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Abstract Organic micropollutants present in drinking water
(DW)maycauseadverseeffects forpublichealth, andso reliable
analyticalmethods are required to detect these pollutants at trace
levels inDW.Thisworkdescribes the firstgreenanalyticalmeth-
odology for multi-class determination of 21 pollutants in DW:
seven pesticides, an industrial compound, 12 pharmaceuticals,
and a metabolite (some included in Directive 2013/39/EU or
Decision 2015/495/EU). A solid-phase extraction procedure
followed by ultra-high-performance liquid chromatography
coupled to tandem mass spectrometry (offline SPE–UHPLC–
MS/MS) method was optimized using eco-friendly solvents,
achieving detection limits below 0.20 ng L−1. The validated an-
alytical method was successfully applied to DW samples from
different sources (tap, fountain, and well waters) from different
locations in the north of Portugal, as well as before and after
bench-scale UVand ozonation experiments in spiked tap water
samples. Thirteen compounds were detected, many of them not
regulated yet, in the following order of frequency: diclofenac >
norfluoxetine > atrazine > simazine > warfarin > metoprolol >
alachlor > chlorfenvinphos > trimethoprim > clarithromycin ≈
carbamazepine ≈ PFOS > citalopram.Hazard quotientswere al-
so estimated for the quantified substances and suggested no ad-
verse effects to humans.
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Introduction

Many micropollutants are not completely removed during
conventional domestic wastewater treatment and are
discharged into water bodies (such as rivers) that are then used
to supply drinking water treatment plants (DWTPs) providing
tap water. Amoxicillin, naproxen, metoprolol, phenacetin,
indomethacin, sulfamethoxazole, and caffeine are some of
these refractorymicropollutants, and despite their low concen-
trations in DW, they are of increasing public health concern
[1, 2].Moreover, even if public health effects are not expected,
chemical compounds may cause ecotoxicological adverse
effects after long-term exposure, particularly when present as
complex mixtures [3, 4].

Some regulations on water pollution have been published in
recent years. In the particular case of the European Union (EU),
the requirements for a good chemical status of groundwater have
been set out in Directive 2006/118/EC [5] and the values for
wholesome and clean water for human consumption in
Directive 1998/83/EC [6]. Moreover, the EU identified surface
water protection as one of the top work priorities due to the in-
creasing demand for water protection and treatment by environ-
mental organizations and the general public. Directive 2000/60/
EC [7]was the first mark in the Europeanwater policy, which set
up a strategy todefinehigh-risk substances tobeprioritized.A set
of 33 priority substances/groups of substances (PSs) and the re-
spective environmental quality standards (EQS) were ratified by
Directive 2008/105/EC [8]. In 2013, Directive 39/2013/EU [9]
recommended attention to the monitoring and the progress of
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innovative water/wastewater treatment technologies, identifying
45 PSs to meet requirements for the protection of the aquatic
compartments and human health. More recently, a set of sub-
stances for EU monitoring in surface water bodies was defined
in theWatchList ofDecision 2015/495/EU [10]. The occurrence
and removal of these substances was already reviewed [11].
However, reports focused on the determination of organic
micropollutants in DW, and in particular regarding contaminants
ofemergingconcern(CECs),arestill scarceandmostcountriesdo
not have monitoring programs to routinely determine these
micropollutants. In fact, the analytical challenge of measuring
pollutants at low concentrations in environmental matrices, such
assludgeandwastewater [12,13],hasbeenamajorresearchfocus
for scientists in recent decades, but much less attention has been
given toDW[14]. In this context, it is crucial to develop sensitive
andreproducibleanalyticalmethodsthatenablethedetermination
of organicmicropollutants belonging to different classes in DW.

The employment of an accurate and precise sample prepa-
ration as well as analytical techniques with high standards of
sensitivity and reproducibility, such as ultra-high-performance
liquid chromatography (UHPLC), is required to assess the
occurrence and respective removal of micropollutants after
water treatment. Hyphenated chromatography–mass spec-
trometry techniques are presently the methods of choice for
DW analysis (Electronic Supplementary Material (ESM)
Table S1), with only few works dealing with both pharmaceu-
ticals and pesticides [15, 16], somewith pesticides and/or their
metabolites [17–19], and most referring only to pharmaceuti-
cals and/or their metabolites [14, 20–27]. Considering the re-
sources and time consumed in these tasks, new analytical
methods should incorporate multi-residue and environmental-
ly friendly approaches, being able to determine trace levels of
a wide range of chemically heterogeneous compounds and
simultaneously reduce the cleanup and extraction steps using
green solvents [28, 29].

Green chemistry principles were introduced in the 1990s,
aiming to reduce the environmental impact of diverse chemical
activities, including those used in research [30, 31]. In this sce-
nario, green analytical chemistry (GAC)plays an important role,
e.g., by reducing hazardous wastes, using reusable materials,
and/or employing Beco-friendly solvents^ or Bgreen solvents^.
The last two terms refer to solvents that have a lower environ-
mental impact resulting from their production, use, and disposal
(life cycle assessment), and/or that allow health and safety im-
pacts to be minimized [32]. Themain goals of GAC include the
multi-analyte determination and the development of new (or
modification of) analytical methodologies through the replace-
ment of toxic reagents by smaller amounts of safer reagents,
preferentially obtained from renewable sources [29, 32].
Several strategies have been used in LC–MS/MS, such as the
reduction of the internal diameter and particle size (sub-2μm)of
chromatographic columns (to diminish eluent consumption),
and the replacement of conventional mobile phases (consisting

of acetonitrile and/ormethanol) by environmental friendly alter-
natives like water, ethanol, and carbon dioxide in the particular
case of supercritical fluid chromatography [30, 33].

The aim of this workwas the optimization and validation of
an eco-friendly analytical method based on offline SPE-
UHPLC–MS/MS for the multi-class determination of organic
micropollutants (12 pharmaceuticals, one metabolite, seven
pesticides, and one industrial compound) in DW from north-
ern Portugal. The targeted organic contaminants (ESM
Table S2) were selected on the basis of their inclusion in EU
regulations; some of the compounds are specified in Directive
2013/39/EU or in the Watch List of Decision 2015/495/EU.
The selected micropollutants were previously reported as tox-
ic and frequently found in the aquatic environment [14, 20,
34]. The occurrence of the multi-class contaminants was in-
vestigated for the first time in DW samples from different
sources (tap, fountain, and well waters) and locations in north-
ern Portugal, and the related hazard quotients (HQs) were
determined. The HQs evaluation for these micropollutants
could be a predictive way to assess the human health risk of
exposure to CECs, but only a few reports focused on this
approach for organic contaminants in DW [2, 14, 34–37].
The efficiency of two processes (UVand ozonation) typically
employed for DW disinfection and/or degradation of organic
pollutants in DWTPs was also verified using the analytical
strategy proposed.

Experimental

Chemicals and materials

All referencestandards(diclofenacsodium,tramadolhydrochlo-
ride,azithromycindihydrate,clarithromycin, trimethoprim,war-
farin, clopidogrel hydrogen sulfate, metoprolol tartrate, carba-
mazepine, citalopram hydrobromide, venlafaxine hydrochlo-
ride, fluoxetine hydrochloride, norfluoxetine oxalate, alachlor,
atrazine, simazine, isoproturon, chlorfenvinphos, pentachloro-
phenol, clofibric acid, and perfluorooctanesulfonic acid; >98%
purity) were purchased from Sigma-Aldrich (Steinhein,
Germany). Individual stock solutions of approximately
1000mgL−1were prepared inmethanol, ethanol, or acetonitrile,
depending on the solubility of each analyte. Two working stan-
dardsolutionscontainingall the target analytesat200μgL−1and
20 μg L−1 were prepared by diluting each stock solution in eth-
anol.Surrogatestandards(ketoprofen-d3, fluoxetine-d5 solution,
andatrazine-d5)werepurchasedfromSigma-Aldrich(Steinhein,
Germany). Individual stock solutions of 1000 mg L−1 of the
isotopically labeled internal standards ketoprofen-d3 and atra-
zine-d5 were prepared in methanol, the same solvent as the flu-
oxetine-d5 solution. An ethanolic working solution containing
1 mg L−1 of each isotopically labeled internal standard was
prepared.
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Methanol and acetonitrile (MS grade) were obtained from
VWR International (Fontenay-sous-Bois, France). Ethanol
(HPLC grade) and ethylenediaminetetraacetic acid (EDTA)
(99 %) were acquired from Fisher Scientific UK Ltd.
(Leicestershire, UK). Sodium thiosulfate and L-ascorbic acid
(99 %) were purchased from Sigma-Aldrich (Steinhein,
Germany). Ammonium acetate, ammonium hydroxide 25 %,
sulfuric acid, and formic acid were obtained from Merck
(Darmstadt, Germany). Ultrapure water was supplied by a
Milli-Q water system (resistivity of 18.2 MΩ cm, at 25 °C).
HPLC-grade solvents were filtered with 0.22-μm nylon mem-
brane filters (Membrane Solutions, TX, USA). Oasis® HLB
(Hydrophilic-Lipophilic-Balanced), Oasis® MCX (Mixed-
mode Cation eXchange), and Oasis® MAX (Mixed-mode
Anion-eXchange) cartridges (150 mg, 6 mL), obtained from
Waters (Milford, MA, USA), were tested for SPE optimiza-
tion. A pHenomenal® pH 1100L pH meter (VWR, Germany)
was used for the pH adjustments.

Sample preparation

Tap water samples were collected from the water supply net-
work for use as matrix for the SPE optimization and method
validation. The vacuum extraction and drying devices
LiChrolut® used for SPE procedure were acquired from
VWR (Merck Millipore, Billerica, MA, USA). In order to
assess the best performance of SPE cartridges to extract the
overall compounds, SPE optimizationwas performed by com-
paring Oasis® HLB, MCX, and MAX cartridges. Oasis®
MAX and MCX cartridges were conditioned sequentially
with 4 mL of methanol and 4 mL of ultrapure water at a flow
rate of 1 mL min−1. For HLB cartridges, the conditioning was
performed at the same flow with 4 mL of methanol or ethanol
and 4 mL of ultrapure water. The sample pH was optimized
for HLB cartridges using methanol as conditioning solvent by
comparing the recoveries achieved with initial sample pH ad-
justed to 3, 7, and 9. For MAX and MCX SPE procedures,
samples were respectively alkalinized to pH 9 or acidified to
pH 3, before loading. The pH adjustments were done with
ammonium hydroxide or sulfuric acid. Sample loading was
carried out with 250 mL of blank and spiked (35 ng L−1) tap
water samples at a constant flow rate of 10 mL min−1, using
the vacuum manifold unit connected to a vacuum pump. The
washing step was performed with 4 mL of ultrapure water,
5 % ammonium hydroxide aqueous solution, or 2 % formic
acid aqueous solution for HLB, MAX, and MCX, respective-
ly. After the washing steps, the cartridges were dried under
vacuum for 45 min. The elution step was performed at a flow
rate of 1 mL min−1 with 4 mL of methanol or ethanol for
Oasis® HLB cartridges, 4 mL of methanol to extract the neu-
tral compounds and weak bases in the case of Oasis® MAX,
and neutrals and weak acids in the case of Oasis® MCX. A
second elution was performed for mixed-mode cartridges

Oasis® MAX and MCX with a 2 % formic acid methanolic
solution (elution of acids) or 5 % ammonium hydroxide meth-
anolic solution (elution of basic compounds), respectively.
The LiChrolut® drying device was coupled to the vacuum
extraction unit to evaporate the extracts to dryness with a
gentle nitrogen stream. The dry residues were reconstituted
in 300 μL of ethanol and the ethanolic extracts were filtered
using 0.22-μm polytetrafluoroethylene syringe filters
(Membrane Solutions, TX, USA). To assess the breakthrough
volume, sample loading was tested with three volumes of non-
spiked (blanks) and 35 ng L−1 spiked tap water samples, name-
ly 250, 500, and 1000 mL, using the optimized SPE procedure.
In order to improve the recovery rates, the chelating agent
EDTA (100 mg L−1) was tested as well as two dechlorination
agents, ascorbic acid (10 mg L−1) and sodium thiosulfate
(30 mg L−1). Analysis of reuse efficiency for the optimized
SPE protocol was performed in three consecutive days.

UHPLC–MS/MS

A Kinetex™ 1.7 μm XB-C18 100 Å column (100 × 2.1 mm,
i.d.) (Phenomenex, CA, USA) was used and different mobile
phases were tested (acetonitrile, ethanol, or methanol as or-
ganic phase and ammonium acetate, formic acid aqueous so-
lutions, or water as aqueous phase). The optimized mobile
phase was ethanol/water (70:30, v/v), pH 7.0, performed in
isocratic mode using a flow rate of 0.20 mL min−1. Column
oven and autosampler temperatures were set respectively at 35
and 4 °C, and the volume of injection was 5 μL. An
electrospray ionization source was used operating in both pos-
itive and negative ionization modes. The precursor ion and the
two most abundant fragments were used for quantification by
selected reaction monitoring (SRM) and identification (ESM
Table S3). The mass spectrometer parameters declustering
potential, collision energy, and collision cell exit potential of
each analyte are described elsewhere [38]. The optimized con-
ditions for MS parameters, using argon at 230 kPa as CID gas,
were 2.5 dm3 min−1 for nebulizing gas flow, 10 dm3 min−1 for
drying gas flow, 0.5 kV for capillary voltage, 450 °C for
source temperature, and 200 °C for desolvation temperature.

Quality assurance/quality control

The offline SPE–UHPLC–MS/MS method validation was
performed according to the international guidelines [39] and
previous works [38, 40, 41], through the evaluation of the
following parameters: selectivity, linearity and range, limits
of detection and quantification, accuracy, precision, and re-
covery. Chromatograms of non-spiked tap waters (blank ex-
tracts), standards extracted from the spiked tap waters at 35 ng
L−1, and an ethanolic solution containing all the standards at a
concentration corresponding to the theoretical concentration
after SPE were compared to assess the selectivity. For
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recovery experiments, three quality control (QC) standard so-
lutions were prepared in triplicate in three consecutive days by
extracting tap water samples spiked with three different con-
centrations (3.5, 15, and 35 ng L−1). The peak areas of the
standards extracted from the spiked tap waters were compared
with those of ethanolic solutions containing all the standards
at the theoretical concentration of recovered extracts to assess
the recovery of each SPE procedure. For target compounds
detected in the blank matrix, the peak areas were subtracted
from those obtained with the spiked matrix.

The internal standard calibration method was used to de-
fine the linearity and range for each target analyte. Triplicates
of 250 mL tap water samples spiked with seven different stan-
dard concentrations (0.75, 1.5, 2.0, 4.0, 8.0, 20, and 40 ng L−1)
were prepared, the pH was adjusted to 3, and sodium thiosul-
fate solution was added to obtain a concentration of 30 mg
L−1. Then 10 μL of a working internal standards solution of
1 mg L−1 was added to each sample. These standard solutions
were extracted by the optimized SPE procedure and
reconstituted in 300 μL of ethanol to create the calibration
curves by injecting 5 μL into the UHPLC apparatus.
Method detection (MDL) and quantification (MQL) limits
were determined as described elsewhere [38, 41], spiking wa-
ter samples prior to the SPE procedure with ethanolic standard
solution to achieve successively diluted samples. The mini-
mum detectable amount of each compound giving a signal-to-
noise (S/N) ratio of 3.3 and 10 gave MDL and MQL, respec-
tively. The three triplicate QC solutions, described above,
were also used to evaluate the accuracy of the method as well
as the precision (intra- and interbatch). The concentrations of
the analytes in the SPE extracts calculated using the calibra-
tion curves were compared with the nominal concentration, in
percentage, to determine the accuracy. The relative standard
deviation (RSD) of the intra- and interbatch replicate analyses
expressed the precision of the method [42, 43]. In order to
evaluate the possible carry-over effect, ethanol was injected
after each set of triplicates. The stability of the compounds
was assessed by calculating the RSD of the three QC extracts
stored at 4 °C in the autosampler 24 and 48 h after
reconstitution.

Matrix effect

The post-extraction addition method was used to assess the
matrix effect [38, 41, 43]. The method was carried out on tap
water samples, by comparison of three post-spiked extracts of
blank samples and three extracts of non-spiked blank samples,
using the optimized SPE procedure. The matrix effect (ME)
was calculated as the ratio of the peak areas obtained for blank
extracts spiked after SPE, subtracting those of the non-spiked
blanks (A) and the peak areas of the standards solution with a
similar concentration as the post-spiked extracts (B) through
the following equation: ME (%) = A/B × 100 [41, 43]. The

absence of matrix effect, the ionization enhancement, and
the ionization suppression are given respectively by values
of 100 %, >100 %, or <100 %.

Application to drinking water samples and chemical
treatment

Grab DW samples from different sources, namely tap water
(n = 13), fountain water (n = 5), and well water (n = 5), were
collected at the end of May 2015 from various locations in
northwest Portugal and analyzed by the proposed method.
Samples were immediately stored at 4 °C until extraction,
which was performed within 24 h. Before SPE, samples were
acidified with sulfuric acid (pH 3), and sodium thiosulfate was
added to each sample (30 mg L−1) to reduce any residual
chlorine that might be added as a disinfectant.

Tapwater samples collected from the water supply network
were spiked with the target analytes at 30 ng L−1 to assess the
applicability of the present UHPLC–MS/MSmethod to assess
the removal of the target micropollutants by chemical process-
es. UV and ozonation experiments were performed as de-
scribed elsewhere [44], and the removal of the target
micropollutants was evaluated after 30min using a 1 L reactor
loaded with 750 mL of the spiked samples under magnetic
stirring at 350 rpm.

Human health risk assessment

For those substances found in DW, a preliminary human
health risk assessment was performed through the estimation
of the HQ according to previous works [35, 45]. HQ is given
by the quotient of the estimated daily intake (EDI) and the
acceptable daily intake (ADI):

HQ ¼ EDI

ADI
ð1Þ

where EDI values were calculated for the higher concentration
of each substance quantified in tap, fountain, or well water as
follows:

EDI ¼ Concentration� Ingestion rate

Body weight
ð2Þ

by considering an average body weight of 70 kg for adults
based on the average life expectancy at birth of the global
population in 2013 of the World Health Organization and a
water intake of 2 L day−1 [35]. ADI for each pesticide was
based on the Australian ADI list [46], whereas the values for
pharmaceuticals were calculated from Eq. 3:

ADI ¼ ADD

AF
ð3Þ
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where ADD is the average daily dose and AF is an assessment
factor of 1000, which accounts for 10 from intraspecies vari-
ability, 10 for sensitivity in susceptible population groups, and
10 for the differences between the ADD and the no observed
effect concentration [35, 37].

Results and discussion

UHPLC–MS/MS optimization

Chromatographic separation was optimized using a sub-
2-μm-particle Kinetex™ column, allowing short and high res-
olution chromatographic runs. Since the present work deals
with different groups of compounds with a vast range of phys-
icochemical characteristics (ESM Table S2), the ideal mobile
phase for certain target compounds might lead to low sensi-
tivity for many other analytes. The mobile phase consisting of
ethanol and ultrapure water gave the best signal intensity and
symmetric peaks as previously found for a wastewater matrix
[38]. The variation of organic/aqueous phase proportion and
flow rate was optimized, and a mixture of ethanol and ultra-
pure water (70:30, v/v) was used with a flow rate of 0.20 mL
min−1 in isocratic mode. The column oven temperature was
set at 35 °C, thereby improving the resolution and peak shape
of the analytes and reducing the analysis time to 15 min be-
cause raising the temperature reduces the viscosity of the mo-
bile phase.

MS/MS optimization

The tandem MS detection using a triple quadrupole enabled
the simultaneous quantification of the 21 analytes at trace
levels, as well as confirming their identity. The precursor ions
of each compound were selected through the flow injection
analysis of each target analyte in full scan mode, under both
positive and negative modes. From all the compounds studied
in this work, 18 compounds and two internal standards had a
higher intensity under positive mode of ionization, with the
protonated molecular ion of each compound [M+H]+ chosen
as precursor ion, whereas four substances (three compounds
and one internal standard) were more intense in the negative
ionization mode using the deprotonated molecular ion of each
compound [M−H]− as precursor ion. Most compounds pre-
sented two or more SRM; the most abundant product ion from
each precursor ion (SRM1)was selected for quantification and
the second most abundant (SRM2) was monitored for identity
confirmation (ESM Table S3), with a scan time of 100 ms per
transition. In order to confirm the identity of the compounds,
both the retention time (Table 1) and the ion ratio
(SRM1/SRM2) of each analyte were used, according to
European Commission Decision 2002/657/EC. Two pharma-
ceuticals and one pesticide (tramadol, fluoxetine, and

pentachlorophenol) had a poor fragmentation and only one
SRM was monitored, a drawback overcome by the internal
standard calibration using the respective surrogate standard.

SPE optimization

A detailed optimization study was carried out on the most
relevant parameters that affect recovery rates and matrix ef-
fects, namely the sample pH, the extraction solvents, the type
of cartridges, the sample volume, and the addition of chelating
and dechlorination additives. Preliminary studies were per-
formed to evaluate the performance of different sample pH,
by extracting 250 mL of tap water samples through the versa-
tile Oasis® HLB cartridges. The water samples were adjusted
to different pH (3, 7, and 9) and extracted using a conventional
solvent, i.e., methanol, as conditioning and eluting solvent.
Acidic pH provided higher recoveries for acidic compounds,
and in particular for pesticides and some pharmaceuticals
(ESM Fig. S1); whereas, basic analytes were recovered better
at higher pH, but a lower influence of pH on the extraction
efficiencies was found for these compounds. Thus, the best
compromise was to adjust the sample pH to 3 in order to get
the best recovery for as many analytes as possible.

Recoveries of Oasis®MCX cartridges useful for extraction
of basic compounds and Oasis®MAX adequate for extraction
of acidic compounds were then compared to Oasis® HLB
cartridges. A recovery higher than 70 % was achieved using
Oasis® MCX for the antidepressants (citalopram,
venlafaxine, fluoxetine) and for trimethoprim (Fig. 1). These
results were expected owing to the high pKa of these com-
pounds (near 9). Clofibric acid and diclofenac were better
recovered when extracted by Oasis® MAX cartridges
(Fig. 1), owing to their acidic nature (pKa values of approximate-
ly 4). However, the versatile Oasis® HLB cartridges suitable for
most compounds (acidic, basic, and neutrals) provided higher
recoveries for most analytes (Fig. 1), as observed in other works
[15, 20]. Thus, Oasis® HLB was the adsorbent selected for the
next recovery experiments, using sample pH adjusted to 3.

Different sample volumes were tested (250, 500, and
1000 mL) using Oasis® HLB cartridges and sample pH ad-
justed to 3 to determine the breakthrough volume, the volume
that allows the maximum extraction efficiency and from
which extraction efficiency declines [41]. A sample volume
of 250 mL provided the highest recoveries for the majority of
the compounds, except for fluoxetine and norfluoxetine, and
was therefore selected as the optimized sample volume (data
not shown). Although a higher volume would give a theoret-
ical higher enrichment factor, the results showed that recovery
rates for most compounds decreased using higher sample vol-
umes because of the aforementioned phenomenon of decrease
of extraction efficiency above the so-called breakthrough vol-
ume, as previously described [47]. Although a clean matrix
was studied in the present work, it is reported in other studies

LC-MS/MS analysis of multi-class micropollutants in drinking water
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dealing with different matrices that even when using the same
method, the recovery is not always better for matrices that are
supposed to be cleaner [20, 48].

Afterwards, Oasis® HLB cartridges were employed to ex-
tract 250 mL of tap water samples at pH 3 (optimized for
methanol) using ethanol as conditioning and elution solvent
because of the known toxicity of methanol, usually used for
SPE. Ethanol (Fig. 2) gave recoveries slightly higher than
methanol (Fig. 1) for the majority of compounds. Moreover,
ethanol is considered a Bgreen^ solvent, i.e., minimizes the
environmental impact resulting from the use of solvents, and
follows the guidelines of GAC [28, 29]. In fact, several
methods reported in the literature employ solvents such as
methanol or acetonitrile, presenting high toxicity [14, 15, 20,
22, 23, 27]. Thus, ethanol was selected as solvent for the next
experiments. This is the first SPE procedure proposed for
extraction and cleanup of DW samples that employs ethanol
as extracting and eluting solvent.

Subsequently, the chelating and dechlorination effects were
studied. Whilst a solution of EDTA was added to the water
samples to test the chelating effect, ascorbic acid or sodium
thiosulfate was added to assess the dechlorination effect.
Regarding to the addition of EDTA, it was possible to verify
a slight improvement in the extraction efficiency of a few
compounds (Fig. 2), compared with the results obtained for
samples without additive, namely for chlorfenvinphos,
clofibric acid, trimethoprim, and diclofenac. This could be

explained by the fact that these compounds might bind to
residual metals present in the sample matrix, resulting in lower
extraction recoveries [20]. By adding EDTA, soluble metals
bind to the chelating agent, increasing the extraction efficien-
cy of some compounds that are available to be extracted and
detected [20]. This phenomenon was previously observed in
DW by several authors [14, 20, 23]. Concerning the dechlo-
rination agents, the addition of sodium thiosulfate increased
the overall extraction recoveries (Fig. 2), probably because it
reduced the residual chlorine that had been added as a disin-
fectant in the DW supply [22]. The effects of filtering and/or
aeration of the water samples and the simultaneous addition of
EDTA and sodium thiosulfate were also studied; however, the
recovery efficiency was not improved. Therefore, sodium
thiosulfate was used before SPE to enhance the recovery rates.

The main objective of the optimization of the sample prep-
aration methodology was the development of a single SPE
procedure, allowing the extraction of a large group of com-
pounds with different physicochemical characteristics. As a
result, and according to the higher recoveries obtained for
most of the target compounds, the selected conditions were
Oasis® HLB cartridges, ethanol as conditioning and eluting
solvent, and 250 mL of water samples (pH 3) with sodium
thiosulfate at 30 mg L−1 as dechlorination agent.

The recoveries obtained for reuse performance assessment
of the cartridges showed that each reuse led to a loss of reten-
tion capacity of the cartridges, reflected by the decrease of the

Fig. 1 Recoveries obtained for the target analytes with the following SPE conditions: HLB, MAX, andMCX using methanol and extracting 250 mL of
tap water samples, adjusted to pH 3 for HLB and MCX and pH 9 for MAX cartridges
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recoveryof thecompounds.Thefirst reuseof thecartridges led to
an average decrease of 14% in the recovery efficiency. The loss
was higher for the second reuse,with a decrease of approximate-
ly 50% in the recovery rates. Here, it was verified that although
claimedby the supplier, reuse of cartridges is not a goodpractice
for analytical purposes that require a high reproducibility.

Matrix effect

The matrix effect was determined by the post-extraction addi-
tion method to assess the influence of the matrix in the ioni-
zation process occurring in the ionization source of the mass
spectrometer [38]. The percentage ratio between the post-
spiked blank extracts and ethanolic standard solutions was
between 19.1 % and 193 %. Although DW is considered a
clean and simple matrix, a wide range of values was found for
the matrix effect. Cotton et al. [49] also reported high matrix
interferences for many compounds; only less than half of the
analytes had matrix effect values within 80–120 %. When
LC–MS/MS methods are developed to determine various
micropollutants in different matrices, e.g., DW, surface water,
and wastewater, matrix effects are usually calculated for only
one of these matrices. Most compounds presented signal sup-
pression, i.e., matrix effect < 100 %, namely diclofenac,
azithromycin, clarithromycin, trimethoprim, clopidogrel,

carbamazepine, atrazine, simazine, isoproturon, pentachloro-
phenol, clofibric acid, and PFOS (Table 1). Tramadol, meto-
prolol, citalopram, and venlafaxine had a slight ionization en-
hancement (matrix effect > 100 %) while the signal of warfa-
rin was highly increased. Compounds with almost no matrix
effect, under the conditions of the current work, were fluoxe-
tine, norfluoxetine, alachlor, and chlorfenvinphos.

Quality assurance/quality control

The trends ofGACwere applied in the chromatographic optimi-
zation, namely theuseof lowvolumesof non-toxic solvents [28,
29]. Enhancedproductivity and reduced cost are themain objec-
tives for routine analysis, both being possible using stationary
phases with reduced column length and diameter [30, 33]. Also
thenew instruments operatingat higher pressure allow theuseof
moreviscous solvents such as ethanol,which is less volatile than
acetonitrile and has less toxicity and lower disposal costs than
both acetonitrile and methanol, complying with the trends of
GAC. The short run time and the low volume of a non-toxic
organic phase such as ethanol are a great achievement in the
method development, in comparison to chromatographic
methods for DWanalysis using methanol [15, 20, 21] or aceto-
nitrile [14, 22, 23, 27] as organicmobile phases, aswell asmeth-
anol as solvent for conditioning and eluting the SPE cartridges

Fig. 2 Recoveries obtained for the target analytes with the following SPE conditions: HLB cartridges using ethanol, extracting 250 mL of tap water
samples, adjusted to pH 3, without additives, with sodium thiosulfate, or EDTA as additives
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[14, 15, 20, 22, 23]. In the present work, 21 compounds with
diverse chemical nature (seven pesticides, one industrial com-
pound, 12 pharmaceuticals, and one metabolite) were deter-
mined in a single run (ESMFig. S2a, b). In the limited literature
for DW analysis, the number of compounds analyzed by LC–
MS/MS varies up to ca. 80, most reports deal with pharmaceuti-
cals only [14, 20–23, 27], and a couple of them deal with both
pharmaceuticals and pesticides [15, 16].

The offline SPE–UHPLC–MS/MS method was validated
according to the international guidelines [39] and works pub-
lished elsewhere [38, 41, 50], regarding recovery, accuracy,
intra and inter-batch precision (Table 1). The recovery of the
target analytes using the optimized SPE procedure was
assessed after preconcentration of blank samples and 35 ng
L−1 spiked samples. The recoveries evaluated for the DW
matrix were reproducible and between 22.4 % and 139 %
(Fig. 2). Peak areas of the target analytes found in the DW
blank matrix were deducted for recovery rate evaluation. The
dissimilar recoveries are due to the wide chemical nature of the
target compounds and were taken into account, using the
matrix-matched calibration curves and addition of internal
standards before SPE. For instance, Gros et al. [20] developed
a multi-residue analytical method, with similar recoveries
values for DW, namely for cimetidine (24 ± 16.5 %). In that
work, recovery values for the same compounds were higher in
other matrices such as surface and wastewaters. López-Serna
et al. [48] also reported some low values of recovery (<10 %)
for groundwater, and higher recoveries for matrices presum-
ably more affected by interferents. Accuracy and intra- and
interbatch precision were evaluated by analysis of the QC
extracts. The accuracy ranged from 80.6 % to 119 %
(Table 1), which is within the range of 80–120 %, according
to the international criteria [39]. RSD of the triplicate measure-
ments of the three QC was used to guarantee the precision of
the method (Table 1), with intrabatch precision less than
15.2 % and interbatch precision less than 14.8 %, meeting
the international guidelines (RSD lower than 15 % or 20 %
for the lower concentration QC) [39]. RSD of the triplicate
analysis of the three QC samples after 24 and 48 h of recon-
stitution was lower than 5 %. The calibration curves were
generated using the internal calibration method through spik-
ing samples with isotopically labeled internal standards before
SPE extraction. Three internal standards were used for three
sets of compounds that were defined depending on the acid/
basic nature (see ESM Table S3), as in other published works
dealing with multi-class determination [14, 20, 27], which use
an internal standard for each set of compounds owing to the
high cost for routine environmental monitoring and difficulty
in finding suitable internal standards for each compound in a
series of compounds with distinct properties. The coefficients
of determination of the calibration curve extracts were higher
than 0.99 in the range of 0.75–40 ng L−1 for all compounds
(Table 1). The MDL and MQL were 0.01–0.20 ng L−1 and

0.04–0.61 ng L−1, respectively, allowing one to detect the
target contaminants at residual concentrations (few nanograms
per liter levels).

Quantification of micropollutants in DW

The developed offline SPE–UHPLC–MS/MS method was ap-
plied to DW samples collected at the end of May 2015, from
various locations of northwest Portugal and from different
sources (Table 2), namely tap water (n = 13) (ESM Fig. S2c),
fountain water (n = 5), and well water (n = 5). Of the 21 inves-
tigated chemicals, 13 were detected in DW samples at nano-
gram per liter levels, which is consistent with concentrations
reported in other studies [14, 15, 20–23, 27, 51]. The most
common chemicals observed were diclofenac, trimethoprim,
warfarin, metoprolol, norfluoxetine, atrazine, and simazine.

Regarding tapwater, diclofenac,warfarin, norfluoxetine, atra-
zine,andsimazinewere thecompoundsmost frequentlydetected.
The micropollutants found at the highest concentrations were
diclofenac and the pesticide chlorfenvinphos considered a PS,
althoughwell below the 0.1μg L−1 required for single pesticides
inDirective1998/83/EC[6].Concerning fountainwater samples,
diclofenac and atrazine were the most commonmicropollutants,
being also foundat thehighest concentrations.The results obtain-
ed for well water samples showed that diclofenac was quantified
in all the samples. Diclofenac, carbamazepine, and the PS sima-
zinewere those found at the highest concentrations.

The comparison of the results obtained in this work with
similar studies conducted by other authors (ESM Table S4) is
difficult, since the consumption of pharmaceutical compounds
as well as the intensity of agricultural and industrial activities
vary among different regions. Carbamazepine, caffeine, ibu-
profen, and sulfamethoxazole were often reported in DW,with
carbamazepine being the most frequently found up to 40 ng
L−1 [14, 15, 20–23, 27, 51]. Other compounds such as ateno-
lol, clofibric acid, azithromycin, erythromycin, fluoxetine, and
diclofenac were also detected but at very low levels [15, 20,
21, 23, 27]. It is important to emphasize the need for revision
of the European policy regarding tap water, considering that
Directive 1998/83/EC is outdated in view of the studies re-
ported in the last decade. The more recent Directive 2013/39/
EU regulates surface waters, demanding more rigorous ac-
ceptable values than Directive 1998/83/EC [6] regulating wa-
ter for human consumption. The same issue should be consid-
ered for groundwater regulated by Directive 2006/118/EC [5],
considering that fountain and well waters used for human
consumption can be sourced from this type of water.

Human health risk assessment

The maximum values of each micropollutant in DWwere used
to estimate the respective HQ. This prediction gives insights
about the human health risk assessment by evaluating the

LC-MS/MS analysis of multi-class micropollutants in drinking water



probability of adverse effects: HQ values below 0.1 indicate no
expected adverse effects; values between 0.1 and 1.0 suggest
potential for adverse effects that should be considered, despite
the low risk; HQ values ranging from 1.0 to 10 indicate adverse
effects or mild risk; a high risk is assumed only for HQ values
above 10 [35]. The maximum measured concentrations ob-
served for the targeted chemicals found in DW (Table 2) were
used to calculate EDI, predicting the worst case scenario. Even
so, the HQs for all micropollutants found in DW samples were
between 4.56 × 10−6 and 4.49 × 10−3, i.e., well below 0.1, so
adverse effects are not likely to be expected at such concentra-
tions. Risks assessment of simultaneous exposure to multiple
contaminants was not considered, although some of these com-
pounds are already recognized to trigger several additive, syn-
ergistic, or antagonist effects [34, 36].

Removal of micropollutants in DW using UV radiation
or ozonation

Tap water samples collected from the water supply net-
work were post-spiked with the target micropollutants at

nanogram per liter level and exposed to UV radiation or
ozona t ion to assess the remova l of the ta rge t
micropollutants using the eco-friendly analytical method
(Fig. 3), since these processes are often applied in
DWTPs.

Only seven pharmaceuticals were completely re-
moved by these water treatments: (i) tramadol,
venlafaxine, and azithromycin by both processes; note
that azithromycin was recently included in the first
Watch List by the EU Decision 2015/495; (i i)
clopidogrel, carbamazepine, and isoproturon by ozona-
tion; and (iii) the metabolite norfluoxetine by UV.
Regarding the other micropollutants, the efficiency of
the processes varied according to the substance. The
results showed that, in general, UV radiation was more
effective than ozonation for the removal of pesticides
and for the industrial compound, whereas ozonation per-
formed slightly better for pharmaceuticals. The feasibil-
ity of this UHPLC–MS/MS analytical method for mon-
itoring chemical processes used to improve the quality
of DW was shown.

Table 2 Concentrations of micropollutants (ng L−1) detected in tap, fountain, and well water samples analyzed

Class and sub-
class

Analyte Tap water (n = 13) Fountain water (n = 5) Well water (n = 5)

Pharmaceuticals Concentration
(ng L−1)

Frequency Concentration
(ng L−1)

Frequency Concentration
(ng L−1)

Frequency

Anti-inflammatories Diclofenac <MQL–7.87 7/13 3.95–7.66 4/5 1.60–36.20 5/5

Tramadol ND ND ND ND ND ND

Antibiotics Azithromycin ND ND ND ND ND ND

Clarithromycin <MQL 1/13 ND ND 1.14 1/5

Trimethoprim <MQL 1/13 <MQL 1/5 0.86 1/5

Anticoagulant Warfarin 0.39–3.89 5/13 4.07 1/5 11.2 1/5

Antiplatelet agent Clopidogrel ND ND ND ND ND ND

Beta-blockers Metoprolol <MQL 5/13 ND ND <MQL 1/5

Psychiatric drugs Carbamazepine 3.34 1/13 ND ND 58.8 1/5

Citalopram <MQL 1/13 ND ND ND ND

Venlafaxine ND ND ND ND ND ND

Fluoxetine ND ND ND ND ND ND

Metabolite Norfluoxetine <MQL 13/13 <MQL 1/5 <MQL 1/5

Pesticides

Chloroacetanilide Alachlor <MQL 4/13 ND ND 3.07 1/5

Triazine Atrazine 1.14–2.24 6/13 1.59–103 3/5 1.66 1/5

Simazine <MQL–1.45 4/13 <MQL–2.20 2/5 2.84–28.40 2/5

Organophosphorus Chlorfenvinphos 2.46–6.50 2/13 0.49–3.89 2/5 ND ND

Phenylurea Isoproturon ND ND ND ND ND ND

Organochlorine Pentachlorophenol ND ND ND ND ND ND

Herbicide Clofibric acid ND ND ND ND ND ND

Industrial
compound

PFOS <MQL 1/13 ND ND 11.7 1/5

MQL method quantification limit, ND not detected
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Conclusions

The offline SPE–UHPLC–MS/MS method that was devel-
oped and validated in this work for the assessment of the
occurrence and removal of 21 multi-class micropollutants in
DW has the great advantage of using an eco-friendly solvent
(ethanol) for both SPE procedure and UHPLC analysis, ac-
cording to the recent concerns about GAC applied to environ-
mental analyses. Additional advantages of the method are (i)
low detection limits (below 1 ng L−1); (ii) short run time; (iii)
low volume of eluent employed for each analysis; (iv) the use
of a single cartridge/SPE procedure to extract all the target
analytes; (v) and the low volume of sample used. The potential
of the offline SPE–UHPLC–MS/MS method for monitoring
programs and evaluation of advanced treatment options (UV
and ozonation) was demonstrated in the selected case studies.
For instance, analysis of tap, fountain, and well water samples
from different locations of northwest Portugal showed the
widespread occurrence of micropollutants in such matrices
at nanogram per liter levels. Among the 13 micropollutants
detected in DW samples, the most common were diclofenac,
trimethoprim, warfarin, norfluoxetine, atrazine, and simazine;
the feasibility of the method for monitoring DW treatment
processes was also validated.
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