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This work analyses the presence of forty-eight emerging pollutants, including twenty-five drugs of abuse and
metabolites, seventeen cytostatic drugs and six iodinated contrast media, in tap water from the Madrid Region.
Analysis of the target compounds in the tap water was performed by means of (on-line or off-line) solid-phase
extraction followed by analysis by liquid chromatography–tandem mass spectrometry. A preliminary human
health risk characterization was undertaken for each individual compound and for different groups of com-
pounds with a common mechanism of action found in tap water.
The results of the study showed the presence of eight out of the twenty-five drugs of abuse and metabolites
analysed, namely, the cocainics cocaine and benzoylecgonine, the amphetamine-type stimulants ephedrine,
3,4-methylenedioxymethamphetamine and methamphetamine, the opioid methadone and its metabolite 2-
ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine and, finally caffeine at concentrations ranging from 0.11 to
502 ng L−1. Four out of the six analysed iodinated contrast media, namely, diatrizoate, iohexol, iomeprol and
iopromide, were detected in at least one sample, with concentration values varying between 0.4 and 5 ng L−1.
Cytostatic compoundswere not detected in any sample. Caffeinewas the substance showing the highest concen-
trations, up to 502 ng L−1, mainly in the drinking water sampling point located in Madrid city. Among the other
drugs of abuse, the most abundant compounds were cocaine and benzoylecgonine, detected at concentrations
ranging from 0.11 to 86 ng L−1 and from 0.11 to 53 ng L−1, respectively. Regarding iodinated contrast media,
iohexol was themost ubiquitous and abundant compound, with a frequency of detection of 100% and concentra-
tions from 0.5 to 5.0 ng L−1 in basically the same range in all sampling points.
Taking into account the results and types of treatment applied, ozonisation plus granular activated carbon filtra-
tion appears to be efficient in the removal of cocaine and benzoylecgonine. For the amphetamine-type
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stimulants, opioids and caffeine, ozonisation plus granular activated carbon filtration and ultrafiltration plus
reverse osmosis showed higher removal efficiency than sand filtration.
The human health risk characterization performed indicates that the lifetime consumption of the tap waters
analysed has associated a negligible human health concern.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

In the last twenty years, there has been an increasing concern about
the occurrence and adverse effects of emerging pollutants (EPs),
defined as new chemicals without regulatory status and whose impact
on environment and human health is poorly understood (Deblonde
et al., 2011). This category of pollutants comprises a wide range of dif-
ferent substances with varying chemical structures and applications
(e.g. industrial, urban, domestic) and, among them, pharmaceuticals,
including both licit and illicit or abused substances, are of particular con-
cern because of their large production and use and designed biological
activity.

Drugs of abuse (DAs) and some of their metabolites/transformation
products (TPs) have been detected in thewater cycle relatively recently
(Pal et al., 2013), thanks to the development of advanced analytical
methods for their determination in the different water matrices
(González-Mariño et al., 2010; Postigo et al., 2008) and as a conse-
quence of their widespread consumption (UNODC, 2014) and irregular
elimination in water treatment plants (Boleda et al., 2011a; Postigo
et al., 2011a). Caffeine, apart from being one of the most widely con-
sumed stimulant drugs throughout the world may be considered in
addition to an abused substance (Gilliland and Bullock, 1983-1984) a
marker of anthropogenic contamination due to its extended use, chem-
ical stability, widespread detection in the environment, and relation-
ship with other contaminants associated to human activities found in
waters (Buerge et al., 2003; Ferreira and da Cunha, 2005; Valcárcel
et al., 2011).

Within the class of licit pharmaceuticals, iodinated contrast media
(ICM) and cytostatic compounds are among the least investigated in
the water cycle. Cytostatic drugs are used mainly in hospitals for the
treatments of oncological patients. Due to their mechanism of action
many of these pharmaceuticals pose cytotoxic,mutagenic, carcinogenic,
embryotoxic and/or teratogenic effects (Negreira et al., 2013). The use
of pharmaceuticals for cancer therapy has considerably increased in
the last decade (Mahnik et al., 2007; Nussbaumer et al., 2011) and this
tendency is only expected to continue. According to the last World
Cancer Report of the International Agency for Research on Cancer
(IARC) this illness is a leading cause of death worldwide, accounting
for 8.2 million deaths in 2012, and annual cancer cases are expected to
rise from 14 million in 2012 to 22 million within the next two decades
(WHO, 2014). Studies investigating the occurrence of anticancer drugs
in the environment are recent and scant (Besse et al., 2012; Kosjek
and Heath, 2011; Negreira et al., 2013; Santos et al., 2010; Verlicchi
et al., 2012), as are the methods developed for their determination in
water and the information on their behaviour, removal and fate in the
water cycle (Zhang et al., 2013; Negreira et al., 2014).

ICM are the pharmaceuticals most frequently used in hospitals
(Hirsch et al., 2000) for radiological and medical diagnostic purposes.
Their high use (Pérez and Barceló, 2007), lack of human metabolism
(Weissbrodt et al., 2009), and variable removal in conventional (Clara
et al., 2005) and advanced (Boleda et al., 2011a) wastewater treatments
has led to their finding in the water cycle, with the aggravating circum-
stance that hospitals and radiological clinics effluents are usually
discharged into the public wastewater system without previous treat-
ment (Santos et al., 2010, 2013; Mendoza et al., 2015).

The presence of this kind of pollutants and their metabolites/TPs in
wastewater, surfacewater and groundwater implies a potential for indi-
rect human exposure to them via drinking water supplies (Webb et al.,
2003). Fig. 1 shows how these pollutants can enter the water cycle and
reach tap water. In comparison with other types of water, few studies
have investigated the presence of DAs and pharmaceuticals in drinking
water (Benotti et al., 2009; Boleda et al., 2009, 2011a, 2011b, 2013;
Esteban et al., 2012, 2014; Huerta-Fontela et al., 2008, 2011; Jones
et al., 2005; Kosjek and Heath, 2011; Kuster et al., 2008; Leung et al.,
2013; Loos et al., 2007; Mendoza et al., 2014; Mompelat et al., 2009,
2011; Pérez and Barceló, 2007; Rahman et al., 2009; Rodil et al., 2012;
Santos et al., 2010; Valcárcel et al., 2011, 2012, 2013). The report of
their presence in this matrix and the absence of specific drinking
water guideline values to regulate it have raised public concern. Fur-
thermore, according to the critical review recently performed by
Villanueva and col. on the human exposure and health consequences
of chemicals in drinkingwater (Villanueva et al., 2014) there is a partic-
ular knowledge gap in the assessment of the human exposure via
drinking water to a wide range of EPs and of the associated risks that
requires investigation (Villanueva et al., 2014). In the last decade, a
number of works have addressed these issues for DAs and pharmaceu-
ticals and have proposed different approaches for their evaluation
(Bruce et al., 2010; Leung et al., 2013; Mendoza et al., 2014; Snyder
et al., 2010; Van der Aa et al., 2011; Wen et al., 2014), however, only a
few of them have addressed mixture toxicity (De Jongh et al., 2012;
Houtman et al., 2014; Kumar et al., 2010; Watts et al., 2007).

The Madrid Region (MR), with an estimated population of
6,495,551 inhabitants and a population density of 809 inhabitants
per km2, is the most densely populated region in Spain (INEbase,
2013). The average consumption of tap water in private residences
in the MR (141 L person−1 day−1) is similar to the average in Spain
(142 L person−1 day−1) although it is the third region in total volume
consumption (13.8%) (INE, 2013). Tap water in this region originates
from surface water coming from both reservoirs and rivers being treat-
ed afterwards in drinking water treatment plants (DWTPs). Although
according to the 2011 report of the Spanish Ministry of Health, Social
Services and Equality (MSSSI) the quality of the Spanish drinking
water was suitable in 99.3% of the cases (MSSSI, 2011), it needs to be
taken into account that in this kind of assessments the evaluation of
the occurrence of EPs like those investigated in the present study is
not mandatory and hence not considered.

In this context, the main objectives of the present study were: (i) to
monitor the occurrence during 1 week of 48 EPs, including 25 DAs and
metabolites, 6 ICM and 17 cytostatic drugs, in tap water from the three
main supply areas in the MR, (ii) to analyse the differences in the
obtained results in respect to the type of water treatments applied in
each case, and (iii) to preliminary characterize the human risk asso-
ciated to the exposure to the detected substances and their mixtures.

2. Materials and methods

2.1. Description of the sampling site

The MR is situated in Central Spain. Its area (1.6% of the Spanish
territory) is the most densely populated region in Spain. Its capital,
Madrid, with 3,207,247 inhabitants, holds 49% of the total MR popula-
tion, and the municipalities investigated in the present study, namely,
Alcorcon, Aranjuez and Titulcia possess 169,773, 57,728 and 1237 in-
habitants, respectively (INEbase, 2013).

Grab tap water samples were taken in one sampling campaign car-
ried out the secondweek of November 2013. One sample per day during



Fig. 1.Main ways how emerging pollutants can enter the water cycle and reach tap water.
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seven consecutive days, from Monday to Sunday, was taken from four
different drinkingwater sampling points (DWSPs), all located in private
residences in theMR: Titulcia (DWSP1), Alcorcón (DWSP2),Madrid city
(DWSP3), and Aranjuez (DWSP4). These sites were selected in order to
analyse samples from the threemain drinkingwater supply areas of the
MR and to assess possible differences between tap waters treated in a
conventional way (sand filtration and/or ozonisation and granular acti-
vated carbon (GAC) filtration) and in a more advanced way (ultrafiltra-
tion (UFT) and reverse osmosis (RO)). Fig. 2 shows the location of the
drinkingwater sampling points andmain characteristics of the drinking
water treatment plants (DWTPs).

The tapwaters fromMadrid and Alcorcón come from the two largest
reservoirs located in the North of the MR after treatment at the
Colmenar and Valmayor DWTPs, respectively. The tap waters from
Aranjuez and Titulcia come from the Tajuña River, a tributary of the
Tajo River and following treatment at the Tajo DWTP. The treatment
capacities of the Colmenar and Valmayor DWTPs are 1,382,400 and
1,036,800 m3 per day, respectively, and their treatment technologies
include pre-oxidation, pre-chlorination, coagulation, flocculation,
decantation, sand filtration and disinfection in the Colmenar DWTP
and in the former treatment line of the Valmayor DWTP and pre-
oxidation, pre-chlorination, coagulation, flocculation, decantation,
sand filtration, ozonisation, GAC filtration and disinfection in the new
treatment line of the Valmayor DWTP. The treatment capacity of the
TajoDWTP is 172,800m3per day and its treatment technologies include
pre-oxidation, pre-chlorination, coagulation, flocculation, decantation,
UFT, RO and disinfection (Canal de Isabel II, 2012).

Tap water samples were collected into 500 mL amber polyethyl-
ene terephthalate (PET) bottles. pH, conductivity and temperature
were measured immediately after sampling. The samples were then
amended with sodium thiosulfate to eliminate residual chlorine and
were immediately frozen and kept at −20 °C during shipment to
the laboratory and until analysis, which was performed within 3 to
5 weeks after collection.

2.2. Target compounds

In total, 48 compounds were analysed in the collected tap water
samples. The list of DAs included 25 licit and illicit drugs and metabo-
lites belonging to nine different classes: cocainics, amphetamine-type
stimulants (ATSs), synthetic cathinones, opioids, lysergic compounds,
cannabinoids, benzodiazepines, cyclohexanones and xanthines. The
list of cytostatic compounds comprised 13 anti-cancer drugs (plus 4
metabolites) with different mechanisms of action belonging to the
Anatomical Therapeutic Classification (ATC) classes of alkylating agents,
antimetabolites, plant alkaloids and other natural products, cytotoxic
antibiotics, other antineoplastic agents, and hormone antagonists. The
group of ICM included six compounds: diatrizoate (DIAT), iodixanol
(IDX), iohexol (IOH), iomeprol (IOM), iopamidol (IPM) and iopromide
(IOP). Tables 1, 2 and 3 show the target analytes included in each of
the groups of DAs, cytostatic drugs and ICM, respectively, together
with their CAS numbers, some physical-chemical properties, and
the corresponding limits of detection (LODs) and quantification
(LOQs).

The target compounds analysed in this study were selected
on the basis of several criteria, including: their wide use in Spain
(EDADES, 2014), their stability and excretion rates (Zuccato et al.,
2008, Weissbrodt et al., 2009), their interest for environmental and
public health (cytotoxic, mutagenic, carcinogenic, embryotoxic
and/or teratogenic effects in the cytostatic drugs), and the avail-
ability of suitable analytical methodologies for their determination
(González-Mariño et al., 2010; Postigo et al., 2008; Negreira et al., 2014).



Fig. 2. Location of the drinking water sampling points and characteristics of the drinking water treatment plants.
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The handling of cytostatics, due to their toxicity, requires special pre-
caution and safety considerations in order to guarantee the best possible
protection of the research workers. These precautions included the
preparation of all stock solutions in a cytotoxic drug safety cabinet
CytoFAST Elite from Faster (Cornaredo, Italy) equipped with laminar
flow and class H14 HEPA/ULPA filters, the use of absorbent paper to
guard the work surfaces, and the treatment of all disposable material
in contact with these compounds as hazardous waste.

2.3. Analysis

DAs were analysed with a method based on isotope dilution on-line
solid-phase extraction-liquid chromatography-tandemmass spectrom-
etry (SPE-LC–MS/MS), following the procedure described in a previous
study (Jurado et al., 2012) slightly modified to include within the list
of target compounds three new substances:mephedrone (MEPH), keta-
mine (KET) and CAF. Table S1 in Supplementary Information shows the
main LC-MS/MS experimental conditions used in the analysis of these
newly added compounds.

Cytostatic drugs, alike DAs, were also analysed by means of isotope
dilution on-line SPE-LC–MS/MS as described in (Negreira et al., 2013).

ICM were analysed by means of off-line SPE followed by LC–MS/MS
analysis. The details of this method are described in the Supplementary
Information (Section 2).
In all cases, prior to analysis, (i) the samples were defrosted, vac-
uum filtered through glass fiber filters (Whatman International Ltd.,
Maidstone, England), and spiked with the corresponding mixture
of isotopically labeled compounds; (ii) SPE was carried out with poly-
meric cartridges (PLRP-s (Spark Holland, Emmen, The Netherlands) in
the case of DAs and cytostatics, and Oasis HLB (Waters Milford, MA)
in tandem with Bond Elute PPL (Agilent Technologies, Waghaeusel/
Wiesental, Germany) in the case of ICM); (iii) LC was performed with
a Symbiosis-Pico system (Spark Holland) using a Purospher Star RP-
18 end-capped column (125 × 2 mm, 5 μm) from Merck (Darmstadt,
Germany) for DAs and cytostatics, and an Aquity BEH-HILIC (50 mm ×
2.1 mm, 1.7 μm) column from Waters (Waters Miliford, MA) for ICM;
(iv) MS/MS detection was performed with a 4000 QTRAP hybrid triple
quadrupole-linear ion trap mass spectrometer equipped with a
turbo ion spray source (Applied-Sciex, Foster City, CA); and (v) for
reliable quantitative and confirmatory analysis, data acquisition
was performed in the selected reaction monitoring (SRM) mode,
recording the transitions between the precursor ion and the two
most abundant product ions for each target analyte. The sample vol-
ume varied between 5 mL for DAs and cytostatic drugs and 500 mL
for ICM.

In all cases, procedural blankswere run alongsidewith the standards
and the samples, and for positive identification of any target drug orme-
tabolite in any analysed sample, the retention time of the analyte in the



Table 1
Chemical group, acronym, CAS number, physical–chemical properties, and method limit of detection (LOD) and quantification (LOQ) of the target DAs.

Chemical group Drug CAS number Molecular weight Log Kow
f Water solubilityg [mg/L] LODh

(ng L−1)
LOQi

(ng L−1)

Cocainics CO 50-36-2 303.36 2.30 1800 (22 °C) 0.12 0.16
BEa 519-09-5 289.33 −1.32 8.83E+04 (25 °C) 0.04 0.12
CEa 529-38-4 317.38 2.66 528.3 (25 °C) 0.09 0.24

ATSs EPH 24221-86-1 201.70 −2.20 1E+06 (25 °C) 0.16 0.43
MDMA 42542-10-9 193.25 2.15 5413 (25 °C) 0.09 0.17
AM 300-62-9 135.21 1.76 2.8E+04 (25 °C) 0.36 0.58
MA 537-46-2 149.24 2.07 1.33E+04 (25 °C) 0.04 0.13

Synthetic cathinones MEPH 1189805-46-6 177.24 1.86 n.a. 0.06 0.17
Opioids HER 561-27-3 369.42 1.58 600 (25 °C) 0.10 0.30

MOR 57-27-2 285.34 0.89 149 (20 °C) 0.42 0.66
6ACMb 2784-73-8 327.38 1.72 4093 (25 °C) 0.47 1.26
METH 76-99-3 309.45 3.93 48.5 (25 °C) 0.03 0.04
EDDPc 66729-78-0 377.87 2.97 n.a. 0.03 0.08

Lysergic comp. LSD 50-37-3 323.44 2.95 2.1 (25 °C) 0.02 0.06
O-OH-LSDd 111295-09-1 355.44 n.a. n.a. 0.05 0.15

Cannabinoids THC 1972-08-3 314.47 7.60 2800 (23 °C) 2.02 5.40
THC-COOHe 56354-06-4 344.45 6.36 2.34E−01 (25 °C) 0.94 2.46
OH-THCe 36557-05-8 330.47 5.33 2.8 (25 °C) 1.73 2.44
CBNe 521-35-7 310.44 7.23 5.63E−02 (25 °C) 2.96 7.88
CBD 13956-29-1 314.47 8.01 1.22E−02 (25 °C) 2.43 6.47

Benzodiazepines ALP 28981-97-7 308.77 2.12 13.1 (25 °C) 0.04 0.10
DIA 439-14-5 284.75 2.82 50 (25 °C) 0.03 0.08
LOR 846-49-1 321.16 2.39 80 (25 °C) 0.15 2.08

Cyclohexanones KET 6740-88-1 237.73 3.12 2798 (25 °C) 0.06 0.16
Xanthines CAF 58-08-2 194.20 −0.07 2.16E+04 (25 °C) 0.54 1.44

Abbreviations: 6ACM, 6-acetylmorphine; ALP, alprazolam; AM, amphetamine; ATSs, amphetamine-type stimulants; BE, benzoylecgonine; CAF, caffeine; CBD, cannabidiol; CBN, cannabi-
nol; CE, cocaethylene; CO, cocaine; DAs, drugs of abuse; DIA, diazepam; EDDP, 2-ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine; EPH, ephedrine; HER, heroin; KET, ketamine; LOD, limit
of detection; LOQ, limit of quantification; LOR, lorazepam; LSD, lysergic acid diethylamide;MA,methamphetamine;MEPH,mephedrone;MDMA, 3,4-methylenedioxymethamphetamine;
METH,methadone;MOR,morphine; n.a., not available, not found in the consulted bibliography; O-OH-LSD, 2-oxo-3-hydroxy-LSD; OH-THC, 11-hydroxy-THC; THC,Δ9-tetrahydrocannab-
inol; THC-COOH, 11-nor-9-carboxy-Δ9-tetrahydrocannabinol.

a Metabolite of cocaine.
b metabolite of heroin.
c metabolite of methadone.
d metabolite of LSD.
e metabolite of THC.
f Figures from SRC/Physprop; in bold from ChemSpider Database; in italics from Boleda et al., 2011b.
g Figures from SRC/Physprop; in bold from ChemSpider Database.
h Limit of detection, minimum concentration that can be detected (considering a signal-to-noise ratio of 3) with the first selected reaction monitoring transition (SRM1).
i Limit of quantification, minimum concentration that can be quantified (considering a signal-to-noise ratio of 10) with the first SRM transition (SRM1) and detected (considering a

signal-to-noise ratio of 3) with the second SRM transition (SRM2).
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sample had to be within ±2% of the retention time of the analyte in the
standard solution, and the relative abundance of the two SRM transi-
tions for each analyte in the sample had to be within ±20–50% of the
ratio produced by the commercial standard.

Tables 1, 2 and 3 show the LODs and LOQs achievedwith eachmeth-
od for the target DAs, cytostatic drugs and ICM, respectively.

2.4. Human health risk characterization

A preliminary human health risk characterization was undertaken
for those substances found in tapwater, following the general principles
of the Guidance on information requirements and chemical safety
assessment. Part E: Risk Characterisation edited by the European
Chemicals Agency (ECHA, 2012), using a previously developed
approach (Schriks et al., 2010; De Jongh et al., 2012). The procedure
for determining the toxicological relevance of the substances found
in tap water consists of comparing the maximummeasured environ-
mental concentration (MECs) with a drinking water provisional
guideline value (pGLV) obtaining a Benchmark Quotient (BQ). Com-
pounds showing a BQ equal or higher than 1 may be of potential
human health concern if the water was to be consumed over a life-
time period. BQs equal or higher than 0.1 point out compounds
that may warrant further investigation. As currently, no regulated
drinkingwater guideline values are available from international organi-
zations like European Commission, World Health Organization (WHO)
or United States Environmental Protection Agency (US EPA) for the
studied compounds, the point of departure to calculate the pGLV was
an established Tolerable Daily Intake (TDI), Acceptable Daily Intake
(ADI) or Reference Dose (RfD). When these data were not available,
the established lowest therapeutic daily dose or lowest or no observed
adverse effect levels (LO/NO(A)ELs) were used to calculate a TDI. In
the case of insufficient human relevant data the compound was not
further evaluated. Appropriate uncertainty factors (UFs) were selected
based on five different uncertainties: LO(A)EL to NO(A)EL (UF1), dura-
tion of exposure (UF2), interspecies variability (UF3), intra-individual
susceptibility (UF4) and data quality (UF5) to calculate the TDI
(Schwab et al., 2005). Once TDI was calculated whatever the differ-
ent scenarios, a drinking water equivalent level (DWEL) was calcu-
lated by multiplying the TDI by the average adult body weight
(BW), 70 kg, and dividing by the average drinking water ingestion
rate (IngR), 2 L per day (EFSA, 2012). As the UF already takes into
account variations in sensitivity in susceptible population groups, all
calculations were based on a standard European adult. Finally, the
pGLV was calculated by allocating a 10% proportion of the DWEL to
drinking water to make allowance for exposure from other sources
such as food (De Jongh et al., 2012).

After a pGLV was obtained for each individual compound, the com-
pounds were grouped based on a common mechanism of action and
for each group a pGLV was established as the lowest pGLV within the
group. The sum of the concentrations of each group was compared
with the group pGLV thus obtaining the BQ for the mixture (De Jongh
et al., 2012).



Table 2
Chemical group, CAS number, physical-chemical properties, and method limit of detection (LOD) and quantification (LOQ) of the target cytostatic drugs.

Chemical group Drug CAS number Molecular
weight

Log
Kow

e
Water solubilityf

[mg/L]
Clasificationg

IARC
LODh

(ng L−1)
LOQi

(ng L−1)

Alkylating agents Cyclophosphamide 50-18-0 261.09 0.73 1-5E+04 (23 °C) 1 0.1 0.4
Ifosfamide 3778-73-2 261.09 078 3780 (n.a.) 3 0.3 1.0
Temozolomide 85622-93-1 194.15 −1.27 1.15E+04 (25 °C) n.a. 0.6 26

Antimetabolites Capecitabine 154361-50-9 359.35 1.04 2.6E+04 (20 °C) n.a. 0.3 2.5
Gemcitabine hydrochloride 122111-03-9 299.66 −2.22 5.13E+04 (25 °C) n.a. 0.2 6.9
Methotrexate 59-05-2 454.44 −0.45 2600 (n.a.) 3 0.2 0.5
Hydroxy-methotrexatea 5939-37-7 470.44 −0.69 n.a. n.a. 0.2 0.7

Plant alkaloids and other natural products Etoposide 33,419-42-0 588.57 0.28 80 (n.a.) 2Aj 3.0 38
Paclitaxel 33,069-62-4 853.91 3.95 Insoluble n.a. 0.6 3.0
6(α)-Hydroxy-paclitaxelb 153212-75-0 869.91 3.19 n.a. n.a. 0.4 3.0

Cytotoxic antibiotics Doxorubicin hydrochloride 25316-40-9 580.00 1.27 2600 (25 °C) n.a. 0.2 1.8
Other antineoplastic agents Erlotinib hydrochloride 183319-69-9 429.90 3.03 8.91 (n.a.) n.a. 0.2 0.5

Imatinib mesylate 220127-57-1 589.71 2.89 49 (n.a.) n.a. 24 80
Irinotecan hydrochloride trihydrate 136572-09-3 677.19 4.57 n.a. n.a. 0.1 0.4

Hormone antagonists Tamoxifen citrate 54965-24-1 563.7 5.13 n.a. 1 0.3 1.0
(Z)-4-Hydroxytamoxifenc 68047-06-3 387.51 4.93 n.a. n.a. 0.2 0.6
Endoxifenc 112093-28-4 373.49 4.94 n.a. n.a. 0.3 1.0

n.a.: Not available, not found in the consulted bibliography.
a Metabolite of methotrexate.
b metabolite of paclitaxel.
c metabolite of tamoxifen.
e Figures from SciFinder Scholar Database.
f Figures from National Center for Biotechnology Information. PubChem Compound Database; in bold from ChemSpider Database; in italics from Drug Bank Database.
g Data obtained from International Agency for Research on Cancer (IARC). Group 1. Carcinogenic to humans. Group 2A. Probably carcinogenic to humans. Group 2B. Possibly carcino-

genic to humans. Group 3. Not classifiable as to its carcinogenicity to humans. Group 4. Probably not carcinogenic to humans.
h Limit of detection, minimum concentration that can be detected (considering a signal-to-noise ratio of 3) with the first selected reaction monitoring transition (SRM1).
i Limit of quantification, minimum concentration that can be quantified (considering a signal-to-noise ratio of 10) with the first SRM transition (SRM1) and detected (considering a

signal-to-noise ratio of 3) with the second SRM transition (SRM2).
j Group 1 in combination with cisplatin and bleomycin.
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3. Results and discussion

3.1. Occurrence and concentration of compounds in tap water

3.1.1. Drugs of abuse
Table 4 shows the frequency of detection, the median, and the con-

centration range (minimumandmaximum levels) found for the various
target DAs and their metabolites in the different DWSPs.

The point with the highest total concentration of DAs considering
the sum of all monitored DAs and days was DWSP3 (Madrid City),
with 540 ng L−1, followed by DWSP4 (Aranjuez), with 231 ng L−1,
DWSP1 (Titulcia), with 48 ng L−1, and finally DWSP2 (Alcorcón), with
29 ng L−1. In all the evaluated points the main contribution was due
to the presence of caffeine (CAF) with total concentrations of this
compound of 39 ng L−1 (DWSP1), 28 ng L−1 (DWSP2), 527 ng L−1

(DWSP3), and 89 ng L−1 (DWSP4), although in this last point it was
equally considerable the presence of cocaine (CO) (87 ng L−1) and
benzoylecgonine (BE) (55 ng L−1). Monday was the day with the
highest total concentration of DAs in DWSP1 (25 ng L−1) and DWSP2
Table 3
Chemical group, acronym, CAS number, physical-chemical properties, and method limit of det

Chemical group Compound CAS number Molecular weight

ICM DIAT 117-96-4 613.92
IDX 92339-11-2 1550.18
IOH 66108-95-0 821.15
IOM 78649-41-9 777.09
IPM 60166-93-0 777.09
IOP 73334-07-3 791.12

Abbreviations: DIAT, diatrizoate; ICM, iodinated contrast media; IDX, iodixanol; IOH, iohexo
quantification; n.a., not available, not found in the consulted bibliography.

a Figures from SRC/Physprop.
b Figures from National Center for Biotechnology Information. PubChem Compound Databa
c Limit of detection, minimum concentration that can be detected (considering a signal-to-n
d Limit of quantification, minimum concentration that can be quantified (considering a sign

signal-to-noise ratio of 3) with the second SRM transition (SRM2).
(11 ng L−1), being Thursday in DWSP3 (504 ng L−1), in all cases due
to the presence of caffeine, and Saturday in DWSP4 (148 ng L−1), as a
result of the presence of cocainics. Themedian concentrationwasmain-
ly higher in labour days than in weekend days, except in DWSP4with a
dramatic difference in the case of CO and BE.

3.1.1.1. Cocainics. CO and BE were detected in three out of the four
sampling points (Table 4) while cocaethylene (CE) was not detected
at all. The total concentrations (sum of the concentrations measured
throughout theweek) of CO and BEwere 87 and 55 ng L−1, respectively
in DWSP4 (found mainly on Saturday: 86 and 53 ng L−1, respectively),
2.2 and 7.7 ng L−1, respectively in DWSP1 and, finally 1.0 and 3.5 ng L−1,
respectively in DWSP3.

In a previous study conducted in Spain (Mendoza et al., 2014) CO had
been detected in Alcorcon area, in the Southwest of theMR, at a concen-
tration of 1.6 ng L−1. Boleda et al., 2011b performed a study with 70 tap
water samples in Europe (including Spain), South America and Japan. CO
and BE were frequently detected. In South America, CO was detected in
higher concentrations (with a mean value of 0.6 ng L−1) than in
ection (LOD) and quantification (LOQ) of the target ICMs.

Log Kow
a Water solubilityb (mg L−1) LODc

(ng L−1)
LOQd

(ng L−1)

1.37 5E+05 (25 °C) 0.02 0.1
−2.06 1.84E−05(25 °C) 0.4 1.2
−3.05 796 (n.a.) 0.08 0.3
−2.79 n.a. 0.07 0.2
−0.74 1.20E+05(20 °C) 0.1 0.5
−2.05 n.a. 0.05 0.2

l; IOM, iomeprol; IOP, iopromide; IPM, iopamidol; LOD, limit of detection; LOQ, limit of

se; in bold from Drug Bank Database.
oise ratio of 3) with the first selected reaction monitoring transition (SRM1).
al-to-noise ratio of 10) with the first SRM transition (SRM1) and detected (considering a



Table 4
Frequency of detection (%) and concentration range and median (in ng L−1) of the target DAs in the investigated drinking water sampling points (DWSPs).

Drinking water sampling
points

DWSP1 DWSP2 DWSP3 DWSP4

Chemical group Drug Frequency Range Median Frequency Range Median Frequency Range Median Frequency Range Median

Cocainics CO 43 0.12–1.21 0.85 0 − − 14 0.96 0.96 43 0.11–85.67 1.5
BE 86 1.13–1.55 1.25 0 − − 43 0.45–1.58 1.42 71 0.11–52.73 0.45
CE 0 − − 0 − − 0 − − 0 − −

ATSs EPH 0 − − 0 − − 29 0.50–0.72 0.61 0 − −
MDMA 0 − − 0 − − 14 1.47 1.47 0 − −
AM 0 − − 0 − − 0 − − 0 − −
MA 0 − − 0 − − 14 3.13 3.13 0 − −

Synth. cathinones MEPH 0 − − 0 − − 0 − − 0 − −
Opioids HER 0 − − 0 − − 0 − − 0 − −

MOR 0 − − 0 − − 0 − − 0 − −
6ACM 0 − − 0 − − 0 − − 0 − −
METH 0 − − 14 0.11 0.11 14 0.31 0.31 29 0.13–0.17 0.15
EDDP 0 − − 14 0.20 0.20 14 1.41 1.41 0 − −

Lysergic comp. LSD 0 − − 0 − − 0 − − 0 − −
O-OH-LSD 0 − − 0 − − 0 − − 0 − −

Cannabinoids THC 0 − − 0 − − 0 − − 0 − −
THC-COOH 0 − − 0 − − 0 − − 0 − −
OH-THC 0 − − 0 − − 0 − − 0 − −
CBN 0 − − 0 − − 0 − − 0 − −
CBD 0 − − 0 − − 0 − − 0 − −

Benzodiazepines ALP 0 − − 0 − − 0 − − 0 − −
DIA 0 − − 0 − − 0 − − 0 − −
LOR 0 − − 0 − − 0 − − 0 − −

Cyclohexanones KET 0 − − 0 − − 0 − − 0 − −
Xanthines CAF 71 0.47–23.32 4.42 71 1.92–11.12 2.92 86 2.02–501.62 5.72 86 1.52–50.32 6.07

Abbreviations: 6ACM, 6-acetylmorphine; ALP, alprazolam; AM, amphetamine; ATSs, amphetamine-type stimulants; BE, benzoylecgonine; CAF, caffeine; CBD, cannabidiol; CBN, cannabi-
nol; CE, cocaethylene; CO, cocaine;DAs, drugs of abuse;DIA, diazepam;DWSPs, drinkingwater sampling points; EDDP, 2-ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine; EPH, ephedrine;
HER, heroin; KET, ketamine; LOR, lorazepam; LSD, lysergic acid diethylamide; MA, methamphetamine; MEPH, mephedrone; MDMA, 3,4-methylenedioxymethamphetamine; METH,
methadone; MOR, morphine; O-OH-LSD, 2-oxo-3-hydroxy-LSD; OH-THC, 11-hydroxy-THC; THC, Δ9-tetrahydrocannabinol; THC-COOH, 11-nor-9-carboxy-Δ9-tetrahydrocannabinol.
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Europe or Japan (with a mean value b 0.1 ng L−1) due to the lower
efficacy of water treatment systems. In fact, the type of treatment is a
key factor in the removal of this kind of compounds; CO and BE seem
to be poorly removed during chlorination and sand filtration, with no
much better results in the disinfection and ozone phase and a clear
improvement with the GAC filtration and post-chlorination as shown
in a studied previously conducted in a DWTP located in the NE of
Spain (Huerta-Fontela et al., 2008). This study reported removal per-
centages for CO and BE of 13% and 9%, respectively, after sand filtra-
tion, 24% and 43% after ozone treatment (probably due to the absence
of sites reactive to ozone and the presence of electron withdrawing
groups in the aromatic rings that leads to a lower reactivity with
ozone) and 99% and 72%, respectively, after GAC filtration, consistent
with the higher octanol-water partition coefficient value (log Kow) of
CO (2.30) as compared to that of BE (−1.32) (Table 1). These results
are completely in accordance with those obtained in a later study
(Boleda et al., 2011a) carried out in the same NE area of Spain and
with the results of the present study. Coagulation, flocculation and clar-
ification through sand filters had previously beenprovednot to produce
extensive reductions of pharmaceutical concentrations, although
hydrophobic properties (log Kow N 2) could improve the efficiency in-
dicating removal by partitioning (Huerta-Fontela et al., 2011). As men-
tioned, the absence of sites in these compounds that are eager to react
with ozone drives to obtain also poor results in the ozonisation step.
In contrast, adsorption on activated carbon is mainly controlled by
hydrophobic interactions (Delgado et al., 2012). In a previous study
Westerholff et al. (2005) suggested that log Kow served as a reasonable
indicator of compound removal, showing that the higher the log Kow
values are, the better the adsorption rates are, which could explain
the relatively better results obtainedwith this treatment for CO as com-
pared to BE in the above mentioned studies.

Regarding advanced treatment, RO was shown to be effective at the
removal of CO (99%) and BE (97%) in the previously mentioned study
(Boleda et al., 2011a). However, this finding could not be confirmed in
the present study, as one of the sampling points coming from the
drinking water supply area with RO (DWSP4) showed the highest con-
centrations of CO and BE (86 and 53 ng L−1, respectively). Boleda et al.,
2010 indicated that several factors could affect the solute rejection of a
RO membrane, being the three most important ones: the membrane
properties, the characteristics of the feed water, and the operation con-
ditions. BE belongs to a group of compounds with log Kow b 2, molecu-
larweight N 100 and pKa N 7. Assuming that approximately 100was the
molecular weight cut off of the membranes and the working pH in the
DWTP was around 7, for this group of compounds, size exclusion is
themain rejectionmechanism, driving to a rejection prediction ranging
from moderate to high. Meanwhile, CO belongs to a group of com-
pounds with log Kow N 2, molecular weight N 100 and pKa N 7 for
which hydrophobic interactions are the main rejection mechanisms,
providing moderate qualitative rejection prediction values (Verliefde
et al., 2007a).

3.1.1.2. Amphetamine-type stimulants. ATSs were only detected in
DWSP3 and in just a few days, with a total concentration of 3.1 ng L−1

on Saturday for metamphetamine (MA), of 1.2 ng L−1 (0.7 ng L−1 on
Saturday and 0.5 ng L−1 on Monday) for ephedrine (EPH), and of
1.5 ng L−1 on Saturday for 3,4-methylenedioxymethamphetamine
(MDMA). EPH had been previously detected inMRwith a concentration
of 0.29 ng L−1 (Mendoza et al., 2014) and traces in Toledo province
(Valcárcel et al., 2012) both in Central Spain. Amphetamine (AM) and
MA were completely removed during pre-chlorination and sand filtra-
tion in a previous study conducted in Spain (Huerta-Fontela et al.,
2008), a finding consistent with the high reactivity of chlorine with pri-
mary and secondary amines. Additionally, MDMA has also shown to be
efficiently removed after pre-chlorination (N99%) (Boleda et al., 2011a),
though a different result had been reported for this compound previ-
ously (Huerta-Fontela et al., 2008) with an 88% of efficacy after pre-
chlorination, sand filtration, ozonisation and GAC filtration despite its
medium log Kow (2.15) (Table 1). The results obtained in the present
study, where ATSswere only detected in DWSP3, suggest better efficacy
with treatments like ozonisation and GAC filtration or RO than with
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sand filtration. Ozonisation process seems to be efficient to remove
these compounds due to ozone is a very selective oxidant reacting
mainly with amino and aliphatic moieties and with activated aromatic
rings and additionally GAC filtration improves the efficacy for those
compounds with higher log Kow. Regarding to RO process, hydropho-
bicity is a key point but molecular weight and pKa values should
be considered when qualitatively predicting the rejection of organic
pollutants. According to these physical-chemical properties, AM and
EPH belong to a group of compounds with log Kow b 2, molecular
weight N 100 and pKa N 7, for which size exclusion is themain rejection
driving to a rejection prediction ranging from moderate to high.
Meanwhile, MDMA and MA belong to the group of compounds
with log Kow N 2, molecular weight N 100 and pKa N 7 for which hydro-
phobic interactions are the main rejection mechanisms, providing
moderate qualitative rejection prediction values (Verliefde et al.,
2007a).

3.1.1.3. Opioids. The opioids methadone (METH) and its metabolite 2-
ethylene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP) were detected
in three and two out of the four sampling points, respectively,
whereas heroin (HER), morphine (MOR) and the HER metabolite 6-
acetylmorphine (6ACM) were not detected at all (Table 4). Traces
of bothMETH and EDDPwere detected previously in a study conducted
in Spain (Valcárcel et al., 2012) and also in the previously mentioned
study performed in Europe (including Spain), South America and
Japan. This study showed similar mean values of METH in Spain
and South America (0.2 ng L−1) and lower values in Europe and
Japan (0.1 and b0.1 ng L−1 respectively). The metabolite EDDP showed
almost identical mean values in Europe, South America and Spain
(0.4 ng L−1) whereas they were 0.1 ng L−1 in Japan (Boleda et al.,
2011b). Previous studies have shown MOR to be completely removed
after a conventional treatment (pre-chlorination, sand filtration,
ozonisation and GAC filtration) (Boleda et al., 2009). METH has been
reported to be removed up to 80% with sand filtration being EDDP
much more persistent (11% elimination) and fully removed after
ozonisation process and GAC filtration (Boleda et al., 2011a). Previously
the same authors had reported poorer results after the conventional
treatment (88% elimination for EDDP and 91% for METH) with only 28
and 54% of removal, respectively, after sand filtration (Boleda et al.,
2009). Full removal has been also reported for both METH and EDDP
after RO (Boleda et al., 2011a). The results obtained in the present
study are in line with the above findings since comparatively higher
concentrations of these compounds were measured in the sampling
point (DWSP3) with only sand filtration plus disinfection (after the
pre-treatment with pre-chlorination, coagulation, flocculation and
decantation) than in the other sampling pointswhere these compounds
were either not detected (DWSP1) or detected at lower concentra-
tions (DWSPs 2 and 4) and where additional treatments (UFT plus
RO or ozonisation plus GAC filtration) are in place. The potential re-
action with amino moieties and with aromatic rings presumes good
removal efficacy in the ozonisation process while good removal effi-
cacy is expected in the GAC step for compounds with log Kow N 2.
MOR belongs to a group of compounds with log Kow b 2, molecular
weight N 100 and pKa N 7, pointing out size exclusion as the main
mechanism driving to a rejection prediction ranging from moderate to
high. Meanwhile, METH and EDDP, with log Kow N 2, molecular
weight N 100 and pKa N 7 are expected to bemainly removed by hydro-
phobic interactions, leading to moderate qualitative rejection predic-
tion values (Verliefde et al., 2007a).

3.1.1.4. Synthtetic cathinones, lysergic compounds, cannabinoids,
benzodiazepines, cyclohexanones. None of the compounds investigated
within these families were detected in the present study. To the
authors' knowledge, the synthetic cathinone mephedrone has never
been investigated in tap water before. Lysergic compounds and canna-
binoids were not found or found in low concentrations in a previous
study that analysed surface waters in the MR (Mendoza et al., 2014).
Benzodiazepines had been previously detected in tap water in Galicia
(Esteban et al., 2012), in the NW of Spain where alprazolam (ALP)
and lorazepam (LOR) were detected at concentrations of 11 and
562 ng L−1 respectively, and in United Kingdom and Italy, where diaz-
epam (DIA) was detected at concentrations up to 10 and 23.5 ng L−1

respectively (Jones et al., 2005). DIA has been reported to be easily ab-
sorbable with activated carbon and by UFT (Ternes et al., 2005). For
the cyclohexanone ketamine (KET) the same negative (not detected)
result shown in the present study was obtained in tap water in a previ-
ous study (Boleda et al., 2011b). This compound has been reported to be
fully removed both after ozonisation and RO (Boleda et al., 2011a).

3.1.1.5. Xanthines. CAF was detected in the four DWSPs with total
concentrations of 527, 89, 39 and 28 ng L−1 in DWSP3, DWSP4,
DWSP1 and DWSP2, respectively. These concentrations are higher
than those previously reported in themajority of the studies conducted
in the same region of Spain, with concentrations ranging from 3.4 to
75 ng L−1 (Esteban et al., 2014; Valcárcel et al., 2011, 2013), but similar
to the values reported by Boleda et al. in tapwater samples from 43 dif-
ferent Spanish cities, with amaximumvalue of 392ng L−1 (Boleda et al.,
2011b), and also higher than those reported in non-Spanish European
tap water, with a median value of 4.1 ng L−1 (Boleda et al., 2011b)
and a maximum value of 22.9 ng L−1 in France (Mompelat et al.,
2009). Values in Japan, with a median value of 37 ng L−1 (Boleda
et al., 2011b), and in China, with a maximum level of 564 ng L−1

(Leung et al., 2013), are in the same range of concentrations measured
in the present study. CAF had shown previously poor removal percent-
ages (38%) after typical pre-treatment plus sand filtration (Huerta-
Fontela et al., 2008), apparently due to a low reactivity with chlorine,
confirmed in other studies (Gibs et al., 2007; Stackelberg et al., 2004)
and partial removal by coagulation and flocculation. However, it ap-
peared to be quite well efficiently removed in the conventional treat-
ment, with removal percentages ranging from 67 to 97%, mainly
because of its reactivity with ozone (Boleda et al., 2011a; Hua et al.,
2006; Huerta-Fontela et al., 2008) rather than its adsorption during
GAC filtration (Huerta-Fontela et al., 2008), on the basis of its low log
Kow (−0.07) (Table 1), as well as in the advanced treatment (99%)
(Boleda et al., 2011a). Regarding RO efficacy, CAF, with log Kow b 2,
molecular weight N 100 and pKa N 7, is expected to be removed to a
moderate to high extent following mainly size exclusion processes
(Verliefde et al., 2007a). The results in the present study are in full
accordance with those previously reported as sand filtration treatment
showed worse results than ozonisation plus GAC filtration and
UFT plus RO, with clearly higher concentrations in DWSP3 (up to
502 ng L−1) than in the rest of the points (up to 50 ng L−1) (Table 4).

3.1.2. Cytostatic drugs
All the analysed cytostatic drugswere found at levels below the LOD.

Similar results were obtained in previous studies analysing cyclophos-
phamide (CP) and ifosfamide in tap water (Mompelat et al., 2011;
Valcárcel et al., 2011, 2013). Bleomycin was detected in tap water in a
study conducted in United Kingdom at a maximum concentration of
13 ng L−1 (Aherne et al., 1990).

Low administration dose, partial excretion rates in urine and natural
attenuation (dilution, biodegradation and photo-biodegradation) were
pointed out as possible reasons for the low occurrence of these drugs
in the water cycle (Mompelat et al., 2011). Another key factor is the
efficiency of the wastewater treatment to remove cytostatic drugs.
Removal of cytostatics by conventional wastewater treatments has
been proven unsatisfactory (Zhang et al., 2013). In contrast, GAC filtra-
tion showed nearly complete removal of CP in pre-treated surface
water (Verliefde et al., 2007b). Regarding RO, CP could be effectively
rejected (N90%) by polyamide RO membrane (Wang et al., 2009).
Finally, methotrexate has been shown to be quickly and effectively
removed from drinking water by ozonisation while CP removal needed
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comparatively much higher dosage and longer contact time (Garcia-Ac
et al., 2010).

3.1.3. Iodinated contrast media
Table 5 shows the frequency of detection, the median and the con-

centration range (minimumandmaximum levels) found for the various
ICM in the different drinking water points.

All compounds with the exception of iodixanol (IDX) and IPM
(iopamidol) were detected in at least one sample. Of all target ICM,
IDX is the compound showing the highest LOD (0.4 ng L−1). This LOD
is in the same range of the concentrations measured for the other
compounds, therefore, it may well occur that IDX is also present in the
samples but at not detectable concentrations. Meanwhile, IPM has
been detected in river waters with lower frequency and at lower con-
centrations than the other compounds suggesting a comparatively
lower use in hospitals and/or larger removal in wastewater treatment
plants (WWTPs), factors that could explain its lack of detection in tap
water in the present study (Zonja et al., 2015).

In contrast, iohexol (IOH) was found in all samples and the remain-
ing target ICM showed lower, variable frequencies of detection: 71% for
iopromide (IOP) in DWSP1, 57% for ditriazoate (DIAT) in DWSP4, and
29% for iomeprol (IOM) in DWSP3 (Table 5).

The point with the highest total concentration of ICM (considering
the sum of all monitored substances and days) was DWSP4 (Aranjuez)
with a total concentration of 20 ng L−1, followed by DWSP1 (Titulcia)
with 18 ng L−1, DWSP3 (Madrid City) with 12 ng L−1, and finally
DWSP2 (Alcorcón) with 7 ng L−1. In all the evaluated points the main
contribution was due to the presence of IOH with total concentrations
of this compound of 15 ng L−1 in DWSP1, 7 ng L−1 in DWSP2,
9 ng L−1 in DWSP3 and 17 ng L−1 in DWSP4. There was not a clear pat-
tern between the sampling points and the days with higher concentra-
tions, but in all sampling points, the concentration levels in weekdays
were higher than those detected during the weekends. Wednesday
was the day with the highest concentration of ICM in DWSP1 and
DWSP4, Tuesday in DWSP2 and Monday in DWSP3. These products
are used in hospitals for radiological and medical diagnosis purposes,
mainly fromMonday to Friday, so maximum concentrations in hospital
and wastewater treatment plant effluents have been previously report-
ed to occur also on weekdays (Drewes et al., 2001; Mendoza et al.,
2015).

Previous studies carried out in Germany, Spain, South Korea andUSA
showed the presence in drinking and tap water of IOP (in the range
between 4.6 and 40 ng L−1) and DIAT (between 60 and 1200 ng L−1)
(Boleda et al., 2013; Hirsch et al., 2000; Kim et al., 2007; Putschew
et al., 2000; Trenholm et al., 2006). Ozonisation and GAC filtration
seemed to be efficient for the removal of IOH and DIAT but not fully
effective for IOP with an elimination rate of 93% (Boleda et al., 2013).
IOP was also reported to be poorly retained in GAC with a 70% removal
efficiency (Mompelat et al., 2011). Previously, removal rates of only
30–60% were attained for ICM when treated with ozone, being consid-
erably increased until N90% with GAC filtration (Ternes et al., 2005).
Concerning RO efficacy, IDX, IOH, IOM, IPM and IOP belong to the
group of compounds with log Kow b 2, molecular weight N 100 and
Table 5
Frequency of detection (%) and concentration range and median (in ng L−1) of the ICM found

Drinking water sampling
points

DWSP1 DWSP2

Chemical group Compound Frequency Range Median Frequency Range

ICMa DIAT 0 − − 0 −
IOH 100 0.7–4.1 1.7 100 0.6–1
IOM 0 − − 0 −
IOP 71 0.4–1.0 0.5 0 −

Abbreviations: DIAT, diatrizoate; DWSPs, drinking water sampling points; ICM, iodinated contr
a Iodixanol and iopamidol were not detected.
pKa N 7 for which size exclusion is conceived to be the main rejection
mechanism, driving to a rejection prediction ranging from moderate
to high. Meanwhile, DIAT, with log Kow b 2, molecular weight N 100
and pKa b 7, belongs to a group for which charge repulsion is the
main mechanism driving to a very high qualitative rejection prediction
(Verliefde et al., 2007a).

3.2. Human health risk characterization

Although the occurrence of most of these pollutants in tap water is
well known, few studies have applied a health risk characterization to
these classes of EPs and their mixtures. Thus, the characterization pre-
sented in this study is very novel and provides useful information for
the needed future research. Furthermore, the environmental data used
correspond to actual levels of the compounds measured in the various
locations and times investigated instead of to predicted data.

No regulated drinking water guideline values are available for the
studied compounds. Consequently, provisional guideline values were
established for the twelve compounds found in the analysed tap water
in order to compare them with the maximum MEC measured for each
compound in each sampling point, thus obtaining BQs. Table 6 shows
the point of departure to calculate the provisional guideline values,
the uncertainty factors applied, the provisional guide values obtained
and the resulting BQs. For all the compounds found in tapwater the cal-
culated BQwas lower than 0.1 (Table 6) thus indicating that there is not
a potential human health concern if thewater was to be consumed over
a lifetime period and even that further investigation is not needed. The
compounds showing the highest BQ values were CO and BE in DWSP4
with 1.71E−02 and 1.06E−02 (Table 6), respectively. When mixtures
were considered all the families showed again BQ lower than 0.1, rang-
ing from 5.08E−04 to 2.77E−02 for cocainics, from 1.31E−04 to
1.32E−03 for opioids and from 6.40E−09 to 2.44E−8 for ICM. For
ATSs a BQ value of 4.09E−03 was obtained. These results support the
general idea that the target compounds do not pose a concern to
human health (Houtman et al., 2014; Leung et al., 2013; Mendoza
et al., 2014; Schriks et al., 2010; Snyder et al., 2010; Van der Aa et al.,
2011; Watts et al., 2007).

4. Conclusions

The results obtained have shown the presence of twelve out of the
forty-eight compounds studied in the analysed tap water from the
MR. The most abundant DA was caffeine with a maximum concentra-
tion of 502 ng L−1 followed by CO and BEwith 86 and 53 ng L−1 respec-
tively. Regarding ICM, IOH with a maximum concentration of 5 ng L−1

was the compound with the highest level. All the analysed cytostatic
drugs were found at levels below the LOD.

In terms of the type of treatment, ozonisation plus GAC filtration ap-
peared to be efficient in the removal of CO and BE in the present study.
This result is completely in accordancewith previous studies carried out
in Spain (Boleda et al., 2011a; Huerta-Fontela et al., 2008). Regarding
advanced treatment, RO showed to be effective for the removal of CO
and BE in a previous study (Boleda et al., 2011a) but this aspect could
in the investigated drinking water sampling points (DWSPs).

DWSP3 DWSP4

Median Frequency Range Median Frequency Range Median

− 0 − − 57 0.8–1.1 0.9
.6 0.9 100 0.9–1.8 1.3 100 0.5–5.0 2.5

− 29 1.1–1.4 1.3 0 − −
− 0 − − 0 − −

ast media; IOH, iohexol; IOM, iomeprol; IOP, iopromide.



Table 6
Point of departure, uncertainty factor (UF), DWEL, provisional guideline value (pGLV) and BQ calculated for each compound found in each drinking water sampling point (DWSP).

Compound Point of departurea

(mg Kg−1 bw day−1)
UFb DWEL (mg L−1) pGLVc

(mg L−1)
BQ References

DWSP1 DWSP2 DWSP3 DWSP4

CO 1.43 1000 0.05 0.005 2.42E−04 – 1.92E−04 1.71E−02 Postigo et al. (2011b)
BE 1.43 1000 0.05 0.005 3.10E−04 – 3.16E−04 1.06E−02
EPH 0.36 1000 0.013 0.0013 – – 5.54E−04 – Postigo et al. (2011b)
MDMA 1.43 1000 0.05 0.005 – – 2.94E−04 – Postigo et al. (2011b)
MA 0.43 1000 0.015 0.0015 – – 2.00E−03 – Postigo et al. (2011b)
METH 0.36 1000 0.013 0.0013 – 8.46E−05 2.39E−04 1.31E−04 Postigo et al. (2011b)
EDDP 0.36 1000 0.013 0.0013 – 1.54E−04 1.10E−03 –
CAF 1.5 100 0.525 0.0525 4.44E−04 2.12E−04 9.56E−03 1.10E−04 Leung et al. (2013)
DIAT 2860 10 10,000 1000 – – – 1.13E−09 Steger-Hartmann et al. (1999)
IOH 1071 10 3750 375 1.09E−08 4.27E−09 4.80E−09 1.33E−08 Schriks et al. (2010)
IOM 2860 10 10,000 1000 – – 1.40E−09 – Steger-Hartmann et al. (1999)
IOP 714 10 2500 250 4.00E−09 – – – Houtman et al. (2014)

a Point of departure: For CO, EPH,MDMA,MAandMETH average doses fromPostigo et al., 2011b have been used as point of departure. Formetabolites (BE and EDDP) averages doses of
their parent drugs have been used. For CAF the developmental effect (cleft palate) in rats exposed gestationallywasused as toxicity endpoint to deriveADI from Leung et al., 2013. For DIAT
and IOM safe doses of administration from Steger-Hartmann et al., 1999 have been used as point of departure. For IOH a safe dose of administration from Schriks et al., 2010 has been used
as point of departure. For IOP a safe dose of administration from Houtman et al., 2014 has been used as point of departure.

b UF: For cocainics, ATSs and opioids a UF of 1000 has been applied to extrapolate uncertainties, 10 as NO(A)EL is not available, 10 for intraindividual susceptibility and 10 for the quality
of data available. For CAF a UF of 100 has been applied, 10 for interspecies variability and 10 for intraindividual susceptibility. For ICMs a UF of 10 has been applied for intraindividual
susceptibility.

c pGLV: In bold the lowest pGLV for cocainincs, ATSs, opioids and ICMs taken as Group pGLV to evaluate the mixtures.
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not be reflected in the present study, as the sampling point coming from
the drinking water supply area with RO (DWSP4) showed the highest
concentrations. For the ATSs, opioids and caffeine the results obtained
in the current study showed better removal efficacy with ozonisation
plus GAC filtration and UFT plus RO than with the sand filtration
treatment.

The human health risk characterization performed showed no
potential human health concern if the analysed water was to be con-
sumed over a lifetime period. Despite this, the reported presence of
these compounds in tap water, the still limited information available
with regards to their occurrence in this matrix, the uncertainties associ-
ated to the data used for human health assessment, and other limita-
tions, such as the punctual nature of the samples investigated, point
out the need to investigate further the occurrence of drugs in tap
water, their variability in time and space, and the associated uncertainty
factors (UFs). Additionally, studies of mixtures of drugs to analyse their
combined effects are scant and necessary in the near future.
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