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Preface

This book on “Emerging Contaminants from Industrial and Municipal Waste”
is based on the scientific developments and results achieved within the Eu-
ropean Union (EU)-funded project EMCO (reduction of environmental risks
posed by emerging contaminants, through advanced treatment of munici-
pal and industrial wastes). One of the key elements of the EMCO project
was to provide support to the various Western Balkans countries involved in
the project as regards the implementation of the Water Framework Directive
(WFD) (2000/60/EC). A regional network, as proposed by the EMCO project,
aiming to ensure the comparability (and reliability) of measurement data
obtained by screening methodologies for water quality management, would
support the EU Water Initiative, which aims to promote co-operation between
countries in order to better manage their water resources.

The EMCO project addressed basically two directives: Directive 91/271/EEC
to reduce the pollution in Community surface waters caused by municipal
waste and the IPPC Directive (Directive 96/61/EC). This Directive expands the
range of pollutants that should be monitored in industrial effluent discharges
like those from the paper and pulp industry, refineries, textiles and many
other sectors. The EMCO project has devoted its attention to the wastewater
treatment technologies, especially in the Western Balkan countries. Itis obvious
that building up and improving wastewater treatment plant performance in
the public and private sectors will avoid direct pollution of receiving waters by
urban and industrial activities.

The book is divided into two volumes: Vol. I—Occurrence, Analysis and
Effects, and Vol. II—Removal Technologies.

Volume I is structured in several chapters covering advanced chemical
analytical methods, the occurrence of emerging contaminants in wastewaters,
environmental toxicology and environmental risk assessment. Advanced mon-
itoring analytical methods for emerging contaminants cover the use of liquid
chromatography combined with tandem mass spectrometric detection or hy-
brid mass spectrometric techniques. It is certainly known that without these
advanced mass spectrometric tools it would not be possible to investigate the
fate and behaviour of emerging pollutants at the wastewater treatment plants
and receiving waters at the nanogram per litre level. Ecotoxicology is also
a very relevant aspect that should be taken into consideration for emerging
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contaminants, and it is also covered in this book. Risk assessment methodolo-
gies will allow us to critically establish the good performance of an appropriate
wastewater treatment technology for the removal of urban, agricultural and
industrial wastewaters.

Volume II covers different treatment options for the removal of emerging
contaminants and includes membrane bioreactors (MBR), ozonization and
photocatalysis, and advanced sorbent materials together with more conven-
tional natural systems, such as artificial recharge and constructed wetlands.
The MBR is an emerging technology based on the use of membranes in com-
bination with traditional biological treatment. It is considered as a promising
technology able to achieve more efficient removal of micro-pollutants in com-
parison to conventional wastewater treatment plants. Other examples reported
in the book are advances in nanomaterials, also an emerging field in wastewa-
ter treatment, which are providing great opportunities in the development of
more effective wastewater treatment technologies.

Overall, this book is certainly timely since the interest in emerging contami-
nants and wastewater treatment has been growing considerably during the last
few years, related to the availability of novel treatment options together with
the advanced and highly sensitive analytical techniques. This book can also be
considered, in a way, the follow-up of two previous books in this series entitled
Emerging Organic Pollutants in Waste Waters and Sludge, Vols. 1 and 2 (5 1
and 5 0), published in 2004 and 2005. The present book is complementary to
these volumes since here much more attention has been devoted to wastewater
treatment systems, which are a key part of this book.

The book will be of interest to a broad audience of analytical chemists, envi-
ronmental chemists, water management operators and technologists working
in the field of wastewater treatment, or newcomers who want to learn more
about the topic. Finally, we would like to thank all the contributing authors of
this book for their time and effort in preparing this comprehensive compilation
of research papers.

Barcelona, September 2008 D. Barcel6
M. Petrovic
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Abstract There is a growing concern about possible ecotoxicological importance of var-
ious classes of emerging contaminants in the environment. Numerous field studies
designed to provide basic scientific information related to the occurrence and potential
transport of specific classes of emerging contaminants in the environment are being con-
ducted with the aim to identify the sources and points of entry of these contaminants into
the environment, and to determine their concentrations in both input streams (i.e., ur-
ban and industrial wastewaters) and receiving environment. This chapter summarizes the
data regarding the occurrence of emerging contaminants in urban and industrial wastew-
aters, including some prominent classes such as pharmaceuticals, hormones, illicit drugs,
surfactants and their degradation products, plasticizers, and perfluorinated compounds.

Keywords Emerging contaminants - Municipal waste waters - Occurrence - Sources

Abbreviations
AP Alkylphenol
APEC Alkylphenoxy carboxylates
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APEO Alkylphenol ethoxylate

BBP Butylbenzyl phthalate

BE Benzoylecgonine

BPA Bisphenol A

CAFO Concentrated animal feeding operation
CE Cocaethylene

DA Drug of abuse

DBP Dibutyl phthalate

DEHP Di(2-ethylhexyl) phthalate

DEP Diethyl phthalate

DMP Dimethyl phthalate

DnOP Di-n-octyl phthalate

El Estrone

E2 Estradiol

E3 Estriol

EDC Endocrine disrupting compound
EDDP 2-ethylidine-1,5-dimethyl-3,3-diphenylpyrrolidine perchlorate
EE2 Ethinylestradiol

FTOH Fluorotelomer alcohol

LC-MS/MS Liquid chromatography and tandem mass spectrometry
LSD Lysergic acid diethylamide

MDE or MDEA Methylenedioxyethylamphetamine
MDMA 3,4-Methylenedioxymetamphetamine hydrochloride
NP Nonylphenol

NSAID Non-steroidal anti-inflammatory drug
O-H-LSD 2-0xo-3-hydroxy-LSD

OPEO Octylphenol ethoxylate

OTC Over-the-counter (drug)

PAEs Phthalate acid ester

PEC Predicted environmental concentration
PFBS Perfluorobutane sulfonate

PFCA Perfluoro carboxylic acid

PECs Perfluorinated compound

PFNA Perfluorononanoic acid

PFOS Perfluorooctane sulphonate

PhAC Pharmaceutically active compound
POP Persistent organic pollutant

THC A®-Tetrahydrocannabinol

WWTP Wastewater treatment plant

1

Introduction

Until the beginning of the 1990s, non-polar hazardous compounds, i.e., per-
sistent organic pollutants (POP) and heavy metals, were the focus of interest
and awareness as priority pollutants and consequently were part of intensive
monitoring programs. Today, these compounds are less relevant for the in-
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dustrialized countries since a drastic reduction of emission has been achieved
due to the adoption of appropriate measures and elimination of the dominant
pollution sources.

However, the emission of so-called “emerging” or “new” unregulated
contaminants has emerged as an environmental problem and there is
a widespread consensus that this kind of contamination may require legisla-
tive intervention.

A wide range of man-made chemicals, designed for use in industry, agri-
culture, and as consumer goods and chemicals unintentionally formed or
produced as by-products of industrial processes or combustion, are poten-
tially of environmental concern. The term “emerging contaminants” does not
necessarily correspond to “new substances”, i.e., newly introduced chemicals
and their degradation products/metabolites or by-products, but also refers to
compounds with previously unrecognized adverse effects on the ecosystems,
including naturally occurring compounds. Therefore, “emerging contami-
nants” can be defined as contaminants that are currently not included in
routine monitoring programmes and which may be candidates for future reg-
ulation, depending on research on their (eco)toxicity, potential health effects,
public perception and on monitoring data regarding their occurrence in the
various environmental compartments [1].

Today, there are several groups of compounds that emerged as particularly
relevant:

Algal and cyanobacterial toxins

Brominated flame retardants

Disinfection by-products

Gasoline additives

Hormones and other endocrine disrupting compounds
Organometallics

Organophosphate flame retardants and plasticisers
Perfluorinated compounds

Pharmaceuticals and personal care products

Polar pesticides and their degradation/transformation products
Surfactants and their metabolites

For most emerging contaminants, occurrence, risk assessment, and ecotox-
icological data are not available, and therefore it is difficult to predict what
health effects they may have on humans and aquatic organisms. Numerous
field studies designed to provide basic scientific information related to the oc-
currence and potential transport of specific classes of emerging contaminants
in the environment are being conducted with the aim to identify the sources
and points of entry of these contaminants into the environment, and to de-
termine their concentrations in both input streams (i.e., urban and industrial
wastewaters) and receiving environment.
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The objective of this chapter is to give an overview of recent monitoring
data, focusing on urban and industrial wastewaters. It reports the levels de-
tected for some prominent classes such as pharmaceuticals, hormones, illicit
drugs, surfactants and their degradation products, plasticizers and perfluori-
nated compounds. Possible sources and routes of entry of selected emerging
contaminants into the environment are also discussed.

2
Pharmaceutical Residues

2.1
Sources

Pharmaceutically active compounds (PhACs) are an important group of
emerging environmental contaminants that has been an issue of increasing
interest in the international scientific community. In the European Union
(EU), around 3000 different PhACs are used in human medicine (i.e., anal-
gesics and anti-inflammatory drugs, B-blockers, lipid regulators, antibiotics,
etc), thus their main route into the aquatic environment is ingestion following
excretion and disposal via wastewater. After administration, pharmaceutical
can be excreted as an unchanged parent compound, in the form of metabo-
lites or as conjugates of glucuronic and sulphuric acid, primarily via urine
and faeces. By analyzing the excretion pathways of 212 PhAC, equaling 1409
products, Lienert et al. [2] concluded that on average, 64% (+27%) of each
PhAC was excreted via urine, and 35% (£26%) via faeces. In urine, 42%
(+£28%) of each PhAC was excreted as metabolites. Figure 1 shows the aver-
age total fraction excreted via urine and the fraction of the non-metabolized
parent compound for selected therapeutic groups.

Metabolites of drugs can be expected to be bioactive and even more per-
sistent, due to their increased polarity. Also, conjugates of parent compounds
can be cleaved back into the original drug during the sewage treatment in
wastewater treatment plants (WW'TPs) [3]. Besides these WWTP discharges
that are usually a consequence of their incomplete removal, other environ-
mental exposure pathways of PhACs are manufacturing and hospital efflu-
ents, land applications (e.g., biosolids and water reuse), concentrated animal
feeding operations (CAFOs), and direct disposal/introduction into the en-
vironment. For example, a survey conducted in the USA reported that the
vast majority of people were disposing of expired medications via municipal
garbage or domestic sewage [4].

In comparison to conventional priority pollutants, PhACs are designed to
have specific pharmacologic and physiologic effects at low doses and thus
are inherently potent, often with unintended outcomes in wildlife. They can
undergo different chemical, photolytic, and biological reactions that mod-
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Fig.1 Excretion via urine of selected therapeutic groups. The average for each PhAC is
shown. Error bars denote the minimal and maximal value detected for each PhAC. The
total fraction excreted via urine and the fraction of the non-metabolised parent com-
pound (unchanged) is shown. For clarity, excretion via feces is not included. If bars are
missing, then respective data were missing (e.g., no data on metabolism for the analgesic
tilidine). For antidepressants, B-blockers, and cytostatics, metabolism data were missing
for most PhAC. Cytostatics: cyclophosphamide includes cyclophosphane; p, medroxypro-
gesteronacetate. Reprinted with permission from [2]. © IWA Publishing 2007

ify the structure and physical transport of a compound in the environ-
mental media. Furthermore, many PhACs do not exhibit acute toxicity but
have a significant cumulative effect on the metabolism of non-target or-
ganisms [5] and ecosystem as a whole [6]. Some pharmaceuticals such as
antidepressants, S-blockers or lipid regulators, can be prone to biococentra-
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tion/bioaccumulation in aquatic organisms [7-9]. These results have led to
concerns about the ongoing exposure to PhACs, as a result of constant pa-
tient use. Also, little is known about their fate and transport in the natural
aquatic environment [5, 10], especially when soil/sediment media is in ques-
tion. There are only a few studies that have dealt with distribution of phar-
maceuticals in a natural porous system [11-13]. Therefore, the occurrence of
these emerging contaminants in different environmental compartments (e.g.,
natural waters, waste waters, soil, sludge, sediment) has become a serious
issue for the scientific community.

2.2
Occurrence in Wastewaters

Due to their continuous input into the aquatic media through wastewater
as a main point-source, PhACs are considered to be “pseudo-persistent”. In
a proper evaluation of persistency of a certain compound, both transform-
ation of a compound in the environment and its supply rate should be taken
into consideration [6]. Factors of environmental concern are production vol-
ume, ecotoxicity, and persistence. To the extent of feasibility, predicted en-
vironmental concentration (PEC) can be calculated, based on the excretion
rates and portions of pharmaceutical production. Bendz et al. [14] estimated
loads of several pharmaceuticals in the influent of a WWTP in Sweden, based
on a per-capita consumption rate, number of inhabitants, and the percent-
age of excretion of drugs as parent compounds. In this attempt they used the
following formula published by Alder et al. [15]:
12
PECtpin = oy 0
PopAWW ~ 365

where PECwwrpin is predicted concentration in the WWTP influent (ng LY,
Fapr consumption of B-blockers per year (kgyr™'), E fraction excreted as
active substance without metabolization in urine and/or not absorbed (di-
mensionless), Pop population of Switzerland: 7.3 million inhabitants (cap)
and AWW is amount of wastewater per capita and day (400 Lcap~'d™!).
The measured concentrations of some of them were of the same order of
magnitude as the predicted ones (i.e., diclofenac, naproxen, and metopro-
lol). However, significantly lower concentrations of gemfibrozil, trimethoprim
and atenolol, and significantly higher concentrations of carbamazepine were
measured compared to the theoretical values. These discrepancies may be
explained with seasonal variations in consumption rates and differences in
excretion rates for humans depending on their age, sex, thyroid function, nu-
trition, etc [14]. In another study [16], predictions made out of excretion rates
of atenolol (90%), sotalol (70%), metoprolol (5%) and propranolol (10%) and
the data on their consumption in Switzerland gave PECwwTpin Very similar to
their measured concentrations in the influents of two Swiss WWTPs.




Emerging Contaminants in Waste Waters: Sources and Occurrence 7

Estimations of pharmaceutical concentration in sewage have been usually
performed by back-calculating the total prescribed mass from prescription
rate data (number of defined daily doses) and excretion rates, partitioning,
biodegradation, and the potential hydrolysis of conjugates [17, 18]. However,
predictions based on annual sales of drugs are likely to be underestimating
the loads of PhACs in the influents of WWTPs. This is because sales figures re-
fer only to prescription drugs, and do not include over-the-counter drugs and
Internet sales. Nevertheless, although these predictions have a high degree of
uncertainty, they can focus attention on drugs that are candidates for further
analytical studies.

The data on measured environmental loads of pharmaceutical residues is
still scarce. The inputs of PhACs are generally considered to be constant and
widely distributed. However, for some of them (e.g., antibiotics), differences
between winter and summer influent loads were noted, probably because of
higher attenuation in summer, and also less use of pharmaceuticals [19, 20].
On the other side, for other drugs (e.g., B-blockers, diuretics and anti-ulcer
drugs) this seasonal variability was absent, which was consistent with the data
on their occurrence [19].

Over the last 10 years, scattered data all over the world has demonstrated
an increasing frequency of appearance in wastewater. The most ubiquitous
drugs in WWTP influents are summarized in Table 1, together with their con-
centration ranges reported in literature.

The ubiquity of drugs is related to specific sales and practices in each
country. For example, antihistamines, analgesics, and antidepressants are the
families of drugs with major consumption in Spain, according to the Na-
tional Health System. Indeed, in a study by Gros et al. [21] of the Ebro
river basin, the highest influent loads from seven WWTPs were found for
non-steroidal anti-inflammatory drugs (NSAIDs), lipid regulators, S-blockers
and histamine H;- and H;-receptor antagonists. The total load of 29 moni-
tored pharmaceuticals ranged from 1 to 5 g/day/1000 inhabitants for influ-
ent wastewater (Fig. 2). The results of a study in six WWTPs conducted in
Italy [19] indicated high inputs of antibiotics sulfamethoxazole, ofloxacin,
and ciprofloxacin, B-blocker atenolol, anti-histaminic ranitidine, diuretics
furosemide and hydrochlorothiazide, and NSAID ibuprofen. A recent com-
prehensive reconnaissance of more than 70 individual wastewater contam-
inants in the region of Western Balkan (Bosnia and Herzegovina, Croa-
tia, and Serbia) revealed the presence of 31 out of 44 analyzed pharma-
ceutical compounds at a concentration above the detection limit (typically
1-10 ng L™!) [22]. The most abundant drug groups included analgesics and
antiinflammatories, antimicrobials, 8-blockers and lipid regulators, as shown
in Fig. 3.

Generally, the most abundant loads are commonly reported for NSAIDs,
which could be attributed to their wide consumption because they can be
purchased without medical prescription (i.e., over-the counter (OTC) drugs).
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Table1 Occurrence of pharmaceutical residues in WWTP influents

Compound Influent concentration (ugL™) Refs.

Analgesics and anti-inflammatory drugs

Ibuprofen 53.48-373.11; 150.73% [23]
0.381-1.13; 0.672° [25]
2.6-5.7 [134]
8.45%; 16.5¢ [38]
2342 [39]
34-168; 842 [37]
Ketoprofen 0.108-0.369; 0.208" [25]
0.1462; 0.289°¢ [38]
2.92 [39]
0.57°¢ [40]
0.16-0.97; 0.4512 [28]
Naproxen 0.038-0.23; 0.1P [25]
1.8-4.6 [134]
8.6% [39]
5.58%;17.1¢ [38]
Diclofenac 0.204%; 1.01°¢ [38]
0.462 [39]
3.25%; 4.114%; 3.19%; 1.4%; 0.905% [33]
0.05-0.54; 0.252 [28]
2.94¢ [40]
Indomethacin 0.23%; 0.64°¢ [38]
nd [28]
Acetyl-salicylic acid 0.47-19.4; 5.49° [25]
Salicylic acid 13.7%; 27.8¢ [38]
Acetaminophen 0.13-26.09; 10.1942 [28]
29-246; 1342 [37]
Lipid regulator and cholesterol lowering statin drugs
Gemfibrozil 0.4532; 0.965¢ [38]
nd-0.36; 0.1552 [28]
Bezafibrate 222 [39]
1.96%; 2.014%; 6.842; 7.6%; 1.552 [33]
nd-0.05; 0.0232 [28]
Clofibric acid nd-0.11; 0.0722 [28]
0.36¢ [40]
Psychiatric drugs
Carbamazepine 0.015-0.27; 0.054° [25]
1.85%; 1.22; 0.704%; 0.672; 0.325% [33]
nd-0.95; 0.422 [28]
0.12-0.31; 0.15% [37]
Caffeine 52-192; 1182 [37]
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Table 1 (continued)

Compound Influent concentration (ugL™) Refs.
Antibiotics
Sulfamethoxazole nd-0.87; 0.592 [28]
Ofloxacin nd [28]
Ciprofloxacin 3.8%; 4.6¢ [32]
Norfloxacin 0.17%;0.21¢ [32]
Trimethoprim 0.34%; 0.93¢ [32]
nd-4.22; 1.1722 [28]
Antihistamines
Ranitidine nd-0.29; 0.1882 [28]
B-blockers
Atenolol nd-0.74; 0.3952 [28]
(0.971£0.03)2 [135]
Metoprolol (0.411£0.015)2 [135]
Sotalol 0.12-0.2; 0.1672 [28]
(0.529+0.01)2 [135]
Propranolol 0.08-0.29; 0.168*% [28]
(0.01+£0.001)2 [135]
X-ray contrast media
Iopromide 6.0-7.0 [134]
(7.541.5)2 [136]
Diatrizoate (3.3+0.7)2 [136]
Iopamidol (4.34+0.9)° [136]
2 mean,
b median,

¢ maximum concentrations.

For example, ibuprofen is usually detected at very high concentrations (in
ng L™1) [23-25]. Although the percentage of elimination of this drug is very
high [21], it is still detected in rivers downstream WWTPs due to a very high
usage in human medicine. Other very popular pain killers are acetaminophen
(paracetamol) and aspirin (acetyl-salicylic acid). Acetyl-scalycilic acid is
deacetylated in human organism into its more active form, salicylic acid, and
two other metabolites, ortho-hydroxyhippuric acid and gentisic acid [26].
Ternes et al. [27] detected all three metabolites in sewage influent samples
at very high pgL™! concentrations. Gros et al. [28] encountered an average
concentration of 10.2 ug L™! in WWTP influents. The environmental loads of
these drugs are expected to be substantially higher than the values predicted
from their sales figures, as their use is often abused.
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Fig.2 Total loads of 29 multi-class pharmaceuticals, expressed as g/day/1000 inhabitants,
measured in the raw wastewater entering seven major WWTP in the Ebro River basin.
Modified from [21]

Besides these OTC drugs, pharmaceuticals ubiquitous in raw sewage are
also prescription drugs B-blockers [21, 24, 29]. Atenolol seems to be the most
frequently found g-blocker worldwide in WWTP influents [19, 30]. Atenolol,
metoprolol, and propranolol were detected at high influent concentrations in
a study by Nikolai et al. [30] (i.e., 110-1200, 170-520 and 20-92 ng L., re-
spectively). As far as their toxicity is concerned, it is suspected that mixtures
of B-blockers are concentration-additive, since they all have the same mode
of toxic action in the aquatic environment [31]. These drugs are also used in
high quantities and are not efficiently eliminated in WWTPs, thus they are
frequently encountered in surface waters [21].

Antibiotic losses to the environment are considered to be substantial due
to their widespread consumption in human and veterinary medicine. Sul-
famethoxazole, trimethoprim, ciprofloxacin, norfloxacin, and cephalexin had
the highest median influent concentrations in a WWTP in Brisbane, Aus-
tralia (360, 340, 3800, 170, and 4600 ng L, respectively) [32]. Other stud-
ies confirmed high ubiquity of several antibiotics (i.e., ofloxacin, trimetho-
prim, roxyhtromycin and sulfamethoxazole) in sewage influent, though at
low ngL~! level [28,33]. However, even at very low concentrations they
can have significant ecotoxicological effects in the aquatic and terrestrial
compartment [34, 35]. Indiscriminate or excessive use of antibiotics has been
widely blamed for the appearance of so-called “super-bugs” that are antibi-
otic resistant. It is of crucial importance to control their emissions into the

Fig.3 Frequency of detection for individual pharmaceuticals (%) in the Croatian wastew- »
aters (modified from [22])
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environment through more cautious utilization and monitoring of outbreaks
of drug-resistant infections.

The anti-epileptic drug carbamazepine is one of the most prominent drugs
with a long history of clinical usage and it is frequently found in the envi-
ronment [21, 24,29, 36]. This drug has proven to be very recalcitrant since
it by-passes sewage treatment [24, 36]. Common WWTP influent concentra-
tions are in the order of magnitude of several hundreds ng L1 [25,28, 33, 37].

Lipid regulators are ordinarily applied drugs in clinical practice used to
lower the level of cholesterol and regulate the metabolism of lipids. Clara
et al. [33] detected a lipid regulator bezafibrate at concentrations up to
7.6 ug L1, although normally they are found at lower ng L™! range [28, 33, 38-
40].

In all countries with developed medical care, X-ray contrast media can
be expected to be present at appreciable quantities in sewage water. Clara
et al. [33] detected iopromide at a mean concentration of 3.84 pug L' in the
influent of a WWTP receiving hospital wastewater, while in WWTPs with-
out a hospital within their drainage area this contrast media was not present.
Iodinated X-ray contrast media are proved to contribute significantly total ab-
sorbable organic iodine in clinical wastewaters; up to 130 ugL™! of iodine in
the influent of municipal WWTP in Berlin, and 10 mg L™! in hospital sewage
was detected [41].

We could assume that a drug that is highly metabolized in humans will
be subjected to extensive degradations in the environment, however, a high
metabolic rate in humans does not necessarily mean that the lifetime of the
pharmaceutical in the environment will be short. For some compounds, this
assumption is correct (e.g., ibuprofen, diclofenac, propranolol, metoprolol,
and carbamazepine), and they were found to be easily dissipated in the en-
vironment [42]. On the other side, atenolol, trimethoprim, and naproxen
are substances with a low metabolic rate in humans, and they are excreted
mainly unchanged or as acyl-glucuronide (naproxen), whereas their half-lives
range from 10 days to 1 year [43]. Furthermore, monitoring of metabolic
products should be included in risk-assessment analysis. Commonly, glu-
curonide and sulphate conjugates are the major Phase II metabolites that
leave the biologically active group of the parent drug intact [44]. Some evi-
dence suggests that these metabolites can be cleaved back into the original
compound [45, 46]. Moreover, Bendz et al. [14] reported very high influent
concentrations of metabolites of ibuprofen, carboxy-ibuprofen and hydroxyl-
ibuprofen (10.75 and 0.99 g L™}, respectively). Although more polar metabo-
lites are presumed to be less hazardous to aquatic organisms, the European
Medicines Agency (EMEA) guideline suggests environmental risk assessment
of all human metabolites that constitute more than 10% of the total excretion
of drug [47].

Due to their beneficial health effects and economic importance, the re-
duction of drug inputs into the environment through restricting or banning
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their use is not possible. Moreover, the use of pharmaceutical compounds
is expected to grow with the increasing age of the population. The only
possible way is to regulate their environmental pathways, perhaps on the
source through labelling of medicinal products and/or developing disposal
and awareness campaigns. Another option is to add sewage-treatment facil-
ities in hospitals, and to enhance current wastewater-treatment techniques in
order to eliminate more efficiently such polar pollutants.

3
Natural and Synthetic Estrogens

Estrogens are female steroid sex hormones based on a cholesterol struc-
ture. They are produced naturally in vertebrates in the gonads and adrenal
cortex of both sexes and are responsible for the development of secondary
sexual characteristics in the body. Their presence in the environment can
cause negative effects to the endocrine functions of wildlife (e.g., aquatic
organisms), posing an environmental risk. Estrogens reach the aquatic envi-
ronment mainly due to incomplete removal in WWTP [48]. Other sources,
such as livestock wastes will not be discussed in this section since these
residues follow other pathways and do not end up in WWTPs.

3.1
Metabolism and Sources of Estrogens

In terms of binding to the human estrogen receptor, estradiol is the prin-
cipal endogenous phenolic steroid estrogen. Estradiol is both metabolized
reversibly and irreversibly. In the reversible metabolism, estradiol is trans-
formed to estrone and estrone sulphate, meanwhile in the irreversible
metabolism, estradiol is transformed to cathecol estrogens or estriol. These
metabolites are mostly conjugated with glucuronides and, to a smaller ex-
tent, sulfates and excreted in the urine. A minor amount of the estrogens are
excreted via feces as un-conjugated metabolites [49, 50].

Blocking the oxidation to estrone by, for instance, introducing an ethinyl
group in position 17« or 178 of estradiol leads to much more stable products,
which remain longer in the body. The consequence of this increased stability
is that the so-formed synthetic steroid ethinylestradiol is excreted up to 80%
unchanged in its conjugated form [51].

The human daily excretion of estradiol, estrone, and estriol vary from men
(1.6, 3.9, 1.5 ug) to women (3.5, 8, 4.8 pg) maintaining similar proportions
with estrone being the most abundant estrogen [5]. Pregnant women show
a different profile with higher levels of estradiol and estrone by a factor of ten,
and estriol daily excretion at 6000 jug. Women taking contraceptives based on
ethinylestradiol excrete 35 pg of this synthetic estrogen daily [52].
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In addition to the natural endogenous estrogens discussed above, other
estrogens have to be taken into account, such as natural and/or synthetic es-
trogens administered as medicine. One of the main applications of estrogens
is in contraceptives. The estrogen content in birth control pills is usually in
the range of 20 to 50 pug daily [53]. Besides contraception, the uses of es-
trogens can largely be put into three main groups: the management of the
menopausal and postmenopausal syndrome (its widest use); physiological re-
placement therapy in deficiency states; and the treatment of prostatic cancer
in men and of breast cancer in postmenopausal women.

The main sources of estrogens to WWTPs are therefore from the natural
production of estrogens by humans, from hormone and estrogen replacement
therapies and the intake of hormone contraceptives containing ethinylestra-
diol.

3.2
Occurrence in Wastewater

The occurrence and environmental fate of estrogens have been reviewed in
several articles [52, 54, 55]. The analysis of estrogens in wastewater has been
discussed by Lopez de Alda et al. [56].

Estrogens are mainly excreted as their less active sulfate, glucuronide
and sulfo-glucuronide conjugates [57]. However, in raw sewage and sewage-
treatment plants (WWTPs), as well as in the environment, these conjugates
may suffer deconjugation and act as precursors of the corresponding free
steroids [58-61]. Thus, an appropriate evaluation of their occurrence and im-
pact requires the analysis of both free and conjugated estrogens.

Most of the studies dealing with the investigation of estrogens in wastew-
aters have been performed in WWTPs receiving urban/domestic discharges
and concentrations reported have been most usually in the ng/L range. Estra-
diol (E2) and estrone (E1) have been the free estrogens most frequently
found, whereas estriol (E3) has been studied and detected only sporadically.
However, E3 concentrations, when detected, have been usually higher than
those of E2 and E1. In general, estrogens concentrations decrease in the order
E3 >E1 > E2 (see Table 2 for examples). Thorough revision of all data avail-
able situates mean and median concentrations in the range of 9 to 20 ng/L for
E2, 20 to 55 ng/L for E1 and 45 to 75 ng/L for E3 [58,62-79].

The most studied synthetic estrogen, ethinylestradiol (EE2), has been ei-
ther not detected [65,67,68] or detected at concentrations in general much
lower than the other estrogens [58, 66,77] (see Table 2). Levels higher than
100 ng/L have been only occasionally reported (e.g., 155ng/L [63] and
138 ng/L [75]).

High levels of E1, E2, and E3 have also been reported by a few authors, e.g.,
2100 ng/L of E2 [62], 200, 400, and 670 ng/L of E1 [62, 70, 79, 80] and 250 and
660 ng/L of E3 [79, 80].
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Table2 Levels of free estrogens in wastewater reported in some selected studies. Values
are given as minimum-maximum (average or median) concentrations in ng L!

Estradiol Estrone Estriol Ethinylestradiol Refs.
3-22 (9) 8-52 (16) n.a. n.a. [69]
10-31 (25) 16-60 (35) 23-48 (31) n.d. [68]
4.7-25 (12) 25-132 (52) 24-188 (80) 0.4-13 (3) [58]
n.d.-21 (5.7) 10-57 (24) 27-220 (110) n.d. [67]
n.d.-234 (89) 9.4-232 (108) n.d.-108 (23) 2.4-138 (57) [75]

n.d. not detected;
n.a. not analysed

In general, it appears that the concentration of the un-conjugated estro-
gens in wastewater reflects roughly their excretion by the human body, where
the high levels of estriol originate from pregnant women. This relation, how-
ever, is not found in influent wastewaters from WWTPs receiving industrial,
or mainly industrial, wastes. In these cases, either estrone is the only estrogen
detected [65] or the estrone concentration is significantly higher than that of
estradiol and estriol [75].

The concentration of estrogens in wastewater entering WWTPs, together
with other relevant data form the WWTP, such as influent flow-rate and the
population served, has been used by some authors to calculate the loads of
compounds (g/day) entering WWTPs. In a study dealing with the removal of
pharmaceuticals, the calculated loads (mg/day/100 inhabitants) of estradiol
(from not detected to 4), estrone (from not detected to 28) and ethinylestra-
diol (not detected) in six WWTPs were far below those of most of the other
pharmaceuticals investigated [81]. Small loads of estrogens were also calcu-
lated by Ternes et al. [82] in a study performed in Germany (1 g/day El,
0.5 g/day E2), and Brazil (5 g/day El, 2.5 g/day E2).

In contrast to free estrogens, conjugated estrogen derivatives have been in-
cluded only in a few studies [64, 65, 67, 74]. Mostly sulphates and glucuronides
of E1, E2, and E3 have been included as target analytes and detected at simi-
lar levels as the free estrogens (see Table 3). Derivatives from the chemically
more stable synthetic estrogen EE2 were studied by Gomes et al. [65], but
no positive samples were found. Komori et al. [67] studied the presence of
di-conjugated E2 derivatives and found high levels of the disulfate and mod-
erately high levels of the sulfate-glucuronide derivative (see Table 3).

Although most estrogens are excreted as glucuronides the concentrations
found at the entrance of WWTPs do not reflect this fact. Glucuronides lev-
els are usually low; sulfates dominate the load of estrogens [74]. D’Azcenzo
et al. [64] compared the amount of glucuronides and sulfates detected in fe-
male urine, a septic tank from a condominium and the entrance of a WWTP
and found a higher percentage of sulfates (60%) at the entrance of the WWTP
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Table3 Levels (ngL™') of conjugated estrogen derivatives detected in waste water

Refs. E1-3S E2-S E3-S EE2-S EI-G E2-G E2-2G E3-G EE2-G E2-SG E2-SS

[65] 10-14 n.a. na. nd. nd. na na nd nd na na.
[74] 34 32 na. na. 0.4 0.3 na. na na na na
[64] 27 9 47 na. 10 nd. 9 39 n.a. n.a. na.
[67] 42 110 22 n.a. 11 18 n.a. 22 n.a. 5.5 77

S, sulphate;

G, glucuronide;
n.a., not analysed;
n.d., not detected

than in the septic tank (55%) and the female urine (22%), suggesting that
glucuronides might be de-conjugated in the sewer moiety and reach the
WWTP at lower levels. In contrast, sulfates appear to be more stable than glu-
curonides, probably because bacterial sulfatases are present at lower concen-
trations than glucuronidases and/or because they have low affinity towards
steroid sulfates. One example presented by Huang et al. [83] showed that sul-
fatases enzymes convert only 30% of E2 sulfate into E2.

In conclusion, the levels of estrogens in wastewater are occasionally very
high (>100 ng/L), although in average values are usually below 100 ng/L. The
calculated loads of estrogens entering the WWTPs are relatively low com-
pared to those of pharmaceutical residues. However, there is no sufficient
data on the concentration of the conjugated derivatives and their loads. Their
de-conjugation can pose a problem if elimination is not complete.

4
Drugs of Abuse

According to the World Drug Report 2007, about 200 million people use illicit
drugs each year globally. Drugs of abuse (DAs) consumption seems now to be
stabilized after the increasing trends observed over a decade [84, 85]. Simi-
lar to PhACs, these substances are considered to be “pseudo-persistent” in
the environment, thus they have become a group of emerging environmental
contaminants of interest. DAs reach aquatic systems mainly through sewage
water. After drug ingestion, diverse proportions of the parent compound,
conjugated forms and metabolites are excreted via urine and flushed to-
wards municipal WWTPs. Some of them may not be efficiently or completely
removed at WWTPs and therefore they will be released into the environ-
ment via WWTP effluents. In addition to WWTPs discharges, direct disposal
into the environment is to a lesser extent another pathway to the aquatic
media.
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The toxicological or cumulative effect of these substances on the ecosys-
tem has not yet been studied. These compounds have specific physiologic and
psychological effects in humans at low-concentration doses (mg or even pg
in the case of lysergic acid diethylamide), thus the evaluation of the expo-
sure of the wildlife to the bioactive molecules may be of interest, according
to their occurrence in the environment. Fate and transport in aquatic envi-
ronments is also not known. Most of them are polar compounds that will
be concentrated in aqueous environmental matrices; however, some of them,
such as cannabinoids, are likely to bioaccumulate in organisms or concen-
trate in sediments due to their physico-chemical properties (octanol-water
partition coefficient, solubility...). A study of the distribution of these com-
pounds in the different environmental compartments may also be a matter of
scientific interest.

Since 2004, several authors have developed analytical methodologies based
on liquid chromatography and tandem mass spectrometry (LC-MS/MS) de-
tection to evaluate the occurrence of drugs of abuse in sewage and natu-
ral waters [86-92]. The target drugs of abuse and metabolites studied so
far belong to five different classes: cocainics, amphetamine-like compounds,
opiates, cannabinoids, and lysergics. Although a lack of data on drugs of
abuse residues in environmental waters is still remarkable, mean values of
these substances reported so far in the peer-reviewed literature are sum-
marized in Table 1. The table gathers levels of common drugs of abuse and
their metabolites detected in influent waters collected at different European
WWTPs located in Spain [86, 92], Ireland [88], Italy [87, 89], Switzerland [87]
and Germany [90].

The ubiquity of the different target compounds is directly related to local
patterns of drug abuse. The highest loads, thus the highest consumption,
are usually reported for two cocainic compounds, namely, cocaine and its
main metabolite benzoylecgonine (BE), that are commonly detected at the
high ngL™! or even the pgL™! level. The highest concentrations have been
found in influent waters collected at a WWTP located in Barcelona, where BE,
an inactive metabolite of cocaine with a relatively long half-life, was present
at a mean concentration of 4226 ngL™' [92]. Cocaethylene (CE), which is
a transesterification product of cocaine formed when cocaine is consumed
together with ethanol, has not been detected at high levels; thus either this
practice is rather limited or, what is more likely, CE transforms rapidly into
metabolites not studied yet in WW'TPs, such as norcocaethylene and ecgonine
ethyl ester. Other cocaine metabolites, norcocaine and norbenzoylecgonine,
have been studied at two WWTPs in Italy but their levels did not surpass
40ngL7L.

From the studied opiates, only morphine has been found in some WWTPs
at high ngL™! levels, resulting probably from its medical applications. Al-
though morphine is excreted in urine mainly as glucuronide metabolites,
cleavage of the conjugated molecules in wastewater is likely to occur in the
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light of the low levels found for morphine-38-d-glucuronide (the only con-
jugated compound studied) in comparison with those usually detected for
morphine [87]. Heroine has been either not detected or detected at very
low concentrations due to its low consumption and its also rapid hydro-
lysis to morphine and 6-acetylmorphine (heroine is quite unstable in blood
serum) [93]. The results of the study done in WWTPs located in Italy and
Switzerland [87] indicate that methadone, that is a long-acting opioid ag-
onist used for treating acute and chronic pain and for preventing opiate
withdrawal, is commonly present at lower levels than its pharmacologic in-
active metabolite 2-ethylidine-1,5-dimethyl-3,3-diphenylpyrrolidine perchlo-
rate (EDDP); both compounds were found in both areas at ng L™!.

Concerning lysergic acid diethylamide (LSD) and its metabolites nor-LSD
and nor-iso LSD (nor-LSD) and 2-oxo-3-hydroxy-LSD (O-H-LSD), absence or
very low concentrations have been reported in influent samples. These results
are in line with the very low doses of LSD needed to produce an effect com-
pared to those needed in the case of other drugs (g vs. mg), as LSD is the
most potent psychoactive drug known so far [93].

The most abundant amphetamine-like compound detected in influent
sewage waters is the phenylethylamine ephedrine. Besides a recreational and
illicit use, this drug presents medical applications as topical decongestant and
bronchodilator in the treatment of asthma and in the reversal of hypotension
states. The so-called “designer drugs” 3,4-methylenedioxymetamphetamine
hydrochloride (MDMA or “ecstasy”’), methylenedioxyethylamphetamine
(MDE, MDEA or “Eve”) and 3,4-methylenedioxyamphetamine (MDA or
“Love pills”, and metabolite of both MDE and MDMA), have been detected
frequently at the ngL™! level in the different studied WWTPs. As shown in
Table 4, amphetamine and methamphetamine are usually present in this type
of matrix at lower concentrations than MDMA.

The presence of A°-tetrahydrocannabinol (THC), which is the most psy-
chologically active constituent of Cannabis (the most widely used illicit drug),
in influent sewage waters has been observed insignificant as compared to
that of its metabolites since THC is extensively metabolized before excretion.
11-nor-9 carboxy THC (nor-THC) is the major THC urinary metabolite and
11-hydroxy-THC (OH-THC) is the main psychoactive metabolite in the body.
Thus, monitoring of these metabolites seems to be more appropriate to study
the occurrence of cannabinoids in waters.

Measured values of DAs in sewage waters provide real-time data to esti-
mate drug abuse at the community level. This strategy was first proposed by
Daughton in 2001 [94] and implemented 4 years later by Zucatto et al. [89]
to estimate cocaine abuse in the north of Italy. Such estimations, obtained
in a fairly cheap and anonymous way (avoiding potential privacy conflicts),
allow the immediate adoption of appropriate measures by the responsible au-
thorities to fight drug abuse by the population. Efficiency of removal of DAs in
WWTPs is largely unknown and should be addressed in order to control their
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Table4 Occurrence of drugs of abuse residues in WWTPs influents

Compound Concentration (ngL™") Refs.
Cocainics
Cocaine 2252, 79 [86]
(421.4+83.3), (218.4458.4)P [87]
(489+117)° [88]
42-120; 80.25° [89]
(860.94+213.6)°; 502.3P [92]
Norcocaine (13.745.3)b; (4.3£0.9)° [87]
Benzoylecgonine 23072, 810° [86]
(1132.1£197.2) b, (547.4+169.4)° [87]
(290+11)° [88]
390-750; 550 [89]
78 [90]
(4225.7+1142.8)®; 1456.7° [92]
Norbenzoylecgonine (36.6+7.8)P, (18.8+5.6)° [87]
Cocaethylene (11.545.1)°, (5.942.6)° [87]
(77.54+33.2)°, (78.5)P [92]
n.d. [88]
Opiates
Heroine nd., 2.4° [92]
Morphine (83.3+11.8) P, (204.4+49.9)® [87]
n.d [88]
8202; 310¢ [90]
(162.9420.0)°, 68.1° [92]
6 Acetyl morphine (11.848.5)°, (10.4+4.8)P [87]
(12.8+3.1)°, 8.4° [92]
Morphine-38-d-glucuronide (2.5+7.1)b, (18.1£30)P [87]
Methadone (11.6+1.7)°, (49.7+9.6)° [87]
n.d. [88]
EDDP (19.843.1)b, (91.34£19.2)° [87]
n.d. [88]
Amphetamine-like compounds
Amphetamine 152; 15b [86]
(14.7410.6)%; <LOQ [87]
(41.149.1)°; 20.8° [92]
Methamphetamine (16.247.1); <LOQ [87]
(18.2+5.8)b; 4.8P [92]
n.d. [86]
MDMA 912; 49b [86]
(14.2414.5)®, (13.6+12.6)P [87]
(133.6+29.8)P, (135.13)P [92]

n.d.

(88]
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Table4 (continued)

Compound Concentration (ng L) Refs.
MDEA 272; 28" [86]
(1.5+3.8)", <LOQ [87]
MDA (4.647.3), <LOQ [87]
Ephedrine (591.9+124.5)°, 399.3P [92]
LSD and its metabolites
LSD (2.8+1.2)P, 2.9b [92]
n.d. [86]
n.d. [88]
2-0x0-3-hydroxy-LSD (5.6+12.1)b, 3.4P [92]
Nor-LSD & nor-iso LSD (4.341.8)°, 13.5P [92]
Cannabinoids
THC nd; 14.24° [92]
11-nor-9-carboxy-THC (62.7£5)°; (91.2+£24.7)P [87]
(4.347.8)b; 21.03P [92]
11-hydroxy-THC (8.442.1)b; 46.3P [92]

4 maximum concentration,
b mean,
¢ median

release to the environment and avoid potential adverse effects in the aquatic
ecosystem.

5
Surfactants (Alkylphenol Ethoxylates and Related Compounds)

Surfactants are produced in huge amounts and used in households as well as
in industrial cleansing processes and as such they make up one of the most
relevant organic pollutants of anthropogenic origin with the high potential
to enter the environment. After use, detergents are usually discarded down
the drain into sewer systems and afterwards treated in WWTP where they are
completely or partially removed by a combination of sorption and biodegra-
dation.

Among various classes of non-ionic, anionic, and cationic surfactants,
alkylphenol ethoxylates (APEOs) are the group that raised the most concern.
APEOs are effective nonionic surfactants, widely used as industrial clean-
ing agents and wherever their interfacial effects of detergency, (de)foaming,
(de)emulsification, dispersion or solubilization can enhance products or pro-
cess performance. Although parent APEOs are not classified as highly toxic
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substances (ECsg, 48 h, Daphnia magna 1.5 mg L) their environmental ac-
ceptability is strongly disputed because of estrogenic metabolic products
(alkylphenols (APs) and carboxylic derivatives (APECs)) generated during
wastewater treatment. Because of these findings, APEOs are banned or re-
stricted in Europe. Throughout northern Europe (Scandinavia, UK, and Ger-
many) a voluntary ban on APEO use in household cleaning products began
in 1995 and restrictions on industrial cleaning applications in 2000 [95]. This
resulted in a significant reduction of APEO concentrations found. For ex-
ample, in five Norwegian WWTP nonylphenol (NP) was found in the range
of 0.2-7 pg L! in the effluent samples in 2002, while concentrations below
the detection limit (2 ngL™!) were found in the 2004 samples [96], which is
attributed to new restrictions implemented in 2002. Similarly, the NP con-
centrations in digested sewage sludge in Switzerland were around 1.3 g/kg
dry sludge before the ban of NP surfactants in laundry detergents in 1986. In
the 1990s, the NP concentrations in sludge ranged from 0.1 to 0.2 mg/kg dry
sludge [97]. In Catalonia (Spain), typical levels of NP measured in WWTPs
in 1998 and 1999 ranged from 100 to 200 pgL~! in influents, while 2002-
2003 data show almost a 10-fold decrease (Fig. 4), which suggests a gradual
withdraw and replacement of NPEOs by Spanish tanneries and textile indus-
try [98].

However, mainly because of lower production costs, APEOs are still be-
ing used in substantial amounts in institutional and industrial applications.
Hence information about the total concentrations of APEOs and their degra-
dation products in environmental matrices is essential in assessing the envi-
ronmental impact of these compounds.

Several extensive monitoring programs were conducted with the objective
of determining the concentrations of APEO and their degradation products
in raw and treated wastewaters. The concentrations of NPEOs (Table 5) in
WWTP influents varies from less than 30 to 1035 ug L™!. In industrial wastew-
aters (especially from tannery, textile, pulp, and paper industry) much higher
values, up to 22500 pg L7}, are detected. Octylphenol ethoxylates (OPEOs)
typically comprised 5-15% of total APEOs in WWTP influents, which is con-
gruent with their lower commercial use. Concentrations found in WWTP
effluents rarely exceeded 100 g L™, corresponding to an elimination of the
parent compound ranging from 80-98%.

However, their removal led to the formation of transformation products
that are much more resistant to further microbial degradation. Acidic and
neutral degradation products of NPEOs have been found to be rather resistant
to further degradation, being NP the most recalcitrant intermediate. NPEO
metabolites, NP and NPECs are already detected in WWTP influents, due
to in-sewer degradation, in concentrations up to 40 ugL™!. Recently, a com-
prehensive study in the region of Western Balkan (Bosnia and Herzegov-
ina, Croatia, and Serbia) [22] showed widespread occurrence of surfactant-
derived alkylphenolic compounds, although the concentration levels were
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Fig.4 Concentration of NP in influents and effluents of WWTP in Catalonia (NE Spain)
in the period from 1998 to 2003 (Adapted from [98])

relatively low and suggest a decreasing trend in comparison to some previ-
ous campaigns conducted in early 1990s [99]. The concentration of NP, as
the most toxic and most potent estrogen disrupting compound derived from
NPEO surfactants [100], was present in concentrations up to 4.4 ug L' with
an average value of 1.7 pg L™1. It is interesting to mention that Croatia was one
of the first countries that introduced water-quality criteria for NP with a max-
imum permissible concentration in ambient water of 1 ug L™ [101], 15 years
before it was accepted as a priority pollutant in the EU Water Framework
Directive. Besides NP, all municipal wastewaters contained measurable lev-
els of other metabolites derived from NPEO surfactants, in particular NPEC.
The composition of alkylphenolic compounds was highly variable and re-
vealed a strong impact of various biotransformation and physico-chemical
processes on the distribution of individual alkylphenolic compounds in var-
ious types of wastewater samples. The most abundant alkylphenolic species
in non-treated wastewaters was NP, while NPEC were the dominant species
in biologically treated effluents, which is in agreement with earlier reports on
this subject [102].
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Table5 Concentration ranges of alkylphenolic surfactants and their metabolites in raw
wastewater entering WWTP

Compounds Country Concentration (ugL™') Refs.
NPEO Germany 120-270 [137]
Austria 2.6-35 (NP,EO) [138]
1.2-5.8 (NP,EO)
Ttaly 29-145 [139]
127-221 [140]
Spain 27-880 (2120)3 [141-143]
Switzerland 96-430 [144, 145]
The Netherlands <0.1-125 [146]
50-225002
Croatia 5-392 [22]
NPEC Spain <0.2-143 [147]
<0.4-219 (141, 143]
Croatia < 0.001-3.20 (NPE;C) [22]
<0.001-4.37 (NPE,C)
NP Belgium <0.4-219b [148]
Ttaly 2-40 [149]
Spain <0.5-22 [141, 147]
17-2512 [143]
The Netherlands <lod-19 (40)® [146]
Croatia 0.460-4.40 [22]
Norway < 0.002-5.2 [96]
Austria 1.05-8.6 [138]

2 WWTP receiving high percentage of industrial wastewater

b effluent of a textile plant

Octylphenolic analogues of NPEOs and their metabolites represented only
a small percentage of the total alkylphenolic compounds in all analyzed sam-
ples, typically less than 10%. This is important for the assessment of the
endocrine disrupting potential associated with APEO surfactants and their
metabolites, because OP is an endocrine disrupting compound (EDC) four
times more potent than NP [100].

6
Perfluorinated Compounds

Perfluorinated compounds (PFCs) have been manufactured for more than 50
years, and released into the environment following production and use. As
a result, PFCs are now acknowledged to be widespread environmental con-
taminants. PFCs repel both water and oil and these compounds are therefore
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ideal chemicals for surface treatments. These compounds have been used for
many industrial applications such as stain repellents (such as Teflon), textile,
paints, waxes, polishes, electronics, adhesives, and food packaging.

PFCs are both hydrophobic and lipophobic, and are highly stable in the
environment. Many of the degradation products of PFCs have been found in
the environment throughout the world, because of the strong carbon-fluorine
(C-F) bond associated with FASs. In addition, the most important PFC: per-
fluorooctane sulphonate (PFOS) and perfluoro carboxylic acids (PFCAs) are
also stable degradation products/metabolites of neutral PFC. These precursor
compounds are more volatile and therefore more likely to undergo long-range
atmospheric transport, with sufficient atmospheric lifetimes to reach remote
locations, where they can break down.

Possible precursor compounds for PFCAs and PFOS are fluorotelomer al-
cohols (FTOHs). Fluorotelomeralcohols are manufactured as a raw material
used in the synthesis of fluorotelomer-based surfactants and polymeric prod-
ucts. The manufacture of FTOHs usually results in a mixture containing six
to 12 fluorinated carbon congeners, the 8 : 2 FTOH being the dominant one.
Release of the volatile FTOH may occur all along the supply chain from pro-
duction application.

PFOS and PFOA are environmentally persistent substances that have been
detected worldwide in human blood, water, soils, sediments, air, and biota
samples [103].

PFCs are currently receiving great attention because of their persis-
tence [104, 105]], bioaccumulation [106], and potential health concerns in-
cluding toxicity [107] and cancer promotion [108], and they are now included
in different health programs in EEUU to provide a better assessment of the
distribution, toxicity, and persistence of these compounds in humans [109].
Research questions include understanding the sources of perfluorinated com-
pounds and their environmental fate and transport.

In the EU, there is currently no legislation on the use of PFCs associated with
their (potential) environmental and/or human health effects. It should, how-
ever, be noted that some legislation which generally applies to the release of
substances to the environment may be relevant to the release of PFOS. This
is the case with the IPPC Directive 96/61/EC concerning integrated pollution
prevention and control, which includes fluorine and its compounds in the “in-
dicative list of the main polluting substances to be taken into account if they are
relevant for fixing emission limit values” (Annex III to the Directive) [110].

Recent studies have attempted to explain the occurrence of PFOA in the
Arctic environment by oceanic transport as a result of the manufacture and
use of PFOA [104,111,112]. Armitage et al. assumed emissions via waste
water treatment plants effluents and their predictions have indicated PFOA
concentrations in the Northern Polar Zone (equivalent to the Arctic Ocean)
would increase until about 2030 and then gradually decline as ocean concen-
trations adjust to lower emission rates.
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Table 6 Concentrations (ngL™') of perfluorinated compounds found in wastewaters and
different environmental waters

Type of Country PFOS PFOA PFHpA PFNA  PFDA  Refs.

water and site

Wastewater

Effluent Austria 4.5-20 10-21 2.5-4.6 0-2 0-2 [150]

Effluent EEUU 3-68 58-1050 0-376 0-47 [114]
(New York)

Effluent EEUU 8-993 8.3-334 - 0-15.7 0-201 [115]
(Kentucky)

Effluent EEUU 0-70 7-227 - 0-54 0-86 [115]
(Georgia)

River

Dalidlven Sweden - <0.97 036 <014 - [151]

Vindeldlven  Sweden - <0.65 0.2 0.22 - [151]

Elbe Germany - 7.6 2.7 0.27 - [151]

Oder Poland - 3.8 0.73 0.73 - [151]

Vistula Poland - 3.0 0.48 0.36 - [151]

Po Italy - 200 6.6 1.46 - [151]

Danuve Romania/ - 16.4 0.95 0.27 - [151]
Ucrania

Daugava Letonia - <22 0.86 0.36 - [151]

Seine France - 8.9 3.7 1.26 - [151]

Loire France - 34 0.90 0.43 - [151]

Thames UK - 23 4.1 0.79 - [151]

Rhine Germany - 12.3 3.3 1.50 - [151]

Guadalquivir Spain - 4.6 1.58 1.02 - [151]

Rhine Germany 26 2 - - - [120]
(Breisach)

Rhine Germany 12 3 - - - [120]
(Mainz)

Rhine Germany 5 2 - - - [120]
(Ludwigshafen)

Ruhr Germany 5 48 - - - [120]
(Duisburg)

Ruhr Germany 14 177 - - - [120]
(Schwerte)

Elpe Germany - 1168 - - - [120]
(Bestwig)

Moehne Germany 193 3640 148 - - [120]
(Heidelberg)

Tenjin Japan 4.7 39 - - - [152]

Katsura Japan <5.2 7.9 - - - [152]

Lake

Shihwa Korea 89.11 19.22 2.50 3.26 1.98 [153]

Maggiore Italy 7.8 24 2.4 0.6 3.7 [153]
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Table 6 (continued)

Type of Country PFOS PFOA PFHpA PEFNA  PFDA  Refs.
water and site

Huron Canada 4.2 3.6 - 3.6 3.7 [154]
Ontario Canada 3.9 2.6 - 3.1 - [154]
Michigan Canada 3.8 34 - - - [154]
Sea

Harbor Norway 71-749 3-30 Nd 3-30 [155]
Harbor Iceland 26-67 6-14 Nd 6-14 [155]
Harbor Denmark 129-650 5-36 Nd 5-36 [155]
Baltic Sea 232-1149 18-59 Nd 18-59 [155]
North Sea 12-395 Nd Nd [156]
Black sea 33-1790 1.0-19 1.4-7.2 1.9-19 [157]

PFCs reach the aquatic environment either through their release into rivers
or via wastewater discharge into receiving waters. In Table 6 are summarized
occurrence of PFCs reported in different aquatic environments reported in
Europe during recent years. Different studies on EEUU reported high concen-
trations in wastewater, in a recent study by Logannathan et al. [113], PFCs
including perfluoroalkyl sulfonates (PFASs; PFOS, PFOSA, PFHxS) and per-
fluoroalkyl carboxylates (PFACs; PFOA, PFNA, PFDA, PFDoDA, PFUnDA)
were investigated in two wastewater treatment plats (WWTPs). The first plant
was located in Kentucky and it was representative of a rural area. The second
plant was located in Georgia and it was representative of an urban area. PFOS
was a major contaminant in samples from Kentucky (8.2-990 ngg™! dry wt.
in solid samples and 7.0-149 ng L™! in aqueous samples), followed by PFOA
(8.3-219ngg™! dry wt. in solid samples and 22-334 ngL™! in aqueous sam-
ples). PFOA was the predominant contaminant in samples from the urban
WWTP (7.0-130ngg™! dry wt. in solid samples and 1-227 ngL~! in aque-
ous samples), followed by PFOS (<2.5-77 ngg~! dry wt. in solid samples and
1.8-22ng L ! in aqueous samples). PFHxS, PFNA, PFDA, and PFOSA were
detected in most of the samples, whereas PFUnDA and PFDoDA were de-
tected in very few samples. Concentrations of some PFCs, particularly PFOA,
were slightly higher in effluent than in influent, suggesting that biodegrada-
tion of some precursors contributes to the increase in PFOA concentrations
in wastewater treatment processes. These mass loading values were similar
to the values reported by Sinclair and Kannan [114] for New York plants and
slightly higher than values reported for a Pacific Northwestern WWTP [115].

In Europe these quantities were even higher. Fifteen effluents from repre-
sentative industry sectors (printing, electronics, leather, metals, paper, pho-
tographic and textiles) from Austria were analysed for PFOS. The PFOS
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levels ranged from 0-2.5 pg/L (2.5 pg L™! for leather, 0.120 pg L™! for metal,
0.140-1.2 ugL7! at four paper sites, 1.2 pg L~! for photographic, not found
in textiles or electronics) [116]. Concentrations from 0.05 to 8.2 ug L™ were
quantifies in the effluents of urban wastewater in Spain [117]. Predominantly,
however, they are adsorbed to sewage sludge [118]. The use of sludge for land
treatment or its disposal on dump sites leads to a remobilization of these
recalcitrant compounds. Also, their polarity and mobility in water and soil
allow them to reach the sea or groundwater unaffected.

Several studies have reported the presence of PFCs in surface waters. The
occurrence of PFOA and PFOS in several surface waters in Germany was
described in 2004 [119]. In summer 2006, the discovery of perfluorinated
compounds in waters of the Arnsberg district in the North Rhein Westfalian
Sauerland region caused a stir [120]. In this study, 12 different perfluorinated
surfactants in German rivers (the Rhine River and its main tributaries, as
well as the Moehne River), canals and drinking waters of the Ruhr catch-
ments area are presented. Furthermore, the main contamination source was
identified as an agricultural area on the upper reaches of the Moehne River,
which is an important tributary of the Ruhr River. PFOA was the compound
quantified in higher concentrations, it was found at 519 ng L™! in drinking wa-
ter and at 4385 ng L~! in surface waters. In this case, the concentrations were
higher than the highly polluted Tokyo Bay. In addition, the M6hne Reservoir
is a source of drinking water.

In a survey study of contamination of surface and drinking waters around
Lake Maggiore in northern Italy, PFCs were investigated in conjunction with
other polar anthropogenic environmental pollutants [121].

PFOS and PFOA were identified as major PFCs being PFOS the most abun-
dant one. PFOS was detected in two river water samples (Creek Vevera and
River Strona) at concentrations >20 ng L™}, and in the Lake Maggiore at con-
centrations around 8 ng L. In addition, detection of some compounds such
as PFOS and PFOA at high concentrations in rain water suggested that at-
mospheric deposition contributes to the contamination of the lake by these
substances.

In this sense, different studies are examining precipitation (rainwater) to
test for the atmospheric transformation of FTOHs as a source of PFOA and
other perfluorocarboxylic acids (PFCAs) [122,123].

A number of studies have been carried out in recent years in order to
measure the occurrence of PFCs in marine environments. Sea water is a par-
ticularly challenging matrix because of the lower levels (pgL~!, part-per-
quadrillion) of PFCs in sea water. Yamashita used LC/ESI-MS/MS to carry out
a global survey of PFOS, PFOA, PFHS, perfluorobutane sulfonate(PFBS), per-
fluorononanoic acid (PFNA), and perfluoro octane sulphonamide in sea water
samples [124]. This paper also provides a nice summary of PFOS and PFOA
measurements in the livers of various marine animals.
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7
Industrial Chemicals (Corrosion Inhibitors and Plasticizers)

2-substituted benzothiazoles are a class of high-production-volume chem-
icals used as anticorrosion additives and biocides as well as vulcaniza-
tion accelerators and antifungal agents in the paper and tanning industry.
Owing to the wide application, they are regularly detected in the municipal
wastewaters, being benzothiazole-2-sulfonate, benzothiazole and 2-hydroxy-
benzothiazole the most abundant, as shown by Kloepfer et al. [125,126]
(Fig. 5). The total concentration of six benzothiazoles in the wastewater of
Berlin summed up to 3.4 ug L™! with the range of the temporal variability of
2-40% within 3 months.

Benzotriazoles are a class of corrosion inhibitors mainly used in deicing
fluids and dishwashing agents. The main representatives 1H-benzotriazole
and tolyltriazole are frequently found in wastewater of Swiss WWTP (10
and 1.6 ugL™! on average) [127] and in untreated municipal wastewater in
the Berlin region with mean dissolved concentrations of 12 ugL™! for 1H-
benzotriazole and 2.1 pg L™! and 1.3 pg L~! for 4- and 5-tolyltriazole, respec-
tively [128].

Phthalate acid esters (PAEs) are a class of chemical compounds widely
used in different industrial applications, mainly as plasticizers for polyvinyl
chloride (PVC) resins, adhesives and cellulose film coatings and with mi-
nor applications in cosmetics, medical products, and insecticide carriers.
They comprise a large group of compounds, several of them considered as
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Fig.5 Concentrations (ng/L) of the benzothiazoles in the municipal wastewater (influent
to Berlin-Puhleben WWTP), summary of 20 composite samples (24 h) collected over 3
months. Adapted from [125]
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priority pollutants: dimethyl (DMP), diethyl (DEP), dibutyl (DBP), butyl-
benzyl (BBP), di(2-ethylhexyl) (DEHP) and di-n-octyl phthalate(DnOP).
The worldwide production of PAEs approximates 2.7 million metric tons
a year [129] and considerable direct (production of plastic materials) and
indirect emission via leaching and volatilization from plastic products
after their usage, disposal and incineration, explains their ubiquity in the
environment.

In all reported studies, DEHP was found to be a predominant PAE due
to its high production (nearly 90% of European plasticizer use) and its
physico-chemical properties (low solubility and relatively high Ko ). Martti-
neen et al. [130] reported DEHP concentrations of 98-122 pgL™! in WWTP
inlet samples in Finland. Somewhat lower levels were reported by Fauser
et al. [131] for inlets to WWTP in Denmark. In five Norwegian WWTP, ph-
thalates (DEHP, BBP, DEP, DMP, and DnOP) were found in raw influent water
in concentrations up to 23 pgL~! with an average of 8.0 6.4 ugL™' [96].
However, contrary to other studies, DEHP was the dominant compound in
only four out of 10 influent samples, while DEP was the dominating con-
gener in the other six influent samples. The most systematic study on the
occurrence of PAEs in the aquatic environment was conducted by Fromme
et al. [132]. The levels of DEHP and dibutyl phthalate (DBP) were reported for
116 surface-water samples, 35 sediments from rivers, lakes and channels, 39
sewage effluents and 38 sewage sludges collected in Germany. The phthalate
burden was mainly from DEHP, whilst DBP was found in minor concentra-
tions and BBP at concentrations near the detection limit. The concentrations
found ranged from 0.3-98 ugL™! (surface water), 1.7-182 ugL™! (sewage ef-
fluent), 28-154 mg/kg dw (sewage sludge) and 0.2-8.4 mg/kg (sediment).
The highest concentrations found were closely related to the input of indus-
trial wastewaters from plastic production and were limited to a few kilome-
ters downstream of the source of contamination.

Bisphenol A (BPA) is used extensively in the production of polycarbonate,
epoxy resins, flame-retardants, and many other products. Its global produc-
tion is more than 1 million tons per year and a significant portion is released
into surface waters [133]. In the same study, a high concentration of BPA was
confirmed in waste dump water and compost water samples as well as in the
liquid manure samples (61-1112 ugL™!). In sewage effluents, concentrations
ranged from 18 to 702 ng L™! and in surface waters concentrations from 0.5 to
410 ng L1

8
Conclusions

The issue of emerging contaminants is closely tied to analytical capabilities.
Increased sensitivity in mass spectrometry, as a result of more efficient ion-
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ization techniques and better detectors, has allowed detection of virtually any
new and potentially harmful contaminant at a very low level. Consequently,
a number of new or previously ignored and/or unrecognized contaminants
have bean brought under scrutiny and have been detected in different envi-
ronmental compartments.

Numerous papers reported on the occurrence of a wide range of emerg-
ing contaminants in the aquatic environment, being wastewater and treated
wastewater (WWTP effluents) the principle source and route of their entry
into the environment. However, additional monitoring studies are needed not
only to confirm the presence of emerging substances in the aquatic environ-
ment but also to allow the refinement of risk assessments in combination with
relevant ecotoxicological test data. In relation to the emergence of new pol-
lutants in the environment, the integration of physical/chemical techniques,
effect monitoring techniques (e.g., bioassays, functional monitoring, etc.)
and ecological monitoring/assessment (community surveys) techniques play
a crucial role. The main drawback of the conventional approach is target-
compound monitoring, which is often insufficient to assess the environmental
relevance of emerging contaminants. An integrated approach combining an-
alytical chemistry and toxicity identification evaluation (TIE) seems to be
a more appropriate way to tackle the complex problems of environmental
contamination.
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Abstract Besides recognized pollutants, numerous other chemicals are continuously re-
leased into the environment as a result of their use in industry, agriculture, consumer
goods or household activities. The presence of these substances, known as emerging con-
taminants, has become an issue of great concern within the scientific community during
the last few years. For this reason, the availability of sensitive, accurate and reliable ana-
lytical techniques is essential in order to assess their occurrence, removal and fate in the
environment.

In this chapter, the state of the art of the analytical techniques used to determine
a wide range of emerging contaminants in several environmental matrices will be over-
viewed.

Keywords Emerging contaminants - Instrumental analysis -
Sample preparation techniques

Abbreviations

ADBI 4-Acetyl-1,1-dimethyl-6-tert-butylindane

AED Atomic emission detector

AHMI 6-Acetyl-1,1,2,3,3,5-hexamethylindane

AHTN 7-Acetyl-1,1,3,4,4,6-hexamethyl-1,2,3,4-tetrahydronaphthalene
AP Alkylphenol

APCI Atmospheric pressure chemical ionization
APEC Alkylphenoxy carboxylate

APEO Alkylphenol ethoxylate

APPI Atmospheric pressure photoionization

ATII 5-Acetyl-1,1,2,6-tetramethyl-3-isopropylindane
BSA N,O-Bis(trimethylsilyl)-acetamide

BSTFA N,O-Bis(trimethylsilyl)-trifluoroacetamide
BTEX Benzene, toluene, ethylbenzene and xylenes
CAPEC Dicarboxylated alkylphenoxy ethoxylate

CAR Carboxen

CDEA Coconut diethanolamide

CID Collision-induced dissociation

CLLE Continuous liquid-liquid extraction

CSIA Compound-specific stable isotope analysis
Ccw Carbowax

DAI Direct aqueous injection

DEET N,N-Diethyl-m-toluamide

DI-SPME  Direct solid-phase microextraction

DMIP Dummy molecularly imprinted polymer
DPMI 6,7-Dihydro-1,1,2,3,3-pentamethyl-4-(5H)-indanone
DVB Divinylbenzene

ECD Electron capture detector
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EI
ELISA
EPA

ESI

EU

FAS

FID

F NMR
FTOH
GC

GCB
GCxGC
GC-MS
GPC
HHCB
HLB
HPLC
HS
HSGC
HS-SPME
IA

IDA
IPPC
KOH
LAS

LC
LC/ESI-MS
LLE
MAE
MCF
MCX
MIMS
MIP
MMLLE
MRM
MSPD
MSTFA
MTBE
MTBSTFA
NCI

NI

NP
NPEC
OECD
PA

PAH
PAM-MS
PBDE
PCB
PCI

Electron impact

Enzyme-linked immunosorbent assay

Environmental Protection Agency

Electrospray ionization

European Union

Fluorinated alkyl substance

Flame ionization detector

Fluorine nuclear magnetic resonance

Fluorotelomer alcohol

Gas chromatography

Graphitized carbon black

Comprehensive two-dimensional gas chromatography
Gas chromatography-mass spectrometry

Gel permeation chromatography
1,2,4,6,7,8-Hexahydro-4,6,6,7,8,8-hexamethylcyclopenta-y-2-benzopyrane
Hydrophilic-lipophilic balanced

High-performance liquid chromatography

Headspace

Headspace gas chromatography

Headspace solid-phase microextraction
Immunoaffinity

Information-dependent acquisition

Integrated Prevention and Control of the Contamination Directive
Potassium hydroxide

Linear alkyl sulphonate

Liquid chromatography

Liquid chromatography-electrospray mass spectrometry
Liquid-liquid extraction

Microwave-assisted extraction

Methyl chloroformate

Mixed-mode cation exchange

Membrane-introduction mass spectrometry
Molecularly imprinted polymer

Microporous membrane liquid-liquid extraction
Multiple reaction monitoring

Matrix solid-phase dispersion
N-Methyl-N-trimethylsilyltrifluoroacetamide

Methyl tert-butyl ether
N-(tert-Butyldimethylsilyl)-N-methyltrifluoroacetamide
Negative chemical ionization

Negative ionization

Normal phase

Nonylphenoxy carboxylate

Organization for Economic Co-operation and Development
Polyacrylate

Polycyclic aromatic hydrocarbon

Purge-and-membrane inlet mass spectrometry
Polybrominated diphenyl ether

Polychlorinated biphenyl

Positive chemical ionization
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PCP Personal care product

PDMS Polydimethylsiloxane

PEEK Polyetheretherketone

PFA Pentafluoropropionic acid anhydride
PFDA Perfluorodecanoic acid

PFO Perfluorooctane sulphonate

PFOA Perfluorooctanoate

PI Positive ionization

PID Photoionization detector

PLE Pressurized-liquid extraction

PPY Polypyrrole

PTFE Polytetrafluoroethylene

PTV Programmable temperature vaporization
P&T Purge and trap

Q-LIT Quadrupole-linear ion trap

QqQ Triple quadrupole

Q-TOF Quadrupole-time of flight

RAM Restricted access material

RIA Radioimmunoassay

RP Reversed phase

SAX Strong anion exchange

SEC Size-exclusion chromatography
SFE Supercritical-fluid extraction

SIM Selected ion monitoring

SNUR Significant new use rule

SPE Solid-phase extraction

SPME Solid-phase microextraction

SRM Selected reaction monitoring

TBA tert-Butyl alcohol

TBBPA Tetrabromobisphenol A

TBF tert-Butyl formate

TBS tert-Butyldimethylsilyl

TFC Turbulent flow chromatography
TMS Trimethylsilyl

TMS-DEA  N,N-Diethyltrimethylamine

TrBA Tri-n-butylamine

UPLC Ultra-performance liquid chromatography
uv Ultraviolet

vVOC Volatile organic compound

WAX Mixed mode weak anion exchange
WWTP Wastewater treatment plant

1

Introduction

During the last three decades, the impact of chemical pollution has focused
almost exclusively on the conventional “priority” pollutants, which have long
been recognized as posing risks to human health, due to their toxicity, car-
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cinogenic and mutagenic effects, and their persistence in the environment.
Legislation and long-established standards and certified analytical methods,
set by the Environmental Protection Agency (EPA) and the International
Organization for Standardization (ISO), are already available for the deter-
mination of these priority pollutants. Besides recognized contaminants, nu-
merous other chemicals are continuously released into the environment as
a result of their use in industry, agriculture, consumer goods or household
activities. The identification, analysis and characterization of the risks posed
by these substances, classified as the so-called emerging contaminants, has
focused attention and awakened concern among the scientific community
during the last few years. This group of compounds, including pharmaceu-
ticals and personal care products, surfactants, gasoline additives, fire retar-
dants and fluorinated organic compounds, among others, is still unregulated.
These contaminants may be candidates for future regulation, depending on
research on their potential health effects and monitoring data regarding their
occurrence.

Several studies have demonstrated that wastewater treatment plants
(WWTPs) are major contributors to the presence of emerging contami-
nants in the environment. As these substances are used in everyday life,
they are continuously introduced into the aquatic media via sewage waters
mainly through industrial discharges (surfactants, fire retardants), excretion
(pharmaceuticals, hormones and contraceptives, personal care products) or
disposal of unused or expired substances [1]. Methyl tert-butyl ether (MTBE)
and other gasoline additives also enter the aquatic environment due to an-
thropogenic activities, mainly via accidental spills and leakage of corroded
tanks at gasoline stations or refineries.

Due to their continuous introduction into the environment, emerging con-
taminants can be considered as “pseudo-persistent” pollutants, which may
be able to cause the same exposure potential as regulated persistent pollu-
tants, since their high transformation and removal rates can be compensated
by their continuous input into the environment [2]. Consequently, there is
a growing need to develop reliable analytical methods, which enable their
rapid, sensitive and selective determination in different environmental com-
partments at trace levels.

This chapter aims to overview the state of the art of the most recent
analytical methodologies developed in the last few years for the analysis
of emerging contaminants in environmental samples, using advanced chro-
matographic techniques and detection systems. Since it is impossible to cover
all analytes, we have just focused our attention on selected classes of con-
taminants, which are currently the most widely studied and ubiquitous in
the environment. Trends in sample preparation and instrumental analysis for
each group of compounds will be described.
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2
Sampling and Sample Preparation

Sample preparation is one of the most important steps within an analytical
methodology. Selectivity of stationary phases used for the isolation and pre-
concentration of target compounds is a key parameter to take into account
when analysing emerging contaminants at trace levels from complex envi-
ronmental samples, since the reduction of co-extracted compounds results in
abetter sensitivity, achieving lower limits of detection. In the following section,
asummary of the trends in stationary phases and materials used for the analysis
of emerging contaminants in both aqueous and solid samples will be described.

2.1
Sampling Strategies

Generally, to determine surface waters (river, lake, sea) grab samples are used,
whereas for wastewaters composite samples are often collected over sampling
periods of 6 h to several days. Some studies reported that the addition of 1%
of formaldehyde to water samples prevents degradation of target compounds
until analysis. Before sample enrichment, water samples are filtered through
glass fibre or cellulose filters. Depending on the nature of the water sample
(wastewater, surface water or seawater) and its organic matter content, differ-
ent pore size filters are used.

In the case of sediments or soil samples, depending on the objective of the
study (determination of vertical distribution profiles or concentrations ina sur-
face layer), either core or grab samples are taken. Usually, water is removed
and then the solid matrix is stored in the dry state. Removal of water from
the sediments before extraction was found to be crucial in obtaining good re-
coveries [3]. Freeze-drying is an accepted and commonly used procedure for
drying solid matrices, but it is not known how this affects the levels of target
compounds measured, especially those that are relatively volatile [4].

When small fish, mussels or other bivalves are analysed, several individual
species are homogenized to form a pool of tissues, from which sub-samples
are taken for extraction. Removal of water is also generally performed by
freeze-drying [5].

However, for aqueous matrices, grab samples may not be representative
and moreover, a relatively large number of samples must be taken from
a given location over the entire duration of sampling [6]. Therefore, a good
alternative to overcome this problem could be the use of passive samplers.
These devices are based on the free flow of analyte molecules from the sam-
pled medium to a collecting one, as a result of a difference in chemical po-
tentials of the analyte between the two media. Although they have only been
applied for the determination of some organic pollutants and pesticides, their
application in aqueous and gaseous phases is constantly increasing [6-10].
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In passive samplers, the concentration of the analyte is integrated over the
whole exposure time, making it immune to accidental or extreme variations
of pollutant concentrations [6]. Other advantages against grab sampling are
that decomposition of the sample during transport and storage is minimized
and that passive sampling and/or extraction methods are simple to perform
as, after the isolation and/or enrichment step, no further sample preparation
is usually required [6]. Devices used today are based on diffusion through
a well-defined diffusion barrier or permeation through a membrane, the for-
mer being the most popular ones.

2.2
Analysis of Emerging Contaminants in Water Samples

Extraction of target compounds from water matrices is generally achieved by
solid-phase extraction (SPE) and solid-phase microextraction (SPME). For
SPE, several stationary phases can be used, ranging from mixtures of different
polymers (such as divinylbenzene-vinylpyrrolidone) to octadecylsilica (C;s)
or more selective tailor-made materials, such as immunosorbents, molecu-
larly imprinted polymers (MIPs) and restricted access materials (RAMs).

The use of tailor-made materials is very useful when performing single
group analysis, as they enhance the selectivity for the compounds of interest
in the sample preparation process, reducing the amount of co-extracted ma-
terial and, as a result, increasing the sensitivity. However, when the aim of the
analytical methodology is to analyse a wide spectrum of compounds with dif-
ferent physico-chemical properties, polymeric or C;s3 sorbents are the most
recommended ones.

The use of automated on-line systems, which integrate extraction, purifi-
cation and detection, has increased over the past several years. One option
is on-line coupling of SPE and LC, utilizing special sample preparation units,
such as PROSPEKT (Spark Holland) and OSP-2 (Merck). This technique has
been successfully applied to the analysis of pesticides, estrogens and pro-
gestogens in water samples [11-17]. Similarly, on-line coupling of SPE and
SPME to GC is a promising approach with good prospects [18, 19].

2.2.1
Immunosorbents

The immunosorbents, such as polyclonal antibodies, are immobilized on
silica-based supports, activated Sephadex gels, synthetic polymers, sol/gel
materials, cyclodextrins, or RAMs and packed into cartridges or pre-col-
umns [20, 21]. Immunoaffinity extraction coupled with LC/ESI-MS has been
used for the analysis of pesticides [12,22-24] and B-estradiol and estrone
in wastewater [25]. Immunosorbents have also the potential to be applied
to the determination of drugs in aqueous samples. In fact, most on-line
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immunosorbent applications correspond to pharmaceutical and biomedical
trace analysis [26]. Therefore, a high number of pharmaceuticals [27, 28] and
hormones [29,30] have been determined in biological samples using im-
munoaffinity SPE coupled to on-line LC-MS. With these materials, humic
and fulvic acids are not co-extracted and thus no further clean-up is neces-
sary. Moreover, cross-reactivity of the antibody can be advantageous, because
it not only extracts a determined substance, but also all compounds within
a given class, being then separated and quantified individually by coupling
with chromatographic techniques [31].

222
Molecularly Imprinted Polymers (MIPs)

During the last few years, MIPs have appeared as new selective sorbents for
SPE of organic compounds in complex materials [32, 33]. Both on-line and
off-line MIP-SPE protocols have been developed to determine organic pollu-
tants in environmental waters, mainly pesticides and hormones [34-39].

Molecular imprinting is a rapidly developing technique for the preparation
of polymers having specific molecular recognition properties [40-43]. First,
the template and the monomer form a stable template-monomer complex
prior to polymerization. Then the complex is polymerized in the presence of
a cross-linking agent. The resulting MIPs are matrices possessing microcav-
ities with a three-dimensional structure complementary in both shape and
chemical functionality to that of the template [44, 45]. After polymerization,
the template, which consists of one of the target analytes or related analogues,
is removed, generating specific binding sites. Then, the polymer can be used
to selectively rebind the template molecule, the analyte or structurally related
analogues. The specific binding sites in MIPs are formed by covalent or, more
commonly, non-covalent interactions between the imprinting template and
the monomer [32].

Apart from their high selectivity for target compounds, MIPs possess other
advantages, such as low cost, high stability, ability to be reused without loss of
activity, high mechanical strength, durability to heat and pressure and appli-
cability in harsh chemical media [46, 47].

MIPs can be prepared in a variety of physical forms, but the conventional
approach is to synthesize the MIP in bulk, grind the resulting polymer and
sieve the particles into the desired size ranges [48,49]. However, this method
is tedious and time-consuming, often produces particles that are irregular in
size and shape and some interaction sites are destroyed during grinding. In
order to overcome these problems, alternative methods have been developed,
such as using multi-step swelling procedures, suspension and precipitation
polymerization, respectively, to obtain uniform spherical particles [50-55].

In MIP-SPE processes, the sample medium, during the loading step, has
an important influence on the recognition properties of the MIP. If the an-
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alyte of interest is presented in an aqueous medium, the analyte and other
interfering compounds are retained non-specifically on the polymer. There-
fore, to achieve the selectivity desired, a clean-up step using organic solvents
is required prior to elution [32].

One of the main disadvantages of MIP-SPE is the difficulty in removing the
entire template molecule, even after extensive washing, and therefore a leak-
age of template molecule can occur, which is an obstacle in the determination
of target compounds. To overcome this problem, a structural analogue of the
target molecule can be imprinted to make a “dummy molecularly imprinted
polymer” (DMIP), distinguishing then any leakage of target compound [56].

2.2.3
Restricted Access Materials (RAMs)

RAMs are a class of SPE materials that possess a biocompatible surface and
a pore size that restricts big molecules from entering the interior extraction
phase based on size [26]. Simultaneously, an extraction phase located on the
inner pore surface is responsible for isolation of the low molecular weight
compounds [26]. Koeber et al. [57] applied this approach in combination
with MIP and used an on-line mode to analyse pesticides from environmental
samples. There are various references reporting the use of RAMs for direct in-
jection of biological samples [58-60], but few applications have been reported
for environmental matrices.

2.24
Solid-Phase Microextraction (SPME)

Several reviews have been devoted to the application of SPME in environmen-
tal analysis [6,61-66]. SPME is a simple and effective adsorption/absorption
and desorption technique which eliminates the need for solvents and com-
bines sampling, isolation and enrichment in one step [66]. Depending on the
analyte and matrix, SPME of water samples can be performed in different
modes: direct-immersion extraction (for less volatile compounds and rela-
tively clean samples), headspace extraction (for more volatile compounds and
dirtier samples), membrane-protected SPME (for the extraction of analytes
in heavily polluted samples), in-tube SPME [5, 67] and thin-film microextrac-
tion (use of a thin sheet of PDMS membrane) [68].

In-tube SPME has been applied for the determination of a variety of en-
vironmental pollutants [69-75] and is based on the use of a fused-silica
capillary column as the extraction device. Target analytes in aqueous matrices
are directly extracted and concentrated by the coating in the capillary col-
umn by repeated withdrawal and expulsion of the sample solution, and can
be directly transferred to LC or GC columns for analysis.
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The major part of SPME applications has been developed for GC, as the coup-
ling to HPLC is more complex and requires specifically designed interfaces to
desorb analytes from the fibres and also because not all fibres can be used for
LC, due to solubility and swelling of the fibre coatings in organic solvents [5].

Several fibre coatings are commercially available for the analysis of non-
polar organic compounds, such as BTEX, PAHs and pesticides, and polar
compounds like phenols, alcohols, etc. [66], including polydimethylsilox-
ane (PDMS), polyacrylate (PA), divinylbenzene (DVB), Carboxen (CAR) and
Carbowax (CW). On the other hand, a polypyrrole (PPY) coating is used to
extract polar or ionic analytes [67], which is mainly addressed to the coupling
of SPME to LC.

Another way to determine polar compounds by SPME is presented by
SPME derivatization, which includes three different approaches: in-coating,
direct or on-fibre derivatization. The difference between these techniques is
that while in direct derivatization, the derivatizing agent is first added to
the sample vial and the derivatives are then extracted by the SPME fibre
coating, for on-fibre derivatization, the derivatizing agent is loaded on the
fibre, which is subsequently exposed to the sample and extracted [66]. This
approach is now widely used for the analysis of organic pollutants in the en-
vironment, such as acidic herbicides [76, 77], and has been recently reviewed
by Stashenko [78] and Dietz [79].

23
Analysis of Emerging Contaminants in Solid Samples and Biota

2.3.1
Extraction Techniques

Organic contaminants present in solid environmental samples, such as sedi-
ments, soils, sludge and biota, are determined by exhaustive extraction with
appropriate solvents. Liquid-liquid extraction (LLE), Soxhlet, sonication,
pressurized-liquid extraction (PLE), microwave-assisted extraction (MAE)
and supercritical-fluid extraction (SFE) are the techniques most commonly
used [5]. Also methods based on HS-SPME have been developed to determine
volatile and semi-volatile compounds.

Soxhlet has been widely used, as it is considered as the reference method,
is inexpensive and is easy to handle. However, new trends are focused on the
use of “low-solvent, low-time and low-cost” techniques, amenable to automa-
tion, such as PLE, MAE and SFE. These techniques use elevated temperature
and pressure, which results in improved mass transfer of the analytes and,
consequently, increased extraction efficiency. SFE and MAE are not suitable
for highly polar organic compounds or matrices with high water content.
Therefore, nowadays PLE, also termed accelerated solvent extraction, is the
preferred technique, because it is automated, it consumes low amounts of sol-
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vent and because older extraction procedures can be easily adapted. However,
it offers some disadvantages, such as its cost, as commercial PLE equipment
may be expensive and, moreover, some thermolabile compounds may suffer
degradation. A good alternative to PLE would be MAE, as it is more afford-
able, fast and consumes little solvent, but extracts need to be filtered and
microwave heating is uneven and restricted to matrices that adsorb this ra-
diation. SFE with solid-phase trapping has been used for different groups of
organic pollutants. Although good results and unique improved selectivity
were obtained for selected applications, the method did not find acceptance.
This is because the extraction conditions depend on the sample, requiring
complicated optimization procedures [5, 80].

2.3.2
Extract Clean-up and Purification

Due to the complexity of samples and the exhaustive extraction techniques
used, a substantial number of interfering substances present in the matrix are
found in the extracts. Therefore, a clean-up and purification step after extrac-
tion is indispensable to remove these compounds and enhance selectivity, in
order to reduce ion-suppression effects when working with ESI-MS detection
and to improve the separation of analytes from impurities.

2.3.2.1
Solid Samples

The conventional approach used is based on solid/liquid adsorption, using
either long open columns or disposable cartridges packed with different
sorbents, depending on the physico-chemical properties of the analytes of
interest. Purification can be also performed by off-line SPE cartridges packed
with polymeric materials, C;g, NH;-, CN-modified silica or anionic exchange
materials, by reversed-phase (RP) or normal-phase (NP) liquid chromatog-
raphy, generally using alumina, silica or Florisil as the packing material, or
size-exclusion chromatography (SEC) [5]. When high selectivity for one com-
pound or related analogues is desired, MIPs and RAMs are also appropriate
materials to use for the clean-up of crude extracts.

Purification based on two tandem SPE procedures is a widespread ap-
proach, which generally consists of the use of anionic exchange cartridges
and other polymeric materials. Moreover, when extracts contain high amount
of lipids and organic matter, such as sewage sludge and biota, non-destructive
and destructive methods are generally used prior to instrumental analysis.
The former include gel permeation and column adsorption chromatography,
generally using polystyrene-divinylbenzene copolymeric columns. Other
neutral adsorbents commonly used are silica gel, alumina and Florisil® [81].
Destructive lipid removal methods consist of sulphuric acid treatment, either
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directly to the extract or via impregnated silica columns, and saponification
of extracts by heating with ethanolic KOH [82].

2.3.2.2
Biota

The analysis of biota, such as fish or mussels, could be an indicator of the
water quality, as lipophilic organic contaminants tend to accumulate in the
tissues with high lipid content. Isolation of organic compounds from biolog-
ical tissues is a complicated and laborious task because of the nature of the
matrix. Disruption of a cellular structure of biological samples results in an
abundance of lipids and proteins. Extraction methods often yield high con-
centrations of lipids and, therefore, an exhaustive purification is required to
achieve the selectivity and sensitivity desired. For this reason, treatment with
sulphuric acid and saponification are frequently used for the removal of lipids
prior to the purification using the same techniques as for solid samples (RP or
NP, LC, SPE, SEC, MIP or RAM). However, in some cases, this step has to be
avoided as some target compounds may be destroyed.

A simultaneous extraction and clean-up step was proposed by Eljarrat
et al. [83] for the determination of PBDEs in fish. This methodology is based
on the inclusion of alumina in the PLE cells, so that both purification and
isolation of target analytes is achieved in a single step, speeding up sample
preparation considerably.

Another approach to conduct simultaneous disruption and extraction of
solid and semi-solid samples involves matrix solid-phase dispersion (MSPD),
a technique that combines in one step extraction, concentration and clean-
up by blending a small amount of sample with the selected sorbent. It has
been successfully applied to the analysis of penicillins, sulphonamides, tetra-
cycline antibiotics [5] and ionic [5, 84, 85] and non-ionic surfactants in fish
and mussels.

3
Instrumental Analysis and Quantitation

3.1
Chromatographic Separation

Both gas chromatography (GC) and liquid chromatography (LC) are tech-
niques par excellence in environmental analysis. Even though the former is
more addressed to the analysis of non-polar and volatile compounds (PBDEs
and MTBE), non-volatile compounds, such as pharmaceuticals, surfactants,
personal care products, estrogens and others, can also be determined after
a derivatization step.



Analysis of Emerging Contaminants of Municipal and Industrial Origin 49

3.1.1
Gas Chromatography

GC was one of the first chromatographic separation techniques to be de-
veloped, and today is still widely used and has not lost its eminence in the
environmental field. The popularity of GC is based on a favourable combi-
nation of very high selectivity and resolution, good accuracy and precision,
wide dynamic range and high sensitivity. Columns mainly used in GC consist
of narrow-bore capillary columns [86-88].

In GG, the three most frequently used injection systems are splitless, on-
column and programmable temperature vaporization (PTV). In splitless in-
jection, the transfer of the analytes into the analytical column is controlled by
the volume of the liner and by the injected volume. In on-column injection,
extracts are directly injected into the column or in a glass insert fitted into
a septum-equipped programmable injector kept at low temperature. Finally,
PTV is a split/splitless injector which allows the sample to be introduced at
a relatively low temperature, thus affording accurate and reproducible sam-
pling. After injection, the PTV is rapidly heated to transfer the vaporized
components into the capillary column.

Nowadays, headspace GC (HSGC) and comprehensive two-dimensional GC
(GCxGC) have gained popularity in the environmental field. The main advan-
tages presented by the former, against GC, is the ability to increase efficiency
and drastically reduce analysis time [89]. On the other hand, GCxGC has
a great capability to separate and identify organic compounds in complex
environmental samples. This technique has been mainly employed for the
determination of MTBE and other oxygenated and aromatic compounds in
gasoline-contaminated ground waters [90] and for the determination of PB-
DEs [91]. In this technique, two GC separations based on distinctly different
separation mechanisms are used, with the interface, called modulator, between
them. Then, the effluent from the first column is separated into a large number
of small fractions, and each of these is subsequently separated on the second
column, which is much faster than the first separation. In principle, all kinds
of stationary phases can be used in the first dimension of a GCxGC system,
but generally, non-polar phases are the preferred ones. Concerning the sec-
ond dimension, a variety of phases can be selected depending on the desired
analyte-stationary phase interactions. However, most applications showed that
the combination between a non-polar and (medium) polar phase is by far the
most popular option. Concerning column size, samples are generally first sep-
arated on a 15-30 m x 0.25-0.32 mm ID x 0.1-1 pm film (df) column. After
modulation, each individual fraction is injected onto a much shorter, narrower
column, with dimensions typically 0.5-2 m x 0.1 mm ID x 0.1 pm d.
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3.1.2
Liquid Chromatography

Besides the advantages offered by GC, nowadays reversed-phase HPLC is the
technique of choice for the separation of polar organic pollutants, silica-
bonded columns being preferred [92]. The size parameters of the columns
are typically as follows: (1) length in the range 10-25 cm, (2) internal diam-
eter 2.1-4.6 mm and (3) particle sizes 3-5 um. Gradient elution represents
the most common strategy in separation. The mobile phases generally used
are acetonitrile, methanol or mixtures of both solvents, obtaining in the lat-
ter case shorter retention times and better resolution of the analytes. In order
to obtain an efficient retention of the analytes in the column and to im-
prove the sensitivity of MS detection, mobile phase modifiers, buffers and
acids are recommended and widely used. The selection of such modifiers
strongly depends on the physico-chemical properties of target compounds
and their pK, values. The most common ones include ammonium acetate,
ammonium formiate, tri-n-butylamine (TrBA), formic acid and acetic acid.
Typical concentrations of the salts range from 2 to 20 mM, since it has been
observed that higher concentrations could lead to a reduction of the signal
intensities [92].

Shortening the analysis times is important for attaining the high sam-
ple throughput often required in monitoring studies. This objective can be
achieved by shortening the columns and increasing the flow velocity, de-
creasing the particle size of the stationary phase and finally increasing the
temperature, which enhances diffusivity thus allowing working at higher
flow rates. These principles are both applied in the Acquity UPLC (ultra-
performance liquid chromatography) system, produced by Waters Corpo-
ration (Manchester, UK) and in the 1200 Series RRLC (rapid resolution
LC) from Agilent Technologies. Both systems use rather short columns
(50-100 mm, 4.6 mm ID) packed with sub-2-pum porous particles, allowing
very short chromatographic runs. However, the negative effect of using a
small particle size is high back-pressure generation (reducing the particle
size by a factor of 3 results in an increase in the backpressure by a factor
of 27) [92]. Even though the application of UPLC is promising, its appli-
cation to environmental analysis is still rare. Petrovic et al. [93] developed
a UPLC-QqTOF-MS method for screening and confirmation of 29 pharma-
ceutical compounds belonging to different therapeutic classes in wastewa-
ters, including analgesics and anti-inflammatories, lipid-regulating agents,
cholesterol-lowering statin agents, psychiatric drugs, anti-ulcer agents, his-
tamine H, receptor antagonists, antibiotics and beta-blockers. UPLC, using
columns packed with 1.7-um particles, enabled elution of target analytes
in much narrower, more concentrated bands, resulting in better chromato-
graphic resolution and increased peak height. The typical peak width was
5-10s at the base, permitting very good separation of all compounds in
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10 min, which represented an approximate threefold reduction in the analysis
time in comparison to conventional HPLC as shown in Fig. 1.

One of the main problems encountered in quantitative LC analysis and a
main source of pitfalls is the existence of matrix effects in general, and the
ion suppression phenomenon in particular. The ionization suppression or
enhancement may severely influence the sensitivity, linearity, accuracy and
precision of quantitative LC analysis. Therefore, any study dealing with analy-
sis of complex samples should include a matrix effect study, and if relevant ion
suppression (or signal enhancement) occurs, additional procedures should be
applied for correction and/or minimization of inaccurate quantification.

There are several strategies to reduce matrix effects, i.e. selective extrac-
tion, effective sample clean-up after the extraction, or improvement of the
chromatographic separation. Sometimes, these approaches are not the ap-
propriate solutions because they could lead to analyte losses as well as long
analysis times [94]. Recently, several strategies have been adopted as standard
practices [95-98]. The most often applied approach consists of the use of
suitable calibration, such as external calibration using matrix-matched sam-
ples, standard addition or internal standard calibration using structurally
similar unlabelled pharmaceuticals or isotopically labelled standards. Other
approaches include a decrease of the flow that is delivered to the ESI interface,
as well as the dilution of sample extracts. However, the most recommended
and versatile approach is isotope dilution, which consists of the use of an
isotopically labelled standard for each target compound [99]. But such an
approach is expensive and in many cases suffers from a lack of isotopically
labelled compounds for all target analytes.

Acetaminophen Separation Peak width | Chromatographic

HPLC 1o .
152 > 110 technique run

PUROSPHER ® RP-18

(125x2mm)5pm % HPLC 0.5—1min 30 min separation
Flow 0.2 mL/min Total run 45 min
UPLC 5-10s 10 min separation

Total run 14 min

Time
2,00 4,00 6,00 8,00 10,00

100 TOF MS ES+

152.07
UPLC

ACQUITY UPLC™
BEH C18
(50 x 2.1 mm) 1.7 pm
Flow 0.4 mL/min
Time
] 2.00 4.00 6.00 8.00 10.00

Fig.1 UPLC versus HPLC chromatograms for the determination of the analgesic ac-
etaminophen (paracetamol) in the P mode, showing the reduced peak width and increased

peak height achieved with UPLC, which results in an improved sensitivity, reduced spectral
overlap in complex mixtures and improved MS spectral data
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3.2
Detection Systems

The rapid developments in the field of tandem MS/MS have transformed it
into a key technique for environmental analysis, replacing other detectors
widely used in the past, such as fluorescence and UV detectors for LC and
flame ionization (FID), electron capture (ECD) and photoionization (PID)
detectors for GC. While tandem MS/MS is mainly coupled to LC, replacing
LC-MS due to its higher sensitivity and selectivity, single mass spectrometry
is generally attached to GC, mainly using quadrupole, ion trap (IT) and time
of flight (TOF) analysers. The latter is mainly applied when working with
GCx GC devices.

With regard to LC-MS/MS, triple quadrupole (QqQ) mass analysers have
become the most widely used analytical tool in the determination of emer-
ging contaminants in environmental samples. Triple quadrupole instruments
gather a variety of scan functions and modes, such as product ion scan, pre-
cursor ion scan, neutral loss and multiple reaction monitoring (MRM) mode.
LC-MS/MS (QqQ) has been mostly applied to the determination of target
analytes, using the selected reaction monitoring (SRM) mode and reaching
typically ng L™! detection limits [92].

Although the sensitivity, selectivity and efficiency of the MRM approach
are excellent, qualitative information, needed to support the structural eluci-
dation of compounds other than target analytes, is lost [92]. This drawback
can be overcome by using the hybrid MS systems, such as QqTOF or QqLIT.
The acceptance of QqQTOF-MS for environmental analysis in the last few years
has been significantly improved and the number of methods reported in the
literature is steadily increasing [92].

QqTOF is mainly used as an unequivocal tool for confirmation of contam-
inants detected. Its unique characteristic of generating full scan and product
ion scan spectra with exact masses is excellent for the elimination of false pos-
itives and avoiding interpretation ambiguities. The main field of application
is the identification of unknowns and elucidation of structures proposed for
transformation products, where the amount of information obtained allows
secure identification of compounds [92]. Regarding its quantitative perform-
ance, QqTOF has a lower linear dynamic range (over two orders of magni-
tude) with respect to QqQ instruments (typically > four orders of magni-
tude) [92]. However, when the application requires a high degree of certainty
or is aimed at multiple tasks, such as target analysis combined with qualita-
tive investigation of unknowns, its use could be a viable choice.

Regarding QqLIT, its unique feature is that the same mass analyser Q3
can be run in two different modes, retaining the classical triple quadrupole
scan functions such as MRM, product ion, neutral loss and precursor ion
while providing access to sensitive ion trap experiments [100] (see Fig. 2).
This allows very powerful scan combinations when performing information-
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Precursor Ion Scan (PI) Resolving (Scan) Fragment Resolving (Fixed)
Neutral Loss Scan (NL) Resolving (Scan) Fragment Resolving (Scan Offset)
Selected Reaction Monitoring (SRM) Resolving (Fixed) Fragment Resolving (Fixed)
Enhanced Product Ion Scan (EPI) Resolving (Fixed) Fragment Trap/Scan
MS3 Resolving (Fixed) Fragment Isolation/frag trap/scan
Time delayed frag capture Product Ion (TDF) Resolving (Fixed) Trap/No frag Frag/trap/scan
Enhanced Q3 single MS (EMS) RF-only No frag Trap/Scan
Enhanced Resolution Q3 Single MS (ERMS) RF-only No frag Trap/Scan
Enhanced Multiply Charged RF-only No frag Trap/empty/scan

Fig.2 Scheme of the QqLIT instrument (QTRAP, Applied Biosystems/Sciex) and descrip-
tion of the various triple quadrupole and trap operation modes

dependent data acquisition. In the case of small molecules, qualitative and
quantitative work can be performed concomitantly on the same instrument.
The very fast duty cycle of QqLIT provides a superior sensitivity over that of
traditional QqQ and ion trap and allows one to record product ion scan spec-
tra for confirmation purposes without compromising signal-to-noise (S/N)
ratio. Also the resolution and accuracy are higher and these peculiarities
improve the ion selection capability for complex mixtures, i.e. improve the in-
strumental selectivity. Although environmental applications are still scarce,
a few recent papers reported on the application of a hybrid QqLIT for trace
level determination of emerging contaminants, such as perfluorinated chem-
icals, herbicides and pharmaceuticals [92].

33
lonization Sources

For GC-MS instruments, the most common ionization sources employed are
electron impact (EI) or chemical ionization, either in negative (NCI) or pos-
itive mode (PCI). GC-NCI-MS is mainly used for compounds containing
bromine or chlorine ions, such as PBDEs.
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As concerns the LC-MS and LC-MS/MS techniques, API interfaces, such
as electrospray ionization (ESI) and atmospheric pressure chemical ioniza-
tion (APCI), are the ones most commonly used. In ESI, a liquid containing
target analytes, dissolved in a large amount of solvent, is pushed through
a very small, charged and usually metal capillary. The analyte exists as an
ion in solution and as charges repel, the liquid pushes itself out of the capil-
lary and forms an aerosol, a mist of small droplets about 10 um across. An
uncharged carrier gas such as nitrogen is sometimes used to help nebulize
the liquid and evaporate the neutral solvent in the droplets. As the solvent
evaporates, the analyte molecules repel each other and break up the droplets.
This process repeats until the analyte is free of solvent and is a lone ana-
lyte ion. This process is known as Coulombic fission because it is driven by
Coulombic forces between charged molecules. On the other hand, in APCI
analytes are already vaporized when introduced into the detector. In this
technique, the mobile phase containing eluting analytes is heated to a rela-
tively high temperature (above 400 °C) and sprayed with high flow rates of
nitrogen, generating an aerosol cloud which is subjected to a corona dis-
charge to generate analyte ions. These techniques are especially suitable
for the determination of low volatility and thermolabile compounds as well
as polar substances. ESI is very useful for the analysis of macromolecules
because it overcomes the propensity of such molecules to fragment when
ionized.

Recently, a new API interface has been developed, the so-called atmospher-
ic pressure photoionization (APPI) interface [101, 102]. APPI is a modifica-
tion of the APCI source in which the corona is replaced by a gas discharge
lamp, emitting radiation in the UV region that is able to selectively ionize
the analytes in the presence of the LC mobile phase. Improved perform-
ance of APPI can be achieved by adding a dopant, which is a mobile phase
additive, like acetone or toluene, which is first ionized itself and then aids
ionization of the analytes in further reactions [103]. Compounds like naph-
thalene, acridine, diphenyl sulphide and 5-fluorouracil could be ionized by an
APPI source. Despite being a very new approach, APPI-MS is expected to be-
come an important complementary technique to APCI for low and non-polar
analytes in the future [103].

4
Emerging Contaminants

4.1
Fluorinated Alkyl Substances (FASs)

FASs are a group of compounds of anthropogenic origin used in many indus-
trial and consumer products, such as polymers and surfactants. They have
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been widely used to synthesize products that resist heat, oil, stains, grease and
water, due to their unique properties [104].

FASs include the perfluoroalkyl sulphonates (perfluorooctane sulphonate
(PFO) and related chemicals, such as N-methyl and N-ethyl perfluorooctane-
sulphonamidoethanol, and also short- and long-chain perfluoro sulphonate
acids), the perfluoroalkyl carboxylates (perfluorooctanoate (PFOA) and flu-
orotelomer alcohols (FTOHs)) and the short- and long-chain perfluoroalkyl
acids (e.g. perfluorodecanoic acid (PFDA) [105]). Other substances, such as
PFHS and PFBS, considered as “related substances” to PFOs because they
have the same moiety (CgF;7SO, group), are included in the group of PFAs
as, once present in the environment, they may decompose to generate PFOs.
Many of the degradation products of FASs have been found in the environ-
ment throughout the world, but PFOs and PFOA are the two most widely
detected groups. Because of the strong carbon-fluorine (C-F) bond associ-
ated with their chemical structure, they are environmentally persistent sub-
stances and have been detected in human blood, water, soils, sediments, air
and biota [105].

Due to their high production worldwide, in October 2000 the US EPA pro-
posed a significant new use rule (SNUR) for 88 PFO-related substances [105].
On the other hand, PFOs and related substances have also been on the agenda
of the Organization for Economic Co-operation and Development (OECD)
since the year 2000 [105]. In the EU, there is currently no legislation on
their use associated with their potential environmental and/or human health
effects. However, some legislation which generally applies to the release of
substances to the environment may be relevant to the release of PFOs. There-
fore, the IPPC Directive 96/61/EC includes fluorine and its compounds in the
“indicative list of the main polluting substances to be taken into account if
they are relevant for fixing emission limit values”. There are several reviews
devoted to their analysis in environmental samples [105, 106]. However, these
compounds present several difficulties during their analysis, as indicated in
the section below.

411
Background Contamination Problems

The analysis of PFAs is rather difficult due to several background contamina-
tion problems not only coming from the materials used for sample collection
and preparation, but also from the instrumental techniques [104, 107-109].
Therefore, one source of experimental contamination is the use of materi-
als made of, or containing, fluoropolymers, such as polytetrafluoroethylene
(PTFE) or perfluoroalkoxy compounds, which should be avoided. Taniyasu
et al. [107] performed several experiments to assess possible sources of con-
tamination, from sample collection materials to solvents used. They found
that polypropylene sample bottles used for sample collection and storage con-
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tained PFOA. In the evaluation of two widely employed SPE cartridges, the
Oasis hydrophilic-lipophilic balanced (HLB) and Sep-Pak C;g, considerable
amounts of PFOA, PFOs, PFHS and PFBS were detected, the latter being the
one showing higher concentrations. Even purified water was found to be an-
other possible source of contamination. In the light of these concerns, water
samples are collected in polyethylene or polypropylene bottles rinsed with
methanol and deionized water prior to use. Glass is avoided because analytes
tend to bind it and some authors centrifuge water samples, as an alternative to
filtration, to avoid possible adsorption of PFOs onto the filter and subsequent
loss of analyte [110].

Moreover, during instrumental analysis, especially when working with
LC-MS or tandem MS/MS detection, significant instrumental contamina-
tion problems can occur. Yamashita et al. [109] determined that the HPLC
tubing, internal fluoropolymer parts and autosampler vial septum were po-
tential sources of PFA contamination during LC analysis. Therefore, it is
recommended to replace the PTFE HPLC tubing with stainless steel and
polyetheretherketone (PEEK). Moreover, the same authors isolated the de-
gasser and solvent selection valves, which contain fluoropolymer coatings
and seals from the HPLC system, and the solvent inlet filters were replaced
by stainless steel ones. Finally, autosampler vial caps made of Viton flu-
oropolymers or polyethylene were used, as they reduced considerably the
instrumental blank concentrations.

4.1.2
Sample Preparation

Fluorinated alkyl substances have been mainly analysed in biological samples
and environmental waters [105]. Concerning their determination in aque-
ous matrices, liquid-liquid extraction (LLE) and solid-phase extraction (SPE)
are the traditional methods used for enrichment and isolation of target an-
alytes, mainly using Oasis HLB, octadecyl C;g bonded silica and Oasis WAX
adsorbents (see Table 1) [105]. On-line direct analysis using diverse pre-
concentration columns has been proposed by several authors [18,106, 111~
113], to speed up sample preparation.

Only Higgins et al. [114] have determined the presence of fluorinated com-
pounds in sediments. Extraction was performed using a heating sonication
bath and afterwards a clean-up procedure with Cig SPE cartridges. These
compounds have also been determined in sludges by Higgins et al. [114]
and Schroder et al. [115]. The former applied the same treatment as for the
sediments. The latter compared the efficiency of three extraction techniques
(Soxhlet, hot vapour and PLE), PLE being the one yielding better perfor-
mances. After extraction, crude extracts are purified, generally using SPE
with C;g cartridges (see Table 2).
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413
Instrumental Analysis

Fluorinated surfactants can be detected by '°F NMR, gas and liquid chro-
matography-mass spectrometry and liquid chromatography coupled to tan-
dem mass spectrometry [105], the latter two being the most widely employed.
9F NMR spectroscopy is a non-specific method, as it determines the pres-
ence of CF, and CF3 moieties [116, 117]. Moody et al. [117] compared the
results achieved by this technique with LC-MS/MS, showing discrepancies be-
tween the two methods. With F NMR the total content of perfluorinated
compounds was higher than that calculated by LC-MS/MS, attributed to the
presence of other surfactants in the samples which yielded a similar °F NMR
spectrum to perfluoroalkanesulphonates and perfluorocarboxylates [105].

Gas chromatography-mass spectrometry can be used for the direct deter-
mination of neutral and volatile FASs, such as sulphonamides or fluorotelomer
alcohols, which have high vapour pressures [105]. Perfluorocarboxylates have
been quantitatively determined by GC-MS after derivatization of the carboxy-
lates to their methyl esters [116, 117]. However, PEOs was not able to be detected
by such a method [117]. Although perfluoroalkane sulphonate esters may be
formed during the derivatization step, the esters are unstable because of the
excellent leaving group properties of perfluoroalkane sulphonates [105]. Thus,
despite the fact that some fluorinated surfactants can be analysed by GC-
MS, this technique is not so useful for multi-residue analysis of all groups of
PFAs [105]. The drawbacks offered by both °F NMR and GC-MS and the mul-
tiple advantages presented by LC-MS and LC-MS/MS, in terms of sensitivity
and selectivity, have made these techniques the preferred tools for the instru-
mental analysis of PFAs in environmental samples. Other detectors coupled to
LCinclude fluorescence detection for the determination of perfluorocarboxylic
acids [118], ion-exclusion chromatography with conductimetric detection for
perfluorocarboxylic acid and perfluorosulphonates [119, 120] and LC with con-
ductimetric detection for perfluorosulphonates [121].

Electrospray ionization (ESI) working in the negative ion (NI) mode is the
interface most widely used for the determination of anionic perfluorinated
surfactants. APCI is not suitable for the determination of PFOs due to their
ionic nature. The ESI interface has also been optimized for the determin-
ation of neutral compounds, such as the sulphonamides PFOSA, Et-PFOSA
and ¢-Bu-PFOs [122]. Takino et al. [110] developed a method based on an
APPI interface, which would alleviate matrix effects found with ESI interfaces.

Chromatographic separation of fluorinated compounds has been mainly
carried out using both RP-C;g and RP-Cg materials. However, RP-C;g pre-
sented some interferences, enhancing analyte signals and, therefore, the
Fig.3 LC-ESI(NI)-MS chromatograms obtained in the SIM mode for a standard solution

containing a perfluorocarboxylic acids and b sulphonates and neutral FASs. Reprinted
with permission from [376]
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RP-Cg ones are more recommended. Nevertheless, using RP-C;g branched
isomers can be distinguished, while RP columns with shorter alkyl chains
(Cg) are not so efficient. This effect can be minimized by increasing the LC
column temperature from 30 to 40 °C [110, 112, 123]. Comparison of the re-
tention times of a Cg column and an end-capped Cs one indicated that the
interaction of FASs with the residual silanol groups in the non-end-capped
column played an important role in providing a good separation of the ana-
lytes [115].

Moreover, in reversed-phase LC columns, the FAS standards display a char-
acteristic chromatographic pattern with two unresolved signals or shoulders
adjacent to the major signal (see Fig. 3). This is due to the fact that most com-
mercially available standards are mixtures of linear and branched isomers
(approximately 70% linear), which contain impurity isomers with the same
alkyl chain lengths. It is assumed that the response factor for branched and
linear isomers is equivalent and that the standard mixtures are representative
of those identified in the samples [124]. Regarding mobile phases, mixtures
of acetonitrile-water and methanol-water, often modified with ammonium
acetate (1.0-20 mM) are the ones most commonly employed.

In the fragmentation pattern of FASs, the deprotonated molecules [M — H]~
are the predominant ions. Typical ions and fragmentations monitored for
PFOs and related substances correspond to [SO3]~, [FSO3]~ and [M — SO3]~
ions. For PFOSA and PFOA, [SO,N]~ and [MCOOH]™ ions are the most abun-
dant ones, respectively [105].

4.2
Steroid Estrogens, Pharmaceuticals and Personal Care Products

4.2.1
Steroid Estrogens (Hormones and Contraceptives)

Estrogens have often been identified as the compounds responsible for the es-
trogenic effects that have been observed in different wildlife species, such as
intersex in carp, high levels of plasma vitellogenin in fish, etc. [125].

Chemical analysis has focused on the investigations of free estrogens, both
natural (estradiol, estrone and estriol) and synthetic (basically ethynyl estra-
diol, mestranol and diethylstilberol). In contrast, conjugated estrogens and
halogenated derivatives have been seldom studied, maybe due to their lower
estrogenic effect and recent identification.

4211
Sample Preparation

There are multiple reviews devoted to the analysis of esteroid estrogens in en-
vironmental samples [25,126-133]. An important precaution that should be
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taken into account when analysing steroid estrogens in tap water, or water
samples that could contain chlorine, is the addition of sodium thiosulphate
immediately after collection in order to avoid losses of target analytes [134].

Extraction of estrogens from water samples has usually been carried out
by off-line SPE using either disks or, most frequently, cartridges (see Table 1),
with octadecyl Cys-bonded silica, polymeric graphitized carbon black (GCB)
and Oasis HLB being the most widely employed cartridges [134-136]. On the
other hand, many works are based on the use of on-line SPE [129, 137, 138],
using the same extraction materials as indicated for off-line SPE. To elute
compounds trapped in the SPE cartridges, methanol is the solvent generally
used. However, Isobe et al. [136] determined that adding 5 mM of TEA to
10 mL of methanolic solution, as an ion pair reagent, improved the efficiency
of elution, thus achieving higher recoveries for conjugates which were not
effectively removed by only using methanol.

Other widely employed materials to isolate steroid estrogens from water
samples are molecularly imprinted polymers (MIPs) [25, 38, 139]. Some recent
works have also proposed the use of SPME, using fibre and in-tube SPME, in
combination with either LC or GC instruments [140, 141, 143].

As concerns the determination of esteroid estrogens in solid samples,
the analytical methods are generally adapted from those developed for wa-
ter samples, incorporating additional purification steps of crude extracts
prior to instrumental analysis [144]. Extraction techniques more commonly
used are pressurized liquid extraction (PLE) [145, 146], microwave-assisted
extraction (MAE) [147] and, more frequently, ultrasonication [148-153],
using methanol [148,152], methanol/acetone [145, 146, 149, 153], acetone/
dichloromethane [151], ethyl acetate [154, 155] or dichloromethane/water [150]
as extraction solvents. Some of the most representative methods are summa-
rized in Table 2.

Purification of extracts is generally carried out by liquid-liquid extraction
(LLE) [156-158], HPLC fractionation [156,159-162], gel permeation chro-
matography (GPC) [158], immunoaffinity (IA) extraction [25] or SPE using
Florisil [136,157], Cis sorbents [132, 156, 159, 160], silica gel [163-169] and
restricted access materials (RAMs).

4.2.1.2
Instrumental Analysis

In the past, the techniques most commonly used for the environmental ana-
lysis of estrogens have been immunoassays and, to a greater extent, GC-MS.
The former are simple and sensitive but they can have false positive results
due to the influence of coexisting materials present in the sample matrix. On
the other hand, GC-MS and GC-MS/MS are also highly sensitive methods, but
derivatization is required prior to analysis [141]. Moreover, these method-
ologies are mainly based on the determination of unconjugated (i.e. free)
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estrogens, unless intermediate hydrolysis steps are performed [136, 170]. LC-
MS and especially LC-MS/MS are the preferred tools nowadays [171, 172],
which allow the determination of both conjugated and free estrogens without
derivatization and hydrolysis.

Enzyme-linked immunosorbent assay (ELISA) and radioimmunoassay
(RIA) are by far the most common bioassays used for the determination of
estrogens. Several recent works have reported their application in the analy-
sis of estrogens in environmental matrices, such as water [173-176], sludge
and manure, although they have been more extensively used for the analy-
sis of biological samples in clinical studies. Their main advantages are ease
of use, relatively simple protocol and fairly good sensitivity. Bioassays are
also used to measure the estrogenic (endocrine disrupting) activity of sample
extracts or of chemicals. The in vitro and in vivo assays available for this pur-
pose have been recently reviewed [177, 178]. Many bioassays show potential
for development as biosensors [179, 180].

On the other hand, GC separation has been performed with a variety
of capillary columns (DB5-MS, XTI-5, HP Ultra II, etc.), using helium as
carrier gas. Both conventional MS and MS/MS detection have been accom-
plished in most instances in the electron impact (EI) mode at 70 eV. The
use of negative ion chemical ionization (NICI) has been reported on fewer
occasions [134, 165, 181-184]. However, it has been observed that the high-
est sensitivity for the GC-NICI-MS methods is obtained when estrogens have
pentafluorobenzyl (PFB) [181, 182], pentafluorobenzoyl [184, 185] and other
fluorine-containing derivatives.

Derivatization is generally carried out in the — OH groups of the steroid
ring, performed by silylation with reagents such as N,O-bis(trimethylsilyl)-
acetamide (BSA), N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA),
N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA), or N-(tert-butyldime-
thylsilyl)-N-methyltrifluoroacetamide (MTBSTFA), which lead to the for-
mation of trimethylsilyl (TMS) and fert-butyldimethylsilyl (TBS) deriva-
tives [186]. Some authors reported breakdown of some TMS derivatives with
various solvent-reagent combinations, pyridine and dimethylformamide be-
ing the most suitable ones [186-188].

LC has been performed by octadecyl silica stationary phases. As mobile
phases, mixtures of water/methanol and, more frequently, water/acetonitrile
have normally been used, sometimes with added modifiers such as 0.1%
acetic acid, 0.2% formic acid or 20 mM ammonium acetate. The interfaces
most widely employed are electrospray ionization (ESI) in the negative ion
(NI) mode and, to a lesser extent, atmospheric pressure chemical ioniza-
tion (APCI) in the positive ionization (PI) mode. These API interfaces have
been applied in a variety of MS analysers, including quadrupole, ion-trap,
orthogonal-acceleration time-of-flight (0aTOF), and combinations of them.
Single and triple quadrupole analysers have been the most widely used for
the analysis of estrogens, the latter being preferred nowadays. Some works
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Table3 MRM transitions monitored for the determination of steroid estrogens and phar-
maceuticals in environmental samples using LC-ESI-MS/MS (QqQ) instruments

Group of Compound MRM 1 MRM 2
substances
Steroid estrogens Estriol 287>171 287>145
Loss of CgH;,0, Loss of CgH;40,
Estradiol 287>145 281>183
Loss of CgH140 Loss of CsHj,0
Estrone 269>145 269>143
Loss of CgH1,0 Loss of CgH40
Ethynyl estradiol = 295>145 295>159
Loss of CoH;,0 Loss of C1gH140
Anti-inflammatory/ Ibuprofen 205>161 -
analgesic/antiphlogistic Loss of CO;
Ketoprofen 253>209 253>197
[M-H-CO, ]~
Naproxen 229>185 229>170
[M-H-CO, ]~ [M-H-C3H,0,]”
Indomethacin 356>312 356>297
[M-H-CO, ]~ [M-H-C3H,0;]~
Diclofenac 294>250 294>214
[M+H-H,0]*
Acetaminophen 152>110 152>93
Loss of CH,CO -
150>107
Loss of COCHj3
Fenoprofen 241>197 241>93
Mefenamic acid ~ 240>196 240>180
Loss of CO, [M-H-CO,-CH3]"~
Propyphenazone  231>189 231>201
[M-C3H7+H]+
Phenylbutazone  309>160 309>181
[M-(CsH5-N-(C4Hy)]*
362>276 362>316
Lipid regulating agents Bezafibrate 360>274 360>154
Loss of C4HgO, Loss of C1,H1403
Clofibric acid 213>127 213>85
[C604ClO]~
Gemfibrozil 249>121 -
[M-H-C7H1,0,]"
Psychiatric drugs Carbamazepine 237>194 237>192
Loss of HNCO
Fluoxetine 310>44 310>148
[M-F5C;H40CgHg]*  [M-F3C;H40]*
Paroxetine 330>192 330>123
[M-C,HsNO;]* [M-C;,H4NOF]*
Diazepam 285>257 285>154

[M-CO+H]*
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Table3 (continued)

Group of Compound MRM 1 MRM 2
substances
Macrolide antibiotics Erythromycin- 716>522 716>558
H,0 [M-DS-2H,0+H]*  [M-DS-H,0+H]*
Clarythromycin ~ 750>116 750>592
[CL-OCH;+H]* [M-DS+H]*
Roxythromycin 838>158 838>680
[DS+H]* [M-DS+H]*
Oleandomycin 689>545 689>158
[M-oleandrose+H]* [DS+H]*
Tylosin 916>723 916>174
[M-MY+H]* [DS-O-MY+H]*
Tetracycline antibiotics ~ Chlortetracycline 479>444 479>462
Doxycycline 445>428 445>410
Oxytetracycline 461>426 461>443
Tetracylcline 445>410 445>427
[M-H,O-NH;+H]*  [M-H,0+H]*
Quinolone antibiotics Ciprofloxacin 332>314 332>288
[M-H,0+H]* [M-H,0-CO,+H]*
Ofloxacin 362>344 -
[M-H,0+H]*
Norfloxacin 320>302 320>302
[M-H20+H]+ [M-C02+H]+
Enrofloxacin 360>342 360>316
[M-H20+H]+ [M-C02+H]+
Sulphonamide antibiotics Sulphamethoxazole 254>156 254>92
[H,NPhSO,]* [H,NPhOJ*
Sulphamethazine = 279>186 279>124
[M-H,NPh]* [aminodimethyl-
pyridine+H]*
Sulphadiazine 251>156 251>108
[H,NPhSO,]* [H,NPhOJ*
Penicillins Dicloxacillin 487>160 487>311
[F1+H]* [F2+H]*
Nafcillin 432>171 432>199
[ethoxynaphthyl]* [ethoxynaphtyl-
carbonyl]*
Amoxycillin 366>208 366>113
[M-NH;+H]* [F1+H]*
Oxacillin 419>144 419>243
[phenylisoxazolyl+H]" [aminodimethyl-
pyridine+H]*
Penicillin G 352>160 352>176
[F1+H]* [F2+H]*
Penicillin V 368>114 368>160
[F1-CO,+H]* [F1+H]*
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Table 3 (continued)

Group of Compound MRM 1 MRM 2
substances
Other antibiotics Chloramphenicol  323>152 323>176
[nitrobenzyl alcohol [194-H,0]"
carbanion]”
Trimethoprim 291>230 291>213
[M-2CH;0]* [M-trimethoxy-
phenyl]*
B-blockers Atenolol 267>190 267>145
[M-H,0-NH;- [190-CO-NH;]*
isopropyl+2H]*
Sotalol 273>255 273>213
[M-H20+H]+ [M-C3H9N+H]+
Metoprolol 268>133 268>159
[CeH15NO,]* [CsH17NO,]*
Propranolol 260>116 260>183
[(N-isopropyl-N-2-
hydroxypropyl-
amine)+H]*
Other drugs Salbutamol 240>166 240>148
[M+H-(CH3)2C- [166-H,0]*
CH,-H,0]*
Ranitidine 315>176 315>130
[M-CgH,NOJ* [M-CgH;,NO-
NO,J*
Omeprazole 346>136 346>198
[M-H3CO-(C7H4N,)- [M-H5CO-
SO-CH,|* CyH4N,|*

are available using Q-TOF analysers [152], but this technique has not been
routinely employed yet.

In most cases, the base peak selected for quantitation of estrogens in
SIM and MRM modes, when operating with an ESI (NI) and APCI (PI)
interface, corresponds to the deprotonated molecule [M —H]™ and to the
[M + H-H,0]* ion ([M + H]" for estrone). In Table 3, the most common
fragmentations monitored in LC-MS/MS analysis, using triple quadrupole in-
struments, are summarized for the most studied steroid estrogens.

4.2.2
Pharmaceuticals

A large number of reports and reviews are devoted to the occurrence, fate
and risk assessment of pharmaceuticals in the environment [92, 93, 127, 189-
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193]. While their occurrence in the aquatic environment has been exten-
sively studied, data regarding their presence in solid samples are still scarce,
veterinary antibiotics being the ones most commonly investigated in such
matrices [194-199].

Most of the analytical methods available in the literature are focused on
the analysis of particular therapeutic groups. However, the general trend
in recent years is the development and application of generic methods that
permit simultaneous analysis of multiple-class compounds [2, 99, 200-209].
Multi-residue methods provide wider knowledge about their occurrence, ne-
cessary for further understanding of their removal, partition and ultimate
fate in the environment. Nevertheless, simultaneous analysis of compounds
from diverse groups with different physico-chemical properties requires
a compromise in the selection of experimental conditions for all analytes
studied.

4,2.2.1
Sample Preparation

In such multi-residue methods, simultaneous extraction of all target analytes
in one single SPE step from water samples is the approach most widely em-
ployed [190]. Another option consists of the combination of two SPE materials
operating either in series or classifying target compounds into two or more
groups, according to their physico-chemical properties [190]. In both situa-
tions Oasis HLB or C;g cartridges are the most widely employed materials for
pre-concentration and extraction of target compounds. For the former, neutral
sample pH is advisable to achieve good recoveries for all compounds, whereas
for C;g, sample pH adjustment prior to extraction is required depending on
the acidic, neutral or basic nature of the analytes. The less common cartridges
employed are Lichrolut ENV+, Oasis MCX and StrataX. While these materials
generally need sample pH adjustment and sometimes special elution condi-
tions (mixtures of methanol/ammonia, acidified or basified methanol), Oasis
HLB provides good performances at neutral sample pH and elution with pure
organic solvents, generally methanol (see Table 2).

When these methods include the determination of antibiotics, some pre-
cautions have to be taken into account during the analytical procedure.
As tetracycline, sulphonamides and polypeptide antibiotics form complexes
with metal ions, the addition of some chelating agent before SPE, such as
Na,EDTA, is recommended to avoid important losses during analysis. When
analysing tetracycline, it should be highly recommended to use PTFE instead
of glass materials, since they tend to bind to the glass, resulting in signifi-
cant losses [93, 189, 190]. Additional problems are the formation of keto-enol
tautomers in alkaline aqueous solutions [210] and the formation of 4-epimer
isomers in acidic ones [211]. For this reason, it is advisable to work at neutral
sample pH.
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MIPs and immunosorbents could be a useful tool to provide high selec-
tivity for target analytes when performing single group analysis. Although
these materials have been widely employed to selectively isolate clenbuterol,
aniline B-agonists, tetracycline and sulphonamide antibiotics, B-agonists and
B-antagonists from biological samples, few applications have been reported
for environmental matrices [212-215].

With regard to their analysis in solid samples, most of the methods avail-
able in the literature are based on sonication and PLE as the extraction
technique followed by a clean-up procedure. The extraction solvents used
generally consist of pure organic solvents, such as methanol and acetonitrile,
or mixtures of polar solvents with water, acidified water (acetic acid, or-
thophosphoric acid), or buffers (citric acid) in different proportions. An im-
portant issue to consider is that when extracting tetracycline and macrolide
antibiotics by PLE, temperature control is required, since temperatures higher
than room temperature can cause their transformation into epi- or anhydrous
forms for TCs. Moreover, values higher than 100 °C promote the degradation
of macrolides [127].

For the extraction of tetracycline antibiotics, special precautions have to be
taken into account. As they tend to form complexes with metal ions, extrac-
tion solvents consist of mixtures with organic solvent, generally methanol,
with citric acid and Mcllvaine buffer (mixture of citric acid with Na,HPO,),
also containing Na,EDTA [194].

After extraction, a purification step is required and is generally performed
by SPE, using the same cartridges and conditions as the analysis of phar-
maceuticals in water samples. Sample extracts are therefore diluted with an
appropriate volume of MilliQ water, until the organic solvent content is be-
low 10%, in order to avoid losses of target compounds during SPE [194].
Cartridges mainly used consist of Oasis HLB (see Table 2). However, some
authors use either SAX or MCX [189] cartridges in tandem with the poly-
meric Oasis HLB [194], in order to remove negatively charged humic material
(in the SAX material) and organic matter (in the MCX cartridge), and there-
fore selectively retain target compounds in the Oasis HLB material. When
SAX cartridges are employed, samples are acidified at pH values ranging from
2 to 3 to ensure an efficient removal of the humic material (see Table 2).

Elution of target compounds from SPE cartridges is achieved with a large
variety of organic solvents, according to the physico-chemical properties of
the compounds analysed, methanol and acetonitrile being the most common
ones (see Tables 1 and 2).

4.2.2.2
Instrumental Analysis

LC-MS/MS is the instrumental method of choice due to its versatility, speci-
ficity and selectivity, replacing GC-MS and LC-MS [190]. GC-MS can only
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be successfully applied for a limited number of non-polar and volatile
pharmaceutical compounds, requiring a time-consuming derivatization step
for the determination of polar pharmaceuticals [216-219]. Among LC-
MS/MS techniques, triple quadrupole (QqQ) and ion trap (IT) instruments
are in common use [92], the former being the most widely used, work-
ing in selected reaction monitoring (SRM) mode and typically reaching
ng/L detection limits. More recent approaches in LC-MS/MS are linear ion
traps (LITs), new generation triple quadrupoles, and hybrid instruments,
such as quadrupole-time of flight (QQTOF) and quadrupole-linear ion trap
(QqLIT) [92, 220].

The main applications of QqTOF instruments are focused on the elucida-
tion of structures proposed for transformation products or are used as a com-
plementary tool to confirm positive findings obtained by a QqQ screening
method. Recently, Eichhorn et al. [221] reported on the structural elucida-
tion of the metabolites of the antimicrobial trimethoprim. Stolker et al. [203],
Marchese et al. [222], Petrovic et al. [93] and Gémez et al. [223] used QqTOF
to identify the presence of various pharmaceuticals in environmental waters.
Recently, Pozo et al. [224] evaluated the potential of a QqTOF instrument
to confirm positive findings in the analysis of penicillin and quinolone anti-
biotics in surface and ground water samples. An example of the analysis
of selected pharmaceuticals in an urban wastewater by UPLC-QqTOF-MS is
shown in Fig. 4.

As concerns QqLIT, Seitz et al. [225] developed a method for the de-
termination of diclofenac, carbamazepine and iodinated X-ray contrast me-
dia using direct analysis (among other contaminants), reaching LODs of
10 ng/L. Nikolai et al. [226] used QqQLIT operating in QqQ mode for stereoiso-
mer quantification of f-blockers in wastewater. On the other hand, Gros
et al. [212] developed an analytical methodology for trace analysis of eight
p-blockers in wastewaters using MIPs for pre-concentration of target com-
pounds combining different functions of QqQ. Quantitative analysis was per-
formed using a 4000QTRAP tandem mass spectrometer in SRM mode. Using
the information-dependent acquisition (IDA) function in the software, a large
amount of data for unequivocal identification and confirmation of the target
compounds were generated at high sensitivity. An example of an IDA experi-
ment for the determination of atenolol in an influent wastewater sample is
shown in Fig. 5.

Regarding LC, reversed-phase LC is mainly used, C;3 columns being the
preferred ones. Only one method, targeted to acidic drugs, was based on ion-
pair reversed-phase LC with a Phenyl-Hexyl column [227]. As mobile phases,
acetonitrile, methanol, or mixtures of both solvents are normally used. In
order to improve the sensitivity of MS detection and give an efficient reten-
tion, mobile phase modifiers, buffers and acids are widely employed, with
ammonium acetate, tri-n-butylamine (TrBA), formic acid and acetic acid be-
ing the more common ones. Typical concentrations of salts range from 2 to
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Fig.4 Confirmation of several pharmaceuticals in an urban wastewater. Left panel:
narrow window extracted ion chromatograms (nwXICs) of [M+H]* obtained in the
TOF mode for m/z 152.071 (acetaminophen), m/z 291.146 (trimethoprim), m/z 749.516
(azithromycin), m/z 734.468 (erythromycin), m/z 231.150 (propyphenazone) and
m/z 237.103 (carbamazepine). Right panel: product ion spectra obtained in the Q-TOF
mode

20 mM, since it has been observed that higher concentrations could lead to
a reduction of signal intensities [190].

Shortening the analysis time is important for attaining the high sample
throughput often required in monitoring studies. This can be achieved by
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Fig.5 Information-dependent acquisition (IDA) experiment for the determination of
atenolol in an influent wastewater sample

using short columns and increased flow velocity, decreasing the particle size
of stationary phases or increasing temperature. These approaches are applied
in two newly developed instruments, UPLC (ultra-performance LC) and by
RRLC (rapid resolution LC). For the moment, only one publication presented
by Petrovic et al. [93] describes the use of UPLC coupled to a QqTOF sys-
tem for the multi-residue analysis of 29 pharmaceuticals in environmental
waters. Compounds more frequently detected in multi-residue methods and
their MRM transitions are summarized in Table 3.
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423
Personal Care Products (PCPs)

This group of compounds includes synthetic musk fragrances (nitro and
polycyclic musk fragrances), antimicrobials (triclosan and its metabolites and
triclocarban), sunscreen agents (ultraviolet filters), insect repellents (N,N-
diethyl-m-toluamide, known as DEET) and parabens (p-hydroxybenzoic
esters), which are basically substances used in soaps, shampoos, deodor-
ants, lotions, toothpaste and other PCPs. The nitro musk fragrances were
the first to be produced and include musk xylene, ketone, ambrette,
moskene and tibetene. In the environment, the nitro substituents can
be reduced to form amino metabolites of these compounds. The poly-
cyclic musk fragrances, which are used in higher quantities than nitro
musks, include 1,2,4,6,7,8-hexahydro-4,6,6,7,8,8-hexamethylcyclopenta-y-
2-benzopyrane (HHCB), 7-acetyl-1,1,3,4,4,6-hexamethyl-1,2,3,4-tetrahydro-
naphthalene (AHTN), 4-acetyl-1,1-dimethyl-6-tert-butylindane (ADBI), 6-
acetyl-1,1,2,3,3,5-hexamethylindane (AHMI), 5-acetyl-1,1,2,6-tetramethyl-3-
isopropylindane (ATII) and 6,7-dihydro-1,1,2,3,3-pentamethyl-4-(5H)-inda-
none (DPMI). Parabens are the most common preservatives used in personal
care products and in pharmaceuticals and food products. This group of sub-
stances includes methylparaben, propylparaben, ethylparaben, butylparaben
and benzylparaben.

These substances have been analysed in various environmental matrices,
such as water, sediments, sewage sludge and aquatic biota. The hydrophobic-
ity of many of these compounds indicates their potential for bioaccumula-
tion [228].

4.23.1
Sample Preparation

Methods used for the extraction of PCPs from water samples are based
on liquid-liquid extraction (LLE) [1,52-67], continuous liquid-liquid ex-
traction (CLLE), SPE [219,229-231] and SPME [232,233]. When LLE and
CLLE are applied, various organic solvents are used for the extraction of
target compounds, dichloromethane, pentane [234, 235], hexane [236-238],
toluene [239,240], cyclohexane [233] and petroleum ether [241], and mix-
tures of them in appropriate proportions, being the most widely employed
(see Table 2). Extraction of target compounds using these techniques is per-
formed either at ambient pH or by acidifying the sample, generally to values
ranging from pH 2 to 3 [219, 228]. For the extraction of UV filters, LLE with
cyclohexane at pH 3 is the most common procedure [228].

For SPE, a wide range of sorbents are used, including C;s [219, 230, 231, 242~
248] at ambient and acidic (pH<3) sample pH, Abselut Nexus [249, 250]
(Varian, Palo Alto, CA, USA), Isolute ENV+ [231], Oasis MAX [241], Bio Beads
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SM-2 [251-253] (Bio-Rad Laboratories, Hercules, CA, USA), XAD-2 [254] (Su-
pelco, St. Louis, MO, USA), SDB-XC [255,256] and XAD-4/XAD-8 [254, 257].
Elution of target compounds from these materials is achieved with a large
variety of organic solvents, according to the physico-chemical properties of
the compounds analysed, with acetone, methanol, toluene, hexane, mixtures
of dichloromethane/acetone and methanol, hexane/acetone or hexane/ethyl
acetate and acetone/ethyl acetate being the most widely used [228]. When ana-
lysing antimicrobials with Oasis MAX, the sample is acidified (pH 3) prior
to extraction, washed with methanol/sodium acetate solution and eluted with
pure methanol. For parabens, few methods are reported relevant to environ-
mental matrices, but their analysis is mainly based on SPE extraction using
Oasis HLB.

Sometimes, when using these techniques, sample purification prior to
instrumental analysis is necessary, generally using SPE with silica and alu-
mina [228]. The most common techniques used for their extraction from
sewage sludge include PFE [197,231, 241,244, 245,252, 258,259], SFE [230,
241] (using CO), sonication, Soxhlet [240,260-263], LLE [264,265] and
MAE [266]. Sometimes, before extraction of target compounds, copper is
added to remove sulphur content in the samples. Generally, after extrac-
tion, a purification step with silica columns or size-exclusion chromatography
(SEC) followed by Bio Beads SX-3 or silica columns is required. Hexane, ethyl
acetate, acetone, cyclohexane and mixtures of them are the solvents mainly
used for the elution of target compounds [228].

On the other hand, SPME has also been a widespread technique for the
extraction of PCPs in environmental waters and solid samples, using either
direct (DI-SPME) or headspace (HS-SPME) methods [228, 248, 267, 268]. The
materials most commonly used are polydimethylsiloxane (100 jum) (PDMS)
for DI-SPME, and PDMS-DVB (65 um), Carboxen-PDMS (75 um), Carbowax-
DVB (65 wm) and Carbowax-PDMS (65 pm) for both types of SPME, PDMS-
DVB being the one yielding higher recoveries [228].

The extraction techniques used for the analysis of biota samples are the
same as those used for solid samples but after extraction, removal of the lipid
content is essential, generally performed by SEC in tandem with Bio Beads
SX-3 cartridges. For the determination of nitro musks, lipids cannot be re-
moved destructively with H,SO4 since important losses of target compounds
could occur.

4.23.2
Instrumental Analysis

Synthetic musk fragrance standards and deuterated musk xylene and AHTN
standards are commercially available for use as recovery or injection stan-
dards. There have been reports of problems with the use of the deuterated
AHTN (AHTN-ds3) due to the occurrence of proton exchange during sample
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processing [228]. A variety of other recovery and injection standards have
been used for the analysis of synthetic musk fragrances, including penta-
chloronitrobenzene, deuterated polycyclic aromatic hydrocarbons (PAHs),
and various labelled and unlabelled polychlorinated biphenyls (PCBs).

PCPs are most commonly analysed by GC-EI-MS, but GC-NCI-MS is more
sensitive for nitro musk fragrances. These compounds have also been ana-
lysed by GC-FID, GC-ECD, and high-resolution and ion-trap tandem mass
spectrometry (MS/MS). Common GC phases are 5% phenylmethylpolysilox-
ane and dimethylpolysiloxane [228].

Triclosan and its chlorinated metabolites are also determined by GC-EI-
MS with and without derivatization, LC-MS and LC-MS/MS. When derivatiz-
ing, N,N-diethyltrimethylamine (TMS-DEA), N,O-bis(trimethysilyl)trifluoro-
acetamide (BSTFA), pentafluorinated triclosan and tert-butyldimethylsilyl
triclosan are the ether derivatives generated after reaction with methyl
chloroformate (MCF), pentafluoropropionic acid anhydride (PFA) and N-
tert-butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA), respect-
ively [228].

GC-based techniques dominate the analysis of UV filters and insect re-
pellents, using DB-5 and 5% polyphenylmethylsilicone columns, respectively.
Almost all UV filters are amenable to GC except octyl triazone, avoben-
zone, 4-isopropyldibenzoylmethane and 2-phenylbenzimidazole-5-sulphonic
acid, some of them being determined by HPLC-UV. Although there are few
methods published dealing with the analysis of parabens in environmental
samples, the methods reported are based on LC-MS/MS under NI conditions
using a Cig column.

4.3
Surfactants

A number of books and reviews are already available on the determination
of surfactants in wastewaters, sludges, sediments and biological samples,
using GC-MS, LC-MS or LC-MS/MS techniques [4,269-271]. Among the var-
ious surfactant classes, both non-ionic and ionic substances are the most
widely employed in both industry (e.g. alcohol ethoxylates (AEOs), alkylphe-
nol ethoxylates (APEOs) and different fatty amine or acid ethoxylates [269])
and household applications (linear alkylbenzene sulphonates (LASs)).

From the environmental point of view, APEOs and LASs are the ones
deserving especial attention due to their ubiquity and ecotoxicological rele-
vance. Sixty percent of APEOs that enter mechanical or biological sewage or
sewage sludge treatment plants are subsequently released into the environ-
ment, 85% being in the form of the potentially estrogenic metabolic products,
alkylphenols (APs), alkylphenol carboxylates (APECs) and alkylphenol dicar-
boxylates (CAPECs) [272-275]. Moreover, numerous studies have confirmed
that alkylphenolic compounds can mimic endogenous hormones. APEOs and
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their biodegradation products are transformed into halogenated by-products
during chlorination disinfection in wastewater or drinking water treatment
plants, in the presence of bromide ion [276, 277].

4.3.1
Sample Preparation

Both ionic and non-ionic surfactants are generally isolated from water sam-
ples by SPE, at natural sample pH, Lichrolut C;g cartridges (Merck, Darm-
stadt, Germany) being the most widely employed. For halogenated deriva-
tives, SPE using Lichrolut C;g is also widely employed [278]. Elution is usually
performed using pure solvents, with methanol the most common one [5].

Analysis of surfactants and their halogenated derivatives from solid sam-
ples is challenging due to their strong adsorption on the soil/sludge particles
by hydrophobic and electrostatic interactions. Most of the methods available
in the literature are based on sonication and PLE as the extraction tech-
nique followed by a clean-up procedure, generally using SPE C;3, ENV+,
strong anion exchange (SAX) or polymeric cartridges [5,279-281]. The for-
mer has been widely employed for the analysis of LASs, NPEOs and their
degradation products nonylphenol carboxylates (NPECs) and NPs, AEOs, and
coconut diethanolamides (CDEAs) [282]. On the other hand, PLE methods
have been optimized for LASs, NPEOs and their neutral and acidic metabo-
lites, AEOs and alkylamine ethoxylates (ANEOs) [282]. Pure solvents, such
as methanol and dichloromethane, and mixtures of organic solvents (hex-
ane/acetone or methanol/dichloromethane) are mainly used for the extrac-
tion of surfactants from solid matrices (see Table 2). Other methods based on
extraction with pressurized (supercritical) hot water as well as SFE with solid-
phase trapping, using CO, and methanol or water as modifier, have been
described in the literature for the simultaneous extraction of several surfac-
tant classes [282].

4.3.2
Instrumental Analysis

Commercial mixtures of surfactants comprise several tens to hundreds of
homologues, oligomers and isomers. For LASs, mixtures of secondary iso-
mers with alkyl chain lengths of 10-13 carbons are available.

GC and LC coupled to MS detection systems are now the commonly used
methods to identify and quantitate surfactants in both aqueous and solid
matrices. Although GC-MS is adopted in many analytical methodologies, it
cannot be applied for the direct determination of several classes of surfactants
since derivatization of low volatility compounds is required. This is why, in
surfactants analysis, GC-MS methods are partially substituted with LC-MS or
LC-MS/MS [269, 283]. However, most of the methods available focus on one
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or two classes of surfactants which are similar in nature, generally includ-
ing their main degradation products. Only recently, several efforts have been
made to develop generic methods that allow simultaneous determination of
a broad range of surfactant types.

Gas chromatography-mass spectrometry has been widely used for the
analysis of alkylphenolic compounds and anionic surfactants (LASs). Alkyl-
phenolic substances, which mainly include the most volatile compounds AP,
APEOQ, AEO and ANEO with fewer than four ethoxy groups, and the rest of
the non-ionic surfactants can be determined without derivatization, while for
anionic surfactants derivatization prior to analysis is required [284]. Deriva-
tization is usually performed by transforming parent compounds to the cor-
responding trimethylsilyl ethers, methyl ethers, acetyl esters and pentafluo-
robenzoyl or heptafluorobutyl esters [5, 285, 286]. After derivatization, NPEO
derivatives can be analysed by GC-MS in the EI or NCI modes [130]. GC-CI-
MS, using ammonia as reagent gas for the detection of NPE,C, gave intense
ammonia-molecular ion adducts of the methyl esters, at m/z 246, 310, 354
and 398 for NPE;C, NPE,C, NPE;C and NPE4C, respectively, with little or
no secondary fragmentation [5]. Moreover, GC-CI-MS spectra of the NPECs
with isobutene as reagent gas showed characteristic hydride-ion-abstracted
fragment ions shifted 1 Da from those in the corresponding EI mass spec-
tra. On-line direct GC injection-port derivatization with ion-pair reagents
(tetraalkylammonium salts) has also been reported [287].

As concerns liquid chromatography, even though LC-MS/MS is more spe-
cific and sensitive than LC-MS, the majority of studies dealing with the ana-
lysis of surfactants in environmental samples are based on LC-MS [128, 270].
However, several papers describing the application of tandem MS to the
unambiguous identification and structural elucidation of alkylphenolic com-
pounds have been published [275, 288-291].

The analysis of LASs by LC-MS operating in the ESI and NI modes is par-
ticularly attractive due to their anionic character. MS analysis of commercial
LAS mixtures shows four ions at m/z 297, 311, 325 and 339, corresponding to
deprotonated molecules of C;p-C;3 LAS homologues [282]. With increasing
cone voltage using in-source collision-induced dissociation (CID), the spec-
tra show additional fragment ions at m/z 183 and 80, which were assigned to
styrene-4-sulphonate and [SO3]~. The analysis of APEOs by LC-MS in the PI
mode yields a characteristic pattern of equally spaced signals with mass dif-
ferences of 44 Da (one ethoxy unit), which is a diagnostic fingerprint for this
group of compounds. Using an ESI interface and aprotic solvent, APEOs pre-
dominantly give evenly spaced sodium adducts [M + Na]* [270], which are
relatively stable and generally no further structurally significant fragmenta-
tion is provided in the mass spectrum. Some authors used ammonium acetate
as mobile phase in order to enhance the formation of ammonium adducts
over sodium or proton adducts, which give fragments in CID processes, en-
abling a more specific detection of APEOs [275].
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On the other hand, alkylphenoxy carboxylates (APE,C) are generally de-
termined by ESI operating in the NI mode, and less frequently by the PI
mode [282]. For the analysis by NI, two types of ions, one corresponding
to the deprotonated molecule and the other corresponding to deprotonated
alkylphenols, are obtained. For the determination of AEOs, some authors
used LC-MS operating in APCI mode [282] to analyse AEOs with alkyl chains
from Cyg to Ci4 and from Cy to Cyg.

Like their non-halogenated analogues, halogenated APEOs show a great
affinity for alkali metal ions when analysed by LC-MS in ESI mode, and they
give exclusively evenly spaced (44 Da) sodium adduct peaks [M + Na]* with
no further structurally significant fragmentation [277]. Fully de-ethoxylated
degradation products, octylphenol (OP) and nonylphenol (NP), were de-
tected under NI conditions with both APCI and ESI interfaces. However,
sensitivity was higher when using an ESI source than an APCI one [5].

Diagnostic ions used for the analysis of XAPEOs under NI conditions
using LC-MS corresponded to the cleavage of the alkyl moiety (CH, group),
leading to a sequential loss of m/z 14, the most abundant fragments being at
m/z 167 for >>Cl and m/z 169 for *’CL.

In LC-tandem MS, compounds analysed under NI conditions (AP, APEC
and their halogenated derivatives) were analysed by ESI-MS/MS, while for
APEOQ, detected in the PI mode, no fragmentation was obtained using an
ESI source. These compounds were determined by APCI-MS/MS. Using ESI-
MS/MS, the CID spectrum of NP shows fragments at m/z 147, 133, 110 and 93,
attributed to the progressive fragmentation of the alkyl chain [5]. For APEC,
an intense signal at m/z 219 is observed for NPEC, produced after the loss
of the carboxylated (ethoxy) chain, and other peaks at m/z 133 and 147, due
to the sequential fragmentation of the alkyl chain [128, 275, 288]. LC-tandem
MS was also used to determine halogenated surfactants, obtaining the same
product ions as for LC-MS, with m/z 167 for 35Cl and m/z 169 for 37Cl, with
a relative ratio of intensities of 3.03, being the most abundant fragment ions.

LC-ESI-IT-MS and LC-(PI)-APCI-IT-MS have been used to determine LASs
and SPCs, and APEOs, AEOs and cationic surfactants, respectively, in several
environmental matrices [292-296]. These instruments permit MS”, which
makes them suitable for identification and quantitation purposes. On the
other hand, MALDI-TOF and MALDI-Q-IT have been used to determine
APEOs [297, 298]. Ayorinde et al. [292] used a-cyano-4-hydroxycinnamic acid
as a matrix to determine NPEO (with 2-120 ethoxy units).

4.4
Polybrominated Diphenyl Ethers (PBDEs)

Polybrominated flame retardants are chemicals used in large quantities as
they are added to polymers, which are used in plastics, textiles, electronic
circuitry and other materials, to prevent fires, due to their fire retarding
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properties [299]. Several studies have reported that these substances tend
to bioaccumulate in biota and humans due to their lipophilicity [300-311].
Moreover, PBDEs are suspected to cause endocrine dysfunction by interfering
with thyroid hormone metabolism [312,313]. In 2003, the European Union
banned the use of the PBDE commercial mixtures PentaBDE and OctaBDE.
Nowadays, the only remaining unregulated PBDE mixture in production is
DecaBDE [314].

441
Sample Preparation

Analytical methods developed for the determination of PBDEs are very simi-
lar to those used for PCBs, due to their similarity in physico-chemical prop-
erties. As they are non-polar compounds, their occurrence has been widely
reported in solid samples, such as sewage sludge, soil and sediments. For this
reason, the determination of PBDEs in liquid samples is mainly focused on
the analysis of human milk or plasma, while few studies have analysed them
in natural and sewage waters [81].

BDE congeners typically measured in human tissues are associated pri-
marily with the PentaBDE mixture, and to some extent with the OctaBDE
mixture. One of the greatest challenges to measuring PBDEs in environmen-
tal samples has been developing methods to accurately quantify BDE 209.
While analytical methods are readily available for quantifying tribromi-
nated through heptabrominated congeners found in the PentaBDE and
OctaBDE mixtures, the analysis of brominated compounds has proven to
be difficult. Currently, there are several reviews available in the scien-
tific literature devoted to the analysis of PBDEs in different environmental
matrices [81, 82,299].

The techniques used are mainly based on liquid-liquid extraction (LLE)
[315-319], with mixtures of non-polar and polar solvents. Recently, head-
space solid-phase microextraction (HS-SPME) and microporous membrane
liquid-liquid extraction (MMLLE) have been proposed as suitable tech-
niques [320]. Other techniques used consist of saponification with ethanolic
KOH, especially for their analysis in human milk [299]. Similar procedures
involving protein denaturation with HCl/isopropanol and extraction with
hexane/methyl tert-butyl ether have been used for the determination of neu-
tral and phenolic brominated compounds from human serum [321].

Extraction of PBDEs from solid and biological samples is generally per-
formed using non-polar solvents, such as hexane, toluene, dichloromethane
or hexane/acetone mixtures. Binary solvent mixtures, combining a non-polar
and a polar solvent, are most commonly used for their known extraction effi-
ciency, especially for biota and wet sediment samples, as non-polar solvents
are not able to penetrate the organic matter and therefore desorb contami-
nants. Soxhlet [322-324], supercritical-fluid extraction (SFE) [325], acceler-
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ated solvent extraction [326, 327] and microwave-assisted extraction (MAE)
are the techniques mainly used [328].

Extracts obtained using these techniques need a clean-up step prior their
analysis by chromatographic techniques. Therefore, extracts from sediments,
sewage sludge or soil samples may contain sulphur that has to be removed
as it could disturb the GC analysis. Typical methods used for this purpose
are treatment with copper powder, silica modified with AgNO3 in a multi-
layer silica column, desulphuration with mercury or reaction with tetrabutyl-
ammonium sulphite [81,82,299]. In the case of Cu powder, it is generally
added in the Soxhlet beaker or PLE cell.

On the other hand, in the case of sewage sludge, extracts contain
a high amount of lipids and organic matter, which should be removed
prior to instrumental analysis, by either non-destructive or destructive
methods. The former include gel permeation and column adsorption chro-
matography, using polystyrene-divinylbenzene copolymeric columns and
dichloromethane or mixtures of dichloromethane/hexane and ethyl ac-
etate/cyclohexane as eluents. Other neutral adsorbents commonly used are
silica gel, alumina and Florisil® [323, 329]. Destructive lipid removal methods
consist of sulphuric acid treatment, either directly to the extract or via im-
pregnated silica columns, and saponification of extracts by heating with
ethanolic KOH. Since PBDE concentrations are generally related to the
amount of lipids, the lipid content is often measured gravimetrically prior
to the clean-up step, or determined separately by a total lipid determin-
ation [299, 323].

It is important to remark that when analysing BDE 209 special precau-
tions should be taken, as it is sensitive to UV light and it may also adsorb to
small dust particles. Therefore, incoming sunlight into the laboratory should
be blocked and all glassware covered with aluminium foil, to prevent dust
particles and UV light entering either the solutions or samples. The use of
isooctane for the extraction should be avoided due to the insolubility of
BDE 209 in this solvent. Moreover, it is recommended not to evaporate ex-
tracts until dryness because it may not completely re-dissolve after that step
even when using toluene.

442
Instrumental Analysis

Like perfluorinated alkyl substances, standards available for PBDE determin-
ation consist of a mixture of several congeners of different degrees of bromi-
nation. As reported by Stapleton [314], about 160 of the 209 possible BDE
congeners are currently commercially available. Isotopically labelled stan-
dards to be used for internal standard calibration purposes are scarce, and
therefore some authors have used *C-labelled bromobiphenyls and chlori-
nated diphenyl ethers as an alternative.
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Owing to their vapour pressure and polarity, GC coupled to ECD, NCI-
LRMS and EI-LRMS detectors has become a standard analytical separa-
tion method for the analysis of PBDEs. The three most common injection
techniques for PBDEs are split/splitless, on-column and programmable tem-
perature vaporization (PTV) injection. When working with split/splitless
injection, the high inlet temperature can lead to thermal degradation and dis-
crimination of higher molecular weight PBDEs, particularly the fully bromi-
nated BDE 209. This problem can be solved by using on-column injection,
which consists of the direct injection of the sample, dissolved in a carrier sol-
vent, onto the head of the column [314, 330]. PTV inlets have become a more
popular choice for injection over the past 5 years, where higher injection vol-
umes can be used, thus improving detection limits.

Both on-column and PTV injections require the use of a guard column,
composed either of untreated silica with active silanol groups or deacti-
vated fused silica. Short DB columns (10-15 m) with thin (0.1 um) stationary
phases are the most commonly used and the ones providing higher sensitivity
for measuring the entire range (low to high bromine substitution). However,
longer columns are not well suited for higher molecular weight PBDEs, as
they can degrade [314]. Again, BDE 209 should receive special attention, due
to its susceptibility to degrade at higher temperatures in the GC system.

ECNI-LRMS provides higher sensitivity than EI-LRMS, the LODs for the
former being at least one order of magnitude lower than for the latter. How-
ever, EI-LRMS provides higher specificity and accuracy in quantification, as
isotopically labelled standards can be used for the isotope dilution approach.

GC/ECNI-LRMS mass spectra for all PBDEs rely upon selective ion moni-
toring (SIM) of Br~ ions [”Br and ®'Br]. By contrast, EI provides more
structural information, giving the molecular ions and the sequential losses of
bromine atoms (molecular clusters for mono- to tri-BDEs and [MBr;]* for
tetra- to hepta-BDEs).

The presence of potential interferences in the NCI and EI approaches has
been widely studied [314, 331, 332]. In general, EI-MS is affected by chlorinated
interferences, especially PCBs, as analytical procedures developed for PBDE
analysis are mainly based on the methods already available for PCBs. Thus, pu-
rified extracts may contain both PCBs and PBDEs. Alaee et al. [332] found that
the isotopic cluster of [M — Cl,]* from heptachlorinated biphenyls contains the
same mass fragments found in tetrabrominated diphenyl ethers [M — Br,]* and
resolving powers of 25000 (m/Am) were required to differentiate them.

Such interferences are illustrated in Figs. 6 and 7, where the chro-
matograms obtained following the injection of a PBDE standard mixture and
PCB standard mixtures are depicted. As can be observed, some hepta-CBs
(CB-180) and octa-CBs (CB-199) elute with tetra-BDEs. Furthermore, some
octa-CBs (CB-194) elute with penta-BDEs [82].

When using NICI-LRMS, such chlorinated interferences do not occur, but
due to the presence of different brominated compounds, such as MeO-BDEs,
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Fig.6 Interferences between tetra-BDEs and hepta-CBs. Reprinted with permission from
Elsevier [331]

can produce the same fragment ion and confound analysis of PBDEs. Sev-
eral papers have reported the co-elution of 2,2'4,4',5'5-hexabromobiphenyl
(PBB 153) and TBBPA with BDE 154 and of tetrabromobisphenol A with
BDE 153 [81, 323, 333-336] on 15- and 30-cm capillary columns. Moreover, nat-
urally produced brominated compounds, such as halogenated bipyrroles and
brominated phenoxyanisoles, can be considered as potential interferences.

High-resolution instruments operating in the EI mode offer the best se-
lectivity for PBDE measurements, with a mass resolution of approximately
10000, resulting in fewer co-eluting interferences [337]. Moreover, they also
allow the use of isotope dilution with '3C-labelled BDE standards due to the
reduction of interferences.

Tandem mass spectrometers using ion traps have also been reported for
the analysis of PBDEs [338, 339], offering the advantage of increased sensitiv-
ity at low mass resolution because analytes are fragmented twice, minimizing
the chance of isobaric interferences and reducing background noise. In this
equipment, precursor ions, which are typically [M]* or [M - Br,]*, are frag-
mented yielding [M — COBr]~ ions.
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and penta-BDEs. BDE-47 and CB-180 eluted at the same retention time. Reprinted with
permission from Elsevier [331]

HR-TOF mass spectrometers have also been used to determine PBDEs in
environmental samples, with detection limits comparable to those of most
other MS techniques [340, 341]. Alternative analytical techniques are LC-MS,
LC-MS/MS [342, 343] and GCx GC [336, 340]. The former two are promising,
but use atmospheric pressure photoionization (APPI), as PBDEs do not ion-
ize well with either ESI or APCI. When working with APPI, both negative and
positive ionization modes are suitable for their analysis, depending on the de-
gree of bromine substitution. However, the analysis of metabolites, such as
hydroxylated BDEs (OH-BDEs), can be successfully conducted when operat-
ing in ESI mode. Finally, GCx GC could be very useful to avoid the co-elution
problems found in standard GC-MS methods [344].
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4.5
Methyl tert-Butyl Ether (MTBE) and Other Gasoline Additives

MTBE, and gasoline additives in general, are not usually analysed in waste-
waters, but this section was included as they are an important group of
compounds to be considered when dealing with emerging contaminants.
Fuel oxygenates have been added to gasoline since the 1970s, mainly as oc-
tane enhancers that increase the combustion efficiency and reduce toxic air
emissions, such as lead compounds or carbon monoxide. Since the ban on
tetraalkyl lead compounds, MTBE has become the most commonly used oxy-
genate and the one with the highest production volume worldwide [345].

Among fuel additives, MTBE is the ether with higher solubility and lower
sorption and Henry’s law constant, enhancing its higher mobility (nearly as fast
as that of ground water) and the difficulty in removing it from water by aeration
or degradation processes [346]. For this reason, as well as its intense use, MTBE
has become one of the most frequently detected volatile organic compounds
(VOCs) in ground water which can be adsorbed on subsurface solids [346].

Besides the health effects, toxicity and carcinogenicity at high concen-
trations [347], there is much interest in the aesthetic implications of MTBE
in drinking water. Taste and odour thresholds for this compound in water
have been reported at very low concentrations, approximately 25-60 pg/L for
flavour and 40-70 pg/L for odour at 25 °C [347]. For this reason, the US En-
vironmental Protection Agency (EPA) established a drinking water advisory
for aesthetic concerns at 20-40 pug/L [347]. To date, there are no regulations
for MTBE in water, air or soil in Europe but some countries are establishing
their own guidelines.

Analytical methodologies dealing with the analysis of MTBE also include
the determination of its main degradation products, tert-butyl alcohol (TBA)
and tert-butyl formate (TBF), as well as other gasoline additives present in
fuel, such as the oxygenate dialkyl ethers, for example ethyl tert-butyl ether,
tert-amyl methyl ether and diisopropyl ether, and the aromatic compounds
benzene, toluene, ethylbenzene and xylene (BTEX).

4.5.1
Analysis in Environmental Samples

There are some reviews devoted to the analysis of MTBE and other gaso-
line additives in environmental samples [346, 348, 349]. Even though MTBE is
more likely to be present in ground and surface waters as well as soil samples,
due to its physico-chemical properties (high mobility and solubility), some
studies also revealed its presence in wastewaters [350, 351].

The most crucial step in trace analysis of VOCs is definitely enrichment
and sampling. For MTBE analysis, samples do not need to be preserved, as
biodegradation is very slow [352]. However, special precautions have to be
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taken in VOC analysis to avoid losses and prevent contamination. Bottles used
to collect samples are filled to the top, avoiding air bubbles passing through
the sample, to prevent volatilization of target compounds [347].

As to enrichment techniques, some methodologies, including direct aque-
ous injection (DAI), membrane-introduction mass spectrometry (MIMS),
headspace (HS) analysis, purge and trap (P&T), solid-phase microextraction
(SPME) by direct immersion or headspace compound-specific stable isotope
analysis (CSIA), which is an emerging tool in environmental sciences, have
been proposed and discussed by [353,354] as appropriate methods to be
used. These techniques are recommended when VOCs are found at lower con-
centrations and they mainly operate coupled to an instrumental technique. As
VOCs, fuel oxygenates are almost exclusively analysed by GC and MS detec-
tion. Other detectors, such as flame ionization (FID), photoionization (PID)
and atomic emission (AED), can also be used, but MS is the preferred one
due to its higher sensitivity and selectivity [350]. In Tables 1 and 2, some of
the most representative methods for the analysis of MTBE and other gasoline
additives in water and solid samples, respectively, are described.

The selection of one technique or another depends on the type of ma-
trix analysed, the concentration range and the need for compliance with the
regulations [350]. P&T and SPME were the methods that obtained the best
accuracy in a MTBE inter-laboratory study with 20 European participating
laboratories and, when coupled with mass spectrometry, were the ones offer-
ing the best results according to the quality state assurance/quality control re-
quirements [350, 355]. When P&T is used, VOCs are purged from water with
helium, and generally they are subsequently adsorbed onto a Tenax® silica
gel-charcoal trap. After sample loading, trapped components are desorbed at
high temperatures and transferred directly to the GC-MS system [347].

For the analysis of MTBE and gasoline additives in solid samples, the
same techniques as for water samples (P&T, SPME, etc.) are used [350].
Pressurized-liquid extraction (PLE) has also been used for the determin-
ation of higher concentrations (mg/kg) of BTEX (Application note 324) in
soils using hexane/acetone (1:1). A semi-automatic purge-and-membrane
inlet mass spectrometric (PAM-MS) instrument [377] provided good sen-
sitivity and accuracy for some BTEX compounds and MTBE. Among the
ifferent types of P&T instruments assembled for the analysis of VOCs in solid
matrices [356-361], closed-system P&T is directed to determine low concen-
trations (<200 pg/kg), as indicated in the EPA Method 5035 [350].

Quantitative analysis of MTBE, its degradation products and other gaso-
line additives is performed by operating the mass spectrometer in EI mode,
generally at 70 V. In order to increase sensitivity and selectivity, samples
are injected in time scheduled SIM mode. Due to the rather high energy
transfer in the EI ionization mode, fuel oxygenates do not yield molecular
ions. Typical fragments obtained correspond to the a-cleavage [M — CH3]* or
[M — CH;5]", taken as base peaks in the mass spectra [347]. Typical columns
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used in the GC separation are fused-silica capillary DB-624 columns (75 m x
0.53 mm ID) with a 3-pum film thickness.

5
Conclusions

Among modern analytical techniques, GC and LC, coupled to both MS and
tandem MS, are the key techniques for the determination of emerging con-
taminants in complex environmental samples. These techniques, combined
with appropriate sample preparation procedures, allow the detection of target
compounds at the low environmental levels. Furthermore, the introduction
of new chromatographic techniques, such as fast LC, fast GC, and GCx GC,
has improved the analysis of complex mixtures. However, current analytical
methods only focus their attention on parent target compounds and rarely
include metabolites and transformation products. The question is whether
chemical analysis of only target compounds is sufficient to assess contami-
nants present in the environment. Recent developments in the mass spectro-
metry field, such as the introduction of Q-TOF and Q-LIT instruments, allow
the simultaneous determination of both parent and transformation products.
Exact mass measurements provided by Q-TOF and the ability to combine
several scan functions are a powerful tool to provide a more accurate identi-
fication of target compounds in complex samples, as well as to enable struc-
tural elucidation of unknown compounds. However, general screening for
unknown substances is time-consuming and expensive, and is often shattered
by problems, such as lack of standards and mass spectral libraries. Therefore,
effect-related analysis, focused on relevant compounds, nowadays seems to
be a more appropriate way to assess and study environmental contamination
problems.
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Abstract Acute or chronic toxicity profiling represents one of the critical elements for
scientifically reliable characterization and prioritization of potentially hazardous con-
taminants. The very same is true for so-called emerging contaminants, regardless of
the definition used in defining various aspects of “emerging”, including substances
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that belong to new chemical classes, new types of use, new effects, mechanism of ac-
tion, source, or exposure route. From the (eco)toxicological perspective, however, there
are two essential drawbacks which prevent efficient characterization of risk posed to
humans and the environment by the presence of emerging contaminants. First is re-
lated to the fact that the potential of analytical chemistry to measure contaminants
currently exceeds our understanding of their potential environmental effects. Secondly,
for most emerging contaminants there is currently little information regarding their po-
tential toxicological significance in ecosystems, particularly the effects from long-term
low-level environmental exposures. Based on these facts a brief overview of acute and
chronic toxic effects on human and wildlife, reported for various classes of emerging
contaminants, is presented in this chapter. The most demanding research unknowns,
methodological drawbacks, and priorities will be highlighted, and finally, future strate-
gies needed for efficient (eco)toxicological characterization of emerging contaminants
will be suggested.

Keywords Acute and chronic toxicity - (Eco)toxicological characterization -
Emerging contaminants
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1
Introduction

Cancer, reproductive disorders, impaired neurological development, allergies
- these are the types of health effects that make headlines. That puts corres-
ponding chemicals “culprits” on the top of any list of emerging contaminants:
potentially toxic substances whose effects or presence are poorly known, often
because these chemicals have only begun to enter the human water or food sup-
ply. On the other hand, humans and wildlife are constantly exposed to a variety
of contaminants present at low levels. These include both new chemicals, with
previously unknown effects and those with well known acute (short-term ex-
posure) human and ecological health effects. The result has been new research
on emerging contaminants and an increased emphasis on methods of analyzing
health effects of contaminants. The area in which several advances have recently
been made is related to long-term health effects of chemical exposure. Other
studies are now examining the impacts of organic compounds which may in-
terfere with the endocrine systems of living organisms. Another active area of
research is focused on how chemicals interact with each other and the natu-
ral environment. Finally, researchers are continuing to find new chemicals that
bioaccumulate in the food chain. Such chemicals can be present in water at very
low levels, however, they accumulate to higher concentrations in living tissue,
substantially magnifying any health effects.

Three components have been usually considered to be critical for a chem-
ical to be classified as highly hazardous contaminant: (1) persistence (struc-
tural stability resulting in long environmental half-lives); (2) lypophilicity
(resulting in bioconcentration and possible biomagnification in the food
chain); and (3) proven acute or chronic toxicity. However, all of these
criteria need certain reconsideration - for example, continual release of
some contaminants by the sewage treatment plants (STPs) give them a
“pseudo-persistance” in aquatic environments; some drugs are actively trans-
ported in cells regardless of their lipid-water partition coefficients; finally,
chemicals may act as indirect toxicants (such as nanoparticles or antibi-
otics, for example). Nevertheless, toxicity remains one of the cornerstones
for scientifically reliable classification and hazard prioritization. From the
(eco)toxicological perspective, however, two serious drawbacks appears to be
essential in preventing efficient and reliable characterization of risk posed to
humans and the environment by the presence of emerging contaminants.

Firstly, due to recent improvements in analytical chemistry, the types of
chemicals that can be detected are increasing, and the limits of concentra-
tion at which they can be detected are continuously lowered. Our ability
to measure contaminants currently exceeds our understanding of their po-
tential environmental effects. Proving the link between real environmental
exposure levels and acute or chronic toxic effects to humans and/or wildlife
is an expensive, time-consuming, and complex research endeavor. Evaluat-
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ing ecological effects of environmental contamination extends beyond ob-
serving co-occurrence of contaminants and adverse effects to documenting
cause-and-effect relationships. Research to characterize cause-and-effect re-
lationships requires documentation of contaminant uptake, modes of action,
and biological endpoints. Numerous substances that act through specific or
sensitive mechanisms of action (e.g., mediated by receptors or other mech-
anisms) may have effects on the environment or sensitive human populations
at concentrations well below those previously considered to be safe. Clearly,
traditional (eco)toxicological methods are not adequate to address the com-
plexity of emerging environmental contaminants. It is a new challenge for
toxicologists to effectively identify and assess the potential impact of these
substances on human and ecological receptors, so that appropriate decisions
can be made that balance the societal and environmental benefits and risks.

Secondly, for most emerging contaminants, there is currently little in-
formation regarding their potential toxicological significance in ecosystems,
particularly effects from long-term, low-level environmental exposures. Fur-
thermore, the fact is that we know very little about the vast majority of the
chemicals we use. In the EU, more than 100 000 chemicals were reported to be
on the market in 1981, which was the first and only time that the chemicals
used in the EU were listed!. For 99% of chemicals (by volume), information
on properties, uses, and risks is sketchy. Chemicals produced in high vol-
umes (above 1000 tons per year) have been examined more closely, and there
are still no data for about 21% of them. Another 65% come with insufficient
data. Similar figures would be anticipated for the US and Japan (Table 1).
Therefore, the raise of emerging contaminants may be only an inevitable con-
sequence of this disproportion.

Table1 Estimated numbers or proportions of indexed, commercially available, regu-
lated/inventoried, and/or toxicologically characterized chemicals [172]

No. of chemicals indexed in the CAS Registry >26 000000
No. of commercially available chemicals 8400000
No. of regulated and/or inventoried chemicals 240000

No. of chemicals marketed in the US/EU 100000

No. of bioactive compounds in various R&D phases >150000
Proportion of chemicals (by volume) with known 1%
properties and risks

Proportion of high volume (>1000t) chemicals 79%
sufficiently characterized

Proportion of high volume (>1000t) chemicals 65%

insufficiently characterized

1 Public availability of data on EU high production volume chemicals, European Chemi-
cals Bureau, Joint Research Centre, European Commission (http://ecb.jrc.it/Data-Availability-
Documents/datavail.doc).
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In an attempt to illustrate these critical drawbacks in this chapter we
will try to present a brief overview of acute and chronic effects to human
and wildlife, reported for various classes of emerging contaminants present
in waste waters and aquatic environments in general. In addition, we will
highlight the most demanding research unknowns, methodological draw-
backs and priorities, and, finally, address future strategies needed for efficient
(eco)toxicological characterization of potentially harmful substances.

2
Emerging Contaminants from (Eco)toxicological Perspective

2.1
Definition(s) - Emerging Contaminants vs. Emerging Concerns

“Emerging contaminants” can be broadly defined as any synthetic or natu-
rally occurring chemical or any microorganism that is not commonly moni-
tored in the environment, but has the potential to enter the environment and
cause known or suspected adverse ecological and/or human health effects.
In some cases, release of emerging chemical or microbial contaminants to
the environment has likely occurred for a long time, but may not have been
recognized until new detection methods were developed. In other cases, syn-
thesis of new chemicals or changes in use and disposal of existing chemicals
can create new sources of emerging contaminants. Not all of these substances
can accurately be described as emerging contaminants or pollutants. Some of
them are found naturally in our surface waters; others are natural substances
which are concentrated by anthropogenic activities; and still others are man-
made chemicals that do not occur in nature. Those pollutants that are truly
new, those that have just gained entry into the environment, are relatively rare
in comparison to known chemicals already being released into aquatic envi-
ronments, and are often confused with those whose presence has just been
detected but which have long been present [1]. The term “emerging” is also
used to describe not the pollutant itself, but rather a new “emerging concern”,
i.e. newly demonstrated toxic effect and/or mechanism of action of an old
pollutant [2]. This approach is highly legitimate and is often favored among
toxicologists in comparison to classifications and definitions based on chem-
ical entities. In reality, however, scientists and regulators will have to deal with
both, “emerging contaminants” and “emerging concerns”, and this artificial
partition is certainly not critical for principal understanding of the problem
and its possible solutions.

Furthermore, once a substance is called an emerging contaminant, the
longevity of its emerging contaminant status in the view of scientists and
the public is largely determined by whether the biological or chemical agent
of concern is persistent and/or has potentially deleterious human or eco-
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toxicological effects. Alternatively, new observations or information (e.g.,
endocrine disruption) on contaminants (e.g., nonylphenol) can cause the re-
consideration of a well known contaminant as a (re)emerging contaminant.
Unfortunately, the same analytical advances which bring contaminants to
the public’s attention do not offer knowledge about whether the newly de-
tected contaminant is of (eco)toxicological interest. Assessing the effects of
these contaminants in the environment remains a major time- and resource-
intensive challenge. Therefore, it is not surprising that, for the many thou-
sands of chemicals being produced or already on the market and the many
new microbes that are being discovered, advances in our understanding of
their (eco)toxicological properties are considerably slow and lag significantly
behind the public’s demand for information. As a result, a contaminant may
be considered for several years to be emerging. Regardless of the definition
in this chapter we will cover different dimensions of “emerging”, including
substances that belong to new chemical classes, new types of use, new effects,
mechanism of action, source, or exposure route.

3
Human vs. Ecological Health Effects

3.1
Human Health Effects — Basic Principals

Human health results from complex interactions among genes and the en-
vironment. Environmental exposures to chemical, physical, and biological
agents may cause or contribute to disease in susceptible individuals. Personal
lifestyle factors, such as diet, smoking, alcohol use, level of exercise, and UV
exposure, often are a primary focus when considering preventable causes of
disease. However, exposures to chemical contaminants at work, at home, in
the outdoors, and even in utero, are increasingly recognized as important and
preventable contributors to human disease [3].

Toxic effects of chemical agents are often not well understood or appre-
ciated by healthcare providers and the general public. Some chemicals, such
as asbestos, vinyl chloride, and lead, are well established as causes of hu-
man disease. There is also good evidence available to suggest increases in the
incidence of some cancers, asthma, and developmental disorders, can be at-
tributed to chemical exposure, particularly in young children. Other diseases,
such as amyotrophic lateral sclerosis (ALS) or Gulf War Syndrome have been
hypothesized to be associated with chemical exposures, but the evidence is
limited.

The effects of chemical exposures in humans are difficult to study, because
controlled human experimentation is not ethically feasible. There is limited
human data obtained from accidental exposures, overdoses, or studies of work-
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ers exposed occupationally. Environmental exposure studies in the general
population also can be useful, though they often have limitations. Many dis-
eases, such as cancer, may not appear until decades after an exposure has
occurred, making it difficult for causal associations to be identified. Exposure
assessment, a critical step in environmental epidemiologic studies, is difficult.
Retrospective exposure assessment usually requires estimates and consider-
able judgment and is subject to significant error. An individual’s exposure may
change over time, and exposures to multiple chemicals occur both in the home
and work environments. It is difficult for individuals to remember or even know
what they have been exposed to. Furthermore, the effects of chemical expo-
sures may vary, depending on the age of exposure (in utero, childhood, adult),
the route of exposure (ingestion, inhalation, dermal), amount and duration of
exposure, exposures to multiple chemicals simultaneously, and other personal
susceptibility factors, including genetic variability.

Because of these challenges, most toxicity research is conducted in animal
studies, which contribute important toxicological information and provide
strong evidence of disease without human epidemiological studies if the
mechanism of action is relevant. Many regulatory decisions to limit or ban the
use of a chemical are based on animal data. Furthermore, human epidemiol-
ogy studies are often conducted after an association has been hypothesized
based on animal data. The same is true for most data related to human toxic
effects of emerging contaminants described in this chapter.

Although there is a need for much more chemicals to be adequately char-
acterized, a vast amount of data for human acute or chronic toxic effects
of various contaminants is already available and published. What is often
lacking, both for scientists and regulators, as well as for citizens, is a com-
prehensive and reliable tool that offers free, scientifically sound, and reliable
information about contaminants hazardous to humans. Nevertheless, useful
and comprehensive evidence has been recently complied within two inde-
pendent sources. With the motto: “Mapping the Pollution in People”, The
Human Toxome Project at the Environmental Working Group in the USA [4]
established a web database aimed at collecting and presenting relevant data
about health effects of virtually all pollutants that enter the human body.
Another source is The Collaborative on Health and the Environment (CHE)
Toxicant and Disease Database [5], a searchable database that summarizes
links between chemical contaminants and approximately 180 human diseases
or conditions.

3.2
Ecotoxicological Aspects of Emerging Contaminants

As much as it is difficult to establish clear causal connections between con-
taminant(s) exposure and human health effects, it is far more difficult to do
the same on the ecosystem level, with numerous species involved at different
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levels of biological organization, and many environmental factors that make
the interpretation of field data even more complex. Paradoxically (or not?),
knowledge, expertise, and resources being invested in human health issues,
outmatch multiple times those invested in the environmental health arena,
explaining to a large extent the critical shortage in data needed for a sustain-
able management of environmental resources.

More specifically, the objective of aquatic toxicity tests with effluents or
pure compounds is to estimate the “safe” or “no effect” concentration of
these substances, which is defined as the concentration that will permit nor-
mal propagation of fish and other aquatic life in the receiving waters. The
endpoints which have been considered in tests to determine the adverse ef-
fects of toxicants include death and survival, decreased reproduction and
growth, locomotor activity, gill ventilation rate, heart rate, blood chemistry,
histopathology, enzyme activity, olfactory function, etc. [6]. Since it is not
feasible to detect and/or measure all of these (and other possible) effects of
toxic substances on a routine basis, observations in toxicity tests generally
have been limited to only a few effects, typically including mortality, growth,
and reproduction.

Acute lethality is an obvious and easily observed effect which accounts
for its wide use in the early period of evaluation of the toxicity of pure
compounds and complex effluents. The results of these tests were usually ex-
pressed as the concentration lethal to 50% of the test organisms (LC50) over
relatively short exposure periods (one-to-four days).

As exposure periods of acute tests were lengthened, the LC50 and lethal
threshold concentration were observed to decline for many compounds. By
lengthening the tests to include one or more complete life cycles and observ-
ing the more subtle effects of the toxicants, such as a reduction in growth
and reproduction, more accurate direct estimates of the threshold or safe
concentration of the toxicant could be obtained. However, laboratory life-
cycle tests may not accurately estimate the “safe” concentration of toxicants,
because they are conducted with a limited number of species under highly
controlled, steady-state conditions, and the results do not include the effects
of the stresses to which the organisms would ordinarily be exposed in the
natural environment.

An early published account of a full life-cycle fish toxicity test was that
of Mount and Stephan back in 1967 [7]. In this study, fathead minnows,
Pimephales promelas, were exposed to a graded series of pesticide concen-
trations throughout their life-cycle, and the effects of the toxicant on sur-
vival, growth, and reproduction were measured and evaluated. This work was
soon followed by full life-cycle tests using other toxicants and fish species.
McKim [8] evaluated the data from 56 full life-cycle tests, 32 of which used the
fathead minnow, and concluded that the embryo-larval and early juvenile life-
stages were the most sensitive stages. He proposed the use of partial life-cycle
toxicity tests with the early life-stages (ELS) of fish to establish water qual-



Acute and Chronic Effects of Emerging Contaminants 113

ity criteria. Macek and Sleight [9] found that exposure of critical life-stages of
fish to toxicants provides estimates of chronically safe concentrations remark-
ably similar to those derived from full life-cycle toxicity tests. They reported
that for a great majority of toxicants, the concentration which will not be
acutely toxic to the most sensitive life stages is the chronically safe concen-
tration for fish, and that the most sensitive life stages are the embryos and
fry. Critical life-stage exposure was considered to be exposure of the embryos
during most, preferably all, of the embryogenic (incubation) period, and ex-
posure of the fry for 30 days post-hatch for warm water fish with embryogenic
periods ranging from 1-14 days, and for 60 days post-hatch for fish with
longer embryogenic periods. They concluded that in the majority of cases,
the maximum acceptable toxicant concentration (MATC) could be estimated
from the results of exposure of the embryos during incubation, and the larvae
for 30 days post-hatch.

In a review of the literature on 173 fish full life-cycle and ELS tests per-
formed to determine the chronically safe concentrations of a wide variety
of toxicants, such as metals, pesticides, organics, inorganics, detergents, and
complex effluents, Woltering [10] found that at the lowest effect concentra-
tion, significant reductions were observed in fry survival in 57%, fry growth
in 36%, and egg hatchability in 19% of the tests. He also found that fry sur-
vival and growth were often equally sensitive, and concluded that the growth
response could be deleted from routine application of the ELS tests. The net
result would be a significant reduction in the duration and cost of screening
tests with no appreciable impact on estimating MATCs for chemical hazard
assessments.

Efforts to further reduce the length of partial life-cycle toxicity tests for
fish without compromising their predictive value have resulted in the de-
velopment of an eight-day embryo-larval survival and teratogenicity test for
fish and other aquatic vertebrates [11,12], and a seven-day larval survival
and growth test [13]. The similarity of estimates of chronically safe con-
centrations of toxicants derived from short-term embryo-larval survival and
teratogenicity tests to those derived from full life-cycle tests has been firstly
demonstrated by Birge et al. [12, 14].

Since that time, most of our knowledge about acute and chronic ef-
fects of contaminants originates from the described type of ecotoxicity
tests. An overview of the present knowledge related to emerging contami-
nants/concerns will be presented in the next section.

4
Human and Environmental Health Effects

Among many different categories of emerging contaminants, we will especially
take into consideration those which, according to the state-of-the-art litera-
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Table2 Major human/environmental health concerns and priority status of the most
prominent categories of emerging contaminants

Health Chemical family
concern Alkyl- Bisphenol A Brominated Per-  Perfluoro- Phtal- Polybrom-
phenols & BADGE dioxins chlor- chemicals ates  inated di-
& furans ate (PECs) phenyl ethers
(PBDEs)

Birth defects and + + + + +4++ ++
developmental delays

Brain and ++ +++ e+t
nervous system

Cancer + + + + +
Endocrine system + 4+
Gastrointestinal + +
(including liver)

Hematologic +

(blood) system

Hormone activity + +++ +++ +++  +++
Immune system ++ + +++ +++
(including sensi-

tization and allergies)

Kidney and + +++

renal system

Reproduction and +++ ++ ++ +++ +++
fertility

Skin + +
Respiratory system + +++
Wildlife and environ- +++ ++ +
mental toxicity

Persistent, ++ ++ +++ ++ ++ ++
accumulates in

wildlife and/or people

OSPAR list J J AW

Priority substance N N
and/ or banned in the
EU, USA or Canada

+

Weight of evidence: + limited; ++ probable; +++ strong

ture evidence, appear to be of the highest (eco)toxicological relevance and are
frequently detected in industrial and/or municipal waste: industrial chemi-
cals (new and recently recognized), personal care products, pharmaceuticals,
nonculturable biological pathogens, and, finally, nanomaterials. Instead of re-
ferring to numerous studies utilizing various in vivo and in vitro test systems in
attempts to characterize toxicity of many different contaminants, what follows
in the section(s) below is a brief summary describing relevance and toxic effects
reported with a reasonable weight of evidence for the most prominent emerg-
ing contaminants. Basic info referring to major human health concerns, wildlife
toxicity, bioaccumulation/persistency potential, and the regulatory status of
those substances is presented in Table 2.
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Table2 (continued)

Health Chemical family

concern Polychlorin- Fragrances  Triclosan Pharma- Non- Nano-
ated naph-  (nitro- and ceut- culturable materials
thalenes polycyclic icals biological
(PCNs) musks) pathogens

Birth defects and +++

developmental delays

Brain and + +

nervous system

Cancer + +

Endocrine system + + +++

Gastrointestinal +++ +++ + +++

(including liver)

Hematologic

(blood) system

Hormone activity +++

Immune system + + + +

(including sensi-

tization and allergies)

Kidney and

renal system

Reproduction and + +++ + ++

fertility

Skin +++ + + + ++

Respiratory system + +++ ++

Wildlife and environ- ++ + + ++ +

mental toxicity

Persistent, ++ ++ ++ +

accumulates in

wildlife and/or people

OSPAR list J J

Priority substance Vv J

and/ or banned in the
EU, USA or Canada

Weight of evidence: + limited; ++ probable; +++ strong

4.1

Industrial Chemicals

411
Alkylphenols

Alkylphenols are widely used industrial chemicals which act as detergents or
surfactants. They are added to cosmetics, paints, pesticides, detergents, and
cleaning products. Alkylphenols have been recently detected in surface wa-
ters contaminated with urban runoff and in wastewater effluents [15, 16] and
have been measured in air samples. One study found that newer homes, espe-
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cially those with poly-vinyl chloride (PVC) materials, have more alkylphenol
residues than older houses or outdoor air [17]. As a group they are highly
toxic to aquatic organisms. Dozens of recent studies have documented the
in vitro and in vivo estrogenic activity of alkylphenols in human cell lines
and animals [18-20]. Recent study by McClusky and colleagues [21] re-
vealed harmful effects of p-nonylphenol exposure to spermatogenic cycle in
male rats. Similar estrogenic activities of alkylphenols have been reported
for aquatic organisms, including a recent example of the reduction of re-
productive competence of male fathead minnow upon exposure to environ-
mentally relevant mixtures of alkylphenolethoxylates [22]. Further supported
by their persistency in aquatic environments and bioaccumulation potential,
alkylphenols are put on the OSPAR list of possible substances of concern and
included in the list of priority substances in the EU water policy.

4.1.2
Bisphenol A and Bisphenol A Diglycidyl Ether

In use since the 1950’, bisphenol A (BPA) is a building block for polycarbon-
ate plastic and epoxy resins. BPA and its derivative, bisphenol A diglycidyl
ether (BADGE), are found in many everyday products, such as the lining
of metal food and drink cans, plastic baby bottles, pacifiers, and baby toys,
dental sealants, computers, cell phones, hard plastic water bottles (such as
Nalgene), paints, adhesives, enamels, varnishes, CDs and DVDs, and certain
microwavable or reusable food and drink containers. These compounds have
been shown to leach into food and water from containers - particularly after
heating or as plastic ages.

BPA is a hormone-mimicking chemical that can disrupt the endocrine sys-
tem at very low concentrations. More than a hundred animal studies have
linked low doses of bisphenol A to a variety of adverse health effects, such
as reduced sperm count, impaired immune system functioning, increases in
prostate tumor proliferation, altered prostate and uterus development, in-
sulin resistance, alteration of brain chemistry, early puberty, and behavioral
changes [23-36]. Significantly, many of the studies showing adverse effects
are at levels many times lower than what the US Environmental Protection
Agency (USEPA) considers safe (50 ug/kg/day).

For BADGE, a bisphenol A derivative used to make epoxy resins and in
a variety of industrial, engineering, and construction applications, the major
pathway for human exposure is through chemical leaching from the linings of
food and drink cans. BADGE is also found in some dental sealants [37].

Some basic toxicological testing has been done on BADGE, but the com-
pound has not been extensively studied. One of the most important toxico-
logical questions is whether BADGE breaks down into bisphenol A in the
human body. Based on urinary levels of BPA in workers exposed to BADGE
versus unexposed controls, researchers concluded that BADGE breaks down



Acute and Chronic Effects of Emerging Contaminants 117

into BPA in the body [38]. However, other research has suggested that there
is no such biotransformation [39]. In the human body, BADGE appears in
a hydrolysis product known as BADGE 40-H [40]. BADGE is quickly metabo-
lized by the body (within a day or so), therefore body burden levels represent
recent exposures.

Considering that its sister chemical, bisphenol A, has a non-monotonic
dose response curve, showing nonintuitive patterns of toxicity, it would be
difficult to make a final assessment on the toxicity of BADGE without more
detailed study. There is some evidence that BADGE is a rodent carcinogen,
but data for humans is lacking [41, 42]. Workers using epoxy resin in the con-
struction industry have shown BADGE to be a contact allergen [43]. Males
exposed to BADGE through spraying epoxy resin have associated depressed
gonadotrophic hormones [38]. A study of BADGE given to pregnant rabbits
found that at the lowest dose tested (30 mg/kg/day for days 6 to 18 of gesta-
tion) BADGE affected pregnancy ability and the sex ratio of their litters [39].
An in vitro study found that BADGE can induce time and dose-dependent
morphological changes and cell detachment from the substratum and can in-
hibit cell proliferation [44]. Another study found that a BADGE derivative
(BADGE.2HCI) can act as an androgen antagonist in in vitro systems [45].

4.1.3
Brominated Dioxins and Furans

Brominated dioxins and furans are toxic, persistent, bioaccumulative, and
lipophilic (“fat-loving”). Along with dioxins, furans are pollutants produced
during PVC plastic production, industrial bleaching, and incineration. They
build up in human tissues, are stored in fatty tissues and fluid, such as breast
milk, and can be passed on to fetuses and infants during pregnancy and lacta-
tion. Brominated dioxins and furans are formed unintentionally, either from
incineration of wastes which include consumer products infused with bromi-
nated flame retardants, such as polybrominated diphenyl ethers (PBDEs),
or as trace contaminants in mixtures of bromine-containing chemicals. Pri-
mary (eco)toxicological concern for brominated dioxins and furans is their
dioxin-like activity, meaning that they cause birth defects in animals and
otherwise disrupt reproductive development and the immune and hormone
systems [46-49]. They add to the total dioxin body burden of people, which
are near levels where adverse health effects may be occurring in the general
population [50].

41.4
Perchlorate

The vast majority of perchlorate manufactured is used to make solid rocket
and missile fuel, while smaller amounts of perchlorate are also used to make
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firework and road flares. Perchlorate is also a contaminant of certain types of
fertilizer which were widely used in the early part of the 20th century, but are
in limited use today [51]. According to the analysis of the USEPA’s latest data,
perchlorate is known to be contaminating at least 160 public drinking water
systems in 26 US states [52]. Tests of almost 3000 human urine and breast
milk samples, along with tests of more than 1000 fruit, vegetable, cow’s milk,
beer, and wine samples, reveal that perchlorate exposure in the population is
pervasive. Every urine sample tested showed some level of perchlorate con-
tamination, and almost 70% of the fruit and beverage samples tested have had
detectable perchlorate [52-60].

Critical toxic effect of perchlorate is inhibition of the thyroid’s ability to
take up the nutrient iodide, which is a key building block for thyroid hor-
mones. If the thyroid gland does not have enough iodide for a sufficient
period of time, body’s thyroid hormone levels will eventually drop. Hypothy-
roidism (low thyroid hormone levels) in adults can cause fatigue, depression,
anxiety, unexplained weight gain, hair loss, and low libido. More serious,
however, are the effects of thyroid hormone disruption in the developing
fetus and child. Small changes in maternal thyroid hormone levels during
pregnancy have been associated with reduced IQs in children [61, 62]. A re-
cent epidemiological study by the US Centers for Disease Control (USCDC)
shows that perchlorate exposures commonly found in the population can
cause significant thyroid hormone disruptions in women - particularly in the
population of women with lower iodine intake. Relying on a flawed indus-
try study, the USEPA adopted a water clean-up standard for superfund sites
of 24.5 ppb in 2006. Neither the USEPA nor the US Food and Drug Adminis-
tration (USFDA) have taken any action to address the problem of widespread
contamination in food.

Considering animal studies, perchlorate was first discovered to affect the
thyroid in the 1950s, but it wasn’t until the early 1990s that scientists began
to conduct studies that involved feeding low doses of perchlorate to animals
and looking for adverse effects. In 1995 the USEPA found that laboratory
animals developed thyroid disorders after two weeks of drinking perchlorate-
laced water. Subsequent studies found effects on brain and thyroid structure
at even lower doses, and noted that rat pups born to exposed mothers were
particularly like to show adverse effects [53, 54].

The USCDC conducted the first major epidemiological study on perchlo-
rate exposure in the general population [59]. After testing urine samples of
2299 men and women from around the country for perchlorate, and compar-
ing these findings with the levels of thyroid hormones found in the blood of
these same people, the USCDC’s researchers discovered that there was a sta-
tistically significant relationship between urinary perchlorate and thyroid
hormone levels in the 1111 women tested. Furthermore, they found that if low
iodine woman started with perchlorate exposure corresponding to 0.19 ppb
in urine (the minimum level found), and then ingested enough perchlorate
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through food and/or drinking water to raise their urinary perchlorate level
to 2.9 ppb (the median level found), their T4 thyroid hormone levels would
drop by 13 percent. Similarly, if woman’s urinary perchlorate level increased
to 5.2 ppb (the 75th percentile exposure), their T4 levels would drop by 16
percent. These are significant declines when one considers that recent studies
have shown that the cognitive development of the fetus is impaired in moth-
ers with even mild disruptions in thyroid hormone levels [59, 61, 62]. Women
with low iodine intake and levels of TSH (a type of thyroid hormone) that
were already on the edge of the normal range were found to be even more
sensitive to perchlorate exposure. For these women, if they were exposed to
5 parts per billion of perchlorate via food or drinking water, the resulting
hormone disruption would push them into sub-clinical hypothyroidism.

4.1.5
Perfluorochemicals

The USEPA has described perfluorochemicals (PFCs) as combining “per-
sistence, bioaccumulation, and toxicity properties to an extraordinary de-
gree” [63]. PFCs are industrial chemicals widely used as water, stain, and
grease repellants for food wrap, carpet, furniture, and clothing. The family
includes such well known name brands as Scotchgard and Teflon.

PFCs are released to the environment in air and water emissions at nu-
merous manufacturing and processing facilities worldwide. PFCs are also
likely released to the environment at countless secondary manufacturing fa-
cilities, including sites where consumer products are coated for water, stain,
and grease repellency. The dominant sources of PFCs in the environment
are thought to be fluorotelomer chemicals, the active ingredients in coatings
of furniture, clothing, food packaging, and other products. Fluorotelomers
break down in the environment and in the body to PFCs differing only in
the carbon chain length and end group [64, 65]. Most PFCs are fairly mobile
in water, but due to low volatility of the persistent carboxy acids and sul-
fonates, many do not have the potential to migrate in air far from locations
of release as a manufacturing pollutant. In contrast, studies indicate that PFC
telomers are relatively volatile and could migrate long distances through the
atmosphere.

Fluorotelomers are a likely source of the persistent perfluorochemicals
found in newborns, and in wildlife and water in areas remote from manu-
facturing sites and human populations. Available scientific findings to date
show that PFCs widely contaminate human blood [66, 67] and persist in the
body for decades [68]. They act through a broad range of toxic mechanisms of
action to present potential harm to a wide range of organs (ovaries, liver, kid-
ney, spleen, thymus, thyroid, pituitary, testis), and persist indefinitely in the
environment with no known biological or environmental breakdown mech-
anism [69-71]. Considering their ecotoxicity the newest evidence suggests
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that PFCc are able to induce and inhibit the activity of xenobiotic efflux trans-
port proteins in marine bivalves [72].

4.1.6
Phthalates

Found within many consumer products, phthalates are industrial plasticizers
that impart flexibility and resilience to plastic. They are common additives to
soft plastic, especially PVC. They are present in clear food wrap, personal care
products (detergents and soaps), and pesticides [73].

Phthalates are widely detected in human blood and urine samples. The
latest exposure study from USCDC indicates that women are slightly more ex-
posed than men, and younger children (ages 6-11) are more exposed than
older children (ages 12-20) [74]. Exposure to phthalates occurs through dir-
ect use of cosmetics and other consumer products containing these chemi-
cals, consumption of foods wrapped in products containing these chemicals,
and through inhalation of air contaminated with these chemicals [74].

In laboratory animals, fetal exposure to phthalates causes significant de-
velopmental toxicity, especially of the male reproductive system. In adult
animals, phthalates damage the reproductive organs, adrenal, liver, and kid-
ney [75]. In utero exposure to high levels of phthalate metabolites are as-
sociated with marked differences in the reproductive systems of baby boys;
the exposure levels associated with these health effects were not extreme, but
rather were typical for about one-quarter of all women. Adult men with high
levels of phthalates have lower sperm motility and concentration and alter-
ations in hormone levels [76-78]. Concentrations of two phthalates in house
dust are associated with asthma and rhinitis in a study of 400 children, half of
whom had allergies [79].

41.7
Polybrominated Diphenyl Ethers

Polybrominated diphenyl ethers (PBDEs) are brominated fire retardants, in-
tentionally added to flexible foam furniture, primarily mattresses, couches,
padded chairs, pillows, carpet padding and vehicle upholstery, and to elec-
tronic products.

Studies of laboratory animals link PBDE exposure to an array of adverse
health effects including thyroid hormone disruption, permanent learning and
memory impairment, behavioral changes, hearing deficits, delayed puberty
onset, decreased sperm count, and fetal malformations [80-82]. Research in
animals shows that exposure to brominated fire retardants in utero or dur-
ing infancy leads to more significant harm than exposure during adulthood,
and at much lower levels [47]. PBDEs are bioaccumulative and lipophilic, and,
therefore, are highly persistent in people and the environment. The chemicals
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build up in the body, are stored in fatty tissues and body fluids, such as blood
and breast milk, and can be passed on to fetuses and infants during preg-
nancy and lactation. People are primarily exposed to PBDEs in their homes,
offices, and vehicles. Secondary sources are foods, primarily meat, dairy, fish,
and eggs [83].

Some PBDEs were withdrawn from the US market in 2005 due to their
toxicity to laboratory animals, and their detection as contaminants in hu-
mans, wildlife, house and office buildings, and common foods [84-86]. Deca
(PBDE-209), the form used in electronics, continues to be used in televisions,
computer monitors and other electronic products. There is widespread con-
cern that Deca breaks down in the environment to more toxic and persistent
forms.

4.1.8
Polychlorinated Naphthalenes

There are 75 possible chemical variations of polychlorinated naphthalenes
(PCNs). They have been used as cable insulation, wood preservatives, en-
gine oil additives, electroplating masking compounds, capacitors, and in dye
production. Products are generally mixtures of several different PCNs. The
largest source of PCNss believed to be waste incineration and disposal of items
containing PCNs, although other potential sources of PCNs to the environ-
ment include sewage discharge from municipal and industrial sites leaching
from hazardous waste sites. PCNs are also unwanted byproducts formed after
the chlorination of drinking water [87]. They have not been used commer-
cially in significant quantities since the 1980s.

PCNs are toxic, persistent and bioaccumulate in people and wildlife. The
toxic effects of many PCNs are thought to be similar to dioxin. In humans,
severe skin reactions (chloracne) and liver disease have both been reported
after occupational exposure to PCNs. Other symptoms found in workers in-
clude cirrhosis of the liver, irritation of the eyes, fatigue, headache, anaemia,
haematuria, impotentia, anorexia, and nausea. At least ten deaths were re-
ported from liver toxicity. Workers exposed to PCNs also have a slightly
higher risk of all cancers combined [88-90].

4.2
Personal Care Products (PCPs)

4,21
Fragrances — Nitromusks and Polycyclic Musks

Nitromusk and polycyclic musks are synthetic fragrances typically used in
cosmetics, perfume, air fresheners, cleansing agents, detergents, and soap.
Musks are also used as food additives, in cigarettes, and in fish baits. Com-
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monly used musks contaminate lakes and fish in the US and Europe [91-96].
Nitromusk and polycyclic musks tend to accumulate in the fatty tissues of our
bodies, and are often detected in breast milk as well as blood [96-98].

In laboratory studies, some nitromusks have been linked to cancer [99,
100]. Studies of nitromusks in people suggest that high levels of some of
these chemicals are associated with reproductive and fertility problems in
women [101]. Some also produce skin irritation and sensitization [102, 103].

Growing concerns about the health effects of nitromusks have led the EU
to ban the use of some of these chemicals in cosmetics and personal care
products. As a result, the use of polycyclic musks has increased. However, lab-
oratory studies suggest that polycyclic musks, like nitromusks, may also affect
hormone systems [104-109]. Two particular musk chemicals, a nitromusk
and a polycyclic musk which both produced neurotoxic effects in laboratory
animals, have been removed from the market. In the US, all musk chemicals
are unregulated, and safe levels of exposure have not yet been set. Consid-
ering their ecotoxic potential, Luckenbah and Epel [110] demonstrated that
nitromusk and polycyclic musk compounds act as long-term inhibitors of cel-
lular multixenobiotic resistance (MXR) defense systems mediated in aquatic
mollusks by specific transport proteins.

4.2.2
Triclosan

Triclosan is essentially a pesticide (antibacterial agent), used in some health-
care facility soaps. It is also the most common antimicrobial agent in house-
hold liquid hand soap. It can be found in toothpaste, lip gloss, soap (solid and
liquid), plastic products ranging from children’s toys to cutting boards, and
footwear [111]. It has been detected in human breast milk and serum sam-
ples from the general population [98, 112], and in the urine of 61% of 90 girls
ages six to eight tested in a recent study spearheaded by Mount Sinai School
of Medicine [73].

Triclosan kills microbes by disrupting protein production, binding to the
active site of a critical carrier protein reductase essential for fatty acid syn-
thesis, which is present in microbes but not humans. Available studies do
not raise major concerns for human health, but some basic questions re-
main, including the safety of triclosan exposures in utero, and exposures in
infancy through contaminated breast milk. Triclosan breaks down in the en-
vironment, including in tap water, to chlorinated chemicals that pose both
environmental and health concerns [113].

Large quantities of triclosan are washed down drains and into wastewa-
ter treatment plants. A fraction is removed during water treatment, but the
rest is discharged to lakes and rivers. Studies indicate that its interaction
with sunlight results in the formation of methyl triclosan, a chemical that
may bioacummulate in wildlife and humans [112,114], as well as a form of
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dioxin, which is a chemical linked to a broad range of toxicities including can-
cer [115]. The Canadian government limits the levels of dioxins and furans
allowed as impurities in personal care products that contain triclosan. Tri-
closan was recently found in 58% of 139 US streams [116], the likely result of
its presence in treated discharged wastewater. A safety standard for triclosan
has not yet been set, and it does not require testing in tap water. However,
it is believed that triclosan likely passes through standard water treatment
processes to contaminate treated tap water supplies at low levels. New stud-
ies show that triclosan in tap water will readily react with residual chlorine
from standard water disinfecting procedures to form a variety of chlorinated
byproducts, including chloroform, a suspected human carcinogen [117].

Wildlife species are also contaminated with triclosan and its breakdown
products; a recent European study found its breakdown product methyl tri-
closan in fish, especially concentrated in fatty tissue [113]. Triclosan is known
to be acutely toxic to certain types of aquatic organisms, but little is known
about its long-term effects on humans [118]. The chemical structure of tri-
closan is similar to that of diethylstilbestrol (DES), a non-steroidal estrogen,
raising concerns about its potential to act as an endocrine disruptor. A recent
study showed that triclosan can affect the thyroid gland, significantly altering
frog metamorphosis at exposure levels equivalent to those currently found in
the environment and human tissues, suggesting that triclosan may represent
a potential health risk to human hormone action as well [119]. Studies have
also found that triclosan has weakly androgenic effects but no estrogenic ef-
fects [120]. In addition, animal studies have shown that prolonged application
of triclosan solution to the skin can cause dermal irritation in people with
a specific sensitivity. There is no evidence that triclosan is a carcinogen or
teratogen [121]. There is concern that the widespread use of antimicrobials
such as triclosan in household products may promote antibiotic resistance in
bacteria, although the current literature shows a possible association but no
definitive link [122].

In addition to the PCPs mentioned above, some other categories like sun-
screen agents, preservatives, and nutraceuticals recently got attention as pos-
sible emerging contaminants. As for now, however, the weight of evidence
does not justify their treatment as immediate hazard to human or wildlife

health.

4.3
Pharmaceuticals (Human Drugs and Veterinary Medicines)

Recent studies have also identified a number of pharmaceuticals as potential
environmental contaminants that may adversely affect reproduction and de-
velopment of biota in the environment [111, 123]. Some of these substances
are not removed in traditional, or even advanced treatment systems, or under
best management practices [124, 125]. Several of these substances have re-
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cently been detected in well treated effluents and drinking water, showing
that sewage treatment frequently does not affect the chemical structure,
and, therefore, the toxicity of drugs [126-129]. Emerging data in Europe
and North America suggests that these chemicals are widespread in the en-
vironment, especially in surface waters exposed to human or agriculture
wastes [116, 130]. Consequently, pharmaceuticals often enter the environment
at levels similar to better studied agrochemicals.

Traditionally, pharmaceuticals and personal care products have not been
viewed as environmental pollutants [131]. However, the potential for these
substances to cause a variety of physiological responses in non-target species
has raised concerns for possible impacts on the environment. Although these
substances are usually found at very low concentrations in the environment,
continuous low-dose exposure to these complex mixtures, especially at sen-
sitive life stages, may have significant effects on individuals, populations, or
ecosystems. The ecological impact of long-term exposure to large mixtures
of those essentially biologically active chemicals is also unknown. Many of
these chemicals are known to be persistent in both treatment systems and in
the environment. Chemicals found in sewage and manure, such as synthetic
estrogens, are known to have biological consequences at extremely low expo-
sures [132]. Exposure of biota to even low doses during critical or sensitive
life-stages may have profound effects on development and reproduction for
multiple generations.

Due to their intended use in human or veterinary medicine, pharmaceu-
ticals are generally well studied and a large body of toxicological evidence
directed to human health issues exists for most of them. Considering their
ecotoxicity, however, the available evidence in most cases provides indica-
tions of acute effects in vivo for organisms at different trophic levels after
short-term exposure, but extremely rarely after long-term chronic exposures.
An excellent service called “The Pharmaceuticals in the Environment, Infor-
mation for Assessing Risk” has been recently developed and is maintained at
the National Centers for Coastal Ocean Science (NOAA), Center for Coastal
Environmental Health and Biomolecular Research, USA [133]. The database
provides information on prescribed amounts, levels detected in aquatic en-
vironments, chemical structure, molecular weight, octanol-water partition
coefficients, water solubility, environmental persistence, general toxicity in-
formation, and specific toxicity levels of pharmaceuticals to five groups of
organisms (algae, mollusks, finfish, crustaceans, and select terrestrial ani-
mals). Toxicity to terrestrial animals is provided as a general comparison to
data found in toxicological literature. All of this information was obtained
from available scientific literature and is provided to assist with indentifica-
tion of locations where risks to aquatic organisms might occur.

Considering the ecotoxicity of human pharmaceuticals, most of the cur-
rent knowledge is well summarized in several excellent review articles pub-
lished during the last few years [111, 130, 134-136]. Summarizing the avail-
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able data, it is clear that there is almost no data about bioaccumulation
of pharmaceuticals in biota, and often there is no correlation between the
acute toxicity and lipophilicity. Most of pharmaceuticals displayed their LC50
values above 100 mg/L, which classifies them as not being harmful to aquatic
organisms. However, variability of data within the same, as well as between
different species is considerable, often spanning one or two orders of mag-
nitude. Nevertheless, the overall conclusion is that acute toxicity of pharma-
ceuticals may be only relevant in case of accidental spills. Chronic toxicity,
however, appears to be more relevant to aquatic biota and numerous exam-
ples clearly point out that it cannot be derived from acute toxicity data by
simple calculations.

Veterinary pharmaceuticals, on the other hand, were traditionally less cov-
ered in environmental and human health toxicity studies. Current livestock
and aquaculture production practices include the use of a wide variety of
pharmaceuticals to enhance animal health and efficient food production,
including antimicrobials (antibiotics), growth enhancers, feed supplements,
and other medicinal products. Recently, low levels of veterinary medicines
were detected in soils, surface waters, and ground waters worldwide [137]. Al-
though the environmental occurrence and associated impacts of some com-
pounds, such as selected antibacterial compounds, have been investigated,
the impacts of many other substances found in the environment are not well
understood. As a result, questions have arisen about the effects of veterinary
medicines on organisms in the environment and on human health.

The interest in veterinary pharmaceuticals as potential emerging contam-
inants has also stemmed from the proliferation of large-scale animal feeding
operations (AFOs) during the last decade. The large number of animals pro-
duced creates a proportionately large volume of animal waste and associated
emerging contaminants. In a reconnaissance study of liquid waste at swine
AFOs in Iowa and North Carolina, US, multiple classes of antibiotics were de-
tected ranging from ppb to ppm concentrations [138]. Compilation of data
from liquid waste from swine operations between 1998 and 2002 found one
or more antibiotics present in all of the samples. The data from these stud-
ies demonstrate that veterinary pharmaceuticals are excreted and frequently
occur at detectable levels ranging from ppb to ppm concentrations in liquid
and solid waste.

Research to document the presence of antibiotics in fish hatchery re-
cently revealed the occurrence and persistence of antibiotics in medicated
feed used in fish hatcheries [139]. It was discovered that ormetoprim and
sulfadimethoxine persisted in water for longer periods of time than oxyte-
tracycline in fish hatcheries. Oxytetracycline was detected more frequently
in the samples of the intensive hatcheries than samples from the extensive
hatcheries. Sulfadimethoxine concentrations were greater in the intensive
hatcheries than the extensive hatcheries, but persisted up to 40 days after
treatment in both types of fish hatcheries. In addition, antibiotics were de-
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tected in untreated hatchery raceways, suggesting that recirculating water
within a hatchery can lead to unintentional low-level exposure of antibiotics
to healthy fish.

4.4
Nonculturable Biological Pathogens as Emerging Contaminants

Among the viruses infecting humans, many different types are excreted in
high concentrations in the feces of patients with gastroenteritis or hepatitis
and in lower concentrations in the feces or urine of patients with other viral
diseases. Moreover, viruses are also present in healthy individuals, and, thus,
high viral loads are detected in urban sewage and are regarded as environ-
mental contaminants [140]. Some viruses, such as humanpolyomaviruses and
some adenovirus strains, infect humans during childhood, thereby establish-
ing persistent infections. In the case of many frequent adenoviral respiratory
infections, viral particles may continue to be excreted in feces for months
or even years afterward. There is available information about some water-
borne pathogens, but the improvement in molecular technology for detecting
viruses present in water has focused attention on new groups of viruses that
could be considered emergent viruses in diverse geographical areas. Technical
advances are then most readily associated with the concept of emergent mi-
croorganisms, which are defined as newly identified microorganisms, those
already existent but characterized by a rapidly increasing incidence and/or
geographical ambit, and those for which transmission through food or water
has only recently been discovered. Several studies have confirmed that infec-
tious diseases related to water are not only a primordial cause of mortality
and morbidity worldwide but also that both the spectrum and incidence of
many diseases related to water are increasing. Human polyomaviruses, hep-
atitis E virus (HEV), and human adenoviruses (HAdV) are three groups of
viruses, which are being detected more often in the environment [141]. Ade-
noviruses, for example, are important human pathogens that are responsible
for both enteric illnesses and respiratory and eye infections. Recently, these
viruses have been found to be prevalent in rivers, coastal waters, swimming
pool waters, and drinking water supplies worldwide. USEPA listed adenovirus
as one of nine microorganisms on the Contamination Candidate List for
drinking water, because their survival characteristic during water treatment
is not yet fully understood. Adenoviruses have been found to be significantly
more stable than fecal indicator bacteria and other enteric viruses during UV
treatment, and adenovirus infection may be caused by consumption of con-
taminated water or inhalation of aerosolized droplets during water recreation.

In addition, many species of bacteria pathogenic to humans, such as Le-
gionella, are thought to have evolved in association with amoebal hosts.
Several novel unculturable bacteria related to Legionella have also been found
in amoebae, a few of which have been thought to be causes of nosocomial
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infections in humans [142]. A recent study done by Berk and colleagues in
2006 [143] revealed that it is over 16 times more likely to encounter infected
amoebae in cooling towers than in natural environments. Several identified
bacteria have novel rRNA sequences, and most strains were not culturable
outside of amoebae. Such pathogens of amoebae may spread to the envi-
ronment via aerosols from cooling towers. Therefore, studies of emerging
infectious diseases should strongly consider cooling towers as a source of
amoeba-associated pathogens.

Additional example is Campylobacter(s), which are emerging as one of
the most significant causes of human infections worldwide, and the role that
waterfowl and the aquatic environment have in the spread of disease is be-
ginning to be elucidated [144]. On a world scale, Campylobacters are possibly
the major cause of gastrointestinal infections. They are common commen-
sals in the intestinal tract of many species of wild birds, including waterfowl.
They are also widely distributed in aquatic environments where their origins
may include waterfowl as well as sewage effluents and agricultural runoff.
Campylobacters have marked seasonal trends and in temperate aquatic en-
vironments they peak during winter, whereas spring-summer is the peak
period for human infection. Campylobacter species may survive, and remain
potentially pathogenic, for long periods in aquatic environments. The utility
of bacterial fecal indicators in predicting the presence of campylobacters in
natural waters is questionable. Viable but nonculturable Campylobacter cells
may occur, but whether they have any role in the generation of outbreaks of
campylobacteriosis is unclear. The routine detection of Campylobacter spp. in
avian feces and environmental waters largely relies on conventional culture
methods, while the recognition of a particular species or strain is based on
serotyping and increasingly on molecular methods.

4.5
Antibiotic Resistance Genes

Antibiotic resistance genes (ARGs) are another type of “biological” emerging
environmental contaminants. Along with nanoparticles, they may be classi-
cal examples of indirect toxicants. The primary health concern in the case
of ARGs is related to adverse outcomes of antibiotic’s exposures resulting
in selection for pathogen resistance or alteration of microbial community
structures. The occurrence of ARGs was recently demonstrated in various
environmental compartments including river sediments, irrigation ditches,
dairy lagoons, and the effluents of wastewater recycling and drinking water
treatment plants [145]. Some of ARGs were also present in treated drinking
water and recycled wastewater, suggesting that these are potential pathways
for the spread of ARGs to and from humans. On the basis of recent studies,
there is a need for environmental scientists and engineers to help address the
issue of the spread of ARGs in the environment.
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4.6
Nanomaterials

I close this section with nanomaterials - the concerns of the future and “real”
emerging contaminants. Engineered nanomaterials are commonly defined as
materials designed and produced to have structural features with at least
one dimension of 100 nanometers or less. Such materials typically possess
nanostructure-dependent properties (e.g., chemical, mechanical, electrical,
optical, magnetic, biological), which make them desirable for commercial or
medical applications. However, these same properties potentially may lead
to nanostructure-dependent biological activity that differs from and is not
directly predicted by the bulk properties of the constituent chemicals and
compounds.

The potential for human and ecological toxicity associated with nano-
materials and ultrafine particles is a growing area of investigation as more
nanomaterials and products are developed and brought into commercial use.
To date, few nanotoxicology studies have addressed the effects of nanoma-
terials in a variety of organisms and environments. However, the existing
research raises some concerns about the safety of nanomaterials and has led
to increased interest in studying the toxicity of nanomaterials for use in risk
assessment and protection of human health and the environment. A new
field of nanotoxicology has been developed to investigate the possibility of
harmful effects due to exposure to nanomaterials [146]. Nanotoxicology also
encompasses the proper characterization of nanomaterials used in toxicity
studies. Characterization has been important in differentiating between nat-
urally occurring forms of nanomaterials, nano-scale byproducts of natural
or chemical processes, and manufactured (engineered) nanomaterials. Be-
cause of the wide differences in properties among nanomaterials, each of
these types of nanoparticles can elicit its own unique biological or ecological
responses. As a result, different types of nanomaterials must be categorized,
characterized, and studied separately, although certain concepts of nanotoxi-
cology, primarily based on the small size, likely apply to all nanomaterials.

As materials reach the nanoscale, they often no longer display the same
reactivity as the bulk compound. For example, even a traditionally inert
bulk compound, such as gold, may elicit a biological response when it is
introduced as a nanomaterial [147]. The earliest studies investigating the
toxicity of nanoparticles focused on atmospheric exposure of humans and en-
vironmentally relevant species to heterogeneous mixtures of environmentally
produced ultrafine particulate matter (having a diameter < 100 nm). These
studies examined pulmonary toxicity associated with particulate matter de-
position in the respiratory tract of target organisms [148-151]. Epidemiolog-
ical assessments of the effects of urban air pollution exposure focusing on
particulate matter produced as a byproduct of combustion events, such as au-
tomobile exhaust and other sources of urban air pollution, showed a link in
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test populations between morbidity and mortality and the amount of partic-
ulate matter [152, 153].

Laboratory-based studies have investigated the effects of a large range of
ultrafine materials through in vivo exposures using various animal models as
well as cell-culture-based in vitro experiments. To date, animal studies rou-
tinely show an increase in pulmonary inflammation, oxidative stress, and distal
organ involvement upon respiratory exposure to inhaled or implanted ultra-
fine particulate matter. Tissue and cell culture analyses have also supported the
physiological response seen in whole animal models and yielded data pointing
to an increased incidence of oxidative stress, inflammatory cytokine produc-
tion, and apoptosis in response to exposure to ultrafine particles [154-157].
These studies have also yielded information on gene expression and cell signal-
ing pathways that are activated in response to exposure to a variety of ultrafine
particle species ranging from carbon-based combustion products to transition
metals. Polytetrafluoroethylene fumes in indoor air pollution are nano-sized
highly toxic particles [158]. They elicit a severe inflammatory response at low
inhaled particle mass concentrations, suggestive of an oxidative injury.

In contrast to the heterogeneous ultrafine materials produced incidentally
by combustion or friction, manufactured nanomaterials can be synthesized in
highly homogenous forms of desired sizes and shapes (e.g., spheres, fibers,
tubes, rings, planes). Limited research on manufactured nanomaterials has
investigated the interrelationship between the size, shape, and dose of a mate-
rial and its biological effects, and whether a unique toxicological profile may
be observed for these different properties within biological models. Typic-
ally, the biological activity of particles increases as the particle size decreases.
Smaller particles occupy less volume, resulting in a larger number of par-
ticles with a greater surface area per unit mass and increased potential for
biological interaction [159]. Recent studies have begun to categorize the bi-
ological response elicited by various nanomaterials both in the ecosystem
and in mammalian systems. Although most current research has focused
on the effect of nanomaterials in mammalian systems, some recent studies
have shown the potential of nanomaterials to elicit a phytotoxic response in
the ecosystem. In the case of alumina nanoparticles, one of the US market
leaders for nano-sized materials, 99.6% pure nanoparticles with an average
particle size of 13 nm were shown to cause root growth inhibition in five plant
species [160].

Charge properties and the ability of carbon nanoparticles to affect the in-
tegrity of the blood-brain barrier as well as exhibit chemical effects within
the brain have also been studied. Nanoparticles can overcome this physi-
cal and electrostatic barrier to the brain. In addition, high concentrations
of anionic nanoparticles and cationic nanoparticles are capable of disrupt-
ing the integrity of the blood-brain barrier. The brain uptake rates of anionic
nanoparticles at lower concentrations were greater than those of neutral or
cationic formulations at the same concentrations. This work suggests that
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neutral nanoparticles and low concentration anionic nanoparticles can serve
as carrier molecules providing chemicals direct access to the brain and that
cationic nanoparticles have an immediate toxic effect at the blood-brain bar-
rier [161, 162].

Tests with uncoated, water soluble, colloidal C60 fullerenes have shown
that redox-active lipophilic carbon nanoparticles are capable of producing
oxidative damage in the brains of aquatic species [161]. The bactericidal
potential of C60 fullerenes was also observed in these experiments. This prop-
erty of fullerenes has possible ecological ramifications and is being explored
as a potential source of new antimicrobial agents [163]. Oxidative stress as
a common mechanism for cell damage induced by nanoparticles and ultrafine
particles is well documented; fullerenes are model compounds for produc-
ing superoxide. A wide range of nanomaterial species have been shown to
create reactive oxygen species both in vivo and in vitro. Species which have
been shown to induce free radical damage include the C60 fullerenes, quan-
tum dots, and carbon nanotubes. Nanoparticles of various sizes and chemical
compositions are able to preferentially localize in mitochondria where they
induce major structural damage and can contribute to oxidative stress [164].

Quantum dots (QDs) such as CdSe QDs have been introduced as new flu-
orophores for use in bioimaging. When conjugated with antibodies, they are
used for immunostaining due to their bright, photostable fluorescence. To
date, there is not sufficient analysis of the toxicity of quantum dots in the
literature, but some current studies point to issues of concern when these
nanomaterials are introduced into biological systems. Recently published re-
search indicates that there is a range of concentrations where quantum dots
used in bioimaging have the potential to decrease cell viability, or even cause
cell death, thus suggesting that further toxicological evaluation is urgently
needed [165, 166]. However, the research also highlights the need to further
explore the long-term stability of the coatings used, both in vivo and exposed
to environmental conditions.

5
Discussion

5.1
Regulatory Perspective and Public Concerns

In 2004, the environmental campaign group World Wide Fund (WWF) tested
the blood of government ministers from 13 EU Member States for chemicals
that can negatively affect human health and wildlife. WWF found on aver-
age 37 out of the 103 tested substances in the ministers’ blood [167]. Further,
it is clear that the EU citizens are concerned. In a recent survey, the impact
of chemicals used in everyday products came fifth in a list of 15 environ-
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mental issues of concern. When asked about which issue they feel they lack
information, citizens cited chemicals first [168]. Do they have reason(s) to be
concerned? Undoubtedly, the answer is positive — the overview of the “chem-
ical world”, which is in this chapter concentrated only to today’s man-made
emerging contaminants, clearly suggests that there are real human and envi-
ronmental health problems that have to be addressed. Considering the issue
of chemical contamination, all critical parties - regulators, risk managers, in-
dustry sector, politicians, and, finally, scientists — do not offer answers and
solutions needed for citizens to be less concerned.

Contamination of water supplies is an evolving problem and will remain
an issue as long as technological change continues. Some of the contami-
nants now being targeted by researchers may come out with a clean slate,
while others may require additional scrutiny. One of the hopes of today’s re-
searchers is that more sophisticated science will help speed the process of
identifying and remedying the problems, before damage to either human
health or the environment occurs. In any case, science and regulation must
continue to evolve and change, as it has been the case in the past few years, to
respond to new needs presented by chemicals and our increasing knowledge
of them. At present, however, regulatory communities are placed in a reac-
tive, rather than proactive, position with respect to identifying contaminants
and addressing public concern. The current lists of environmental pollutants
evolved from those established in 1970s and are mainly focused on conven-
tional “priority pollutants” often referred to as “persistent organic pollutants”
(POPs). As was elaborated, these chemicals represent only a tiny part of po-
tential pollutants [1, 2] and biological systems may obviously suffer exposure
to many more chemicals stressors, only a small number of which is regulated.
Therefore, only a small proportion of potentially hazardous chemicals is toxi-
cologically evaluated, and even smaller number of them is officially regulated.

This position is further emphasized in situations where federal funding
is provided only on a short-term basis and only for specifically identified
research needs, which by definition are reactionary calls to fill data gaps.
Although this approach generates short-term products for stakeholders, it
often leads to fragmentary, low profile science. In the long term, such goal-
oriented approach to environmental funding does not allow for exploratory
research that can be used to anticipate future environmental issues. Unfor-
tunately, in the US, for example, there is no competitive funding scheme for
the discovery of new contaminants. In addition, no cohesive plan exists to
proactively screen and identify all contaminants of potential concern. On
the other hand, both Canada and the EU are actively developing plans that
will place them in positions from which they can anticipate future environ-
mental issues. The Registration, Evaluation, and Authorization of Chemicals
(REACH) regulation in the EU is a good example [169]. Entered into force in
June 2007, it requires that manufacturers of substances and formulators reg-
ister and provide prescribed (eco)toxicological data for all substances with
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a volume >1 metric ton per year. In contrast, the USEPA has taken a dif-
ferent tack by sponsoring a voluntary program called the High Production
Volume (HPV) Challenge Program [170]. Since the program’s inception in
1998, >2200 chemicals have been “adopted” by chemical manufacturers and
importers. Unfortunately, this number is small in comparison with the num-
ber of chemicals included under REACH, and >200 HPV chemicals are still
without the promise of toxicity testing.

5.2
(Eco)toxicological Constraints

As may be realized from this overview, (eco)toxicologists often seems to know
too little too late, and are far too slow to respond to numerous chemicals that
enter the market every day. Moreover, most of (eco)toxicological testing is
done using traditional acute toxicity test protocols. As was reliably demon-
strated with pharmaceuticals, acute toxicity cannot always serve as a reliable
proxy for chronic toxicity effects encountered in real environmental situa-
tions. Certain substances may elicit adverse effects weeks, months or years
after exposure. Carcinogenicity is a classical example - an ultimate adverse
outcome difficult to characterize regarding causal connections. Consequently,
chronic exposure assessments cannot be avoided and proper toxicological
characterization will probably continue to be a time-consuming process.

The array of chemicals in use will likely continue to diversify and grow
with changing use patterns in human populations and animal production fa-
cilities. Rapid developments in the pharmaceutical industry will also continue
to quickly add to the vast number of chemicals already entering the environ-
ment. Due to the ever-increasing potency and specificity of pharmaceuticals,
new substances may be of even greater concern for the environment. New ap-
proaches for testing and new ways of thinking about new materials are also
necessary. The diverse routes of exposure, including inhalation, dermal up-
take, ingestion, and injection, can present unique toxicological outcomes that
vary with the physicochemical properties of the nanoparticles in question.

The likelihood of constantly introducing new chemicals to commerce pose
inevitable doubts as to whether the chemical-by-chemical approach to toxi-
cological testing and regulation of water pollutants will continue to be sus-
tainable. In the past, studies have focused on the effects of single chemicals
because chemicals are usually regulated singly. However, chemicals are always
present as complex mixtures, thus some might say the regulation approach
is naive. Thus scientists are increasingly focusing on the toxicity of mixtures
of chemicals, acknowledging that the toxicity expressed may be a result of
additive or multiplicative effects, depending on interactions with other chem-
icals present in the environment. Furthermore, the issue becomes even more
complex taking into account potential toxicity of numerous metabolites being
generated from parent compounds.
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An alternative approach, formalized as “toxicity apportionment” has been
recently proposed [2]. The main principle of this approach would be to as-
sign toxicity according to the total numbers of stressors present, without the
need to know their identities in advance. The apportionment approach is es-
pecially valuable in accounting for all toxicants sharing the same mechanism
of action. As was proposed, water monitoring programs based on that frame-
work should utilize biomarkers and biotests designed around evolutionary
biochemical features and mechanisms of action rather than individual chem-
ical entities. This approach may indeed be the best way to simultaneously
account for multitude of contaminants having the same mechanism of ac-
tion, chemicals newly introduced to the market, and pollutants of the future.
Looking from the cost-benefit side and trying to obtain relevant toxicolog-
ical answers in a short time, an efficient screening protocol similar to that
shown in Fig. 1, may be based on the extensive use of a series of small scale
and in vitro biotests, used to rapidly and sensitively screen for the presence
of contaminants of concern, including emerging contaminants, addressing
both acute and chronic toxicity and utilizing test species on different levels
of biological organizations. It can be used for testing of single chemicals and
complex environmental samples. Such a battery of mechanism-based bioas-
says could be easily incorporated into monitoring efforts.

Nevertheless, whilst they are able to indicate the presence of certain groups
of substances in well understood media based on a toxic response, caution is
needed in broadening the application of in vitro tests to complex media such
as effluents. In vitro tests that typically utilize genetically modified cells, yeast,
or bacterial strains, demonstrate promising advantages such as speed, low cost
and the ability to give an indication of specific toxicity that usually is not ex-
pressed in acute toxicity tests. However, they have to date only been used to
alimited extent on effluents, making interpretation of test results difficult or in
some cases impossible. Additional experience will be essential to improve the
interpretation of test results and their relationship to actual environmental im-
pacts. At present, even the best validated in vitro bioassays are only suitable as
an initial screening step to prioritize effluents or effluent fractions for further
study. In vivo tests with carefully selected indicator species are more appropri-
ate to assess direct toxicity and should preferably be used for risk assessment
purposes. Furthermore, bioassays can give both false negative and false positive
results. False negative results may fail to highlight real health or environmen-
tal risks; false positives may imply health or environmental risks where, in fact,
there are none. Due to the high sensitivity of these tests, false positives are likely
when applied to complex mixtures like effluents.

Therefore, methods are now available that detect tiny quantities of chem-
icals which may potentially be hazardous. However, questions remain about
which chemicals are responsible when positive results are obtained from drink-
ing water, wastewater, freshwater and seawater, soil, mud, or any other sample.
For effluents, it is a challenge that samples generally contain many compounds,
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Fig.1 Flow chart presentation of the possible (eco)toxicological protocol for rapid screen-
ing and characterization of single chemicals and complex environmental samples
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resulting in false positives being frequently obtained. In the case of a positive
response, the sample may be split up and analytical methods used to try and
identify the responsive chemicals. Since these tests are highly sensitive and spe-
cific to the cell type used, the relevance of positive results for other species,
living animals and longer-term exposures is the subject of ongoing studies.
Consequently, a positive assay result should always be complemented with an
in vivo assay and analytical detection to confirm the response. Only additional
studies — coupled with a proper risk analysis, taking exposure into account -
can confirm if the response indicates a genuine environmental risk.

Finally, regardless of the obstacles described, the most important con-
cern regarding the exposure of aquatic and terrestrial organisms to emerging
contaminants may be our inability to detect subtle health effects - impercep-
tible changes ranging from modification or reversal of attraction, behavioral
changes related to feeding, matting, predator avoidance, or directional sens-
ing. The changes we may see on the surface would simply be attributed to
natural adaptation or any other form of natural changes. This concept of
subtle changes, formalized at first by Kurelec in 1993 [171] as the genotoxic
disease syndrome (GDS) was described as gradual accumulation of a wide
spectrum of toxic events, none of which alone results in an easily detected
adverse outcome. However, the final outcome would be an ultimate and of-
ten irreversible biological damage - species loss and decrease in biodiversity,
unexpected and unexplained due to our inability to detect and act timely.
These subtle, cumulative effects could make current toxicity-directed screen-
ing strategies largely useless in any effort to test waste effluents for toxic end
points. At the moment, unfortunately, in the field of environmental toxicology
there is no sound scientific answer to this critical issue. The raise of -omics
techniques, however, especially genomics approach based on high-density
microarray methodology, may be a future solution theoretically capable of
detecting even subtle changes in gene expression patterns.

6
Conclusions and Future Directions

In this article, we briefly summarized major human end environmental health
effects related to the most prominent categories of emerging contaminants,
along with critical (eco)toxicological drawbacks and prerequisites needed
for environmentally accountable risk characterization. The most important
messages from this chapter, those we want for any reader to take into consid-
eration are:

1. The threat posed by numerous emerging contaminants present in indus-
trial and municipal waste is serious, poorly characterized, and should not
be underestimated;
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2. The research capacity of (eco)toxicology is at the moment far beyond cap-
acity of analytical chemistry to detect new, emerging contaminants, and
even more distant from the capacity of industry sector to design and intro-
duce new chemical entities, likely “emerging” contaminants of the future;

3. Chronic, low-level exposure assessments do not have any scientifically
sound alternative and should represent obligatory part of (eco)toxicity
characterization of single chemicals and complex environmental mixtures;

4. The necessary improvements in the field of (eco)toxicology will not be
possible without major shift in the regulatory arena, including significant
changes in the environmental funding schemes.

Countries that adopt proactive approaches, such as the EU REACH initiative,
will be afforded distinct environmental, economic, and scientific advantages,
because they will be better serving human and nonhuman populations and
ecosystems, with tangible savings to the healthcare and environment protec-
tion costs. Without the adoption of proactive plans to identify contaminants
before they emerge, regulatory communities that remain in reactionary modes
will be unable to fully serve the needs of the populations they represent.
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Abstract Due to the incomplete elimination of some human contaminants during wastew-
ater treatment, some of these compounds can be found in surface waters or groundwaters
which are used as raw waters for drinking water production. The treatment efficiency to
completely eliminate these emerging contaminants or to partially remove them will deter-
mine the quality of the final treated water. Up to today, few studies have been performed
to evaluate the efficiency of the usual drinking water treatments in eliminating emerging
contaminants. Moreover, every day new potential emerging contaminants are discovered
and new disinfection by-products are also generated during treatment, with a total igno-
rance of their potential toxicity or effect on human health. In this chapter, a summary of
the state of the art of emerging contaminant occurrence and elimination during drink-
ing water processes at the bench scale or real scale is presented. A study of the presence
and elimination of a new group of human contaminants, susceptible to being considered
as a new emerging contaminant group, in a real drinking water treatment plant in Spain
has also been included.

Keywords Carbon - Disinfection by-products - Drinking water -
Emerging contaminants - Illicit drugs - Oxidation - Sorption
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1
Emerging Contaminants in Drinking Water

The occurrence of emerging contaminants (i.e., human and veterinary drugs,
surfactants, textile dyes, algal toxins, etc.) in wastewaters [1-7] and surface
waters [1,8-14] and their removal during conventional treatments has been
widely evaluated in recent years. Several organic pollutants, e.g., pharma-
ceuticals, are not quantitatively eliminated by wastewater treatment and
“survive” natural attenuation processes in surface waters. Therefore, the occur-
rence of these contaminants in these resources can have a negative impact on
the quality of drinking water and, perhaps, produce adverse health effects. The
incidence of these organic micropollutants in raw water and their elimination
during drinking water treatment, as well as the formation of disinfection by-
products (DBPs), are issues related to the quality of raw resources and water
supplies. Compared to wastewater treatment plants, much less is known about
the behavior of these compounds in drinking water treatment plants (DWTPs).
In Table 1, a summary of some of the emerging contaminants detected in
drinking water is displayed. The lack of systematic monitoring programs or
the fact that they are present at fluctuating concentrations near the analytical
method detection limits (some of these compounds usually occur in the low
ng/L range) could be some reasons to explain the relatively little knowledge of
the occurrence of these compounds in drinking water production [15]. How-
ever, several studies have found that the removal of emerging contaminants
(mostly polar compounds) during drinking water treatment is incomplete. In
1993, clofibric acid, the active metabolite of some blood lipid regulators such
as clofibrate, etofyllin clofibrate, and etofibrate, was found in Berlin tap water
at high concentrations above 165 ng/L. Further studies, showed a direct cor-
relation between bank filtration and artificial groundwater enrichment (used
by a particular waterworks in drinking water production) and the concentra-
tions of this drug in treated water [16, 17]. The same authors also detected the
presence of propylphenazone and diclofenac in finished drinking water. Clofib-
ric acid occurrence was also investigated in drinking waters from southern
California [18]. This compound was not found in the samples analyzed; how-
ever, ibuprofen, triclosan, several phthalates, and additives were detected in
samples of finished drinking water. These authors also performed a seasonal
study to evaluate the performance of these compounds through time, conclud-
ing that higher concentrations in raw waters were detected between August and
November (dry season), probably related to lower flow rates.

Boyd et al. [19] examined the occurrence of nine pharmaceuticals and per-
sonal care products (PPCPs) and endocrine disrupting compounds (EDCs),
including clofibric acid, anti-inflammatories, analgesics, antibiotics, and hor-
mones, in drinking water from the USA and Canada, and none of them was
found in the finished drinking water. The presence of several pharmaceu-
ticals, including lipid regulators, analgesics, anti-inflammatories, and their
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metabolites, was also evaluated in tap water from Cologne (Germany) [20].
Most of these compounds were found in the rivers and ponds analyzed but
none of the eight selected drinking water samples showed the presence of the
studied pharmaceuticals. Nevertheless, some hormones and antibiotics were
detected in final drinking waters from the USA and Italy in recent years [21,
22]. Thus, McLachlan et al. [21] showed the presence of 178-estradiol, es-
triol, and nonylphenol in final drinking waters. Regarding antibiotics, Perret
et al. [22] studied the occurrence of 11 sulphonamide compounds (SAs) in
mineral and municipal drinking waters from Italy. Concentrations of SAs
from 9 to 80 ng/L in four different brands of mineral waters were obtained,
while drinking water treatment was shown to be effective in the elimination of
these compounds, with concentrations of SAs in municipal waters below the
limit of quantification.

MTBE, a gasoline additive used since 1979, has also been detected in fin-
ished drinking water from the USA and Europe. Williams [23] reported the
occurrence of this contaminant in about 1.3% of the drinking water samples
from California (USA) analyzed during a period of 6 years. Concentrations
ranged from 5 to 15 pug/L, nevertheless only 27% of the positive samples ex-
ceeded California’s primary health-based standard of 13 pug/L. MTBE was also
found in tap water from Germany; Achten et al. [24] reported maximum con-
centrations above 71 ng/L in treated water from the Frankfurt area. In 1997,
another emerging contaminant, perchlorate, was discovered in water sup-
plies from the USA. Exhaustive surveys were performed in California (USA)
and perchlorate was found in 185 out of 2200 drinking water sources ana-
lyzed [25].

Algal toxins can also impact humans through drinking water contamina-
tion. The most lethal outbreak attributed to the presence of cyanobacteria in
drinking water occurred in Brazil, where 88 deaths occurred over a 42-day
period [26]. In 1999, toxic cyanobacteria blooms, microcystins, anatoxin-a,
and cylindrospermopsin were also found in finished drinking waters from
Florida (USA) at levels higher than those proposed in human health guide-
lines [27].

A more extended study was performed by Stackelberg et al. [28] who eval-
uated the persistence of 106 organic wastewater-related contaminants through
conventional treatment processes and their occurrence in finished treated wa-
ter. Results showed the presence of 17 of the selected contaminants in final water
samples; caffeine (0.119 pg/L), carbamazepine (0.258 png/L), dehydronifedip-
ine (nifedipine metabolite; 0.004 ng/L), and cotinine (nicotine metabolite;
0.025 pg/L) were detected among the selected prescription and nonpre-
scription drugs. Fragrances such as 7-acetyl-1,1,3,4,4,6-hexamethyl tetrahy-
dronaphthalene (AHTN or Tonalide) and 1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-
hexamethylcyclopenta-y-2-benzopyran (HHCB or Galaxolide), the cosmetic
triethyl citrate, and the plasticizer bisphenol A were found at high ng/L con-
centrations. Some pesticides, flame retardants, and solvents were also detected
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Table 1 Summary of emerging contaminants found in tap water reported in the literature

Compound Classification Concentration Country Refs.
(in tap water)
Bezafibrate Pharmaceutical ~ up to 27ng/L  Germany [4]
0.7 ng/L Italy [29]
Carbamazepine Pharmaceutical ~ up to 30ng/L  Germany [4]
119ng/L USA [28]
43.2ng/L France [30]
up to 20ng/L  Germany [123]
5ng/L Italy [29]
140 ng/L USA [31]
Clofibrate Pharmaceutical 270 ng/L Germany [17]
0.58 ng/L USA [18]
Clofibric acid Pharmaceutical ~ 70-7300ng/L  Germany [17]
3.2-53ng/L  Italy [32]
up to 70ng/L  Germany [4]
0.63 ng/L USA (18]
Codeine 30ng/L USA [31]
Diazepam Pharmaceutical ~ 19.6-23.5ng/L Italy [32]
Diclofenac Pharmaceutical  up to 6 ng/L Germany [4]
0.4-09ug/L  Germany [33]
Dilantin Pharmaceutical 1.3ng/L USA [34]
Fenofibric acid Pharmaceutical ~ up to 45 ng/L  Germany [17]
up to 42 ng/L  Germany [4]
Gemfibrozil Pharmaceutical 0.4 ng/L Italy [29]
70 ng/L Canada [35]
Ibuprofen Pharmaceutical ~ up to 200 ng/L Germany [17]
up to 3 ng/L Germany [4]
0.6 ng/L France [30]
5.85ng/L USA [18]
Ibuprofen methyl ester Metabolite 9.22ng/L USA [18]
Ketoprofen Pharmaceutical ~ 3.0ng/L France [30]
Meprobamate Pharmaceutical ~ 5.9ng/L USA [34]
Naproxen Pharmaceutical ~ 0.15ng/L France [30]
Paracetamol Pharmaceutical ~ 211 ng/L France [30]
Phenazone Pharmaceutical  up to 1250 ng/L Germany [17]
up to 50ng/L  Germany [4]
400 ng/L Germany [36]
250 ng/L Germany [37]
Primidone Pharmaceutical ~ up to 20ng/L  Germany [123]
Propiphenazone Pharmaceutical ~ up to 1465 ng/L Germany [17]
120 ng/L Germany [36]
80 ng/L Germany [37]
Sulfamethizole Pharmaceutical 9 ng/L Italy [22]
(veterinary)
Sulfamethoxazole Pharmaceutical  8-13ng/L Italy [22]

(veterinary)
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Table 1 (continued)
Compound Classification Concentration Country Refs.
(in tap water)
Sulfadimethoxine Pharmaceutical 11 ng/L Italy [22]
(veterinary)
Tylosin Pharmaceutical ~ 0.6-1.7ng/L  Ttaly [32]
Diatrizoic acid X-ray contrast up to 85ng/L  Germany (4]
Iopamidol X-ray contrast up to 79ng/L  Germany (4]
Iopromid X-ray contrast up to 86 ng/L  Germany [4]
Caffeine Stimulant 0.119 pg/L USA (28]
0.237 pg/L Italy [29]
0.06 pug/L USA [31]
Cotinine Nicotine 25ng/L USA [28]
metabolite 20ng/L USA [31]
17a-Ethynilestradiol ~ Hormone 50 pg/L Germany [38]
Benzophenone Sunscreen 0.13 pg/L USA [28]
Hydrocinnamic acid Sunscreen 12.5ng/L USA [18]
Triclosan Germicide 0.734 png/L USA [18]
0.14 ng/L USA (8]
AHTN Fragrance 0.49 pg/L USA [28]
0.068 pug/L USA [31]
Camphor Fragrance 0.017 pg/L USA [31]
HHCB Fragrance 0.082 pg/L USA [28]
Triethyl citrate Cosmetic 0.062 ng/L USA [28]
0.082 pug/L USA [31]
MTBE Gasoline additive <13 ug/L USA [23]
up to 75ng/L  Germany [24]
Anatoxin-A Algal toxin 8.5ng/L USA [27]
Cylindrospermopsin  Algal toxin 97.1 pg/L USA [27]
Microcystin Algal toxin up to 12.5 ug/L USA [27]
up to 1 pg/L  USA [39]
<1pg/L Germany and [40]
Switzerland
Dimethyl phthalate Plasticizer 2.36 pg/L USA [18]
Diethyl phthalate Plasticizer 0.16-0.2 ug/L  Germany and [41]
Poland
0.3 pg/L Greece [42]
2.10 pg/L USA [18]
Dibutyl phthalate Plasticizer 0.38-0.64 pg/L Germany and Poland [41]
0.2-10.4 ng/L  Germany [43]
1.04 ng/L Greece [42]
3.71 pg/L USA [18]
Butyl benzyl phthalate Plasticizer 0.02-0.05 ug/L Germany and Poland [41]
0.7 pg/L Germany [43]
0.651 pg/L USA [18]
DEHP Plasticizer 0.05-0.06 pg/L Germany and Poland [41]
0.93 pg/L Greece [42]
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but their concentrations did not exceed the maximum concentration levels
established by the US Environmental Protection Agency.

Recently, Loos et al. [29] performed a survey of the anthropogenic en-
vironmental pollutants in surface and drinking waters from Italy. Fifty-one
contaminants including pharmaceuticals, hormones, phthalates, surfactants,
and herbicides were analyzed in both water matrices. Results achieved from
surface waters coming from a lake showed the presence of 28 contaminants in
the ng/L concentration range and similar concentration levels were obtained
in tap water for the 23 detected compounds. For instance, pharmaceuticals
such as carbamazepine, gemfibrozil, and bezafibrate were found at 5, 0.4, and
0.7 ng/L concentration levels in the tap water samples analyzed.

2
Emerging Contaminants During Drinking Water Treatment

2.1
Activated Carbon Adsorption

Activated carbon is a commonly used adsorbent for the removal of organic
compounds such as pesticides, pharmaceuticals, and odor and taste com-
pounds [44-46]. Adsorption on activated carbon depends on the intrinsic
properties of the activated carbon sorbent (surface area and charge, pore
size distribution, oxygen content) and on the solute properties (shape, size,
charge, and hydrophobicity). Removal of such organic compounds is mainly
controlled by hydrophobic interactions.

Powdered activated carbon (PAC) was evaluated for the elimination of
selected PPCPs and endocrine disruptors during simulated drinking water
treatment processes in the laboratory [47]. Octanol-water partition coeffi-
cients were shown to be a reasonable indicator of compound removal in PAC
test conditions. Therefore, compounds with log Ko values higher than 3 (i.e.,
sulfamethoxazole or carbamazepine) showed elimination percentages higher
than 70% (5 mg/L; 4-h contact time) except for compounds with deproto-
nated acid functional groups (i.e., naproxen or ibuprofen), which seemed the
most difficult to remove with PAC. Deviations from this correlation were also
detected for N-heterocyclic compounds (i.e., caffeine or trimethoprim) or
protonated bases (i.e., acetaminophen) with low Koy, which showed higher
removal percentages than expected.

Granular activated carbon (GAC) was also evaluated for the elimination of
pharmaceuticals (bezafibrate, clofibric acid, diclofenac, and carbamazepine)
under laboratory, pilot, and waterworks conditions in Germany [33]. Pilot ex-
periments showed high adsorption capacities for all the compounds except for
clofibric acid, which due to its acidic properties had a low breakthrough volume
(17 m®/kg in a 160-cm carbon layer). In waterworks, GAC filtration was also



Traceability of Emerging Contaminants from Wastewater to Drinking Water 149

shown to be a very effective removal process, even at high concentrations of
pharmaceuticals. They were almost completely removed at throughputs over
70 m?® kg™! except for clofibric acid, which could be removed completely at
15-20 m3 kg‘l. Nevertheless, the results obtained for carbamazepine were con-
tradicted by a subsequent study performed in a DWTP in the USA [28]. In
this work, GAC efficiency was evaluated for the elimination of prescription and
nonprescription drugs, fragrance compounds, PPCPs, and other organic con-
taminants. These studies indicated that carbamazepine and other hydrophobic
compounds, such as fragrances HHCB (Galaxolide) and AHTN (Tonalide), per-
sisted through DWTPs including filtration with GAC. The authors suggested
that different sorption efficiencies depend on competition with other organic
compounds; therefore, the adsorption capacities for these compounds result in
smaller values in a DWTP that contains amounts of organic compounds rather
than in a laboratory or pilot-scale experiment.

2.2
Oxidation Processes

In drinking water treatment systems, the oxidants commonly used are chlor-
ine, chlorine dioxide, and ozone. Ozone is widely used in Europe for the treat-
ment of surface waters while free chlorine is preferred in the USA, although
in recent years ozone use has experienced an increase. All three oxidants are
strong electrophiles that exhibit selective reactivity with organic compounds.
Among them, ozone tends to be more reactive, following the order O3 > ClO,
> HOCI. One exception is waters with high ammonia content where chlorine
has the highest reactivity.

Oxidation processes have to deal with one major drawback, the forma-
tion of undesirable DBPs which in some cases can exhibit higher toxicity than
the precursors. A summary of some DBPs from pharmaceuticals produced
during oxidation processes described in the literature is displayed in Table 2.

2.2.1
Ozonation

Ozone is used in water treatment as both disinfectant and oxidant and reacts
with a large number of organic and inorganic compounds [48-50]. Rate con-
stants for the reaction with ozone range several orders of magnitude, showing
that ozone is a very selective oxidant. Regarding organic compounds, ozone
is particularly reactive toward amines, phenols, and compounds with double
bonds, especially in aliphatic compounds. In addition, ozone is unstable in wa-
ter (from seconds to hours) and its decomposition leads to a major secondary
oxidant, the hydroxyl radical [50, 51]. The OH radical is a powerful but less se-
lective oxidant; it reacts with high rate constants with most organic compounds
but these reactions are less efficient because a large fraction is scavenged by
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the water matrix. Additional oxidation processes are the advanced oxidation
processes (AOPs) which use OH radicals as the main oxidants. These processes
accelerate the formation of radicals by increasing the pH in water, by adding
hydrogen peroxide, or by applying UV radiation [50, 52, 53].

Several experiments have been developed in the laboratory in order to
evaluate the oxidation of organic compounds with ozone during drinking wa-
ter treatment [54]. These experiments showed that certain pharmaceuticals
react quickly with ozone while others show no reaction, depending on their
structural characteristics. Diclofenac, tetracyclines, carbamazepine, 17a-
ethinylestradiol, and estradiol showed rate constants higher than 106 MLt
(pH 7 at 20°C). For water treatment conditions (pH 7-8; [O3] = 1 mg/L)
half-lives for these compounds are lower than 1s, indicating the complete
transformation of the parent compound during the ozonation process. Com-
pounds with no reactive sites for ozone reaction, with lower rate constants,
were more efficiently removed by reaction with OH radicals when AOPs
were used, with rate constants about two or three times faster. For instance,
iopromine, with an ozonation constant of <0.8 M 's7!, showed a Koy of
3.3x10° M~'s7! and ibuprofen, which was only oxidized above 31%, in-
creased this percentage to 84% when OH radicals were formed.

Ternes et al. [33] evaluated the elimination of bezafibrate, clofibric acid,
diclofenac, carbamazepine, and pirimidone under laboratory and full-scale
DWTP conditions. Ozone was shown to be effective in eliminating carba-
mazepine and diclofenac (97%, 0.5 mg/L ozone dose), bezafibrate and pirim-
idone were appreciably removed with percentages above 50% (1 mg/L ozone
doses), while clofibric acid was poorly removed even at high ozone doses
(<40%, 2.5-3.0 mg/L ozone doses).

Oxidation of EDCs by reaction with ozone has also been experimentally
evaluated. Estrogen steroids and nonylphenols reacted with ozone under simi-
lar conditions to those applied in water treatment systems [46]. Petrovic et al.
evaluated the elimination of neutral and acidic nonylphenols in a Spanish
DWTP [55,56]. An efficiency of 87% in the elimination of these compounds
and their halogenated by-products under ozone treatment was obtained.

More recently, bench-, pilot-, and full-scale studies have been performed
to evaluate the ozone efficiency in the elimination of 36 diverse contaminants,
including PPCPs, hormones, and pesticides in the USA [57]. Results showed
that all the compounds were removed with percentages higher than 50% except
for TCEP, lindane, and musk ketone, which were eliminated with percentages
lower than 20%, and atrazine, iopromide, and meprobamate with removal
percentages between 20 and 50%.

Regarding the transformation products generated from emerging contami-
nant precursors during ozonation, little information is found [58]. Ozonation
of carbamazepine was studied in a German waterworks [59], with the conclu-
sion that when this compound was present in raw water, two main products
were formed, BQM (benzaldehydehydroquinazolineone) and BQD (benzalde-
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hydequinazolinedione). Additionally, some transformation products could be
predicted on the basis of known reaction pathways for specific functional
groups [50]. For instance, it is known that secondary and tertiary amines
react with ozone giving hydroxylamines and amine oxides, respectively [60].
Formation of these hydroxylamines could be problematic, for example in the
case of sulfonamides, of which hydroxylamines are related to hypersensitivity
reactions [61].

2.2.2
Chlorination

Chlorine is an oxidant used for disinfection of water supplies. Free chlor-
ine (i.e., HOCl and OCI") is commonly used in the USA for disinfection and
oxidation of inorganic species. One major drawback in chlorination use is
the formation of chlorinated organic compounds (mainly trihalomethanes
and haloacetic acids) as DBPs, which are classified as carcinogenic and/or
mutagenic compounds [62, 63]. Although the oxidation kinetics for organic
compounds are lower than those for ozone or chlorine dioxide, it reacts rapidly
with phenolic compounds, mainly through the reaction between HOCl and the
deprotonated phenolate anion [64]. The sequential addition to the aromatic
ring leads to ring cleavage. The reactivity with phenol moieties could explain
the transformation of hormones (estradiol, ethynylestradiol, estriol, estrone)
and nonylphenol by chlorine, evaluated in laboratory experiments [46].

Some experiments have been performed in order to assess chlorination ef-
fects over several emerging compounds at the laboratory scale [65-68]. The
fate and occurrence of PPCPs (including musk fragrances), endocrine dis-
ruptors, and other organic contaminants were evaluated during simulated
drinking water treatment (25 mg/L of Cl,; contact time 24 h) [47]. Under these
conditions gemfibrocil, hydrocodone, carbamazepine, compounds with pri-
mary or secondary amines (diclofenac, sulfamethoxazole, trimethoprim), and
compounds with phenolic moieties (estradiol, estrone, ethynylestradiol, ac-
etaminophen; oxybenzone, triclosan; bisphenol A) showed high reactivity with
chlorine. On the other hand, the least reactive compounds were those that
have electron-withdrawing functional groups or no conjugated carbon bonds
(atrazine, BHC, DEET, fluoxetine, iopromide, meprobamate, and TCEP). The
chlorination efficiency to eliminate ten antibiotics (carbadox, erythromycin,
roxithromycin, sulfadimethoxine, sulfamerazine, sulfamethazine, sulfamethi-
zole, sulfamethoxazole, sulfathiozole, and tylosin) was also evaluated on the
laboratory scale and in surface waters [69]. The results obtained showed that
a significant removal of all these compounds could be expected during free
chlorination in most water treatment utilities. For instance, carbadox was com-
pletely removed within 1 min of contact time and at a chlorine concentration of
0.1 mg/L, while macrolides were removed above 85% with 2 h of contact time
and 1 mg/L of chlorine.
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Oxidation of organic contaminants has been also evaluated in full-scale
treatments. Chlorination studies performed in different DWTPs in the USA
and Canada, to assess the elimination of pharmaceuticals (i.e., clofibric acid,
naproxen, ibuprofen, acetaminophen, fluoxetine), steroids (i.e., estrone, 17p-
estradiol), and plasticizers (bisphenol A), showed nondetectable concentra-
tions of the target compounds after the chlorination step [19].

More recently, the effect of chlorine residual to eliminate several pharma-
ceuticals and other organic compounds (POOCs) has been evaluated in
drinking waters from the USA. The addition of free chlorine to finished
drinking water is a common practice as a distribution system disinfectant re-
sidual. Gibs et al. [70] have evaluated the effect of the addition of 1.2 mg/L
of free chlorine in a finished drinking water with 98 POOCs. Results showed
that 52 POOCs would remain after 10 days, with an unremarkable reduction
in their concentrations.

As previously described, chlorine usually produces undesirable chlorina-
tion by-products to some extent. The formation, fate, and toxicity of oxidative
by-products from pesticides and EDCs/PPCPs has been studied and assessed
as of potential concern [53,71]. The E-screen performed after chlorination
of bisphenol A, 17a-estradiol, and 17a-ethynylestradiol showed a reduction
in estrogenic activity after extended exposure time (120 min). Nevertheless,
all compounds showed a similar estrogenicity trend, with a higher estro-
genicity activity registered during the first phases of oxidation probably
related to the formation of chlorination by-products [72]. Chlorination of ac-
etaminophen has also been studied showing the formation of two chlorination
ring products, chloro-4-acetamidophenol and dichloro-4-acetamidophenol,
and two quinoidal oxidation by-products, 1,4-benzoquinone and N-acetyl-p-
benzoquinone imine (NAPQI). These toxic compounds are associated with
acetaminophen overdoses in humans with lethal effects [73].

Chlorination of sulfamethoxazole (SMX), a member of the sulfonamide
antibacterial class, has also been studied in wastewater and drinking water
matrices. Chlorine reacted with the aniline nitrogen giving the halogenation
of the aniline moiety, yielding a ring chlorinated product, and with the SMX
sulfonamide moiety to yield the formation of 3-amino-5-methylisoxazole and
N-chloro-p-benzoquinoneimine subproducts [74].

2.2.3
Chlorine Dioxide

Chlorine dioxide (ClO;) is an oxidant used for disinfection of high qual-
ity water, such as groundwater or treated surface water. In Europe, it is also
used to protect drinking water distribution at residual concentrations (0.05
to 0.1 mg/L), while in the USA it is mainly used for the preoxidation of sur-
face waters. Compared to chlorine, ClO; is generally a stronger and faster
oxidant, [75] and is more effective for the inactivation of viruses, bacteria,
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and protozoa (including the cyst of Giardia and the oocysts of Cryptosporid-
ium). Chemically, C1O; has been demonstrated to be a very selective oxidant
of specific functional groups of organic compounds, such as phenolic moi-
eties, tertiary amino groups, or thiol groups [76]. Additionally, halogenated
DBPs are not formed even under suitable conditions [77]. Nevertheless, other
DBPs are formed during ClO; reaction. Therefore, chlorite is the major reduc-
tion product of ClO,, considered to be a blood poison [61, 78] and regulated
by the USEPA at the 1 mg/L level [79].

Due to the oxidant doses used of ClO; in drinking water treatment and its
specific reactivity, a complete elimination of parent contaminants is not ex-
pected. Nevertheless, this treatment could lead to the deactivation of specific
functional groups responsible for parent activity. Chlorine dioxide has demon-
strated cleavage of one of the N — C bonds of tertiary amines [80], which would
mean the loss of a methyl or amino group in macrolide antibiotics leading to
arelated and expected decrease in pharmacological activity [81].

Oxidation of several pharmaceuticals by ClO; was evaluated in samples
from a German DWTP [82]. Water samples were collected before ClO, treat-
ment and spiked with the selected pharmaceuticals. Then, Cl1O, doses of 0.95
and 11.5 mg/L were added and samples were analyzed after 30 min of contact
time. Under these experimental conditions, bezafibrate, carbamazepine, di-
azepam, and ibuprofen showed no reactivity while diclofenac was completely
oxidized and phenazone derivatives and naproxen showed an appreciable re-
activity.

23
Membrane Separation

In membrane processes, a semipermeable membrane separates contaminants
from the water by a process known as crossflow filtration (also called tan-
gential flow filtration). The bulk solution flows over, and parallel to, the filter
surface while, under pressure, a portion of the water is forced through the
membrane to produce a permeate stream. The turbulent flow of the feedwater
over the membrane surface minimizes accumulation of particulate matter
there, and facilitates continuous operation.

Different types of membranes are applied to drinking water treatment
with different characteristic separations depending on their composition and
pores. Several classifications can be made to characterize membranes; size ex-
clusion is one of the most significant mechanisms to separate contaminants.

2.3.1
Ultrafiltration

Ultrafiltration (UF) allows the removal of turbidity, microorganisms, and
many hydrophobic macromolecules (0.001-0.1 um) with log Koy > 4. The
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removal properties of UF membranes are usually expressed in terms of mo-
lecular weight cutoff (MWCO) which ranges from 1000 up to 50 000 Da. Nev-
ertheless, most organic EDC/PPCP compounds range from 150 to 500 Da, and
only those associated with particles or colloidal organic matter are removed.

An investigation on the removal of 52 EDCs and PPCPs with different
physicochemical properties such as size, hydrophobicity, and acidity by UF
and nanofiltration (NF) has been carried out in model and natural wa-
ters [104, 105]. The results showed that the UF membrane retained hydropho-
bic EDCs mainly by adsorption processes. UF membranes showed retention
percentages lower than 40% for all compounds except triclosan (87%), oxy-
benzone (77%), and progesterone (56%). In most cases, the concentration
of EDCs and PPCPs was feed > retentate > permeate except for few com-
pounds (i.e., diclofenac, erythromycin, estriol, gemfibrozil, ibuprofen, chlor-
dane, dieldrin) that showed lower concentrations in retentate than initial
ones. These compounds were probably adsorbed onto the membrane and
into the membrane pores. It has been reported that retention of relatively
hydrophobic compounds and hormones (i.e., log Kow >3) by UE reverse
osmosis (RO), and NF membranes is mainly due to adsorption [106, 107].
Yoon et al. [105] stated that compounds highly retained by UF (30-80%)
have common structural properties including aromatic ring structures, high
pKa, and/or high log Ky values, whereas poorly retained compounds include
those with low log Koy due to aliphatic, aromatic, nitrogen, carbonyl, phos-
phate, amine, or hydroxyl functional groups.

2.3.2
Nanofiltration/Reverse Osmosis

NF and RO are effective physical diffusion-controlled and size-exclusion pro-
cesses which have been demonstrated to effectively remove pathogens and
organic contaminants. However, the rejection efficiency correlates to different
parameters affecting the solute, the membrane, and the feed water compo-
sition; moreover, it is also correlated with the concentration of the organic
contaminant and its effective charge state. Both processes have the broadest
duration of treatment capability but require a great degree of pretreatment,
and in addition RO has a high relative cost compared with other technolo-
gies.

Bench-scale tests have been performed in order to evaluate the removal
of several emerging contaminants by NF and/or RO. A pilot system with RO
membranes was used to evaluate the elimination ratio of several pharmaceu-
ticals, pesticides, and PPCPs. The system evaluated both virgin and fouled
membranes, showing that target analytes were well-rejected and no effect
of membrane fouling was detected [108]. Another study evaluated the elim-
ination of steroid hormones by RO in wastewater matrices. Results showed
removals greater than 90% for 178-estradiol and 17a-ethinylestradiol [66].
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NF membranes have also been evaluated by bench-scale tests for the ana-
lysis of EDCs and PPCPs [109]. Results showed that NF membranes had a
low adsorption capacity for the less volatile and less hydrophobic compounds.
Average retention percentages were 30-90% depending on their properties,
except for naproxen which showed poor retention lower than 10%. In these
tests, hydrophobicity led to adsorption and polarity to charge repulsions that
were more important than molecular weight in removing EDCs and PPCPs.

A study of the removal of pesticides [110] and pharmaceuticals [111] by
NF and RO membranes in a real DWTP has been performed. The DWTP sup-
plies treated water to 20 000 inhabitants and uses one NF line and two parallel
RO lines with a final mixing of the three permeates to obtain treated water.
Triazines (i.e., simazine, atrazine, terbutylazine, and terbutryn) and metabo-
lites (DIA, DEA) were fully eliminated in both NF and RO lines. On the other
hand, removal of pharmaceuticals showed very similar percentages to those
obtained for triazines, and high values above 80% were obtained in both
NF and RO lines for most of the selected compounds (i.e., hydrochloroth-
iazide, ketoprofen, gemfibrozil, diclofenac, sulfamethoxazole, sotalol, meto-
prolol, propylphenazone, and carbamazepine). However, strong fluctuations
in the permeate concentrations for some compounds, such as acetaminophen
and mefenamic acid, were measured.

An assessment of removal possibilities with NF of priority pollutants
in water sources of Flanders and The Netherlands has been recently re-
viewed [112]. The authors suggested that rejection of organic pollutants in NF
could be qualitatively predicted as a function of a limited set of solute param-
eters, such as log Kow, pKa, and molar mass. The prediction was based on the
scheme proposed by Bellona et al. [113] but using hydrophobicity as the pri-
mary solute parameter. Their qualitative predictions for target compounds
(hormones, industrial chemicals, pesticides, and pharmaceuticals) roughly
correlated with values from the literature. The authors stated that the solute
parameters together with a knowledge of the membrane material can give
real estimations of the rejection of organic micropollutants and can provide
feasible evaluations of NF in drinking water plant designs.

3
Emerging Disinfection By-Products

A widely known group of drinking water contaminants are DBPs which are
generated during the treatment process. Some of these compounds, such as
trihalomethanes, haloacetic acids, bromates, or chlorites, are widely known
and they have been studied and regulated for the last 30 years. However,
emerging contaminants in raw waters and new alternative disinfectants and
treatments for drinking water production, implemented by the DWTPs, could
lead to the formation of new DBPs. In Sect. 2, DBP formation from pharma-
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ceuticals and hormones was examined. In this section, the emerging DBPs
generated during water treatment due to alternative disinfectants from chlor-
ine (i.e., ozone, chlorine dioxide, and chloramines) will be discussed. Up
to now, scarce information about the potential toxicity of DBPs generated
from these alternative disinfectants can be found. New DBPs identified in-
clude iodo-acids, bromonitromethanes, iodo-trihalomethanes, brominated
forms of MX, bromoamines and bromopyrrole [114], nitrosodimethylamine
(NDMA), and other nitrosamines. Recent studies [115] of their toxicity have
demonstrated that some of these compounds are more genotoxic than many
of the DBPs regulated, and are present at similar concentration levels to those
regulated.

Among the emerging DBPs investigated, one remarkable compound is
NDMA [116-118] which is generated from chloramines or chlorine disin-
fection (Fig. 1) [128-130]. This compound belongs to the chemical class of
the N-nitrosoamines and its importance remains, as it is considered a po-
tential human carcinogen with more cancer potencies than those reported
for trihalomethanes [119, 120]. In 1989, NDMA was first detected in treated
drinking water from Ohsweken (Ontario, Canada) at elevated concentrations
(up to 0.3 pg/L). This finding prompted a survey of 145 Ontario DWTPs [116,
121, 122] and the concentrations of NDMA detected in the treated water were
lower than 5 ng/L (except for some samples exceeding 9 ng/L). More recently,
similar results were obtained for NDMA concentrations in drinking water
systems from the USA. Results showed that NDMA was detected at concentra-

N, DMC NDMA DMF

CI W
X NHZX UDMH + oxidant
NH,Cl1

+Br
+NH, +H' ?/' NDMA

HOCI NH,Br

+CIr
+Br TNH,

HOBr

N,

Fig.1 NDMA formation mechanism for the chloramine/bromamine pathway [128-130].
X: Cl/Br; UDMH: unsymmetrical dimethylhydrazine; DMC: dimethylcyanamide; DMF:
dimethylformamide
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tion levels lower than 5 ng/L in water supplies which used only free chlorine,
while 3 out of 20 chloraminated supplies contained concentrations higher
than 10 ng/L [99]. Nevertheless, a more extended survey performed from
2001 to 2002 in 21 USA water systems indicated median concentrations of
NDMA in chlorinated or chloraminated waters lower than 1 ng L' [123]. Re-
garding legislation, although NDMA is listed as a priority pollutant [124],
a maximum contaminant level (MCL) has not been established and it has not
yet been included on the candidate contaminant list (CCL), which is a list
of unregulated contaminants for monitoring in the USA [125]. Nevertheless,
some regulatory agencies have established guidelines for maximum concen-
trations of NDMA; the Ontario Ministry of the Environment and Energy has
fixed a value of 9 ng/L [126], while the California Department of Health Ser-
vices has suggested a value of 10 ng/L [127].

With regard to other emerging DBPs, Richardson et al. [131] studied the
formation of DBPs when alternative disinfectants were used. Over 200 DBPs
were identified and a comparison between by-products formed from different
treatments was also performed. The effect of high concentrations of bromide
on the formation of chlorine dioxide DBPs was also evaluated by selecting
natural waters from Israel (Sea of Galilee) with high natural levels of this com-
pound. The DBP structures identified showed high degrees of bromide, such
as 1,1,3,3—tetrabromopropane.

Finally, new alternative routes of exposure to drinking water DBPs are
now being recognized. Inhalation or dermal absorption during bathing or
showering can be translated into high exposure to toxic/carcinogenic com-
pounds [132]. A recent study performed by Villanueva et al. [133] revealed
a correlation between these activities and a higher risk of bladder cancer.
An additional new route of exposure to DBPs is swimming pools. Zwiener
et al. [134] published a review article on the formation of DBPs in swimming
pool waters and the adverse health effects that could be related to them.

4
Removal of New Emerging Contaminants
in a Drinking Water Treatment Plant (DWTP)

Human habits and activities have been widely demonstrated to impact the
environment in many ways. Recently, a new group of human-use contami-
nants, illicit drugs, have been detected in aquatic media from the USA [135],
Italy [136, 137], Germany [138], Spain [139, 140], and Ireland [141]. Due to the
high consumption rates—around 200 million people have consumed illicit
drugs in the last year—the determination of these compounds has become
an important issue, not only for forensic sciences but also in environmen-
tal studies [135]. Some of these drugs are released unaltered or as slightly
transformed metabolites. Therefore, they reach municipal wastewater treat-
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ment plants (WWTPs) where, depending on the efficiency of the treatment,
they are totally removed or, on the contrary, persist during the treatment and
can be detected in receiving waters. The effectiveness of the water treatment
processes and the impact of most of these compounds on the aquatic environ-
ment are still unknown.

An UPLC-MS/MS method was developed for the analysis of caffeine, nico-
tine, cocaine, amphetamine related compounds, and other synthetic con-
trolled drugs, and their metabolites, in waste and surface waters [139]. Once
the method was optimized and the quality parameters were established, the
method was applied to the estimation of the occurrence of these substances
in water samples from Catalonia (NE Spain) (Table 3). Results displayed in
this table have been already submitted for publication. The analysis of sev-
eral samples from WWTPs revealed the presence of drugs, such as cocaine
and amphetamine related compounds, in both influent and effluent samples.
Several illicit drugs, such as cocaine or MDMA (ecstasy), were also found in
surface waters while nicotine and caffeine were detected in all the analyzed
samples. The results obtained demonstrate that the presence of these drugs in
aquatic media must be considered a matter of environmental concern [139].

The incidence of these illicit drugs in surface waters posed the need to
investigate the elimination of these compounds during drinking water treat-
ment and their presence in final treated water. The treatment in the DWTP
investigated consisted in prechlorination (with chlorine or chlorine dioxide),
sand filtration, flocculation and sedimentation, ozonation, GAC filtration, and
final postchlorination.

Table4 Drug concentrations of raw water, treated water, and elimination percentages in
a DWTP (Spain)

Intake? Treated? Elimination

ng/L ng/L (%)
Nicotine nd-1047 <LOQ >99.9
Cotinine nd-516 nd-276 74
Caffeine nd-2991 nd-126 93
Paraxanthine nd-2709 <LOQ >99.9
Amphetamine nd-165 <LOQ >99.9
MDA nd-6 <LOQ >99.9
MDMA nd-123 <LOQ >99.9
MDEA nd-54 <LOQ >99.9
Ketamine nd-61 <LOQ >99.9
Cocaine nd-411 <LOQ >99.9
Benzoylecgonine nd-1047 nd-24 89

nd: non detected
in=24
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Several controlled drugs, such as cocaine, benzoylecgonine (cocaine
metabolite) and some amphetamine type stimulants (i.e., amphetamine or ec-
stasy), were detected with concentrations higher than their limit of quantitation
(LOQ) at the intake of the selected DWTP [141]. For instance, maximum con-
centrations of 22 ng/L were obtained for cocaine and up to 37 ng/L for ecstasy.
The removal efficiency during treatment was also evaluated and the results
(Table 4) showed that removal percentages higher than 99.9% were obtained
for most of the compounds found at the intake, including cocaine and ecstasy.

Only three of the studied compounds were detected in some samples with
concentrations higher than the LOQs. Cotinine and caffeine among the con-
trolled drugs were found in treated water with removal percentages of about
74 and 93%, respectively, and among the illicit drugs only the biologically
inactive metabolite of cocaine was found in treated water at low ng/L lev-
els with a removal of 89%. The analyses were performed by using an UPLC
system coupled to tandem mass spectrometry (MS/MS) and the quality pa-
rameters were already established [139]. An extracted chromatogram from
a treated water sample is displayed in Fig. 2. Two transitions were acquired
for each compound in order to obtain four identification points, fulfilling the

177 > 79.5

] //\\ Cotinine 9.71e3

T T T T T T T T T

177 > 98

Cotinine 2.65e3

195 > 138

T T T T T T T T T T T T T T T T

_ . 195> 110
Caffeine 8.78e2
- 290.2 > 168.9
. 1.90e3
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Fig.2 Extracted ion chromatogram obtained at the intake of a Spanish DWTP. SRM
acquisition mode
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European Council directives (96/23/EC) regarding mass spectrometric detec-
tion [142] and the general criteria for forensic analysis [143].

5
Concluding Remarks

The occurrence of emerging contaminants in aquatic media has been widely
assessed in the last decade. Nevertheless, much more data are needed in order
to improve the knowledge of the behavior/removal of these compounds in
wastewaters and surface waters, as well as their toxicological impact on both
aquatic life and human beings and to establish safe guideline values. More-
over, the occurrence of these contaminants in drinking water, just like the
removal efficiency of the treatment processes, is still relatively unknown.

In this chapter, a summary of the works published regarding the elim-
ination of emerging contaminants through conventional drinking water treat-
ments and the persistence of some of them through treatments has been
presented. Activated carbon adsorption (PAC or GAC) has been shown to
be effective to remove nonionic compounds with log Ko, higher than 3.
Nevertheless, some pharmaceuticals such as carbamazepine and some fra-
grances such as HHCB (Galaxolide) persisted throughout treatment. NF and
RO membranes were also found to remove organic contaminants to a very
high extent. Oxidation processes such as ozonation and chlorination have
also been evaluated in the elimination of emerging contaminants. Ozone was
shown to be very effective in eliminating several pharmaceuticals, hormones,
and nonylphenols with percentages higher than 50%, while poorer elimina-
tion rates were found for some pesticides (i.e., lindane, atrazine), fragrances
(i.e., musk ketone), and pharmaceuticals (i.e., clofibric acid, meprobamate).
Oxidation with chlorine or chlorine dioxide was shown to be less efficient
but high reactivities were obtained when contaminants contained phenolic
or amino moieties (i.e., hormones, nonylphenols, sulfonamides). One major
drawback of the oxidation processes is the formation of undesirable DBPs
which could have toxic effects. The formation of DBPs from these emerging
contaminants together with new disinfection treatments could lead to emerg-
ing DBPs. Up to now some new DBPs, such as NDMA, bromonitromethanes,
or iodo-trihalomethanes, have already been identified.

Finally, it must be emphasized that the emerging contaminants field is
still growing. New human habits or activities could cause the appearance of
novel contaminants in aquatic media that may become emerging contami-
nants. One example of new contaminants derived from human activities and
detected in water sources are illicit drugs. These contaminants have recently
been detected in aquatic media from the USA and Europe, thus demonstrat-
ing once more the cause-effect relationship between human activities and
environmental contamination.
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Abstract Human pharmaceuticals enter the environment mainly through regular domes-
tic use. Their presence in the aquatic environment has been recorded in the range ngL™!
to pgL™!. Knowledge of the risk associated with the use of pharmaceuticals involves
establishing the ratio between predicted environmental concentrations (PECs) and pre-
dicted no effect concentration (PNECs). The European Union (EMEA) and USA (FDA)
have implemented two-tiered strategies for environmental risk assessment (ERA) of
pharmaceuticals. Advances in analytical techniques have allowed us to measure pharma-
ceuticals in the environmental compartment and the refinement of ERA. On the other
hand, for calculation of PNECs, acute and chronic toxicity tests are employed; a criti-
cal analysis of the available information was carried out, indicating that acute toxicity
was only likely for spills, although an exception to this general behavior is shown by
endocrine-active substances. Studies including mixtures of pharmaceuticals are not com-
mon in the study of pharmaceutical effects. Only for a limited number of drugs, are the
ecotoxicity data available adequate for risk assessment. Selection of model compounds
with a priori knowledge about the target biological compounds, and the selection of
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species, life stages and endpoints would be helpful. New technologies such as proteomics
and genomics could be valuable resources to be included in the framework of pharma-
ceutical environmental risk assessment.

Keywords Ecotoxicology - Environmental concentration - Pharmaceuticals -
Risk assessment

Abbreviations

AF Assessment factor

BAF  Bioaccumulation factor

CPMP Committee for Proprietary Medicinal Products

ECso  Effect concentration 50%

EE2  Ethynilestradiol

EEC  Expected environmental concentration

EIC Expected introduction concentration

EMC  Endocrine modulating chemicals

EMEA European Medicines Agency

ERMS European Risk Management Strategy

FDA  Food and Drug Administration

GMOs Genetically modified organisms

ICH International Conference on Harmonization of Pharmaceuticals for Human Use
ISO  International Organization for Standardization

LCsp  Lethal concentration 50%

LC-MS Liquid chromatography tandem mass spectrometry

LOQ Limit of quantification

NOEC No observed effect concentration

OA Oxolonic acid

OECD Organization for Economic and Cooperation Development
OTC  Oxytetracycline

PBDEs Polybromated diphenylethers

PEC  Predicted environmental concentration

PNEC Predicted no effect concentration

PPCPs Pharmaceutical and personal care products

QSARs Quantitative structure—activity relationships

SSRI  Selective serotonin re-uptake inhibitors

STP Sewage treatment plant

TGD  Technical Guide Document in Support of Commission Directive 93/67/EEC

1
Introduction

Emergent contaminants are not easy to define because they represent a chang-
ing reality, dependent on perspective and timing [1]. The permanence in this
status is dependent on its persistence in the environment, effects on humans
and ecotoxicity. In this sense, knowledge of new properties of chemicals that
are well known can re-introduce them as emergent contaminants. Recently,
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an editorial of Environmental Toxicology and Chemistry [2] pointed out that
the level of concern about the new emergent contaminants is unknown and it
is necessary to evaluate their significance for human and ecological health.

Four broad categories have been established for emergent contaminants:
(a) pharmaceuticals and personal-care products (PPCPs); (b) polybromated
diphenylethers (PBDEs) and other persistent organic contaminants; (c) en-
docrine modulating chemicals (EMCs) and (d) nanotechnology products.
These categories are not totally separated because a compound could be at the
same time a PPCP and an EMC.

Herein we will focus on the environmental risk assessment of human phar-
maceuticals because the ERA of the different types of emergent contaminants
pointed out above is beyond the scope of this work.

Entry of human pharmaceuticals and PCCPs to the environment is mainly
via regular domestic use [3]. After their use, pharmaceuticals are excreted,
some of them are partially metabolized (slightly transformed or conjugated
to polar molecules) and released into the aquatic environment via wastewater
effluent. Unused drugs are stored until the expiration date and finally ex-
posed of down drains reaching the aquatic environment. Consequently, they
can potentially affect drinking water quality. The entry path scenarios for hu-
man pharmaceutical products have been summarized by the Committee for
Proprietary Medicinal Products (CPMP) (Fig. 1) [4].

Variable quantities of pharmaceuticals are present in surface waters,
ground waters, and sediment, ranging in concentrations between ngL~!
to pgL™! [5,6]. Knowledge of pharmaceuticals in environmental compart-
ments has been supported by the great advance in analytical techniques,
which has improved detection levels of these compounds in the environ-
ment. New chemical methods, such as liquid chromatography tandem mass
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Fig.1 Routes of entry to the environment for human pharmaceuticals [4]
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spectrometry (LC-MS), are able to determine more organic polar compounds
without derivatization [7-9]. As a consequence, several monitoring programs
have been carried out in different countries that have demonstrated the pres-
ence of drug residues to be widely distributed.

On the other hand, knowledge concerning the ecotoxicological effects of
pharmaceuticals on aquatic and terrestrial organisms and wildlife is scarce,
especially the aspects related to chronic toxicity and more-subtle effects [10].
Most of the published aquatic toxicity data and risk assessments for human
pharmaceuticals are based on short-term acute studies [5, 11, 12]. Neverthe-
less, information about the chronic effects of human pharmaceuticals on
aquatic organisms has been recently reviewed by Crane et al. [13].

Although the amounts of human drugs released to the environment are
quite high, only recently have detailed guidelines been developed about how
pharmaceuticals should be assessed.

2
Environmental Risk Assessment Regulations

Environmental risk assessment is a process that evaluates the likelihood that
adverse effects may occur as a result of exposure to one or more stressors [15].
The characterization of the risk involves knowing the ratio between predicted
environmental concentration (PEC) and predicted no effect concentration
(PNEC); if this value is less than 1 there is no risk to the ecosystem, but if the
value is equal to or higher than 1 there is a risk and regulation activities will
be needed.

Although the market for pharmaceuticals is highly globalized, and har-
monization for testing guidelines have been supported by the International
Conference on Harmonization of Pharmaceuticals for Human Use (ICH), for
the ERA of human pharmaceuticals different strategies have been followed in
different countries according to specific regulations.

2.1
Regulations in the EU

The European Commission has released a guideline about the environmental
risk assessment of medicinal products for human use, in accordance with Art-
icle 8(3) of Directive 2001/83/EC, as amended, the evaluation of the potential
environmental risks posed by medicinal products, their environmental im-
pact should be assessed and, on a case-by-case basis, specific arrangements to
limit the impact should be considered [14]. The ERA should accompany any
application for a marketing authorization for a medicinal product for human
use and the evaluation of the environmental impact should be made also if
there is an increase in the environmental exposure. Nevertheless, this guide-
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line does not apply to medicinal products consisting of genetically modified
organisms (GMOs).

The evaluation of risk assessment to the environment is a step-wise pro-
cess, consisting of two phases. The first phase (Phase I) includes checking
the exposure of the environment to the drug substance against the action
limit assessment. If the result is lower than the limit assessment the ERA is
finished. Alternatively, second-phase information about the fate and effect
of the drug substance should be carried out. This Phase II is divided into
two parts (Tier A and B). In Table 1, the phase approach of environmental
risk assessment according to the guidelines of EMEA is shown [14]. Phase I
is considered a pre-screening and it is independent of route administration,
pharmaceutical characteristics, metabolism, and excretion. The calculation of
PEC is restricted to the aquatic environment and some restrictions are con-
sidered:

e A market penetration factor (Fpen) is defined, the value can be a default
value or refined according to specific data (eg. Epidemiological data).

e The amount is distributed along the year and the considered geographic
area.

e The sewage system is the main route of entry for the substances.

e No biodegradation of the substance is taken into account during the treat-
ment in the sewage treatment plant (STP).

e Metabolism in the patient is not considered.

For calculation of the PEC the following equation is applied [14]:

Doseaj X Fpen

(1)

PEC = —
surfacewater Wastewater;,;, x Dilution

Table 1 The phase approach in environmental risk assessment according to the Commit-
tee for Medicinal Products for Human Use [14]

Stage in Stage in Objective Method Test/data

regulatory risk requirement

evaluation assessment

Phase I Pre- Estimation Action Consumption
screening of exposure limit data, log Kow

Phase II Screening Initial prediction ~ Risk Base set aquatic

Tier A of risk assessment toxicology and

fate
Phase II Extended Substance and Risk Extended data set
Tier B compartment - assessment on emission, fate
specific refinement and effects

and risk assessment
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where Dose,; (mg inh™'d™!) is the maximum daily dose consumed per in-
habitant; Fpen is the percentage of market penetration and represents the
proportion of the population being treated daily with a specific substance;
Wastewater;,, (Linh™' d™!) corresponds to the amount of wastewater per in-
habitant and per day and Dilution is the dilution factor.

When the PECgyfacewater Value is below 0.01 pg L™ and there are no other
environmental concerns it is assumed that the pharmaceutical is not a risk.
In the case where the PECgy facewater 1S above this value, a Phase II environ-
mental fate and effect analysis should be carried out. In drugs that have a
PECqurfacewater lower than 0.01 ug L™! but may affect reproduction a strategy
including Phase II evaluation should be carried out.

In the Phase II assessment, the evaluation of the PEC/PNEC ratio is
based on aquatic toxicology data and predicted environmental concentration
(Tier A). For drugs where a potential impact can be weighted a refinement
of the values should be realized in Tier B. The guidelines for experimen-
tal bioassays of the Organization for Economic Cooperation and Develop-
ment (OECD) or the International Organization for Standardization (ISO)
should be followed and all relevant data about physical-chemical properties,
metabolism, excretion, biodegradability, persistence, and pharmacodynamic
processes must be taken into account.

For the aquatic effect analysis standard long-term toxicity tests in fish,
daphnia, and algae are proposed (OECD 201, 210, and 211) [16] and to deter-
mine the PNECyter an assessment factor (AF) is applied to the no-observed
effect concentration (NOEC).The AF applied is a default value of 10 and it
represents the uncertainty associated to intra-species variability and inter-
species sensitivities and extrapolation from lab to field studies.

The refinement of the risk when it has been identified in Tier A involves re-
fining PEC and PNEC values for the compounds using data on transformation
of the substance in the environment. The equation that should be applied is:

Elocalyater X Fstpwater

2

PEC =
surfacewater Waste;np, x Capacitysyp x Factor x Dilution

Elocalyater = D0S€aj X Fexcreta X Fpen X Capacitysp 3)

Waste;,, = amount of wastewater per inhabitant per day

Capacityst, = capacity of local sewage treatment plant

Fstpwater = fraction of emission directed to surface water

Factor = factor to take into account the adsorption to suspended matter
Dilution = dilution factor

Elocalyater = local emission to wastewater of the relevant residue.

If the pharmaceuticals can be adsorbed on soil or sediment, an effect an-
alysis on sediment-dwelling organisms should be carried out and compared
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Table2 Terrestrial fate and effects studies recommended in Phase II Tier B, according to
the Committee for Medicinal Products for Human Use [14]

Study type Recommended protocol
Aerobic and anaerobic transformation in soil OECD 307
Soil microorganisms: Nitrogen transformation test OECD 216
Terrestrial plants, Growth test OECD 208
Earthworm, Acute toxicity tests OECD 207
Collembola, Reproduction test ISO 11267

to PECgediment (OCDE 308) [16]. For compounds with Koc > 10000 Lkg™,
unless they are readily biodegradable, methodologies such as TGD [17] are
recommended for risk assessment including PECy,; calculation. The bioas-
says recommended for Phase II Tier B in soils are shown in Table 2.

Recently, the European Risk Management Strategy (ERMS) work pro-
gramme for 2008 and 2009 has been adopted, which will focus on improve-
ment of the EU Pharmacovigilance system and the science and methodolo-
gies which give support to the safety monitoring of medicines for human
use [17].

2.2
Regulations in USA

The National Environmental Policy Act of 1969 requires the Food and Drug
Administration (FDA) to take into account the environmental impact of
approving drug and biologic applications as an integral part of its regula-
tory process. A guidance was prepared by the direction of the Chemistry
Manufacturing Controls Coordinating Committee, Center for Drug Evalu-
ation and Research (CDER) and the Center for Biologics Evaluation and
Research (CBER) and it represents the current thinking on environmen-
tal assessment. This guidance [18] involves several topics, among them: the
content and format of environmental assessment (EAs), test methods and
specific guidance for the environmental issues that are associated with human
drugs.

According to this guidance, the EA is required when the estimated concen-
tration of the compound is: (a) equal or higher than 1 ugL™!; (b) when the
substance occurs naturally but its application alters significantly its concen-
tration or distribution or its metabolites and (c) when the expected exposure
levels can potentially generate harm to the environment. A tiered approach
is employed to assess the environmental fate and effects of pharmaceuticals

(Fig. 2).
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Determine environments of potential
concern, atmospheric, aquatic and/or terrestrial

%#—_ Rapid
Investigate depletlon4> Microbial inhibiton STOP
mechanism(s) complete test

No rapid complete
depletion mechanism

y
Microbial inhibition

test
J_ Log Kow>3.5 consider |n|t|at|ng
»  chronic toxicity test
Log Kow<3 5 or Log Kow>3.5 with justification No observed
i effects at MEEC
Tier 1 LC,,or Ec, —<
Acute toxicity > - =— 21000 Observ
1 species MEEC effects at MEEC

i LCyorEcy <1000

MEEC No observed
— effects at MEEC
‘er LC,or Ec,,

Acute toxicity base >100
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terrestrial Observed
effects at MEEC
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MEEC
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i ~  MEEC observed
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MEEC
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Consult CDER/CBER MEEC=EEC or EIC whichever
is greater

Fig.2 Tiered approach of FDA for fate and testing [18]

The expected introduction concentration (EIC) should be estimated and
the method for calculating this value in aquatic media is:

EIC - aquatic(ppb) =A xBx Cx D

A =kgy" produced for direct use
B =1/L per day entering in STP

C = year/365 days

D=10° pgkg™!
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Some kinds of drug may enter the terrestrial environment when biosolids
from waste water treatment plant facilities with adsorbed material are ap-
plied to soil. The calculation of this concentration is carried out considering
the typical treatment, disposal, and application processes. A metabolizing
process (biodegradation) occurs during the waste treatment process and it
should be considered for calculating EIC.

The PEC is calculated using EIC and taken into account are the processes
which affect the compound (spatial or temporal variations, dilution, degra-
dation, sorption, etc.). Normally, EPA applies a dilution factor of 10 to the
EIC-aquatic to estimate the PEC.

In summary, the fate of the substance should be provided for the envi-
ronmental compartment and the transport between compartments should be
taken into account if it is of interest to the environmental behavior of the
compound.

The evaluation of the effect of pharmaceuticals is oriented to the aquatic
compartment because their effect will be on aquatic organisms. Neverthe-
less, for compounds with high adsorption capacity or high degradation rate,
its effects in the aquatic environment could not be considered. For the ter-
restrial environment, fate and effects testing should be considered when the
substance has a Koc > 10°.

Testing of the environmental effects of the pharmaceuticals should be car-
ried out according to the tiered approach as was indicated in Fig. 2. If the
compound is not removed from the environment quickly, its persistence and
the associated toxic effects should be taken into account. A tiered approach
should be used (as was proposed in the guidance), thus the ratio between
LCsg or ECsy and the EIC or EEC is employed as the assessment factor (10,
100, and 1000) to carry out toxicity tests at different levels. The toxicity tests
should be performed according to the protocols defined by FDA, OECD,
and other peer-reviewed literature if they are appropriate for environmental
studies.

3
Pharmaceutical Environmental Concentrations

3.1
Predicted Environmental Concentration

The ERA requires one to know the occurrence and concentration of com-
pounds in the environmental compartments. The exposure assessment
should take into account the fate of the substance released to the environment
and predict the environmental concentration [19]. The lack of information
about measured levels of pharmaceuticals in environmental compartments
mean that to carry out the ERA for pharmaceuticals the PECsgy facewater
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have been estimated, in many cases, according to the recommendations of
EMEA or FDA [14,18]. A review of 111 substances, corresponding to the
highest-selling human drugs that have annual sales in Germany of more than
5000 kg, has been carried out. For all compounds the values were higher than
0.01 g L™! [20]. According to the scheme developed by EMEA a Phase II pro-
cess should be carried out for evaluating the exposure. The PECgy facewater fOT
pharmaceuticals according to data for its use in Germany, Sweden, France
and UK [19-23] are presented in Fig. 3. The differences among PECgy facewater
should be related to drug prescription patterns in the countries. These data
correspond to the worst case because degradability is not considered. Thus,
for paracetamol the PEC is 367.3 ug L™! [19], although a high degree of elim-
ination, around 98%, has been observed during activated-sludge wastewater
treatment [7]. On the other hand, for other compounds such as oxytetracy-
cline (OTC), human metabolism is limited [24], and the compound will be
excreted without transformation. It has been observed that biodegradation

70
HEl Germany
XY Sweden
BN France
601 SN UK
1 50
> 20
g
10
0 nlﬁqnlﬂmEEﬂ fs s Rimsd. . 0
c}o\

Fig.3 Predicted environmental concentration (PEC) for pharmaceuticals in surface
water of several countries (Germany, Sweden, France, and UK). Data were extracted
from [20, 21, 23, 57]
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for OTC is limited [25]; and its PEC will be equal to 0.62 ug L™! after applying
a dilution factor of 10.

3.2
Measured Environmental Concentration

3.2.1
Effluent Sewage Treatment Plant

The first work on the presence of drug residues in STP effluents was carried
out in the USA and it was focused on clofibric acid, the metabolite of three
lipid regulators: clofibrate, etofyllin clofibrate and etofibrate at jug L' concen-
tration levels in treated sewage [26]. Later, significant advances in analytical
techniques have allowed one to measure pharmaceuticals in environmental
compartments [27]. The main drawback of the conventional analytical ap-
proach is target-compound monitoring which is insufficient to assess the en-
vironmental relevance of emerging contaminants, and the lack of knowledge
about the transformation products. Other problems relating to conjugated
metabolites (e.g. glucuronides and sulfate conjugates) which can be deconju-
gated by microbial actions in STP have been pointed out [28].

The pharmaceutical levels in the effluents of STP in many countries are
high. Table 3 presents information on the levels for individual compounds in
the effluents of STP in Germany, Greece, Spain, and Switzerland. The high-
est concentrations were recorded in the effluent of STP in Seville (Spain) for
two anti-inflammatory drugs, ibuprofen and naproxen, with concentrations
of 48.2 and 4.3 pg L1, respectively [29]. The differences between influent and
effluent showed the degradability of these compounds. The values recorded
for ibuprofen in the Seville STPs are very high, because the concentrations are
below 1 pg L, normally. Acetylsalicylic can be degraded into its metabolites,
although they are eliminated in the STP process; thus only the metabolite sali-
cylic acid has been detected in sewage effluents [30, 31]. The ubiquity of target
compounds can be related to the metabolism, sales, and practices carried out
in each country. Therefore, analgesics and antibiotics are detected frequently
because they are excreted as the unchanged parent compound; in addition the
high loads of analgesic and anti-inflammatories, in comparison with other
therapeutic groups is attributed to the higher consumption. The removal ef-
ficiency is related to the treatment applied in each plan and the compound
physicochemical characteristics and hydraulic retention time [32].

3.2.2
Environmental Levels

In developed countries, production and use of pharmaceuticals are increas-
ing annually [33]. The measurement of these compounds in environmental
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Table3 Concentration range and mean concentration in pgL™! of pharmaceuticals and
metabolites in effluents of municipal STPs of several countries

Drug Germany  Greece Spain Switzerland Canada
Acetyl salycilic acid 0.32-0.92  na na na na
Diclofenac 0.21-1.11 0.20-0.34 blq-0.38 0.1-0.7 0.015-0.039
Ibuprofen 0.32-0.58 na 0.78-48.24  0.005-1.5 2.2-3.5
Naproxen 0.12-0.53 nd 0.22-4.28 0.1-3.5 1.0-1.7
Indometazine 0.07-0.11 na na na 0.048-0.075
Benzafibrate 0.72-1.2 nd-0.15 na na 0.13-0.28
Gemfribozil 0.12-0.35  na na na 0.37-0.60
Fenofibric acid 0.32-0.44 nd na na na
Clofibric acid 0.42-0.69  na na nd-0.06 na
Carmabezapine 1.31-2.2 na blg-1.29 0.1-0.8 na
Phenazone 0.12-0.20 na na na na
Porpanolol 0.34-0.48  na na na na
Metoprolol 1.72-2.44  na na na na
Bisoprolol 0.12-0.16  na na na na
Betaxolol 0.14-0.20 na na na na
Terbutalin 0.10-0.12  na na na na
Carazolol 0.05-0.09  na na na na
Dihydrocodeine 1.47 na na na na
Hydrocodone 0.72 na na na na
Ketoprofen nd 0.27-0.82  blq-3.48 nd-0.20 0.015
Mefenamic acid nd 0.08-0.22  na na na
Primidone nd-0.88 nd na na na
Propyphenazone nd-0.74 nd na na na
Salycilic acid nd-0.65 0.64-2.0 0.57 na 0.054-0.46
Caffeine na na 0.15-3.20 na na

* Data were extracted from [6, 29, 36]
na not analysed, nd not detected, blq below limit quantification

compartments can improve knowledge about the occurrence and persistence
of the compounds in the environment. The advances in analytical techniques
have allowed one to measure extremely low concentrations of pharmaceu-
ticals in surface water, rivers, streams, etc. [34]. The occurrence of organic
wastewater contaminants is high in the environment, 80% of 139 streams
sampled in the USA [35] showed at least one organic wastewater contami-
nant, although the authors pointed out that the results were influenced by
the design of the study and it can not be considered as representative of the
global situation in USA streams. The concentrations were, in general, less
than 1 ugL™! but their presence in many streams indicated that compounds
survived biodegradation.

Pharmaceuticals in effluents of wastewater treatment plants are diluted
when entering river waters being detected in the ngL™' range. However,
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the same spectrum of compounds that are found in the STP are found
in the Ebro river basin where analgesics (diclofenac, naproxen, ibuprofen),
lipid regulators (gemfibrozil, bezaibrate), antibiotics (azithomycin, trimetho-
prim, and sulfamethoxazole), antipiletic (carbamezapine), antihistamic (ra-
tidine), and B-blockers (atenolol and sotanol) are the recorded compounds,
which are consumed at high levels in Spain [32]. Drugs in a large body
of receiving water are in many cases below detection limits although in
small receiving streams were around 15-30% effluent median concentra-
tion [36]. The availability of occurrence data for pharmaceuticals in estu-
arine or marine waters is less common than stream and river waters. In
the North Sea, for clofibric acid concentrations of 1ng L! have been re-
ported, whilst in seawater samples ibuprofen has not been measured above
0.2 ngL7! [37,38]. Pharmaceutical residues are present as contaminants in
UK estuaries [39], but the authors only detected above the detection limits
the following targeted compounds/metabolites: clofibric acid, clotrimazolem
dextropropoxyphene, dicofenac, ibuprofen, mefenamic acid propanolol, ta-
moxifen, and trimethoprim, with ibuprofen showing the highest detected
concentration (928 ng L™!). In the Victoria Harbor of Hong Kong, antibiotics
(belonging to the class quinolones, macrolides, sulfonamides, 8-lactam, and
chloramphenicol) were mainly below the limit quantification (LOQ). How-
ever, they were found in the Pearl River during the high and low water seasons
in the range 10-100 ng L!. The level of antibiotics in the high water season is
controlled by daily sewage discharge patterns and in the low season may be
controlled by water column dynamics [40].

There is less knowledge about pharmaceutical concentrations in soil and
sediment than for the aquatic environment. This was due to the lack of suit-
able sensitive analytical methods for the detection of compounds [41]. The
persistence of a drug in a sediment or soil mostly depends on its photostabil-
ity, its binding and adsorption capability, its degradation rate, and leaching
in water [42]. The main route of entry for antibiotics for human use is re-
lated to the use of sewage sludge for fertilizing the soil. The occurrence of
fluoroquinolones, ciprofloxacin, and norfloxacin in sewage sludge has been
detected at concentrations ranging between 1.4 to 2.4 mgkg™' [43], which is
in the same range as can be measured in digested sludge, indicating a high
affinity to the solid phase. Most of the literature on pharmaceuticals in solid
environmental samples is related to veterinary drugs, especially those em-
ployed in fish farming, which are principally antibiotics.

Pharmaceuticals, as other chemical compounds, can be accumulated by
aquatic or benthic organisms. Oxytetracycline (OTC, tetracycline) and ox-
olonic acid (OA, quinolone) are accumulated by the blue mussel, preferen-
tially being accumulated in the viscera for OTC and in the gills for OA.
Bioaccumulation factors (BAF) were low (< 0.5) regardless of the analyzed
bivalve part. The application of Koy, for antibiotic bioaccumulation can pre-
dict a weak accumulation in mussel for antibiotics with Ky, < 2, whereas
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antibiotics such as macrolides with Ko, >2 accumulate at a higher level [44].
Fluoxetine and sertraline are prescribed as antidepressants and their occur-
rence has been detected in surface water or effluent discharges [35,45]. The
analysis of these compounds in streams from a reference site and an effluent-
dominated stream showed that these compounds were not detected in the ref-
erence site whereas they were detected in all tissues analyzed from fish from
the effluent-dominated stream, including P. nigromaculatus, L. macrochirus,
and I punctatus, with a preferential accumulation in the brain, although they
also accumulate in muscle at concentrations higher than the limits of quanti-
tation, and subsequently an exposure route to humans in this way should be
considered [46]. The influence of pH on the bioconcentration factor of fluoxe-
tine in the fish Oryzia latipes has been analyzed [47], showing that BCF values
were lower at pH 7 and higher at pH 9 because of an increase of hydrophobic-
ity at pH values closer to pK,.

4
Ecotoxicology of Human Pharmaceuticals

4.1
Acute Toxicity

Aquatic organisms are targets to analyze the effect of human pharmaceu-
ticals because they are exposed via wastewater over their whole life. Drugs
are designed to have a specific mode-of-action along the target pathway. Hy-
potheses about the mode-of-action in lower animals in many cases are not
well supported, because many of the organisms lack the required receptors.
Although a mode-of-action for a pharmaceutical should be taken into ac-
count when an experiment is designed, this approach may not be appropriate
because the mode-of-action could be different or not well known [48].

The ecotoxicological effects of human pharmaceuticals are focused on
acute and standard tests. More than three-hundred-and-six endpoints for
pharmaceutical ecotoxicity data have been collected for macroinvertebrates,
fish, and algae, and over one-hundred for human pharmaceuticals [12]. The
selection of three trophic levels (algae, Daphnia, and fish) showed that sen-
sitivity followed the order algae > Daphnia magna > fish. However, the range
of acute toxicity endpoints varied from > 15000 mgL™! (for atropine sulfate-
anthicolorgenic/mydriatic) [49] to < 0.003 mgL~' for fluvoxamine (antide-
pressant) [50]. The ecotoxicity effects for therapeutic classes showed the
following order: antidepressants, antibacterials, and antipsychotics [12]. A re-
cent review [48] summarized the ecotoxicity data, taking into account the
ecological relevance and the different classes of human pharmaceuticals:
analgesic and non-steroidal anti-inflammatory drugs, beta-blockers, blood
lipid-lowering agents, neuroactive compounds, and cytostatic compounds
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and cancer therapeutics. Seventeen percent showed acute toxicity below
100 mg L™ and 38% above 100 mgL™!, which is classified as not harmful for
aquatic organisms according to EU Directive 93/67/EEC. The rest of the com-
pounds (45%) showed high variability in acute toxicity tests. The difference
between the acute toxicity data and the environmental levels for human phar-
maceuticals demonstrate that only in the case of spills will the toxicity be
relevant.

4.2
Chronic Toxicity

The standard acute toxicity tests have as endpoints the lethality and they do
not seem appropriate for risk assessment of pharmaceuticals, because of the
nature of these compounds. The use of chronic tests over the life-cycle of
organisms for different trophic levels could be more appropriate [51]. Never-
theless, the database for this kind of bioassay is very limited.

Most chronic aquatic toxicity data for human pharmaceuticals are avail-
able for algae because they are the quickest to perform and therefore
less expensive. The sensitivity to antimicrobial substances is higher in
Cyanobacteria such as Microcystis aureginosa than standard algal toxicity
tests (Pseudokirchneriella subcapitata) although there are no differences for
non-antimicrobial substances [52].

Only in the case of the synthetic steroid EE2, which is present in contracep-
tive pills, has an effect been observed at environmentally relevant concentra-
tions. In a recent study [53], vitellogenin induction in fathead minnows was
reported at an ECsq value of 1 ngL~!. The life-cycle exposure of zebrafish to
3ngL~! EE2 provoked an increase of vitellogenin and caused gonadal fem-
inization [54]. The exposure of some invertebrate taxa (snails) to EE2 also
caused effects at very low concentrations ~ 1 ngL™! [55]. Fish are also sen-
sitive to other sex hormones such as methyltestosterone and beta-adrenergic
receptor blockers [56].

Analgesic and non-steroidal anti-inflammatory drugs are the most-
consumed drugs, and a chronic study with diclofenac has been reported in
invertebrates [22,57]. A chronic study with rainbow trout showed renal le-
sions at 5ugL™! [58]. Regarding beta-blockers, propanolol showed chronic
toxicity not only on the cardiovascular system in fish but also in the repro-
ductive system [48]. The number of eggs released by fish was reduced at
0.5ugL™! after four weeks of exposure but not at 50 and 100 ugL™' [59].
The blood lipid-lowering agents have been evaluated by traditional toxicity
tests and NOEC in the range of 246 ugL™! to 70 mgL™! have been recorded
for B. caliciflorus (2 days) and early life stages of zebrafish (10 days), respec-
tively [57].

Chronic toxicity tests have been carried out with carbamezapine (an
antiepileptic) and C. dubia showed a NOEC (7 days) = 25 ugL™! [57]. Lethal
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concentration in zebrafish was reported at 43 ugL™! [60]. Chronic studies
have been carried out on selective serotonin re-uptake inhibitors (SSRI).
Serotonin is a neurotransmitter found in vertebrates and invertebrates. SSRI
may affect the function of the nervous and associated hormonal systems. The
role of serotonin varies between phyla and in consequence also the effects of
SSRI; in medaka (O. latipes) serotonin induced oocyte maturation [61] but
the opposite action was reported in mummichog (E heteroclitus) [62]. The
chronic effects of SSRI on reproduction in fish and invertebrates are not yet
clear, interference in the reproduction occurred at concentrations not ecolog-
ically relevant [48].

To date, chronic toxicity data using marine or estuarine species have been
very scarce. The results with different classes of compounds (carbamezapine,
acetaminophen, and ibuprofen) and the endpoint inhibition growth at 72h
for the marine microalgae Phaeodactylum tricornutum did not show toxicity
below 2.0 mg L.

Studies concerning the effects of mixtures of pharmaceuticals are very
limited in the scientific literature [63, 64]. The mixture of diclofenac, ibupro-
fen, naproxen, and acetylsalicylic acid has been evaluated using Daphnia and
algae, the toxicity of the mixture followed the concept concentration addition.
Nevertheless, the effects of mixtures of compounds with different modes-
of-action depends on the species and they do not all act in the same way.
Few studies concerning the toxicity of mixtures of pharmaceuticals in re-
alistic ecological systems (microcosms and mesocosms) have been carried
out. The effect of a combination of eight pharmaceuticals at three levels on
Lemna gibba and Myriophyllium sibiricum has been tested [65]. In a simi-
lar microcosm (periphyton, phytoplankton, zooplankton, algae, and benthic
communities), three pharmaceuticals with different modes-of-action were
analyzed at three levels [66]. At low concentrations (6-10 pug L only trends
were appreciable and no significant effects could be recorded. The compari-
son of assayed treatment with current concentrations in the environment did
not allowed to establish a risk situation for this mixture. Nevertheless, many
pharmaceuticals are present in the environment and the effect of this “cock-
tail” could affect to aquatic communities.

5
Environmental Risk Assessment

The objective of environmental risk assessment is to determine the nature
and likelihood of the effects of human actions (in this case the use of phar-
maceuticals) on animals, plants, and the environment [67]. According to this
principle, operational monitoring in support of this concept should be ade-
quate for characterizing exposure and effects [68]. The two-tiered approach
(EU and USA) is employed normally for risk assessment of pharmaceuticals
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(see Sects. 2.1 and 2). In both risk strategies trigger values are selected for
further research via tiered assessment 0.01 pg L™! and 0.1 pg L7}, respectively.
The use of this value permits a reduction in the need to carry out many as-
sessments which facilitates the release of new drugs to the market. However,
for some compounds this trigger value is insufficient; this is the case for en-
docrine disruptors which at 1 ng L~! showed environmental effects, below the
stricter trigger value.

The potential effect of pharmaceuticals is calculated according to the ratio
between PEC and PNEC. The PEC is calculated in many cases using figures
such as sales, density of population, etc., representing the worst case. In order
to get a refinement of this value more precise environmental risk assessment
should be carried out; data for biodegradation adsorption, and abiotic fac-
tors (pH, temperature) of the environment should be taken into account. The
use of measured concentrations allows one to establish more realistic ERA.
The other data which should be available is the PNEC, but the lack of chronic
toxicity data has made it difficult to perform this assessment. The use of the
assessment factor when only acute data are available involves the reduction
of uncertainty associated with its use [22]. Though the use of a quantitative
structure—activity relationship has been pointed out as a possibility for iden-
tifying hazard or prioritizing substances to be analyzed it is not sufficiently
precise for risk assessment [48].

The risk of an acute toxic effect from pharmaceuticals in the environment
is unlikely [21]. However, many drugs have been designed to affect specific
biological systems in target organisms at relatively low dose and exposure
concentrations. For this reason, the long-term sublethal effects of pharma-
ceuticals could be a greater potential concern than acute effects. With the
exception of a limited number of drugs, available ecotoxicity data could be in-
adequate for risk assessment and an extensive suite of chronic sublethal tests
may be necessary [69].

6
Concluding Remarks

Although human pharmaceuticals are found at low concentrations in the en-
vironment and acute toxicity is not frequent, a broad database with chronic
and subtle toxicity tests is necessary to carry out the ERA of these com-
pounds. A priori knowledge about the target biological pathway can identify
compounds with higher priority for testing and the species, life stages, and
endpoints suitable for testing. In this sense, the selection of estuarine and
marine species should be considered.

On the other hand, biomarkers as responses to molecular or biochemical
changes can be useful for ecological risk assessment. In vitro systems can be
appropriate tools for screening the ecotoxicological effect of pharmaceuticals
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before fish toxicity testing is carried out. The lack of toxicity tests for phar-
maceutical mixtures should be taken into account in order to improve the risk
assessment because of the additive, antagonistic, or synergetic effects that can
be present. Finally, new technologies such as proteomics and genomics, which
are powerful tools for human diagnosis, are under development and they may
be helpful to validate effects in the environment and should be included in the
framework of ERA, although its use is limited by the current knowledge of the
impacted biota.
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117
Tolyltriazole 28
Triazines 157
Triclosan 122, 144, 156
Triethyl citrate 145
Trihalomethanes 157
Trimethoprim 10, 181

Ultrafiltration 155
Urine, excretion of PhACs 5

Veterinary antibiotics 76
Veterinary medicines 123

Volatile organic compounds (VOCs)

Wastewaters 6
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