in a specific part of the targeted population. For example, 
in educational institutions, sampling wastewater from the entire facility means that the 
detected drugs can be related to their use in any group of the people present in the 
institution, i.e., pupils/students, staff or visitors. By exploiting the existing sewerage 
infrastructure for the targeted collection of wastewater from toilets intended exclusively 
for pupils/students, the WBE data on drug use in the younger population obtained in this 
way could be extrapolated to drug use in the younger population. They would better 
complement the epidemiological data on drug use in this age group. Also, such a setting 
may allow studying differences in drug use between men and women.  

Aside from methodology, an effort should be made to explore possibilities of 
implementing wastewater analysis in specific populations as a non-invasive alternative to 
existing methods, e.g., drug testing, should be made. In the case of educational institutions, 
this would probably mean long-term monitoring of drug use in educational institutions by 



 249 

 

analyzing wastewater and assessing positive and negative outcomes, such as controlling 
and regulating drug use in environments considered “drug-free”.  

In addition to educational institutions, recreational and professional athletes are one 
such setting where wastewater analysis can be used to track drug misuse. Currently, doping 
control is based on drug testing, which is, due to the nature of the method (random testing), 
only able to spot drug misuse of individuals and cannot fully capture trends in drug misuse 
in sports. Contrarily, wastewater analysis can be used as a screening test for first doping 
detection, which can be used as an orientation for further testing. However, since no such 
applications exist, ethical considerations, e.g., stigmatization of the whole group tested by 
wastewater, should be carefully considered. In addition to spotting drug misuse, wastewater 
analysis applying suspect screening or a non-target approach could be used to detect trends 
in newly abused psychoactive substances in sports. 

Drug residues in the environmental waters and associated risks 

Despite what this thesis has achieved, additional studies are needed to assess the occurrence 
of psychoactive substances in environmental waters. Alternatives to grab sampling, which 
is the most commonly applied technique to sample surface waters, need further exploration, 
e.g., passive and active-passive sampling. The problem is that grab sampling can only 
provide data on the occurrence of substances in studied water at the time of sampling, and 
no time-dependent data on their occurrence can be obtained. Also, studies looking into an 
expanded list of psychoactive drugs and their metabolites in environmental waters are 
needed to evaluate further studies addressing environmental risk, e.g., within the Watch 
List or Groundwater Watch List under the Water Frame Directive. Also, suspect screening 
and non-target analysis should be considered to broaden the list of compounds that may 
occur in the environment but remain undetected by targeted analytical approaches. 
Conducting studies on drug residues in environmental waters is also needed in developing 
countries and regions with limited wastewater treatment. Here, the absence of treatment, 
resulting in higher concentrations of drug residues entering the environment, poses a 
significantly greater risk to ecosystems and human health.  

Aside from aquifers, it would be interesting to study the possible effects of drug residues 
in other subterranean water ecosystems, such as caves, since they represent sensitive and 
fragile ecosystems, especially since Slovenia is famous for its karst regions. Similar regions 
also exist around the world. However, to fully understand the transport, distribution and 
fate of drug residues in the subsurface and spelio aquatic environments, the stability of 
compounds during transport through the soil and within water bodies needs to be 
addressed.  

Furthermore, studies evaluating the impact of drug residues on wildlife are also 
warranted since their effects on aquatic organisms at environmental levels and no-effect 
concentrations remain unknown. Considering that and the fact that many drug residues 
are chiral molecules, for which it is known that enantiomers exhibit different toxicity, a 
significant avenue of research would involve estimating stereoselective toxicity for 
adequately assessing the environmental risks posed by drug residues. Moreover, the 
ecotoxicological test should be performed for subterranean organisms of various trophic 
levels since no or only a minimal amount of such data exists, although such organisms are 
especially important for the fragile karst ecosystem. Finally, more studies should also be 
conducted on determining the occurrence of drug residues in drinking water and assessing 
the risk they pose to human health. 
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