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bstract

A new multi-residue method for the determination of 25 acidic/neutral pharmaceuticals (antibiotics, anti-inflammatory/analgesics, lipid regulating
gents, diuretics, triazides, H2-receptor antagonists, cardiac glicozides and angiotensin II antagonists) and personal care products (sunscreen agents
nd preservatives) in surface water with the usage of a new technique: ultra performance liquid chromatography–negative electrospray tandem
ass spectrometry (UPLC–MS/MS) was developed and validated. The novel UPLC system with 1.7 �m particle-packed column allowed for good

esolution of analytes with the application of low mobile phase flow rates (0.05 mL min−1) and short retention times (from 4.7 min to 13.3 min)
elivering a fast and cost-effective multi-residue method. SPE with the usage of Oasis MCX strong cation-exchange mixed-mode polymeric sorbent
as chosen for sample clean-up and concentration. The influence of mobile-phase composition, matrix assisted ion suppression and SPE recovery
n the sensitivity of the method was identified and quantified. The instrumental limits of quantification varied from 0.2 �g L−1 to 30 �g L−1. The
ethod limits of quantification were at low nanogram per litre levels and ranged from 0.3 ng L−1 to 30 ng L−1. The instrumental and method

ntra-day and inter-day repeatabilities were on average less than 5%. The method was successfully applied for the determination of PPCPs in River
aff. Thirteen compounds were determined in river water at levels ranging from a single to a few hundred nanograms per litre. Among them were
en pharmaceuticals (aspirin, salicylic acid, ketoprofen, naproxen, diclofenac, ibuprofen, mefenamic acid, furosemide, sulfasalazine and valsartan)
nd three personal care products (methyl- and ethylparaben and 4-benzophenone).

2007 Elsevier B.V. All rights reserved.
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. Introduction

Pharmaceuticals and personal care products (PPCPs) are a

roup of emerging, potentially hazardous contaminants, which
ave, to date, received limited attention, although interest in this
rea is increasing considerably and the need for further investiga-

∗ Corresponding author. Tel.: +44 1443 483495; fax: +44 1443 482285.
E-mail addresses: bkasprzy@glam.ac.uk,

.Kasprzyk-Hordern@hotmail.co.uk (B. Kasprzyk-Hordern).

a
f
m
m
s
w
M
S

039-9140/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2007.08.037
ion in this field is continuously emphasised by different research
roups [1–6]. PPCPs are found in surface water and wastewa-
ers at levels of up to a few �g L−1 [1,2,6–30]. They enter the
quatic environment mainly through treated (or raw) sewage
rom domestic households and hospitals, waste effluents from
anufacturing processes and runoff. Domestic animals are the
ain direct source of the environmental disposal of many PPCPs
uch as veterinary pharmaceuticals. The other direct route from
hich PPCPs enter the environment is recreational activities.
any PPCPs are ubiquitous and persistent in the environment.

ome are capable of bioconcentration and many of those investi-
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ated are biologically active compounds. Some are suspected, or
re recognised to be, endocrine disruptors, which could poten-
ially influence environmental and human health. Additionally,
hey are continuously introduced into the environment; there-
ore even compounds of a low persistence might cause adverse
ffects in human and aquatic life. The other issue is the synergic
ffect of different PPCPs on aquatic life, through their com-
ined non-targeted action with many other biologically active
ompounds present in the environment [1,2]. A few pharma-
euticals and personal care products have been determined in
rinking water, which poses a direct risk to humans [2] and raises
he issue of contaminated water sources and especially water
euse.

Due to growing concern regarding the presence, fate and
ffects on the environment and humans, there is an obvi-
us need for fast and sensitive multi-residue methods for the
etermination of low levels of PPCPs in the environment. Tra-
itional gas chromatography is of limited value in the case of
olar (non-volatile) compounds as it requires time consuming
erivatization procedures. Liquid chromatography–mass spec-
rometry (LC/MS) using mainly ESI (electrospray ionisation)
s the method of choice for the analysis of polar compounds in
omplex matrices. So far, a few multi-residue analytical meth-
ds for the determination of PPCPs in the aqueous environment
ave been established [31–36]. These methods utilise solid-
hase extraction as a sample preparation method and almost
xclusively liquid chromatography coupled with electrospray
onisation tandem mass spectrometry for separation and quan-
ification of up to 30 compounds on C18 column with up to
0 min elution gradient time and average mobile phase flow rate
f 0.2 mL min−1.

Here a new fast and sensitive method for the determination
f a broad range of pharmaceuticals and personal care products
s presented. The method uses a single SPE method and single
C/MS/MS method utilising UPLCTM (ultra performance liquid
hromatography) coupled with triple quadruple tandem mass
pectrometry. UPLC is a novel technology providing significant
mprovements in resolution, speed and sensitivity due to the
xploitation of a 1.7 �m particle-packed column.

This paper presents a novel method for the analysis of 25
cidic/neutral pharmaceuticals and personal care products in
urface water with the utilisation of SPE/UPLC/ESI-(negative
onisation)-MS-MS and demonstrates its application in the

elsh environment. The group of PPCPs of interest have
ever previously been studied in the Welsh aqueous environ-
ent, to the best knowledge of the authors. A previous paper

ublished by the authors [37], presented another novel multi-
esidue method for the analysis of a further 28 basic/neutral
harmaceuticals and illicit drugs in surface water by means
f SPE/UPLC/ESI+(positive ionisation)-MS-MS. The overall
ethodology published in the form of the two papers allows for

he analysis of almost 50 PPCPs in surface water. The rationale
or the preparation of two separate methods for the analysis of

ll PPCPs resulted from their different structures and physico-
hemical properties influencing both the composition of mobile
hase used for analytes separation in LC and ionisation mode
sed in ESI-MS. Additionally, the paper identifies and quantifies
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he influence of matrix components on the performance of the
nalytical methods and presents possible ways to solve it.

. Experimental

.1. Chemicals and materials

Reference standards (>95% purity) were purchased from
igma–Aldrich (Gillingham, UK) and Sequoia Products
esearch Limited (Pangbourne, UK). All solvents used as
obile phases and their additives were of LC/MS quality. Surro-

ate/internal standards (IS): clofibric-d4 acid (4-chlorophenyl-
4), 3,4-dichlorobenzoic (2,5,6-d3) acid, bisphenol A-d16 and
-chlorophenol (2,3,5,6-d4) were purchased from QMX Labora-
ories Limited (Essex, UK). All standards used as both surrogate
nd internal standards were added to the samples before extrac-
ion and were also used for the quantification of the samples.

Stock solutions of PPCPs (0.5–1 g L−1) were prepared in
ethanol and stored in the dark at 0 ◦C. Working solutions were

repared fresh daily by diluting stock solution with methanol
tored at 0 ◦C. Ultrapure water was obtained using Neptune,
urite (MJ Patterson Scientific Ltd., UK). For method devel-
pment and validation both HQ water (ultrapure water) and BB
ater (surface water collected from the source of the River Taff in
recon Beacons National Park, which is not affected by PPCPs)
ere used. The average dissolved organic carbon of BB water
as 4.5 mg DOC L−1.
All glassware used was deactivated with 5% DMDCS

dimethylchlorosilane) in toluene to minimise sample loss
hrough absorption of polar compounds onto –OH sites present
n glass surfaces.

.2. Sample preparation and solid-phase extraction

All samples were collected in 1 L silanized bottles with teflon
aced phenolic caps (Wheaton, USA), acidified with 31% HCl
o pH 2.0 and vacuum filtered through a 0.7 �m glass fibre filter
F/F (Whatman, UK).
The SPE method was optimised through several preliminary

xperiments involving the following variables: type of adsor-
ent, pH value of the sample, elution conditions and eluting
gents. Out of all sorbents used (Oasis HLB, MCX, MAX,

CX and WAX (60 mg, Waters, UK), Chromabond C18ec
200 mg, Anachem, UK) and Isolute ENV+ and HCX (100 mg
nd 200 mg, respectively, Kinesis, UK)) Oasis MCX and HLB
ere found to give the best recoveries for most PPCPs and

herefore they were used for further analysis.
SPE Gilson, Aspec XL4 (Anachem, UK) was utilised for

olid-phase extraction. The SPE cartridges were conditioned
ith 2 mL of MeOH and equilibrated with 2 mL of water

cidified with HCOOH (2% HCOOH; pH 2.1) at a rate of
mL min−1. One litre of acidified and filtered water sam-
le spiked with 200 ng of surrogate/internal standards was

assed through the cartridge at a rate of 4 mL min−1. The car-
ridges were subsequently washed with acidified water (2 mL
% HCOOH/H2O; flow rate, 3 mL min−1). After drying, SPE
artridges were wrapped in aluminium foil and stored in a
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reezer until eluted. PPCPs were extracted with 2 mL of MeOH
nd 1 mL of 5% NH4OH in MeOH at a rate of 1 mL min−1.
he extracts were directly collected into a 6 mL collection

ube and were evaporated to dryness with TurboVap evapora-
or (Caliper, UK; 40 ◦C, N2, 5–15 psi) and finally reconstituted
n 0.5 mL of HQ water modified with TrBA (tributylamine) and
H3COOH (mobile phase, 100% A: 79.5% H2O, 20% MeOH,
.5% CH3COOH and 10 mM TrBA). All reconstituted extracts
ere filtered through 0.2 �m PTFE filters (Whatman, Puradisc,
3 mm) and transferred to maximum recovery deactivated vials
ith PTFE septa (Waters, UK).

.3. Ultra performance liquid chromatography–tandem
ass spectrometry

Waters ACQUITY UPLCTM system (Waters, Manchester,
K) consisting of ACQUITY UPLCTM binary solvent manager,
CQUITY UPLCTM sample manager and ACQUITY UPLC
EH C18 column (1.7 �m; 1 mm × 100 mm) (Waters, UK) was
sed for the separation of analytes. Several mobile phases (H2O,
eOH and acetonitrile) and their additives were studied for an

mprovement of compounds separation in LC and an improve-
ent of ESI performance in negative ionisation mode. Among

he mobile phase additives studied were basic additives: ammo-
ia, ammonium formate and acetate, primary amines (methyl-,
thyl- and butylamine), secondary amines: (dimethyl-, diethyl-
nd dibutylamine), tertiary amines (trimethyl-, triethyl- and trib-
tylamine) at concentrations in mobile phase ranging from 1 mM
o 50 mM and/or acidic compounds: formic and acetic acid at
oncentrations ranging from 0.05% to 0.5%.

After initial analyses the following composition of mobile
hases was chosen:

mobile phase A (pH 3.9): 79.5% H2O, 20% MeOH, 0.5%
CH3COOH, 10 mM TrBA;
mobile phase B (pH 5.5): 5% H2O, 94.5% MeOH, 0.5%
CH3COOH, 10 mM TrBA.

The gradient program was as follows:

100%A
0.1 min−→ 100%A

3.4 min−→ 50%A
1.5 min−→ 50%A

5 min−→20%

A
2 min−→0%A

2 min−→0%A
2 min−→100%A

4 min−→100%A

Ten microlitres of the sample was injected into the system.
he column was kept at 22 ◦C and the temperature in the sam-
le manager was kept at 6 ◦C. The flow rate of mobile phase
as 0.05 mL min−1, which gave an average initial pressure of
500 psi.

A Quatro Micro triple-quadruple mass spectrometer (Micro-
ass, Manchester, UK) equipped with an electrospray ionisation

ource was used for PPCPs identification and quantification. The
nalyses were performed in negative mode with a capillary volt-

ge of 3 kV, a source temperature of 120 ◦C and a desolvation
emperature of 350 ◦C. A cone gas flow of 20 L h−1 and des-
lvation gas flow of 400 L h−1 were used. Nitrogen, used as a
ebulising and desolvation gas, was provided by a high purity

e

c
b

nta 74 (2008) 1299–1312 1301

itrogen generator NM 30LA 230VOC (Peak Scientific Instru-
ent Ltd., UK). Argon (99.999%) was used as a collision gas.
he mobile phase at a flow rate of 0.05 mL min−1 was directly

ntroduced into the ion source from LC, without splitting. Mass-
ynx 4.1 (Waters, UK) software was used to collect and analyse

he obtained data.
Mass spectrometry analyses were performed in the multiple

eaction monitoring (MRM) mode, measuring the fragmentation
f the deprotonated pseudo-molecular ions of each pharmaceuti-
al and personal care product. A dwell time of 200 ms per ion pair
as used. The choice of fragmentation products for each sub-

tance based on the most intense signal and the optimisation of
one voltages, energy collisions and other instrument parameters
as done individually for each compound in a continuous-flow
ode through a direct infusion of standard solutions at concen-

rations of 1 mg L−1 into the stream of the mobile phase. For
ptimisation of precursor ion/product ion transitions QuanOp-
imise software (Waters, UK) was used.

Signal suppression of analytes in ESI source was estimated
or each PPCP as a percentage decrease in signal intensity in
sample matrix versus in deionised water using the following

quation:

ignal suppression (%) =
(

1 − IBB

IHQ

)
× 100 (1)

here IBB was the PPCP peak area in BB water extract spiked
fter extraction with 500 �g L−1 of each PPCPs, and IHQ was
he PPCP peak area in HQ water extract spiked after extrac-
ion with 500 �g L−1 of each PPCP. No PPCPs were present in
xtracts of both HQ and BB water before their enrichment with
PCPs.

.4. Quantification and method validation parameters

Quantification of PPCPs was carried out by means of MRM,
sing the highest characteristic precursor ion/product ion tran-
itions and recording one to two transitions simultaneously.
he following surrogate/internal standards (SS/IS) were used:
lofibric-d4 acid (4-chlorophenyl-d4), 3,4-dichlorobenzoic
2,5,6-d3) acid, bisphenol A-d16 and 4-chlorophenol (2,3,5,6-
4) for the quantification of compounds analysed. The usage
f only four internal standards is a limitation of the method
ue to the variability of chemical structure/properties between
PCPs studied and chosen internal standards. The choice of only
our IS resulted from both the very high cost of isotope labelled
ompounds and difficulty with their purchase.

Detailed discussion concerning validation of the method
s presented in authors’ previous paper [37]. All instrumental
alidation parameters were determined for HQ water (con-
aining 0.5% CH3COOH, 20% MeOH and 10 mM TrBA)
piked with known concentrations of PPCPs. Method quan-
ification and detection parameters were determined for BB
ater spiked with known concentrations of PPCPs before
xtraction.
Twelve-point multi-component internal standard calibration

urves for the HQ water and BB water extract spiked with PPCPs
efore extraction (0–1200 ng L−1) were applied for quantifica-
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ion of PPCPs with the utilisation of QuanLynx software (Waters,
K).
Quantitation and detection limits were determined using

oth signal-to-noise approach and were calculated using Eq.
2). HQ water standard solutions were used for instrumental
etection and instrumental quantification limits determinations
IDLS/N and IQLS/N respectively). BB water extract spiked with
PCPs before extraction were used for the determination of
ethod detection and method quantification limits (MDLS/N

nd MQLS/N respectively). The quantitation limit (QLS/N) was
stimated for the concentration of compound that gave a signal-
o-noise ratio of 10:1. The detection limit (DLS/N) corresponded
o the concentration that gave a signal-to-noise ratio of 3:1. For
onfirmation purposes method quantification limits (MQLcalc)
ere also calculated using the following equation [38]:

QLcalc = IQLS/N × 100

Rec × CF
(2)

here IQLS/N is the instrumental quantification limit (ng L−1),
ec is the absolute recovery of the analyte (%) and CF is the
oncentration factor, which in this method denotes 2000.

Linearity and range of the analytical procedure were per-
ormed by serial dilution of a stock solution of PPCPs

10 mg L−1). Accuracy of the method was evaluated as the per-
entage of deviation from the known added amount of analyte
n the sample. Precision was evaluated as the relative stan-
ard deviation (R.S.D.) of replicate measurements. Instrumental

3

s

able 1
hosen PPCPs and their properties

roup Properties

Compound

harmaceuticals
Antibiotics Sulfamethoxazole

Chloramphenicol
Anti-inflammatory/analgesics Ibuprofen

Diclofenac
Ketoprofen
Naproxen
Aspirin
Salicylic acid (aspirin metabolite)
Mefenamic acid

Lipid regulating agents Clofibric acid
Bezafibrate
Pravastain

Diuretics Furosemide
Triazides Bendroflumethiazide
H2-receptor antagonists Sulfasalazine
Cardiac glicozides Digoxin
Angiotensin II antagonists Valsartan

ersonal care products
Sunscreen agents Benzophenone-1

Benzophenone-2
Benzophenone-3
Benzophenone-4

Preservatives Methylparaben
Ethylparaben
Propylparaben
Butylparaben
nta 74 (2008) 1299–1312

ntra-day precision and intra-day precision of the analytical
ethod were verified under the same operating conditions over a

hort interval of time. Nine determinations covered respectively
hree concentrations (50 �g L−1, 500 �g L−1 and 1000 �g L−1)
f acidified HQ standards and BB water extract spiked with
PCPs before extraction. Instrumental inter-day precision and

nter-day precision of the analytical method were verified by
eterminations that covered three concentrations (50 �g L−1,
00 �g L−1 and 1000 �g L−1) of HQ standards solutions and
B water extract spiked with PPCPs before extraction, three

eplicates each undertaken on three different days.

. Results and discussion

Seventeen pharmaceuticals and eight personal care products
ere the subject of the research (Table 1). The choice of phar-
aceuticals was mainly based on the prescription data in Wales

nd England [39,40] and the metabolism routes of pharmaceu-
icals, mainly excretion as parent compounds and active main

etabolites. The choice of PCPs was based on their high annual
sage in wide range of household products and concern over
heir possible effect on human and aquatic organisms [41].

.1. Liquid chromatography and mass spectrometry
.1.1. Mobile phase and additives
Methanol and water were chosen as mobile phases for PPCPs

eparation. Ionic compounds are in general weakly retained in

CAS no. Molecular formula MW pKa

723-46-6 C10H11N3O3S 253.28 5.8
56-75-7 C11H12Cl2N2O5 323.13 11.0
15687-27-1 C13H18O2 206.28 4.9
15307-86-5 C14H11Cl2NO2 296.15 4.2
22071-15-4 C16H14O3 254.28 4.5
22204-53-1 C14H14O3 230.26 4.2
50-78-2 C9H8O4 180.16 3.5
69-72-7 C7H6O3 138.12 3.0
61-68-7 C15H15NO2 241.29 4.2
882-09-7 C10H11ClO3 214.65 –
41859-67-0 C19H20ClNO4 361.82 0
81093-37-0 C23H36O7 424.53 –
54-31-9 C12H11ClN2O5S 330.75 3.9
73-48-3 C15H14F3N3O4S2 421.42 8.5
599-79-1 C18H14N4O5S 398.39 –
20830-75-5 C41H64O14 780.94 –
137862-53-4 C24H29N5O3 435.52 3.7

131-56-6 C13H10O3 214.22 –
131-55-5 C13H10O5 246.22 –
131-57-7 C14H12O3 228.24 –
4065-45-6 C14H12O6S 308.31 –
99-76-3 C8H8O3 152.15 –
120-47-8 C9H10O3 166.17 8.3
94-13-3 C10H12O3 180.20 –
94-26-8 C11H14O3 194.23 8.5
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eversed phase chromatography with aqueous-organic mobile
hases. Basic additives were added to the mobile phase in order
o increase retardation of acidic compounds through the forma-
ion of ion-pairs with charged groups of analytes, which resulted
n subsequent suppression of their dissociation and allowed for
n interaction of analytes with the hydrophobic stationary phase.
onger retention of analytes also allowed for the gradient elution

o start with a higher content of organic solvent in the mobile
hase, which is known to be beneficial for the ionisation of ana-
ytes in ESI-MS detector. Although non-volatile additives (e.g.
etraalkylammonium salts or phosphate buffer) generally pro-
ide better retention and subsequent separation, in this case only
olatile additives were studied as this is a well known limitation
f ESI-MS due to a possible deposition and contamination of
SI source with non-volatile salts. An additional issue concerns
trong bases/acids used as additives. These additives (e.g. tri-
uoroacetic acid) can form strong ion pairs with analytes that
annot be broken and as a result they prevent ionisation of ana-
ytes. Ammonia and ammonium salts as well as alkylamines are
good compromise providing sufficient separation of analytes

nd sensitive ESI-MS detection.
Ammonium cation (in the form of ammonia), the weakest

on-pairing agent, and tributylamine (TrBA), a stronger, more
ydrophobic basic additive, were found to be the most effective
dditives for the studied PPCPs. However, TrBA was chosen for
his method as it provided higher sensitivity (with the exception
f digoxin), better peak shapes and longer retention times result-
ng in better separation of all analytes (Fig. 1). On average a twice
s high peak area of analytes (dissolved in HQ) was observed
n the case of the method using TrBA as the mobile phase addi-
ive when compared to NH4OH (e.g. salicylic acid, sulfasalazine

nd valsartan had respectively 3.5, 2.8 and 2.3 times higher sig-
al intensity in the presence of TrBA than NH4OH; see Fig. 1).
ecause high concentrations of mobile phase additives, despite
ood separation of analytes, may reduce, due to suppression

3

P

ig. 1. UPLC/MS/MS separations for salicylic acid, sulfasalazine and valsartan (co
hase, 100%A) and analysed using TrBA as a mobile phase additive; (B) PPCPs sp
obile phase additive; (C) PPCPs spiked into BB water extract and analysed using T

nalysed using NH4OH as a mobile phase additive).
nta 74 (2008) 1299–1312 1303

ffect, the sensitivity of ESI-MS detection, concentrations of
obile phase additives were kept to minimum: 10 mM TrBA or
mM NH4OH. Acetic acid at the concentration of 0.5% was
lso added to mobile phases containing basic additives to lower
he pH of mobile phase from above 10 to below 6. An increase
f response of anions of acidic compounds containing carboxyl
roups in the presence of alkylamines can be explained by a
odium displacement mechanism [42]. Alkylammonium cation
isplaces the sodium cation in the anionic groups of carboxylic
nalyte. The formed ion-pairs dissociate during the ionisation
rocess taking place in ESI-/MS and as a result an increase
f the signal of molecular anion of the acid, when compared to
odium adduct, is observed [42]. This theory explains an increase
f ionisation of the following investigated compounds contain-
ng carboxyl groups: salicylic acid, furosemide, sulfasalazine,
spirin, pravastatin, ketoprofen, clofibric acid, naproxen, bezafi-
rate, valsartan, diclofenac, ibuprofen and mefenamic acid. The
resence of TrBA also increased the ionisation of parabens
nd benzophenones and therefore these two groups of PPCPs
ere also analysed with the proposed method. It was, however,
bserved that the presence of matrix components extracted from
B water together with PPCPs causes higher suppression of

ome analytes, especially those characterised by short retention
imes (eluting with mobile phase of a high water to methanol
atio), when TrBA was used as a mobile phase additive when
ompared to NH4OH (Fig. 1). Despite the higher suppression
f some analytes caused by TrBA, this mobile phase additive
as used in the analysis of acidic/neutral PPCPs as it resulted in

n increase of retention of analytes in C18 column, an improve-
ent of the shapes of the peaks, and their better separation, as

s shown in Fig. 1.
.1.2. UPLC/MS/MS—the method
Chromatograms of SPE extract of BB water spiked with

PCPs before extraction are presented in Fig. 2. Utilisation of

ncentration of PPCPs, 500 �g L−1; (A) PPCPs spiked into HQ water (mobile
iked into HQ (mobile phase, 100%A) water and analysed using NH4OH as a
rBA as a mobile phase additive; (D) PPCPs spiked into BB water extract and
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Fig. 2. UPLC/MS/MS separations for chosen PPCPs spiked into BB water and extracted by SPE (concentration of PPCPs, 100 ng L−1; IS, 200 ng L−1).
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Table 2
Optimised MRM conditions for the analysis of chosen PPCPs by UPLC/MS/MS (CV: cone voltage (V); CE: collision energy (eV))

Compound CV/CE MRM1 (quantification) CV/CE MRM2 (confirmation)

Sulfamethoxazole 30/17 251.9 > 156.0 30/25 251.9 > 91.9
Chloramphenicol 27/15 320.8 > 151.8 27/15 320.8 > 256.0
Methylparaben 34/20 150.8 > 91.8 20/14 150.8 > 135.8
Salicylic acid 30/15 136.8 > 92.9 30/30 136.8 > 64.9
2-Benzophenone 26/20 245.0 > 108.7 26/15 245.0 > 135.1
Furosemide 30/20 328.8 > 205.0 30/15 328.8 > 284.9
Bendroflumethiazide 45/25 419.8 > 289.0 45/25 419.8 > 327.8
Ethylparaben 20/14 164.9 > 136.6 26/20 164.9 > 91.9
4-Benzophenone 44/24 307.0 > 227.1 42/35 307.0 > 211.1
Sulfasalazine 35/25 396.8 > 197.1 35/25 396.8 > 240.0
Digoxin 50/45 779.3 > 649.1 50/45 779.3 > 475.9
Propylparaben 34/25 179.0 > 91.8 20/16 179.0 > 136.0
Aspirin 12/20 178.9 > 92.8 12/6 178.9 > 136.9
Pravastatin 30/16 423.0 > 320.9 30/15 423.0 > 302.9
Ketoprofen 20/8 252.9 > 209.1 – –
1-Benzophenone 36/20 213.0 > 134.8 34/25 213.0 > 90.8
Clofibric acid 20/15 212.9 > 126.9 20/10 212.9 > 84.9
Naproxen 15/8 228.9 > 185.1 15/15 228.9 > 170.1
Bezafibrate 30/19 359.8 > 153.9 30/30 359.8 > 273.9
Butylparaben 34/25 193.1 > 91.8 40/16 193.1 > 136.0
Valsartan 35/25 434.0 > 179.1 35/20 434.0 > 350.1
3-Benzophenone 30/20 227.1 > 211.0 34/24 227.1 > 183.9
Diclofenac 22/13 293.8 > 249.9 – –
Ibuprofen 20/8 205.0 > 161.1 – –
Mefenamic acid 30/15 240.0 > 196.1 – –

Clofibric-d4 acid 18/15 217.9 > 132.0 – –
3,4-Dichlorobenzoic-d3 acid 25/15 194.0 > 149.9 – –
B > 223
4 > 34.4
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isphenol A-d16 40/18 241.3
-Chlorophenol-d4 32/16 130.8

he novel ultra performance liquid chromatography system with
.7 �m bridged ethylsiloxane/silica hybrid (BEH) particles and
mm internal diameter column allowed for the establishment
f sufficient separation of 25 analytes using much lower mobile
hase flow rates (0.05 mL min−1) and shorter retention times
from 4.7 min to 13.3 min) when compared to methods estab-
ished with the usage of conventional HPLC, where higher flow
ates of 0.2 mL min−1 and longer method times of up to 50 min
re applied to separate up to 30 compounds [31,34]. Adition-
lly, a new column technology allowed for an application of
ery short column equilibration times (4 min). As a result, a
ensitive, fast and cost-effective method was developed. Due to
ow column temperature (22 ◦C), which was optimal for the best
eparation of 25 analytes, a high initial pressure of 6500 psi was
bserved. This, however did not affect the performance of the
ethod as a new technology implemented in the UPLC system is

apable of pumping mobile phase at pressures up to 15,000 psi.
The mass spectrometry parameters are presented in Table 2.

he most intensive product ion from each precursor ion was
elected for quantification (MRM1). Retention time was the
ther primary criterion for identification of compound. A less
ensitive secondary transition (MRM2) was used as the second
riterion for confirmation purposes. In the case of ketoprofen,

iclofenac, ibuprofen and mefenamic acid no secondary tran-
ition was observed. All of the compounds showed maximum
ensitivity in the negative ionisation mode, although the degree
f ionisation of PPCPs in ESI varied significantly and depended

t

s
B

.1 – –
– –

ainly on the functional groups present in the molecule. The
ighest response was observed for: salicylic, mefenamic and
lofibric acids, diclofenac, ibuprofen and parabens. Digoxin
nd benzophenone-3 showed the lowest degree of ionisation,
lthough it was sufficient enough to undertake environmental
nalysis (Fig. 2).

.2. Solid-phase extraction and signal suppression

Out of eight different sorbents studied for the multi-residue
nalysis of investigated PPCPs (see Section 2), Oasis MCX
nd HLB were found to give the highest SPE recoveries for
he studied PPCPs at acidic pH (pH 2.0). Oasis HLB is a
ydrophilic–lipophilic water-wettable reversed-phase sorbent
ontaining two monomers: hydrophilic N-vinylpyrrolidone and
ipophilic divinylbenzene. It is a universal sorbent for acidic,
eutral and basic compounds. Oasis MCX is a strong cation-
xchange mixed-mode polymeric sorbent, which is capable of
oth ion-exchange and reversed-phase interactions. MCX sor-
ent is built upon HLB copolymer. The additional presence of
ulfonic groups allows for cation-exchange interactions. There-
ore, MCX adsorbent is designed for the extraction of basic and
eutral compounds. Acidic pH of the solution is required in order

o ionise basic compounds and neutralise acidic compounds.

The mean absolute and relative (relative to the recovery of
urrogate/internal standard) recoveries PPCPs in both HQ and
B water are presented in Table 3. A maximum or close to
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Table 3
SPE recovery for studied PPCPs (concentration, 500 ng L−1)

Compound Sorbent Recovery (%) (n = 3)

HQ water BB water

Absolute Relativea Absolute Relativea

Sulfamethoxazole MCX 21.6 ± 0.5 25.6 ± 1.1b 18.1 ± 1.9 27.2 ± 4.5b

Chloramphenicol MCX 93.8 ± 8.5 97.9 ± 4.9d 27.2 ± 1.3 69.5 ± 4.7d

92.4 ± 4.7b 37.0 ± 1.4b

Methylparaben MCX 127.8 ± 14.2 133.7 ± 8.4d 61.9 ± 8.4 163.8 ± 13.8d

121.1 ± 1.4e 106.1 ± 2.4e

Salicylic acid MCX 118.1 ± 14.2 122.9 ± 7.6d 28.1 ± 4.0 75.7 ± 5.1d

116.6 ± 7.7b 39.9 ± 2.3b

2-Benzophenone MCX 109.2 ± 8.2 114.4 ± 3.0d 32.7 ± 3.6 86.8 ± 10.4d

111.1 ± 9.1e 56.4 ± 2.3e

Furosemide MCX 88.0 ± 4.7 92.4 ± 1.3d 33.3 ± 2.9 89.0 ± 2.9d

87.0 ± 1.0b 47.4 ± 2.3b

Bendroflumethiazide MCX 78.3 ± 5.4 82.1 ± 2.4d 19.9 ± 1.7 52.7 ± 3.1d

77.6 ± 3.0b 28.4 ± 0.6b

Ethylparaben MCX 132.2 ± 11.5 138.4 ± 7.2d 48.1 ± 4.7 127.1 ± 6.1d

134.4 ± 10.3e 82.5 ± 2.4e

4-Benzophenone MCX 15.3 ± 4.1 16.0 ± 3.5d 6.6 ± 0.7 17.7 ± 3.1d

15.6 ± 4.2e 11.7 ± 2.6e

HLB 94.8 ± 10.1 109.5 ± 6.8d 11.9 ± 2.2 70.1 ± 6.5d

120.4 ± 18.3e 37.2 ± 6.2b

Sulfasalazine MCX 80.8 ± 6.3 84.5 ± 2.9d 33.2 ± 1.4 85.4 ± 3.4d

79.8 ± 1.3b 47.4 ± 3.2b

Digoxin MCX 45.7 ± 3.6 46.5 ± 3.7e 25.3 ± 3.5 46.5 ± 9.3e

43.9 ± 3.3b 37.9 ± 5.3b

HLB 76.7 ± 4.5 87.5 ± 4.8e 19.3 ± 5.3 113.2 ± 18.8d

84.3 ± 4.7b 58.8 ± 10.3b

Propylparaben MCX 124.8 ± 8.4 130.9 ± 3.1d 44.8 ± 4.1 119.3 ± 14.1d

126.9 ± 8.4e 77.2 ± 3.7e

Aspirin MCX 133.9 ± 1.7 138.7 ± 2.6d 63.5 ± 3.8 146.5 ± 3.7d

132.6 ± 7.8b 90.4 ± 6.5b

Pravastatin MCX 8.4 ± 2.4 8.6 ± 2.4e 5.5 ± 0.2 9.5 ± 1.3e

8.3 ± 1.8b 7.8 ± 0.9b

HLB 51.0 ± 1.0 64.7 ± 1.8e 9.9 ± 1.5 30.9 ± 1.3e

56.9 ± 3.4b 30.5 ± 5.0b

Ketoprofen MCX 114.1 ± 5.6 113.0 ± 4.8b 38.0 ± 1.8 54.3 ± 3.5b

113.3 ± 3.5b 52.5 ± 4.6c

117.8 ± 2.6d 98.1 ± 3.3d

115.9 ± 3.7e 65.8 ± 4.6e

1-Benzophenone MCX 104.6 ± 6.1 109.6 ± 1.0d 41.4 ± 2.9 109.9 ± 9.2d

Clofibric acid MCX 100.0 ± 3.0 99.2 ± 4.1b 59.3 ± 2.9 84.7 ± 6.3b

Naproxen MCX 107.0 ± 7.2 105.7 ± 0.9b 64.1 ± 4.6 91.4 ± 8.5b

Bezafibrate MCX 107.4 ± 11.0 106.0 ± 2.0c 79.3 ± 6.1 104.8 ± 2.5c

106.0 ± 4.5b 112.9 ± 4.0b

Butylparaben MCX 112.1 ± 9.6 117.5 ± 4.3d 76.5 ± 4.7 203.3 ± 12.2d

107.9 ± 0.9e 132.4 ± 8.5e

Valsartan MCX 98.3 ± 8.5 99.8 ± 5.6e 54.2 ± 2.6 96.3 ± 2.2e

97.1 ± 2.4b 77.4 ± 5.1b

3-Benzophenone MCX 76.1 ± 9.0 79.7 ± 5.8d 46.6 ± 2.4 124.7 ± 14.4d

Diclofenac MCX 104.0 ± 7.0 102.8 ± 1.1b 71.5 ± 2.3 102.1 ± 7.8b

Ibuprofen MCX 82.8 ± 4.1 81.9 ± 1.2b 66.7 ± 1.8 95.4 ± 7.0b

Mefenamic acid MCX 97.0 ± 3.5 96.0 ± 2.8b 101.7 ± 9.0 138.0 ± 10.5b

Clofibric-d4 acid MCX 101.1 ± 6.5 – 70.3 ± 7.3 –
HLB 89.6 ± 3.7 – 32.7 ± 3.4 –

3,4-Dichlorobenzoic-d3 acid MCX 101.2 ± 9.1 – 77.2 ± 7.0 –

HLB 83.6 ± 6.5 – 36.2 ± 5.2 –
Bisphenol A-d16 MCX 95.2 ± 4.6 – 39.2 ± 4.9 –

HLB 86.4 ± 4.1 – 17.4 ± 4.8 –
4-Chlorophenol-d4 MCX 98.4 ± 4.0 – 58.0 ± 6.0 –

HLB 79.2 ± 4.0 – 32.0 ± 3.7 –

a Recovery relative to surrogate/internal standard.
b Clofibric-d4 acid (4-chlorophenyl-d4).
c 3,4-Dichlorobenzoic (2,5,6-d3) acid.
d Bisphenol A-d16.
e 4-Chlorophenol (2,3,5,6-d4).
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Table 4
Signal suppression of PPCPs in BB water spiked after extraction (concentration,
500 �g L−1)

Compound Signal suppression (%)

Absolute Relativea

Sulfamethoxazole 41.3 ± 1.9 11.1 ± 3.6b

Chloramphenicol 88.0 ± 0.5 73.7 ± 0.3d

Methylparaben 81.7 ± 0.4 59.8 ± 1.4d

Salicylic acid 80.7 ± 0.5 57.6 ± 1.6d

2-Benzophenone 72.1 ± 0.9 38.8 ± 0.2d

Furosemide 76.0 ± 0.8 47.4 ± 1.5d

Bendroflumethiazide 83.7 ± 0.5 64.1 ± 0.3d

Ethylparaben 79.3 ± 0.6 54.6 ± 0.5d

4-Benzophenone 75.0 ± 0.9 45.1 ± 1.5d

Sulfasalazine 41.3 ± 0.9 −29.1 ± 2.6d

Digoxin 67.2 ± 0.8 15.3 ± 1.8e

Propylparaben 62.4 ± 1.5 17.4 ± 3.4d

Aspirin 57.8 ± 2.1 −0.9 ± 4.6d

Pravastatin 62.1 ± 1.0 2.0 ± 3.9e

Ketoprofen 67.0 ± 2.1 50.1 ± 2.5b

22.9 ± 4.2c

14.8 ± 6.8d

27.6 ± 3.2e

1-Benzophenone 61.6 ± 1.6 15.6 ± 2.0d

Clofibric acid 58.3 ± 1.3 37.0 ± 2.5b

Naproxen 45.4 ± 1.1 17.5 ± 1.6b

Bezafibrate 65.4 ± 1.7 30.8 ± 2.9c

Butylparaben 47.9 ± 1.5 −14.7 ± 6.4d

Valsartan 43.6 ± 3.0 2.0 ± 5.3e

3-Benzophenone 32.7 ± 0.7 −47.8 ± 6.4d

Diclofenac 17.6 ± 3.5 −24.7 ± 5.2b

Ibuprofen 10.9 ± 3.2 −34.7 ± 4.9b

Mefenamic acid −16.0 ± 8.3 −76.2 ± 1.1b

Clofibric-d4 acid 34.2 ± 1.7 –
3,4-Dichlorobenzoic-d3 acid 57.3 ± 0.5 –
Bisphenol A-d16 54.5 ± 1.5 –
4-Chlorophenol-d4 61.2 ± 0.8 –

a Recovery relative to surrogate/internal standard.
b Clofibric-d4 acid (4-chlorophenyl-d4).
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aximum recovery was observed for almost all PPCPs dissolved
n HQ water both in the case of HLB and MCX adsorbents. MCX
ave generally better recoveries than HLB with the exception of
-benzophenone, digoxin and pravastatin. As can be observed
rom Table 3 the recoveries of 4-benzophenone, digoxin and
ravastatin were respectively only 15.3, 45.7 and 8.4% in HQ
ater in the case of MCX and 94.8, 76.7 and 51.0% in the case
f HLB sorbent. Therefore for these compounds the usage of
LB sorbent is strongly recommended.
A significant decrease of the absolute recovery of some

PCPs was observed in BB water due to the presence of the
atrix components in the sample and is believed to result from

oth a reduction of sorption efficiency of SPE cartridges and
lso signal suppression in the electrospray interface due to the
resence of matrix impurities. The second factor was found to
e the dominant phenomenon affecting sensitivity of the method
s it is discussed below. HLB sorbent, apart from giving lower
PCPs recovery than MCX sorbent in the case of HQ water, was
lso found to be much more affected by the presence of matrix
omponents in BB water than MCX sorbent and therefore MCX
dsorbent was chosen for final method development and valida-
ion purposes. It is suggested that HLB, because of its universal
ature, is less selective than MCX sorbent and capable of sorp-
ion of many more matrix components, resulting in lower SPE
ecovery or more likely higher ion suppression in ESI source.

Signal suppression is the main disadvantage of electrospray
ass spectrometry and results from the fact that ESI-MS is sus-

eptible to organic and inorganic components that are present
oth in the sample together with analytes and in the mobile
hase. In this paper signal suppression of analytes resulting
rom both matrix components (that were extracted together with
nalytes) and mobile phase additives was studied (see Section
.1.1). Table 4 presents signal suppression observed for the
nalysed PPCPs dissolved in SPE extract of BB water. Chlo-
amphenicol, salicylic acid, bendroflumethiazide, furosemide,
ethylparaben, ethylparaben, 2- and 4-benzophenone were

ound to be the most susceptible to matrix components. No or
nly a slight signal suppression was observed for diclofenac and
buprofen. A low signal enhancement was observed in the case
f mefenamic acid.

The results presented in Tables 3 and 4 lead to the conclu-
ion that the effects of signal suppression and low SPE recovery,
oth resulting from the presence of matrix interferences, are the
ain factors affecting the sensitivity of the analytical method.
mong the compounds characterised by the highest ion sup-
ression in ESI source are chloramphenicol, salicylic acid,
endroflumethiazide, furosemide, methylparaben, ethylparaben
nd 2-benzophenone. Therefore, for these compounds, the lower
bsolute SPE recoveries (Table 3) are probably due to the sup-
ression of the signal during electrospray ionisation (Table 4).
t is evident that the presence of the higher percentage of H2O
n the mobile phase contributes to signal suppression of ana-
ytes, as the above compounds elute within the retention time of

.7–7.3 and mobile phase gradient from 50 to 35% of mobile
hase A containing 79.5% of H2O.

The loss of method sensitivity for the majority of the PPCPs
tudied, which resulted both from low SPE recovery and sig-

P

c 3,4-Dichlorobenzoic (2,5,6-d3) acid.
d Bisphenol A-d16.
e 4-Chlorophenol (2,3,5,6-d4).

al suppression in ESI-MS, was in this work compensated
y the usage of the appropriate surrogate/internal standards
Tables 3 and 4). It should be emphasised here that the choice
f internal standard is crucial in terms of compensation for
uppression effect, which is a common problem in MS-ESI.
n influence of the type of IS/SS standard on relative recov-

ry of ketoprofen is a good example (see Tables 3 and 4).
he comparison of relative recoveries of ketoprofen (Table 3)
learly indicates that out of the four IS/SS standards studied only
isphenol-A-d16 compensates for suppression of ketoprofen
ecause both compounds are similarly susceptible to suppres-
ion in ESI-MS (Table 4). Based on similarities in structures
nd susceptibility to suppression during ESI-MS analysis the
ollowing primary IS/SS were chosen for different groups of

PCPs:

(a) clofibric-d4 acid: sulfamethoxazole, clofibric acid,
naproxen, diclofenac, ibuprofen and mefenamic acid,
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ig. 3. Influence of BB extract dilution on the intensity of the signal of studied
ilution; BB extract: reconstituted with mobile phase, 100%A and spiked with

b) 3,4-dichlorobenzoic-d3 acid: bezafibrate,
(c) bisphenol A-d16: aspirin, chloramphenicol, salicylic acid,

furosemide, bendroflumethiazide, sulfasalazine, ketopro-
fen, parabens and benzophenones,

d) 4-chlorophenol-d4: digoxin, pravastatin and valsartan.

A slight overestimation (>100%) was observed for the rel-
tive recoveries of these PPCPs, which were not significantly
ffected by matrix assisted signal suppression/low recovery (e.g.
efenamic acid). This phenomenon can be explained by the

act that signal suppression for the surrogate/internal standard
s higher than for the analyte. In the case of the compounds
hat were characterised by good SPE recovery, but suffered high
ignal suppression (chloramphenicol, salicylic acid, furosemide
nd bendroflumethiazide) which was not compensated by the
sage of IS/SS, two procedures can be undertaken. Firstly, the
hoice of a more suitable IS/SS, which is problematic, or the

ilution of sample extracts as proposed by Gros et al. [34] and
ómez et al. [43]. It was observed that, on average a higher

han 8-times dilution of BB extract with HQ water is neces-
ary to avoid matrix assisted signal suppression for the studied

p
t
q
i

s (HQ water: mobile phase, 100%A spiked with 500 �g L−1 of PPCPs before
g L−1 of PPCPs before dilution).

PCPs: chloramphenicol, salicylic acid, furosemide and ben-
roflumethiazide (Fig. 3). For comparison, a minor influence
f dilution of sample extracts on the intensity of the signal of
ompounds which are not significantly susceptible to signal sup-
ression (diclofenac and ibuprofen) is also presented in Fig. 3. It
hould be emphasised, however, that too high dilution can also
ead to a considerable decrease in sensitivity and this has to be
aken into consideration when applying this approach.

The above discussion indicates that there is an obvious need
or the application of a higher number of surrogate/internal
tandards to more accurately compensate for matrix assisted
ignal suppression and the low SPE recovery of the different
roups of PPCPs studied. This is, however, very often impos-
ible due to the lack of suitable surrogate/internal standards or
heir high cost. The other possibilities that could eliminate matrix
ffect involve selective extraction/better sample clean-up, time
onsuming standard addition or dilution of sample extracts as

roposed by Gros et al. [34] and Gómez et al. [43]. In summary,
here are several approaches that can be undertaken concerning
uantification issues. In this study internal standard calibration
s considered to be the right approach for PPCPs determination
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Table 5
Performance data for pharmaceuticals (instrumental/method limits of detection and quantification; linearity—R2)

PPCPs tR (min) Instrumental parametersa Method parametersb

IDLS/N

(�g L−1)
IQLS/N

(�g L−1)
R2 MDLS/N

(ng L−1)
MQLS/N

(ng L−1)
MQLcalc

(ng L−1)
R2

Sulfamethoxazole 4.69 0.2 1.0 1.000 0.5 2.0 2.8 0.999
Chloramphenicol 5.75 0.05 0.2 0.999 0.5 2.0 0.4 0.999
Methylparaben 5.84 0.05 0.2 0.999 0.1 0.3 0.2 0.997
Salicylic acid 6.01 0.05 0.2 1.000 0.1 0.5 0.4 0.999
Furosemide 6.46 0.2 1.0 0.999 2.5 7.0 1.5 0.998
2-Benzophenone 6.55 0.1 0.4 0.997 0.1 0.5 0.6 1.000
Bendroflumethiazide 6.56 0.1 1.0 0.998 1.0 3.0 2.5 0.998
Ethylparaben 6.87 0.05 0.2 0.996 0.15 0.5 0.2 0.997
4-Benzophenone 7.34 0.05 0.2 0.997 1.5 5.0 1.5 1.000
Sulfasalazine 8.02 0.2 1.0 0.996 1.0 5.0 1.5 0.997
Digoxin 8.46 10.0 15 0.996 10.0 30.0 29.6 0.996
Propylparaben 8.47 0.1 0.4 0.997 0.1 0.3 0.5 1.000
Aspirin 8.55 0.2 1.0 0.999 0.1 0.5 0.8 1.000
Pravastatin 8.62 1.0 5.0 0.997 20.0 60.0 50.0 0.998
Ketoprofen 9.03 0.2 1.0 0.999 0.8 2.5 1.3 0.999
1-Benzophenone 9.29 0.05 0.2 0.997 0.1 0.3 0.2 1.000
Clofibric acid 9.30 0.1 0.4 0.994 0.1 0.5 0.4 0.997
Naproxen 9.68 0.2 0.6 0.997 0.5 1.5 0.9 1.000
Bezafibrate 9.82 2.0 10.0 0.996 2.5 10.0 6.3 1.000
Butylparaben 10.09 0.1 0.4 0.999 0.1 0.3 0.3 0.999
Valsartan 10.70 0.2 0.5 0.999 0.1 0.5 0.5 1.000
3-Benzophenone 11.53 10.0 30.0 0.996 10 30.0 32.2 0.999
Diclofenac 11.82 0.2 0.7 0.997 0.2 0.5 0.5 0.999
Ibuprofen 12.18 0.2 0.7 0.995 0.1 0.5 0.5 0.999
Mefenamic acid 13.28 0.3 1.0 0.997 0.1 0.5 0.5 0.999
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a HQ standards spiked with pharmaceuticals; concentration, 0–1200 �g L−1.
b BB water spiked with pharmaceuticals before extraction; concentration, 0–1

n environmental samples. For the compounds that IS/SS did not
ompensate for ion suppression, dilution of samples should be
ndertaken. This approach was also proposed by Gómez et al.
43].

.3. Quantification and method validation parameters

The instrumental and method limits of detection and quan-
ification are presented in Table 5. The instrumental limits
f quantification varied from 0.2 �g L−1 for chloramphenicol,
ethyl-, ethyl- and butylparaben, salicylic acid, and 1-, 4-

enzophenones to 30 �g L−1 for 3-benzophenone. The method
imits of quantification were at low nanogram per litre lev-
ls and ranged from 0.3 ng L−1 for methyl-, propyl- and
utylparaben and 1-benzophenone to 30 ng L−1 for digoxin
nd 3-benzophenone, which makes the method useful for the
etermination of very low levels of PPCPs in the aqueous
nvironment such as surface waters. The values of MQLS/N
hat were determined using a signal-to-noise approach were
lso confirmed with MQLcalc calculated using Eq. (2) (see
able 5).

The mean correlation coefficients (R2) of the calibration
urves, which are on average higher than 0.997 in both HQ

ater and BB surface water (Table 5), show good linearity of

he method in the range of 0–1200 ng L−1. The accuracy range
as within the value of −30 to 20%. The instrumental intra-

nd inter-day repeatabilities as indicated by standard deviation
R
P

g L−1.

alculated from the analysis of three replicates were below 5%.
he method intra- and inter-day repeatabilities were on average

ess than 5% (Table 6).

.4. Environmental application

The multi-residue method was successfully applied to verify
he presence of PPCPs in River Taff in South Wales, a region of
he UK which, according to the best knowledge of the authors,
as never been studied for the analysis of the chosen PPCPs.
everal sampling points were chosen along River Taff:

. Brecon Beacons National Park, the source of River Taff.

. Merthyr Tydfil—23.5 km downstream, just after Merthyr
Tydfil (population, 55,000).

. Abercynon—12 km downstream of Merthyr Tydfil, just after
Abercynon, 1 km upstream of a WWTP.

. Pontypridd—2 km downstream of a WWTP, just before Pon-
typridd (population, 33,000).

. Trefforest Estate—7 km downstream of Pontypridd.

. Cardiff—18 km downstream of Trefforest Estate, the bay
area of Cardiff (population, 320,000), where the river enters
the Bristol Channel.
The results are presented in Table 7. The research proved that
iver Taff at its source, which is in Brecon Beacons National
ark, is not contaminated with PPCPs. The first signs of con-
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Table 6
Performance data for pharmaceuticals (inter- and intra-day repeatability)

PPCPs Method parametersa, precision

Intra-day R.S.D.% (n = 3) Inter-day R.S.D.% (n = 3)

50 (ng L−1) 500 (ng L−1) 1000 (ng L−1) 50 (ng L−1) 500 (ng L−1) 1000 (ng L−1)

D1 D2 D3 D1 D2 D3 D1 D2 D3

Sulfamethoxazole 1.3 1.1 0.4 1.0 0.2 2.1 1.6 1.0 1.5 3.9 4.8 5.4
Chloramphenicol 1.3 2.5 0.7 3.1 0.8 1.7 0.6 0.7 0.9 1.7 2.9 2.9
Methylparaben 3.1 2.6 0.8 3.8 1.2 1.1 1.0 1.5 2.2 4.6 6.4 5.5
Salicylic acid 0.9 1.4 0.4 3.3 1.0 1.4 2.2 1.6 1.0 3.3 3.3 5.4
Furosemide 1.0 1.5 0.5 1.5 1.6 1.0 1.4 1.7 0.5 4.6 4.9 3.2
2-Benzophenone 2.1 4.4 0.2 2.9 2.4 0.4 0.5 1.1 2.3 3.9 4.8 5.5
Bendroflumethiazide 2.7 2.1 0.8 1.0 2.0 1.6 3.0 1.2 1.1 1.8 2.7 5.1
Ethylparaben 2.3 3.9 1.2 1.0 1.8 1.8 4.8 0.2 1.4 2.5 5.6 4.0
4-Benzophenone 3.8 4.6 1.7 4.1 3.1 2.2 0.8 3.9 3.0 6.5 7.0 4.6
Sulfasalazine 2.7 1.6 0.6 3.3 0.7 1.3 0.6 0.8 0.5 2.0 1.8 2.9
Digoxin 13.7 1.9 3.9 4.2 3.8 6.6 4.7 0.6 3.4 8.3 8.1 8.9
Propylparaben 1.5 3.8 2.1 2.4 4.0 4.1 1.3 3.7 5.0 4.0 9.9 4.9
Aspirin 3.5 1.8 1.5 2.4 1.0 1.0 2.3 0.2 0.6 2.4 3.9 3.5
Pravastatin – – – 4.1 3.7 1.0 1.0 0.3 4.4 – 7.9 5.0
Ketoprofen 2.2 1.4 1.2 2.5 1.2 1.0 4.2 1.1 0.6 2.8 2.9 3.0
1-Benzophenone 0.5 3.1 0.9 2.5 3.2 1.1 0.3 4.4 4.7 3.0 6.5 4.8
Clofibric acid 0.9 1.6 0.3 2.7 2.5 0.4 1.2 1.2 1.8 4.4 5.3 4.9
Naproxen 0.9 0.8 0.8 1.6 0.9 2.1 2.6 1.0 1.4 1.8 4.7 4.4
Bezafibrate 6.5 2.5 1.4 4.2 1.2 4.7 4.9 1.8 3.1 3.5 8.8 7.4
Butylparaben 0.4 2.6 1.6 1.3 1.4 2.8 1.5 2.6 1.2 2.2 5.2 4.7
Valsartan 4.5 2.2 1.2 4.8 2.4 2.3 1.6 0.7 0.4 4.3 4.7 3.2
3-Benzophenone 0.5 2.2 2.6 3.5 1.2 0.4 0.5 0.5 2.3 8.3 6.6 3.0
Diclofenac 1.5 0.5 0.5 1.0 0.6 1.0 2.1 0.8 0.7 2.6 3.2 3.6
Ibuprofen 1.7 0.6 1.0 1.3 1.4 1.2 2.2 1.0 1.4 3.2 4.8 4.4
Mefenamic acid 1.3 0.6 2.2 0.1 0.3 0.8 0.1 0.2 0.9 2.6 4.8 3.4

a BB water spiked with pharmaceuticals before extraction; concentration, 0–1200 ng L−1.

Table 7
Concentration of PPCPs in River Taff (two replicate samples)

Compound Concentration (ng L−1)

Merthyr Tydfil Abercynon Pontypridd Trefforest Estate Cardiff

Sulfamethoxazole <MQL <MQL <MQL <MQL <MQL
Chloramphenicol <MQL <MQL <MQL <MQL <MQL
Methylparaben 30 ± 5 48 ± 2 26 ± 2 17 ± 2 10 ± 10
Salicylic acid 21 ± 2 33 ± 4 18 ± 3 14 ± 1 14 ± 1
2-Benzophenone <MQL <MQL <MQL <MQL <MQL
Furosemide <MQL <MQL 57 ± 8 40 ± 2 7 ± 1
Bendroflumethiazide <MQL <MQL <MQL <MQL <MQL
Ethylparaben 4 ± 0.2 7 ± 1 8 ± 1 4 ± 1 4 ± 1
4-Benzophenone <MQL 54 ± 9 220 ± 20 187 ± 22 128 ± 18
Sulfasalazine 7 ± 0.1 12 ± 0.4 30 ± 3 14 ± 0.4 20 ± 1
Digoxin <MQL <MQL <MQL <MQL <MQL
Propylparaben <MQL <MQL <MQL <MQL <MQL
Aspirin 3 ± 2 9 ± 2 7 ± 1 6 ± 1 7 ± 1
Pravastatin <MQL <MQL <MQL <MQL <MQL
Ketoprofen <MQL <MQL 6 ± 1 4 ± 1 6 ± 2
1-Benzophenone <MQL <MQL <MQL <MQL <MQL
Clofibric acid <MQL <MQL <MQL 36 ± 1 21 ± 1
Naproxen 3 ± 0.2 9 ± 1 34 ± 2 29 ± 3 20 ± 2
Bezafibrate <MQL <MQL <MQL <MQL <MQL
Butylparaben <MQL <MQL <MQL <MQL <MQL
Valsartan 1 ± 0.1 7 ± 1 21 ± 2 19 ± 2 15 ± 0.2
3-Benzophenone <MQL <MQL <MQL <MQL <MQL
Diclofenac <MQL 1 ± 0.4 12 ± 2 8 ± 1 8 ± 1
Ibuprofen 0.6 ± 0.3 20 ± 2 25 ± 3 18 ± 2 37 ± 2
Mefenamic acid <MQL <MQL 9 ± 6 5 ± 4 <MQL
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amination are observed in Abercynon, which might be due
o a run-off or an uncontrolled discharge of untreated sewage
rom surrounding housing estates. A significant increase of
PCPs concentration takes place in Pontypridd, which is after a
astewater treatment plant (WWTP Cilfynydd treating mainly

ommunal wastewater). A slight decrease of PPCPs concen-
ration is observed in Cardiff, but it still remains high when
ompared to the quality of river water upstream of the WWTP,
t the first three sampling points.

PPCPs were identified at concentrations of a few ng L−1 to a
ew hundreds ng L−1. The highest concentrations were observed
n the case of pharmaceuticals for anti-inflammatory/analgesics
uch as salicylic acid, napoxen and ibuprofen and other phar-
aceuticals such as: furosemide and valsartan. Among personal

are products 4-benzophenone and methylparaben were found
t the highest concentrations.

. Conclusions

This paper concerns the development and validation of
novel, fast and cost-effective multi-residue method for

nvironmental monitoring of 25 acidic/neutral pharmaceuti-
als (antibiotics, anti-inflammatory/analgesics, lipid regulating
gents, diuretics, triazides, H2-receptor antagonists, cardiac
licozides and angiotensin II antagonists) and personal care
roducts (susnscreen agents and preservatives) in the low
anogram per litre range. The method involved single solid-
hase extraction with the usage of strong cation-exchange
ixed-mode polymeric sorbent (Oasis MCX, 60 mg) and sub-

equent ultra performance liquid chromatography–negative
lectrospray ionisation tandem mass spectrometry. The usage
f the novel ultra performance liquid chromatography system
ith 1.7 �m bridged ethylsiloxane/silica hybrid (BEH) particles

nd 1 mm internal diameter column allowed for good separa-
ion of analytes with the application of low mobile phase flow
ates (0.05 mL min−1) and short retention times (from 4.7 min
o 13.3 min). High sensitivity, resolution and speed of analysis
re some of the main advantages of the method when compared
o other multi-residue methods using high-performance liquid
hromatography combined with mass spectrometry.

The influence of mobile-phase composition, matrix assisted
on suppression and SPE recovery on the sensitivity of the

ethod were evaluated. High recovery and reproducibility for
CX adsorbent was obtained for many of the pharmaceuticals

tudied. The effects of signal suppression and low SPE recov-
ry, both resulting from the presence of matrix interferences,
ere found to be the main factors affecting the sensitivity of

he established analytical method. Surrogate/internal standards
ere therefore added to the sample so as to compensate for losses
f compounds during both the sample preparation procedure and
esulting from matrix assisted suppression. For the compounds
hat IS/SS did not compensate for ion suppression, dilution of
amples was undertaken.
The mean correlation coefficients (R2) of the calibration
urves, which are on average higher than 0.997 in both HQ
ater and BB surface water extract, showed good linearity
f the method in the studied range of 0–1200 �g L−1 and

[

[
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–1200 ng L−1 respectively. The instrumental limits of quantifi-
ation varied from 0.2 �g L−1 (chloramphenicol, salicylic acid,
iclofenac, ibuprofen, methyl-, ethyl- and butylparaben, 1- and
-benzophenone) to 30 �g L−1 (3-benzophenone). The method
imits of quantification were at low nanogram per litre levels and
anged from 0.3 ng L−1 (methyl-, propyl-, butylparaben and 1-
enzophenone) to 30 ng L−1 (dioxin and 3-benzophenone). The
nstrumental and method intra-day and inter-day repeatabilities
ere on average less than 5%.
The method was applied for the determination of PPCPs

n River Taff. The results confirmed its applicability in envi-
onmental monitoring. Thirteen compounds were determined
n river water at levels ranging from a single to a few
undred nanograms per litre. Among them were 10 pharmaceu-
icals (aspirin, salicylic acid, ketoprofen, naproxen, diclofenac,
buprofen, mefenamic acid, furosemide, sulfasalazine, valsar-
an) and 3 personal care products (methyl- and ethylparaben and
-benzophenone) The highest concentrations were determined
n river water samples collected after wastewater plants, which
onfirms the hypothesis that wastewater effluents are the main
ource of water contamination with PPCPs.
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