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Abstract

The presence of pharmaceutical residues in surface waters is an emerging environmental issue that provides
a nav challenge to treatment systems fuostable water, wastewater and water reuSéeir principle
pathwaydnto theseweragesystem are twofold: firsgfter being administered to patiethtigyare normally
excreted as various metabolites together with thehanged parent compoyngkcondly, it iscommon
practiceto disposeoutdatedor unused medicinesitherdown the drain oflush downthe toilet. In either

case, significant quantities of pharmaceutical residues eventually find their way to wastewtmtentrea
plantsand he occurrence of these residues in surface waters and groundiwateestothe inefficient
removal processes of conventional water treatment and emphasises the need for enhandeeabmeety
technologies. The removal of pharmacealicand other organic micqmllutants still only provides a
partial indication of the efficiency of the various treatment methods becatise pbssible generation of
norntargeted toxic intermediates more resistant to degradation. When it comes to phéoakhesidues

many gaps exist in our knowledge regarding degradation mechanisms, the identity of transformation
products, and their impact on atinir fate in the environment. Insights into this relatively unexplored field

are hindered by the quantignd the variety of products present at various degretaradformationTo

resolve this will requirghe application of sophisticated instruments capable of providing complementary
information for structural assignment andbust analytical methods, whiaequire meticulous method
development and validation.

This thesis describes an analytical method for determining key pharmaceutical representatives of
nonsteroidal antiinflammatory drug&uprofen, ketoprofen, naproxen and diclofenac, in aquatic resfric
and its validation at the intralaboratory and interlaboratory level. The analytical method is based on solid
phase extraction and derivatisation followed by-K8. An intralaboratory validation revealed the method
to be satisfactory in terms of linegri(r®> (0.990), sensitivity, limits of detection @ 6 ng L"), and
extraction efficiency (84 %), thus proving its suitability for determining NSAIDs in aqueous
environmental sample$he method wathen applied tovariousSlovenian surface water, groundterand
tap water samplesThe concentrations apharmaceuticals (range 10300 ng L) determinedwere
comparable to those found elsewhere in Europe. Furthermore, naproxen, when compared to the other
selected pharmaceuticals is dispensed in the highest snaas detected in the majority of samples also
in the highest concentratioriaterlaboratory validation involving G®IS and LCGMS was also performed
in two separateound robinstudies In summary, it was shown that the @84S method was superior to EC
MS method when determining ibuprofen, naproxen and ketoprofen in complex matrices, while neither of
the two methods was satisfactory for determining diclofenac. In addition, the process of filtration and the
filter material had no affect on the determinatad NSAIDs.

Experiments involving the biological removal of pharmaceuticals with activated sludge revealed two
groups: readily biodegradable compoufids e m o8V %)lincluding ibuprofen, ketoprofen and naproxen,
and recalcitrant compounds diclofenac, clofibric acid and carbamazepiseh o wi n 30 %@bBdA6 %o, o
elimination, respectivelyThe study was performed iaboratory scale bioreacterand tte results were in
agreement with actual data from municipal wastewater treatment [Bactusahe activated sludge in the
bioreactorswas continuously exposed to the selected pharmaceuticals the effects on the makeup of the
microbial community in the a&vated sludgewere monitored. Overall, the pharmaceuticals in
concentrationss 0 3 gesulted in a change in the microbial composition in tivated sludge, which
becameexaggerated with increasing concentration. The pharmaceuticals reduced the diversity in the
activated sludge and especially worrying was the notable absEN@eospira, the bacteria responsible for
2" stage nitrification.

This thesis also examnes the biotransformation otertain pharmaceutical Interestingly, only the
persistent pharmaceuticals diclofenac, clofibric acid and carbamazepine vyielded saeynable
biotransformation products. Among a numbedadf c | o fietnarsforiation products identified was 1
(2,6-dichlorophenyh1,3-dihydro-2H-indol-2-one, hydroxydiclofenac, a benzoquinone imine derivative
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and a nitreanalogue of diclofena&urthe, 4-chlorophenol was identified in thBoreactor feed along with
clofibric acid, and acridine and-#&ridone were formed during the biotransformation of carbamazepine.
From the literature and according to this study certain transformation productscaferaledvia different
mechanisms involving the abiotic breakdown or human and animal metabolism. Among the identified
biotransformation products most notable is the incorporation of agritwp into the diclofenac molecule.

This study also focused oheg complementary use of mass spectrometric techniques includiti§, GC-

Q and LGQQTOF to detect as many transformation products as possible, and to apply different mass
spectrometric techniques for cresanfirmation of their chemical structures. Amotige available mass
spectrometric techniques the {@TOF was the most powerful in resolving the chemical structures of the
transformation products because of its unique ability to perfooth tandemmass fragmentatioand
accurate mass measurement.

Similar experiments under abiotic conditions, primarily UV irradiation and chlorine dioxide
disinfection were madeOut of the eight metabolitesf carbamazepindetected, lte structures ofeven
transformation products, formed during at least one of theresdtmethods, wemeterminedIn addition,
one compound was generated by thermal decomposition during sample analysis. This study also compared
treatment technologies according to the removal of carbamazepine and the production and decay of its
transformé&ion products. The most efficient at removing carbamazepine was UV treg@8e¥t) while
76 % ofacridine andk10 % ofacridonewereremg ed. Al ternati vel vy, addidine
%) wee more susceptible to biological treatmémin carbamagpine (16 %) Therefore, based on the
enhanced biodegradability of carbamazepine residues achieved by UV irradiation, a coupled treatment
technology is proposed involving an initial UV treatment step followed by biological treatment. Similarly,
chlorine doxide degrades carbamazepine more efficie(G4 %) than acridine(38 %) and it may be
applied prior to biological treatment.

Finally, at least three identified transformation produétshlorophenol from clofibric acid; acridine
and 9acridone from cdamazepine, werdound to bemore toxic and hazardous than the parent
compoundsa fact which supports the original thesis tbasidering only a parent pharmaceutical, more
harm can be done by insufficient treatment than by completely avoidifiguis, with an aim of achieving
complete mineralisation of both parent compounds and their transformation products, further development
of treatment technologies, possibly involving additional and/or sequenced treatments, is needed. The
efficiency of newlydevebped treatment technologies, however, will require sgaland evaluation, both
from a scientific and economic perspective.
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Povzetek

Prisotnost ostankov zdravilnih wulinkovin v okolju
razmer oman mewzrealla naradgl| ajpolimagaskhmolvl jieznzoisvt zian | i
odpadnih vod ter za njihovo ponovno uporabo. Ostanki zdravil se po uporabi v humani ali veterinarski

medi cini obil ajno izlolijo \Y; 0 b énjereiizhodna zdravilnen i h me
ulinkovine. Tako gl avni vir tovrstnega onesnagenj e
zdravi | y4 izl ol ki bol ni kov, nemal okr at pa j e nj
nepravilnega odlaganja nepoljghih zdravil ali proizvodnih procesov v farmacevtski industriji. Odpadne

vode se najvel krat iztekajo v povrginske vode z al
ulinkovitost Il iglenja zdravil niika, sajltd msk privcleme zama | i s
odstranjevanje tovrstnih spojiNe k at er e zdravilne wulinkovine se tek
razgradnj e, katerih identiteta, krogenje in ul ine
njihovo prepoznavga patemelji na uporabsofisticiranih analiznih metod in instrumentov.
Predstavljeno doktor sko del o opi suj e razvoj a

naj pomembnej gi h predstavni kov nesteroidnioksenpr oti vn
in diklofenaka v vodnih makah ter njeno validacijo na notranjeim medaboratorijskem nivoju. Razvita

analizna metoda temelji na ekstrakciji na trdnem nosilcu, ki ji sledita derivatizacija in analiza s plinsko
kromatografij o zno oeekcijoo Nasognevk validacisieht parantetrov, lineain@st

O00. 990) , ianejé zarnhvndstv(d 6 ng L") in izkoristka ekstrakcije (>84 %) za posamezen

analit, sem potrdila primernost anablubizn&owmehosdevnpd
vzorci h. Razvito metodo sem testirala na wvzorcih
l zmerjene koncentracije nest er 030@nyi‘hso pile mimarljive e t ni h
z vrednostmi Kk i s oili rgziskbvalail drdgad|po Evropi. Metemi spojinamije najbolj izstopala

razmeroma visoka koncentracija naproksena, ki sem
posledica izrazito Mike por abe te nester oi duwm&ovanj. dedaborateriskee ul| i n

validacij a, ki j e vkl j-MSirehCMISa dah all ianpempr peolboll &
krogih medlaboratorijskih primerjalnih analiz. Rezultatializso pokazalida jeGC-MS analizia metoda
pri meer ae fgedbupgradena, naproksena in ketoprofena v kompleksnih kastrimedtem ko se je

analiza di kIl of en aljanohi zakgapzed luajanjena natnivajuatimske analize
potreboval a ¢ge dMedabdratodjski grmeralmianatizc at potrdili tudi stabilnost
nesteroidnih protivnetnih ulinkovin v izbranih ma
izbranih analitov.

V gtudijo biologkega |iglenja zdravilnih ulinkovi
skupini zdravilnih ulinkovin, biorazgradlijive, pri
ket oprofen) ,toédrst aljl n em k onvai n b i(dklbfengkk &lofibfinskg | kisling @
karbamazepln Pri sl ednjih semi mol®!| Pl ar| OBitveoz9aktiviids3t0 o s t
bl atom. Ulinkovitost |iglenja obstjegrimerjivaspatiath vi | ni h
za komunalne | istijeméi nkpvavest medfgkeenjkao biorazgr
ve | .jRazlog za to je lahko adaptacija zaradi neprekinjene izpostavljenosti biomase izbranim zdravilnim
ulinkovinam al i podal jgan zadr geval ni neprekisjenao dp adn e
i zpostavljenost zdr avitlrnuikm uurloi nnki okvrionbai no | vopdlkiev azl dar unga
so koncent r'mzanajng g@3® &g rlwkturno razlilnost predst e
odsotnost bakterij rodNitrospira, ki so odgovorne za drugoluustopnj o ni

Ena izmed temeljnih nalog predstavljene doktorske disertacije je tudi prepoznavanje produktov
razgradnje zdravilnih wulinkovin tekom postopkov |
pretvorbah je bilo pr odukitveeh trelaabstajnién dpojjnah, diklofgnakl,e z a z
kl of i brinski kKislini in karbamazepinu. Med gteviln

naslednje: 42,6-diklorofenil)-1,3-dihidro-2H-indol-2-on, hidroksidiklofenak, benzokinon imin deriva
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diklofenaka in nitro analog diklofenak3prisotnostjo klofibrinske kisline v bioreaktorjih sem identificirala
4-klorofenol, medtem ko stakridnin9a kr i don nastala med mikrobiol ogk:

Sodel po |literaturnih podatkih I ahko nekater:i i Z me
kot so humani al i gival ski met aboill k zebmi alldg kaebiroa z
zdravil , ki sem jih identificirala, vkl julitev n|
nenavadno in neprilakovano pretvorbo. Za identifil

navzkr i ¢n onjihpvihtstrulktue sem pri seojem delu uporabljala komplementarne kromatografske
inmasnes pektrometril ne 4#Te®ON akddCQgi@-dMed igzbranimi inskr@nenti se
elCQgTOF i zkazal kot naj pri mer nej ghispofinagsajo mg@laa | e

tandemsko masno fragmentacijo, visoko lolljivost i
Predstavljena doktorska naloga vkljuluje tudi ek :
predvsem UV razgradnjo in dezinfekcijo s klorovinodi s i d o m. Pri tem sem uspegn
produktov transformacije karbamazepina, ge ena sp
topl otnega razpada karbamazepina v injektorju plin
karbamazepina in dveh izmed njegovih produktov razgradnje, akridina in akridona, je pokazalo, da je za

odstranjevanje karbamazepinaaj ul i nUWdvi a2ggadnja (93 %), medt em K¢

akridina 76 %, akridona pa <10 %. V nasprotju skarma z e pi nom (16 %) pa sem u
mi krobi ol ogko razgradnjo akridina (092 %) in akrid

skl opljeno tehnol ogij o | iingnhtem jka,o bk io |l wiglkjou Irwajzeg r &\l nij
karbamazepin (54 %) uspegneje kot akridin (38 %)
|l esar se v zaporedju z Dbiologkim |iglenjem prav
vstopa ostankov zdravi lanih tud h mdkloosginj iv book od g ter. e bPnrc
pilotnih in realnih |istilnih napravah in oceniti.i
Literaturni podat ki in raziskave znotraj te gtudi

transformacije4-klorofenol, produkt razgradnje klofibrinske kisline, in akridin ter akridon, ki nastaneta iz

kar bamazepi nkotizhddee kppjiretkarkeg e s kr bl e j ddb@atimo podkrepi
cilie po doseganju popolne mineralizacije obstojnihrmikp ol ut ant ov tekom | i gl enj a
in s tem znatno zmanjganje obremenitve okolja in t
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EOH = hydroxyl radicals

AOP = advanced oxidation process

APCI = atmospheric pressure chemical ionization
API = atmosyeric pressure ionization techniques
APPI = atmospheric pressure photoionization
BOD = biological oxygen demand

BSTFA = N,O-bis(trimethylsilyl)}-trifluoracetamide
CAS = conventional activated sludge treatment
CBz = carbamazepine

Cl = chemicalionization

CID = collision induced dissociation

CLA = clofibric acid

COoD = chemical oxygen demand

CRM = certified reference material

DF = diclofenac

DF-Na = diclofenac sodium salt

DOM = dissolved organic material

El = electron impact ionization

ESI = eledrospray ionization

GC = gas chromatography

HPLC = high performance liquid chromatography
HRMS = high resolution mass spectrometry

HRT = hydraulic retention time

IB = ibuprofen

IPs = identification points

IT = ion trap mass detector

KP = ketoprokn

LC = liquid chromatography

LLE = liquid-liquid extraction

LOAEL = lowest observed adverse effect level
LOEL = lowest observed effect level

LOD = limit of detection

LOQ = limit of quantification

MBR = membrane bioreactors

MRM = multiple reactiormonitoring

MS = mass spectrometry

MS/MS = tandem mass spectrometry

MS" = multiple stage mass spectrometry

MSTFA = N-methytN-(trimethylsilyl)-trifluoracetamide
MTBSTFA = N,N-(tertbutyldimethylsilyl}trifluoroacetamide
NCI = negative chemicabnization

NF = nanofiltration

NIST = National Institute of Standards and Technology
NMR = nuclear magnetic resonance

NP = naproxen

OoTC = overthe-counter pharmaceuticals

PFBBr = pentafluorobenzyl bromide

POCIS = Polar Organic Chemical Integrative Sampling
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sludge retention time
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time-of-flight mass detector
transformation product

ultra performance liquid chromatography
wasewater

wastewater treatment plant



1 Introduction

1.1 Pharmaceuticalsin therapeutics

1.1.1 Pharmacokinetic and pharmacodynamiccharacteristics

Pharmaceuticalare an indispensable element of modern Tifeey areadministered to humans aadimals

as an aidn the diagnosigreatment or prevention of diseagor the relief of pain or suffering, or to control

or improve physiologic or pathologic conditiod].] With an increasingpopulation, increagng life
expectancy anthe continuadevelopment and intrattion of newpharmaceuticalonto themarket, their
assortment and consumptioontinues to rise As a mirror to the knowledge of themportance for our
well-being is an increase in the awareness regarding their unwanted effects; many of which are only
recognised long after pharmaceuticals have been launched on the market. To improve our knowledge in
this field, their fate and behaviour need to be studied within and after being excreted from the target
organism.

In this thesis six model compounds comimgs four nonsteroidal antinflammatory drugs,
carbamazepine and clofibric acidaple ) were selected as model pharmaceuticals to study the
occurrence, fate, removal and transformations of pharmaceuticals during water treatment and in the
environment

An important pharmacological group of drugs are thesteroidal antinflammatory drugs (NSAIDs).
Non-steroidalantrinflammatory drugsuppress inflammation in a manner similar to steroids, but without
the associated side effects, and are commonly usedlieve the symptoms of arthritis, gout, swelling,
stiffness and joint pain. The pharmacological mode of action for NSAIDgaishe inhibition of the
synthesis of prostaglandins, prostacyclins and leukotrienes involved in the inflammatory respasese. The
pharmaceuticals, in particular those sold ebercounter as noprescription drugs, also have analgesic
(painkilling) and antipyretic (fever reducing) activities. Among the selected NSAT@ble 1), ibuprofen
(IB) andnaproxen(NP) are sold ovethe-counter in most countries, while ketoprofen (KdPjddiclofenac
(DF) can only be obtained as prescription diiaj3].

Carbamazepin€0BZ) is animportant drug for the treatment of epilepafich is after strokethe most
commoncentral nervous systediseaseThis drugis also used for the treatmentsevere pain syndromes
associated witmeurologicaldisorders(trigeminal neuralgipand as a psychotropic ageihe drug has
been introduced in clinical psychiatry for the treatment of schizophralaidnol withdrawal, acute mania,
and for prophylaxis against both the manic and depressive episodes of bipolar di8prderig]
administered chronically and usually in high dosages and hence its annual productiofdisltigh

Lipid regulating drugsi.e. fibric acid derivatives (fibrates) andHdroxy-3-methylglutaryticoenzyme
A (HMG-CoA) reductase inhibitors (statins), are used to lower levels of blood cholesterol among people at
risk of heart attack or stroke. Fibrates redtlwelevel of triglycerices and increase the levels of high
density lipoprotein, thereby decreasing the risk of cardiovascular ey8htsAmong the fibrate
antilipaemics, three compounds are known to transform into a pharmacologically detfikiec acid
(CLA) during human metamlism.



Tablel: Chemical classification of the studied pharmaceuticals

Pharmaceutical CAS IUPAC name Trade name SISl Molepular
formula weight
Umethyk4-(2- P
1B 1568727-1 | methyl propyl) Bonifert, CiH150; 206.283
b ’ .| Ibuproferf
enzene acetic aciq
6-methoxyU- .
methyt2- Nalgesir
NP 22204531 naphthalene acetic| Naprosyf C1aH1405 230.2616
acid
3-benzoytU \
KP 22071154 | methylbenzene KetonaF Ci16H1405 254.284
acetic acid
2-((2,6- .
DF 15307865 | dichlorophenyljami| Nakloferf CLHCLNO, | 296.152
. Voltarerf
no)benzene acetic
acid
2-(4-chloro
CLA 882-09-7 phenoxy}2-methyl CioH110Cl 214.647
propanoic acid
Tegretof,
oH- Tegretol XK
CBZ 298464 | dibenz(b,fazepine gquetr g CisH1:N,0 236.273
5-carboxamide Carbatrof
The term6 Dr ug metabol i smbé refers ftnovivof.dtntakesaplace al t er at

predominantlyin the liver and in general, metabolism modifiethe chemical structure of the active
molecues into more polar and watsoluble derivatives, which in turn facilitates ithexcretion. Drugs are
metabolizedhrough avariety of mechanisms such as hydrolysis, oxidation, reduction, dealkylatidch
are referred to as Phase | metabolic reactambeitherintroduce or expose a functional group the
parent compound. Phase | reactions generally result in the loss of pharmacological activity, although there
are examples of retention or enhancemenheéctivity. In some casethe compound maype a predrug,
which is converted rapidly into its pharmacologically active form, usually during thepésst liver
metabolism. Phase Il conjugation reactions leathédormation ofa covalent bond between a functional
group (OH, COOH, Nk or SH) onthe parent compound @ Phase | metabolitand D-glucuronic acid,
sulphate, glutathione, amino acids, or acetd#%8,9,10. In general, conjugation diminishes
pharmacological activity, thought may be reversible andthe phenomena of deconjugation in the
environment or duringnunicipalwastewater treatmectin occuf4,11,12,13,14,15,16 Certaindrugslike
CBZ are largely metabolized before they are excreted, while othach asatenolo] are only poorly
metabolized and others yet again, such as cdmntredia, are excreted completely intahe compounds
with a high metabolic rate in humade not necessariljlavea short lifetime inthe aquatic environment

[17].

1.1.2 Production and consumption

Pharmaceuticals are produced and used in incregsigiteseachyear The availabledata(Table2)
show how the amount oB| DF and CBZ prescribed in Germany (199%999) increased for 25, 70 and
44 %, respectivelyThe consumption and application of pharmaceuticaigesconsiderably from country
to country but in generathe amount of dispensed pharmaceutigsalsigherthan those values given in
Table 2, sincethese numbersaodnot include hospital applications andn-presriptioni.e., so-called over
the-counter(OTC) drugs.The amounts consumed per person per {Ealle 2) were calculated using the



data from CIA World Factbookl8]. Among the studied countries, Canada isl#ngestconsumer of B
and NPper capitain Slovenia most KP is dispensediereasn Germany most DF and CBZ per person is
consumed.

Table2: Estimated pescription amounts of the selected pharmaceuti¢als.: notstated

Defined daily dose | Annual prescribed Amount per
Compound (adult, oral) amount Country Year capita Reference
(mg day') (t per year) (mgyear’)
250 Canada 2001 7972 [3]
18 Switzerland | 2001 2420 [19
i 140 Germany | 1999 1691 [20]
B 200- 3200 105 Germany | 1995 1266 [4]
6.696 Austria n.s. 816 [2]]
0.945 Slovenia | 2001 467 [22]
45 Canada 2001 1435 [3]
NP-Na 275-1100 1.923 Slovenia | 2001 | 950 [27]
0.339 Slovenia | 2001 167 [22]
KP 50-200 0.254 Switzerland | 2001 34 (19
250 Germany | 1999 3021 [20]
75 Germany | 1995 904 [4]
6.143 Austria n.s. 748 [2]]
DF-Na 75-200 3.9 Switzerland | 2001 524 (19
0.602 Slovenia | 2001 297 [22]
5 Canada 2001 159 [3]
Clofibrate 2000 mg,
CLA 95/ 99 % transform. 16 Germany | 1995 193 [4]
120 Gernmany 1999 1450 [20]
30 Canada 2001 957 [3]
cBz 100- 2000 80 Germany | 1995 965 [4]
6.344 Austria n.s. 773 [2]]

Due to th& pharmacological activity and themount usedpharmaceutical after they enter the
environment, represemnvironmentally relevant compnods. In addition, pharmaceuticalare produced
and administered with the aim of causing a biological effect, their occurrence, fate and cffées
environment are not only of scientific but also of public interest. Besides the active substances, the
pharmaceutical formulations may also incorporate adjuvants and in some instances pigments and dyes, but
in terms ofthe possibleimpact on the environmentthese are of minor importance conguto the
pharmacologically active substanteemselve$8].



1.2 Pharmaceuticals in the environment

1.2.1 Sources

In human and veterinary medicjngharmaceuticalsare administeredorally, parenterally, topically, or
rectally andare used exteigly in hospitals andlomestically Together with theimetaboliteghey enter
the municipal sewer network and either reach sewage treatment plamsruoal households directly
releasen to septic tank$23]. Because the pharmaceutical industry fobd®ood Manufactung Practice
regulations (GMPs)actualemissions during manufaging are lowand aly in the case of accidents may
emissions occur localiyherefore point source emissions are of minor importai@je

Households ——==—

/ Non domestic points
Industries, Hospitals,
Services \

Drinking Water Sewer  Direct
Q/ discharge

Septic tank
Diffuse pollution

Aquaculture Animal farming

Effluent

Bank filtration

Biosolids

]

Spread

Ground-water

m
Leaching

Landfills

Figure 1. Sources, distribution andinks of pharmaceuticals in the environmg2d]. (DWT: drinking water
treatmentWWTP: wastewater treatment plant)

Becausepharmaceutical are nottotally eliminated duringvastewater (WW)reatmentthey enter the
aquatic environmentwherethey can leach into underlying groundwater, whithurn may beused as a
source ofpotable water (Figure 1) [16,25,29. In addition outdated andexcessmedicines areoften
disposed of with household waste or down the dtais.reported that approximately one third of thel
volume ofpharmaceuticalsold in Germanynd USA[27,28 and about 25 % of those sold in Austi28][
is disposed ofn this mannerIn the United Kingdom the predominant method of dispasain the
household wastevhichis of concernsincemediches deposited in their original form in landfill bypass
metabolismin the human body and degradation in WWTR)], and landfill leachatecan be a major
source of groundwater contaminati@i,32,33,3%

Drugs used in animal husbandry, either for veteyiraurposes or as growth promoters, are together
with their metabolites excreted with many@&5]. Farmers use manure and sewage sluakytertilizer
allowing drug residueso reach the soil antb enterthe water environmerih runoff after a heavy rain.
Application of pharmaceuticals in aquaculturan result in a direct input of these compounds into
environmental water do sedimentg8] (Figurel). Pharmaceuticals with sorption properties can enter the
soil andthe subsurface by river bank filtration, artificial groundwater recharge and leakyaggaystems
[36]. In addition, groundwater and surface water are intimately linkedagrmdresulcan contaminate one
another[24]. The passageof pharmaceuticalin raw water resourcethrough drinking water treatment
plant is theirultimate elimination step befopotablewater distributior 24].



1.2.2 Occurrence

The important factors determining the occurrence of pharmaceutical residues in the environment are their
overall consumptiontheir disposabnd the fate of each individual compound in the human body, in the
WWTPs, and inthe aquatic environment itself. Pharmaceuticalsura s per si stent resi du
perliter level in WWTP effluents, which atéen discharged into surface waters, where they are detected in

the several hundred ngLlevel (Table 3). In surface waterpharmaceutical are subjected to natural
attenuation processeshich diminishthemover time and distancg37]. However,certaincompoundsan

persist These include CLA and CBZ3§], which prove to beexcellentanthropogenienarkers as well as

markers for sewage contamination in surface and groundwd®B9 JA4(J. Whenever bank filtration or

other methods for groundwater recharge are fmepotablewater production, persistergharmaceutical

may leach from contaminated watercourses into the groundwater aquifers. Depentegetmodologies

used forpotable wateproduction pharmaceutial residues may also appear at trdeel concentrations in

tap water.For example investigations by Stan et al4]] and Stan amMf showtmk er h 2 ¢
samples taken frowariousdistrictsin Berlin all contained CLA irhigh concentration$165 am 270 ng L

Y. Table 3 showsthe levels of B, KP, DF and CBZ determined ipotable water However, these
compounds irpotable wateoccur only sporadically becausetbéir removal inthe environment oduring

water treatmentOne reason might be the lack of systematic monitoring programs, as currently there are no
statutory maximum contaminant levels fdrarmaceuticalin potable wateand no regulatory requirement

to monitor them. Another reasas theinsufficient detection limits ofhe analytical methods usedince
pharmaceuticalin potable watensually occur in the sub ng'llevel or below[43).

Table3: Occurrenceof selected pharmaceuticals in the environm@uncentration rage, medianand
maxinumdetermined concentratien

Target Surface waters (ng'1) Groundwater Potablewater
compound|  conc. range (ng®) | Med (ngLY) | Max (ng LY Max (ng L) Max (ng L)
80 [49]
4.932 [44] 60 [46]
B 60-152 [45] 297 @7] iig[ég} 200 B 835[‘;53]1]
80-220 [L7] 826 @9 5044 4] :
P 10-400 9] 70 [45] 50 [46,57]
90-250 [17] 33 [46] 32 [39]
KP 10-70 [17] 5149 28[[;}
20-150 @49 60 [52]
26-67 [44] 60 [46] 590 p5|
DF 2672 [45] 29 48] 69 [39] 300 B0 643
10-120 [17] 568 @8]
10-20 [46] 22 39 165 UL
CLA 2.47.6 b4 11 [46] 25 [4g] 7300 K] 1o P
2435 [45] 30 [57] B3
30-250 @49 30 [46] 110 @6 30 B4]
CBZ 100500 [17] 1200 BY 2500 BY 900 5 258 b5

The occurrence gbharmaceuticalin surface waters ipresentedn Table 3 asa concentration range,
maximum and/or median concentratiprg L™). In grounavater andpotablewater the concentrations of
pharmaceutical are determined less frequgnand are often below the detection limit, therefore the
available literature only provideghe maximum determined concentrations. When interpreting the data,
such as tbsecollected inTable3, we need to takimto accounthat not all the studies considered daily and
seasonal fluctuations roncentration opharmaceutical and sorable3 probably does not present a clear
picture of pharmaceuticapollution in the aquati environment.To fully estimate thig environmental
occurrenceload and discharge from WWTRbgr levels would have to be monitored far appropriate
period of timeand suitable sampling conditionasppled. Use of grab or composite sampling does not
provide a true average of the concentratiohgharmaceutical presenf47]. Samples collected using these



methods only representsaapshoin time and do not mimic the continuous exposure of organisms to these
chemicals. An alternative way to achievénagt weighted average concentration is to use passive samplers
such agiPolar Organic Chemical Integrative Sampl @0CIS)[56,57,58.

1.2.3 Fate andbehaviour

Two factors that attenuatgharmaceutical in environmental waters are dispersion and dilu#dthough
these processes do nesult in chemical transformation, they effectively decrease the peak and average
concentrations of a compound. As a consequence, the ambient concentration may not be sufficient to elicit
an enzymatic or biological response aguatic organisms[37]. The dispersion and dilution factors
principally depend on weather and flow conditions.

Alternatively, those parameters that determine the fate and distribution into different environmental
compartments, like sorption, aquatic mdlijli(bio)accumulation, bioand phote degradation, volatility,
and environmental persistence, can to some extent, be predicted from their chemical s{frigtue=2)
and physio-chemical propertie€Table4).

CH, o CH,
OH OH
CH,
o o
H5C
Ibuprofen Ketoprofen
(o]
CH,
Cl HO o
/0
Cl OH
Cl
Diclofenac Clofibric acid
CH,3

o
HiC—
OH
N
HiC o O

Naproxen

Figure2: Chemical structures of the studied compounds

Table4: Physical and chemical properties of the esmpoundsSolubility,octanotwater partition coeffiient
(Kow), dissociation constant (pk organic carborpartition coefficient (k¢), Henry coefficient (K)

Compound  Solubulity (mg L% logKow pKa( 2 0 logKoc (Pa r}???mol)
IB 2159 3560/ -3.79p1]  4.52 2 2596 B3| 1. 5TF[a4D
NP 15.9[64] 3.10p1] -3.18 46]  4.15 @6 - 3. 4F[a4p
KP 51 [64] 3.00 61 -3.12 46]  4.45 @6 - 2. 27P[64p
DF 2.37 b5 4.02p1-451p6 4.16 b2 2921 B3| 4 . 87[a4p
CLA 582.5 [71] 2.84 p1] 3.18 7] 1640 B3| 2. 27[a4p
CBZ 112 [ 2.25 1] 14.0 B6] 3588 B3| 1. 1F[a4D

Table 4 shows howthe solubility of the tespharmaceutical is notably higher than their actual
concentrations in the aquatic environmeialfle 3) and thereforethe solubility does not limit their
environmental occurrence. Alsbecause of the low valudsr the Henry coefficientKy) (Table4), the



fraction removed by volatilizatiors negligible[68].

Two types of coefficients are commonly used to determine the sorption and affinity of a given substance
to organic matteroctanotwater partition coefficientow) and the organic carbon partition coefficient
(Koc) [69], derived from tk n-octanol/water distribution coefficie(iDoyw) andthe solid-water distribution
coefficient Kg), respectivelyDow is defined as the ratio of the concentration of a chemical in two phases,
n-octanol (a surrogate for lipids) and watethen the phasesein equilibrium with one another and the
test chemical is in dilute solution in both phagé® Doy indicates the tendency of an organic chemical to:

- distribute betweelipids and fats;

- sombto particulates such as soils or sediments;
- sombto biomass andludge

- distribue among environmental compartments.

However, in most cases th#&,y can only be applied to neutral industrial chemicals and pesticides,
while it does not appear to be as applicabl@tarmaceutical and theitransformation productsTPg,
which are primarily complex, multifunctional organic compounds that are ionized in the aquatic
environment at environmentally relevant pH levelince pH governs the degree of ionization, for
ionisable compoundsDow is usually determined at pH 5.7 a®d while for an environmental risk
assessment pH 7 is us§d. In general, loPow values < lindicate that a chemical is unlikely to
significantly bioconcentrate or sodnto organic matter. A l@@pwv al ue O 3 indicates
may bioaccumulate or sorb significantly. Theogtanol/water distribution coefficienD6y) may be
corrected for the ionization of the compound so that only the concentration of-itheised species is
consideredKow). TheKow is given by 70:

Kow = Dow (1+103 |pH - pKaD Equationl.

LogKow is often represented as B¢Table4). Where availablebothlogKow estimatedusing theSRC
Databas¢61] andthe experimentally determindoigKow valuesshow only a slight deviatiobetween each
other DF in the form of carboxylic acid exhibisssubstantially higher Id§ow and lower solubility, which
may result in significant sorption of the neutral drug. Inapeutics, low solubility may be a problem, and
therefore, the bioavailability of the compound is improvedpbgducing asodium salt of DF which
exhibits a substantially higher solubility (2425 mg)L[71] and lower logkOW (0.57) [61], than the
undissot@ted compoundT@able4).

Besides flow conditions and persistence, sorption is key factor controlling input, transpottteand
transformation of pharmaceuticals in the aquatic environm@&€f [Sorption (either dsoiption or
absorption) is a process in whiclonspoundsbecome associated with solid phas€be equilibrium
distribution of a compound between the solids and the solution depends on concentration and is described
by a sorption isotherra most commonlythe Freundlich isotherm

Coorp = Kp 3 CU" Equation2,

sorb

wherecsqry is the concentration o& chemical inthe solid phase (mg k'b, Ke the Freundlich constant,,

the concentration dhechemical in water (mg't) and In the linearity parameter. The simplest casthef
Freundlich isotherm occurghenthe linearity parameter A£ 1, where the isotherm becomes linear and is
termed theNernst partitioning K4). The solidwater distribution coefficienky is the sum ofthe following
sorption mechanismsbsorption and adsorption to natural organic matter, intermolecular interactions (van
der Waals, dipolgipole forces, Hbonding), specific bonding of reactive moieties and solid surface
groups, andheionic interactions btween charged specig&].A significant reduction inthe variability of

the sorption coefficients is achieved by normalizingp the organic carbon content (fraction of organic
carbonfog), giving the organic carbon normalized sorption coeffickasg according to

K
Koe = f—F Equation3.
oc



The mechanism and magnitude of sorption is defined

be an equilibrium process, except when chemical or biological degnadalliows, or continued diffusion
into deeper sediments occurs. At equilibrium, the net uptake of the sediments will weless,
microorganisms adapt and transform the contaminants. In the absence of setidlieted (biological or
chemical) transforntan, sediments can be sources of contamin@mg J).

The dissociation constantKp also affects sorption. TheK, is an equilibrium constant that describes
the degree oionization of a compound @ known pH. The significance dhe dissociation cotantis in
the relationship betves K, andpH and the resulting distribution ofgnarmaceuticain the environment.
The degree of ionization at a particular pH will affect its bioavailability, its chemical and physical
reactivity, and its ultimate fatédmong the tudied pharmaceuticals, five B, NP, KP, DFand CLA) are
carboxylic acids witta pK, of approx. 4Table4), and are negatively chargedastenvironmentapH (6-9
[74]). This suggests muchhigher wagr mobility than that proposed by calculatidgc. Alternatively,
CBZ with a pK, of 14.0 (Table 4) will be present in the environment am undissociated formand its
logKow equals lo@ow. Thus, hydrophobic sormh could be theotentialsorption mechanism for CBZ
[36,79], but is negligible due tds high polarity(Table4). In addition, Reemtsma et arg proposethat
the sorption of polar pollutants /W solids by hgrophobic interaction can be neglected, but ionic
interactions may be important, especially for organic cations; the latter is not the case when considering the
selected fivgpharmaceutical In general, due to tlirelow sorption propertieall the testedcompoundgtend
to remain in the aqueous phase, wHabourstheir mobility through WWTP and into the receiving waters

[77.

1.2.4 Effects

Pharmaceuticals are designed to produce an effect on living organisms, either to treat humans and animals,
or to kill microorganisms. It is therefore expected that their environmental impact will be based on their

- activity against bacterja

- activity against fungi

- activity against (non)target higher organisions

- persistenceq].

However, he actual concentration levelsmiarmaceutical in the environment are three to four orders
of magnitude lower than that needed to produce a human pharmacological effect; therefore, the likelihood
of any acute health risk in humans is Ipi@]. This is exemplified in the case of CBZ, wheweording to
the maximum possible intake of CBZgble3) via potable wateover a lifetime (assuming an intake of 2 L
per dayof water for 70 years) is 13 mg, whereas a single therapeutic dose is 100 mg ofTrafle2).
The lowest observed effect level (LOEL)imsthe case ofpharmaceutical usually the lowest therapeutic
level, which is considerably lower than the lowest observed adverse effect level (LO&ELL)e toxic
dose of CBZTherefore, any risk of ingesting a toxic dose of GBXacute exposure fromotablewater is
negligible. However, most studies on the therapeutic effeqtharimaceuticalare based on the shtatm
ingestion of relatively high dosewhile little is known about potential health effects associated with long
term chronicexposure[9]. Moreover, the criteria fopotablewater is currently based on the toxicity of
individual compounds and not on a combination of compounds; the pagdifdt exposure to multiple
organic compounds, even at low concentrations, may have a synergistic-heatthnconsequence, which
should not be ignored when making a risk assesgbgjnt

While the effects opharmaceutical as therapeutics have beerd&din detail, and are documented in
pharmaceutical dossiersttle information is available other effects oneither theaquaticor terrestrial
environmen{9]. High concentrations afertaincompounds, i.e. in mg perditrange have been found to
produceacuteeffects in environmental organisnkdowever, becausgharmaceuticalare continually being
introduced into the environment, questions about potential chronic effects on biota have been raised. Thus,
data concerning chronic effects based on morespecific endpoints and/or more realistic testsg.,
biomarkersjong-term exposure, and multigeneration tesit®uldbeincludedin anyrisk assessmeit1].

However, the effect of antibiotics onDaphnig algae and bacteria has been demonstrated ising
concentrations in chronic tes{39,80,81,82,83,84,85,86The presence of antdiics in the aquatic
environment is of particular concern because of fears that they may stimulate dissemination of antibacterial
resistance among native bacterial popores [B7]. It is known that antibiotics in stibhibitory



concentrations can have an impact on cell functions and change the genetic expression of virulence factors
or the transfer of antibiotic resistanc®8[89. Antimicrobials exhibita different actiity spectra and
mechanisms of action. Therefotbey canaffectdifferent bacterial populations in different ways and to a
different extent.In vitro experimentsshowt h a t 1 °ddd gerfdegnicin. increasethe transfer rate of
resistance in staphylocog¢dbut did not select resistant bacteria. Howevethen substances, such as
macrolides, quinolones or vancomycin did not have sarcimpact[90]. When a complex mixture of
bacteria is exposed to antibiotias increased activity can be observed in somees$1,91]. Single and
multiple antibiotic-resistantbacteria have been detected in municipal wastewater effl{@2jtssewage
affected surface water systeni93,94, and evenpotable water [94]. The detection in aquatic
environmentakystems of resistamacteria and thantibioticsto which they are resistardlearly merits a
great deabf concern regarding the fate aftibioticsin relevant water treatment processes.

Besides antimicrobial resistance, other toxic effectpharmaceutical in the enwvionment have been
reported. For example, DF has been associated with hepatotoxicity in humans, which was caused
independently of the administered do8§] [and was possibly related to the formation of pharmacologically
active metabolites9p]. Diclofenac & reported to be ecotoxic in rainbdwout (Oncorhynchus mykigs
[97,99 and was found responsible for an unusually high death rate among Asian vultures, fed with
diclofenac treated livestocR9], which suggests that its pharmacological response mayeo@sgpecific.

In addition, it is important to consider bioaccumulatipmssible additive or synergistic effects and
especially, the toxicityf their TPscomparedo theparent compounfll0(. Ferrari et al. T1] investigated

the toxicity of DF, CLA andCBZ to organisms from a range of different trophic levels by means of
standard ecotoxicity methods. The acute tests using bacterisslier) and custaceans{. magna, C.
dubig) show the following hierarchy, in decreasing order of toxicity: diclofemacarbamazepine >
clofibric acid. Chronic teston algae P. subcapitaty crustaceansd. dubig and early life stage fistD(
rerio) displaya higher toxicitythan acute test®ased on the lowest observed effect concentrdti®C)
obtained for eactpharmaceutical, the toxicity ranking in decreasing ordérchronic toxicity was
carbamazepine clofibric acid > diclofena¢ which contrasts with the global hierarchy afute toxicity
[71].

1.3 Pharmaceuticals in water treatment

1.3.1 Occurrence

Studies orthe occurence ofpharmaceuticalin wastewaters report their presence in influents and effluents
of numerous WWTPs across the Europe and Amehicdable 5the available data are presentédis
important to observe thandividual studies usually provide onlimited data, i.e. either concentration
range, median or maximum concentratiéiurthermore gven though all data wembtainedfrom peer
reviewed publications, the qualitf sampling and analysesffered, which hinders the comparability of
suchdata.Table 5shows that B, DF and CBZ ardrequently detected n  ® goncéntrationsin a few
cases, there is no considerabledecrease between thmedian influent and the median effluent
concentrationsSuch examples involv€BZ [16,17,46], DF [16,17,46] and KP [16], while for CLA [16]

and NP fig] an increaseén concentratioris observedOne reason may be that in the complex influent
samples the MS/MS detector sigimmkuppressed by a high concentration of organic matter, as has been
reported[101,102,103,149,105. It has been hypothesized thhats may also arise fromdeconjugation of
conjugated metabolites during the treatment prod¢édss,16]. Alternatively, the reasonmay be an
inappropriate sampling strategy, whicloed not take into account the flucti@ns in concentration.
Neverthelessthis phenomenon most commomgcursin case ofCBZ and DF, bottof which areresistant

to conventional wastewater treatmgh$,19,122123.
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Table5: Occurrence opharmaceuticad in WWTPsconcentration range, median and maximum concentrations
; -1
inng L

Target WWTP effluent WWTP influent
compound| Conc.range | Med (hgL™) | Max (ng L") | Conc.range] Med(ngL™) Max (ng L™)
266 6]
1885 B
40-800 6] 24600 B
B 5-1500 B9 219522[% 680 [10§ | 37-860 K5 5’5150%6% 12%8 E‘g]q
1818608 | joond | 27256 g
3086 B4
108 @6
168 B] 99 [46]
NP | 1003500 B9 | 625 p5] 100BA | 10045505 | 3650 L7 190 6]
250 [17] Bl 440 [16]
80 [16]
318 @6 451 7§
130 [ 200 @9 131 p5]
KP 13062048 | 43 1) o | 1609708 | gao b
230 [16] 300 [16]
215 6]
359 [ 235205‘6] 250 6]
oF 100700 49 | 2897 | [ g] 50-540 [46] 160 [17] 4470 [L0g
32142065 | 120 [17] 4700|-1 8 | 211485 | 302016 7100 [L6]
251016 | o0 [12] 1500 [76]
424 g bl
28 [46] 60 49 101
20-30 [46] 30 3] 76 [3] 72 |46
CLA 22-107 5] 44 [47] 110 n0g | 2>°8 K9 460 [16] 192%[11066]
480 [16] 730 [16] [16]
410 @6 630 g 420 1§
csz | 100800pg | 1o [E]ﬂ 2300 ] 1080 EZS]] 39855’0%633]
16300 | 200004 1200 [76]

Pharmaceuticalmay occur in WWTP effluentseither because they are truly persistent under the
conditions of an activated sludge processhecase their microbial degradation was not fast enough to be
completed within théypical hydraulic retention tim¢HRT) of 15 hrs. A partial degradatiom the WWTP
implies, however, that this compound may be further degraded after its dischartpe ire@iving water
body.The merepresencef a polar pollutant in WWTP effluents does not imply that it would spread in the
aquatic environmentbut only whenit is in a stable form, such a risk must be considered76,107.
Therefore, a moderate effluent contcation of a poorly degradable compound thaeghot undergoa
significantdecrease imoncentratioin aWWTP is more problematic than the same effluent concentration
of a compound that was degraded extensively from a much higher influent concentratiisisensean
evaluation of gharmaceuticabr any otheipolarWW constituent with respect to its potential to spread in
an aquatic environment may be based on the ratio of its WWTP effluent concenttgtignafd its
normalized removal in municipalastewater treatmentc{( - Cout)/Civ). This ratio is called théwater
cycle spreading indéXWCS) [76]:

effluentconcentraion _ Cn3Cour

WCSI= : : =
normalizedremovain WWTP (C, - Coyr)

Equation4

This index has the dimension of a concentration. A hig#@Elindicates a highgvotential of acompound
to spread in the aquatic environment ahdough the water cycle, and, thus, higher environmental
concentrations are expected, as compared to a compound withvdd&VkWhenthe WCSlis calculated
from the data of only on®&/WTP, it is site specificas the amount of a compound discharigad a sewer
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systemthe extent ofits removal in a WWTP, anthusits final discharge into receiving waters may differ

from one plant toarother. Poor treatmentthus leadsto a drasticallyincreagd WCSI To assess the
spreading of polar compounds in larger catchments, however, the influent and effluent concentration data
of a larger number of properly operated WVgT$hould beconsideredto calculate theWCSI of a
compoundTheWCSIdata are suitdé to prioritizepharmaceuticalin terms of their spreading potential, as

they may actuallyreflect the two most critical aspects of a water contamimnantts amount released into

the system and the persistence in that sygbemit should be furthemoted that th&V/CSldoes not consider
pharmacologicatffects toward aquatic organismshumang76.

1.3.2 Removal

ConventionalWW treatment is usually a combination of physical and biological processes designed to
remove organic matter from solutiodQg. The first step in conventional treatment is a sedimentation
process,which removesthe settled and flogig organic matter. Secondary treatment is biological
treatment, where cultures of microorganisms (activated sludge) metabolize the biodegradabde organi
matter from the wastewater. A few municipalities empdotertiary (advanced ochemical) wastewater
treatment, whereapecific chemicals are removed from the partially already purified wagéore final
disinfection. Depending upon the nature of thdlutant, tertiary treatment can include chemical and
physical processes, such as adsorption of nonpolar organic molecules onto activated carbon, removal of
phosphate by precipitation as the calcium salt, heavy metal removal by the addition of hydroxide or
sulphide, iron removal by aeration at a high pH to oxidize it to its insolubileskate, desalination by
reverse osmosis, electrodialysis or ion exchatb§§ [

The conventionareatmenibf groundwater fothe production ofpotable watefollows similarstageso
wastewatertreatment, though the quality of tHfenal product meets much stricér quality standards
compared to WWTRffluent[11(. The technology commonlgomprisesaeration, flocculation / filtration
or slowsand filtration, and disinfectior\eration remove dissolved gaseand volatile organic compounds
andis followed byprecipitationandsettlingof colloidal particlesThisis achieved by adding Al or Falts
(aluminium sulphate, feior chloride) which form gelatinous hydroxides at neaitand alkaline pH values
andphysically incorporate the colloidal particlesa removable precipitate. If the content of Gand Md*
salts is too high, the water is softened by addingCi®a or NaOH while to remove colour or odagur
adsorption on graulated or powdered activated carbon is appli2dinfection is applied as a last step,
where the chlorination, UVC radiation or ozonation are most commonly 43409.

Conventional water treatment is designed to remove nutrients, particulate rdetsetyed gases,
odorous substancesolorants angathogensHowever literature data reveal thabnventional treatment
processes poorly remopersistenpharmaceutical[111]. Developmergin chemical water treatmentva
led to an improvement in oxitiee degradation procedures ftre removal of persistent pollutants
applying catalytic and photochemical methoddich are referred to as advanced oxidation processes
(AOP) [117. The majority of AOPs involve the generation of significant amountsydfdxyl radicals
(EDH), which are areffective nonselective oxidizing agent in aqueous soluti®§]| Since the generation
of BDH radicals is a relatively expensive proce&®©Ps are especially useful in two casey:aé a pre
treatment to transform recalcitrant pollutantto more biodegradable compounds; d) @s a post
treatment, to polish waters before their discharge to the receptor bbties |

The removal efficienciesf pharmaceuticalgsary between different WWTPs and depend on the design
and operation of thizeatment systems. Thmportantprocess conditionfor removingpharmaceuticalare
hydraulic retention time (HRT), sludge retention time (SRT) and temper&fl,[78]. The effect of
weather conditions on the elimination ratan also play a roleSuchan example isthe elimination
efficiency ofthereadly biodegradable IBr KP,whichin municipal WWTP decreaseuring wet periods
comparedto dry [19]. For further studies in the area of mitigation, attention should be focused on
optimizing the WWTP deign and operatignpossibly involvinga multiplestage treatmenin orderto
improve theremoval efficiencieof pharmaceutical However,the abatement gbarentpharmaceutical
only provides a partial indication of the efficiency of the various treasttmeethods and the possible
generation of toxic intermediates more liesi to degradation must not be overlookéd4.
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1.3.2.1 Physicochemical processes

The effectiveness of physi@hemical processes, i.e. coagulatftcculation and flotation, principally
depends on physiechemical characteristics and the chemical structure of phammaceutical[69].
Generally, oagulationflocculation processes enhance the removal of suspended solids and colloids,
because the addition of metal salts causes the aggkione@ these particles, thus allowing their
elimination by decantation or filtratiol15. Lipophilic trace pollutants in water and wastewater treatment
systems and, based on the Van der Waals bonds, the positively charged mdeedikesly to be fond
associated with colloids and may thus be removed together with the agglomédafiesLiterature
information onpharmaceutical removal by coagulatiefbocculation processes is scarce and sometimes
contradictory. Westerhoff et alll7 reported<20 % removal of sulphametoxazole, CBZ, DF and
iopromidewith Fe and Al saft Alternatively, ferric chloride was found to significantly contribute to the
improved removal efficiencies of tetracyclingg]. In addition, coagulatioflocculation experiments show

a 70 % removal of DFesulting fromits possibleadsorption to agglomerate& electrostatic interactions.

In the same study, NR reduced to a lessextent (up to 25 %), while IBhd CBZ show no removal by
coagulatiorflocculation B9].

With flotation techniques, finely suspended particles are separated by adhering to the surface of rising
bubbles. The removal gfharmaceuticaldy flotation depends on their solubility in lipid fractions or
sorption to small aggregate69]. For instance, Praxeud 18 associate the removal of CBZ with an
unusually high content of silicone oil in wastewatekscordingly, Carballa et al.6P] show how the
removal of CBZ, IB NP and DF by flotatioimprovesin a high fat wastewater.

1.3.2.2 Biological removal

The ativated sldlge process is a continuous or seomtinuous aerobic treatment method through which
wastewater undergoes nitrificatioh1d. Its performance and characteristics are evaluated by pH, RedOx
potential, HRT, SRT, chemical oxygen demand (COD) in mgHiochemical oxygen demand (BOD) in
mg L, nitrates in mg L* andphosphates in mgt[120.

Figure 3 illustratesthe removal efficiencies déstpharmaceuticalsletermined in municipal WWTPs.
In all cases the WWTR4ilisedclassical treatment methods, based on conventional activated sludge (CAS)
treatmentFigure 3 showsthat LA and BZ are poorly remove¢k51 % and 80 %, respectivelyjrom
most WWTPSwhile the removal oDF is highly variable(0 to 75 %. The removal of IBNP and KRs
satisfactory, but agaimas expectedt varies from plant to plant.

%removal 100 7 * .
efficiency :
80 - :
L 2 L 4
o * o $ ¢
* ¢ *
. . .
* : ¢
20 T .
¢
0 T T ¢ T ’ T ’
B NP KP DF CLA CBZ

Figure 3: Removal efficiencies of the target compounds in differ&@AS WWTP systems
[4,16,17,19,47,52,121,122123

Membrane bioreactor (MBR}eatmenthas gained significant popularity as an advanced wastewater
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treatment Thetechniqueuses ultrafiltration or microfiltration membranes for the complete retention of the
biomass as well as of spended solid2[l]. Consequently, thbigh biomass concentration in the reactor
results in ahighly efficient biologicaldegradationprocess with reduced sludge productidr24,125.
MBRs are characterized byaving along SRT, whichgivesthe biomassime toadapt to more recalcitrant
micropollutants and consequenitiyprovestheir removal[12§. ThisissupportecoyGo n z 8 | el27,et al
who show that a lag period needed for microorganisnhs start degradg persistentpharmaceutical

such as DFAlternatively animprovedremoval of reaitly biodegradablgpharmaceuticalin the MBRis
explained bythe smaller flock size of the sludge, which enhances trassfer by diffusion and therefore
increases eliminatiofl23. Literature data on removal by N®Bis still rathercontradictory.Membrane
bioreactorsare proven to be more effective in eliminatig pharmaceutical such as KP and NP, when
compared to the CASLPE. Alternatively, neither MBR, nor CASesult in thesatisfactory removal of
eitherDF, CLA [12€ or CBZ [21,123, while the elimin#ion of readily biodegradable I®&as higher than

90 % [L26]. Further, Clara et al1P§ compare MBR with CAS antind comparable removal rates for DF
for both systems running at similar SRT whereasRa d j e n o v 123 find tan ingptovemerft in
elimination by MBR forthe majority of the test compounds, including DF (87 %) and CLA (72 %).

1.3.2.3 Advanced oxidation processes

Advanced oxidation processesmprise a range of water reclamation strategiesngito achiee the
complete mineralization of organic pollutanising highly reactive oxygen species generated by different
techniques, including photochemical systems (UXD} photoeassisted Fenton, TiOphotocatalysis,
UV/O3) or BDH-generating system@s/H,0,, Fenton:Table 6) [129. Such techniquesmaking use of
different reaction systems, are all characterized by the same chemical feature: production of OH radicals
(BOH). These are highly reactivand nonseleste species, which is rmadvantageousittribute for an
oxidant usedor theremoval of a wide range of organic micropollutants in water treatrmémet versatility

of the AOP is also enhanced the manyways ofgenerating®H, thus allowinggreatercompliance with

the specific treatment requirements3(]. A suitable application of AOP must considire costof
reactants, such as,®, and/or Q, which currently means that they cannot compete with established
treatment technologies, suchtaslogical degradtion. Table6 gives alist of different AOP.

Table6: Most common dvanced oxidation processgslopted fronj130])

AOP AOP name

H,0,/ Fe&* (F€') / UV | Photoassiséd Fenton
Photochemical TiO,/UV /O, Heterogeneoushmtocatalysis
systems O3/ UV

H,0O, / UV
Other@H 03/ HzOz
generating H,0,/ F&* Fenton
systems H,0,/ Fe’* Fentonlike

Albeit individual UV treatment does naiccuratelyfit into the definition ofan AOP, during indirect
photolysis it makes use &H radicalsand is therefore discussed under this chapter. UV treaiment
popular method for disinfecting potable water; however, it is not applicable for the removal of
pharmaceuticalin WW treatment systenfi$31]. The effectiveness of UV for removal pharmaceutical
varies depending otthe target compound. Kim and Tanaka3[] classified KP and DF as easily
photodegradable, while NP and CBZ belong to a group of compounds slegtadedby UV. Also,
becaus the degradation rate increaseith the production ofDH radicals, the use of AOP systems could
improve the removal of slowdgegrading compoundsl3l. In a similar study, Packer et al67
demonstrate that DF and N photolabile and that direct photolysshe dominant process faamoving
these twharmaceutical On thecontrary,the photoresistar@LA and IBare minimally affected by direct
irradiation, whereasthe radical mediated processae found to bethe dominant photochemical loss
mechanisms{7].

Many AOPs involve UV radiation energy as important step ithe synthesis o#DH radicals, because
UV energycanincrease the reaction rate of AOPs in comparison with the same technology in the absence
of illumination [L12. The UV-radiation induced oxidation with ozone and/or hydrogen peroxide and the
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photo Fenton reaction are dad out inthe homogeneous phase. The disadvantage of homogeneous
catalytic processes is the necessity to recover the dissolved cdtalys Fenton process, production of
EDH occurs by means dieaddition of HO, to FE" salts:

Fe”" +H,0,- Fe* +OH +'OH Equation5

This reactant is an attractive oxidative system for wastewater treasimeriron is both abundant and

nontoxic andbecauséhydrogen peroxide is easy to handle and environmentally[$a86 The Fenton

like procesgTable6) occurs at the adoption of pH to 2.2.8[137], which results irthe reduction of F&

to FE€* and thus its regeneration, which makesitba act as a catalys13d. The rate of degradation of

organic pollutant with Fenton and Fentlike reagents is strongly acceleratadUV-VIS light [133,134,

where theBDH radicals are produced at a higher (pteotoassisted Fenton proces8kcordingly,P ® r- e z

Estrada et al.1[35 were able to shova fastdecay of DF from the solutonsi ng t he HAdar ko
treatment, whereashe photoFenton treatment &s to complete mineralizationdisappearance of

dissolved organic carbon)

Similarly, it is shown by Andreozzi et all3€ that UV direct photolysis iglds negligible effects in
terms of substrate disappearance as compartte1dV/H,0, processThe initial step for the UV/KD,
oxidation process is represented by the photolysis of hydrogen peroxitteegeteration oBDH radicals

[136:
H,0O, v3- 2'OH Equation6

H,O, photocatalysisand ozonationhave bothreached a higHevel of developmenaind have found
applicationon an industrial scalelf3g. In general, the reaction of ozométh organic ompoundscan be
classified intothe direct reactions of ozone witie target molecule an8)H radical mediated reactions
[137]. Oxidation with ozone is commonly applied in water treatment for disinfection or for aesthetic
reasonsi.e. forremoval orcolouredand odorous substances, well ago removeorganicmicropollutants.

In comparison witlDH radicals direct oxidation reactions with Qare highly selective. As a result, rate
constants range over ten orders of magnitutidg] Such high reaction ratesare observed for
pharmaceutical containing double bonds (CBZ), activated aromatic structikesa phenolic group,
nitrogen heterocycles, or amino (DF, sulfamethoxazole) and sulfur groups. The reaction with ozone is also
pH dependentas deprotonated groups are stronger nucleophiles and thereforenceactapidlywith
electrophilic ozone than their protonated forms. Pharmaceutical lacking theozone reactive moieties
(CLA, 1B, KP, NP) exhibit low rate constants with ozone. Heredlireactions with ozone play a minor
role duringthe ozonation process and the oxidation of spblarmaceuticalis caused bygH radicals
originating from ozonedecompositionin water B3,138139. An alternative solution for remawg
pharmaceutical ae hydroxyl radicabased AOPsThus, he combined applicatiomf H,O, and Os will
enhance the £decompositiorby theformation of EDH radicals 130. Zwiener and Fmmel studied the
removal of IB CLA and DF using gH,0, [137]. In distilled water IBandCLA weredegraded to half of
their initial concentration under the experimental conditions, while DF was quantitatively degraded.
However, in the case @ river water matrix the degadation efficiency of CLA and IBvas significantly
reduced This they exgain by the presence of radical scavengéissplved organic matteDOM) that
compete with the pharmaceuticals floe EOH radicalsin this sense, the oxidant concentratiequiredfor

water treatment depends on both, reaction kinetics of a sppbditnaceuticabhnd the OHscavenging
capacity @ the matrix L37).

In contrast with thehomogeneous photocatalysis, in theterogeeous photocatalysis two phases are
present, and the active component is fixed at the surface of the cataystHeterogeneous photocatalytic
processes make use of a semiconductor metal ix&lttanium dioxide(TiO,) as a catalyst and oxyges
an oxidizing agentl41]. TiO, is reactive, inexpensive, netoxic and chemically stable over a wide pH
range, and it is not subje¢d photocorrosion. The electron/hole pair/té) generated under light
illumination reacts with water oxidized by @ioholes () and gives rise to the generationBdH radicals
responsible for the complete decomposition of the chemical substd@sDoll and Frimmel 143
report that heterogeneous photocatalysis using,TigDa promising technologfor removng persistent
pharmaceutical CLA and CBZ.FurthermoreTiO, photocatalysisesuls in the complete removal okP,

DF and NPunder the applied experimental conditi¢id4]. Thus heterogeneous photocatalysisy find
its useas a part of sequential treatmeeathnology, either to remove the persistent organic pollutants,
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which survived the biological treatment, or as a-tpeatment step, to enhance the biodegradability of
pollutants[143. The latter is lestavourablefrom aneconomigerspective

1.3.2.4 Disinfection

Direct UV irradiation and @areused for remowg of pathogensbut the best known and historically
most importantdisinfection agentsre chlorinating agents (e.g., molecular chlorine, sodium hypochlorite,
chloroamine and chlorine dioxide). Moleculehlorine is more reactive in oxidation reactions and in
reactions with double bonds, while sodium hypochlorite has a higher activity in electrophilic aromatic
substitutions 145. However, trihalomethanes and halogenated acetic acids are generatedCthuaing
NaClO treatment, and carcinogenic dimethylnitrosamine is also formed from chlorodfuirogean
legislaton [14€] limits the content of these substancepatablewater, and, to minimize their formation,
the use of chlorine, sodium hypochloritedechloramine for disinfection gotablewater is beingyradually
replaced by alternative disinfection agents worldwid#éernatively, chlorine dioxide does not yield
halogenated disinfection kyroducts, nor does nitrosamine under the correct operetimgjtions, and, in
this sense, appears to be the chlorinating agent of cagied 47. Chlorine dioxide is an oxidant used for
the disinfection of relatively high quality water, such as groundwater or treated surface water. Appropriate
dosing of chlorie dioxide to treated water provides residual concentrations, which prttegotable
water distributionnetwork from microbiological contamination and fouling. In Europe, chlouiexide
residuals are kept at&051 0.1 mg L* [14§. Chemically, chloine dioxide is a stable free radical that
reacts with other water matrix components and micropollutants through a one electron reaction. It is a
highly selective oxidant with respect to specific functional groups, such as phenolic moieties or tertiary
amino groups.A comparison of NSAIDs, CLA and CBZ reactivity with chlorine dioxide shcm
appreciable decay only for DF, whidh reasoned by thpresence of an amine group in its chemical
structure 147. Compared to ozone and hypochlorous acid, chloriagidke reacts more slowly and with
fewer compounds, but stélppears to bamore powerful oxidizing agent than molecular chlorine. Overall,
chlorine dioxide can be applied only as a partial barriepfarmaceutical§147] and complementary
treatment ménods are needed to achieve their complete mineralisation.

1.3.2.5 Physical methods

Adsomption on activated carbon depends on the-polar character of uncharged compounideKow has

thus proved useful for predicting removal efficienoffering agood correldon between the percentage
removal and loKow values [L17. Exceptions include Mheterocyclic compounds, such as CBZ,
pentoxifylline and trimethoprim, where, because of specific interactions with activated carbon, their
removal efficiencies are higher thamight be expected from theiow values. In contrast, removal
efficiencies for compoundsavolving carboxyl groups (e.g. CLA, NSAIDs) are much lowtéis isbecause

in water they dissociate, yielding anionic compouride alsorption of chargegharmacaticalsis much

lower than what would be expected fromithegKow values 117].

Reverse osmosiéRO) and nandfiltration(NF) are an effective means of reming pharmaceuticals
from potablewater [L49. Reverse osmosis a physical separation processwhich properly pretreated
source water is delivered against a semipermeable membrane, which rejects most solute ions and
molecules, while allowing water of very low mineral content to pass through. This process also works as an
absolute barrier for baciarand viruses. The process produces a concentrated reject stream and a clean
permeate produand hasbeen applied to saline groundwaters, seawater and for iggnioerganic and
other organic pollutantsBecause the source water needpags through vgrnarrow passages in the
membrane module, larger suspended solids must be removed during the initial treatment phase
(pretreatment). Bnofiltration is a lower pressure RO technologgth lower monovalent ion rejection
properties, making it more suitable treat waters with low salinitylp(. Because of the low operation
pressures necessary for the nanofiltration, the latter is a more economic ©péarejectionefficiency,
however, also correlates with the concentration of dissg@bhatmaceuticalandrequiresgreatereffort in
lower concentrationsAlso, negatively chargedcompounds (CLA, NSAIDs)can be rejected very
effectively in comparison to necharged compounds, which tend to adsorb to the membrane materials
[43,149.
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1.4 Transformation of pharmaceuticals during water treatment and in the
environment

Physical processes, such as sorption, dilution, dispersion and filtration, all contribute to the natural
attenuation opharmaceuticaldut withoutcausinga change in their chemical structugs]. However, the
majority of the attenuation processes, either taking place in the environment or as a part of water treatment,
alter the chemical structure othe substrate micropollutantdt is possible todivide the structural
transformation processes ath organic chemicals undergo into three major categories: chemical,
photochemical, and biologically mediated transformation reactions. The former two are commonly referred
to as abiotic transformation processes. Chemical reactions encompass all relaatioosur in the dark

and without mediation of organisms. In the presence of light a compound undergoes transformation either
as a consequence of direct absorption of light (direct photolysis), or bygaitti highly reactive oxygen
species (e.g., freedicals or singlet oxygen) that are formed as a result of the incidence of light on
sensitized chemical species (indirect or sensitized photolysis). Finally, xenobiotic organic chemicals can be
transformed by microorganisms. Many types of chemical orgghemical reactions can also be performed

by microorganisms, and therefore it may not always be clear, whether, in a given environmental or
treatment system, a reaction occurs strictly abiotically, whether it is mediated by microorganisms, or
whether bothypes of processes play a rolé]].

In comparison to environmental breakdown, the transformation processes involved in mitigation
technologies are far more intense, albeit in principle, the underlying reaction mechanisms only imitate the
natural proceses that take place in the environmdrable 7 lists the most common techniques applied in
WW treatment ompotable wateiproduction and naturally occurring processes involving similar reaction
mechanisms.

Table7: Transformation processes in the environment and water treatment

Reaction mechanism Water treatment Environmental process
- CAS (WW)
- biological membrane (WW) - microbial degradation in soils,

Microbial transformation reactions - MBR (WW) sediments

- sand filter potabk watej

Phototransformation reactions:

direct and indirect photolysis - UV irradiation - exposure to sunlight

Photoassisted AOP:

- O3/ UV

- H,O,/ UV

- H,0,/ F&* (F€") | UV
-TiO,/ UV /O,

Photocatalytic processes (enhang
production offDH)

- indirect photolysis with dissolve(
organic matter (DOM)

- chlorination
- chloramnation

Chemical oxidation (including the| - CIO, treatment - chemical oxidation by natural or

anthropogenic oxidants present ir

reactions involving the reactive | - ozonation (direct oxidation and :
oxygen species) the decay of @o EDH) the environment
O/ HO - indirect photolysis with DOM
] 22

- H,0, | F&* (Fe*

For transformation praesses, especially the environmental chemical and photochemical reactions are
complex and constantly overlappirigis therefore impossible toleaty distinguish betweethem. This
chapter in particular discusses the transformation reactions leadingfricctural alteratiorof the parent
pharmaceutical molecule, without respect to where the transformation process takes place (i.e.
environmental process or mitigation technology).
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1.4.1 Abiotic transformation

The following chapter discusses abiotic transforomateactions occurring in the environment or as a part

of water treatment, where photochemical transformation is addregsed. different types of
photochemical processes may lead to the transformation of organic pollutants in the aquatic environment:
() direct photolysis, when a pollutant absorbs a photon and consequently undergoes transformation, and (ii)
indirect photolysis, which occurs due to the energy transfer from another excited species
(photosensitization) or reactive oxygen species (e.g. hytradicals, peroxy radicals, singlet oxygen) that

are induced by the presence of light. When a chemical species has been promoted to an excited state, it may
undergo various physical or chemical processes, as summariSigiie4. As indicated, there are several
physical processes by which an excited species may return to a ground state; that is, it is not structurally
altered by these processes. Thus, an excited species may return to a ground state by givengyas
eitherheat or light (luminescence), or an excited species may transfer its excess energy to another molecule
in a process called photosensitization. Alternatively, there are a variety of chemical reactionsesuiich

in a transformatiomsreferred to as direct photolysis of organic pollutah&].

fi Compounc
h3
excitation
ficC:
physicaprocesse chemicareaction:
L - fragmentation
- vibrationalloss of energy .
(heat transfer) - intramolecular
. . rearrangement
- energyloss by light emission ] a
(luminescence) - isomerization .
- energytransfer promoting an ) h}/drogenfa\tom abstraction
electron in another chemical specie - dimerization
(photosensitization) - eIecFrontransfer toa
chemical
i C trangormationproducts)

Figured: Physical processes and chemical reactions of a photochemically excited organic &ubmtsed from

[152)

The second group gfrocesses initiated through light absorption by other chemicals present in the
system are commonly referred to as indirect or sensitized photdfigise 5 depicts the most important
physical (i.e. sensitized Cafh, singlet oxygeriO, path) and chemical (i.e. formation of radical species,
fisol vat e degqppatbveaysrthatnmaylead to the transformation of an organic chemical (C) as a
consequence of the excitation of an unknown chromophore (UC) pres&®Nh By far the most
important acceptor of UCs is molecular oxygen in its triplet state, which promotes into its excited state,
singlet oxygen'O,. The latter may then react with organic pollutants. Organic pollutants are in competition
with %0, for the awilable absorbed light energy; therefore, energy transfer theftUC* (the triplet state
of the excited DOM chromophores formed by intersystem crossing from the singlet'st@td<p a given
organic pollutant is most important in waters of low oxygencentration. In addition to energy transfer to
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either molecular oxygen or to organic compounds (including organic pollutants), chemical reactions of
excited UCs{UC*, ®UC*) may lead to other reactive species that react with organic pollukgts€5).

Such processes include the formation of reactive DOM species (DOM?*), the reactiotOwith form
DOM-deri ved peroxy radicals ( ROt ®m,superdxide anionafBy f er o f
the formation of solvated electrong,{) and the formation of hydroxyl radica®H [152. In case of

hydroxyl radicals, however, DOM also reawtth hydroxyl radicals thus acting as a radical scavenger.

_» ROO-, 07 ,e3q HO',..

Cox,
other products

Figure5: Pathways for indirect photolysis of organic chemical (@E refers to unknown chromophores. Wavy
arrows symbolize radiationless transitidbf].

The hydroxyl radicalis highly reactive ané nonselective oxidant, which plays a major role in AOPs in
water treatment and is generated by varimesangTable6), H,O,, or, in the surface waters from reactions
of excitedhumic acids, nitrite, and nitrate as the major sout&][ During treatment the transformation
rate of a giverpharmaceuticaflepends primarily on the Oktavenging capacity of the matrik37], while
in the environmentit alsoincludesthe latitudes ad varying seasond$3. Table 8 illustratesthe most
commontransformations reported as a result of photochemical reactions on NSAIDs, CLA and CBZ.
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Table8: Abiotic transformation reaabins reported on select@tarmaceuticals

Pharmaceutica] Primary structural transformation Chemical structures with active sites| Reference

I
. . Cl (0]
- aromatic hydroxylation,
DF 14015
- cleavage of €N bond N NH AL [ 4
Ho\i\ | /OH
= - =
CH;

- dimerization, OH

| (159

(0]

NP -0 xi dat-propioniceadid U OO
moiet
y HC
HO CH

- aromatic hydroxylation, 3

(o)
CLA - cleavggg of ether bgnd, ' \|\\ (0} [156
- substitution of chlorine with PR
hydroxyl group cl

- ring contraction to yield
aromaticy,

- formation of quinazoline
derivatives,

- cleavage of carbamyl side chai
- aromatichydroxylation

CBZ [143157

H,

Breakdown as a result of photochemical processes depends on the physicochemical characttrestics of
compounds. As derived fromable 8, it typically involves hydroxylation of the ammatic ring by an
electrophilic attack fronthe EDH radicals, cleavage of-O or GN bond and cleavage dhe U-position

from the aromatic moietylpg. The subsequent breakdown of the aromatic structures generally leads to
oxidative ring cleavage artbe production of carboxylic acid fragmenifa classical degradation pathways

[154.

1.4.2 Biological transformation

As for chemical and photochemical reactions, the biochemical processes change the stractngaofc
micropollutant, thereby removing that pamiar compound fronthe system. The resulting product(€).g.

TPs, exhibit their own properties, reactivity, fate, and effects. Similarly to the abiotic transformations, the
biologically mediated transformations do not necessarily end up in completealmatéon. Organisms
enablebiological transformationsia two important approaches. The first approach employs enzymes that
serve as catalysts, and thereby reduce the activation energy that determines the transformdtih rate |
Secondly, organisms maconvert the matrix compounds into activated species, sSUBh@QO E,E, O o r
EDH, which evolve further reactions with organic micropollutants.

Biodegradability studies in WWTPs may be useful in determining the species entering the environment
after biotransformation or biodegradation through microbial metabolisnhef substrate or other
mechanisms 7]. Studies show that the formation of TPs can vary in wastewater treatment works,
depending on the composition of the sewage, weather condiiodghe design and operation of the
treatment procesgifL6(. In many cass, the metabolites formed during biodegradation exaihigher
polarity than the parent drug$d1], which, combined with low biodegradability, resultstire metabolite
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passingthrough the treatment systems and high aquatic mobility. In contrast t@mumetabolism of
pharmaceuticalswvhich has to be studied in detpiior to pharmaceuticalbeingapprovedtheir microbial
degradation, the transformation pathways and products are gétl to berecognized 162. Due to the

different enzyme systemaviolved, the enzymatic transformations in waste and environmental waters are
generally not comparable to those in mammals. This assumption was supported by JESnbahp

shows that drugs highly metabolized in target organisms (and therefore excrdted pmoportions) may

have an inherently low environmental (bio)degradabiltiternatively, studies 164,16% report similar
compounds originating from enzymatic biotransformation and human metabolism. The strudhee of
microbial community is criticafor different biological conversions and the formation of TPs largely
depends otthe bacterial diversity present the biological treatment systerifferent chemicals present in

a given systenalsoaffect the microbial community structure and thus goube transformation of these
compounds. Besides, the presence of chemicals may also cause a microorganism to change the production
rate of enzyme units suited to degrading a substance, which happens through enzyme induction, depression,
or mutation 159.

1.5 Determination of pharmaceutical residues in the environment

This chapter reviewsthe stateof-the-art in the analysis of selectedharmaceuticalsin aquatic
environmental matrices and wastewaledescribes common methods of sample preparatiomisogsses
various aspects of current gas chromatographynass spectrometry (GRS/(MS)) and liquid
chromatography mass spectrometry (L®IS/MS) in quantitative analysisFurthemorg it focuses on
gualitative determination, i.e. identification of pharmamalitTPs, where the potentials or different mass
spectrometric technologies are compared with respect to their applicability for identification or
confirmation.Finally, the validation of analytical methods is discussed and basic parameters explained.

1.5.1 Sanple preparation

The procedurdor pharmaceutical residue analysis in water samples typically includes an enrichment step
followed by separation of the target analytes and detection. Nowadays, few enrichment methods are based
on classical techniques, likglid-liquid extraction (LLE)[166,167. Solid phase extraction (SPE) has
gradually replaced LLEbecomingthe most common sample preparation technique in environmental
analysis SPEoffers the following advantages over LLE:

higher recoveries;

improved seletivity, specificity and reproducibility;

no emulsion formation;

reduced organic solvent usage;

shorter sample preparation time; and,

easier operation and the possibility of automat&s). [

In SPE, the analytes are partitioned between a solid phase lapddaphase, and should exhibit a
greater affinity for the sorbent than for the liquid matrix. The choice of a sorbent is the key to successful
SPE, since it controls parameters, such as selectivity, affinity and cajda&dty Classical SPE sorbents
include chemicallybonded silica with C8 and C18 organic group anderchange materiglpolymeric
materials, immunosorbents and moleculanyprinted polymerg63]. Polymerbased sorbents are the most
versatile enabling extraction of a wide range of aealydr performing analysis under different matrix
conditions [16§. Currently, one of the most widely used sorbents for SPBPphafrmaceuticalds a
copolymer of divinylbenzene and vinylpyrrolidongt6,121,169,170,171,172 In a recent comparison of
seven plymeric SPE sorbentsthis phaseshowed a superior performance for extragtiacidic
pharmaceutical¢lB, DF and CLA)[44]. In otherstudies, a polydivinylbenzene resinrbentcontaining
piperidone groupalso gaveexcellent extraction recoveries folhamaceutical§173,174,17h To improve
the retention on sorbents, a sufficient hydrophobicity of the analytes should be ensured by avoiding the
deprotonation othe acidic compounds anthe protonation of basic compounds. Acidic pharmaceuticals
should thertore be extracted under acidic conditions, opposite to basic andig@sHowever G- mez et
al. [172 showed that polymeric cartridges offer the possibtiityperformmulti-residue analysis work at

oA wWNE
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neutral pH, which greatly simplifies the samplendling procedure and also avoids the risk of acidic
hydrolysis[176].

Figure6 shows howthe next crucial step following sorption is elution of the analytes from the sorbent.
The choice of elution solvent used to déstire target compounds from the SPE cartridge depends on the
physicochemical properties of the analytes and the elution strength of the solvent. The type and the volume
of the elution solvent are important factors that affect rdevery[176. Ethyl acéate, acetone and
methanol, having different elution strengths and polaritiesgxamples oEommonly usedolvents[177].

Figure6 shows he general SPE procedure

[ Aquaticsample | | sPEconditioning |

[ Filtering ]—P[ Sample loading ]

‘Washing the sorbent
(removal of

interferences)

[ Air-drying the sorbent ]
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!

Evaporating the
extract under N,

!

N

( Reconstitution with

solvent compatibile to
further analysis

!
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L LC/MS-MS y

& J/

r

Figure6: Commorsteps in the SPE procedy&s]

Solid phase microextraction (SPME) differs from SPE in terms of sorbent volume. It involves using a
fused silica fiber coated with a thin film of a polymeric stationary pl@3f The technique has several
advantages overPE; i.e. it requires less sampling volume, it is solvent free, allowing high enrichment
factors, and is easily automated8,179. When SPME is coupled to GC, analytes are thermally desorbed
from the fiber in the GC injector, while coupling SPME to HPleQuires a special interface allowing the
desorption with a small amount of solvgiB(. There are some drawbacks of using SPME, and these
include limited robustness, often limited sorption capacity and insufficient limits of detection (LOD) and
quantification (LOQ)[63,176].

1.5.2 Quantitative analysis

1.5.2.1 GC-MS based procedures

An advantage of GC hyphenated to MS is that the usual ionization modes, such as electron impact (El) and
chemical ionization (CI) are less affected by the matrix suppression comparedization modes
commonly used in LS [169. Thus, for some families gtharmaceutical&SC-MS(MS) based methods

can offer lower detection limits than LS [181]].

In reality manypharmaceuticaldack sufficient volatility to be directly compatiblewith GC, and
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derivatisation is often necessary after sample elgaand preconcentration. The purpose of derivatisation

is to convert polar substances into less polar analogues with increased volatility and thermal stability.
Although derivatisation proceduresay be time consuming and may introduce errors due to incomplete
reactions, insufficient stability of derivatives or sidmctions during derivatisation, they are still widely
used for routine analyses. Derivatisation reactions can be affected by devared, such as solvent,
derivatisation time, temperature and reagent ib24. A typical derivatisation reagent for NSAIDs, CLA

and CBZ is the alkyl halide pentafluorobenzyl bromide (PFBBr) in the presence of a catalyst
(triethylaming [19,25,182,183, which produces an electron rich derivative that can be analyzed by GC
with an electron capture detector (ECD) or GCGMS using negative chemical ionization (NG131].
Among the available alkylating reagents, diazomethd8d %3 is commonly used foanalyzing acidic
pharmaceuticalfHowever, on account of its toxicity, carcinogenicity and explosiveness it is being replaced
by much safer silylating agentShe two main classes are:methytN-(trimethylsilyl)-trifluoracetamide
(MSTFA) [52,184], N,O-bis(trimethylsilyl)-trifluoracetamide (BSTFA)185, which produce trimethylsilyl
derivatives (TMS), and N,N(tertbutyldimethylsily)-trifluoroacetamide (MTBSTFA), vyieldop tert
buthyldimethylsilyl derivatives (MTBS). MTBSTFA is the most commonly appliedlailyg agent
[69,121,182186,187, probably due to the greater thermal and hydrolytic stability of its derivatives.
Furthermore, EMS spectra of the MTBS derivatives show a characteristic MS fragmentation, which
together with a higher molecular mass, ioy@s the reliability and detectability of the analyEE’S. A

major drawback is its lower reactivity compared to the TMS producing red@d&i}s

1.5.2.2 LC-MS based procedures

Since the introduction of atmospheric pressure ionization (API) technique$/SL.Gas played an
increasingly important role in environmental analysis. Electrospray ionization (ESI) and atmospheric
pressure chemical ionization (APCI) can analyze a broad range of compounds, includiaatiten
thermallylabile and polar species. Indition, ESI and APCI provide high sensitivity, which is essential

for environmental analysis where contaminants are in'hg lo & ¢pvels [189,190. However, the
sensitivity is approximately ld higher in the ESI mode than in the APCI moti@]]. In addition, when

using ESI, matrix effects can be reduced by decreasing the flow directed into the ion source, which
decreases the droplet size as well as the number of molecules ionized in a givelBfimAlthough

single quadrupole instruments haveeh used fopharmaceuticatesidue analysis during the eagfage

LC-MS developmen{197, more sophisticated mass analysers are nowataysideredstateof-the-art.

Among them, triple quadrupole (QgqQ}€9, ion trap (IT) 193 and timeof-flight (TOF) [194 mass
detectors hyphenated to LC have been apgdiedhe analyss of pharmaceuticalsThe QqQ and IT
instruments enable tandem MS operation, and thus help to avoid false positive determinations, if the ions of
at least two iofion transitions aresed in combination with at least one ion intensity ratio. Still, for the
purpose of quantitative determination of trace level micropollutants the-NDg}Qprovides superior
performance in terms of dynamic range, selectivity and sensitivity, by enablingplenu¢action
monitoring (MRM) transitions between the precursor and product ions. The potentials and capabilities of
mass detectors are in detail discussed in SectioB. 1.5.

Besides avoiding the derivatisation step and the high sensitivity and seleetivagditional benefit of
LC-MS techniques is that the analytes do not have to be completely separated. Alternatively, a good
chromatographic separation reduces matrix effects, and improves both detectability and reproducibility. As
mobile phases, mixtuseof polar solvents, such as acetonitrile, methanol and water, are generally used. In
LC-MS, there are three strategies for attaining good peak shapes and to achieve sufficient retention of
weakly acidic compounds in reverspldase HPLC. First, the pH valwf the elant can be decreased until
the analyte reaches itsdissociated state, by using formic or acetic acid, depending on the pH required.
However, the acidification and the transformation of an anion into itsdissnciated form may decrease
signd intensity, when using ESI in a negative mode. Alternatively, ammonium formate can be added to
form an ion pair with the negatively charged analyte anion, which exhibits a good peak shape and
dissociates easily in the ionization source to release thecufeidgon. Finally, in case of very small and
polar analytes (salicylic acid), a stronger retention in the chromatographic column can be achieved by using
organic amines in their protonated form. An example is thep@ing agent trn-butylamine, which
notably increases the signal intensity and thus decreases their detectiofjl@fitsAlternatively, for
analysing pharmaceuticalsvith b a s i ¢ ¢ hldockers, tatidepreSshnts) neutral pH and positive
ionization mode are preferable.
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1.5.3 Qualitative analysis

To makea relevant environmental risk assessment, it is important to identify the relevant chemical species
that arelikely to enterthe environmentTo datestudies that address risk assessmenghafmaceuticals

have dealt only with the parent compounds, but ignored theif M6 . However, for a comprehensive
environmental risk assessment, it is important to include in theitestcols also the stable TPs, due to
their possible pharmacological activity, which may add up in an additive or synergistic manner to total risk
related with the presence of tpliearmaceuticalesidues in the environment.

1.5.3.1 Principles and potentials of nass spectrometry

Mass spectrometry has revolutionized environmental analytical chemistry by allowing the analysis of
complex organic mixtures for trace amounts of analjte&san not only generate informative fragmentation
patternsthat give an organicampound a unique molecular signature, which can be resolved using the
principles of physical organic chemistry to reviggkchemical structurelt mayalso give an accurate mass

to confirm the presence of a target compound (tactgtalysis), or to revéan elemerdl composition of

an unknown (natargeedanalysis).

The oupling of a chromatograph with mass spectrometer requires an efficient interface, which
connects both components of a -GS or LCGMS system. Most commoionization methodsn GC-MS
sstems are EI and Cl. Whereas EI can result in a
Cl is a much Asoftero, |l ower energy alternative |
in the ion chamber. The result is a reductiorthe residual energy of the charged molecules, so that the
fragmentation is greatly reduced and the molecular ion in the mass spectra is more prdr@&iEi]

The coupling of HPLC with MS has proved more challenging, since the aqueous HPLC etihtairing

polar analytes must be converted to-ghase molecules. Fortunately, this physical hurdle was overcome
by the development of API techniquek9f§. A P | gives 06softo6d ionizatio
providing molecular mass information aegcellent sensitivityHowever poor fragmentatiostill makes
identification of unknown compound ahalleng [199. The most common API interfaces are ESd

APCI, while the more recently developed atmospheric pressure photoionization (APPI) is yappdiduobk

for identification. From the literature, it is mainly ESI that used for determining TPg135197].
Generally, ESI enhances the analysis of more polar compounds, while less polar and tiregrhally
compounds are more amenable to ARPEGure 7). Both techniques are based the consecutive process

of nebulisation and vaporization tife sample solutionthe ionization ofthe analyte molecules ithe ion
sampling nozzle, ion transportation in ion trangfptics and mass analysisarmass spectrometer. These
processes allow solvent evaporation, efficient ionization of organic compounds and optimal introduction of
ions intothemass analysetn this case mstly protonatedM+H]" or deprotonatefM-H]  ions are formed

in a strong electric field. In ESImultiple charged ions aréavoured while using APCI the corona
discharged electrode allowse formation ofonly singly charged ions.
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Figure7: Application range of differen8C-MS andLCi MS interfaces as a function of compound polarity and
molecular masgadoptedrom [200)

The simplest mass spectrometer is a sistggequadrupole (Q), whichysed to beéhe most widely used
analyser due to its ease of use, mass range cogered Jinearity for quantitative work, resolution, quality
of mass spectra and a relatively accessible pFice Q is composed of two pairs of metallic rods. One set
of rods is at a positive electrical potential, and the other one at a negative podeatiaibination ofDC
(direct currentland AC (alternating currentyoltages is applied on each set. The positive pair of rods is
acting as a high mass filter; the other pair is acting as a low masgHigfare8).

Detector

resonant ion

Source
‘ de and ac voltages

Figure8: Scheme of sirtg quadrupole mass analysé&ed arrow shows a pathway of a resonant ion passing the
guadrupole and thus reaching the detector; whereas the blue arrow represents a nonresonant ion dmstabilised
hitting the rodq201].

In the Q mass analyzer, both analyte and matrix ions generated in the source undergo fragmentation, which
results in complex, ambiguous spectraladand hence in neselectivity, whichis its main disadvantage

[198. This nonselectity of the Q is overcome by tandem mass analyzers, which, due to their high
speci ficity, can reduce 66chemical noisedd.

Atriple.quadrupol e (QgQ) ma s ss pdaect eebcdt oir n sitsr uamed d t, a ncdoemp r

analyzers with a collision chamber intlseen in which collision induced dissociation (CID) occuighe

QQqQ, by allowing multiplereaction monitoring (MRM), precursion scans and constant neuieds

scans, affords much greater experimental flexibility and precision, when compared to glee Gin

However,the product ion scaim QqQshows lower sensitivity compared to IT or TOF instruments, which

is unfavourablefor the structual elucidation of TPs Thus, while the QqQ represents primarily an

instrument of choice in targed quantitative aalysis and possesses excellent sensitiviige dynamic

range and repeatability of analyses popularity has been overtakdny other mass analysefsr
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qualitative analysisSuch an example isthe IT mass detectore.g. the quadrupole ion trap and liae
quadrupole ion traplts unique ability to isolate and to accumulate iénby iterating ion trapping and
scanning allows the generation of CID spectra of the parent and fragment ions (and their fragment ions),
resulting in a hypothetically infiniteumber of fragmentation patterns (i.e. M$198. Combined with
knowledge of the functional group fragmentatibehaviour the MS spectra greatly facilitate the
elucidation of the fragmentation mechanism of unknown species, and increase the leveldehcenfi
assigning a particular structur20g]. IT-MS uses three electrod€a ring electrode and two end cap
electrodesFigure9) to trap ions, where a mass spectrum is generated by changing the electro@és toltag
eject ions from the trapn general, the ITs have high sensitivity in the scan mode, but neutral loss scans are
not possible with this technique, and the quantification is less reliable than MRM with triple quadrupole
instrument 189.

Detection

End Cap

G

—_—

o
Ring
Electrode

)

End Cap

lon Injection
Figure9: Scheme of IT mass detector

TOF instrument measwé¢he masglependent time it takes ions of different massharge ratios to
move from the entrance of the analyzer, where they are orthogonally accelerated in a pulsed féiskion, to
detector (Figure 10, right). These instrumentsan now reach resolutions between 10000 and 20000
FWHM, and have to a large extent replaced traditional high resolution instruments, sactoafiedd or
Fourier-transform iorcyclotron resonance mass analyze263. The instrumentsare characterized by
good mass assignment accuracy (< 3ppm), high sensitivity, and allow rapid mass scanning in a theoretically
limitless scan range2p4]. Accuratemass determinain provided by DF instruments allows specific
information to be obtained for a given molecule and enables almost unequivocal confirmation of the
identity of the compound. éWever, structural elucidatiosf unknown compoundis feasible primarily for
compaunds with easy isource fragmentation or compounds having a characteristic isotopic p2@#8tn [

To gain sufficient data fareliable structure elucidation, a combinatory analysis should be performed,
combining tandem MS techniques for fragmentatioth wigh resolution mass spectrometjRMS) for
accurate mass measuremewis.established combination of mass spectrometric techniquesMSI&nd
TORMS [205,208. For instance, the ability to conduct mulépstages of fragmentation in tiE-MS can
generate M8 spectra with large amounts of structural information that allows the identification of an
unknown TP. Without multipkstage MS, isomers may not be distinguishable from each other. Further
confirmation of the proposed identity of a TP can béeagltl by accurate mass measurements using TOF
MS or other high resolution MS instrumg¢ga05208§.

As an alternative different types of mass analyzers can be coupled antgbrid tandem mass
spectrometer. Many different combinations of mass analyztstoffind the tandem mass spectrometer of
choice with good resolving power and rapid switching between various MS/MS modes. Maximum
versatility is achievedisuallywith a combination of twaanalyzers and collision cell to forman efficient
hybrid tanden mass spectrometer. The collision cell is usually mounted in the field free region between
mass analyzers. Introduction afi inert gas into this cell ithe most widely used approach for CID. As a
result of collision of ions and gas molecules fragmemiiasi achieved An example ighe hybrid QqT®.
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In Figure 10, Q refers to the masesolving quadrupole, g refers to a collision cell and TOF refers to a
time-of-flight mass spectrometeR()7]. Basically,in QqTOF the final resolving mass filter of a QgQ is
replaced by a TOF analyzEr5§. Having this configuration the QqTQfet only allows M8 operation but

also has the high accuracy and the resolution necessary to givemasscimeasurements in a single
instrument. However, due to the price and the lower sensitivity of QQTOF instruments, the number of
environmental applications remains loRespite this developments expected in QqTOF instruments may
bring an improved sensitivity and linear dynamic range, whithcantribute toa wider acceptability of
these instruments e environmental analysis.
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Figure10: Scheme of QqTOF hybrid tandem mass analysst: quadrupole segment; Right: TOF analyser.

Another promising hybrid masgpectrometer fothe identification of TPs is a quadrupolg linear ion
trap (QQLIT). The QgLIT configuratiois based on an ion path of a QqQ mass spectrometer using the
collision cell of the final mass analyser as the LThe LIT has two major advantag over conventional
threedimensional IT i.e. a larger ionstorage capacity and a higher trapping efficiemelich in turn,
increases the sensitivit(4.

Recently, another hybrid MS system has been launettddh may represent an alternative to Qg
LTQ-MS"-FT Orbitrap combines LIT with the Orbitrap analyser, using Fourigrsform MS to attain
HRMS spectra. The instrument maycbmeimportantin the field ofnortargeted environmental analysis,
due toits high resolution and high mass accuracg to its wide dynamic range, when compared to that of
the QqTOF.

1.5.3.2 Nontargetedidentification

The main drawback dod conventional analytical approach is target compound monitoring, which is often
insufficient toassesshe environmental relevance of emeigicontaminantsGenerally, there is a lack of
information on the comprehensive list of TPs formed under various aomglitso, in the open literature
there isa dearthof data on their occurrence. There are several reasonssfandtuding that not akthe TPs

are commercially availablepg. This means that thouse chemical synthesis of authentic TP standards is
often the only option availahle

The detection and identification dfPs require the application of sophisticated instrumeotgtiof
which MS is considered to bee head othe field, both in terms of technology development and application
[202209. At the same time, improvements in separation techniques, such as ultra performance liquid
chromatography (UPLC) or rapid resolution liquid chatography (RRLC), make this technology more
attractive andpowerful when combined with MS1P4,210,21]. Because of the data intensive nature of
LCi MS, considerable time and effort are required to interrogate the data in order to extract the results
needd to identify unknowns. However, holding a certain structural relationship with their parent
compound,TPsare not complete unknownis structure elucidation of pharmaceutical abiotic degradation
products, a few studidgave beemublished recentlyl58. Due to the greater complexity of the task (e.g.,
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screening for trace levels of unknown chemical structures in complex media (wastewater) that involve
biomass activity), there have been fewer studies involtirgidentification of their biodegradation
products R17.

In GGMS the detection of TPs can generally be performed by direct comparisdotabfion
chromatograms (TIC) ofintreated (control) and treated sampletere anynewformed peaksn the
treated samples are considerechatential TPs and shjected to further investigatiomn LC analysis, a
direct comparison of the TIC of the treated and the control samples is, however, not possible. Instead, the
TPsmay be automaticallydetectedby applying the sgectral and chromatographic search algoriguol
as MetaboLynX" from Waters, Analyst/MtabolitelD™ from Applied Biosystems, Xcalibur/MetWorRS
from Thermo Fisher or MassHunt¥rfrom Agilent. Suchan algorithm searcheshe extracted mass
chromatograms for expected metabolites based on predictacpredicted molecular changes relative to
the parent compound and thus aids in the detection and identification of unknowns, particularly those
buriedwithin the spectral noise. The software compares mass spectral chromatograms of a control versus
thatof metabolised, stressed toeatedsample, and automates the detection, identification and reporting of
metabolites213. Such approach has been used before in a number of studies dealing with identification of
drug metabolitesn 6 i n  matabalistn 198 and degradation producia food and environmental
analytical chemistryJ14,215,216,21]7

Depending on the MS instrumentation available, two common strategies are employed to determine the
identity of unknown compounds, based on:
1) structural information gained in tandem MS (MSxperimentsand
2) highly accurate molecular mass measuremeod.|
Often however, MS alone is insufficient to identify the exact position of oxidation, to differentiate isomers,
or to provide the precise structure of wnalsand/or unstable TPs. In addition, other substances present in
environmental samples can suppress ionization, complicating metabolite identification. In such cases,
multiple analytical and wethemistry techniques, such as LC with nuclear magnetic aasen(NMR),
chemical derivatization, and hydrogen/deuterexshange combined with MS are usedharacterize the
novel and isomeric TPs of drug candidatd®98158. Also, having authentic standards available,
ultravioletvisible (UV-Vis) spectroscopy isften applied, as it allows rapid and simple analyses of TPs.
Another possible confirmatory methodnsatchng against spectra of authentic compounds, which may be
found in extensive G®AS libraries, i.e. NIST (National Institute of Standards and Teckhgh[@1§. This
ability to match analytical data with mass spectral libraries is particularly feasible when using El ionization.
El is normally performed at 70 eV, thus yielding mass spectra which are identical over time and between
instruments for a giveaompoundwhich is not the case withe API ionisation techniques.

1.5.3.3 Targetedidentification

The term fAtar get e didentitheanfirmafion of@rdviousiynkiown @afgeted)sorgana
residues and contaminants, which are being screenednh faomplex environmental matrice3he
2002/657/EC 219 EuropeanCommissionDecision set upthe quality criteria for the spectrometric
identification and confirmation ahese compounddagd on the use of identification points (IPs). The
European Guidmes requires a minimum of 4 IPs for banned compounds and 3 for others to sailigfactor
confirm their identityIn general, when using LC or GC coupled to MS/MS (QgQ) an excellent sensitivity
is obtained in the selected reaction monitoring (SRM) modafi@uation of the identity of the target
compound is achieved by monitoring two characteristecursoiproduct transitionswhich earns 4Ps

and fulfils the requirementsf 2002/657/EC 21922(. The sensitivity, selectivity, and mass accuracy of
different MS techniques, and the number aféBrnedor each iorare compared iable9.
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Table9: Comparison of differdrMS techniques with respect to sensitivity, selectivity, mass accaratymic

range and numberdPs.Adopt ed fr om Pe&22fovainid aHed nBB#rdceeezl -et[ al . |
MS . Sensitivity Selectivity eSS DIETILE IPs earnedor each ion
technique accuracy | range
Q medium (SIM) low low high 1 perion
medium (full scan) | , . . 1 for precursor ion
QaQ high (SRM) high low high 1.5 for transition ion
TOF high low high low 2 per ion
. . . . 2 for precursor ion
QqTOF medium high high medium > 5 for ransition ion
. . . 1 for precursor ion
T medium (MS) high low medium = o MS and MS product ions
. . medium 1 for precursor ion
QqLIT high (SRM) high low high 1.5 for MS and MS product ions

Occasionally, however, the fragmentation of a target compound is insufficient (less than two transitions,
low intensity transitions)at meet the EU Guidelind219. As proposed inrable 9 the selectivity ofthe
analysis can be increased bging HRMS instruments(TOF and QqTOF}that enable accurate mass
measuremestand, especially when the mamgasurements are performedaaterror less than2 mDa
[22]], a high total amount of IPs is achievéithis results inincreasedcertainty inthe identification of
target compound®2(.

1.5.4 Validation of analytical methods

In any scientific work, unreliabledata may lead to over and underestimation of effects, to false
interpretations, and to unwarranted conclusions. If such errors are not obvious, they may remain
undetected, and may be multiplied within the scientific community or become a part of d gecepted
knowledge. The basis for achieving high quality data are reliable analytical methods, which requires a
thorough validation of careful method development. The validation of analytical method can objectively
demonstrate its inherent quality andstprove its applicability for the stipulated purpose. This is especially
true in the context of quality management and accreditation, which have become matters of significant
relevance in the environmental analytical chemistry in recent y2aes. Owing to the importance of
method validation in the whole field of analytical chemistry, a number of guidance documents have been
issued P23,224,225,226,227

Environmental analytical methods are used for screening and identification of unknown podlothnts
transformation products (ntargeted analysis), or for identity confirmation and quantification of
predetermined analytes (targeted analysis). Whereas for qualitative procedures, a general validation
guideline is currently not availab[@28, Figure 11 shows the parameters that should be involved in the
validation of quantitative analytical procedures
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Figure 11: Aspects of an analytical method that may be assessed during a metitadioral Adopted from

[229.

The validation parameters are explained as follows:

Linearity is the ability of a method to obtain test results proportional to the concentration of
analyte, within a given concentration range. Calibration is performed tordegethe relationship
between the concentration of analyte and the corresponding response of a detector. The
relationship is described by the linear calibration model, which is normally derived as a least
squares regression model with a known confideexe! [230.

Sensitivity is the change in response of a measuring instrument divided by the corresponding
change in the stimulus. The sensitivity is arbitrarily determined by the slope of the calibration
curve pR30.

Selectivityis the ability of an analigal method to measure unequivocally and to differentiate the
analytes in the presence of components, which may be expected to be present in a sample matrix
(metabolites, TPs, matrix component22€. One approach to establish method selectivity is to
prove the lack of response in a blank matrix, i.e. there are no signals interfering with the signal of
the analyte or the internal standard.

Truenessds the closeness of agreement between the expectation of the test result (expected mean
value) and an accepteeference value (true value). When no certified reference material (CRM) is
available, the trueness is expressed agactveryof a known spiked amount of analy2S[).

Precisionis the closeness of agreement between independent test results almaieestipulated
conditions and is reported agpeatability and reproducibility 1SO 57251 [231] defines
repeatability as it he precision under repea
independent test results are obtained with the same dhethadentical test items in the same
laboratory by the same operator using the same equipment within short intervals of time.
Reproducibility is defined by 1 SO as the Apr e
test results are obtained witthe same method on identical test items in different laboratories with
different operators using different equipme2]].

Robustnesss a measure of capacity of a method to remain unaffected by small variations in
methodperformance parametera3qJ.

LOD is the lowest concentration of analyte that can be reliably distinguished fron226ro [
LOQ is the lowest amount of analyte that can be determined quantitatively with an acceptable level
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of repeatability, precision and truene23(.

Besides théntralaboratoryor internal method validatiomterlaboratorystudies can serve this purpose.
The aims of method performance (validation) studies are to estimate the repeatability and reproducibility of
a method, which, for a method precision study is pegdehed and unique for all participant laboratories.
Besides method validation, the interlaboratory studies also allow the assessment of the proficiency of
individual laboratories, estimatiaof the measurement uncertainty agettification ofreference mrials

[232.
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2 Hypothesisand ams

To date, commonly usepharmaceuticalfiave been detected in waste, surface @otdblewaters. The
factors influencing their occurrence are their overall consumption and the fate of an individual compound
during metabdism in the human or animal organisrduring thewatertreatment andn the environment.

Thus, besides consumption rate, metabolic conjugation aedrjegation pathways, information about
their biotic and abiotic degradability, sorption and persisteneaeeded to predict their behaviour in the
environment.

Municipal and hospital WWTP, as well as discharges from pharmaceutical industry, have been found to
be themajor sources ofpharmaceuticalsn the environment.Pharmaceuticalsubjected to thevater
treatment can be, depending on their physib@imical characteristics, removed by various mechanisms,
e.g. degradation (biotic or abiotic) or sorption to biomasis, sedimentand/or on the surfaces of holding
bodies. By recognizinghe respamse of model pharmaceuticals to potential factors influencing their
degradation (e.g. UV light, biological treatmegshd chemical oxidatioh it is possible to develop a
treatmentmethodand integrate it into an existingater treatmenprocess The idea is to coribute to the
development of an efficient, sustainable and-effgictive wastewater treatmeetchnology which will set
new standards of effluent quality by successfully removing pharmaceuticals and other emerging
contaminantsin this studypharmaceutials are used as model compounds, liegpresentatives of widely
applied environmentally toxic and / or persistent emerging contamirimis, with efficient treatment of
the model pharmaceuticalsnumerous other persistent trace contaminants are believedllow a
simultaneous removal.

For a comprehensive assessment of water treatnfematstewater orpotable water) efficiency,
pharmaceutical Psformed duringtreatmentmustbe accoungd for. The properties of Ps are unlikely to
resemble the metabolic mhocts formed in the human body and are yet to be identified and recognized as
environmental traceontaminants. To our knowledge, no data exists regarding their toxicity, synergistic
and additive effects to the environment. For this reasigrstirdy atterpts to identify pharmaceuticalPs
and evaluate the wastater andobotablewater treatment efficiency with respect to both, removal of parent
pharmaceuticaJandthe formation and the decaftheir TPs.

The ains of thethesis are as follows:

- to develop malytical methods for the determination of seleqtédrmaceuticaland theirTPsin
waste and environmental water samples;

- to compareand to assedhe performance of the developed analytical metiwpgarticipating an
international interlaboratory exese

- to determine theelimination efficiency of model pharmaceuticalduring biological water
treatment;

- to investigate effects on activated sludge arising from continuous exposure to pharmaceuticals;

- to researchabiotic treatment methods foglimination of persistent pharmaceuticals (e.g. €10
disinfectionand UV irradiatior) andto suggest improvemesito existing biological treatment in
laboratory scale bioreactdny integrating advancedeatment technologies

- to identify (bioYransformatiorproducts fomed during treatment artd estimatethe performance
of different treatment methods accimgl to their productiomnd decay
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3 Publications

3.1 Development and validation of analytical method for determination of
NSAIDs in aquatic samples

Pollution with NSAIDs in European surface waters is widespread and their concentrations often reach a
level of few hundred ng L (Table 3). As no data exist on the occurrence mfarmaceuticalsn the
Slovenian aquatic environmente developedn analytical method for determination of these compounds
in aqudic matrices Principally, the analyticainethod involved a sample pretreatment step (acidifgtimdy
filtration), enrichment and cleaup by applyingSPE, derivatisation with M3A andfinally, the analysis
using GGMS. The ntralaboratoryvalidation of the analytical method was performed, which involved
testing thelinearity and sensitivity, determination ofinstrumental limits of detection, method limits of
detection limits of quantification and the extraction efficiency Overall, the validation parameters
demonstrated that the developadd optimizedanalytical method was applicable #mvironmental
samplesThe developed method was tested on wastewater, river and tap\Waiterno traces of NSAIDs
were found in tap and well water samplds® majority of river water samples contained NP and/or DF,
while KP occurred at concentrations below LOBwas not detected in any of the samples. In general, it
can be concluded th#he concentrations of NSAIDs determined in Sloweare comparable with those
found elsewhere in EWurface watergTable 3). Among the analyte®\P was determined in highest
concentrations, which corresponds to thet faat in Slovenia it is dispensed in highest amourable2).
Further,a notably elevatedoncentration of NP and KP was observed in a sample taken downstieam
pharmaceutical manufacturing siféhis indcates that the sources of pollution witharmaceuticalare not
only attributed to diffusely distributed municipalities, lalgo point sourcesHowever, h order toassess
the extent otthe pharmaceuticatontamination in natural Slovene watdheir levels would have to be
monitored for a sufficient period of timé this sensea more comprehensive study taking into account
more sampling pointsdifferent seasonal conditiorsnd an improved sampling strategy, preferably
including POCIS should benade.Also the occurrence of NSAIDs in wastewaters weseased, but this is

a part ofanother research and will be published separately.

The description of development, optimization antlalaboratoryvalidation of analytical method for
determination of NSAIB intheaquatic environment, and ihéetermination irenvironmentasamples are
presented in the paper:

- Determination of nosteroidal antinflammatory drug (NSAIDs) residues in water samples
(Environment International, 2007)

The first step in valida&n of an analytical method is generally performed on the intralaboratory level,
while, to assure the transferability of a method to another expert laboratory, an external (interlaboratory)
validation should benade Besides validation itself, the objeai of interlaboratory studies are also
harmonization and dissemination of the analytical method, which improves the quality and comparability
of data on pollution with target analyte@3F. In this sense, two interlaboratory studies the
determination bNSAIDs in the aquatic environment were organized withirBbe=P6projectNORMAN
(Network of reference laboratories for monitoring of emerging environmental pollutnest' study was
performed using GBIS or LGMS/MS, both of which employed SPE agurification and concentration
step. The applied analytical protocols were developed individually by each participant laboratory and
differed in sample pretreatment, SPE sorbents, elution and reconstitution solvents, and, in cabSof GC
protocol, alsoin derivatising agentsThe 2 round required the use of predetermined-8E and LG
MS/MS procedures, which resulted in a notable redudatidinetotal number of outliers. This improvement
was particularly on account of the GC based analytical protebelre the number of outliers decreased up
to five-folds in the 2 round, which isalikely consequence of unifying the derivatising agent (MTBSTFA)
and adopting thetandardd e r i vati sing conditions (1 h at 60 UC)
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Furthemore an important outcome of th&™ interlaboratory study was that the @S protocol
provedsuperior for the analysis of |JBXP and NP in matrices with higher complexity, i.e. wastewater and
river water. This wadue tothe detector response in @IS notbeingaffected bymatrix suppresion as in
the case of LGMS. Alternatively, the determination of DF was not shown to be particularly consistent,
regardless of an analytical protocol used. Considering its chemical structure, DF differs from other NSAIDs
(Figure 2), since it involves a secondary amine group and two chlorine atoms. Therefore, a different
behaviourof this compound during the sample preparation and analysis may be anticipated. A solution to
improve the determination of DF may beuse a more strongly related internal standard, e.g. isotopically
labelled DF. Secondly,with the supplementaryesting of extraction efficiency wehoweda tenfolds
higher recovery oDF for the GGMS protocol, when pretreatment invobacidifying to pH27 3. It may
therefore be proposed that both analytical protocols need #oldygedto improve determination of DF
before theyreach the level of application in routine laboratories throughout Europe.

The underlying research in thé' tound was to fdbw the actual stability of NSAIDs during the
exercise. While a decay of NSAIDs was expected in wastewathiver water, due to biodegradation or
physicachemical interactions witthe sample mati, no such effects werebservedand a satisfactory
stahility was proved. Furthermore, thé“2xercise addressed also filtration and compareihthence of
different filter material categoriesn the analysis of NSAIDs. The filtration step coplotentially have
affected the analysis in two ways. First, deging on the analyte polarity and filter material, the analytes
can adsorb to a filter. Secondly, by removing the organic matter presbatniatrix, filtration may beone
way to reduce the ion suppression effect and improve theMBCperformance In catrast to our
expectations, the results of the statistical testing showed that filtciiesmot affect the analysis.

The results of both interlaboratory studies are presented in two papers:
- First interlaboratory exercise on neteroidal antinflammatay drugs analysis in environmental
samplegTalanta, 2008)

- Second interlaboratory exercise on ssparoidal antinflammatory drugs analysis in
environmental samplegsent for publication to Talanta, 2009)
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Abstract

Pharmacologically active substances used to treat human and animal illnesses can enter the aquatic environment via effluents from
wastewater treatment plants or in the case of veterinary drugs directly through liquid manure discharge. Some of these substances enter the
environment either as the parent compound or as active/inactive metabolites. Due to their pharmacological activity, their determination and
understanding their behavior and fate in the environment are important.

The scope of this paper was to develop an analytical procedure to determine common pharmaceutical residues in wastewaters.
Pharmacologically active substances were chosen according to their wide spread application in Slovenia and Central Europe and are members
of analgesics, e.g., non-steroidal anti-inflammatory drugs: ibuprofen, naproxen, ketoprofen and diclofenac. Selected compounds were
isolated from synthetic water using a novel SPE sorbent Strata™ X. Due to the non-volatile nature of these compounds they were first
silylised prior to gas chromatographic-mass spectrometric detection. The developed procedure was tested with synthetic wastewaters and
their extraction efficiency (>84%) and method limits of detection (2-6 ng L™') were determined. Our procedure has been adopted and
optimised for “real” water samples and applied to eleven drinking and ten river water samples from Slovenia. The results showed no traces of
NSAIDs in all potable water samples and low-range contamination (ng L") of Slovene rivers. These results show that NSAIDs

contamination of Slovene waters is comparable with published results of water contamination in Central Europe.

© 2005 Elsevier Ltd. All rights reserved.

Keywords: Pharmaceutical residues: NSAIDs; Water; Contamination; Selid phase extraction; Gas chromatography-mass spectrometry

1. Introduction

In recent years increasing attention has been directed
toward the discharge, presence and potential effects of
pharmaceuticals in the environment. Thousands of tons of
pharmacologically active substances are used yearly to treat
or prevent illnesses, or to help people face the stresses of
modern life. The discharge of therapeutic agents from
production facilities, hospitals and private houschold
effluent as well as improper disposal of unused drugs pose
a burden on the environment (Christensen, 1998). Pharma-
ceuticals are released into the environment cither as the

* Corresponding author. Tel.: +386 1 477 35 84: fax: +386 1 423 54 00.
.si (E. Heath).

E-mail address: ester.heath(

01604120/ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.101 nvint.2004.12.001

parent compound or as active/inactive metabolites. Thus,
often it is not only the parent compound which should be the
subject for a risk assessment but also the active metabolites
(Christensen, 1998; Halling-Serensen et al., 1998). Con-
centrations of pharmaceutical residues measured in water
may give rise to human exposure in the ng per day range,
which is at least three to four orders of magnitude lower
than that required to produce a pharmacological effect.
Risks arising from acute exposure can therefore be regarded
as unlikely. However, possible effects of life-long exposures
have still to be determined (Christensen, 1998).
Pharmaceuticals have been selected or designed due to
and because of their biological activity. In respect to their
purpose they should be considered as suspicious environ-
mental contaminants (Christensen, 1998). Furthermore, they
often have low biodegradability, and can accumulate,
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reaching detectable and biologically active amounts (Zuc-
cato et al., 2000). Quantitative evaluation of the fate of
pharmaceuticals in the aquatic environment, proper risk
assessment and improvement of the efficiency of sewage
treatment plants need sensitive and reliable analytical
methods.

There are no data regarding pollution with pharmaceut-
ical residues in Slovenia. Therefore, the aim of our study
was to develop an analytical procedure, which allows the
quantification of pharmaceuticals in water at the ng L™
level. By analysing tap, well and river samples from around
Slovenia, we hope to gauge the extent of pharmaceutical
residues in Slovene waters. Model compounds were selected
among the pharmaceuticals, which predominate in the
analyses of environmental samples, as well as on the lists
compiled from prescription data. Most of these pharma-
ceuticals belong to the class of analgesics (non-steroidal
anti-inflammatory drugs, NSAIDs), antibiotics, antihyper-
tensives, antiasthmatics, diuretics and psycholeptics (Kiim-
merer, 200la). For this reason, the following four
pharmaceuticals from the class of NSAIDs were chosen as
model compounds: ibuprofen, naproxen, diclofenac and
ketoprofen. The four investigated drugs belong to a group of
the most commonly prescribed drugs between non-steroidal
anti-inflammatory drugs. Data from annual reports (Orazem
and Petar-Cad, 2000, 2001, 2002) show a quantity of the
drugs dispensed by prescriptions from health-centres.
However, these data underestimate the total use of
pharmaceuticals in Slovenia, because drugs dispensed
over-the-counter and those spent in hospitals also contribute
to the total. The quantities of annually prescribed pharma-
ceuticals have been published (OraZem and Peéar-Cad,
2000, 2001, 2002). The quantity of naproxen, together with
other NSAID representatives, is the most outstanding in the
group of investigated drugs and is reported to be between
1.9 and 2.6 tons/year. Furthermore, naproxen is eliminated
partly unmetabolised (60%) and is persistent in the environ-
ment. Naproxen is therefore expected to pose the biggest
load (among the four investigated drugs) on the Slovenian
aquatic environment.

Pharmaceutical residues are usually present in environ-
mental water samples in trace levels. The most common
sample isolation and pre-concentration technique is solid-
phase extraction (SPE) (Rodriguez et al., 2003) where as
well as isolation and pre-concentration, the matrix-solvent
(water) is exchanged with a more volatile organic solvent
suitable for gas chromatography (GC). Due to low vapour
pressure, gas chromatographic separations of selected
NSAIDs can be performed only after derivatisation of the
native compounds to less polar species (Rodriguez et al.,
2003). This involves converting the carboxylic group
present on these drugs to the methyl ester derivative using
diazomethane (Rodriguez et al., 2003; Ollers et al., 2001;
Ternes, 2001; Poole, 1991). The yield of the reaction is
usually high, however, because of high toxicity and low
stability of diazomethane, alternatives have been proposed.

Koutsouba et al. (2003) and Sacher et al. (2001) derivatise
the carboxylic group using pentafluorobenzyl bromide with
triethylamine as a catalyst. The most widely used alter-
natives to diazomethane are alkylsilyl reagents (Poole,
1991), namely N-methyl-N-(tert.-butyldimethysilyl) trifluor-
oacetamide (Rodrigucz et al., 2003) or N-methyl-N-(frime-
thylsilyl) trifluoroacetamide (MSTFA) (Heath, 1998).

An analytical procedure for the determination of NSAIDs
in water, based on solid phase extraction (SPE) with a new,
patent-pending sample preparation sorbent Strata™ X,
followed by derivatisation with MSTFA and GC-MSD
analysis was developed and tested on synthetic and
authentic well, tap and river water samples.

2. Experimental
2.1. Chemicals

Sigma-Aldrich Company Lid (Gillingham, GB) supplied
all the drugs under investigation (ibuprofen, diclofenac,
naproxen and ketoprofen) and the derivatisation agent
MSTFA (N-methyl-N-(trimethylsilyl) trifluoroacetamide).
Mecoprop (2-(4-chloro-2-methylphenoxy) propanoic acid)
was used as an internal standard and was obtained from
Labor. Dr. Ehrenstorfer-Schifers (Ausburg, Germany).
Methanol (MeOH), toluene and 37% hydrochloric acid
(HCI) were of analytical grade and were provided by Merck
(Darmstadt, Germany).

2.2. Synthetic water

Water solution of pharmaceutical compounds (1 mg of
cach studied compound in 500 mL of distilled water) was
spiked with 1 mg of the internal standard mecoprop. The
spiked solution was diluted to concentrations from 0.2 mg
L™ t00.02 mg L7\,

2.3. Environmental samples

Water samples were collected in June-July and September
2004. In total. well water samples from two sites, eleven tap
water and river water samples from nine locations were
collected. River water samples (1L) were collected at a depth
0f 0.25 to 1.0 m from the riverbank. Each 1 L of sample was
filtered (0.45-um filter, Sartorius, Goettingen, Germany),
acidified to pH 2.6 to enhance trapping of the acidic
compounds on the solid-phase extraction (SPE) sorbent and
stored at 4 “C prior to solid-phase extraction SPE.

2.4. Solid phase extraction

Commercially available 3 mL SPE cartridges with 60 mg
of Strata™ X (surface modified styrene-divinylbenzene
polymer) sorbent (Phenomenex®, Torrance, ZDA), were
used. SPE was performed using 12-fold vacuum extraction
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box (Supelco, Bellefonte, USA). The SPE cartridges were
first conditioned with 1.5 mL MeOH and 1.5 mL matrix-
solvent (aq. HCl with pH 2.6). Extraction volumes were 500
mL in case of synthetic water samples and 1000 mL for the
actual water samples. Extraction was performed under
vacuum at a flow rate of 1-2 mL min . Afier the enrichment
step, the cartridge was dried for 1 min in vacuum (approx.
—16mm Hg). The analytes were eluted with three fractions of
0.5-mL elution solvent (MeOH) and the eluant was collected
in 1.5-mL glass vial and dried under a stream of nitrogen. The
residues were dissolved in 0.5 mL (synthetic water) and 0.1
mL (water samples) of toluene and derivatised by adding 70
uL (synthetic water) or 30 pL (water samples) of MSTFA.
The samples were reacted in the dark on a shaker (Veb MLW
Labortechnic, [lmenau, Germany) for 12 h.

2.5, Gas chromatography—mass spectromeltry

Derivatised drugs were determined by GC-MSD on an
instrument HP 6890 (Hewlett-Packard, Waldbron, Ger-
many) fitted with a 30 mx0.25 mmx0.25 pm Hewlett-
Packard HP-5 MS capillary column. Carrier gas was helium,
with a flow rate held at constant velocity of 37 cm sl
Injection was performed in the splitless mode at an injection
temperature of 250 “C. Injection volume was 1 pL. The GC
oven was programmed as follows: 2 min at 100 °C, first
ramp at 4 °C min~" to 180 °C, second ramp at 10 °C min~"'
to 230 °C (held for 20 min) and then, ramped at 20 °C
min~! to 270 °C and held at this temperature for 7 min.
Mass spectra were obtained in the electron impact mode (70
eV), detection was in mass range 50-500 m.u. (full-scan)
with the transfer line temperature set at 280 °C.

3. Results and discussion
3.1. SPE

Breakthrough of the selected SPE sorbent was inves-
tigated using a synthetic wastewater containing approx. 0.1

m
M

mg of each of the test compounds and 500 mL of the
samples were passed through two cartridges connected
sequentially. After the enrichment step, the cartridges were
then analysed separately. Since the analytes were not
detected in the eluant from the second cartridge, it was
proven that the applied cartridge dimension (60 mg/3 mL)
was adequate for the quantitative adsorption of the inves-
tigated drugs.

The recommended wash and elution volume (Phenom-
enex ® users guide) for the 60 mg/3 mL Strata™ X cartridge
is at least 1.2 mL. Therefore, the analytes were eluted from
the cartridge with 3 fractions of 0.5 mL McOH and the
elution was performed twice (2>1.5 mL) using the same
cartridge. Since there was no trace of analytes in the second
portion of eluant we conclude that 1.5 mL of the elution
solvent was a sufficient volume for the quantitative elution
of the tested analytes.

3.2. GC-MS

The trimethylsilyl (TMS) derivatives of target com-
pounds, ibuprofen, mecoprop (internal standard), naproxen,
ketoprofen and diclofenac (Fig. 1), were determined by
capillary gas chromatography with mass spectrometric
detection in EI mode of operation.

Typical total ion chromatogram of selected pharmaceut-
icals and internal standard is shown in Fig. 2

The chemical structure of all investigated compounds
after derivatisation (TMS-esters) was proved with mass
spectrometric detection. Table | shows the retention times
(tg) of the derivatised compounds, molecular weight of pure
compounds and their derivatised compounds, mass-to-
charge ratio of typical fragments and their intensity.

Fig. 3 is an example mass spectrum of trimethylsilyl ester
of ibuprofen. Its molecular ion is seen at m/z=278. Fragment
ion at m/z=263 represents the fragmentation of methyl
group from molecular ion ([Mypas-CHs]), while m/z=205
shows trimethylsilyl group fragmentation ([Mqyys—
SiMes]"). Ton at m/z=160 is developed with sequential
fragmentation of trimethylsilyl and carboxyl groups. The

S
@

Fig. 1. Chemical structures of investigated compounds: ibuprofen (1), mecoprop (intemal standard [2]). naproxen (3), ketoprofen (4) and diclofenac (5).
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Fig. 2. Total ion chromatogram of the selected compounds after derivatisation.

base ion is present at m/z=73 and is typical for MSTFA
derivatisation (Heath, 1998).

3.3. Extraction efficiency

calculated for
diclofenac,

Extraction efficiency (Yopxrr) Wwas
cach compound (ibuprofen, ketoprofen,

Table 1

Retention time (¢g) of derivatised compounds, molecular weight (M),
molecular weight of TMS ester (M y.q5), mass-to-charge ratio (m/z) of
typical fragments and their relative intensity

Analyte Ret. time My Mymys m/Zz  Fragment structure

™S fr/min and their relative

intensity

Ibuprofen-  17.97 206 278 73 Si(CHs), 100 %
T™S 160 30 %

278 [Mp.mms]’10 %
263 [Mpms-CH3] 25 %

Naproxen-  27.21 230 302 185 100%

T™S 73 -Si(CHj):.55 %
302 [Mupms]' 45 %
287 [Mypus-CHsl' .25 %

Ketoprofen-  28.99 254 326 282 100 %
™S 73 -Si(CH;3),80 %

311 [Mgpus-CHs)" .20 %

Diclofenac-  30.54 296 368 214 100%
™S 73 Si(CH3),35 %

367  [Mprams-H]'25 %
352 [MppasH-CH;T',
10 %

Mecoprop- 18.23 214 286 73 -Si(CH3)s, 100 %
TMS 286 [Mypmas]'-50 %
(intemal 271 [Mympmms-CHal"5 %
standard)

naproxen and internal standard mecoprop) as a ratio
of a mean of peak arcas of extracted and derivatised
compound (Agpgper) to a mean of peak areas of
derivatised compound without previous SPE  (Apgg)
performed (Eq. (1)). 2-6 parallel samples were used for
this purpose (Table 2).
YorxTR = AspE+DER/ADER (1)
Water solutions of pharmaceuticals at two concentra-
tions (0.02 mg L™ and 0.20 mg L") were spiked with
internal standard and processed as described in the
Experimental section. Toluene solutions of pharmaceuticals
with the internal standard at two concentrations (0.02 mg
mL " and 0.20 mg mL ") were derivatised as described
herein. Extraction efficiencies (%pxtr. ) for all pharmaceut-
icals and internal standard are given in Table 2 and range
from 91 to 103% at the higher concentration and from 84 to
104% at the lower concentration for all compounds except
diclofenac. An extraction efficiency of 157% and high
deviation (6/2) was observed for diclofenac, which was
probably due to disintegration of its TMS ester during GC-
MSD analysis.

3.4. Derivatisation efficiency

Since derivatised standards of selected compounds were
commercially unavailable, it was not possible to calculate
the derivatisation efficiency. However, since after derivati-
sation no underivatised compounds were found to be
present when analysed by GC-MS, derivatisation was
assumed complete.
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Fig. 3. Mass spectrum of ibuprofen-TMS.

3.5. Linearity

The linearity of the analytical method was tested using
pre-derivatised standard mixtures containing mecoprop as

Table 2
Extraction efficiencies (%gpyrg) for the investigated drugs and internal
standard

Compound Chefore DER/ NSPE+DER NpER YoExTR 472
mg mL!

Ibuprofen 0.0331 4 2 84.2 0671
0.296 6 6 91.9 0.336

Mecoprop 0.0214 4 2 91.5 0.399
0.191 6 6 96.1 0.157

Naproxen 0.0188 4 2 104.1 0.129
0.114 2 4 102.1 0.057

Ketoprofen 0.0320 4 2 99.3 0.017
0.286 6 6 103.4 0.158

Diclofenac 0.0254 4 2 103.7 0.088
0.227 6 6 157.0 22,053

Abbreviations: ¢peqre per. concentration of the selected compound in
toluene prior to derivatisation: ngppippr, number of extracted and
derivatised samples; npgg, number of derivatised samples; +6/2, deviation
from Ygypr calculated as:

/2 = l;Z[(mcanAng, DER + 8p/meandpgr + .s-,,]
— (IIIEZIL’ISPE|[)ER — sp/meandpgr — s[,)]
-‘f, = ([[ﬂwm DER — 1)~9‘2| + (HDER - 1)-"5};%5% (R + per — 2]);

.\ﬁ pooled variance; meandspgiper: mean peak area of extracted and
derivatised sample with standard deviation s,; meand pgg: mean peak area
of derivatised sample with standard deviation 5.

internal standard (0.20 mg mL "), and the test compounds
in concentrations between 0.02 and 0.25 mg mL ', With the
exception of diclofenac (r2=().99()) correlation coefficients
higher than 0.996 were obtained for all the compounds
under investigation. The TMS ester of diclofenac was
proved to be unstabile under the applied conditions. At the
same time as lower diclofenac-TMS quantities, an additional
peak appears in total ion chromatogram at fg 28.7 min.
From analogy between the mass spectra of diclofenac-TMS
and the mass spectra of the unknown peak we conclude that
the latter originates from the breakdown of diclofenac-TMS.

3.6. Detection limits

Instrumental limits of detection (ILDs) were determined
by selecting the lowest concentration of the spiked sample
that produces a chromatographic peak having an area under
curve equal to three times the standard deviation of the
baseline noise of the blank sample (Knoll, 1985). The [LDs
in full-scan acquisition mode are in pug L' (Table 3) but can

Table 3
ILDs of TMS derivatives of target compounds in toluene obtained with full-
scan acquisition mode and MLDs of the investigated drugs in distilled,

deionised water

Pharmaceutical Ibuprofen ~ Naproxen  Ketoprofen Diclofenac
compound

ILD/ug L 20.3* 56.1* 20.9* 31.5%
MLD/ng L 1.96 5.55 212 3.06

* TMS-esters of pharmaceutical compounds.
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be reduced further by using selected ion monitoring (SIM)
mode.

Method limits of detection (MLDs) were calculated from
ILDs taking into account the concentration factors from SPE
procedure. For this calculation, a 100% extraction efficiency
was presumed and the results are shown in Table 3.

Comparison of the ILD and MLD (Table 3) shows that
approx. 1000 times concentration of the compounds in a
sample is achieved. However, the concentration factor and
therefor, to a certain extent, MLDs can be further improved
by increasing the amount of water extracted, by reducing the
volume of toluene used for dissolution of the dry extract or
by reducing the derivatising agent volume. The proposed
suggestions are under investigation.

The minimal volume of surface water needed for
isolation using our analytical procedure was calculated on
the basis of ILD (Table 3). For calculation purposes we
assumed that the Slovene environment is polluted with
pharmaceutical residues in the same range as the rest of
Central Europe, including Germany (Kimmerer, 2001b)
where the data were taken from. Calculations were made for
two model compounds: ibuprofen and diclofenac according
to Eq. (2):

V_r = 1/(‘((]/](*N1LD*}W.(/JWX_T_\15) (2)

where V. represents the volume of water sample, ¢, is the
lowest concentration of the compound determined in
literature (Kiimmerer, 2001b), Vg is the volume of the
solution before GC-MSD analysis (0,13 mL), MLD is
method limit of detection, M, is molecular mass of
compound and My pyg is molecular mass of trimethylsi-
lylised molecule.

The results of our caleulations showed that the minimal
volume for detecting ibuprofen is expected to be from 7 to
39 mL of surface water sample. In case of diclofenac the
minimal volumes were from 7 to 659 mL of surface water
sample. These results show that the extraction volume (1000
mL) of the surface water sample should allow detection of
selected NSAIDs in the low ng L range.

3.7. Determination of the selected pharmaceuticals in
environmental samples

Nine tap, two well and ten river water samples from
Slovenia were examined using the procedure described in
the methodology. Some of river samples were sampled
twice (June—July 2004 and September 2004). There were no
traces of the pharmaceuticals under study in the tap and well
water samples, while 11 out of 16 river samples contained
naproxen (17-80 ng L") and diclofenac (949 ng L"), and
one sample showed a concentration approximately four to
five times higher than the rest of tested compounds:
naproxen: 313 ng L' and diclofenac: 282 ng L~". This
sample was taken in a river downstream of a pharmaceutical
factory. According to fragmentation pattern, ketoprofen was
detected in 8 and ibuprofen in 1 out of 16 of the river

Table 4
Determined concentrations of the selected NSAIDs

Sample Date of Concentration (ng L")
sampling Naproxen  Diclofenac  Ketoprofen
KREA 1 Jul-04 *
Sep-04 *
KRKA 2 Jul-04 313 282 *
Sep-04 60 49 b
LJUBLJIANICA 1 Jul-04
Sep-04  <MLD
LIUBLJANICA 2 Jul-04 73 *
Sep-04 <MLD *
SAVA Jul-04 80 9 *
Sep-04 b *

MURA Jul-04 49 41 *
DRAVA 1 Jul-04 46 26 *
Sep-04  <MLD
DRAVA 2 Jul-04 24 32 *

Sep-04 42
PSATA Jul-04 17 *

* Compound was detected, but quantification could not be determined in
SCAN mode.

samples, but because interferences were present with the
same retention time, their quantification could not be
determined m SCAN mode. However, these limitations will
be addressed by modifying the chromatographic separation
and using SIM. Sampling of river waters that showed higher
concentrations of selected contaminants was repeated at the
same sampling sites 2 months after the initial sampling
(September 2004). From the results (Table 4) it is seen that
the concentrations of the tested NSAIDs were lower in the
September samples. The sample that contained the highest
amount of naproxen and diclofenac sampled in June (Krka
river sample downstream) where approximately five times
lower in case of autumn sampling. The reason might be the
nature of sampling (not continuous sampling) and/or the
time of sampling, i.c. second sampling was performed when
river flow was higher resulting in greater dilution. In the
future sampling will be repeated using a greater number of
sampling points and continuous sampling. Also, sediment
sampling will be taken into account.

4. Conclusions

In the presented work an analytical procedure for
determination of pharmaceutical residues in water samples
was developed. The qualitative determination of the selected
compounds (naproxen, ketoprofen, ibuprofen, diclofenac)
included development and optimisation of following ana-
lytical steps: SPE, derivatisation and GC-MSD analysis.
Under optimal working conditions (flow, solvent volume,
cartridge dimension, derivatisation conditions) isolation of
selected compounds from water samples with efficiencies
>84% was achieved. For all four tested compounds, ILDs
were determined (20-56 pg L") and MLDs for optimised
method were calculated (2-6 ng L").
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Finally, the contamination of NSAIDs in representative
samples of Slovene waters (two well, eleven tap and nine
river water samples) was determined. According to our
results the contamination of Slovene waters is comparable
with the published literature for Central Europe (Kiimmerer,
2001b). However, to determine the extent of pharmaceutical
residue contamination in natural Slovene waters, we intend
a more comprehensive study taking into account a greater
number of sampling points, continuous water sampling and
sediment samples.
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Comparability of monitoring data are essential for any meaningful assessment and for the management
of environmental risks of emerging pollutants. The reliability and comparability of data at European level
is often limited, because analytical methods for emerging pollutants are often not fully validated, not
harmonized or not suitable for all relevant matrices.

This paper describes a collaborative interlaboratory exercise for the analysis of non-steroidal anti-
inflammatory drugs (NSAIDs) residues in freshwater and wastewater, held in the framework of the EU
project “Network of reference laboratories for monitoring of emerging environmental pollutants” (NOR-
MAN). The NSAID compounds selected in this study were ketoprofen, naproxen, ibuprofen and diclofenac.

Thirteen laboratories distributed along nine European Countries (Austria, France, Germany, Greece, Italy,
Slovak Republic, Slovenia, Spain, and Switzerland) took part in this exercise, 126G samples were analyzed
and a total number of 473 values in duplicate were collected.

Samples selected in this study include environmental water (river water and waste water) and artificial
water (fortified environmental and distilled water) with different ranges of complexity.

Two analytical methods were proposed by the organiser; one is based on the use of solid phase extraction
(SPE) followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) and the secend one is
based on SPE followed by gas-chromatography-mass spectrometry (GC-MS), however, in the first round
some different approaches were also admitted.

The main goals of this interlaboratory comparison were to evaluate the available analytical schemes
for NSAID analysis in natural waters, to evaluate the repeatability (r) and reproducibility (R) between
participating laboratories, and to evaluate the influence of the analytical method and sample matrices on
the results.

®© 2008 Elsevier B.V. All rights reserved.

* Corresponding author. Tel.: +34 93 400 61 00; fax:

E-mall address: dbcgam@cid.csic.es (D. Barceld).

1. Introduction

Human and veterinary pharmaceutical compounds are a source
43493 204 59 04, ofincreasing environmental concern as they are used in large quan-
tities and their physical and chemical properties make them likely

0039-9140/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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to be transported into hydrologic systems, where their effects on
human health and aquatic ecosystems are mostly unknown.

Pharmaceuticals are in general, after intake and absorption into
humans oranimal blood system, a subject of metabolic degradation
processes, However, significant fractions of the original substances
are excreted in un-metabolized form or as active metabolites via
urine or faeces to be emitted into raw sewage, which may or may
not be treated [1,2]. Yet, some pharmaceuticals are not degraded in
waste treatment plants and enter the environment in their original
form [3,4]. In addition to metabolic excretion, disposal by flush-
ing of unused or expired medication and drug-containing waste
from manufacturing facilities can also contribute to environmen-
tal contamination [2]. Flushing unused medicines down the drain
appears to be of minor importance, while patient excretion fol-
lowing therapy is widely considered to be the primary pathway to
the environment [5]. Even posthumously, the drugs administered
in the closing phases of our lives likely leach into cemeteries and
groundwater [6].

Different studies carried out in Europe [7,8], Canada [9], and
USA [10] during the last decade show that one of the most com-
mon group of pharmaceuticals found in wastewater, river water
and even in drinking water are non-steroidal anti-inflammatory
drugs (NSAIDs) representatives, because they are commonly used
in treatment of mild to moderate pain, and chronically in treatment
of rheumatic diseases. Moreover, some of them are available as
non-prescription pharmaceuticals, A number of reservoirs tapped
for drinking water have been monitored along the Lergue River in
Southern France, where pharmaceuticals and other wastewater-
related dominant contaminants such as paracetamol, diclofenac,
and carbamazepine were found [11]. Other examples have been
reported; Zuccato et al. reported the presence of clofibric acid and
diazepam in treated drinking water [3], in [taly; Heberer et al. [12]
have reported the presence of diclofenac in the drinking water of
Berlin; Loraine and Pettigrove identified and quantified ibuprofen
(0.93 pg/L) and ibuprofen methyl ester (4.95 Lg/L) in treated water
[13].

Due to that, several methods have been developed for the
determination of NSAIDs and their metabolites in water in the
lower ng/L range using solid phase extraction (SPE) coupled to gas
chromatography-mass spectrometry (GC-MS) based methods[14].
However, due to the elevated polarity and acidic nature of NSAIDs,
with pK, values between 4 and 4.5, liquid chromatography-mass
spectrometry (LC-MS) and LC-tandem MS have experienced an
impressive progress during the last years, both in terms of tech-
nology development and application, avoiding the derivatization
step required by GC-MS methods. Recently, both groups of ana-
Iytical techniques, ie. LC-MS/MS and GC-MS have been used
for the trace analysis of acidic drugs in environmental samples
[15].

However, there is need for harmonization and validation of
analytical methods for NSAID residue analysis. According to new
EU recommendations, validation of analytical methods should be
conducted in step-by-step processes with different levels of ver-
ification, and the achievements in each step should be evaluated
by interlaboratory studies. In the present work, we performed the
first level of verification, and the quality of the existing methods of
analysis was evaluated, and a selection of more suitable methods
to be validated in a second step was carried out. In this sense, this
interlaboratory study was organised by the Environmental Chem-

Table 1
Sample codes table

istry Department, IQAB-CSIC in Barcelona (Spain) under the frame
of NORMAN EU project. The study was performed using either
LC-MS/MS or GC/MS, both of which employed SPE as purification
and concentration step.

During the exercise, three series of three samples each were ana-
lyzed. Every batch of samples consisted of three natural wastewater
samples, three fortified river samples and three fortified deionised
water samples. In total, every laboratory received nine samples for
analysis. The samples were prepared by the Environmental Chem-
istry Department, [IQAB-CSIC in Barcelona, Spain.

In this round, 14 participations were carried out in 13 labora-
tories in Austria, France, Germany, Greece, Italy, Slovak Republic,
Slovenia, Spain, and Switzerland.

The main goals of this study were to compare the results using
different analytical methods, to evaluate the quality of individual
approaches, to evaluate the accuracy and quality parameters in dif-
ferent aqueous matrices and to assess variations between different
approaches (LC-MS/MS, GC/MS) and different laboratories.

2. Experimental
2.1. Experimental design, sample collection and handling

A total number of 126 samples corresponding to 14 participa-
tions were distributed in 13 laboratories (one laboratory participate
twice, a LC-MS/MS based method and also using a method based
on GC/MS). Three series of samples were analyzed in three batches,
and every batch was composed by an effluent sample of a wastew-
ater treatment plant (WWTP), a fortified Ebro river water and a
fortified deionised water. Table 1 shows sample codification. The
environmental samples were selected according to their expected
NSAID concentration and matrix complexity, and a wastewater
effluent sample from a WWTP near Barcelona (Spain) fitted well
these criteria, Ebro river samples were collected near the area of
Amposta (Barcelona, Spain). In all cases, samples were collected in
Pyrex borosilicate glass containers, previously rinsed with tap and
high-purity water, The samples were transported at 4°C to the lab-
oratory in Barcelona. In order to minimize the sources of variation,
all samples were collected, transported, homogenised and prepared
at the same time in a central laboratory (Environmental Chemistry
Department, IIQAB-CSIC, Barcelona).

After sampling, the water samples were filtered through 2.7
and 0.45 pm glass micro-fibre filters to remove suspended mat-
ter and homogenised in a polyethylene bucket. The samples were
transported refrigerated, and each participant received approxi-
mately 1.1 Lofeach sample. Participants were requested to measure
and note the temperature of each sample at reception, in order to
check that all samples were received in similar conditions for all
participants. Then, all laboratories were requested to keep the sam-
ples under freezing conditions until the extraction of each batch.
Water samples were allowed to reach room temperature and were
spiked with surrogate standard. Samples were then extracted and
analyzed during the same dates by the participants and the total
duration of the exercise was 4 months.

In order to maintain the anonymous character of all partici-
pants, an identification number was provided to every laboratory.
This number was requested to be used later for the presentation of
results.

Batch 1 Al (fortified river water)
Batch 2 A2 (wastewater)
Batch 2 A3 (fortified MilliQ water)

C1 (fortified MilliQ water)
C2 (fortified river water)
C3 (wastewater)

B1 (wastewater)
B2 (fortified MilliQ water)
B3 (fortified river water)
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Table 3
Statistical values corrected after the outlier exclusion for each compound in the different types of water
Group No. of accepted Mean Standard Standard error Median Minimum Maximum 95% Confidence No. of
results deviation of mean value value interval outliers
From To
Ketoprofen
‘Wastewater
Batch 1 13 678.77 28223 78.27 800.00 25 1090 508.21 849.33 0
Batch 2 12 601.08 23524 67.91 620.95 112 897 451.61 750.54 1
Batch 3 13 642.55 303.61 84.21 662.00 144 1200 459.06 826.03 1
Fortified river water (fortification 290 ng/L)
Batch 1 13 23873 121.08 33.58 200 73 461 16556 311.90 0
Batch 2 13 207.92 13413 37.20 260 62 538 216.85 378.98 0
Batch 3 12 241.39 92317 26.65 230 106.2 420 182.74 300.05 1
Fortified MilliQ water (fortification 83 ng/L)
Batch 1 12 164.24 90.52 2873 133.5 64 365 101 227.47 0
Batch 2 1 101.71 40.52 R 100.0 60 208.8 7449 128.93 1
Batch 3 1 97.35 33.96 10.24 91.00 37 151 7454 120.17 0
MNaproxen
Wastewater
Batch 1 12 913.18 744.55 214.93 848.00 18 2140 440.11 1386.3 1
Batch 2 13 858.17 635.68 176.31 887.00 77 1790 474 12423 0
Batch 3 13 818.54 603.27 167.32 930.00 77 1800 153.95 1183.1 0
Fortified river water (fortification 1124 ng/L)
Batch 1 13 1109.0 845.51 234,50 1430.0 53 2437 598.01 1620 0
Batch 2 12 1088.9 746.59 215.52 1047.5 308 2446 61451 15.63 1
Batch 3 13 1066.6 764.33 211.99 1230.0 535 2325 604.69 1528 0
Fortified MilliQ water (fortification 266 ng/L)
Batch 1 1 17432 96.214 29.010 200.00 51 330 109.68 238.95 2
Batch 2 12 158.83 96.254 27.786 165.00 HE15) 327 97.68 219.99 1
Batch 3 12 201.96 106.87 30.850 225.00 24 369 134.06 269.86 1
Ibuprofen
‘Wastewater
Batch 1 13 1834.2 640.75 177.71 1980.0 233 2680 1446.9 2221.4 1
Batch 2 14 1777.6 589.47 157.54 1715.5 645 20951.5 14373 2117.9 0
Batch 3 13 1918.3 385.03 106.79 1904.0 1124 1685.5 1685.6 2151.0 1
Fortified river water (fortification 675 ng/L)
Batch 1 14 536.04 278.79 74510 508.75 22 1067.1 375.1 699.0 0
Batch 2 13 52373 156.46 43.395 484.00 310 875.0 4202 618.3 1
Batch 3 13 542.74 190.58 52.859 603.00 278 811.1 4276 657.9 1
Fortified MilliQ water (fortification 225 ng/L)
Batch 1 13 260.46 139.51 38.603 215.00 66 621 176.15 344.8 1
Batch 2 13 253.15 102.87 28.532 246.00 165 547 190.97 2l 2) 1
Batch 3 13 206.12 45.461 12.609 202.00 96 265 178.65 2336 1
Diclofenac
‘Wastewater
Batch 1 14 1482.2 78475 209.73 1545.0 92 2557 1029.2 1935.2 0
Batch 2 14 1476.4 910.93 245.86 1564.5 177 2920 045.29 2007.4 0
Batch 3 14 1503.8 982.03 262.46 1457.0 177 3343 936,84 2070.7 0
Fortified river water (fortification 398 ng/L)
Batch 1 11 400.36 198.83 59.951 340.00 133 767 266.79 533.93 1
Batch 2 1 408.27 14578 43.955 457.00 129 609 31034 506.21 1
Batch 3 12 392.88 157.37 45,428 400.00 154 705 292,89 492,86 2
Fortified MilliQ water (fortification 200 ng/L)
Batch 1 13 205.71 109.18 30.280 1932.00 61 4832 13973 271.69 1
Batch 2 14 167.43 79.237 21.177 156.00 614 284 121.69 213.17 0
Batch 3 14 150.51 71.030 19.700 148.00 HS) 320 107 58 193.43 1

All samples included in the study were delivered to each par-
ticipating laboratory at 4°C. An aliquot of each sample was kept
in the laboratory in Barcelona, in order to perform an additional
study and check whether the samples were stable when kept
under unfavourable conditions. For this test, a set of samples was
extracted immediately after sampling, i.e. within 24 h after sam-
pling. Another two sets of samples were kept refrigerated and were
extracted and analyzed 1 week and 10 days after sampling, respec-

tively. Two more sets of samples were stored at room temperature
and were extracted and analyzed also within 1 week, and 10 days
after sampling. The results for the different sets extracted after
different periods of time and under various conditions were com-
pared with those extracted immediately after sampling (24 h). In
all cases, no significant differences in NSAID concentrations were
quantified and the stability of samples was confirmed in all situ-
ations. Finally, the homogeneity of the samples was checked and
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confirmed by analyzing three randomly selected samples for each
type. The NSAID concentrations were compared between the sam-
ples and no significant differences were found, with the coefficients
of variation lower than 10%, in all cases.

2.2. Chemicals

Ibuprofen, naproxen, ketoprofen, and diclofenac used were of
the highest purity available (>99%), and were kindly supplied by
Jescuder (Rubi, Spain).

Deuterated d3 ibuprofen was used as the internal standard.
Individual stock standard solutions used for spiked samples were
prepared on a weight basis in methanol and stored at —20°C.

2.3. Statistical parameters

For each series, the mean value (X), the standard deviation (o),
variance (¢?), upper warning limit (UWL) value, lower warning
limit (LWL) value, number of outlier values, repeatability (1), repro-
ducibility (R) and coefficient of variation (CoV) were calculated.

The formulae used to calculate the UWLs, and the LWLs as were
UWL=(X+2c) and LWL= (X — 2ad), respectively.

As acceptance criteria for each result were used, the Z-score
function according with the IUPAC [16,17] following the AOAC, and
IS0 directives.

A1 Fortified river water

250
Q@
2,00
[ Ketoprofen
< 1.50
3 - W Naps
s
E . ” O Ibuprofen
Diclofenac
050 B - H
‘ I
N
0,00 2
o1 02 03LCC3 04 05 08 08 10 11 12 13 18 17
Lab. No.
200 B1 wastewater
250 o
[ Ketoprofen
s 200
S 150 W Naproxan
¢ |
N0 [ Ibuprofen
0.50 1 h—r -1' = Diclofenac
0.00 1!
01 0203LCC3. 04 05 0B 08 10 11 12 13 15 17
Lab. No.
C1 Fortified MilliQ
3,00
250 @
il
2,00 [ @) | | O Ketoprofen
g z M Naproxen
S 1%
3 [ Ibuprofen
1,00 -
8 Diclofenac
050 - | I
0,00 x

01 02 C3LCD3 D4 05 06 O8 1D 11 12 13 15 17
Lab. No.

The Z-values where calculated according to

_ Xiab =X
a

z

where Xy is the result for a laboratory, X the mean value of all
laboratories values, and o the standard deviation in the correspon-
dent population (taking into account the results obtained for the
different laboratories in a series for a type of sample).

The results whose Z-value was over 3 were directly excluded.
For the results whose Z-score values were a number between 2 and
3 the Dixon test was applied with a 5% of significance level.

In order to follow the stability of samples along the test, it was
necessary to study whether the mean concentrations difference
between series were significant. Therefore, the analysis of variance
(ANOVA) was applied to the results, First of all, it was necessary to
prove whether the groups of data followed Gaussian distributions
and if the differences between standard deviations of the groups
were significant to select a parametric or non-parametric proce-
dure, The normality test of the Kolmogorov and Smirnov method
was applied, while the Bartlett's test was performed to establish
if the differences among the standard deviations were significant.
Finally, was selected the Kruskal-Wallis test, a non-parametric
ANOVA.

The measurement of precision of each laboratory to repeat the
measurements on a sample at different intervals, reproducibility

A2 Wastewater
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Fig. 1. Z-score absolute values.
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(R) was calculated in terms of dispersion (D) as
X X(2 % 21Y2)g

_p-1_ lab _ lab

D=R"= N - N

where r~1j;,=3"(2 x 242)gy,p,, N is the number of samples {only
results for stable samples were included), and oy, is the standard
deviation between results from the same laboratory on a stable
sample at different intervals.

The hierarchical cluster analysis was based on the similarity
matrices. The similarity measures were the squared Euclidean dis-
tances between the results obtained for a compound. The average
linkage method was used as clustering approach.

2.4. Analytical methods

In the first round of this Interlaboratory exercise on the deter-
mination of NSAID residues in environmental water samples, a set
of rules was proposed for the pre-concentration, extraction, and
analysis of the samples, Analytical techniques utilized were based
on liquid, or gas chromatography. Table 2 lists the participant lab-
oratories in alphabetical order, as well as the main characteristics
of the analytical methods used by each of them.

24.1. Extraction
Polymeric Oasis HLB 60 mg/3 mL (Waters) cartridges were pro-
posed for off-line SPE extraction.

2.4.11. SPE protocol for LC-MS/MS analysis. Conditioning was car-
ried out using 5 mLof methanol followed by 5 mL of deionised water
(HPLC grade) at a flow rate of 1 mL/min, The samples (500 mL of
ground and river water, and 200 mL of WWTP effluent) at neutral
pH were allowed to percolate through the cartridges at a flow rate
of 10 mL/min. Then the cartridges were rinsed with 5 mL of HPLC-
grade water and dried under vacuum to remove excess of water
for 15-20 min. Finally, the cartridges were eluted with 2 x4 mL
of methanol at 1 mL/min, evaporated under nitrogen stream, and
reconstituted with 1 mL methanol-water (25:75, v/v).

2.4.1.2. SPE protocol for GC-MS analysis. Cartridges were condi-
tioned using 3 mLof ethyl acetate followed by 3 mL of methanol and
3 mL of deionised water (HPLC grade) at aflow rate of 1 mL/min, The
samples (500 mL of ground and river water, and 200 mL of WWTP
effluent) were allowed to percolate through the cartridges at a flow
rate of 10 mL/min, rinsed, and dried under vacuum to remove excess
of water for 15-20 min. Finally, the cartridges were eluted with
3 % 1 mL of ethyl acetate and concentrated to 1 mL under a stream
of nitrogen.

An off-line SPE method based on the extraction of the pre-
filtered samples at neutral pH using polymeric cartridges Oasis
HLB (60 mg, 3 mL) was proposed by the organisation based on next
steps: condition of the SPE cartridges with 5 mL of methanol and
5 mL of deionised water (HPLC grade) at a flow rate of 1 mL/min, fol-
lowed of the percolation of water samples (500 mL of ground and
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river water, and 200 mL of WWTP effluent) through the cartridges
at a flow rate of 10 mL/min, rinsing with 5 mL of HPLC-grade water,
and drying under vacuum for 15-20 min, to remove excess of water.
Finally, cartridges elution with 2 x 4 mL of methanol at 1 mL/min,
evaporated under nitrogen stream and reconstitution with 1 mL
methanol-water (25:75, v/v) for LC-MS/MS analysis, and with 1 mL
of ethyl acetate for GC-MS. However, for the first round of the inter-
laboratories the participants were allowed to modify the proposed
method (acidification, cartridge selection, temperature programme
and elution conditions). During the Second round of the interlabo-
ratory study, variations in the whole analytical procedures will not
be allowed.

All the methods included in this exercise were based on the use
of polymeric cartridges. Eight of the participants applied optimized
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methods that included acidification of the sample during extrac-
tion, The reconstitution of the sample extracts was also performed
in different manners either according to the mobile phases in the
case of LC or according to the derivatization procedure in the case
of GC. Details of the various procedures for sample treatment are
summarized in Table 2.

2.4.2. LC-ESI-tandem MS analysis

The LC analyses were performed using a RP-18 column. The
method proposed outliner the analysis to be performed under neg-
ative ion conditions. The mobile phase was methanol as eluent A
and MilliQ water as eluent B. Other mobile phases were also admit-
ted, Two SRM transitions for each compound were acquired where
possible; one was used foridentification and one for quantification.
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Fig. 2. Results obtained for each participant for naproxen, ibuprofen, diclofenac and ketoprofen expressed in ng/L in the different samples, and mean value of results (blue
line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 2. (Cntinued ).

Further chromatography and spectrometric conditions were opti-
mized by the participants according to the available equipments
and skills.

2.4.3. Gas chromatography-mass spectrometry

The method suggested by the organiser was derivatization with
N-methyl-N-trimethylsilyl-trifluoracetamide (MTBSTFA) for 1h at
60°C. ForGC-MS analysis, 1 pLof sample was injected in asplit-less
mode, at 250°C; The GC oven was programmed as follows: 2 min
at 65 °C, first ramp at rate 30°/min to 1807, rate 5°/min to 300 (hold
12 min). Thetargetions chosen were ibuprofen: m/z 263, naproxen:
m/fz 287, ketoprofen: m(z 311, diclofenac: m/z 352 and 354.

Most of the participants using GC followed this method,
although the capillary columns were purchased from different
suppliers and differences especially in the oven programme were

introduced according to the different equipments available in the
different laboratories.

3. Results

A total number of 14 participations took part of this study: 7 par-
ticipations using a method based on GC-MS, and 7 participations
using LC-MS/MS.

A total number of 486 results were collected. The mean val-
ues, standard deviations (o), variances (o2}, standard error of
mean, median and upper and lower warning limits (UWL and LWL)
between results from the participant laboratory at different inter-
vals were calculated.

Z-score values and the Dixon test were used to calculate the out-
liers within the results, The calculation gave 24 outliers (4.9% of the
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Fig. 4. Reproducibility (R) expressed as the inverse of dispersion (D). Dispersion
mean values for the participants analyzing the selected compounds along the exer-
cise are represented. Dotted line means the dispersion upper warning limit.

Results for the different samples expressed in ng/L and mean
values are plotted in Fig. 2.

In order to establish the stability of samples along this inter-
comparison test, differences between variances obtained for every
type of sample at different intervals were evaluated. In all cases the
distribution of results followed a Gaussian distribution.

In two cases, ketoprofen and diclofenac in deionised water, the
results from Bartlett's test suggested that the differences among
standard deviation were significant along the exercise. Fig. 3 rep-
resents the mean values and the standard deviations along the

Table 4
Repeatability and reproducibility (R) expressed through i=! and dispersion (D)
values of each laboratory for ketoprofen, naproxen, ibuprofen and diclofenac in

588

A Ketoprofen MilliQ water
A) Mean and Standard Deviation
250

200 4

150

100

50

0
Batch 1 Batoh 2 Baich 3
Diclofenac MilliQ
(B) y
[ Mean and Standard Deviation

3

250 R

200 -

150

100

&0

o
Batch 1 Batch 2 Batten 3

Fig. 3. Representation of the mean values and their standard deviations obtained
for ketoprofen and diclofenac during the different intervals of time (Batch 1, Batch
2, Batch 3}, for fortified MilliQ water.

total number of results). In the group of results obtained by GC-MS
15 outliers were obtained from 216 results (a 6.9% of total results). In
the case where LC-MS/MS was utilized nine outliers (correspond-
ing to 3.3%) were obtained. Fig. 1 presents the absolute values of
Z-score, According to the range of concentrations measured dur-
ing the exercise, the complexity of the wastewater sample and the
differences of the analytical methods used, the number of outliers
obtained in this exercise can be considered low. The fact that more
outliers were obtained by GC was expected due to the additional
derivatization step in the sample preparation.

The distribution of outlier values for the different compounds
resulted in similar percentages, The sample matrix with the higher
number of outliers was deionised water. On the other hand,
wastewater had the highest concentrations of the analytes, Since
this was the most complex sample matrix, higher levels of variabil-
ity between participants were obtained.

The coefficients of variation were high, as it was expected,
because the selected compounds are emerging pollutants and dif-
ferent analytical methods were compared.

The outlier values were excluded of the final data treatment
and the statistical parameters (mean values (X;), standard deviation
(o), variance (o2), coefficient of variation (CoV) were recalculated.
Table 3 shows the corrected statistical values (after outlier exclu-
sion) obtained for each compound in the different types of samples
along the exercise.

wastewater (A) and river water (B)

Laboratory codes, Ketoprofen Naproxen Ibuprofen Diclofenac

chromatographic method

(A)
01,LC 356 488 546 13
02, GC 455 186 805 1978
03,LC 237 386 747 727
04, GC 220 704 645 1086
05.GC 133 233 898 792
06, LC 335 436 565 Q00
07, LC 174 a6 1261 684
08,GC 752 217 495 469
09, GC 131 572 200 453
10, LC m 1366 1018 258
11,LC 66 a4 1166 226
12,LC 14 0 307 85
13, GC 368 412 621 1218
14, LC 0 0 309 1492
D 254 37N 684 748

(B)
01,LC 28 795 314 888
02,GC 308 143 257 726
03,LC 75 613 128 361
04, GC 328 891 o9 281
05, GC 49 191 211 597
06, LC 298 1704 733 2074
07, LC 59 149 1065 303
08.GC 92 61 169 478
09, GC 33 65 o7 273
10, LC 397 997 512 1448
11,LC 178 462 47 133
12,LC 153 368 773 2188
13, GC 656 2242 235 664
14, LC 700 1980
D 204 668 381 1079
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Fig. 5. Cluster analysis representation. Two-dimensional dendograms using the sin-
gle linkage method for the three types of samples: (A) river; (B) wastewater; (C)
MilliQ.

exercise for these compounds in MilliQ water. As can be seen, in
these cases an important decrease in the measured concentrations
was produced after the first batch of analysis, whereas good stabil-
ity was obtained for wastewater and river water.

Repeatability data for river water and wastewater are sum-
marized in Table 4A and B. Reproducibility may be expressed
quantitatively in terms of the dispersion characteristics of the
results, Fig. 4 shows the dispersion mean values for the partic-
ipants analyzing the selected compounds along the exercise are
represented. The dotted line represents the UWL, over which the
reproducibility of a participant is considered to be significantly
lower in comparison to the others. Therefore, it can be concluded
that overall the reproducibility was quite low.

The possible interrelation between results was studied using
the hierarchical cluster analysis. So, as all the results for each type
of water were studied together and the results for each partic-
ipant were grouped, first according the Average Linkage Cluster
method, and second according to the Nearest Neighbour Cluster
method. In both cases, the measured interval between results was
the squared Euclidean distance. In Fig. 5 dendograms correspond-
ing to the cluster analyses using the single linkage method are
represented.

Both cluster analyses concluded that the results of the par-
ticipating laboratories are independent of the analytical method
used for the analysis of the samples (LC or GC). In addition,
no relation was obtained between the results and the temper-
ature of the samples at reception in the range of temperatures
studied.

4. Conclusions

The number of participants that initiated this interlaboratory
exercise was 17, and the final number of participants was 13 (77%).
The final number of results collected was 486 and 24 values were
outliers (4.9%) and discarded.

The number of outlier values by liquid chromatography was 9
(3.3% of results), whereas the number of outlier using GC-MS was
superior than 15 (6.9%), probably due to an additional step in the
sample preparation (derivatization).

Four laboratories obtained the higher number of outlier values
and can be associated to samples handling and calculation errors.
The sample with the highest number of outliers was the forti-
fied deionised water, possibly because of the lowest concentration
applied in the sample.

The second sample having a high number of outlier values was
wastewater, most probably due to the complexity of the matrix. For
this matrix higher levels of variability were also observed.

The stability of the samples was followed along the exercise by
means of the ANOVA. In all cases the ANOVA test showed good
stability for the NSAIDs selected in this study, and the variations
among means were not significantly greater than expected by
chance, with the exception of ketoprofen and diclofenac in MilliQ
water.

A generally good agreement was obtained between the con-
centrations of fortification and the mean values reported by the
participants, However, the precision of individual participants was
quite low along the exercise, although only one participant showed
a significantly low level of reproducibility. In order to minimize
sources of variation in future validation steps, a protocol for sam-
ple treatment should be unified, and it should be clearly stated how
to pre-treat the samples prior to analysis, e.g. how to defreeze de
samples.

The hierarchical cluster analysis showed that no relation can be
found between the results and if the chromatographic method is
based on GC or LC.
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Abstract

Several interlaboratory exercises were organised within the framework of European FP6
project NORMAN. Among others, non-steroidal anti-inflammatory drugs were investigated in
different aqueous samples in two sequential ring studies. The aim of both studies was to
evaluate the state-of-art in Europe and to determine possible sources of variation, while also
attempting to diminish them. In the present paper we discuss the results of the 2™
Interlaboratory study, while the results of 1°' round were presented before. The main scope of
the 1% exercise organised within NORMAN project was to assess the laboratory proficiency
regardless of the analytical method applied, to evaluate the stability of the target compounds
during sample storage, and to define possible sources of variation during sample shipment,
storage and analysis. In the 2™ round we primarily aimed to diminish these sources of
variation by applying two predetermined analytical protocols based on liquid chromatography
— mass spectrometry or gas chromatography — mass spectrometry. The two analytical
protocols were compared in terms of their ability to determine individual analytes in matrices
of different complexity, 1.e. tap water, river water and wastewater. Furthermore, the 2
exercise addressed also the filtration and compared the influence of different filter material

categories on the analysis of non-steroidal anti-inflammatory drugs.

Results presented herein evaluate laboratory performance using z-score, bias, proximity and
Youden plots. Overall, the laboratory performances were found to be satisfactory for
determining NSAIDs in aqueous samples. The two analytical protocols, LC-MS and GC-MS,
are assessed according to their sensitivity and measurement uncertainty, where the GC-MS
proved superior for the analysis of ibuprofen, ketoprofen and naproxen in matrices with
higher complexity. Finally, neither the filtration itself, nor the filter materials were shown to

significantly affect the determination of NSAIDs.

Keywords: Non-steroidal anti-inflammatory drugs (NSAIDs), Ibuprofen, Naproxen,

Ketoprofen, Diclofenac, Interlaboratory

1 Introduction
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Pharmaceutically active substances are a class of emerging contaminants that have raised
concern in recent years. Even though the amounts of pharmaceuticals and their bioactive
metabolites being introduced into environment are likely to be low, their continuous input
lead to high long term presence 1n the environment and may have chronic effects on aquatic
and terrestrial organisms. Among all pharmaceutical compounds widespread and polar drugs,
such as acidic non-steroidal anti-inflammatory drugs (INSAIDs), deserve particular attention.
This is due to their physico-chemical properties: high water solubility, acidic pKa, low
sorption properties and often poor degradability, which allow them to pass through all man-
made treatments and natural filtration steps and enter surface water, groundwater and drinking
waters [1,2]. The analytical methodologies for determining NSAIDs are still evolving and are
applied at the level of individual laboratories. However, there is a need for harmonisation and
validation of analytical methods for NSAIDs residue analysis. In the absence of standard
reference materials, the main steps of analytical procedures should be evaluated by
interlaboratory studies, a common practice in different research areas [3,4.5.6,7.8.9,10,11,12]
and a corner stone of quality assurance [13]. The results of the analysis allow comparisons to
be made between, and information to be obtained about, the laboratories, methods, or the test
materials. The laboratories may come from within one organisation or may encompass
different laboratories across the world. The quality value of the measurand may be known, or
the object of the study may be to arrive at a consensus value. Common to all interlaboratory
trials is one organisation that takes responsibility for sourcing the material, distributing it to
the participating laboratories, collecting and processing of the data, and finally publishing the

report [13].

Within the framework of EU FP6 project NORMAN two sequential interlaboratory studies
were set-up to determine Ibuprofen, Ketoprofen, Naproxen and Diclofenac residues in various
aqueous samples. The first level of verification and the quality of existing analytical
procedures was evaluated by the Department of Environmental Chemistry, IDAEA-CSIC,
Barcelona, Spain [8]. Here aquatic samples of differing complexity were prepared, distributed
and analysed according to individual laboratory practices. The study was performed using
either LC-MS/MS or GC/MS methods developed by the individual participant laboratories.
All methods employed SPE as a purification and concentration step. The objectives of this 1%
Interlaboratory Exercise was to determine NSAIDs 1n different samples n various European

laboratories and to evaluate the main sources of variation in the results and to ascertain any



significant differences between results obtained by LC and GC, for samples with different
matrices, and to check the stability of the samples. The results of that study revealed the

following:
1) No significant difference between GC or LC based methods.

2) No relation exists between the submitted results and the temperature at reception, but

temperature was still recognised as an important source of variation.

3) The number of outliers was linked to the number of steps in analytical procedure and

the complexity of the method.

4) A good agreement was obtained between the concentrations of fortification and the

mean values reported by the participants.

5) The precision of individual participants was low along the exercise suggesting the
need for a protocol to umfy sample treatment including handling, how to defrost the
samples and chemical analysis in order to minimize sources of variation in the second

interlaboratory exercise.

Based on these findings, protocols for sample pre-treatment and two harmonised protocols for
GC and LC separation were prescribed. The second ring exercise was performed by the “Jozef
Stefan” Institute, Ljubljana, Slovenia in collaboration with IDAEA-CSIC in Barcelona, Spain.
The objectives of this study were to address weaknesses arising from the first interlaboratory
exercise including the influence of temperature during sample shipment, effect of sample
filtration, influence of complexity of the matrix, storage of frozen cartridges instead of
samples and to evaluate overall variation in results arising from LC or GC pre-defined

analytical procedures.

2 Materials and Methods

2.1  Experimental design, sample collection and handling

Samples were prepared by the Department of Environmental Sciences, “Jozef Stefan”
Institute 1n collaboration with IDAEA-CSIC. Samples of wastewater treatment plant effluent
(WWTP Rubi, Barcelona, Spain) and river water (Llobregat, Spain) were filtered through 2.7

um and 0.5 pm glass micro-fibre filters. Deionised water was not filtered. Afterwards,
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samples were homogenized, spiked (Table 1) and sub-sampled for homogeneity and stability
testing. The samples (900 mL) were transferred into 1 L polvethylene bottles and frozen. The
frozen samples were then shipped on dry-ice to the participating laboratories. A total number
of 117 samples were sent to 13 participants in 12 laboratories, distributed among 9 European
countries: Austria, France, Greece, Italy, Norway, Slovakia, Slovenia, Spain and Switzerland.
The samples reached the participant laboratories within 24 to 72 hrs i a frozen state.
Laboratory codes 1 — 13 were used to ensure anonymity. Separately, 1.5 mL of a standard

NSAID mixture in methanol was sent separately at ambient temperature.

Three batches of samples were prepared for each laboratory, where each batch consisted of 3
samples prepared from wastewater (batch A), river water (batch B) and tap water (batch C)

(Table 1).

Table 1: Sample matrices and encoding

2.2 Chemicals
Ibuprofen, Naproxen, Ketoprofen, and Diclofenac were supplied by Jescuder (Rubi, Spain).

The purity of the standards was confirmed by LC-MS (UPLC-QTOF, Waters Corp., Milford,
MA, USA) and GC-MS (Hewlett Packard, Waldbron, Germany), and the chromatographic
response matched that of authentic standards purchased from Sigma Aldrich (= 98 % purity,
St. Louis, MO, USA). The internal standard was deuterated Ibuprofen-d3 obtained by
participants themselves. N-Methyl-N-[tert-butyldimethyl-silylJtrifluoroacetamide
(MTBSTFA, provided by participants) was used as a derivatising agent in the GC-MS

analytical procedure.

2.3 Analytical methods

As already explained, the 1* Interlaboratory exercise [8] did not make any special
requirements on the analytical procedures for determining NSAIDs. In contrast, for this round
of the Interlaboratory study the participants were asked to follow the analytical protocols
based on  gas chromatography - mass spectrometry, GC-MS, or liqud chromatography —
mass spectrometry, LC-MS, available in the participant laboratories. Both analytical
procedures involved concentration and clean-up steps using an off-line solid phase extraction
(SPE) with polymeric Oasis HLB 60 mg / 3 mL (Waters) cartridges. Solid phase extraction

was followed by LC-MS/MS or GC-MS analysis, where the latter involved an additional
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