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Chapter 1: Introduction

1.1 The Scientific interest towards Pharmaceutical compunds as emerging
contaminants
Pharmaceutical compounds (PhCs) have been charadieas “new” or
“emerging” contaminants in the environment. HowevehCs have been around for
several decades now. To that effect, a more aeccutaracterization is the fact that our

attention to their presence in the environmeneis or just emerging ( Jjemba 2008).

Interest in their presence in the environmenirnsatly or indirectly stimulated by the
fact that they are produced in increasingly largergities and the improvements in
detection methods, in fact enhanced sensitivityanélytical chemistry methods has
enabled the detection of low-levels of pharmacaigién the environment, resulting in
questions about the safety of the ecosystem aridceuwaters used for drinking supplies.
Furthermore, their use and diversity is also stgadcreasing every year. In addition, the
continually ageing population and improving qualdj life worldwide mean that their
consumption is set to increase in future years (M@mn Aa et al., 2011), recent
investigations document that PhCs production amdimidtration may vary both between
countries and over time (Goossens et al., 2007,rHé@rar, 2009a), fluctuating not only on
an annual basis, but also from one year to the (feky et al., 2006). In recent years,
PhCs have provoked increasing concern, particusliyo legal requirements have been
set for discharge into surface water bodies ofghésquitous, persistent and biologically
active substances (Furhacker, 2008; Salgot e2@D6; Ternes et al., 2007). Hence, over
the last ten to fifteen years, PhC concentratiamaw and treated urban wastewater (WW)
have been extensively monitored. Nevertheless,idtssll a largely unregulated area, and
there is ongoing debate within the scientific comityuregarding which PhCs to include
among the priority substances (Bottoni et al. 20A@rording to the new European draft
annex (EC 2012), the anti-inflammatory diclofenacl ahe hormones PBrfestradiol and
17a-ethinylestradiol are prime candidates to be addetie European Priority List, while
according to the U.S. EPA, erythromycin, nitroghyme and 9 hormones (&7
ethinylestradiol, 1@-estradiol, 1B-estradiol, equilenin, equilin, estriol, estronegstmanol

and norethindrone), need to be considered a prigRichardson and Ternes 2011).

Once administered, these compounds are only partradtabolized by the human

body, and therefore enter the water cycle eithgrament (unchanged) compounds, which
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are excreted largely through urine (generally 538®f the total, with few exceptions)
and partially in the feces, or as a mixture of rhelides and/or conjugated compounds
(Jjemba et al., 2006, Lienert et al., 2007).

Municipal wastewater treatment plants (WWTPs) weo¢ designed to remove
trace organic contaminants, and as a results PGl ftheir way into the environment
through the discharge of treated WWs (Bendz et 2005; Castiglioni et al., 2006;
Glassmeyer et al., 2005; Gomez et al., 2007; Joals, 2005; Verlicchi et al., 2012b), and
as a result, their occurrence in surface waterleas documented by a number of authors
(Ashton et al., 2004; Calamari et al., 2003; F&iasinos et al., 2011; Gros et al., 2006,
Kolpin et al., 2002, 2004; Spongberg et al., 2Gidm around the world.

While the presence of pharmaceuticals in the enment is established, sources of
these compounds in the environment, the pathwayshigh they reach sensitive receptors
and their effects on these receptors are less deared, moreover the latter must be
determined before the effectiveness of risk mit@aimeasures can be assessed. Hospital
wastewater (HWWSs) represent an important sourdeh@s ( Le Corre et al. 2012, Jean et
al. 2012), but has only recently been investigaaed, in a far fewer number of studies. Not
only high analysis costs, but also the difficultiesorganizing water-sampling campaigns
inside health facilities have delayed these ingesitbns. Nonetheless, according to the
recent literature (Verlicchi et al. 2010a,b; Orakt2010a) HWWs may be considered a hot
spot in terms of PhC load generated, promptingsthentific community to question the
acceptability of the general practice of dischaggitWWs into public sewers ( Verlicchi et
al. 2010 b), where they are conveyed to municip&/T®s and co-treated with UWWs
(Verlicchi et al. 2010 a,b; Pauwels and Verstra8@6; Kummerer and Helmers 2000).

Through the evaluation of a compound’s risk quat{&Q), that is the ratio between
its measured or predicted concentration and itdigiexd no-effect concentration (PNEC),
Escher et. al. (2011) found that the presence 6sRh raw HWWs, UWWSs pose a risk for
the environment, and this risk remains high in W&/TP effluent. However, once the
effluent is discharged into the receiving water Ygoids dilution with surface water can
mitigate the effect of residual PhCs and the assedirisk quotient may decrease ( Gros et
al. 2010).
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1.2 Aim and Objectives

The general aims of this thesis were to chara&drthe sources and pathways of
PhCs in the environment, to monitor the occurrenceassess the removal and fate of
selected PhCs in WWTPs and in the water environjraend to carry out environmental
risk analysis based on their occurrence as a bagsioritize the hazardous compounds
and to manage the risk posed by their exposuneatticular, this work focused on HWWs
in order to assess their potential as a point soafc73 PhCs and their role in spreading
these compounds into the environment, and conségube impact of WWTPs on the
receiving water bodies. The last aim was to deveopool to estimate the level of
environmental risk posed by PhCs originated from\M$8Vat site specific catchment area
to aid the authorities and decision makers in tla@agement of HWWs and the reducing
of PhCs discharged into the environment. To achteese aims the following objectives

were set:

Objective 1 To review of the current knowledge on the sourgeghways, fate, and
behaviour of PhCs in WWTPs from the literature (atkaZ2).

In this Chapter, an in-depth literature review hagn carried out, collating data
pertaining to 264 WWTPs from various global locaip mostly in Europe. The data
pertaining to a wide spectrum of PhCs, 118 compsuwelonging to 17 different classes
distinguished by their function or biological adtyy were considered: 23 analgesics/anti-
inflammatories, 36 antibiotics, 1 antidiabetic, htifangal, 3 antihypertensives, 1
barbiturate, 12 beta-blockers, 2 diuretics, 9 lipeyulators, 10 psychiatric drugs, 6
receptor antagonists, 4 hormones, 4 beta-agodistsitineoplastics, 1 topical product, 1

antiseptic and 1 contrast agent.

Objective 2 To assess the occurrence of selected PhCs in HAAW g0 evaluate their
potential as point sourc of PhCs to the total limatthe Influent of WWTP (Chapter 3).

In this chapter, an experimental investigation basn conducted in the area of Ferrara,
Italy. Sixteen water samples were withdrawal frdme effluents of two different sized
hospitals and the influent and effluent of the ndog municipal treatment plant of one of
the examined hospitals. The aim was to investigatselected pharmaceuticals, belonging
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to twelve different classes, comparing their ocence in the effluent directly exiting the
hospital with that, mixed with the local urban eéht, at the points of its entry and exit
from the treatment plant. PhCs were selected duéhéo high prescription rates or
volumes, the availability of a reliable analysisthugls, as well as due to their occurrence

and ubiquity in the aquatic environment

Objective 3 To assess the removal and release of 27 selBti€d in full-scale WWTPs

and their impacts on the receiving water bodiesa(@dr 4).

An investigation on the occurrence of 27 PhCs, rgiltg to different classes has been
carried out. Twenty one water samples were withdtdvom the influent, effluent of two
full-scale WWTPs and their receiving water bodieghe sensitive area of the Po Valley
(northern ltaly). The receiving water bodies werenitored upstream and downstream of
the effluent discharge points in order to evaluhie effluent impact on the quality of

surface waters, commonly used for irrigation.

Objective 4 To determine the relative accuracy of the préaictmodels, and the
limitations of on-site monitoring campaigns, thagard the occurrence of PhCs in the
influent, effluent of a large municipal WWTP andwdtstream of its discharge point in the
receiving water body, and their effect on the eation of the environmental risk. (Chapter
5).

Objective 5. To estimate the potential impact of HWWs on thei@nment, and to assess
the relative importance of PhCs pathways (HWWS, UsYWor the priority candidate
diclofenac as a case study for individual WWTP.ggter 6).

Scientific researches that study the occurrence pbérmaceuticals in the
environment are hindered by many challenges, chanaicalysis and sampling protocol
represent the most important and they are a key ipathe process of gathering

environmental data (Ort et al. 2010b). These twtofg are time and monetary consuming,
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indeed they required an adequate quality assumteontrol protocols. For these reasons
and in order to maximize the value of measured fttatdthe experimental investigations,
chemical analysis of investigated PhCs in the difie withdrawal water samples (HWWs,
raw UWWs, treated WWs and surface water) in thiskware done thanks to the
collaboration with the Department of Environmer@alemistry, Institute of Environmental
Assessment and Water Research (IDAEA), Spanish @lodor Scientific Research
(CSIC), Barcelona, Spain. Moreover, This work isdacted in parallel with the European
project “PILLS” (www.pills-project.eu), that parf ds aims were the aims investigated in
this Ph.D thesis, and during the years of this work results and knowledge have been

discussed.

The results obtained from this research have beesepted at international
conferences, workshops, as well as in book chajsees Appendix D). Moreover , three

scientific papers are published in internationatpals as following:

1. Verlicchi P, Al Aukidy M, Zambello E. Occurrence of Pharmaceutical

Compounds in Urban Wastewater: Removal, Mass LoadEnvironmental Risk
after a Secondary Treatment — A Review. Sciencéh@fTotal Environment 429
(2012) 123— 155.

2. Verlicchi P., Al_Aukidy M., Galletti A., Petrovic M., Barcel6 D.. Hospital
Effluent: Investigation of the Concentrations andtBbution of Pharmaceuticals
and Environmental Risk Assessment. Science of thal Environment 430 (2012)
109- 118.

3. Al Aukidy M., Verlicchi P., Jelic A., Petrovic M., Barcelo. Bonitoring release
of pharmaceutical compounds: Occurrence and envieotal risk assessment of
two WWTP effluents and their receiving bodies in BeeValley, Italy. Science of
the Total Environment 438 (2012) 15 — 25.
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2.1 Introduction

The problem of PhCs in the Environment, is not & rssue (there has much work in
this area since the 1990s, and a lot of informaisoavailable in the scientific literature)
but recently it has become a priority concern,ipaldrly for politicians and the general
public. PhCs have been found in various environaleobmpartments (waters, soils,
sediments) and have been suspected of having aat affh the integrity of the aquatic

ecosystems ( Kummerer, 2008 ).

Pharmaceuticals are classified according to thairpgse (e.g., antibiotics,
analgesics, anti-neoplastics, anti-inflammatoryssatices, antihistamines, X-ray contrast
media, etc.). PhCs are complex molecules with whffe physicochemical and biological
properties and functionalities. They are develoged used because of their more or less
specific biological activity and are most notablyacacterized by their ionic nature. The
molecular weights of the chemical molecules ranggcally from 200 to 1000 Dalton.
This chapter gives an introduction to the PhCs @ntdgs, consumption, toxicity, sources
and pathways through a full litereature review tdatals also with their occurrence,
removal, fate and factors effecting their removal WWTPs, and finaly the total
discharged load of PhCs from WWTP and an evaluatbrtheir risk posed to the

envieonment is presented.

2.2 Physico-chemical properties of pharmaceutical compods (PhCs)

Once a PhCs is discharged into wastewater, it balldistributed between the
different environmental compartments (e.g. surfaager, soil, sediment) according to its
physico-chemical properties, including the soldilivolatility, acidity, lipophilicity and
sorption potential. Moreover, its persistence d@iépend on its resistance to be degraded
biologically or abiotically. Appendix A.1. showsetphysico-chemical characteristics and

biodegradability of selected PhCs.

2.2.1Volatility
Volatility is the tendency of a compound to vola®l, that is to leave the liquid
phase and enter into the gas phase. It is steotiselated to Henry coefficient. Ternes and
Joss (2006) observed that a significant amount @bmpound will be stripped in a
bioreactor with fine bubble aeration if Henry camgt> 0.003. Therefore, since most of
11
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PhCs has low henry constant (Appendix A.1.), it barconcluded that stripping process is
in general not relevant for the removal of pharnaéicals during WWTPSs.

2.2.2 Acidity

Acidity (i.e. dissociation constant gKdescribes the degree of ionization of the
compound at a known pH. The pH of relevance ingfngronment ranges between 4 and
8, with activated sludge typically presenting a jpHhe range of 7 — 8 (Christofi et al.,
2003). The pKvalues that are less than 7 indicate that the comgbis negatively charged
under acidic conditions and vice versa. Most Ph@saaids or bases with pkalues of 2
— 12. Weakly acidic pharmaceuticals such as thesteomidal anti-inflammatory drugs
(NSAIDs) (i.e., naproxen, ibuprofen, and acetysdilicacid) with pk; values of 4.2, 5.2,

and 3.5 as well as clofibric acid ( pK 2.95) have a low tendency to adsorb onto sludge.

2.2.3 Lipophilicity

Lipophilicity (Hydrophobicity) is related to the psical property of a compound to
be repelled from a mass of water. Different coedfits were used to evaluate the tendency
of a substance to stay in the water phase. The comsimon parameters are the octanol-
water partition coefficient (k) and the octanol-water distribution coefficient{p In the
past, K was generally used for evaluating and predictihgrmaceutical behavior in
aquatic compartment by considering that high, Kvalues are characteristics of
hydrophobic substances, poor hydrosolubility andame case of a high potential to sorb
on organic material of sludge (Rogers, 1996).

As known, PhCs are complex molecules, multifun@loorganic compounds in
some cases ionized in the aquatic environment: uiéonized species will be the
predominant species to partition into octanol frowater, the ionized species
predominantly remaining in the aqueous compartnmiém. pH at which measurements are
made for evaluating §, is a crucial parameter. For these reason, recé&ulynigham
(2008) reported that ¢ does not properly describe environmental partitignand
dynamic in the environment of polar and ionizalenpounds such as PhCs and for them

the coefficient [y is more adequate as it is pependent at the pH of the environment.
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2.2.4 Sorption Potential

The sorption potential of a given compound is iatkd by the solid-water
distribution coefficient (), which combines two driving forces for sorptiatidity and
lipophilicity. Ternes and Joss (2006) indicatedttbaly compounds having Kvalues
higher than 500 L Kd will be sorbed significantly onto sludge duringinpary and
secondary treatment. In the case of sludge tredfr@amnballa et al. (2007) showed that the
limit of relevance below which sorption can be metgd is around &< | L kg™, since the
sorbed amount is not only dependent on the digtabucoefficient but also on the

concentration of solids.

2.3 Pharmaceutical consumption

Large amounts of pharmaceuticals, representing de wpectrum of therapeutic
classes, are used and prescribed in human medigrid wide (Diaz-Cruz and Barcelo
2004). In most cases, only a rough estimation afplaceutical consumption is available,
because they are often sold as over-the-countegsd(Diaz-Cruz and Barcelo 2004;
Stackelberg et al. 2004). A rough estimation of gh@bal consumption of human PhCs
showed that about 100 000 tons of PhCs are usedu ye=ar, which corresponds to a
worldwide average consumption of 15 g/pro capitar {&ummerer 2004). More detailed
analyses about PhC consumption for area, coungryaeailable in terms of sales (WHO,
2004) of the specific therapeutic classes, butetlileda are not useful to evaluate the mass
flow of PhCs consumed in a specific area and tidsage data for active compounds sold
in four different European countries are summarigsetiable 2.1. These data indicate that,
in general, the analgesic acetaminophen and thigemia and anti-inflammatory drugs
acetylsalicylic acid and ibuprofen are the pharmécals sold in highest quantities,

followed by the antibiotics, and the antiepileptarbamazepine.

Table 2.1. Volume of pharmaceutically active compsisold in different countries
(kalyr)

France UK Spain Italy

Therapeutic class Compound
(2004} (2004  (2003f (2010}

Acetaminophen 3303077 3534737
Acetylsalicylic acid 396212 177623
Diclofenac 9896 35361 32300 9602
Ibuprofen 240024 330292 276100

Analgesics/anti-inflammatories
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) France UK Spain Italy
Therapeutic class Compound
(2004 (2004  (2003f (2010}
Naproxen 37332 33580 42600 -
Azithromycin 4073 756 - 13870
Clarithromycin 15105 8807 - 64470
Erythromycin - 48654 8100 -
Penicillin V - 32472 - -
Amoxicillin 333223 149764 - -
Antibiotics
Sulfamethoxazole 16730 3113 12700 -
Sulfadiazine - 362 - -
Ciprofloxacin 12186 16445 - 21672
Tetracycline - 2101 - -
Trimethoprim 3346 11184 3700 13896
Acebutolo - 943 - -
Atenolol 18337 49547 - 18084
Beta-blockers
Metoprolol 8786 3907 2300 -
Propranolol 12487 9986 - -
Progesterone - 751 - -
Hormones
Testosterone - - - -
Gemfibrozil - 1418 - -
Fenofibrate 85670 2815 - -
Lipid regulators Atorvastatin 7924 - - 7682
Simvastatin 6943 14596 - -
Lovastatin - - - -
Fluoxetine 3740 4826 4200 -
o Paroxetine 5515 2663 - -
Psychiatric drugs _
Citalopram 3487 4799 1600 -
Carbamazepine 33514 52245 20000 31190
Contrast media lopromide - - 20000 -

Data from: 2 Besse et al. (2007 Environment Agency (20085,Carballa et al. (2008,Al Aukidy et al. (2012)

2.4  Toxicity of PhCs

The most important issue of concern about the poesef pharmaceuticals in the
aquatic environment and the main reason why they ddrinterest for inclusion in
monitoring programs as environmental contaminasitthe ecotoxicological effects that
they may cause. Even today, little is known abbig subject. Some studies, however,
have reported that some compounds, such as dialof@nti-inflammatory), propranolol

(B-blocker), and fluoxetine (antidepressant), show omior lowest-observed-effect
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concentrations for fish toxicity, zooplankton, amhthic organisms in the range of WWTP
effluent concentrations (Fent et al.2006). This datis that for some compounds, the
margin of safety is narrow and that chronic effetfighly contaminated sites cannot be
completely ruled out, particularly when combineteefs of pharmaceutical mixtures are
taken into account (Fent et al.2006). Neverthelddstion in receiving waters results in
lower levels, enabling the reduction of environna¢nsks.

It is impossible to rule out acute effects entin@iyhout further testing since certain
species may be particularly susceptible to certdass of drugs. Pharmaceuticals are
created with the intent of causing a biologicaleeff they often have similar types of
physiochemical behavior that are characteristicawiful xenobiotics (e.g. they are able to
pass membranes, and they are relatively persigtentder to avoid being inactivated
before having their therapeutic effect). In norgraquatic life many pharmaceuticals act
as baseline toxicants. However, some exhibit tleeateutic effect also in aquatic life as
the unwanted estrogenic effects on fish ( Kidd et 2007). Others act via a different
specific mode of toxic action, as evidenced for fetme effects on algae ( Neuwoehner et
al., 2009). It is generally accepted that mixtuvath components exhibiting the same
mode of action act according to the model of cotragion addition. In wastewater
pharmaceuticals are present as mixture with varymagges of toxic action, and their
toxicity was found at concentrations at which thgle compound showed no or only little
effects. Thus it could be assumed that the toxiaftg very complex mixture is governed
by the underlying baseline toxicity, not the specifhode of toxic action of single
components ( Escher et a.2011).

Pomati et al. (2006, 2008) investigated the effacid interactionsof a mixture of
commonly used pharmaceuticals, including carbamaegep ibuprofen and
sulfamethoxazole at low concentrations, designeditoic those found in the environment
using in vitro tests on human and zebrafish ceh&yTconcluded that a mixture of drugs at
ng/L levels can inhibit cell proliferation by aft@ng their physiology and morphology and
that waterborne pharmaceuticals may have an effieciquatic life. Synergy remains an
important topic with the complex mixtures of trameganic compounds being released to

the environment ( Stuart et al. 2012).

15



Chapter 2: Background

2.5 Legislation on PhCs in the aquatic environment

From a legislation point of view, it is quite impant to note that the Directives
concerning the protection of aquatic environmemd eelated organisms are the Water
Framework Directive 2000/60/EC (WFD), the daugimeectice 2006/118/EC (GWD) for
the protection of groundwater and the daughterdiire 2008/105/EC (PSD) stating the
List of Priority Substances (also known as AnnexaXWFD) for surface waters and
related Environmental Quality Standards (EQSs)riRheeuticals are not included among
those compounds to be monitored, outwithstandingir troccurrence have been
documented since more than 20 years in many Eunopaantries. The revision of the list
of compounds and the subsequent definition of mpemt new EQSs are based on
significant risks to or via aquatic environmentompliance with Art. 16 of the WFD.

Bottoni et al. (2010) report that a simplified apdagmatic methodology was
developed under the WFD Common Implementation &gsat(CIS), taking into
consideration both monitoring data and modellingadaAccording to these Authors,
possible priority pharmaceuticals could be antim@stcs (including tamoxifen and
cyclophosphamide), synthetic estrogens and hormdiesinclusion of target PhCs in the
EU List of Priority Substances implies the defimitiof their corresponding EQSs and the
necessity to subject to monitoring ambient watedirsent and biota in the different EU
countries. In addition further attempts to defimeiitisation lists have been made by other
Commissions. For instance that by Oslo and Parmr@ission (OSPAR) including mainly
antibiotics, psychiatric drugs, receptor antagenighat by Global Water Research
Coalition (GWRC 2008) that defined a high priorigvel for a group of substances
belonging to different classes: carbamazepine aswdthoxazole, diclofenac, ibuprofen,
naproxen, bezafibrate, atenolol, ciprofloxacin,tlemymycin and gemfibrozil. National
prioritisation procedures have also taken placemiatitised PhCs based on the potential
risk that they are perceived to pose to aquaticrenment. In the United Kingdom, 12
compounds were prioritised for targeted monitoribgsed upon their predicted
environmental concentrations, predicted no effecicentration (PNECSs), and persistence,
bioaccumulation and toxic (PBT) properties: maingnalgesics, antidepressants,
antibiotics,antineoplastics (Ashton et al., 200kh).the United States the contaminants
candidate to be included into the priority list® dhe antibiotic erythromycin and the
estrogens ethinylestradiol, estradiol, equileninstriel, estrone, mestranol and
norethindrone (Richardson and Ternes, 2011). Adk¢hattemps provide a good start in

focusing efforts, but they should be consideredchw#ution as they are based on acute,
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principally lethal, ecotoxicological test data andy therefore not include those substances
taht may be exerting effects following chronic egpiee. Occurrence data have to be used
not only to confirm the presence of a compounchadquatic environment, but it is used
in combination with relevant ecotoxicol test dat allow the refinement of risk

assessments.

2.6 Environmental risk assessment of PhCs.

The European Union Directive 92/18/EEC introducem the first time, the
requirement for an environmental risk assessmengf prerequisite to obtain marketing
authorization for veterinary pharmaceuticals. Hos purpose, the European Agency for
the Evaluation of Medicinal Products (EMEA) pubbsha “Note for Guidance” (EMEA
1998) where guidelines to assess the environmestabf veterinary medicinal products
are established. The European Commission exteridazbmcerns to pharmaceuticals for
human use by publishing Directive 2001/83/EC whwas subsequently amended by
Directive 2004/27/EC (EudraLex 2009). These dixedi established that marketing
authorization for new medical products for humare whould be accompanied by an
environmental risk assessment, whose guidelinese wsat out by (EMEA,2006).
Nevertheless, the environmental impact does naotigeosufficient grounds for a refusal.
Environmental risk assessment of both veterina/ lman pharmaceuticals is assessed
in a stepwise approach, divided into two phase®Hhase |, environmental exposure to the
pharmaceutical or its metabolites is estimateds@hlacomprises its fate and effects in the
environment. For this reason, Phase Il is sub-diichto two parts: Tier A, in which
possible fate and effects of the pharmaceuticalcairits major metabolites are evaluated;
and Tier B, which focuses on the effects on faund #ora within environmental
compartments that are likely to be affected (EME®98,2006). However, medicinal
products for human use only require Phase Il studiethe predicted environmental
concentration in surface water is equal to or ab0d ugL™ (EMEA 2006). In the US,
iIssues concerning pharmaceuticals in the enviroh@enregulated by the U.S. Food and
Drug Administration (FDA). This institution requsenvironmental assessments to obtain
marketing authorisations which are specified in“thaidance for Industry-Environmental
Assessment of Human Drug and Biologic Applicatiof®DA 1998). However, an
environmental assessment is required only if thienased environmental concentration of

the pharmaceutical at the point of the entry isvabbugL™ (FDA 1998). As EMEA, the
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FDA also requires environmental assessments farimary medicinal products, using a
tiered approach. With a view to harmonising the dglines that govern these
environmental impact assessments, the EU, US apdnJalaborated two guidelines:
“Environmental Impact Assessment (EIAs) for Vetarin Medicinal Products (VMPS)-
Phase I” (EMEA 2000) and “Environmental Impact Assaent for Veterinary Medicinal
Products-Phase Il Guidance” (EMEA 2005) so thatirenmental fate and toxicity data

obtained could be used to obtain marketing autatais in all these regions.

In synthesis, the basic principle of EnvironmeriRagk Assessment (ERA) is the
comparison of a predicted or measured environmeaatentration (PEC or MEC) of a
substance with a predicted, no effect concentraffEC), the concentration at which no
effects on environmental organisms are expectedctur. If the PEC or MEC of a
substance is higher than or equal to the PNECthieerisk characterisation ratioxsl, and
thus an unacceptable risk for the environment dicated, either a refined ERA with
improved data is conducted or a risk managemert apipropriate measures has to be
realised. PECs are derived from model calculatiovisgreas MECs can be determined
from monitoring studies. Preference should be gieeadequately representative exposure
data, the discrypancis between these two appraresdiscussed in Chapter 5.

2.7  Source and pathways of PhCs

The origins of aquatic pollution by PhCs are dedit®®m diverse sources that can
be divided into point sources which include muratiprastewater effluent from STWSs,
industrial effluent and leachates from waste digpsgies, and non point sources which
may consist of agricultural run-off (Figure 2.1Jhe principal sources of human
pharmaceuticals that discharge into wastewatertnter@ facilities include hospitals,
extended-care facilities, and private householllgf@hese sources also contribute via the
disposal of unused medicines as trash. This o¢buosigh the hospital sewage system for
admitted patients and urban wastewaters. Pharmealsudpplied in veterinary medicin, as
growth promoters and for other purposes, are eadrdly the animals, usually, it is
assumed that emission from pharmaceutical manufagtand production are low in
Europe and north America (Kummerer 2010). Contantsapplied to the soil surface will
migrate through the soil zone, the unsaturated zork the saturated zone in the well

established way. This may be the route for compeneinsewage sludge used as fertilizer.
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The potential for organic contaminants present ewage sludge to leach following
application to agricultural land was highlighted Byilson et al. 1996, Montiero et
al.2010).

Pharmaceuticals
Veterinary Human Pharmaceuticals
pharmaceuticals
Amnimal Domestic Hospital
manure wastewater wastewater
- . Sewerage
Soil zone Septic tanks €
system
Unsaturated . Via Sludge WW
] Landfill =
zone treatment
Via Effluent
. Surface
Groundwater
water

Figure 2.1. Sources and pathways of pharmacewicapounds.

Another important pathway is groundwater—surfacdewanteraction. In many
instances treated effluent from industrial premiaed sewage works is discharged to
surface water. This may then infiltrate to groundwétom losing reaches of rivers (Stuart
et al., 2012).

2.8  Occurrence and fate of PhCs in wastewaters

Once administered, PhCs are metabolised to varyeggees, and their excreted
metabolites and unaltered parent compounds canualdergo further modification due to
biological, chemical and physical processes in bs#wage treatment facilities and
receiving water bodies (Deblonde et al., 2011;&K#ssinos et al., 2011; Miége et al.,
2009; Monteiro et al., 2010; Onesios et al., 200)nicipal wastewater treatment plants

(WWTPs) are generally not equipped to deal with glex pharmaceuticals, as they were
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built and upgraded with the principal aim of remmayieasily or moderately biodegradable
carbon, nitrogen and phosphorus compounds and Ibmdogical organisms, which
regularly arrive at the WWTP in concentrations e brder of mg I and at least f0
MPN/100 mL, respectively. PhCs in raw wastewateesgenerally in the range of $6-
10° mg L*, in addition, their chemical and physical propesti namely solubility,
volatility, adsorbability, absorbability, biodegueallity, polarity and stability, vary greatly
(Le Minh et al., 2010; Ziylan and Ince, 2011), witlbvious repercussions on their
behaviour during the treatments and consequergily temoval efficiencies.

Indeed, several PhCs have been found in river bsatiae at high levels (Rimkus,
1999), thereby evidencing the risk that environrakrbncentrations of PhCs can be
higher than their (PNECSs) (Santos et al., 2007eiStiauridsen et al., 2000), especially in
effluent-dominant rivers whose dilution capacity daself-purifying processes are
insufficient to temper the risk to aquatic life @fazyk-Horder et al., 2009).

Although much research has been conducted ondhis, tstudies have generally
been limited to single treatment plants. Henceorider to provide an overview of the
findings, a full litereature review is set out, latihg data pertaining to 264 WWTPs from
various global locations, mostly in Europe. Reflegtthe abundance of conventional
activated sludge systems (CAS) among existing npalidVWTPs, 244 of them were
considered in this study, the remaining 20 planisnened were membrane biological
reactors (MBR), included for comparative purpo$sta pertaining to a wide spectrum of
PhCs, 118 compounds belonging to 17 different esistinguished by their function or
biological activity, were considered: 23 analgésing-inflammatories, 36 antibiotics, 1
antidiabetic, 1 antifungal, 3 antihypertensivedfatbiturate, 12 beta-blockers, 2 diuretics,
9 lipid regulators, 10 psychiatric drugs, 6 recepamtagonists, 4 hormones, 4 beta-
agonists, 3 antineoplastics, 1 topical produchtisaptic and 1 contrast agent.

Raw influent and secondary effluent concentratitorsthe 118 PhCs, and their
removal efficiencies observed in CAS and MBRs wegorted, the objective being to
provide a snapshot of their occurrence and of fifieaey of suspended growth mass
biological processes in their removal. Based oncthilected data, the average daily mass
load (mg/1000 inhabitants/ day) in the secondafjuesit for the majority of the
compounds under study has been evaluated, rankerg taccordingly. The PhCs were
then also ranked according to their environmensgdd, using a quotient derived from the

ratio between their measured concentrations inmskny effluents and their corresponding
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PNEC. This strategy provides an overview of thaadibn, clearly identifying a group of

compounds in need of more intensive monitoringterto safeguarding the environment.

Compounds are grouped according to their therapelass and presented in terms
of their chemical formula and molecular weighteldture references are also provided for
each (Table 2.2.). In addition, in the Appendix Atheir main physical and chemical
properties (protonation constant al§,poctanol-water partition coefficient as LdGw,
solubility S, sludge-water distribution coefficient as L&g, reaction rate constaigio,
molecular charge at pH 7) as well as their molecsteucture are provided. The main
features of the WWTPs investigated in each study details of the corresponding
experimental campaigns are compiled in Table 2:Bodgh the last column of Table 2.2.,
it is possible to know the previous works invediiggthe substance under study and then,
once known the cited work, through Table 2.3. towrthe details of the experimental
campaign and the characteristics of the WWTPs ucalesideration.

Based on the collected literature data, the vdiiabanges for the concentration of
each examined compound in both raw urban influast een defined (Figures 2.3.-2.8.
and Appendix A.2.) and secondary effluent (Figr€s-2.14. and Appendix A.3.), as well
as for their corresponding removal efficienciegg(ffes 2.16.-2.20. and Appendix A.4.).
To complete the analysis of literature data, theceqgtage partitions, for some of the
compounds under study, among biodegradation, sorptito sludge and occurrence in the
secondary effluent are provided (Table 2.4.) asl sl removal efficiencies for the
different selected PhCs with respect to the sludgention time of the corresponding
biological reactor (referring to CAS in Table 2ahd MBR in Table 2.6.).

Subsequently, the average daily mass discharged fhe secondary biological
system was evaluated, where possible, for the eenicompounds, and their
corresponding risk quotients (average concentrd®dEC) in the secondary effluent
(Figures 2.21. and 2.22.). As a whole, the rexflthese two analyses revealed the most

critical compounds in terms of mass load and/oirenmental risk.

2.8.1 Mostly Investigated PhCs
Table 2.2. reports the list of the investigatedtaomnnants, grouped according to
their therapeutic class, in addition to their malac weight (MW) and chemical formula,

together with the number and details of the refessnreviewed. The majority of the
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compounds mentioned in the various studies are rasirated orally, intramuscularly,
endovenously or by inhalation, and in few casetherskin.

An analysis of the data compiled in Appendix A.keferring to selected PhCs
evidences their very different molecular structuralso in terms of basic or acidic
functional groups (charge at pH = 7). These, ifnbuon the same molecule (e.g.
ciprofloxacin), can cause it to be neutral, cato@inionic or zwitterionic under different
environmental conditions, (Kimmerer, 2009a; Teraed Joss, 2006) resulting in (very)

different behaviours during treatment processaswidl be discussed later.

2.8.2 Main features of the mostly investigated wastewatereatment plants

(WWTPs)

Table 2.3. lists the main features of the WWTP®stigated in each study (second
column), as well as the details of the experimecaahpaigns (sampling mode, number of
samples, observation period, number of investigitie@s). 244 CAS systems (242 full-
scale and 2 pilot plants) and 20 MBRs (all pilarnk) situated in various world locations
were included in this study: 68 % of the WWTPssteated in European countries (Spain,
Germany, Italy, Switzerland, Sweden, Austria, UKinl&d, France, Greece and
Denmark), 14 % in the Americas (USA, Canada anaiBrd4 % in Asia (China, Japan,
South Korea and North Korea) and 4 % in Australia.

The raw wastewaters influent to these plants anergdly subjected to preliminary
treatments (bar screening and grit removal), thémary sedimentation followed by the
secondary biomass growth treatment (CAS or MBR,ntfagority of the latter equipped
with ultrafiltration or, in a few cases microfiltran, membranes). This final step usually
included denitrification-nitrification and carboemoval processes, and in some cases
simultaneous precipitation of phosphate by thetamdbf Fe salts. CAS operates at a HRT
ranging from 2-24 h and at a SRT generally equd-20 d with some exceptions, while
MBR at a HRT of 7-15 h (with few exceptions) andaéBRT equal to 15-80 d (with a few
exceptions). Figure 2.2. shows the historical dgwalent of the activated sludge process:
from CAS for BOD removal to MBR and MBBR for enhamg the quality of the final

effluent and upgrading the existing CAS maintairtimg same footprint or reducing it.
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Figure 2.2. Historical development of the activaskdige process: from CAS for BOD removal to MBRl an
MBBR for enhancing the quality of the final efflteand upgrading the existing CAS maintaining thaea

footprint or reducing it.

In general, chemical analysis of PhCs was performed4-h composite water
samples, quite often flow-proportional, thereby idireg the risk of under- or over-
estimating the average daily concentrations innthstewater. Experimental investigations
were mainly based on a number of samples rangitgeea 3 and 12. Few studies
collected multiple data sets for each sampling fpdfater samples were generally taken in
dry days in order to avoid dilution of the influentcase of combine sewage and due to

parasite streams and dilution of the effluent cdusewashout of the biological tanks.
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Table 2.2. Pharmaceutical compounds examined, grbapcording to their therapeutical class. For satistance, chemical formula and
molecular weight (MW) are provided as well as numidgpapers and references dealing with it.

er

al.,

al.,

Therapeutic class Pharmaceutical MW Chemical Number of References
compound formula papers
Analgesics/ 5-aminosalicylic acid 153 C7H7NO3 1 Kasprzyk-Hordet al., 2009
Anti- Acetaminophen 151 C8HI9NO2 15 Choi et al., 2008;tSleeet al., 2009; Foster, 2007; Gomez et al.,/200nes et al
inflammatories 2007; Kasprzyk-Hordern et al., 2009; Khan and Oilige2005; Kim et al., 2007;
A Radjenovic et al., 2007, 2009; Roberts and Tho2@86; Rosal et al., 2010; Snyd
et al., 2006; Ternes, 1998; Yu et al., 2006
Acetylsalicylic acid 180 C9HBO4 2 |Kasprzyk-Hordern et al., 2009; Ternes, 1998
Aminopyrine 231 C13H17N30 2 | Andreozzi et al., 2003; Ternes, 1998
Codeine 299 C18H21NO3 5 Foster, 2007; Gémez eR@7; Kasprzyk-Hordern et al.,2009; Rosal et2010;
Wick et al., 2009
Dextropropoxyphene 339 C22H29NO2 1 Roberts and Bisp2006
Diclofenac 296/ C14H11CI2NO2 36 Andreozzi et al.020Bendz et al., 2005; Bernhard et al., 2006; &kdtral., 2004
2005a, 2005b; Coetsier et al., 2009; Gomez et2@D;7; Kasprzyk-Hordern et al.,
2009; Kim et al., 2007; Kimura et al., 2005, 208reuzinger et al., 2004; Lindqvist
et al., 2005; Lishman et al., 2006; Mufioz et &d0® Paxéus, 2004; Quintana et
2005; Radjenovic et al., 2007, 2009; Reif et alQ& Roberts and Thomas, 2006;
Rosal et al., 2010; Santos et al., 2007, 2009; &ngtdal., 2006; Stumpf et al., 1999;
Suérez et al., 2005; Tauxe-Wuersch et al., 2008€ekeet al., 2003; Ternes, 1998;
Thomas and Foster, 2005; Vieno et al., 2005; Wesgell., 2004; Yu et al., 200p;
Zorita et al., 2009
Dipyrone 333| C13H16N3Na04s 1 Gomez et al., 2007
Fenoprofen 242 C15H1403 6 Andreozzi et al., 2063)d2 et al., 2005; Coetsier et al., 2009; Lishntaal.e2006
Nakada et al., 2006; Ternes, 1998
Flurbiprofen 244 C15H13FO2 2 | Andreozzi et al., 2003; Bendz et al., 2005
Hydrocodone 299 C18H21NO3 1 Snyder et al., 2006
Ibuprofen 206 C13H1802 43 Andreozzi et al., 2008nd& et al., 2005; Bernhard et al., 2006; Carbetlal.,
2004, 2005; Castiglioni et al., 2006; Clara et 2004, 2005a, 2005b; Coetsier et
2009; Gomez et al., 2007; Jones et al., 2007; kgkgdordern et al., 2009; Kha
and Ongerth, 2005; Kim et al., 2007; Kimura et 2005, 2007; Kreuzinger et g
2004; Lindgvist et al., 2005; Lishman et al., 20B8ifioz et al., 2009; Nakada et
2006; Paxéus, 2004; Quintana et al., 2005; Radjeraiwal., 2007, 2009; Reif et %?
2008; Roberts and Thomas, 2006; Rodriguez et @)32Rosal et al., 2010; Santos
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Therapeutic class Pharmaceutical MW Chemical Number of References
compound formula papers

et al.,, 2007, 2009; Snyder et al., 2006; Stumpélet 1999; Suarez et al., 2005;
Tauxe-Wuersch et al., 2005; Ternes et al., 200816% 1998; Thomas and Foster,
2005; Vieno et al., 2005; Weigel et al., 2004; Yale 2006; Zorita et al., 2009

Indomethacin 358 C19H16CINO4 8 Bendz et al., 2Q@&hman et al., 2006, Radjenovic et al., 2007, 20R&sal et al.}
2010; Stumpf et al., 1999; Ternes et al., 2003n&gr1998

Ketoprofen 254 C16H1403 21 Andreozzi et al., 2@&ndz et al., 2005; Kasprzyk-Hordern et al., 208an and
Ongerth, 2005; Kimura et al., 2005, 2007; Lindgwstal., 2005; Lishman et al.,
2006; Nakada et al., 2006; Quintana et al., 20@&tjéhovic et al., 2007, 2009; Rosal
et al., 2010; Santos et al., 2007, 2009; Stumpdl.et1999; Tauxe-Wuersch et al.,
2005; Ternes, 1998; Thomas and Foster, 2005; \&¢tiad, 2005; Yu et al., 2006

Ketorolac 255 C15H13NO3 1 Rosal et al., 2010

Meclofenamic acid 296 C14H11CI2NO2 1 Ternes, 1998

Mefenamic acid 241 C15H15NO2 9 Jones et al.,, 200&5przyk-Hordern et al., 2009; Kimura et al., 20@®07;
Radjenovic et al., 2007, 2009; Roberts and Tho2@86; Rosal et al., 2010; Tauxe-
Wuersch et al., 2005

Naproxen 230 C14H1403 30 Andreozzi et al., 200®eet al., 2005; Carballa et al., 2004, 2005; Kadp
Hordern et al., 2009; Khan and Ongerth, 2005; Kiralg 2007; Kimura et al., 200p,
2007; Lindqvist et al., 2005; Lishman et al., 208&kada et al., 2006; Paxéus, 2004;
Quintana et al., 2005; Radjenovic et al., 2007,92@xeif et al., 2008; Rodriguez et
al., 2003; Rosal et al., 2010; Santos et al., 22009; Snyder et al., 2006; Stumpf et
al., 1999; Suérez et al., 2005; Ternes, 1998; Beeteal., 2003; Thomas and Foster,
2005; Vieno et al., 2005; Yu et al., 2006; Zoritak, 2009

Phenazone 188 C11H12N20 3 | Andreozzi et al., 2003; Rosal et al., 2010; Tera898

Propyphenazone 23D C14H18N20 3 | Nakada et al., 2006; Radjenovic et al., 2007, 2009

Salicylic acid 138 C7H603 4 Kasprzyk-Hordern et @&009; Khan and Ongerth, 2005; Lishman et al.,6200
Ternes, 1998

Tolfenamic acid 262 C14H12CIO2 1 Ternes, 1998

Tramadol 263 CIBH25NO2 2 | Kasprzyk-Hordern et al, 2009; Wick et al., 2009

Antibiotics Amoxicillin 365 C16H19N305S 1 Watkinson et al., Z00
B Azithromycin 749|  C38H72N2012 4 | Ghosh et al., 2009; Gébel et al., 2005, 2007; Yawogt al., 2006
Cefaclor 368| CI15H14CIN304$ 1 Watkinson et al., 2007
Cefalexin 347 C16H17N304S 4 Costanzo et al., 2@Bkowska et al., 2008; Li and Zhang, 2011; Watkim et al.

2007
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Therapeutic class Pharmaceutical MW Chemical Number of References
compound formula papers

Cefotaxime 456 C16H17N507S? 2 Gulkowska et al. 8200and Zhang, 2011

Chloramphenicol 323 C11H12CI2N20O5 3 | Kasprzyk-Hordern et al., 2009; Li and Zhang, 2(Rdng et al., 2006

Chlortetracycline 479  C22H23CIN20§ 2 Li and Zha?@]1; Watkinson et al., 2007

Ciprofloxacin 331 C17H18FN303 15 Andreozzi et 2003; Baumgarten et al., 2007; Castiglioni et2006; Costanzo et
al., 2005; Ghosh et al., 2009; Golet et al., 200&thikeyan and Meyer, 2006; Li
and Zhang, 2011; Lindberg et al., 2005, 2006; Muétoal., 2009; Rosal et al., 2010;
Vieno et al., 2007; Watkinson et al., 2007; Zo&tal., 2009

Clarithromycin 748 C38H69NO13 7 Castiglioni et &Q06; Ghosh et al., 2009; Goébel et al., 2005, 2@ahar et al,
2011; Ternes et al., 2003; Yasojima et al., 2006

Clindamycin 425| C18H33CIN205% 1 Watkinson et d&0?2

Cloxacillin 436 | C19H18CIN305S9 1 Watkinson et abDpZ

Doxycycline 463 C22H24N208 2 Lindberg et al., 200/tkinson et al., 2007

Enoxacin 320 C15H17FN403 1 Andreozzi et al., 2003

Enrofloxacin 359|  CI9H22FN303 3 |Baumgarten et al., 2007; Ghosh et al., 2009; Watkiret al., 2007

Erythromycin 734 C37H67NO13 19 Castiglioni et a2006; Gobel et al., 2005, 2007; Gulkowska et ap08;
Karthikeyan and Meyer, 2006; Kasprzyk-Hordern et 2009; Kim et al., 2007; Ui
and Zhang, 2011; Mufoz et al., 2009; Radjenoval.eR007, 2009; Reif et al., 2008;
Roberts and Thomas, 2006; Rosal et al., 2010; Satar, 2011; Snyder et al., 2006;
Ternes et al., 2003; Watkinson et al., 2007; Xalgt2007

Lincomycin 407  C18H34N206S 3 | castiglioni et al., 2006; Ghosh et al., 2009; Wagkin et al., 2007

Lomefloxacin 351 C17H19F2N304 1 Andreozzi et 002

Metronidazole 171 C6HON3O3 2 |Kasprzyk-Hordern et al., 2009; Rosal et al., 2010

Norfloxacin 319| C16H18FN303 12 Andreozzi et al.020Coetsier et al., 2009; Costanzo et al., 2005038 et al.
2009; Golet et al., 2003; Gulkowska et al., 2008and Zhang, 2011; Lindberg et al.,
2005, 2006; Watkinson et al., 2007; Xu et al., 2000fita et al., 2009

Ofloxacin 361| C18H20FN304 12 Andreozzi et al., 20BBown et al., 2006; Castiglioni et al., 2006; dnd Zhang
2011; Lindberg et al., 2005; Peng et al., 2006;j&aulic et al., 2007, 2009; Rosal| et
al., 2010; Vieno et al., 2007; Xu et al., 2007;i#oet al., 2009

Oxytetracycline 460 C22H24N209 2 Li and Zhang, 20//atkinson et al., 2007

Penicillin G 334 CI16H18N204S 2 | Gulkowska et al., 2008; Watkinson et al., 2007

Penicillin V 350 C16H18N205S 1 Watkinson et al.020

Roxithromycin 837 C41H76N2015 12 | Clara et al., 2005b; Ghosh et al., 2009; Gobell.e2805, 2007; Kreuzinger et al.,
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al.,

al.,
al.,

Therapeutic class Pharmaceutical MW Chemical Number of References
compound formula papers

2004; Li and Zhang, 2011; Reif et al., 2008; Rueble 2010; Sahar et al., 2011,
Ternes et al., 2003, Watkinson et al., 2007; Xal 2007

Spiramycin 843 C43H74N2014 1 Castiglioni et alQ&0

Sulfachloropyridazine 28% C10H9CIN4O25 1 Choi et2008

Sulfadiazine 250 C10H10N402S 3 Li and Zhang, 2@drcia-Galan et al., 2011; Peng et al., 2006

Sulfadimethoxine 310 C12H14N4045 3 Choi et al. @@Rarcia-Galan et al., 2011; Ghosh et al., 2009

Sulfamethazine 278 C12H14N402% 4 Garcia-Galan.e2@l1, Karthikeyan and Meyer, 2006; Li and Zha2@l1; Sahar
etal., 2011

Sulfamethoxazole 253  C10H11N303% 31 Andreozzi.e803; Bendz et al., 2005; Brown et al., 2006;b@Ha et al., 2004,
2005; Castiglioni et al., 2006; Choi et al., 20@3ara et al., 2005b; Foster, 2007;
Garcia-Galan et al., 2011; Ghosh et al., 2009; Gébal., 2005, 2007; Karthikeyan
and Meyer, 2006; Kasprzyk-Hordern et al., 2009; kinal., 2007; Kreuzinger et al.,
2004; Li and Zhang, 2011; Lindberg et al., 2005;fdn et al., 2009; Peng et al.,
2006; Radjenovic et al., 2007, 2009; Reif et 200& Rosal et al., 2010; Ruel et
2010; Sahar et al., 2011; Snyder et al., 2006; 8eet al., 2003; Watkinson et al.,
2007; Xu et al., 2007

Sulfapyridine 249 C11H11N302S 4 Garcia-Galan efall1; Gobel et al., 2005, 2007; Kasprzyk-Hordsral., 2009

Sulfasalazine 398 C18H14N405% 2 Kasprzyk-Hordeal.eP009; Watkinson et al., 2007

Sulfathiazole 255 C9HIN302S2 3 Choi et al., 200&;0&-Galan et al., 2011; Watkinson et al., 2007

Tetracycline 444 C22H24N208 5 Ghosh et al., 2009lk@vska et al., 2008; Li and Zhang, 2011; Kartlike and
Meyer, 2006; Watkinson et al., 2007

Trimethoprim 290 C14H18N403 25 Andreozzi et al.p20Batt 2006; Bendz et al., 2005; Brown et al.0@0Foster
2007; Ghosh et al.,, 2009; Gobel et al.,, 2005, 20Bdlkowska et al., 2008;
Karthikeyan and Meyer, 2006; Kasprzyk-Hordern et2009; Choi et al., 2008; Ki
et al.,, 2007; Li and Zhang, 2011; Lindberg et @005, 2006; Paxéus, 2004;
Radjenovic et al., 2009; Reif et al., 2008; Robarts Thomas, 2006; Rosal et
2006; Sahar et al., 2011; Snyder et al., 2006; st al., 2003; Watkinson et &
2007

Tylosin 916 C46H77NO17 1 Watkinson et al., 2007

Ant|d|élbet|cs Glibenclamide 494 C23H28CIN3055 1 Radjenovic et al., 2007, 2009
Anuf;ngals Clotrimazole 345 C22H17CIN2 1 Roberts and Thomas, 2006
Antihypertensives  Diltiazem 41p  C22H26N2043 3 | Choi et al., 2008 Foster, 2007; Kasprzyk-Horderal ¢2009;
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Therapeutic class Pharmaceutical MW Chemical Number of References
compound formula papers
E Enalapril 377 C20H28N205 1 Castiglioni et al., 2006
Hydrochlorothiazide 298 C7H8CIN304S?2 5 Castiglienial., 2006; Mufioz et al., 2009; Radjenovic et 2007, 2009; Rosal et
al., 2010;
Barbllt:urates Phenobarbital 232 C12H12N203 1 Yu et al., 2006
Beta-blockers | Acebutolol 336 C18H28N204 2 Andreozzi et al., 200&no et al., 2007
G Atenolol 266 C14H22N203 14 Alder et al., 2010; Bemd al., 2005; Carucci et al., 2006; Castiglionak, 2006
Kasprzyk-Hordern et al., 2009; Maurer et al., 200yfioz et al., 2009; Paxéus,
2004; Radjenovic et al., 2007, 2009; Rosal et28l1,0; Ternes et al., 2003; Vieno| et
al., 2007; Wick et al., 2009
Betaxolol 307 C18H29NO3 3 Andreozzi et al., 2008tries, 1998;
Wick et al., 2009
Bisoprolol 325 C18H31NO4 2 Ternes, 1998; Wick et al., 2009
Carazolol 298 C18H22N202 1 Ternes, 1998
Celiprolol 379 C20H33N304 2 Ternes et al., 2003¢ck\ét al., 2009
Metoprolol 267 C15H25N03 12 Alder et al., 2010; Aeakzzi et al., 2003; Kasprzyk-Hordern et al., 200@wurer et
al., 2007; Paxéus, 2004; Radjenovic et al., 200092 Rosal et al., 2010; Terngs,
1998; Ternes et al., 2003; Vieno et al., 2007; Witkl., 2009
Nadolol 309 C17H27NO4 1 Ternes, 1998
Oxprenolol 265 C15H23N03 1 Andreozzi et al., 2003
Propranolol 259 C16H21NO2 12 Alder et al., 2010drAsnzzi et al., 2003; Bendz et al., 2005; Coetsteal., 2009
Kasprzyk-Hordern et al., 2009; Maurer et al., 20R@djenovic et al., 2009; Roberts
and Thomas, 2006; Rosal et al., 2010; Ternes, 1P&8ies et al., 2003; Wick et &l.,
2009
Sotalol 272 C12H20N203S 6 Alder et al., 2010; Mawteal., 2007; Radjenovic et al., 2009; Ternealgt2003;
Vieno et al., 2007; Wick et al., 2009
Timolol 316 | C13H24N403S 1 Ternes, 1998
Diuretics Bendroflumethiazide 421 CI15H14F3N304S2 1 Kasprzyk-Hordern et al., 2009
H Furosemide 331 C12H11CIN205S 3 | Castiglioni et al., 2006; Kasprzyk-Hordern et 2DP9; Rosal et al., 2010
Lipid regulators | Bezafibrate 362 C19H20CINO4 15 Andreozzi et al.020Castiglioni et al., 2006; Clara et al., 200002a, 2005b;
I Kasprzyk-Hordern et al., 2009; Kreuzinger et al00£2 Lindqvist et al., 2005;
Quintana et al., 2005; Radjenovic et al., 2007 2®bsal et al., 2010; Stumpf et al.,
1999; Ternes, 1998; Vieno et al., 2005
Clofibrate 243 C12H15CIO3 2 Andreozzi et al., 2003; Ternes, 1998
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Therapeutic class Pharmaceutical MW Chemical Number of References
compound formula papers

Clofibric acid 215 C10H1103ClI 16 Andreozzi et @D03;Bendz et al., 2005; Bernhard et al., 2006 pkad-Hordern et
al., 2009;Kimura et al., 2005, 2007; Lishman et &006; Radjenovic et al.,
2007;Roberts and Thomas, 2006; Rosal et al., 20008 et al., 1999; Tauxe-
Wuersch et al., 2005;Ternes, 1998; Ternes et @3;2Weigel et al., 2004; Zorita et
al., 2009

Etofibrate 364 C18H18CINO5 1 Ternes, 1998

Fenofibrate 361 C20H21CIO4 3 Andreozzi et al., 2Q08hman et al., 2006;Ternes, 1998

Fenofibric acid 319 C17H15CIO4 5 Mufioz et al., 20B®sal et al., 2010;Stumpf et al., 1999; Tern&898] Ternes gt
al., 2003

Gemfibrozil 250 C15H2203 14 Andreozzi et al., 20B8ndz et al., 2005; Khan and Ongerth, 2005;Kiralet2007;
Lishman et al., 2006; Mufoz et al., 2009;Paxéuf)4Madjenovic et al., 2007,
2009;Rosal et al., 2010; Snyder et al., 2006; Sfuehpl., 1999; Ternes, 1998;Yu|et
al., 2006

Pravastatin 425 C23H3607 4 Coetsier et al., 20@8pkzyk-Hordern et al., 2009; Radjenovic et alQZ22009

Simvastatin 419 C25H3805 1 Kasprzyk-Hordern et28109

Psychiatric drugs| Amitriptyline 277 C20H23N 1 Kasprzyk-Hordern et, @009
J Carbamazepine 236 C15H12N20 31 Andreozzi et aD3Bendz et al., 2005; Bernhard et al., 2006; Ghstii et al.,

2006; Clara et al., 2004, 2005a, 2005b; Conti e28l11; Coetsier et al 2009;Foster,
2007; Gomez et al., 2007;Kasprzyk-Hordern et 0% Khan and Ongerth, 2005;
Choi et al., 2008; Kim et al., 2007;Kreuzinger &t 2004; Mufioz et al., 2009;
Nakada et al., 2006; Paxéus, 2004;Radjenovic,e2@07, 2009; Reif et al., 2008;
Rosal et al., 2010;Santos et al., 2007, 2009;Sngtlat., 2006; Suéarez et al., 2005;
Ternes, 1998;Ternes et al., 2003; Vieno et al.7200ick et al, 2009

Diazepam 285 C16H13CIN20 6 Clara et al.,, 2005b;Kirger et al., 2004; Reif et al.,, 2008;Suéarez et|al
2005;Ternes, 1998; Wick et al., 2009

Fluoxetine 309 C17H18F3NO 8 Foster, 2007; Kim et2007; Metcalfe et al., 2010; Mufioz et al., 20Rfgdjenovig
et al., 2009; Rosal et al., 2010; Snyder et alD62@orita et al., 2009

Gabapentin 171 CO9H17N102 2 Kasprzyk-Hordern e2809; Yu et al., 2006

Lorazepam 321 C15H10CI202N 1 Coetsier et al., 2009

Norfluoxetine 295 C16H16F3NO 2 Metcalfe et al., @0Zorita et al., 2009

Oxcarbazepine 252 C15H12N202 1 Conti et al., 2011

Paroxetine 329 C19H20FNO3 2 Metcalfe et al., 2Rdjenovic et al., 2007

Valproic acid 144 C8H1602 1 Yu et al., 2006

Receptor Cimetidine 252 C10H16N6S 2 Choi et al., 2008; KagkiHordern et al., 2009;
antagonists Famotidine 337 C8H15N702S3 1 Radjenovic et al. 9200
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Therapeutic class Pharmaceutical MW Chemical Number of References
compound formula papers
K Loratadine 383] C22H23CIN202Z 1 Radjenovic et alQ20
Omeprazole C17H19N303S 1 Rosal et al., 2010
Ranitidine 314 C13H22N403S 6 Carucci et al.,, 20@&stiglioni et al., 2006; Kasprzyk-Hordern et &009;
Radjenovic et al., 2007, 2009; Rosal et al., 2010
Valsartan 436 C24H29N503 1 Kasprzyk-Hordern et28109
Hormones Estradiol 272 C18H2402 11 Andersen et al., 2003pBa et al., 2000; Carballa et al., 2004, 2005r€let al.
L 2005a; Foster, 2007; Joss et al., 2004; Kim eR@b7; Lishman et al., 2006; Ternes
et al., 1999a; Zorita et al., 2009
Estriol 288 C18H2403 4 Baronti et al., 2000; Claral., 2005a;Kim et al, 2007; Nakada et al., 2006
Estrone 270 C18H2202 12 Andersen et al., 2003; laet al., 2000; Carballa et al., 2004, 2005; €lat al.,
2005a; Joss et al., 2004; Kim et al., 2007; Lishmal., 2006; Nakada et al., 2006;
Ternes et al., 1999a, 2003; Zorita et al., 2009
Ethinylestradiol 296 C20H2402 10 Andersen et @03 Baronti et al., 2000; Clara et al., 2004, 200B0ster, 2007;
Joss et al., 2004; Kim et al., 2007; Kreuzingealgt2004; Ternes et al., 1999; Zotjita
et al., 2009
Beta-agonists | Clenbuterol 277 C12H18CI2N2Q 1 Ternes, 1998
M Fenoterol 303 C17H21NO4 1 Ternes, 1998
Salbutamol 239 C13H21NO3 4 Castiglioni et al., 200@nes et al., 2007; Kasprzyk-Hordern et al., 2009 nes
1998
Terbutaline 226 C12H19NO3 1 Ternes, 1998
Antineoplastics | Cyclophosphamide 261 C7H15CI2N202P 1 Ternes, 1998
N Ifosfamide 261| C7H15CI2N202P 3 Coetsier et al., 2@0immerer et al., 1997; Ternes, 1998
Tamoxifen 372 C26H29NO 2 Coetsier et al., 2009;&tshband Thomas, 2006
Toplcaloproducts Crotamitron 203 C13H17NO 1 Nakada et al., 2006
Antiseptics Triclosan 290 C12H7CI302 13 Foster, 2007; Gomeal.e2007; Kim et al., 2007; McAvoy et al., 2002ufbz et
P al., 2009; Nakada et al., 2006; Paxéus, 2004; Retsal., 2010; Ruel et al., 2010;
Snyder et al., 2006; Thomas and Foster, 2005; Weigd., 2004; Yu et al., 2006
Contrast media | lopromide 791| C18H24I3N308 5 Batt et al., 2006; iadla et al., 2004; Clara et al., 2005b; Kim et &007;

Q

Kreuzinger et al., 2004
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Collected data report the pharmaceutical conceotratin raw urban wastewaters
and in the corresponding treated biological efftueas well as the global removal
efficiencies achieved after the secondary treatm&he urban wastewater considered
includes both the effluent produced by domestiosusad that from (small) industrial
activities, which, according to the local regulationay be discharged into the public sewer
network and conveyed to the municipal WWTP.

Experimental investigations were carried out atedént times of the year, and the
overall data therefore covers periods characteligedigher and lower PhC consumption,
enabling this study to provide a balanced overviealstered by taking into account the
different consumption habits in the different caieg worldwide.

2.8.3 Quality assurance of literature data

As reported by the EC Technical Guidance Documarnisk assessment (EC, 2003)
and as remarked by many Authors (among them Liebigl., 2006; Ternes and Joss,
2006), it is vital that the quality of literaturata is assured. For this reason, to be included
in the present study, references had to featuresarightion of the analytical methodology
used for the assessment of measured concentratmmhshe quality assurance program
adopted for sampling, analysis and elaboratiompdrticular, they provide the following
information: list of analytes, solvents and chensiazsed; details of sampling, transport
and storage in addition to sample volume; analytrnathods adopted, including pH
adjustment, filtration and filter material, extract and solvent evaporation techniques;
derivatization and detection method; surrogate @ndnhstrumental standards used,
methods and limits of quantification, recovery mgaments, procedural and instrumental
blanks used; sampling conditions, location, freqyemnd period and compartment

characteristics.
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Table 2.3 Main characteristics of the treatmenn{gl@and monitoring campaigns included
in the litereature review.

References

Details of treatment plants and experimental invesgjations

1

in

ith

esS

1 | Alderetal., | 24-h flow-proportional composite samples were takethe influent and effluent of a conventiona
2010 WWTP of Niederglatt, Switzerland (33 000 inhabigrit6800 rifd) and processed for four beta-
blockers: atenolol, metoprolol, propanolol and Edt& he plant includes nitrification-
denitrification stages. Collected data refer touafit and effluent concentrations, average remov
rates as well as average mass loads for each eétbeted compounds.
2 | Andersen et| 24-h flow-proportional composite samples were takiethe influent and effluent of a conventiona
al., 2003 WWTP in Wiesbaden, Germany (300 000 populationwedent, pe) and processed for three
oestrogens (n = 2). The plant includes pretreatsn@ateening, aerated grit removal), primary
clarification and activated sludge systems fordyidal and chemical phosphate removal,
denitrification and nitrification. SRT is roughly 4B d.
3 | Andreozzi et| Grab samples and 24-h composite samples were batareen February and March 2001 at the
al., 2003 inlet and outlet of the secondary treatment stefvefCAS systems, treating domestic and
industrial wastewaters, in different countries e, Italy and Sweden). They serve populations
ranging from 6000 to 900 000 inhabitants. All ptafgatured a primary settling phase and one 3|
chemical phosphorus removal step. 26 PhCs weretigaig=d.
4 | Baronti et 24-h composite samples of the influent and secoreffluent of six CAS systems in the area of
al., 2000 Rome, Italy, were collected once a month over fiwmths (n = 5) and processed for four
oestrogens. The plants have flow rates rangingemivi0 000 and 734 00G/hand HRT in the
range 12-14 h. They serve populations ranging batw® 000 and 1 200 000 inhabitants.
5 | Battetal., 24-h flow-proportional composite samples were takethe inlet and the outlet of the WWTP
2006 located in Amherst, NY. Samples were collected aneeek for three consecutive weeks (n=3),
2006, and processed for iopromide and trimethopfine. plant includes a primary clarifier and a
two-stage secondary biological process (slurryesyst Stage 1 is a CAS for substrate removal W
HRT 1 h and SRT 6 d . Stage 2 is a CAS designed fiagan removal with HRT 2 h and SRT 49
d.
6 | Baumgarten| An investigation was carried out on an MBR pilot plemorder to evaluate the removal efficienci
et al.,, 2007 | of target pharmaceuticals during MBR treatment as$ ageto compare them with those obtained
with simultaneously addition in the bioreactor ofyglered activated carbon (PAC). Average
elimination efficiencies are provided for some coomnantibiotics (in particular ciprofloxacin and
enrofloxacin).
7 | Bendz et al.,| 24-h flow-proportional and composite samples weaken at the inlet and secondary effluent of the
2005 Kallby WWTP (Sweden) in October 2002 (n = 1) andgaissed for 14 PhCs.
8 | Bernhard et | The investigation carried out at the WWTP of Wialdra Germany, receiving domestic (90 %) 4

al., 2006

industrial (10 %) wastewater, with a capacity eqo&82 000 pe. The plant consists of a grit
removal tank, a clarification tank, a CAS for carlzord nitrogen removal (HRT = 22 h), a final
clarification tank and microscreen. Moreover, afpdubmerged-MBR equipped with
microfiltration membranes (pore size QuA) was installed and fed with preclarified wateR(H=
7-10 h).

24-h composite water samples (n = 10-11) were takéine influent, the MBR permeate and the

nd

WWTP effluent between July 2004 and March 2005.rAge removal rates for the two
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References

Details of treatment plants and experimental invesgjations

investigated systems were provided for 4 PhCs (fiokoc, ibuprofen, clofibric acid and
carbamazepine). In addition, the concentratiordicddfenac are also provided at the three

sampling points .

9 | Brown et al.,| 48-h composite samples from the urban influenttaedsecondary effluent of the Albuquerque
2006 WWTP in New Mexico were taken and processed fohG$?
10 | Carballa et | 24-h composite samples were taken at the inlebatldt of Galicia municipal WWTP (Spain) in
al., 2004 October 2001, and in January and April 2002, aradyaed for 6 PhCs. The plant has a capacity pf
100 000 p.e. and consists of preliminary treatsyécaarse and fine screening and aerated
chambers for grit and fat removal), primary seditagan and CAS (HRT 24 h).
11 | Carballa et | 24-h composite samples were taken at the influetitsecondary effluent of the WWTP in Galicig
al., 2005 (Spain, 100 000 inhabitants) in October 2001, Jan2@02, April 2002 and June 2002 and
processed for five PhCs. The plant consists ofpieéiry treatment (fine screening, aerated
chambre for grit and fat removal), primary sedimaéioh and CAS (mixed reactors followed by
sedimentation tank). Average removal rates areigea\for the selected compounds.
12 | Carucciet | The investigation refers to a 2-L lab-scale SBR, waykhrough six 4-h cycles each day, SRT 8
al., 2006 14 d, using the activated sludge system coming frammicipal WWTP as inoculum and municipal
wastewater as feed. Average removal rates areqed\or ranitidine and atenolol.
13 | Castiglioni | Six Italian large WWTPs were monitored for 16 Ph@sry Winter (January-March 2004) and
et al., 2006 | Summer (June-September 2004). All investigatedtplare equipped with pre-treatments, primary
sedimentation and CAS. 24-h composite samples vediected at the inlet and the outlet of each
plant, and their average removal rates are provided
14 | Choietal.,, | Grab samples(= 3) were taken between April and August 200Hhatinfluent and secondary
2008 effluent of four large municipal WWTPs within Seaity boundary (Korea) and analysed for 9
PhCs.
15 | Claraetal., | 24-h composite samples were taken at the influedtlae effluent of a CAS system in the South
2004 East of Austria (7000 pe, SRT 52-237 d) and in et pIBR (10-56 d, ultrafiltration membranes)
during three monthly experimental campaigns in 200y were processed for 5 PhCs.
16 | Claraetal., | 24-h composite samples of influent and the secgneffluent of four full-scale CAS plants (SRTS;:
2005a 2d,19d, 48 d and 42 d) and a pilot MBR plant (SB82) in Austria. Corresponding design
capacities are 2.5 1pe, 167 18pe, 135 18pe, 6 16 pe, and 50 pe. Mean average concentrations
were provided for 8 PhCs.
17 | Claraetal., | Three urban CAS WWTPs and one pilot MBR plant, eqedbwith ultrafiltration membranes, werg
2005b monitored in the South East of Austria. 24-h conteasamples were taken at the inlet and outlet of
each plant and analysed for 8 PhCs. The corresppi@RTs are: 52-114 d (CAS 1), 2d (CAS 2)
and 46 (CAS 3) and 10-55 d (MBR).
18 | Coetsier et | 24-h averaged flow-proportional samples were ctel¢n=8) between June 2007 and February
al., 2009 2008 at the effluent of the WWTP of Alés in Fraii@e 000 pe). The plant consists of a CAS
system with extended aeration and simultaneouspbloogs precipitation.
19 | Contietal., | 24-h flow-proportional samples were taken at thetiaf the large conventional WWTP in Pavia,
2011 Italy (160 000 inhabitants, HRT = 4 h) and procedsedarbamazepine and oxcarbamazepine.
20 | Costanzo et| Samples were taken (n = 2) at theeimtfand effluent of a CAS in Brisbane (Australiajia
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References
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al., 2005

processed for three antibiotics (cipeadltin, norfloxacin and cephalexin).

21

Foster 2007

Grab samples were taken at the raw influent andrgisey effluent of the municipal WWTP of Sal
Marco, Texas (USA) during periods of normal op@mafrom October 2006 to March 2007. The
plant includes preliminary treatments (screenirggritting), primary clarification and CAS.

Average concentrations and variability ranges vpeozided for 10 PhCs.

22 | Garcia- Collected data refer to the removal efficiencieseobsd for selected sulphonamide antibiotics in
Galan et al., | three municipal wastewater treatment plants infg@dong the Ebro river basin. The three WWTPs
2011 consist of primary treatments followed by a coni@mdl activated sludge system. HRT and SRT

were respectively 10 h and 4 d for the first pla®th and 6 d for the second one, 24-46 h and 19 d
for the third one.

23 | Ghosh et al.| Samples were collected at the influent and secgreffluent of four medium—large capacity CAS
2009 systems in Japan (flow rate: 576 008dn9500 n¥d, 50 000 rid, 57 000 riYd; SRT: 16-19 d, 13

d, 17 d, 14-18 d and HRT: 9.5-12 h, 14 h, 11 h,23h). Average influent concentrations and
average removal rates are reported for 11 antisioti

24 | Gobel et al.,| 24-h composite samples were taken at the influetitedfluent of two conventional municipal
2005 WWTPs in Switzerland (55 0000 pe and 80 000 pe)madessed for 7 antibiotics between Margh

2002 and November 2003. The plants consist ofmnediry treatments (screening and aerated
gritting), primary clarification and nitrificatiodenitrification steps.

25 | Gobel et al.,| Two full-scale CAS systems (55 000 pe, HRT =15 h, SRJ-12 d; and 80 000 pe, HRT =31 h
2007 and SRT = 21-25 d, respectively) and one pilot MBRO(@6, SRT = 16-80 d) were investigated in

Switzerland in order to compare their capacityeimove 7 selected antibiotics. CASs include
denitrification and nitrification tanks, and the MBBnsists of a cascade of stirred anaerobic,
anoxic, aerobic compartments.

24-h flow-proportional composite samples were tatkeae times at each sampling point in each|of
the three experimental campaigns (March 2002, Repr2003 and November 2003, n=9). Only
percentage removal rates are provided.

26 | Goletetal., | 24-h flow-proportional composite water samples weken at the influent and secondary effluent
2003 of the largest urban WWTP in Zurich (600 000 pe&jit&rland and analysed for 2 antibiotics,

ciprofloxacin and norfloxacin (n = 7), in Octobé¥@®. The plant consists of pretreatments
(screening, gritting and primary clarification) aBAS steps (predenitrification-nitrification-
secondary clarifier; HRT = 20 h and SRT = 11 d).

27 | GOmez et The inlet and the outlet of the municipal CAS systerAlmeria (Spain, 62 000 inhabitants) were
al., 2007 monitored during July 2003 and April 2004. Ten 2deimposite water samples and 12 discrete

samples (monthly) were analysed for 7 PhCs.

28 | Gulkowska | Grab samples at the inlet and secondary effluetwafarge CAS systems in Hong Kong operating
et al., 2008 | at different HRTs (16 h and 21 h) but the same SRTdj2vere processed for 7 antibiotics in

December 2006.

29 | Jones et al.,| Grab samples were taken every 6 hours at theankbutlet of a municipal CAS plant (150 000

2007 pe) in southern England during the four dry ingation days in June 2004. The plant consists df

preliminary treatments (screening, gritting), prisnelarification and biological treatment
(nitrification-denitrification), operating at a SRf 13 d and HRT of 13.5 h. Average removal rat
are provided for 4 selected PhCs (ibuprofen, acetaphien, salbutamol and mefenamic acid).
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30 | Joss etal., | An experimental investigation was carried out invBlmber 2002 at the conventional WWTP of

2004 Kloten (Switzerland) where a pilot-scale MBR wasafistl in parallel with the conventional
WWTP of Altenrhein (Switzerland). The Kloten plagrves 55 000 pe and includes primary
treatments (screening, aerated grit and primaryfielg, secondary treatments (denitrification,
nitrification and simultaneous phosphorus removigh we™®); its SRT is about 10-12 d. The MBR
is a 100-pe pilot plant fed with primary effluendn the Kloten plant and equipped with stirred
anaerobic and anoxic tanks followed by an aerdltiation compartment, operating at SRT 30 d.
Microfiltration and ultrafiltration membranes wemsted. 24-h composite flow-proportional
samples were taken at the influent and effluemtach plant and processed for 3 compounds (n

31 | Karthikeyan | 24-h composite samples were collected from the arid the outlet of two WWTPSs in the USA
etal., 2006 | (serving 73 000 and 150 000 inhabitants) and pesckfor 6 PhCs (n = 2) in October 2001 and

December 2002.

32 | Kasprzyk- 24 h composite samples (n = 10) of urban influent secondary effluent of the Coslech WWTP
Hordern et | (UK) (flow rate range between 150-300 L/s) durihg period April-August 2007. 35 compounds
al., 2009 were investigated and their removal rates evaluiatéiie CAS plant deployed as an extended

aeration/oxidation ditch for carbon and nitrogemogal.

33 | Khan and 24-h composite samples were taken at the influedtlae effluent of the municipal WWTP located
Ongerth in the outer western suburbs of Sidney, Austr@& @00 inhabitants). The plant consists of
2005 preliminary and primary treatments followed by a¥#ystem with additional phosphorus removal.

Seven compounds were monitored over five week-days.

34 | Kimetal., The influent and the secondary effluent of six &dtbrean urban CAS systems were sampled fq
2007 15 PhCs between 2004-2005 .

35 | Kimura et Samples were taken at the inlet and the outletfoll-gcale CAS system and two pilot MBRs to
al., 2005 compare the removal rates of 6 PhCs. The two piéoitp were equipped with hollow-fibre

microfiltration membranes and fed by raw (the s&aeeling the full-scale plant) and pretreated
(pre-coagulated/clarified) municipal wastewatespextively. In both MBRs HRT was 9 h, in CA$
HRT was 13 h

36 | Kimura et Grab samples (n = 11) were taken at the influedtarilet of 1 full-scale CAS (Soseigawa, Japan,
al., 2007 125 000 ¥d, HRT = 12 h and SRT =7 d) and two MBRs (equippeti Wiillow fiber

microfiltration membranes, fed by the same influsnthe conventional treatment plant and
operating at the same flow rate = 0.624chand HRT = 6.7 h but at different SRT: 15 d andip5
between August-November 2005. 6 compounds weretoreni

37 | Kreuzinger | Samples were taken at the inlet and secondaryeefflof two full-scale Austrian CAS systems anfd
et al.,, 2004 | at a pilot MBR plant (equipped with ultrafiltrationembranes) operating at different SRTs: 9.6 d

and 96 d for the full-scale plants, 20 and 41 ier MBR over a period of 7-14 days. Average
removal rates are given for 9 selected PhCs.

38 | Kimmerer | 8-h composite samples were taken from the inflo@at WWTP in Forchheim (Germany) between
1997 January and April 1995 (n = 7) and processed &sfémide.

39 | Liand Removal efficiencies for selected antibiotics weneestigated in two conventional Chinese
Zhang, 2011| WWTPs: Shatin, 600 000 inhabitants served and &f& 000 inhabitants served. The two

systems include an anoxic-aerobic activated slpdgeess, the first is characterized by HRT of 10
h and SRT of 12 d, while the second by a RT of 1Ach3RT of 7 d.
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40 | Lindberg et | Fourteen 24-hour flow-proportional composite samplere taken at the inlet and outlet of four
al., 2005 Swedish conventional WWTPs in August 2002 and Fatyra003 and analysed for 6 antibiotics.
The plants receive municipal and industrial wastergsand have a capacity ranging from 50 00(
and 644 000 inhabitants. HRTs are: 8 h, 11 h, 16dv4 h and corresponding SRTs are: 20 d, 22
d, 11 d and 15 d. Each plant consists of prelimyiti@atments (screening, sand and fat removal,
chemical phosphorus removal, primary clarificatiollowed by a CAS system. For three out of
the four plants, nitrogen removal is also performed
41 | Lindberg et | 24-h composite samples of the influent and secoreffluent of the municipal WWTP of Umea,
al., 2006 Sweden were investigated in the period Novembere®ber 2004. The influent is mechanically
(3-mm split screen) and chemically (flocculatioregipitation) pretreated. Its HRT is 8 h and SRT
20 d; 3 antibiotics were monitored.
42 | Lindqvist et | 24-h composite samples of the influent and secoreffluent of seven full-scale CAS systems in
al., 2005 Finland were taken in September 2003 and procdes&dPhCs. Four of the CAS systems used a
denitrification-nitrification process for nitrogeamoval and all of them feature a simultaneous
biological treatment for removal of P.
43 | Lishman et | 24-h composite samples were taken at the influeditsecondary effluent of 7 CAS systems in
al., 2006 Canada. The investigation lasted between OctobeDandmber 2002 and monitored 12 PhCs.
44 | Maurer t al.,| 24-h composite samples were taken during a 3-daly §ieriod at the inlet and the outlet of two
2007 CAS systems (including nitrification-denitrificatipnear Zurich, Switzerland, and processed for |4
beta-blockers. The first plant has a capacity 0060 inhabitants, an HRT of 6.6 h and an SRT df
8-10 d. The second serves a population of aboG0Banhabitants, operates at an HRT of 18 h gnd
at an SRT of 14 d.
45 | McAvoy et | 24-h flow-proportional composite samples (n = 2yav@ken at the inlet and the outlet of one CAS
al., 2002 plant in Loveland (27 000 p.e., 12 008/dh HRT = 6 h) in the USA. They were processed for
triclosan in November 1997.
46 | Metcalfe et | 24-h composite water samples were collected antheent and secondary outlet of a WWTP, in
al., 2010 Southern Ontario, serving a population of approxatya69 000 using conventional activated
sludge system and tertiary treatment followed bydiinfection. The WWTP consists of two
parallel trains (HRT = 11.9 h in both lines and SR8.4 d and 10.4 d).
47 | Mufioz et Samples were taken at the outlet of two large WWiRpain: El Ejido (64 0000 inhabitants) and
al., 2009 Alcala (375 000 inhabitants) and processed forH@s? The plants include coarse-solid and grease
removal, primary settling and anoxic-aerobic biadafitreatment with activated sludge for C and/N
removal.
48 | Nakada et | 24-h composite samples £16) of the influent and secondary effluent o&fisonventional
al., 2006 activated sludge plants serving populations ranfimg 464 000 to 2 020 000 inhabitants (HRT
from 7.1 to 9.4 h and SRT from 3.8 to 8.4 d) in T@kyapan, from December 2001 and February
2003. 10 PhCs from different classes were investijat
49 | Paxéus, 24-h composite flow-proportional and grab samplesaviaken at the inlet and secondary effluent
2004 of 10 different full-scale CAS systems processingidstic and industrial wastewater in different

European countries. All feature primary settlintidwed by CAS. Investigations were carried out
between February 2001 and March 2003 on 9 PhC2(43). Effluent average concentrations al
provided for each compound for all plant and avenagnoval rates where possible.
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50

Peng et al.,
2006

Grab samples were taken at the influent and effloé@uangzhou conventional WWTP (China,
195 000 pe) and processed for 4 antimicrobial§ggisizine, sulfamethoxazole, ofloxacin and

chloramphenicol). Average influent and effluent cemtrations were provided.

51

Quintana et
al., 2005

24-h composite samples (n = 7) were taken at fleeé amd outlet of a pilot MBR plant (HRT = 8.8
10 d; SRT = 37 d) equipped with Kubota plate memésg.4um) and fed by municipal
wastewater in Germany. Average influent and efftieemcentrations and average removal rates
were provided for 5 PhCs (diclofenac, ketoproferzafibrate, naproxen, ibuprofen) monitored

between January and April 2004.

52

Radjenovic
et al.,, 2007

24-h composite water samples were taken at thednkthe outlet of the municipal CAS system
Rubi (Spain, 125 000 pe) and in a pilot MBR fed inalat. Pretreatments consist of screening,
gritting and primary sedimentation. Biological systecludes denitrification-nitrification
sedimentation and has SRT 3 d and HRT 12 h. MBR wapmepiwith Kubota flat sheet
microfiltration membranes (044m) operating at HRT 14 h and “infinite” SRT (as nodge was
discharged from the reactor during the investigmagieriod, May—June 2005). 22 selected PhCs
were monitored, and their range of variability lve influent and the removal achieved by CAS a

MBR were reported.

in

nd

53

Radjenovic
etal.,, 2009

24-h flow-proportional composite samples (n = 9yauvaken at the influent and secondary efflue
of the municipal conventional WWTP in Terrassa (B#na, Spain) and at the effluent of two pil
MBR plans fed in parallel after preliminary treatnseand primary clarification. The full-scale
plant serves 277 000 pe and has an average fles2a000 rfid, SRT 10 d and HRT 11.5 h. It
consists of preliminary treatment (grit and sarmdaeal), primary clarification and aeration,
followed by secondary clarification. The first gilplant is equipped with hollow-fibre ultra-
filtration membranes (nominal porosity 0.08) and operates at HRT 7.2 h. The second feature
micro-filtration flat-sheet membranes (nominal ity 0.4um) and operates at HRT 15 h.
Variability ranges and average influent concentratiof 26 PhCs and their corresponding remoy

rate are given; data was collected between MardhAgmil 2007.

n

54

Reif et al.,
2008

The investigation carried out on a pilot MBR plantigged with submerged hollow-fibre
membrane module (0.Q4m) fed by synthetic water simulating domestic seavdty HRT is 12-24
h and its SRT 44-72 d. Influent and permeate conatoms were sampled and processed for 9
PhCs.

55

Roberts and
Thomas,
2006

24-h composite samples were taken at the influeatlae effluent of Howdon WWTP (230 000
m?/d) (UK) consisting of screening, primary clarifiitm and CAS (SRT = 2.4 d, HRT = 12.5 h). ]
PhCs were investigated, and average concentratidhe awo sampling points and average remo|

rates are provided.

11

val
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Rodriguez et
al., 2003

24-h composite samples were taken at the influeshtedfluent of a municipal WWTP in Spain
(serving 100 000 inhabitants) and processed faorilfen and naproxen between October 2001 3
February 2002. Their influent and effluent concatidns as well as their average removal rates

reported.

and
are

57

Rosal et al.,
2010

The influent and secondary effluent of the 10 060NV TP of Alcala (Spain) was monitored eve
month over a year. The plant featured a traditié®®2D multistage configuration with nitrification-

denitrification and enhanced simultaneously phoaphoemoval. 30 PhCs were monitored.

ry
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58 | Ruel etal., | 24-h composite water samples were taken at theeinfland effluent of 6 different CAS plants
2010 (SRT range 13-26) in France and processed for 3 Rh€antibiotics roxythromycin and
sulfamethoxazole and the antiseptic triclosan.
59 | Sahar et al.,| Water samples were taken at the raw influent ofrangicipal WWTP in Tel Aviv (Israel) and at
2011 the inlet and outlet of a municipal WWTP in Berli@grmany) and processed for 6 antibiotics. The
Berlin plant consists of a conventional CAS (HRT #286RT = 9-15 d) and an MBR (HRT = 15
h; SRT > 70 d, equipped with submerged non-woversfiaet pillow membranes (1@n).
Variability ranges and average concentrations efitfluents are provided, together with the
average removal rates measured in the Berlin CA$#oidVBR.
60 | Santos et al.| 24-h flow-proportional composite samples (n = 2&yavtaken at the inlet and secondary effluent of
2007 four urban full-scale CAS systems in Spain. 5 PhQ=wealysed for 21 days between July and
September 2004. The plants have nominal capacigesabetween 20 000 and 950 000 pe, HRT]|
between 12 and 17 h, and SRT between 1.5-5 d.
61 | Santos et al.| 24-h flow-proportional composite samples (n = 68yavtaken at the inlet and secondary effluent of
2009 two CAS systems in Spain between June 2004 and2Df@%and processed for 5 PhCs. Their
design capacities are 350 000 pe and 950 000 @eptinesponding operating conditions: HRT 12 h
and 17 h and SRT 1.5d and 2.7 d.
62 | Snyder et The investigation refers to a pilot MBR equipped wittrafiltration membranes (nominal pore siZe
al., 2006 0.08um) fed by primary effluent. 12 selected PhCs weraitoeed at the influent of the WWTP
and at the MBR permeate.
63 | Stumpf et 24-h composite samples were taken at the inlettandutlet of one CAS system in Rio de Janeiio
al., 1999 (Brazil) during June 1997 (n = 6) and processe®®BhCs (anti-inflammatories and lipid
regulators).
64 | Suarez et al., Water samples were taken at the inlet and thetaaftie pilot CAS system and processed for 5
2005 common PhCs of different therapeutic classes. Taetplperated at SRT = 60 d and HRT = 1 d. It
includes a denitrification-nitrification sequence.
65 | Tauxe- 24-h flow-proportional composite water samples waken (n ranging between 4 and 7) at the inlet
Wuerch et | and outlet of three CAS systems in Berne (Switzerl28800 inhabitants, 9300%d), Morges
al., 2005 (Switzerland, 29000 inhabitants, 8508/a) and Lausanne (Switzerland, 220 000 inhabitants,
100200 n¥d). Each plant consists of a screen and sandfaapeparator, primary clarifier and
biological activated sludge reactor with simultamephosphorus chemical precipitation, and
secondary clarifier. Variability ranges and averadeient and effluent concentrations and average
removal rates are provided for 5 PhCs.
66 | Ternes et al.| 24-h flow-proportional composite samples (n=6) waiesn at the influent and effluent of two CAS
1999 systems in Frankfurt Main (German) and Penha Ridateiro (Brazil) in 1997 and processed for 3
oestrogens (estrone, 3-eéstradiol, 1@-ethinylestradiol). In addition in the same periceffluents
of 16 municipal German WWTPs and 10 Canadian WWT&= w&lso investigated for the same
PhCs.
67 | Ternes et al.| The effluent of a conventional municipal WWTP (381D pe) was monitored (n = 6) and analysed
2003 for 18 PhCs. The plant consists of mechanical pagtrent, followed by nitrification-denitrification

biological phosphate removal and secondary clatific.
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68

Ternes,
1998

24-h composite samples were taken at the inlebatidt of a full scale conventional WWTP near
Frankfurt (312 000 pe, preliminary clarification)lbwed by aerator tank and addition of
Fe(ll)chloride for phosphate removal and final ifieation) over a period of six days covering 5
weeks in different periods between May 1996 andexdver 1997. Average removal rates are
provided for 14 PhCs.

49 full-scale municipal treatment plants (all camitag preliminary treatment, aeration tank and
final clarification steps; 43 plants are equippathywhosphate removal, 25 plants with nitrificatio
and 13 denitrification steps) were also investigdtetween November 1995 and November 199

and average effluent concentrations were provide@5 PhCs. .

=)

69

Thomas and
Foster, 2005

24-h flow-and time integrated composite sampleswetlected at the influent and the secondary
outlet of the urban WWTP in Arlington, VA, USA (1900 served population) and processed fo
four analgesics/anti-inflammatories and one antisephe same compounds were monitored in
grab samples withdrawn at the influent and outlettber two urban WWTPs (City of Alexandria
Sanitation Authority and Noman M Cole Water Pollati@ontrol Plant , serving a population of
375 000 and 500 000 respectively). Each WWTP ctmeigreliminary treatments (bar screens
and grit removal), primary settling, conventionelieated sludge/biological nutrient removal. In

addition phosphorus precipitation, gravity filtatiand disinfection are included.

70

Vieno et al.,
2005

24-h composite samples were taken at the influeshtedfluent of Aura municipal WWTP (Finland
in four days between September 2003 and March ZOWWTP is a ditch oxidation tank,
consisting of an activated sludge compartment (SRd and HRT 36 h) with simultaneous
phosphorus precipitation by adding ferric salt. sage concentrations of 5 selected PhCs
(bezafibrate, diclofenac, ketoprofen, naproxeniangrofen) were provided for the two sampling

points.

71

Vieno et al.,
2007

24-h composite samples were taken at the inlebatldt of 9 full-scale conventional municipal
plants (SRT range 2-15 d and HRT range 7-20 h)nlakd between 2004 and 2005 and proces

for 7 common PhCs.

72

Watkinson
et al., 2007

The urban influent and secondary effluent of adaE\S system (140 000°fd) in Brisbane,
Australia, were monitored for the 22 most commadyninistered PhCs (n = 5). Bioreactor HRT

was 11 h and SRT 12.5 d. Pretreatments consistedt@éning, gritting and primary settling.

73

Weigel et
al., 2006

Samples were taken at the influent and effluetiahburg WWTP (Germany) in November 200
and processed for 4 PhCs (ibuprofen, diclofenadibeio acid, triclosan).

74

Wick et al,
2009

48-h and 72 h-composite samples were collected fheninlet and outlet of a German municipal
WWTP in (1 350 000 pe) on 7 days in March 2007, @97 and July 2007 (n=9). The WWTP
consists of a cascade of two CAS units operatinguadrobic (HRT = 1 h and SRT = 0.5 d) and
anoxic-aerobic conditions (HRT =5 h and SRT =18ehpectively. Pretreatments include scree
aerated grit-removal tank and primary clarifiereTecond biological step includes simultaneous

phosphate precipitation. 11 PhCs (beta-blockergawpdhiatric drugs) were monitored.

75

Xu et al.,
2007

24-h composite water samples were taken at thednkk effluent of the CAS system in New
Territory (Hong Kong) and processed for 5 PhCs @).=The plant serves 300 000 inhabitants arn
operates at HRT = 15-22 h and SRT = 5.6-8.2 d.fsists of preliminary treatments (screening,
aerated gritting), primary clarifier and biologi¢etatment, including denitrification-nitrification

sequence. Sampling and analysis were performedatob®r 2005.

sed
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76 | Yasojima et | 24-hour flow-proportional composite samples weketgat the inlet and the outlet of six full-scale
al., 2006 CAS systems in Japan and processed for two antibaeo(clarythromycin and azythromycin).
Their HRT range between 4 and12 h and their SRT 5-9 d

77 | Yuetal., 24-h composite samples were taken at the inletlanéffluent of the Baltimore WWTP that
2006 receives about 8.5x1@n%/d of residential and urban wastewaters. The p&atCAS system (SRT
= 8-10 d) designed for biological nutrient removid). between pharmaceuticals and antiseptics
were monitored.

78 | Zorita et al., | 24-h composite samples were collected from the ame outlet of the municipal WWTP in
2009 Kristianstad (Sweden, 150 000 inhabitants, HRT ré&e40 h and SRT roughly 8 d) in June 2007
and April 2008 (n = 3) and processed for 12 PhGatr@atments include screening, aerated grit
removal and primary sedimentation, the biologieaiti®n includes denitrification-nitrification.

2.9  Occurrence of PhGin raw urban wastewaters (UWWSs)

Literature data referring to the concentration$bCs, grouped in alphabetic order in
their therapeutic classes, in the raw influent tawmicipal WWTP are reported in Figures
2.3.-2.8. The average of the considered data is/isho brackets after the name of each
compound on the X-axis. Influent data was not add for some compounds, for example
the analgesic aminopyrine, but these are nevedhelecluded in the graphs as data
referring to their secondary effluent concentragicand/or removal efficiencies were
available.

Referring to Fig. 2.3., the variability of analgessanti-inflammatories was found to
range between 0.0016 and 3I§/L. The most commonly investigated compounds were
ibuprofen, diclofenac, naproxen and ketoprofenpibten was the compound with the
highest registered absolute influent concentrat®®8 pg/L), followed by acetaminophen
(246 pg/L), tramadol (86ug/L) and naproxen (58g/L). Acetaminophen and ibuprofen
also had the highest average influent concentrat{ogspectively 3§ig/L and 37ug/L),
followed by tramadol (321g/L).

As to Fig. 2.4., the range of variability of anohc concentrations was between
0.001 and 32ug/L. The most commonly investigated compounds weraethoprim,
sulfamethoxazole, erythromycin and ciprofloxacirheThighest absolute concentrations
were found for ofloxacin (3Rg/L), roxithromycin (17ug/L) and ciprofloxacin (14ug/L).
Other antibiotics exhibiting measured concentratiogreater than 10ug/L are:
sulfapyridine (12.4ug/L), trimethoprim (10.5ug/L) and erythromycin (10.@g/L). The

highest average antibiotic concentrations were dofan ofloxacin and sulfadiazine (5.1
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pg/L), followed by sulfapyridine (3.3ug/L) and cefalexim (3.2ug/L). No data were

provided for enoxacin, lomefloxacin and spiramyconcentrations in the raw urban

wastewater.
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Figure 2.3. Concentration of selected analgesitisffftammatories measured in the raw influent to

municipal WWTP (o refers to CAS amdo MBR) and corresponding average values (in etk
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Fig. 2.5. reports data for six, less investigatddsses, comprising 20 compounds;
indeed, only one antifungal, barbiturate and aakdtic were reported. The observed
ranges of variability were: 0.12-1¢ug/L for antidiabetics, 0.0025-1Qug/L for
antihypertensives, 0.006-25 for beta-blockers, ©4-00for diuretics. The single values
found for the antifungal and barbiturate were resipely: 0.029ug/L (clotrimazole) and
0.07 pg/L (phenobarbital). The highest concentrationsewiund for the beta-blocker
atenolol (25 pg/L), followed by the antidiabetic glibenclamide6(jug/L) and the
antihypertensive hydrochlorothiazide (if/L). The highest average concentrations were
found for glibenclamide (8.1g/L), followed by atenolol (4.5ug/L), hydrochlorotiazide
(3.9ug/L) and furosemide (2.4g/L).

Raw urban wastewater concentration data were uaalaifor five out of the 12
beta-blockers and the antihypertensive enalaptie Tata spread within the observed
variability range was the greatest for diltiazemother antihypertensive.

C Antidiabetics D Antifungal E Antihypertensives F Barbiturates G Beta-blockers H Diuretics
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Bendroflumethiazide (0.05)

Diltiazem (0.7) | M
Acebutolol (---)

Bisoprolol (0.30)
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Metoprolol (0.24
Propranolol (0.32
Furosemide (2.4)

Glibenclamide (8.7) | | ||
Clotrimazole (0.03)
Phenobarbital (0.07) | |||

Hydrochlorothiazide (3.9)

Figure 2.5. Concentrations of selected PhCs behgnigi six therapeutic classes measured in the méuent
to municipal WWTPs@ refers to CAS and to MBR) and corresponding average values (in ketgk

Referring to Fig.2.6., the variability for the sefled lipid regulators was found to
range between 0.001 and @@/L, and for psychiatric drugs between 0.0025 ahggL.
In the former class, the most commonly detectedpmamds were bezafibrate, gemfibrozil
and clofibric acid, in the second one carbamazepik fluoxetine. The highest absolute

concentrations were found for bezafibrate (8fL), gabapentin (2pg/L), diazepam (23
42
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pg/L), carbamazepine (22g/L) and gemfibrozil (174ug/L), whereas the highest average
concentrations were found for diazepam (@fL), gabapentin (18g/L), bezafibrate (3.5
pg/L) and amitriptyline (3.1ug/L). Only one datum are present for paroxetin®q06
ug/L) as well as for valproic acid (0.0034/L). Data are not available for the lipid

regulators clofibrate, etofibrate and fenofibratefor the psychiatric drug lorazepam.
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Figure 2.6. Concentrations of selected lipid regukaand psychiatric drugs measured in the rawémf to
municipal WWTPs Q refers to CAS and to MBR) and corresponding average values (in ek

As to Fig. 2.7., the variability range of selectedeptor antagonists was between
0.014 and 11ug/L, and that of hormones between 0.00RgL. The most frequently
detected compounds were the four hormones (estresteadiol, ethinylestradiol and
estriol) and cimetidine. The highest absolute catra¢éions were found for ranitidine (11
pg/L) and cimetidine (10ug/L), while the highest average values were found f
cimetidine (4.1pg/L), ranitidine (2.7ug/L) and valsartan (2.%ig/L). Among the four
hormones included in this study, the estradiol gmésd the highest absolute concentration

(3 pug/L) as well as the highest average observed \@l2&ug/L).
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Figure 2.7. Concentrations of selected receptagamtists and hormones measured in the raw infloent
municipal WWTPs @ refers to CAS and to MBR) and corresponding average values (in ek

Fig. 2.8. reports data pertaining to 5 classesethof which (topical products,
antiseptics and contrast media) feature only onesitigated compound. Out of the four
beta-agonists under review, only one (salbutamakhibits values of influent
concentrations and, out of the three antineopkstimly two compounds were found
(ifosfamide and tamoxifen). The observed rangesasfability are: 0.05-0.13ug/L for
beta-agonists, 0.019-0.36g/L for antineoplastics, 0.38-Bg/L for the topical product
crotamiton, 0.22-Tig/L for the antiseptic triclosan and 0.01-@'L for the contrast agent
iopromide. The highest absolute concentrations Weuad for triclosan (7ug/L) and
iopromide (6.6ug/L). The highest average concentrations were fdondopromide (2.2

pg/L) and triclosan (1.9g/L).

44



Chapter 2: Background

10 M N 0iP :%
I o
~ T T
=) : .
= M Beta-agonists
.5 5 : N Antineoplastics
+— R H U : .
@ 107 o | O Topical products
=
o —o— > P Antiseptics
o 2 ! < .
S 10 ; —_——0- (Q Contrast media
O ——
A0 S S —
TieqiTsREeR
S N e )
S O 9 L o \C_)/ 8
o O c c S o
T 0o =2 © c 6 BT
SseESERLESE
2 c g 2 © E X % S O
c O =2 Q2 &£ © o 8 = =
O LWL 25 QL 4 o Qo
Q 2 |9 o o € 2 F o
© ST EgE£f0 7
o
o
>
O

Figure 2.8. Concentrations of other classes ofapicliutants measured in the raw influent to muratip
WWTPs Q refers to CAS and to MBR) and their corresponding average valuebiatkets).

2.10 Occurrence of PhG in secondary biological effluents

Figures 2.9.-2.14. refer to the concentrationstg £ detected in the effluent of the
WWTPs included in this study. As reported in TaBl8., these generally consist of
preliminary treatments (bar screening and grit res)p primary sedimentation and
secondary biological suspended mass reactor, A8. @ith different configurations, quite
often including an anoxic-aerobic reactor and somex with a simultaneous precipitation
of phosphate), followed by a secondary settlerroadvanced MBR with anoxic-aerobic
compartments. As reported above, in the X-axis l# figures 2.9.-2.14., average
concentrations are reported alongside each compoumackets.

Referring to Fig. 2.9., concentrations of analg&sicti-inflammatories in the
secondary effluent ranged between 0.001 andu@T. The most frequently detected
compounds were ibuprofen, diclofenac, naproxenpgkefen and acetaminophen. The
highest absolute concentrations were found for aawh (57 ug/L), ibuprofen (48ug/L)
and diclofenac (11ug/L), and the highest average values were foundtrionadol (20
ug/L), dipyrone (4.9) and ibuprofen (3.9/L).

Fig. 2.10. shows thatthe range of variability for selected antibiotigs the
secondary effluent was 0.001-6.4g/L. The most investigated compounds were

trimethoprim, sulfamethoxazole, erythromycin, cipggacin and norfloxacin. The highest
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absolute concentrations were found for trimethopin? pg/L), erythromycin (6.3ug/L),

ciprofloxacin (5.7ug/L), sulfamethoxazole and roxithromycin |(§/L), while the highest

average values were found for ciprofloxacin (08§/L), erythromycin (0.73pg/L),

roxithromycin (0.50ug/L) and ofloxacin (0.4pg/L).
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Figure 2.9. Concentration of selected analgesitisfsfammatories measured in the secondary effién

refers to CAS and to MBR) and corresponding average values (in e}k
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Figure 2.10. Concentration of selected antibiatiessuredn secondary effluen(refers to CAS and x to

MBR) and corresponding average values (in brackets)
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Referring to Fig. 2.11., two classes (antidiabetind barbiturates), represented by
only one compound, were never detected in any tigaggn. The range of variability for
antihypertensives was 0.0025 to dd/L, beta-blockers were detected between 0.005 and
73 ug/L, and diuretics between 0.004 and Jg/L. The most commonly detected
compounds were the beta-blockers atenolol, metoprahd propranolol and the
antihypertensive diltiazem. The antifungal clotraoke was found only once, while data
are not available for the antihypertensive enalaphie highest absolute concentrations in
these classes were found for atenolol (&L), hydrochlorothiazide (1lug/L) and
furosemide (1.81g/L). The same compounds exhibited the highesta@econcentrations:
atenolol 3.7ug/L, hydrochlorothiazide 3.8ig/L and furosemide 0.6@g/L. It is worth
remarking that the average concentration of allater compounds remained less than 1

Mo/L.
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Figure2.11. Concentrations of selected PhCs frdfardint classes measured in secondary biologifialesit
(Orefers to CAS and to MBR) and corresponding average values (in etk

As shown in Fig. 2.12the range of variability observed in the secondflpent
was 0.0015-8Qug/L for lipid regulators and 0.001- 20g/L for psychiatric drugs. The
most frequently investigated compounds were carkamae, gemfibrozil, bezafibrate and
clofibric acid. Data were unavailable for oxcarlj@me and valproic acid. The highest

absolute concentrations were found for fenofibrazdda(80 pg/L), carbamazepine (20
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pg/L), diazepam (19ug/L) and gemfibrozil (5.2ug/L), while the highest average
concentrations were found for fenofibric acid (1g/L), diazepam (9.1ug/L), gabapentin

(2.6 pug/L) and carbamazepine (1.Q4y/L). All the other compounds had average values
less than 1ug/L. It is worth noting that the variability rang@se quite wide for most

compounds: up to 5 orders of magnitude for carbapiae.
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Figure2.12. Concentrations of selected lipid regutaand psychiatric drugs measured in secondary
biological effluent Q refers to CAS and to MBR) and corresponding average values (in ek

As to Fig. 2.13., the range of variability obsenadtbr the secondary treatment was
0.006-7.8ug/L for receptor antagonists and 0.0002-OudiL for hormones. The most
commonly investigated compounds were estrone, distra ethinylestradiol and
cimetidine. The highest absolute and average cdaratems were found for cimetidine
(7.8 ug/L and 3.5ug/L, respectively), which was the only receptoragainist found with
an average concentration greater thapgll; famotidine and loratidine were never

detected in the effluent. Hormones were found asistently lower concentrations, always
lower than 0.1ug/L.
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Figure 2.13. Concentrations of receptor antagoaistshormones measured in secondary biologicaleaft
(O refers to CAS and to MBR) and corresponding average values (in etk

Finally, the graph in Fig. 2.14. shows that thegemnof variability were 0.01-0.17
pg/L for beta-agonists, 0.002-2)9g/L for antineoplastics, 0.25-0.9{g/L for topical
products, 0.005-2.5ig/L for antiseptics and 0.01-9}8)/L for contrast media. The most
investigated compound was triclosan, while the msthe@ere monitored at a far lower
frequency. lopromide showed both the highest measy®.3 ug/L) and the highest
average concentration (2.5/L).
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Figure 2.14. Concentrations of other classes ofapimlutants measured in secondary biological efftui0
refers to CAS and to MBR) and corresponding average values (in &gk

Figure 2.15. summarizes the range of variabilitBthe different classes based on
collected data for the influent and effluent of @AS (244 plants) and MBRs (20 plants).
At the bottom of the figure, a table reports thenber of collected data for each class in
the influent and effluent of all the CAS (circlepnca MBRs (cross) under study. It is
important to remark that data pertaining to MBRs @uite limited and these systems were
always pilot plants.

A rapid glance at these intervals shows that tliferdnt classes have different
trends. In fact, the range of variability of measliconcentrations in secondary effluents is
narrower and lower than in the influent for analgeanti-inflammatories (A), antibiotics
(B), antifungal (D), diuretics (H), psychiatric dysi(J), receptor antagonists (K), hormones
(L), topical products (O) and antiseptics (P), lgequite similar for antihypertensives (E)
and beta-agonists (M), but higher for beta-block&s lipid regulators (1), antineoplastics
(N) and contrast media (Q). For antidiabetics @)J barbiturates (F) the comparison is
not possible as data are not available for theuefl. Moreover, ranges of variability

referring to MBR permeates are narrower than thessring to CAS effluents for all of
the investigated classes.
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Figure 2.15. Comparison between the ranges ofhiditiafor the selected classes in the influent afitlent
of all the CAS and MBRs under study.

2.11 Observed removal efficiencies in WWTPs

Figures 2.16.-2.20. report the observed removatieficies of PhCs from the
aqueous phase achieved after secondary biologeatitent in the WWTPs under study.
These data are directly provided by listed refeeenin some cases, when it was possible,
they were estimated by eq. 2.1, assuming a condf®tP influent and effluent flow rate,
equal to the average daily flow rate and as influemd effluent concentrations their
corresponding average daily values (based on 2drhposite water samples). In the
Appendix A-4 it is possible to distinguish betwaemoval data provided by the Authors

and those evaluated by means of eq. 2.1:

C C
n=—"__"" x100 (eq. 2.1)

n is the percentage removal efficiency anid the average PhC concentration measured in
the raw influent (subscripif) or secondary effluent (subscrigif). As stated in Table 2.3.,
almost all the plants investigated include prelianyn and primary treatments. As a
consequence,; refers to the overall WWTP removal efficiency anmadkes into
consideration removal by all the mechanisms ocgudaring preliminary, primary and

secondary biological treatments: sorption onto s®asolids and sedimentation, in
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preliminary and primary treatments, and a combomati  of
biodegradation/biotransformation due to suspendethdiss and sorption onto particles,

flocs and then sludge in biological processes.

According to many Authors (Khan and Ongerth, 2006rnes and Joss, 2006;
Yasojima et al., 2006; Watkinson et al., 2007; #oet al., 2009), the efficacy in removing
PhCs by preliminary and primary treatments is inegal quite poor, and in some cases
compounds may even be released during the prquedsbly caused by the simultaneous
presence of deconjugable substances, that is homatbolites, of these compounds in the
raw influent (Carballa et al., 2004, Gobel et 2DP5). In particular, in the pre-treatment
and sedimentation step no significant reduction Yeasd for ibuprofen and naproxen
(Carballa et al, 2004). This can be correlatech@rtacidic structures (negative charge of
the molecule at pH 7, as shown in Appendix A.1thwiery low solid-liquid partition
coefficientKy (according to Ternes et al., 2004; < 500 L/kg or LogKy < 2.7 implies
very poor sorption onto sludge) which results ieithpresence mainly in the agueous
phase. For the hormone estrone, a higher concemtraias observed at the end of the
primary sedimentation with respect to the influgarballa et al., 2004), very likely due to
the oxidation of the estradiol present, which ex@athe high negative removal
efficiencies obtained for the estrone and the p@siteduction of estradiol. (This is quite
important to remember for the next sections ashé& tompound is found at a lower
concentration in the secondary effluent than inrdve influent, the biological treatment is
generally the greatest contributor).

As remarked above, biodegradation/biotransformatod sorption are the two
main mechanisms occurring in the biological regotofatilization being quite scarce. The
constantKy andkgio reported in Appendix A.1. may provide some fiigh@e information
on the potential behaviour of a compound duringttrent, but, as it will be discussed in
the following, it is quite complex to describefigmal removal mechanisms.

Sorption on the sludge is a mechanism dependingnamy factors, including pH,
redox potential, stereochemical structure and cbammature of both the sorbent and the
sorbed molecule (Kimmerer 2009b). It may occur Bans of: i) absorptiondue to
hydrophobic interactions of the aliphatic and arbengroups of a compound with the
lipophilic cell membrane of the microorganisms be tipid fractions of the suspended
solids and i{) adsorptiondue to electrostatic interactions of positivelyaded groups of

chemicals with the negatively charhed surfacesi@iticroorganisms.
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Biodegradation processes are strictly correlatedth® characteristics of the
biomass, the compounds (often quite persisteng),pllant configuration and operation
paramaters, in this case, in particular CAS and MBPRart from the final liquid/sludge
separation stage, obtained by means of (ultrafitnaor microfiltration) membranes in
MBR and sedimentation in CAS, these systems aralyndistinguished by their SRT,
which is generally longer for MBR (15-80 d) withspeect to CAS (7-20 d), as well as by
their biomass concentration, generally higher & MBR than in the CAS (8-10 kgfhin
MBRs and 3-5 kg/rhin CAS. Unfortunately these data were not alwaysvided in the
papers included in Table 2.3., hence the commooestating values are reported). In
order to better evidence the removal efficiencigsieved by both systems, at the bottom
of each of Figures 2.16.-2.20. a table reportsatrerage percentage removal achieved by
CAS and MBR for each compound. It is important émnark again, that in any case, a
comparison between these data has to considewtiyat20 MBRs are included in the
review (against 244 CAS), and they are always plants, (against only 2 pilot CAS and
242 full scale plants) and finally a limited numlsrPhC concentration is available (and
collected) for MBRs with respect to CAS.

Occasionally, negative removal efficiencies werenfih These are not reported in
the graphs of Figures 2.16.-2.20., but PhCs, wilbast one negative percentage removal,
are indicated with an asterisk and values are tegdrelow the legend. While in some
substances this phenomenon is clearly ascribabitereio the presence of deconjugates
interfering with biological transformation of the@bnjugated compounds or to the release
of PhC sorbed onto the particulate dissolving aftex biological treatment, in others
further investigation is required. Moreover, itilgportant to note that at the low level of
concentrations found for some PhCs in the inflsntell as in the secondary effluent,
instrumental errors may lead to “apparent” releasfethe investigated substance rather
than a neglectable removal during the passage ghrale treatment plant. Sampling
variation may also have contributed to this negatemoval, as reported by Clara et al.
(2005b), where the collection of effluent samplegslnot time-adjusted to account for
long HRTs. Collecting composite samples over aqggetonger than plant HRT may
improve the comparability between influent and wefit (Roberts and Thomas, 2006).
Generally analysis were performed on influent affldlent water samples averaged over
24 h, a period higher than the corresponding WWTH KTable 2.3.).

Fig. 2.16. reports the removal efficiencies fordi8 of 25 analgesics/anti-inflammatories

in CAS and 9 out of 25 in MBR. The average peragateemovals vary between 23 %
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(tramadol) and 99 % (salicylic acid) in CAS, andvieen 43 % (indomethacin) and 99 %
(acetaminophen) in MBR. For compounds investigatedoth systems, MBR always

exhibited a higher removal capacity than CAS. Thapg shows that 12 compounds
exhibited at least one value of their percentageokals in the range 90 — 100 % (5-
aminosalycilic acid, acetaminophen, acetylsalya,acodeine, diclofenac, fenoprofen,
hydrocodone, ibuprofen, ketoprofen, mefenamic awaghroxen and salicylic acid).

Values lower than 10 % were found for five subsémncdiclofenac, ibuprofen,

indomethacine, ketoprofen, mefenamic acid and tdmidt is quite interesting to observe
that some PhCs (diclofenac, ketoprofen, mefenamid) aexhibited a wide range of

variability in their removal by secondary treatngermccording to Ziylan and Ince (2011),
higher removal efficiencies of analgesics and aritammatories are achieved at longer
HRT and SRT, in reactors including nitrification damlenitrification steps, at higher
temperature. pH is another significant parametepe@sally for those compounds
characterized by an increasing water-sludge pamticoefficient and elevated acidity
(acetaminophen, salicylic acid and ibuprofen).

In addition, negative removal efficienciesere observed for diclofenac and
ibuprofen. Possible release of diclofenac can belaged by deconjugation of
glucoronidated or sulphated diclofenac (Kimura ef 2005) or its desorption from
particles (Zorita et al., 2009). lbuprofen is 1dyg€@0 %) transformed to its hydroxyl and
carboxy derivatives that may later be hydrolyzed eonverted to the parent compounds
(Ziylan and Ince, 2011; Roberts and Thomas, 2006).
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Figure 2.16. Percentage removal rates for analgf@sit-inflammatories in WWTPs, and corresponding
average values for CA®) and MBR ).

Fig. 2.17. shows the removal efficienegriability for 29 antibiotics in CAS and 10
in MBR out of 37 reviewed substances. The most shgated compounds are
sulfamethoxazole, trimethoprim, ciprofloxacin, rbxomycin, norfloxacin and
erythromycin. Their ranges of variability are geallsr wide. The corresponding average
values vary between 0 % (spiramycin) and 98 % (taééa) in CAS and between 15 %
(azithromycin) and 94 % (ofloxacin) in MBRs. Onlyne (azithromycin) out of 10
compounds investigated in both systems featuredenhigverage removal efficiencies in
CAS than in MBR.

Antibiotic release was observed for nine compourfelst some of them the
phenomenon has been investigated whereas for ibtisenot completely clear. Referring
to clindamycin, very low concentrations (0.002-&0@y/L) were detected in the influent
and effluent and possible instrumental errors nmélyeénce the evaluation of the negative
removal efficiency (Watkinson et al., 2007). As tthe two sulphonamides
sulfamethoxazole and sulfasalazine, their main budtas entering the sewage are
biologically inactive N4-acetylated products andymetransform back to the intial parent
compound (Gobel et al., 2007).
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The presence of de-conjugable metabolites seemkelynifor the macrolides
erythromycin and roxithromycin. Since they are rhaexcreted with bile and feces, they
are probably partly enclosed in feces particles mabelased during biological treatment.
The load entering biological treatment is therefanederestimated, taking only in
consideration the dissolved fraction and sorptiorthie suspended solids (Gobel et al.,
2007). According to Lindberg et al. (2005), thereraent in the effluent concentrations for
trimethoprim can be explained by an underestimatibthe actual amount entering the
WWTP due to particulate matter with adsorbed aotits being filtered out during sample
preparation. Higher concentration of ciprofloxactefracycline and norfloxacin in the
secondary effluent rather than the raw influentldooe ascribed to a change in the
adsorption behavior of the analytes to particlesngutreatment processes, influencing the

ratio between influent and effluent (Gulkowska let2008, Pl6sz et al., 2010).
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Figure 2.17. Percentage removal rates of antilsiaticWWTPs and corresponding average values for CAS
(0) and MBR &).

Fig. 2.18. refers to twenty PhCs from six clas$es, data are available only for
fourteen, all of which were investigated in CAS an in MBRs. Five compounds were
only reported in one study (clotrimazole, enalapphenobarbital, acetobutol and
bisoprolol), while more data, spread over quite evichnges, were available for the

remaining compounds. For compounds investigatdabth systems, the average removal
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efficiencies are consistently higher in MBR than @AS, except in the case of
hydrochlorothiazide (45 % in CAS and 25 % in MBR).

Fig. 2.19. refers to the removal efficiencies atal for selected lipid regulators
and psychiatric drugs; the most investigated comgsuwere: bezafibrate, gemfibrozil,
clofibric acid, pravastatin in the former group acatbamazepine and fluoxetine in the
latter. Only one data set is available for fenaftbr simvastatin, amitriptlyne,
norfluoxetine and valproic acid in CAS and for patine in CAS and MBR. No removal
data were provided for clofibrate, etofibrate, lmpam and oxcarbazepine, and few data
sets were provided for the remaining compoundsoffenc acid and gabapentin).For the
most frequently investigated pharmaceuticals, #raaval efficiencies variability ranges
are generally quite wide, but, in general, highemoval efficiencies were achieved by
MBRs except in the case of carbamazepine, whiclbégd similar (low) average values
in the two systems. This compound is not only oinh@® most persistent, but it can also be
released in the WWTP, as shown in the data repdéaiv the graph, presumably due to
enzymatic cleavage of its glucuronic conjugate aatelase of the parent compound in the
effluent (Radjenovic et al., 2007; Vieno et al.0Z}
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Figure 2.18. Percentage removal rates for some Rtu@s different therapeutic classes in WWTPs, and
corresponding average values for CA énd MBR ).
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Figure 2.19. Percentage removal rates of selefdregulators and psychiatric drugsrefers to CAS and
x to MBR).

Fig. 2.20. refers to receptor antagonists and hoesomore data is available for
the latter. Removal efficiencies for receptor antagts were lower than 80 %, with the
exception of ranitidine and valsartan, and avenagjaes were between 50-60 %, with a
few exceptions: valsartan (84 % in CAS), loratadit®® % in CAS and 19 % in MBR) and
omeoprazol (9 % in CAS). In contrast, observed neahefficiencies for hormones were
consistently higher, on average between 67 % an% 806 CAS and 60 % and 99 % in
MBRs. Estradiol is the compound most removed (ocgraye 80 % in CAS and 99 % in
MBR). However, negative removals of estrone wereseoled in CAS in several
investigations, the assumption being that thisraglpced in the sewage treatment system
by the oxidation of estradiol and by partial decgajtion of other estrogens present in the
wastewater (D’Ascenzo et al., 2003).

Very few data are reported for the removal of tleenpounds belonging to the
classes M-Q (Fig. 2.20.). A wide range was obsefeedhe removal of salbutamol (0-98
%) and a slightly smaller one (21-65 %) for clotaom. Triclosan is removed to a greater
extent, even exceeding 98 % in both CAS and MBH, iemaverage removal efficiency is
quite high (76 % in CAS and 99 % in MBR). lopromid® the other hand, was scarcely
removed by biological processes, and in some ilgagins it was found to be released, as

shown by the data reported below the graph. Itsigtence is due to the fact that, as a
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diagnostic agent, it is designed to be highly €alblo reasonable justification for the
increasing of iopromide concentrations within th&®WWP could be identified, according to
Clara et al., (2005b). As to crotamiton, its reé=asan be explained by breakdown of
conjugates of the pharmaceutical (Nakada et aD6R0
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Figure 2.20. Percentage removal rates for seleetmptor antagonists, hormones another PhCs, and
corresponding average removal rates in COSad MBRK).

All the data reported in the graphs above refd?h@ removal from aqueous phase,
as defined by eq.2.1: in this way, attention isdp@ the WWTP influent and effluent
quality in order to evaluate how efficient is a gfie treatment plant iretaining the
selected compounds from the aqueous phase, withgtiriguishing between sorption onto
sludge (hence transfer to another phase) and/dodgial degradation/transformation
processes. Sometimes it may be also called “appeeemoval’.

Another approach in evaluating PhC removal efficies considers the WWTP as a
black box with one entrance (influent) atweb outputs (liquid effluent and sludge). In this
case, the removal efficiency, also called overathoval, foveran IS €valuated through

equation 2.2:

C —\C +C P
novera" — inf Q ( eff Q sludge sludge) x100

Cnp Q (eq. 2.2)
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In eq. 2.2,Csiudge IS the concentration of the selected PhC in thatéd sludge (ng/g) and
Psiudge IS the daily sludge production for the plant undgamination (g/d). Influent and

effluent flow rates are assumed constant and emu@. The numerator represents the
mass load of the selected PhC, subjected to bidbgeactions.

Few Authors investigated these two mechanisms itailde providing sorption and

biodegradation contributions to the overall remov@sed on liquid and sludge
concentration, influent and effluent flow rates ahatige production collected on full scale
plants. Table 2.4. compiles these findings avadlabhly for some of the selected

compounds with the corresponding references.
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Table 2.4. Fractions with respect to the influemassmload of selected PhCs removed during secobdzogical treatment, sorbed to sludge and
discharged with secondary effluent. Data with a ataapex refer to MBR systems

Therapeutic class Compound Sludge age Biolog transform Sorption onto sludge Effluent | References
[d] % % %
Analgesic and anti-inflammatories 4-60 5-45 <5 55-95 Joss et al.,2005
A 6 25 <5 70-75 Jelic et al., 2011
Diclofenac 16 10 5 85 Jelic et al., 2011
<20 5 0 95 Suarez et al., 2010
>50 10-30 0 70-90 Suarez et al., 2010
4-60 90-100 <5 0-10 Joss et al.,2005
2 <5 <5 95-100 | Clara et al., 2005b
Ibuprofen 10-55* 95-100 <5 0-5 Clara et al., 2005b
<20 35-40 0 60-65 Suarez et al., 2010
>50 95 0 5 Suarez et al., 2010
Indomethacin 166 421(7) <05 587-360 Jelic et al., 2011
Ketoprofen 166 <7905 0 5?(1)0 Jelic et al., 2011
. . 6 65 7 28 .
Mefenamic acid 16 55.58 <30 <20 Jelic et al., 2011
10-30 55-85 <5 15-45 Joss et al.,2005
6 77 0 23 Jelic et al.2011
Naproxen 16 95-98 0 <5 Jelic et al., 2011
<20 5 0 95 Suarez et al., 2010
>50 85-90 10-15 Suarez et al., 2010
Antibiotics Azithromycin 10-30 <40 <10 60-90 Gobel et ap?
B Chloramphenicol 6 0 0 100 Jelic et al., 2011
Ciprofloxacin 10-12 <10 70-80 <30 Gplet et al., 2003
20 <10 77 <4 Lindberg et al., 2006
<20 <10 <5 75-90 Gobel et al., 2007
>50 90 <5 10 Gobel et al., 2007
Clarithromycin <20 <10 <10 >90 Gobel et al., 2007
6 0 18 82 Jelic et al., 2011
16 0 <45 55-60 Jelic et al., 2011
Enrofloxacin 20-25 19 65 17 Jia et al., 2012
Erythromycin <20 20 80 Suarez et al., 2010
Lomefloxacin 20-25 60 40 Jia et al., 2010
Metronidazole 166 15-18 812(-)2(3)5 Jelic et al., 2011
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Therapeutic class Compound Sludge age Biolog transform Sorption onto sludge Effluent | References
[d] % % %
Norfloxacin 10-12 <10 80-90 <20 Golet et al., 2003
20 <10 72 <4 Lindberg et al., 2006
Ofloxacin 20-25 60 40 Jia et al., 2012
Roxithromvein 4-30 <60 <5 >35 Gobel et al., 2007
y <20 18 2 80 Suarez et al., 2010
. 6 <85 0 <20 .
Sulfamethazine 16 15-18 20 60-65 Jelic et al., 2011
Sulfamethoxazole 4-12 50-90 <5 10-50 Gobel et al., 2007
<20 20 0 80 Suarez et al., 2010
Sulfapyridine 10-30 <70 <10 >30 Gobel et al., 2007
<50 ~90 <5 ~10 Gobel et al., 2007
<20 <10 <5 >90 Gobel et al., 2007
Trimethoprim 6 40 <5 <60 Jelic et al., 2011
16 38-40 5-10 50-55 Jelic et al., 2011
<20 18 72 Suarez et al., 2010
Antidiabetics . . 6 <10 90-95 .
C Glibenclamide 16 60 40 Jelic et al., 2011
Antihypertensives . 6 95-98 2-5 .
E Enalapril 16 95-98 0.5 Jelic et al., 2011
Hydrochlorothiazide 6 100 Jelic et al., 2011
16 100 "
Beta-blockers Atenolol 6 <70 <5 <35 Jelic et al., 2011
G 6 ~35 0 ~65 .
Metoprolol 16 0 0 100 Jelic et al., 2011
6 35-40 <5 .
Nadolol 16 70 30 60 Jelic et al., 2011
6 10 <5 <90 .
Sotalol 16 <50 <5 50 Jelic et al., 2011
. 6 <40 <5 <65 .
Timolol 16 40-45 0 55-60 Jelic et al., 2011
Diuretics . 6 35-40 <5 60-65 .
H Furosemide 16 75.80 25 20 Jelic et al., 2011
Lipid regulators 6 12 2 86 Jelic et al., 2011
| Bezafibrate 16 <80 <5 20-25 Jelic et al., 2011
2 45-50 <5 50 Clara et al., 2005b
) 6 0 100 .
Fenofibrate 16 25.30 65-70 0 Jelic et al., 2011
Gemfibrozil 6 0 3 97 Jelic et al., 2011
16 90 <5 5-10 Jelic et al., 2011
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Therapeutic class Compound Sludge age Biolog transform Sorption onto sludge Effluent | References
[d] % % %
. 6 45 0 55 .
Pravastatin 16 62 5 <40 Jelic et al., 2011
Psychiatric drugs 4-60 <40 <5 >60 Joss et al., 2006
J Carbamazepine 6 22 3 75 Jelic et al., 2011
16 0 5 95 Jelic et al., 2011
. 6 0 42 58 .
Diazepam 16 65 35 Jelic et al., 2011
Fluoxetine <20 80 0 20 Suarez et al., 2010
>50 90 0 10 Suarez et al., 2010
6 30 <5 65-70 .
Lorazepam 16 30 5.8 65 Jelic et al., 2011
Receptor antagonists - 6 42 4 54 .
K Cimetidine 16 60 5.8 32.35 Jelic et al., 2011
L. 6 <10 10 85 .
Famotidine 16 80 20 0 Jelic et al., 2011
- 6 <20 <5 80 .
Ranitidine 16 75 <5 20-25 Jelic et al., 2011
Hormones Estradiol 10-30 85-99 <5 <15 Joss et al., 2004
L Estrone 10-30 35-97 <5 5-60 Joss et al., 2004
10-30 45-95 <5 5-50 Joss et al., 2004
Ethinylestradiol <20 25 5 70 Suarez et al., 2010
>50 80-90 0 10-20 Suarez et al., 2010
Beta-agonist 6 <60 <5 <45 .
M Salbutamol 16 40-42 5 55-60 Jelic et al., 2011
Contraést agent lopromide 10-30 20-95 <5 5-80 Joss et al.,2005
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A rapid glance to the data compiled in Table 2hvgs that sorption onto activated
sludge is of minor importance for most of the seldcPhCs: due to their hydrophilic
characteristics (Lod<ow < 2.5 high hydrophilic compound, see Appendix A.1heir
sorption removal keeps quite low (< 20 %). Accogdin a simple rule (Ternes and Joss,
2006), compounds witlKg > 500 L/kg (LogKy > 2.7) potentially tend to adsorb onto
sludge and particles. Appendix A.1. compiles Ligg values for most of the selected
substances and evidences that for most of them atteeless than 2.7 confirming their low
tendency to adsorb. The value of the PhC molealiarge at pH 7 provides information
about its potential to create electrostatic inteoas with the (usually) negatively charged
biomass surface.

Data of Table 2.4. show that, only for the antilz®tciprofloxacin, norfloxacin,
ofloxacin and lomefloxacin, the antihypertensivetochlorotiazide and the lipid regulator
fenofibrate, the removal percentage due to sorpisonn the range 60-100 %. The
antibiotics appear not be readily biodegradabler@® and Joss, 2006; Jia et al., 2012) and
their removal during activated sludge processesssimed to be due to the formation of
flocs by microbial activity, via electrostatic ahgidrophobic interactions (Lindberg et al.,
2006; Jia et al., 2012). The four antibiotics draracterized by high sorption constant Log
Kq (> 4 as reported in Appendix A.1.), confirming@od tendency to sorption (Kimmerer,
2009a) and to create electrostatic interactionssuagested by Vieno et al. (2007) and
Gobel et al. (2007). Data of high removal by samptreferring to hydrochlorothiazide
(Jelic et al., 2011) were not expected by the Arghauring their investigation as this
compound was never detected in the influent andesft of the WWTP, but only it was
detected in the sludge. Perhaps its presence insltidge is correlated to previous
processes of accumulation in the solid phase, en$id biological reactor. Further research
is necessary to better investigate the fate of dofdorothiazide as well as fenofibrate
(Jelic et al., 2011).Sorption of compounds is imegally pH dependent, however, in
WWTPs it is not significantly affected by the namragange of pH variability normally
observed (Lindberg et al., 2006).

For compounds with a high sorption potential, tamoval efficiency in an MBR
may be slightly higher due to the absence of sudgmbsolids in the effluent (Clara et al.,
2004): Fig. 2.18. shows that ciprofloxacin and lwdcin have higher removals in MBRs
rather than CAS systems.

Attempts to correlate biodegradation removal of canpound to its molecular

characteristics was made by Tunkel et al. (2000).tl@ basis of a large set of organic
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chemicals, they found that compounds includingrestetriles and aromatic alcohols have
functional groups that may increase biodegradgbivhile aromatic amines, iodide, nitro
and azo groups increase the persistence of theaompJones et al. (2005) reported that
long and highly branched side chains (i.e. omeapeaand ranitidine) render a compound
more persistent as well as complicated aromatig stnuctures (including norfluoxetine,

diazepam) and halogen groups (i.e. iopromide, giaxg.

2.11.1 Considerations on the observed removal efficiencies the selected PhCs.

As previously mentioned, compounds of the samesatagy have quite different
chemical and physical properties (Ternes and Rf5) resulting in different behaviours
during treatment processes (tendency to remainssolyed phase, to adhere to flocs or
particles or to undergo biodegradation), which eaplain why compounds belonging to
the same therapeutic class do not exhibit simédaraval efficiencies (Figures 2.16.-2.20.).
However, as reported by Tadkaew et al. (2011} #lways difficult to correlate physical
properties of pharmaceuticals to their correspandemoval efficiency achieved in an
activated sludge system, as many other factorsribate to it, in particular operating
parameters such as biomass concentration, SRT, plRTtemperature, configuration and
type of plant. A brief discussion is below reported

2.11.1.1 Effect of biomass concentration and sludge retentiotime (SRT)

Many authors (among them Kreuzinger et al., 2004j98¢/and Reemtsma, 2008)
have found that a long SRT promotes the adaptatiahfferent kinds of microorganisms,
as well as the presence of slower growing spetiasdould have a greater capacity for
removing xenobiotics while simultaneously greathproving suspended solid separation:
this is the case for ibuprofen and diclofenac gemed by Suarez et al. (2010) whose
removal was only achieved after the growth of dpebiacteria. Moreover, Kimura et al.
(2007) found that a greater removal of diclofenaswachieved in an MBR operating at
longer SRT (up to 65 d) with respect to a CAS (SRiTaverage 7 d) due to a different
composition of the two sludges resulting in differeorption capacities with respect to the
selected PhC.

Schroder (2002) suggested that MBR systems pravidempetitive advantage for

organisms able to degrade persistent compounddifynating bacterial washout. The
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high biomass concentrations in an MBR not only leaé decreased sludge production,
but also a higher stability and persistence to sthaads (Lee et al., 2003).

The higher biomass concentration in MBRs resultsaindecrease of the food to
microorganisms ratio (F/M). The relative shortagédiodegradable substance may induce
microorganisms to metabolize also poorly degradablapounds. This can explain why
removal efficiencies for some persistent PhCs (idiclg ketoprofen and naproxen) are
higher in MBRs than in CAS systems and why this lsarobtained at lower HRT (Weiss
and Reemtsma, 2008). High SRT combined with redde®ddl ratios may result in an
increased biodiversity and may also favor elimmratof compounds, like the antibiotics
trimethoprim, erythromycin and other macrolides, doymetabolism processes (G6bel et
al., 2007).

High SRTs have also beneficial effects on the reahaf PhCs that tend to
accumulate in the sludge flocs, either due to setri hydrofobicity or via electrostatic
interactions with the biomass (i.e. tetracyclingrafloxacin, ofloxacin, norfloxacin) (Kim
et al., 2007). Moreover the biomass in an MBR hasase viable fraction compared to
CAS system (Cicek et al. 1999) that can be attedhiwd an improved mass transfer due to
the presence of smaller flocs (10-30® in MBR against 100-50@m in CAS) and a large
fraction of planktonic microorganisms. These fastolavor the contact between
microorganisms and pollutants and stimulate theadégradation, as well as some
enzymatic activities (Cirja et al., 2008). Radjeicowet al. (2009) found higher
concentrations in MBR sludge rather than CAS sludge hydrochlorothiazide,
azythromycin, carbamazepine and ketoprofen.

Clara et al. (2005a) found that a SRT > 10 d isdadefor some biodegradable
PhCs (in particular hormones, bezafibrate and ibigy) to achieve low effluent
concentrations, although other studies (Joss g2@05; Vieno et al., 2007) noticed no
clear correlation between percentage eliminaticch &RT in particular for beta-blockers,
carbamazepine and the antibiotics ciprofloxacitgaicin and norfloxacin.

Table 2.5. and Table 2.6. report removal efficieador the selected compounds
with the corresponding SRT and references distsigng between CAS and MBR. The
positive effect of increasing SRT appear for sdvemampounds, in particular for
hormones, ibuprofen, ketoprofen, naproxen, bezafhr gemfibrozil, fluoxetine,
antibiotics mainly removed by biodegradation, &® @lonfimed by (Strenn et al., 2004).

Increasing SRT beyond 30 days does not usuallytresa consistent increment in

the removal for most compounds, (Suarez et al.8R00his could be explained with the
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fact that biodegradation of micropollutants, ineghglPhCs, is mostly due to cometabolic
processes as the low concentrations do not likakgtain growth for specific
microorganisms, because in this case the SRT ragefss an efficient biodegradation of
the primary substrate is the relevant parametepsn@&et al., 2010).

Clara et al. (2004) reported that they did not fgignificant differences in the removal
efficiency of pharmaceuticals like diclofenac, ibofen, carbamazepine, bezafibrate and
ethinylestradiol between CAS and MBR systems whmerated at similar sludge retention
times, which suggests that the reactor type ies$ importance than the SRT. Although
SRT has been reported as determinative for phawrtiaak biodegradation due to
enrichment of certain microbial communities who rexe enzymes able to break down
PhCs (Cirja et al., 2008), the effect of an inclegSRT does not become clear for other
compounds, including naproxen and sulfamethoxa@othman et al., 2006;Vieno et al.,
2007): often very fluctuating removal efficienciase encountered with increasing of its
values, as reported in Tables 2.5. and 2.6.
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Table 2.5. Average removal efficiencies obtaine@AS systems for the selected pharmaceuticalsre#ipect to the operating SRT in the
bioreactor and the corresponding references

al.

Class| Pharmaceutical S[(?]T Removal efficiency CAS [%)] References
A Acetaminophen 2.4/3 100/86.4 Roberts and Thomas, 2006/Radjenovic et al.7200
8/10/13 99.5/99.9/92 Yu et al., 2006/Radjenovic et al., 2009/Jones.eR8D7
Codeine 18.5 82 Wick et al., 2009
Diclofenac 1.5/2/2.4/2.7/3 50/7.1/65.1/50/50 Santos et al.,2009/Clara et al., 2005a/RobertsTandhas, 2006/Santos et
5/7/8/9.6/10 50/42/18/9/22 al.2009/Radjenovic et al., 2007
19/20 9.7/13 Santos et al., 2007/Kimura et al., 2007/Yu et2Q6/Kreuzinger et al.,
42/46/48/52/52/60 47/14/14/63/60/3 2004/Radjenovic et al., 2009
Clara et al., 2005a/Vieno et al., 2005
Clara et al., 2005a /Clara et al., 2005b/Clard.eR@05a /Clara et al., 2005b/Clara et 3
2004/Suarez et al., 2005
Ibuprofen 1.5/1.5/2/2.412.7/3 89.5/87/-4.4/-13/84/82.5 Santos et al., 2007/Santos et al., 2009/Clara,2@)5a/ Roberts and Thomas, 2006/
5/7/8/8/9.6/10 88.4/98/87/99/92/99 Santos et al., 2009/ Radjenovic et al., 2007
13/19/20 86/92/99.8 Santos et al., 2007/ Kimura et al., 2007/ Yu et24l06/Zorita et al., 2009/ Kreuzinger
42/46/48/52/60 99/98/98/97/82 al., 2004/ Radjenovic et al., 2009
Jones et al. 2007/Clara et al. 2005a/Vieno et @20
Clara et al., 2005a/ Clara et al., 2005b/ Clar@.eP005a/Clara et al.,2004/Suarez et
al.,2005
Indomethacin 3/10 23/<10 Radjenovic et al., 2000220
Ketoprofen 1.5/1.5/2.7/3 37/52/56/52 Santos et al., 2007/Santos et al.,2009/Santos 20@9/Radjenovic et al., 2007
5/7/8/10/20 30/55/77/55/92 Santos et al., 2007/Kimura et al.,2007/Yu et &lQ&ZRadjenovic et al., 2009/Vieno et
al., 2005
Mefenamic acid 3/7/10/13 29/72/5/92 Radjenoviclet2807/Kimura et al., 2007/Radjenovic et al., 20@nes et al., 2007
Naproxen 1.5/1.5/2.7/3 35/43/71/85 Santos et al., 2007/Santos et al.,2009/Santos, @08i7/Radjenovic et al., 2007
5/7/8/8/10 89/64/88/93/72 Santos et al., 2007/Kimura et al.,2007/Yu et &Q&Zorita et al., 2009/Radjenovic et
20/60 95/68 al., 2009
Vieno et al.. 2005/Suarez et al., 2005
Propyphenazone 3/10 42/38 Radjenovic et al., 2008;2
Tramadol 18.5 4 Wick et al., 2009
B Amoxicillin 125 96 Watkinson et al., 2007
Azithromycin 5/18 74/39;45 Yasojima et al., 20064Gh et al., 2009;
Cefaclor 12.5 98 Watkinson et al., 2007
Cefalexin 7 91 Li and Zhang, 2011
12/12.5/20 53/100/64;87 Li and Zhang, 2011/Watkinson et al., 2007/Gulkowskal., 2008
Cefotaxime 12/20 43/83 Li and Zhang, 2011/Gulkowskal., 2008
Chlortetracycline 7:12 82:85 Li and Zhang, 2011
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Class| Pharmaceutical S[(?]T Removal efficiency CAS [%)] References
Ciprofloxacin 7/8/11 55/71/78 Li and Zhang, 2011/Zorita et al., 2009/Golet et 2003/
11/12/12.5/15/18/20 93/18/83/96/50;73/79 Lindberg et al., 2005/ Li and Zhang, 2011/Watkinstal., 2007/Lindberg et al., 2005(;
22 72 Ghosh et al., 2009/Lindberg et al., 2006/
Lindberg et al., 2005
Clarithromycin 5/9 46/62 Yasojima et al., 2006/Sahar et al., 2011
11/18 4.5/50;83 Gobel et al., 2007/Ghosh et al., 2009
Doxycycline 11/15;20 14/100;99 Lindberg et al., 2Q0ndberg et al., 2005
Enrofloxacin 18 70;38 Ghosh et al., 2009
Erythromycin 3 24 Radjenovic et al., 2007
5.6/7/9/10 4.4/26/19/35 Xu et al., 2007/ Li and Zhang, 2011/Sahar et @l1,12Radjenovic et al., 2009
11/12/20 3/15/19 Gobel et al., 2007/ Li and Zhang, 2011/Gulkowskal 2008
Lincomycin 12.5/18 17/57;33 Watkinson et al., 2@Tésh et al., 2009
Norfloxacin 5.6/7/8 18/45/-6 Xu et al., 2007/ Li and Zhang, 2011/Zorita et 2009
11/11/12/12.5/15/18/20/20/20;284/91/30/85/96/75;90/79/23;78/91;VBolet et al., 2003/Lindberg et al., 2005/ Li andadp, 2011/Watkinson et al.,
2007/Lindberg et al., 2005/Ghosh et al., 2009/Lerdket al., 2006/Gulkowska et al.,
2008/Lindberg et al., 2005
Ofloxacin 3 24 Radjenovic et al.2007
5.6/7/8/10 38/59/13/76 Xu et al., 2007/ Li and Zhang, 2011/Zorita et 2009/Radjenovic et al.2009
11/12 84/26 Lindberg et al., 2005/ Li and Zhang, 2011
Penicillin V 12.5 60 Watkinson et al., 2007
Oxytetracycline 12 4 Li and Zhang, 2011
Roxithromycin 2/5.6/7/9/9.6 271/12.5/40/22/-4 Clara et al., 2005b/Xu et al., 2007/ Li and Zh&@l1/Sahar et al., 2011/Kreuzinger ¢
11/12/18 19/46/39;-32 al., 2004
46;52 -80;44 Gobel et al., 2007/ Li and Zhang, 2011/Ghosh e2al9
Clara et al. 2005b
Sulfadiazine 6/7/12 78-98/87/100 Garcia-Galan .eRall1/Li and Zhang, 2011
Sulfadimethazine 6:19 100 Garcia-Galan et al., 2011
Sulfamethazine 4:6/7;12/19 100;16/100/100 Garci®et al., 2011/Li and Zhang, 2011/ Garcia-Gatal.e2011
Sulfamethoxazole 3/6/7/9/10 56/54;71/62/10/74 Radjenovic et al., 2007/Garcia-Galan et al., 20448 et al., 2011/Radjenovic et al.,
11/12/12.5/15/18/18 4.5/90/25/100/39/26 2009/ Li and Zhang, 2011
20/46 42/32 Gobel et al., 2007/ Li and Zhang, 2011/Watkinsoal £22007/Lindberg et al.,
2005/Ghosh et al., 2009/Ghosh et al., 2009
Lindberg et al., 2005/Clara et al., 2005b
Sulfapyridine 4/6/19 20/77:89/6 Garcia-Galan et2011
Sulfathiazole 4:6/12.5 100;65/75 Garcia-Galan eéil1/Watkinson et al., 2007
Tetracycline 7112 36/24 Li and Zhang, 2011
18/20 40;72/-88;72 Ghosh et al., 2009/Gulkowska et al., 2008
Trimethoprim 2.4 -56 Roberts and Thomas, 2006
7/9/10 42/0/40 Li and Zhang, 2011/Sahar et al., 2011/Radjenoviat.eP009
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Class| Pharmaceutical S[E]T Removal efficiency CAS [%)] References
11/11/12/12.5/15/18/20/20/22/%52/7/13/85/41/-88;35/14/-17;63/- Lindberg et al., 2005/Gdbel et al., 2007/ Li anchidy, 2011/Watkinson et al.,
34/53 2007/Lindberg et al., 2005/Ghosh et al., 2009/Lerdket al., 2006/Gulkowska et al.,
2008/Lindberg et al., 2005/ Batt et al.,2006
C Glibenclamide 3/10 44 .5/46 Radjenovic et al., 20009
D Clotrimazole 2.4 31 Roberts and Thomas, 2006
E Hydrochlorothiazide 3/10 76/<10 Radjenovic et al., 2007;2009
F Phenobarbital 8 99.5 Yu et al., 2006
G Atenolol 3/8/9/10 <10/71/76/61 Radjenovic et al., 2007/Carucci et al., 2006/Maeteal., 2007/ Radjenovic et al., 2009
14.6/18.5 73/44 Maurer et al., 2007/Wick et al., 2009
Bisoprolol 18.5 0 Wick et al., 2009
Metoprolol 3/9/10 <10/31/25 Radjenovic et al., 2007/Maurer et al., 2007/Radjéanet al., 2009
14.6/18.5 29/21 Maurer et al., 2007/Wick et al.,2009
Propranolol 9/10 28/59 Maurer et al., 2007/Radjenovic et al., 2009
14.6/18.5 35/0 Maurer et al., 2007/Wick et al.,2009
Sotalol 9/10 26/21 Maurer et al., 2007/Radjenovic et al., 2009
14.6/18.5 27/18 Maurer et al., 2007/Wick et al.,2009
I Bezafibrate 2/3 36.8/48 Clara et al., 2005a/Radjenovic et al., 2007
9.6/10 36/81 Kreuzinger et al., 2004/Radjenovic et al., 2009
19/20 37/94 Clara et al., 2005a/Vieno et al., 2005
42/46/48/52/52 90/53.9/53.8/99.9/97 Clara et al., 2005a /Clara et al., 2005b/Clard.ef@05a /Clara et al., 2005b/Clara et al.,
2004
Clofibric acid 2.4/3 84/28 Roberts and Thomas, 2006/Radjenovic et al., 2007
718 50/55 Kimura et al., 2007/Zorita et al., 2009
Gemfibrozil 3/8/10 39/68/5 Radjenovic et al., 2007kt al., 2006/Radjenovic et al., 2009
Pravastatin 3/10 62/59 Radjenovic et al., 2007;2009
J Carbamazepine 1.5/1.5/2/2.7/3 -4/11/-3/7/<10 Santos et al., 2007/Santos et al. 2009/Clara @0aba/Santos et al., 2009/Radjenovig et
5/9.6/10 -67/35/<10 al. 2007
18.5/19 -12/-47 Santos et al., 2007/Kreuzinger et al., 2004/Radjenet al., 2009/
42/46/48/52/52/60 -35/-43/-43/-11/0/<10 Wick et al, 2009/Clara et al., 2005a
Clara et al., 2005a /Clara et al., 2005b/ Cla@.eP005a/ Clara et al., 2005b/Clara et|al.,
2004/ Suarez et al., 2005
Diazepam 60 8 Suarez et al., 2005
Fluoxetine 8/10 54.5/33 Zorita et al., 2009/Radjénet al., 2009
Gabapentin 8 99.5 Yu et al., 2006
Norfluoxetine 8 48 Zorita et al., 2009
Paroxetine 3 91 Radjenovic et al., 2007
Valproic acid 8 >99 Yu et al., 2006
K Famotidine 10 60 Radjenovic et al., 2009
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Class| Pharmaceutical S[(?]T Removal efficiency CAS [%)] References
Loratadine 10 15 Radjenovic et al., 2009
Ranitidine 3/8/10 42/28.5/25 Radjenovic et al., Z2@arucci et al., 2006/Radjenovic et al., 2009
L Estradiol 8/10 22/98 Zorita et al., 2009/Joss et8l04
Estrone 10/11/19 96/99/-35 Joss et al., 2004/Andersen et al., 2003/ Clara,e2G05a
42/48 94/99.9 Clara et al., 2005a /Clara et al., 2005a
Ethinylestradiol 9.6/10 70/94 Kreuzinger et al., 2004/Joss et al., 2004
52 70 Clara et al., 2004
M Salbutamol 13 95 Jones et al., 2007
P Triclosan 8 69 Yu et al., 2006
Q lopromide 2/9.6 -32/50 Clara et al., 2005b/Kreuzinger et al., 2004
55 50 Batt et al., 2006

Table 2.6. Average removal efficiencies obtaineMBRs for the selected pharmaceuticals with resfmetite operating SRT in the bioreactor
and the corresponding references

Pharmaceutical Removal efficiency | References
Class compound SRT[d] MBR [%)] /
Analgesics/ Diclofenac 10/15 60/51 Clara et al., 2004/Kimura et al., 2007
Anti- 22/27/37165 33/51/23/82 Clara et al., 2005a/Clara et al., 2005b/Quintaral. e2005/Kimura et al., 2007
inflammatories | Ibuprofen 10/11/15/20 97/99/95/97 Clara et al., 2004/Kreuzinger et al., 2004/Kimurale 2007/Kreuzinger et al., 2004;
A 22/27/37165 97/99/97/98 Clara et al., 2005a/Clara et al., 2005b/Quintaral. e2005/Kimura et al., 2007
Ketoprofen 15 83 Kimura et al., 2007
37165 62/99 Quintana et al., 2005/Kimura et al., 2007
Mefenamic acid 15/65 77/93 Kimura et al., 2007
Naproxen 15 96 Kimura et al., 2007
37/65 71/98 Quintana et al., 2005/Kimura et al., 2007
Antibiotics Azithromycin 33/70 5/24 Gobel et al., 2007
B Clarithromycin 16 57 Gobel et al., 2007
33/70/70 41/92/88 Gobel et al., 2007/Sahar et al., 2011/Gobel ep@dy/
Erythromycin 16 34 Gobel et al., 2007
33/70/70 26/79/87 Gobel et al., 2007/Sahar et al., 2011/Gbdbel epaDdy
Roxithromycin 16/20 39/75 Gobel et al., 2007/Kreuzinger et al., 2004
27/33/70/70 34/62/59/59 Clara et al., 2005b/G0bel et al., 2007/ Sahar.ep@l 1/Gobel et al., 2007
Sulfamethoxazole 11/16 57137 Kreuzinger et al., 2004/Gdbel et al., 2007
33/70/70 38/0/37 Gobel et al., 2007/Sahar et al., 2011/Gébel eR@D7
Sulfapyridine 16 60 Gobel et al., 2007
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Pharmaceutical Removal efficiency | References
Class compound SRT [d] MBR [%)] /
33/70 50/58 Gobel et al., 2007/Gobel et al., 2007
Trimethoprim 16 30 GoObel et al., 2007
33/70/70 34/88/87 Gobel et al., 2007/Sahar et al., 2011/Gobel eR@D7

Lipid regulators | Bezafibrate 10/11/20 97/94/76 Clara et al., 2004/Kreuzinger et al., 2004/Kreueingt al., 2004
I 22/27137 77/96/91 Clara et al., 2005a/Clara et al., 2005b/Quintaral. e2005

Clofibric acid 15/65 50/82 Kimura et al., 2007
Psychiatric drugs| Carbamazepine 10/11 0/11/ Clara et al., 2004/Kreuzinger et al., 2004
J 22/27 -13/4.4 Clara et al., 2005a/Clara et al., 2005b/
Hormones Estradiol 30 99 Joss et al., 2004
L Estrone 22/30 97/96 Clara et al., 2005a/Joss,e2G04

Ethinylestradiol 10/11;20 70/66;25 Clara et al., 2004/Kreuzinger et al., 2004

30 76 Joss et al., 2004
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As MBRs generally operate at longer SRTs (at |&&stl, as stated in Table 2.3.)
than CAS (generally at maximum 15 d), this coulglakx higher removal efficiencies
achieved by the former with respect to the latterreported in Clara et al. (2005b),
Radjenovic et al. (2009), Weiss and Reemtsma (20@8jeover, in MBRs, membranes
detain particulate matter, including any adsorbedhsorbed PhCs, leading to an effluent
free of suspended solids and relatively free otammants (for instance glibenclamide).

Weiss and Reemstma 2008 found that the major aalgandf MBR lies in the
range of compounds with moderate removal in CARI{oling naproxen, diclofenac,
phenazone, clofibric acid). For these MBR is capatfldelivering lower and more stable
effluent concentrations in comparison to CAS evéh Wower HRT.

2.11.1.2 Effect of Hydraulic retention time (HRT)

The influence of HRT on the removal efficiencies sélected PhCs was
investigated by different Authors. Among them, Bethet al. (2006) and Vieno et al.
(2007) found no significant correlation between HRIRd removal of respectively
diclofenac and the beta-blockers atenolol, metabra@cebutolol and sotalol. Gros et al.
(2010) and Garcia-Galan et al. (2011) investigatetivo full scale WWTPs in Spain
operating at different HRT , respectively 7-10 hdaB2 h, the removal of several
compounds, covering different therapeutic classasalgesics/anti-inflammatories,
antibiotics, lipid regulators, diuretics, beta-lecs the former and sulphonamide
antibiotics the latter. They correlatedbserved PhC removal efficiencies to the
corresponding PhC half-liveg,, evaluated on the assumption that a decrease of the
concentration through time is proportional to tlmeentration remaining in the matrix
(that is assuming a pseudo-first order kinetic fbe degradation). Half-lives were
estimated through eq. 2.3

(eq. 2.3)

where k is the loss rate constant calculated accordingao2.4, wherec is the PhC

concentration in the influent (subscripf) and effluent (subscrigff).
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ln(ceff [ Ci ): —kt
(eq.2.4)

They found that those compounds with a half-liveet,,, less than WWTP HRT
generally exhibited high removal efficiencies, dodang thatt;, gives an idea about the
required permanence time of the compounds in thiedical reactor to ensure an efficient
removal of them.

In particular they found three different situatiorfg) for compounds with high
removal efficiency and high degradation rate (ky, like ibuprofen, naproxen, salicylic
acid, acetaminophen and enalaphl, for compounds with poor or no elimination and low
degradation (highy,) like carbamazepine, HRT does not influence comgaemoval; (c)
for compounds with medium removal and degradataia, 'HRT seems to play a role, as
their removal efficiencies were highavhen increasing HRT (including famotidine,
ranitidine and pravastatin). Gross et al. (2010phctade that substances that are
biodegradable (highyio or low t;2) and have low Lod<g (low sludge-water distribution
coefficient, corresponding to low tendency to allsan sewage sludge) are more
influenced by HRT, while compounds with high LEg and lowkyi,; are more influenced
by SRT. However, there are other PhCs like ibupret@h highkyio and low LogKy that
are well removed independently of HRT and SRT. Bage experimental findings on
Canadian WWTPs (SRT from 2 to 10 d), Metcalfe et(2003) proposed the following

correlation for naproxen and ibuprofen, between HIR@ PhC percentage removygal
n=1.735 886 HRT (eq. 2.5)

They conclude that due to high half-lives obserf@dmost of the investigated
compounds in WWTP effluents, higher HRT should kquired in order to enhance

compound degradation.

2.11.1.3 Effect of pH

pH values can also greatly affect the behaviouPlC€s, in particular antibiotics
(ciprofloxacin, tetracycline and penicillin G), vahi possess different functional groups
within the same molecule. In fact, under differ@ht conditions, the molecule can be

neutral, cationic, anionic or zwitterionic and 98 physical, chemical and biological
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properties (sorption, photo-reactivity, antibiot@ctivity and toxicity) will change

accordingly (Kimmerer, 2009b, Cirja et al., 200Badkaew et al. (2010) investigated the
effects of mixed liquor pH (pH between 5 and 9) tthe removal of trace organics
(sulfamethoxazole, carbamazepine, diclofenac, ifeprand ketoprofen) by a submerged
MBR system. They found that removal efficiencies dafnisable compounds

(sulfamethoxazole, diclofenac, ibuprofen and kettgr) were strong pH-dependent. At
pH 5, the high removal of the ionisable compounds ©e due to their speciation
behaviour. At this pH, these compounds exist mainlyheir hydrophobic form. As a

consequence, they could readily adsorb onto theadetl sludge, resulting in higher
removal efficiencies in comparison to under legdiaconditions in the reactor. Removal
efficiencies of the non-ionisable carbamazepineewetatively independent of the mixed
liquor pH. These findings are consistent with thbgeJrase et al. (2005). Watkinson et al.
(2007) found a strong pH sensitivity for resultimg the formation of a degraded
erythromycin product (erythromycin-H20) through tless of a water molecule and the

inability to detect the parent erythromycin at pH.<

2.11.1.4 Effect of temperature

Biological reactions are greatly affected by tenapare, and lower efficiencies
have been observed during winter seasons in cattierates (Vieno et al., 2005).
Moreover, based on removal data collected on sfferdnt large WWTPs in Italy,
Castiglioni et al. (2006) found that there are Phkat present really higher removal
efficiencies in summer than in winter: amoxicilljwith a median of 75 % in winter and
100 % in summer), atenolol (10 % and 55 %), berati(15% and 87 %), enalapril (18 %
and 100 %), furosemide (8 % and 54 %), ibuproféh¥@and 93 %), ranitidine (39 % and
84 %) and sulfamethoxazole (17 % and 71 %). Anogineup of compounds has similar
removal in the two seasons: ciprofloxacin (60 %rbchlorotiazide (30 %) and ofloxacin
(50 %). Finally a third group has removal efficieasc close to zero in winter and in
summer: carbamazepine, clarithromycin, erythromwgeid salbutamol.

Hai et al. (2011) investigated the effect of tenapre on the removal of selected
PhCs contained in a synthetic wastewater fed tbastale MBR. They reported that the
removal of most hydrophobic compounds (includingcee, ethinyl-estradiol, estradiol
and triclosan) was stable during operations unkdertémperature range of 10-35 °C. On

the other hands, for the less hydrophobic compo(salgylic acid, ketoprofen, naproxen,
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metronidazole, ibuprofen, acetaminophen, diclofergemfibrozil, carbamazepine and
estriol) a comparatively more pronounced variatisetween removals in the lower
temperature regimes (10-35 °C) was observed. Wigwaexception, operation at 45 °C
clearly exerted detrimental effects on the remoefficiency of the investigated
compounds.

However, it is still unclear whether temperatur@eteence, commonly observed
for biological degradation of common pollutants {Cand P compounds), also applies to
the transformation of antibiotics or PhCs in geh@&bbel et al., 2007; Tauxe-Wuersch et
al., 2005; Ternes, 1998).

2.11.1.%ffect of Treatment configuration

Nitrifying bacteria have been found capable of cetabolizing a wide range of
persistent compounds like iopromide and trimethop(Batt et al., 2006; Perez et al.,
2005). Wastewater treatment processes performouagrgplete biological nutrient removal
are characterized by separate zone with aerobioxi@rand anaerobic conditions to
optimize C and N removal that may affect PhCs reagthag well (US EPA 2009Zwiener
and Frimmel 2003). High removal efficiencies of Bhidave been suggested to occur in
WWTPs with high levels of nitrogen removal (Batiaét 2006; Clara et al., 2005a): Vieno
et al. (2007) found that atenolol and sotalol waightly more efficiently eliminated in the
WWTPs where nitrogen removal was greater than @@ftpared with those that removed
nitrogen only less than 30 %. Suarez et al. (2@i@ped into three groups PhCs with
respect to their potential to be removed in biatafireactor: highly biodegradable
compounds under aerobic and anoxic conditionsudiieg ibuprofene, fluoxetine, natural
estrogens; highly biodegradable compounds undesbaeiconditions, but persistent in
anoxic conditions, inbcluding diclofenac, naproxethinylestradiol, roxythromycin and
erythromycin and finally resistant compounds to Idmecal transformations

(sulfamethoxazole, trimethoprim, carbamazepinediadepam).

It is important to remark that low removal efficaes could also be due to the fact
that contaminants are presentvaty lowconcentrations in the influent, and unavoidable
instrumental errors may affect their “observed” oaal values. At the other extreme, high
removal efficiencies, greater than 99 %, correspando a reduction of two orders of

magnitude of the influent concentrations, may netemough to consistently reduce the
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PhC concentrations to a low level of risk to aquéte. For instance if ibuprofen presents
an influent concentration at 3%@/L and 99 % is removed, its final concentrationuigio
still amount to 3.5ug/L, i.e. a consistent mass load discharged bYMWéTP, as described

below.

2.12 Average daily mass loads of PhCs in secondary eféints
Where possible, to complete this analysis, theameedaily mass load,, of each

PhC,i, in the secondary biological effluent was estimatedvas evaluated as the average
of mass loadL;; at WWTPj, provided by the cited literature or evaluatedega 2.6, on the
basis of the average effluent concentratigrfrom the WWTH, the average treated flow
rateQ; and the population served by the WW|TEach mass load is expressed in mg/1000
inhabitants/day.

¢, Q

- servedpopulation

x 1000 i = genericPhC, j = genericWWTP (eq. 2.6)

i

It was possible to evaluate the average mass |b&8 out of 118 compounds, as
those WWTPs lacking one or more of the followingiables were excluded: effluent
concentration, treated flow rate and populationesr

The graph in Figure 2.21 reports, in descendingemrdverage mass loads
greater than 10 mg/1000 inh/day, and below is adisthe references used in the
evaluation.

These findings may be affected by different sounfasncertainty as discussed in Ort and

Gujer (2006), for this reason they have to be pmtlgeonsidered.

The highest average mass loads (greater than 20006@yinh/d) were found for
the antihypertensive hydrochlorothiazide (368 m@OLOnh/day), the psychiatric drug
carbamazepine (364 mg/1000 inh/day), the recepttaganist cimetidine (332 mg/1000
inh/day) and the beta-blocker atenolol (316 mg/1066/day), followed by the
analgesics/anti-inflammatories: naproxen (295), pibten (273), diclofenac (241),
ketoprofen (217) and mefenamic acid (211). Antib®showed lower average daily mass
loads: spyramycin (155), clarithromycin (140), tetmoprim (124), ofloxacin (123),
erythromycin (100).
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Mass Loading [mg/1000inhab/d]
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Figure 2.21.Average daily mass loads evaluated for most ofcimpounds under review. The
number p of treatment plants considered in theyaisahre shown in brackets after the name in the
X-axis. Data from: Baronti et al., 2000; Bendz et al., 200&stiglioni et al., 2009; Conti et al., 2011; @bb

et al., 2005; Golet et al., 2003; Gulkulowska et 2008; Jones et al., 2007; Karthikejan and Me2606;
Kimura et al., 2007; Lindberg et al., 2005; Lindsjvét al., 2005; Mc Avoy et al., 2002; Nakada et 2006;
Paxéus et al., 2004; Radjenovic et al., 2007, 2G@fherts and Tomas., 2006; Santos et al., 2009%€eFau
Wouerch et al., 2005; Ternes 1998; Ternes et a@9,12003; Vieno et al., 2005, 2007; Xu et al., 2000 et

al., 2006; Zorita et al., 2009.

Compounds with average mass loads of less thangIDO®@0 inh/d (not reported in
Fig. 2.21.) were: acetylsalicylic acid, doxycyclireefotaxime, salbutamol, aminopyrine,
glibenclamide, famotidine, loratadine, clotrimazgibenazone, tylosil, cyclophosphamide,
fenofibric acid, norfluoxetine, paroxetine, estrdiestriol, ethinylestradiol, simvastatin,

gabapentin, valproic acid, oxcarbazepine, fenopradalfamethazine and phenobarbital.

2.13 Environmental risk assessment of secondary biologcteffluent

The environmental risk posed by the presence ofsPimCwater is still under
discussion. Safety threshold values have beenatefior a limited number of PhCs, but
only in single compound-single organism toxicitydies, meaning that mixture effects
have not yet been considered.

Moreover, many compounds themselves have not beemstvely studied, and,
when available, PhC toxicity data tends to refdy ém acute rather than chronic effects.
Table 2.7. reports the PNEC values defined for 67ad the 118 PhCs included in this

study, the corresponding assayed species, the emlopnd the literature references.
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Conforming to EC(EC, 2003), each of the reported PNECs is 1000stiloeer than the
toxicity concentration value found for the mosts@ne species assayed, so as to take into
account the effect on other, potentially more dessi aquatic species to those used in
toxicity studies.

An evaluation of the environmental risk posed b¥®ln secondary effluent was
carried out by means of the risk quotient (RQ)t teahe ratio between the average PhC
concentrations measured in the secondary efflueaitits corresponding PNEC (EMEA,
2001). Average secondary effluent concentratioesre@ported in brackets after the name
of the compounds in theaxis of Figures 2.9.-2.14., and PNEC values apsdlreported
in Table 2.7.

A commonly used ranking criterion was applied, adow to De Sousa et al.
(2009) and Hernando et al. (2006): RQ < 0.1 low tesaquatic organisms, @IRQ< 1,
medium risk; RQ> 1, high risk. The RQ values were found within taage 6.8 x 18-37
for the 67 compounds considered; compounds withgrRgter than 0.01 are reported in
Fig. 2.22., in descending order. The dotted linedhie graph represent the thresholds

defining the three environmental risk levels: higtedium and low.
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Table 2.7PNECvalues for the PhCs under investigation ancesponding assayed species.

Compounds Species Test Toxicity References PNEC
Assayed (endpoint) (mg/l) (nal/L)
Daphnia EC50 (24h) 136 Stuer-Lauridsen et al., 2000
Daphnia EC50 (48h) 9.2 Stuer-Lauridsen et al., 2000
S. proboscideu LC50(24h) 29.6 Stuer-Lauridsen et al., 2000
Fish EC50 ECOSAR 1 Sanderson et al., 2003
Agetaminophen Daphnia EC50 ECOSAR 42 Sanderson et al., 2003 1
Algae EC50 ECOSAR 2549 Sanderson et al., 2003
Invertebrates EC50 300 Boillot, 2008
Algae EC50 105 Boillot, 2008
Fish EC50 900 Boillot, 2008
Daphnia EC50 (48h-immobility) 9.2 Kihn et al., 1989
Fish EC50 ECOSAR 796 Sanderson et al., 2003
Acetylsalicylic acid Daphnia EC50 ECOSAR 8858 Sanderson et al., 2003 61
Algae EC50 ECOSAR 61 Sanderson et al., 2003
Daphnia EC50 ECOSAR 61 US EPA, 1999
Fish EC50 ECOSAR 3.7 Sanderson et al., 2003
Aminopyrine Daphnia EC50 ECOSAR 8.3 Sanderson et al., 2003 1.3
Algae EC50 ECOSAR 1.3 Sanderson et al., 2003
Fish EC50 ECOSAR 238 Sanderson et al., 2003
Codeine Daphnia EC50 ECOSAR 16 Sanderson et al., 2003 16
Algae EC50 ECOSAR 23 Sanderson et al., 2003
Fish EC50 ECOSAR 13 Sanderson et al., 2003
Dextropropoxyphene Daphnia EC50 ECOSAR 24 Sanderson et al., 2003 1
Algae EC50 ECOSAR 1 Sanderson et al., 2003
Fish EC50 ECOSAR 532 Sanderson et al., 2003
Daphnia EC50 ECOSAR 5057 Sanderson et al., 2003
Algae EC50 ECOSAR 2911 Sanderson et al., 2003
Daphnia EC50 (48h-mortality) 22.4 Ferrari et al., 2004
Diclofenac Algae EC50 (96h-growth) 16.3 Ferrari et al., 2004 97
Bacteria EC50 (30 min-luminescence) 114 Ferrari et al. 4200 ’
Bacteria EC50 (15min-inhibition) 9.7 Ra et al., 2008
Microtox EC50 (30min) 11.45 Ferrari et al., 2003
Daphnia EC50 (48h) 22.43 Ferrari et al., 2003
C. dubia EC50 (48h) 22.7 Ferrari et al., 2003
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Compounds Species Test _ Toxicity References PNEC
Assayed (endpoint) (mal) (na/L)
Algae EC50 (96h-growth) 14.5 Ferrari et al., 2004
Invertebrates EC50 90 Boillot, 2008
Algae EC50-inhibition 72 Cleuvers,2004
Daphnia EC50-immobilization 68 Cleuvers, 2004
Fish EC50 ECOSAR 5 Sanderson et al., 2003
Daphnia EC50 ECOSAR 38 Sanderson et al., 2003
Algae EC50 ECOSAR 26 Sanderson et al., 2003
Bacteria EC50 (15min-inhibition) 37.5 Ra et al., 2008
Bacteria EC50 (15min) 12.1 Farré et al., 2001
Daphnia EC50 (48h) 9.06 Halling-Sarensen et al., 1998
lbuprofen Invertebrates EC50 (96h) 165 Quinn et al., 2008 1.65
Invertebrates EC50 100 Boillot, 2008
Algae EC50 500 Boillot, 2008
Fish EC50 110 Boillot, 2008
Algae EC50-inhibition 342.2 Cleuvers, 2004
Daphnia EC50-immobilization 101.2 Cleuvers, 2004
Fish EC50 ECOSAR 3.9 Sanderson et al., 2003
Indomethacin Daphnia EC50 ECOSAR 26 Sanderson et al., 2003 3.9
Algae EC50 ECOSAR 18 Sanderson et al., 2003
Fish EC50 ECOSAR 32 Sanderson et al., 2003
Ketoprofen Daphnia EC50 ECOSAR 248 Sanderson et al., 2003 156
Algae EC50 ECOSAR 164 Sanderson et al., 2003 '
Bacteria EC50 (15min) 15.6 Farré et al., 2001
Mefenamic acid EC50 ECOSAR 0.43 Jones et al. 2002 0.43
Fish EC50 ECOSAR 34 Sanderson et al., 2003
Daphnia EC50 ECOSAR 15 Sanderson et al., 2003
Algae EC50 ECOSAR 22 Sanderson et al., 2003
Algae EC50-inhibition 626 Cleuvers, 2004
Naproxen Invertebrates LC50(96h) 22.4 Quinn et al., 2008 262
Bacteria EC50(15min) 21.2 Farré et al., 2001 '
Invertebrates EC50(96h) 2.62 Quinn et al., 2008
Invertebrates EC50 150 Boillot, 2008
Fish EC50 600 Boillot, 2008
Daphnia EC50-immobilization 166.3 Cleuvers, 2004
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Compounds Species Test _ Toxicity References PNEC
Assayed (endpoint) (mal) (na/L)
Fish EC50 ECOSAR 3 Sanderson et al., 2003
Phenazone Daphnia EC50 ECOSAR 6.7 Sanderson et al., 2003 1.1
Algae EC50 ECOSAR 1.1 Sanderson et al., 2003
Fish EC50 ECOSAR 0.8 Sanderson et al., 2003
Propyphenazone Daphnia EC50 ECOSAR 3.5 Sanderson et al., 2003 0.8
Algae EC50 ECOSAR 1 Sanderson et al., 2003
Fish EC50 ECOSAR 1.28 Sanderson et al., 2003
Daphnia EC50 ECOSAR 59 Sanderson et al., 2003
Algae EC50 ECOSAR 48 Sanderson et al., 2003
Salicylic acid Invertebrates EC50 (48h) 1147 Marques et al., 2004 1.28
Invertebrates LC50 (48h) 112 Han et al., 2006
Algae EC50 (48h) >100 Henschel et al., 1997
Bacteria EC50 (15min) 43.1 Farré et al., 2001
Fish EC50 ECOSAR 0.4 Sanderson et al., 2003
Tolfenamic acid Daphnia EC50 ECOSAR 1.7 Sanderson et al., 2003 0.4
Algae EC50 ECOSAR 1.3 Sanderson et al., 2003
- 0.1 Kimmerer et al., 2003
Amoxicillin Algae EC 50 0.0037 Halling-Sgrensen, 2000 0.0037
Azithromycin 0.15 Kimmerer et al., 2003 0.15
Algae EC50 ECOSAR 734.05 Lee et al., 2008
Cefaclor Daphnia EC50 ECOSAR 687.42 Lee et al., 2008 687.42
Fish EC50 ECOSAR 11524 Lee et al., 2008
Cefalexin 2.5 Kimmerer et al., 2003 2.5
Cefotaxime 0.04 Kimmerer et al., 2003 0.04
Chloramphenicol 1.6 Kimmerer et al., 2003 1.6
Fish EC50 ECOSAR 246000 Sanderson et al., 2003
Ciprofloxacin Daphnia EC50 ECOSAR 991 Sanderson et al., 2003 938
Algae EC50 ECOSAR 938 Sanderson et al., 2003
Clarith . Invertebrates EC50 20 Boillot, 2008 00
arithromycin Algae EC50 0.07 Boillot, 2008 07
Clindamycin 0.5 Kimmerer et al., 2003 0.5
Doxycycline 0.3 K[]mmerer et al., 2003 03
316 Brain et al.,2004
Enoxacin 0.15 Kimmerer et al., 2003 0.15
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Compounds Species Test _ Toxicity References PNEC
Assayed (endpoint) (mal) (na/L)
Fish EC50 ECOSAR 61 Sanderson et al., 2003
Daphnia EC50 ECOSAR 7.8 Sanderson et. al., 2003
. Algae EC50 ECOSAR 4.3 Sanderson et. al., 2003
Erythromycin Invertebrates EC50 15 Boillot, 2008 0.02
Algae EC50 0.02 Boillot, 2008
Fish EC50 900 Boillot, 2008
Fish EC50 ECOSAR 1391 Sanderson et al., 2003
Lincomycin Daphnia EC50 ECOSAR 82 Sanderson et. al., 2003 82
Algae EC50 ECOSAR 86 Sanderson et. al., 2003
2.5 Kimmerer et al., 2003
Metronidazole Algae EC50 39.1 Halling-Sgrensen, 2000 25
Algae EC50 40.4 Halling-Sgrensen, 2000
Norfloxacin Algae EC50 15 Boillot, 2008 15
Algae EC50 (96h- growth) 0.016 Ferrari et al., 2004
. Invertebrates EC50 30 Boillot, 2008
Ofloxacin Algae EC50 15 Boillot, 2008 0.016
Fish EC50 10 Boillot, 2008
Algae EC50 0.207 Halling-Sgrensen, 2000
Fish EC50 ECOSAR 166000 Sanderson et al., 2003
Oxytetracycline Daphnia EC50 ECOSAR 2432 Sanderson et al., 2003 0.207
Algae EC50 ECOSAR 2294 Sanderson et al., 2003
Invertebrates EC50 (96h) 40.13 Quinn et al., 2008
Penicillin G Algae EC50 0.006 Halling-Sgrensen, 2000 0.006
Penicillin V Daphnia EC50 177 Jones et al., 2002 177
Fish EC50 ECOSAR 50 Sanderson et al., 2003
Roxythromycin Daphnia EC50 ECOSAR 6 Sanderson et al., 2003 4
Algae EC50 ECOSAR 4 Sanderson et al., 2003
Sulfachloropyridazine Bacteria EC 50(15 min-florescence) 26.4 Kim et al., 2007 26.4
- 5 Kummerer et al., 2003
Sulfadiazine Algae EC50 0.135 Halling-Sgrensen, 2000 0.135
Fish EC50 ECOSAR 226 Sanderson et al., 2003
Sulfadimethoxine Daphnia EC50 ECOSAR 35 Sanderson et al., 2003 35
Algae EC50 ECOSAR 24 Sanderson et al., 2003
Sulfamethoxazole Fish EC50 ECOSAR 890 Sanderson et al., 2003 0.027
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Compounds Species Test _ Toxicity References PNEC
Assayed (endpoint) (mal) (na/L)
Daphnia EC50 ECOSAR 4.5 Sanderson et al., 2003
Algae EC50 ECOSAR 51 Sanderson et al., 2003
Fish EC50 (96 h) 563 Kim et al., 2007
Daphnia EC50 (48 h-mortality) >100 Ferrari et al., 2004
Bacteria EC50 (15 min) 78.1 Kim et al., 2007
Algae EC50 (96 h-growth) 0.15 Ferrari et al., 2004
Algae EC50 (96 h- growth) 0.027 Ferrari et al., 2004
Sulfapyridine Invertebrates EC50 (96h) 21.61 Quinn et al., 2008 21.61
Sulfathiazole Daphnia EC50 (96h-immobility) 85.4 Kim et al., 2007 85.4
Tetracycline 0.3 KUmmerer et al., 2003 0.09
Algae EC50 0.09 Halling-Sgrensen, 2000 )
Fish EC50 ECOSAR 795 Sanderson et al., 2003
Daphnia EC50 ECOSAR 4.8 Sanderson et al., 2003
Algae EC50 ECOSAR 2.6 Sanderson et al., 2003
Bacteria EC50 (15min) 177 Kim et al., 2007
Trimethoprim Daphnia EC50 (96h-immobility) 121 Kim et al., 2007 26
Invertebrates LC50 (96h) >100 Quinn et al., 2008 )
Fish EC50 (48h) >100 Kim et al., 2007
Invertebrates EC50 110 Boillot, 2008
Algae EC50 90 Boillot, 2008
Fish EC50 100 Boillot, 2008
Daphnia EC50 (96 h-immaobility) 8.2 Kim et al., 2007
- Fish EC50 ECOSAR 23 Sanderson et al., 2003
Diltiazem - 1.9
Daphnia EC50 ECOSAR 2.9 Sanderson et al., 2003
Algae EC50 ECOSAR 1.9 Sanderson et al., 2003
Atenolol Invertebrates EC50 30 Boillot, 2008 30
Fish EC50 ECOSAR 116 Sanderson et al., 2003
Daphnia EC50 ECOSAR 8 Sanderson et al., 2003
Algae EC50 ECOSAR 14 Sanderson et al., 2003
Metoprolol Invertebrates LC50 (48h) >100 Huggett et al., 2002 8
Invertebrates LC50 (48h) 8.8 Huggett et al., 2002
Invertebrates LC50 (48h) 63.9 Huggett et al., 2002
Fish LC50 (48h) >100 Huggett et al., 2002
Nadolol Invertebrates EC50 110 Boillot, 2008 110
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Compounds Species Test _ Toxicity References PNEC
Assayed (endpoint) (mal) (na/L)
Fish EC50 ECOSAR 29.5 Sanderson et al., 2003
Daphnia EC50 ECOSAR 2.3 Sanderson et al., 2003
Algae EC50 ECOSAR 5.5 Sanderson et al., 2003
Bacteria EC50 (30min-luminescence) 61 Ferrari et al., 2004
Algae EC50 (48h) 0.7 Cleuvers, 2005
Diatoms EC50 (96 h- growth) 0.244 Ferrari et al., 2004
Propranolol Invertebrates LC50 (48h) 29.8 Huggett et al., 2002 0.244
Invertebrates LC50 (48h) 0.8 Huggett et al., 2002
Invertebrates LC50 (48h) 1.6 Huggett et al., 2002
Fish LC50 (48h) 24.3 Huggett et al., 2002
Invertebrates EC50 11 Boillot, 2008
Algae EC50 0.8 Boillot, 2008
Fish EC50 20 Boillot, 2008
Fish EC50 ECOSAR 126 Sanderson et al., 2003
Timolol Daphnia EC50 ECOSAR 9 Sanderson et al., 2003 9
Algae EC50 ECOSAR 155 Sanderson et al., 2003
Fish EC50 ECOSAR 5.3 Sanderson et al., 2003
Bezafibrate Daphnia EC50 ECOSAR 25 Sanderson et al., 2003 53
Algae EC50 ECOSAR 18 Sanderson et al., 2003 ’
Invertebrates EC50 50 Boillot, 2008
Fish EC50 ECOSAR 5 Sanderson et al., 2003
Clofibrate Daphnia EC50 ECOSAR 6.5 Sanderson et al., 2003 0.5
Algae EC50 ECOSAR 0.5 Sanderson et al., 2003
Fish EC50 ECOSAR 53 Sanderson et al., 2003
Daphnia EC50 ECOSAR 293 Sanderson et al., 2003
Algae EC50 ECOSAR 192 Sanderson et al., 2003
Algae EC50 (96h-growth) 94 Ferrari et al., 2004
Clofibric acid Bacteria EC50 (30min) 91.8 Ferrari et al., 2003 40.2
Invertebrates EC50 (48h) 83.5 Rosal et al., 2009
Invertebrates EC50 (48h) 72 Cleuvers, 2003
Microtox EC50 (30min) 91.8 Ferrari et al., 2003
Algae EC50 (96h- growth) 40.2 Ferrari et al., 2004
Fenofibrate Fish. EC50 ECOSAR 0.8 Sanderson et al., 2003 01
Daphnia EC50 ECOSAR 0.35 Sanderson et al., 2003 )
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Compounds Species Test _ Toxicity References PNEC
Assayed (endpoint) (mal) (na/L)
Algae EC50 ECOSAR 0.1 Sanderson et al., 2003
Fish EC50 ECOSAR 7.6 Sanderson et al., 2003
Fenofibric acid Daphnia EC50 ECOSAR 38 Sanderson et al., 2003 7.6
Algae EC50 ECOSAR 26 Sanderson et al., 2003
Fish EC50 ECOSAR 0.9 Sanderson et al., 2003
Daphnia EC50 ECOSAR 6 Sanderson et al., 2003
Algae EC50 ECOSAR 4 Sanderson et al., 2003
Gemfibrozil Bacteria EC50 (15 min) 35.3 Rosal et al., 2009 0.9
Bacteria EC50 (15 min) 18.8 Farré et al., 2001
Invertebrates EC50 (48h) 104 Han et al., 2006
Invertebrates EC50 (96h) 1.18 Quinn et al., 2008
Pravastatin Fish EC50 1.8 Ginebreda et al., 2010 1.8
Fish EC50 ECOSAR 101 Sanderson et al., 2003
Daphnia EC50 ECOSAR 111 Sanderson et al., 2003
Algae EC50 ECOSAR 70 Sanderson et al., 2003
Algae EC50 (3days) 74 Cleuvers, 2003
Carbamazepine Bacteria EC50 (15min) 52.2 Kim et al., 2007 13.8
Fish EC50 (48h) 35.4 Kim et al., 2007
Daphnia EC50 (48h-mortality) 13.8 Ferrari et al., 2004
Diatoms EC50 (96h- growth) 31.6 Ferrari et al., 2004
C. dubia EC50 (48h) 77.7 Ferrari et al., 2003
Fish EC50 ECOSAR 28 Sanderson et al., 2003
Daphnia EC50 ECOSAR 2 Sanderson et al., 2003
Diazepam Algae EC50 ECOSAR 5.5 Sgnderson et al., 2003 2
Invertebrates EC50 90 Boillot, 2008
Algae EC50 12 Boillot, 2008
Fish EC50 11 Boillot, 2008
Fish EC50 ECOSAR 1.7 Sanderson et al., 2003
Daphnia EC50 ECOSAR 0.17 Sanderson et al., 2003
Fluoxetine Algae EC50 ECOSAR 0.8 Sanderson et al., 2003 0.05
Invertebrates EC50 0.9 Boillot, 2008 ’
Algae EC50 0.05 Boillot, 2008
Fish EC50 2 Boillot, 2008
Cimetidine Fish EC50 ECOSAR 571 Sanderson et al., 2003 35
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Compounds Species Test _ Toxicity References PNEC
Assayed (endpoint) (mal) (na/L)
Daphnia EC50 ECOSAR 35 Sanderson et al., 2003
Algae EC50 ECOSAR 40 Sanderson et al., 2003
Daphnia EC50 (96h-immobility) 271.3 Kim, 2007
Fish EC50 ECOSAR 1076 Sanderson et al., 2003
Ranitidine Daphnia EC50 ECOSAR 63 Sanderson et al., 2003 63
Algae EC50 ECOSAR 66 Sanderson et al., 2003
Fish EC50 ECOSAR 30 Sanderson et al., 2003
Clenbuterol Daphnia EC50 ECOSAR 2 Sanderson et al., 2003 2
Algae EC50 ECOSAR 10 Sanderson et al., 2003
Fish EC50 ECOSAR 20 Sanderson et al., 2003
Fenoterol Daphnia EC50 ECOSAR 17.5 Sanderson et al., 2003 175
Algae EC50 ECOSAR 25 Sanderson et al., 2003
Fish EC50 ECOSAR 1.05 Sanderson et al., 2003
Terbutaline Daphnia EC50 ECOSAR 27 Sanderson et al., 2003 1.05
Algae EC50 ECOSAR 32 Sanderson et al., 2003
Fish EC50 ECOSAR 70 Sanderson et al., 2003
Cyclophosphamide Daphnia EC50 ECOSAR 1795 Sanderson et al., 2003 11
Algae EC50 ECOSAR 11 Sanderson et al., 2003
Fish EC50 ECOSAR 140 Sanderson et al., 2003
Ifosfamide Daphnia EC50 ECOSAR 1795 Sanderson et al., 2003 11
Algae EC50 ECOSAR 11 Sanderson et al., 2003
Fish EC50 ECOSAR 865000 Sanderson et al., 2003
lopromide Daphnia EC50 ECOSAR 766000 Sanderson et al., 2003 370000
Algae EC50 ECOSAR 370000 Sanderson et al., 2003
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As seen in Fig. 2.22., fourteen compounds pose gh hisk: 7 antibiotics
(erythromycin, ofloxacin, sulfamethoxazole, clarginycin, amoxicillin, tetracycline and
azithromycin), 2 psychiatric drugs (fluoxetine andiazepam), 2 analgesics-
anti/inflammatories (ibuprofen and mefenamic aal 3 lipid regulators (fenofibric acid,
fenofibrate and gemfibrozil). A medium risk is pdday twenty compounds: 7 analgesic-
anti/inflammatories (acetaminophene, aminopyriregpraxen, phenazone, salicylic acid,
codeine and dextropropoxyphene), 8 antibiotics iGién G, sulfadiazine, cefotaxime,
enoxacin, trimethoprim, doxycycline, roxithromycamd metronidazole), 2 beta-blockers
(propranolol and atenolol), 2 lipid regulators (tdoate and bezafibrate) and 1 receptor
antagonist (cimetidine). For the remaining 17 courms included in Fig. 2.22., the
environmental risk is considered low, as is thathaf 16 PhCs excluded from the graph
due to an RQ of less than“i(clindamycin, ranitidine, acetylsalicylic acidpfibric acid,
timolol, norfloxacin, sulfachloropyridazine, fenod¢ cyclophosphamide, ciprofloxacin,
lincomycin, nadolol, sulfathiazole, penicillin Vefaclor, iopromide).

Comparison of Figures 2.21. and 2.22. shows thatdp compounds are not the
same in the two rankings, with the exception of tlwe analgesics/anti-inflammatories
ibuprofen and mefenamic acid. Compounds of diffectasses had the highest mass loads:
the antihypertensive hydrochlorothiazide, the p&tdc drug carbamazepine, the receptor
antagonist cimetidine, the beta-blocker atenolotl & analgesics/anti-inflammatories
(naproxen, ibuprofen, diclofenac, ketoprofen andem&mic acid), many of which are
administered frequently and/or over long periodgimie. In contrast, the highest risk is
posed the 12 compounds cited just above belongintheé groups of antibiotics, lipid
regulators and analgesics/anti-inflammatories. Taw onfirms the results obtained by
other Authors (among them Escher et al., 2011) gt consumption does not mean high

risk for the environment.
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Figure 2.22. RQ of the investigated compounds

2.14 Conclusion
Most of the municipal WWTPs consist of preliminagrimary and secondary

treatments (mainly activated sludge systems) vighfinal effluent being discharged into a
surface water body and often indirectly reused ifagation purposes or recreational
activities. The present study shows that many Par€sausually present in raw influent at
concentrations in the range 3Q0? ug/L and even more, and that common WWTPs are
not able to efficiently remove all of them. Obsatwvemoval efficiencies vary in a wide
range for the different compounds, as well as lier fame substance, due to the different
chemical and physical characteristics of PhCs amdperational conditions (mainly
aerobic, anaerobic, anoxic reactors, SRT, pH angérntamperature) as discussed above.
MBRs seem (only 20 pilot plants were investigated a limited number of PhCs were
tested) to guarantee higher removal effcienciesrfost compounds and a better quality of
the permeates with respect to CAS.

This study highlights the fact that the occurrentsome PhCs in the secondary
effluent discharged into surface water bodies magepa medium-high (acute) risk to
aquatic life. Furthermore, many other compoundgneW their environmental risk was
found to be low, are discharged at high daily miassls, which could contribute to
negative effects on aquatic organisms in the lengptdue to chronic and mixture toxicity.
For these reasons, it would be more prudent tonbeginitoring the most frequently and
most persistent administered PhCs, as well as tiwitbethe highest environmental risk,
namely antibiotics (including erythromycin, ofloxacsulfamethoxazole, clarithromycin,
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amoxicillin, tetracycline and azithromycin), psyatric drugs (like fluoxetine, diazepam
and carbamazepine), analgesics/anti-inflammat@beprofen, mefenamic acid, naproxen,
diclofenac and ketoprofen) and lipid regulators n@figoric acid, fenofibrate and

gemfibrozil).
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3.1 Introduction

3.1.1 Hospital Wastewaters (HWWSs)

During recent years, the issue of PhCs in WWs leasine a major concern in terms of
both human health and the environment. This hasnpted the launch of several
monitoring studies into the most commonly admimetecompounds in UWWs (Lishman
et al., 2006; Santos et al., 2007; Terzic et 809 and surface water (Kolpin et al., 2002).
However, a considerably smaller number of studegehbeen devoted to characterizing
PhCs sources, mainly hospital effluents (Boillot &t, 2008; Kosma et al., 2010;
Kummerer 2001; Sim et al., 2011). In fact, in quitecountries worldwide, no distinction
is usually made between these WWs and urban efflerd they, along with their
potentially hazardous loads, are generally disathrdirectly into the public sewage
network and conveyed for co-treatment at the neanasicipal WWTP.

Nonetheless, considering the multiple researchlanoratory activities carried out in
these structures, as well as the treatments pegfband pharmaceuticals administered and
excreted within them, a wide range of concentratioh hazardous substances may be
present in hospital effluent (Verlicchi et al., 2B). HWWs are composed of the effluents
of different services: kitchen, internal laundrgating and cooling systems, laboratories,
radiology departments, outpatients departmentsstugion centres and wards. Due to the
nature and quantity of the micro-pollutants theybbar, such as active substances of
medicines and their metabolites, chemicals, heaeyals, disinfectants, sterilizers, and
radioactive markers, which are typically presentatcentrations aig L™, they should be
earmarked for special consideration. Previous etudnvestigated the occurrence in
hospital effluents of detergents, disinfectantsgaoic compounds (alcohols, acetone,
formaldehyde, acetaldehyde, phenols) and severa@lsngEmmanuel et al., 2005; Boillot
et al., 2008) and the proliferation of drug-resistaicroorganisms (Hawkshead 2008). The
issue of PhC occurrence in hospital effluents Hesady been investigated by different
Authors, among them Thomas et al., 2007a; Gomeal.e2006, Mahnik et al., 2007,
Suarez et al., 2009, Kummerer, 2001.

It would therefore be of interest to discover tieegentage contributions of PhCs from
hospitals to those in the total municipal WWTP uefht, in order to discover whether

specific treatments for hospital effluent are neaeg to reduce environmental
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contamination by persistent and hazardous microfaoits. To date, however, very little
data on this topic has been reported in the lteea(Beier et al. 2011; Heberer and
Feldman, 2005; Langford and Thomas, 2009; Ort.eR@lL0a; Thomas et al., 2007a), and
those studies have been conducted to a limited auoficompounds.

In order to investigate the differences betweenpit@sand urban wastewaters, an
assessment of the (acute and chronic) risk posaduatic organisms by the two effluents
would be advisable. In fact, although the ecotdwigical effect of PhCs in treated UWWSs
has been investigated (Ferrari et al., 2003; Kbsical., 2008), once again, very little data
is available regarding hospital effluent, and wisadvailable generally relies on predicted,
rather than measured, concentrations (Escher, &04l1).

3.1.2 Ecotoxicity of HWWs

HWWs is often assumed to be the most toxic to aguié¢ and there are indeed
several studies in which genotoxic activity of HW\Was been confirmed. Guiliani et al.
(1996). found that out of over 800 hospital efflusamples from a large cancer hospital
13% were genotoxic in the umuC assay. Genotoxicpesmnwere detected throughout a
24-h period with the morning hours showing the bgjhactivity. of the toxic wastewater
samples 96% showed genotoxic potential withoutalabde cytotoxic effects. the authors
considered that anti-neoplastic agents were thsilglescausative agents however they
concluded that there was no obvious pollution hzdiributable to the waste because no
genotoxic activity was detected in the influx oétbewage treatment plant(STP) receiving
the wastewater of the hospital. Steger-Hartmanal.e1997) have tried to identify the
causal agents of genotoxicity activity in HWWs igtigating the effects of
cyclophosphamide in the umuC assay. They foundtiieaé were no genotoxic effects at a
concentration of 1 g'L this was in agreement with the SOS chromotesthiich Hellmér
and Bolcsfoldi (1992). did not detect a genotoxifea of cyclophosphamide at
concentration of up to 4.6 g'L Hartmann et al.(1998) has found evidence to ssighat
one single class of antibiotic drug, the fluoroaguiome antibiotics (e.g. ciprofloxacin) were
responsible for the genotoxic activity for a specifospital under investigation. Recently
the toxicological effects of PhCs in HWWs has bperformed by PILLS (2012), and as a
results, raw HWWs was found to be moderately cyiotcestrogenic and toxic to various

test organisms compared to municipal WW.
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3.1.3 Antibiotic resistant bacteria in HWWs

The widespread use of antibiotics in medicine anthtensive animal husbandry is
indicative of the selection pressure exerted ontebzc (Klare et al. 1995). Although
antibiotics have been used in large quantitiesstime decades, the existence of these
substances in the environment has received lititeea until recently. In the last years a
more complex investigation of antibiotic has beemartaken in different countries in
order to assess their environmental risks. It hesnbfound that the concentrations of
antibiotics are higher in hospital effluent thanntunicipal wastewater which are higher
than in different surface waters, ground water semwater (Kimmerer 2001).

Bacteria have developed different mechanisms tdeemeffective the antibiotics
used against them. The genes encoding these defeackanisms are located on the
bacterial chromosome or on extrachromosomal plasnaidd are transmitted to the next
generation (vertical gene transfer). Genetic eldsjesuch as plasmids, can also be
exchanged among bacteria of different taxonomidiatfon (horizontal gene transfer)
(Davison 1999). Horizontal gene transfer by conjiegais common in nature, or in
technical systems, where the density of bacterlage and so, accordingly, is the chance
of two suitable bacterial cells coming close toleather (Muela et al. 1994).

Figure 3.1. shows the range of the measured caatems of resistant integrons and
the proportion of bacteria with resistant integram$iWWSs, domestic wastewater and in
two rivers. As antibiotic resistant integrons armabedded on mobile genetic elements
generally present in further copies, the relatibeirmlance can be higher than 100%.
Specialised medical centres with geriatric and psydc activities were not sources of
bacteria harbouring resistant integrons. The eéglvabncentrations and relative abundance
of hospital effluents (5 to 390%) when comparedht investigated rivers (0.6 to 1.9%)
showed that the hospitals are a potential sourcemoftidrug resistant bacteria.
Furthermore, with regards to the relative abunddoged in municipal waste water (13%)
hospital effluents can be seen as a hotspot fdriatiti resistant bacteria (PILLS 2012).
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Figure 3.1. Concentration of antibiotic resistarinkegrons and proportion of bacteria with antiloti
resistance integrons in hospital waste water ingarison to municipal waste water and river wateged
from PILLS 2012).

3.1.4 Hospitals as a point source of PhCs

The aims of this chapter were to investigate theugence of 73 common PhCs from
12 different therapeutic classes in the efflueninaf hospitals (medium-sized and large) in
the province of Ferrara, north Italy, and in thBuent and effluent of the local municipal
WWTP, which also receives and co-treats the wastewiaom the larger hospital. In
particular : (i) to compare the PhC concentratidissharged by the two hospitals over the
same period, (ii) to evaluate the PhCs dischargethé large hospital over two different
periods, (iii) to compare these concentrations witbse found in the influent to the
WWTP during the same period, (iv) to evaluate tlmtgbution, in terms of the
compounds detected, of the large hospital to tta tafluent to the WWTP, and finally (v)
to assess and compare the potential environmeistalof hospital effluent and WWTP
influent by mean of RQ. In this way, this studyeatpts to provide an initial assessment of
these issues with a view to comparing the chenaindl ecotoxicological characteristics of
hospital effluent with those of the influent to W&V TP charged with co-treating hospital

wastewater.
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3.2 Experimental materials and methods

3.2.1 Hospitals and WWTP under Investigation
3.2.1.1 Lagosanto hospital ( Hospital A)

It is @ medium-sized hospital with 300 beds, 650niners of staff and twelve main
wards. It is situated in the town of Lagosanto (b@thabitants), 30 km from Ferrara, in a
coastal area that is densely populated in summertioe to tourist influx (in the peak
months of July and August, the population is setmeres higher than the resident one).
Hospital flow rate is regularly monitored by théemal Water and Wastewater Network
Managing Body. The resulting average flow rategeas to 160 md*, corresponding to a

specific water consumption of about 550 L Betf.

3.2.1.2 Ferrara hospital (Hospital B)

It is a large hospital with 900 beds, 2000 memioérstaff and a total of over 50
wards and departments. It is located in the cenfrahe city of Ferrara (135,000
inhabitants) and its effluent is directly dischatgato the combined sewage network,
conveyed to the Ferrara WWTP and co-treated withutlhan WWs. Ferrara Hospital flow
rate is regularly monitored by the internal Wated aVastewater Network Managing
Body. The resulting average flow rate is equal @ 6% d*, corresponding to a specific
water consumption of about 670 L Bed®, and its bed density, that is the number of beds

per 1000 inhabitants, is roughly 6.5.

3.2.1.3 Ferrara WWTP

Designed for 120 000 population equivalent (pe), pérforms preliminary
treatments (screening and grit removal), a biolmigizeatment and a final NaClO
disinfection step. The biological treatment corssisf a conventional activated sludge
system including denitrification (V = 4000%mand nitrification (V = 6100 A) steps,
followed by secondary sedimentation (V = 6008) figure 3.2. It operates at a low-to-
medium load, at an average hydraulic retention tohé h, a sludge age of 8 d and a
mixed liquor concentration of approximately 3.5kg. The WWTP influent flow rate is
on average 28 000%™, and Hospital B contributes roughly 2 % of thdtieft hydraulic

load.
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Figure 3.2. WWTP of Ferrara

3.2.2 Target Compounds

The 73 PhCs under investigation are reported irlefdld., grouped according to
their therapeutic class. These compounds weretsdlécie to their high prescription rates
or volumes, the availability of a reliable analysiethods (Gros et al., 2006), as well as
due to their occurrence and ubiquity in the aquatwironment (Bell et al., 2011,
Daughton and Ternes, 1999, Fatta-Kassinos et @l]1,2Pal et al., 2010). The selected
compounds represent the most consumed within teeiesponding therapeutical class. It
Is quite evident that analgesics and anti-inflanames are the groups most investigated,
followed by beta-blockers and lipid regulators.

Table 3.1. Investigated pharmaceutical compoundsgpgd according to therapeutic class.

THERAPEUTIC

COMPOUNDS
CLASS

] _Acetaminophen, Codeine, Diclofenac, Ibuprofen, mdthacin, Ketoprofen,
Analgesics / Anti- ) ]
A ) Mefenamic acid, Naproxen, Phenazone, Phenylbuta®meyphenazone,
inflammatories o ]
Salicylic acid
Azithromycin, Chloramphenicol, Chlortetracyclingpéfloxacin,
Clarithromycin, Danofloxacin, Doxycycline, Enoxaclnrofloxacin,
B Antibiotics Erythromycin, Josamycin, Metronidazole, NifuroxagitNorfloxacin, Ofloxacin,
Oxytetracycline, Roxythromycin, Spiramycin, Sulfazine, Sulfamethazine,
Sulfamethoxazole, Tetracycline, Tilmicosin, Trimaphim, Tylosin A
C Anti-diabetics Glibenclamide
D Anti-hypertensives  Enalapril, Hydrochlorothiazidésinopril

E Barbiturates Butalbital, Pentobarbital, Phenoibalrb
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F Beta-agonists Clenbuterol, Salbutamol

Atenolol, Betaxolol, Carazolol, Metoprolol, Nadal&lindolol, Propranolol,
G Beta-blockers )
Sotalol, Timolol
H Diuretics Furosemide
o Atorvastatin, Bezafibrate, Clofibric acid, Fenofite, Gemfibrozil, Mevastatin,
| Lipid regulators ]
Pravastatin
J Psychiatric drugs Carbamazepine, Diazepam, Himexd_orazepam, Paroxetine
K Receptor antagonists Cimetidine, Famotidine, tamtme, Ranitidine

L Antineoplastics Tamoxifen

3.2.3 Sampling Sites and sample preparation

Four sampling points were monitored: the effludrdsn Hospitals A and B and the
influent and the effluent of Ferrara WWTP. Two expental campaigns were carried out
in August 2009 (summer) and in March 2010 (wintém)the first period, water samples
were taken from the raw effluent of Hospital A< 4) and Hospital Bn(= 4), while in the
second one, from the effluent of hospitalrB<4) and the influent and the effluent of the
Ferrara WWTP 1f = 4). Manholes located on the property line ofhe&ospital were
selected as sampling points, based on their sliiyalbor covering all of the sewage
discharges from the facility. Portable auto sangplgigma 900) were used to collect
samples from each sampling point.

24-hour composite water samples were collected fmwerdays on each sampling
point at a rate of one sample per hour (a totaRé4fsub-samples, 125 mL each were
collected over 24 hours). To insure representaggenpling and consistency in the
estimation of the mass loadings at the differingateons, identical sampling strategies (the
same sampling frequencies) were used for both taydpieffluent and WWTP influent.
Water samples were collected only in dry days ideorto avoid dilution effects.
Wastewater samples were collected in amber glaste®opre-rinsed with ultra-pure
water, as 24-h composite samples. The samples imenediately transported to the near
laboratory under cooled conditions (4 °C). Uporepimon, samples were filtered through
0.45um Nylon filters (Whatman, Maidstone, UK) to elimiasguspended solid matter and
then frozen until analysis (less than a week) @t°Q. It is important to observe that the
fraction of the selected pharmaceutical sorbed tresuspended solids is removed during
preparation phase and, as a consequence, the \@l{eseasured) concentrations found

correspond to the dissolved fraction of the ingged compounds.
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3.2.4 Standards

All standard solutions used were of a high puritadg (>90%). Isotopically
labelled compounds, used as internal standardse: Wi&-phenacetin, fluoxetinesdand
flumequine from Sigma-Aldrich (Steinham, Germangllfathiazole-g from Toronto
Research Chemicals, diazepagmahd phenobarbitalsdfrom Cerilliant (Texas, USA),
atenolol-@, carbamazepinezgl ibuprofen-g from CDN isotopes (Quebec, Canada) and
mecoprop-d from Dr. Ehrenstorfer (Augsburg, Germany). Bottdiudual stock standard
and isotopically labelled internal standard solsiavere prepared on a weight basis in
methanol, except fluoroquinolones, which were dissb in a water:methanol mixture
(1:1) containing 0.2% v/v hydrochloric acid (Golet al., 2002). After preparation,
standards were stored at —20°C. Due to their langgability, fresh stock solutions of
antibiotics were prepared monthly, while stock sohs for the other substances were
renewed every three months. A mixture of all phareogicals was prepared by appropriate
dilution of individual stock solutions in methanelater (25:75, v/v). Working standard
solutions, also prepared in a methanol-water (25¢/A5 mixture, were renewed before
each analytical run. A separate mixture of isotalyyclabelled internal standards, used for
internal standard calibration, was prepared in ar@h and further dilutions in methanol—

water (25:75, v/v) mixture.

3.2.5 Analytical methods

The multiresidue analytical method developed bysGebal. (2009) was used to
measure the selected pharmaceuticals in wastewaBasfly, after filtration, an
appropriate volume of aqueous solution of 5% Na2EDW¥ere added to 200 mL of
WWTP effluent and 100 mL of influent (hospital anfdam) wastewaters, respectively, to
achieve a final Na2EDTA concentration of 0.1% in saeples. The measured volumes
were afterwards preconcentrated onto a lipophilarephilic balanced Oasis HLB (60 mg
and 3 mL) cartridge, using a Baker vacuum systeri. (Baker, Deventer, The
Netherlands) at a flow rate of 5 mL/min. After saenpfeconcentration, cartridges were
rinsed with 5 mL of HPLC grade water and were dueder vacuum for 15-20 min, to
remove excess of water. Elution of target compownas performed with 2 x 4 mL pure
methanol. Extracts were evaporated to dryness uadegentle nitrogen stream and

reconstituted with 1 mL of methanol-water (25 :¥by). Finally, 10 pL of a 1 ng it
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standard mixture containing the internal standavdee added in the extract for internal
standard calibration. Instrumental analysis wasopered by liquid chromatography, using
an Agilent HP 1100 HPLC (Palo Alto, CA, USA) systeaquipped with an auto sampler
and connected in series with a 4000 QTRAP hybipdetrquadrupole-linear ion trap mass
spectrometer operating with a Turbo lon Spray seApplied Biosystems-Sciex, Foster
City, CA, USA). Chromatographic separation was eebd with a Purospher Star RP-18
endcapped column (125 mm x 2.0 mm, particle sizenf preceded by a C18 guard
column (4 x 4,5 um), both supplied by Merck (Darw$t Germany). For the analysis in
NI mode , eluent A was a mixture of acetonitriletinamol (1:1, v /v) and eluent B was
HPLC grade water at a flow rate of 0.2 mL/min, whasethe analysis in Pl mode was
performed using acetonitrile as eluent A and HPI&g water with 0.1% formic acid as
eluent B. Appendix B.1. provides details of theimmed QgLIT-MS parameters (two

SRMs, collision energies) for each investigated goumd in negative and positive
ionization modes. Limits of detection (LOD) for thevestigated compounds were in the
range 1-16 ng t for the WWTP influent and the effluent form theotwospitals and in the

range 1-18 ng T for the WWTP effluent. Table 3.2. reports the ealdor each selected

substance. Recoveries of the methods were deteinbiypnenalysing fortified samples of

each type of wastewater spiked in triplicate taglL™. They were in the range 22-145 %.

The single values with relative standard devia{R8D) are reported in Table 3.2.

3.2.6 Risk Quotients (RQ) and Ecotoxicological Risk Assesent

The potential risk of PhCs was assessed by meariseof risk quotient values
(RQ), calculated as the ratio between their MEC RN&EC. PNEC values were estimated
on the basis of toxicity data reported for seveaglatic organisms: bacteria, algae,
invertebrates and fish (as reported in Table 2Atyording to (EC 2003; Tauxe-Wuersch
et al., 2005), PNEC values were estimated as 1ldd€stlower than the most sensitive
species assayed (marked in bold in the Table Z@.3s to take into account the effect on
other, potentially more sensitive, aquatic sped@shose used in toxicity studies. A
commonly used risk ranking criterion was applied) R 0.1, minimal risk to aquatic
organisms, 0.X RQ < 1, median risk; RQ 1, high risk (De Souza et al., 2009; Hernando
et al., 2006; Zhao et al., 2010).
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Table 3.2. Recovery and limits of detection (LOD}he selected compounds.

% Recovery (+RSD) LOD (ng LY
Therapeutic Compound Hospital A Hospital B Hospital B WWTP inf. WWTP eff. Hospital A Hospital B Hospital B WWTP inf. WWTP eff.
Class (Summer) (Summer) (Winter) (Winter) (Winter) (Summer) (Summer) (Winter) (Winter) (Winter)
Acetaminophen 92 (£3) 121 (£1) 96 (+4) 131 (29) (805) 2 3 7 11 8
Codeine 86 (+8) 78 (£5) 113 (£3) 75 (+6) 94 (+2) 3 3 2 6 7
Diclofenac 127 (#12) 89 (+3) 78 (x11) 100 (x9) 102 (£5) 4 5 5 2 2
Ibuprofen 83 (x13) 91 (+7) 105 (£5) 111 (x14) 138 8 6 11 9 9
. . Indomethacin 80 (£13) 94 (£6) 116 (+1) 103 (x3) (&%) 2 3 3 6 7
Analgesic/anti-y o1 ofen 55 (+3 112 (+6 89 (8 62 (+4 73313 3 4 7 7 8
inflammatories prote . (£3) (+6) (+8) (4) 3
A Mefenemic acid 128 (1) 124 (£5) 95 (+2) 86 (£7) @35) 6 7 4 5 3
Naproxen 98 (+4) 118 (x2) 116 (1) 104 (£1) 95 (+3) 11 5 5 6 3
Phenazone 100 (£3) 103 (x1) 96 (x15) 85 (x13) 8L+ 2 3 8 5 6
Phenylbutazone 120 (£9) 111 (4) 81 (+4) 67 (£3) (926) 3 5 4 6 3
Propyphenazone 119 (29) 130 (£3) 104 (£15)123 (x12) 98 (x21) 2 6 3 2 5
Salicylic acid 91 (+4) 88 (¥8) 78 (x25) 56 (+6) 047) 12 9 8 11 6
Azithromycin 45 (£3) 58 (+1) 85 (+9) 78 (x7) 76 (3L 3 4 2 2 4
Chloramphenicol 87 (x13) 95 (+2) 96 (+25) 86 (1) 8 (#6) 9 8 4 9 7
Chlortetracycline 56 (+4) 90 (£7) 100 (£8) 56 (x1) 74 (29) 12 11 8 14 9
Ciprofloxacin 103 (£3) 62 (5) 105 (£5) 107 (£7) 3p13) 3 4 3 3 2
Clarithromycin 89 (x23) 95 (£2) 91 (1) 78 (6) 1p49) 4 3 6 6 2
Danofloxacin 101 (x9) 109 (£6) 104 (£3) 103 (4) Qe2) 7 8 5 9 3
Doxycycline 94 (£7) 56 (+3) 67 (x10) 41 (£26) 103§ 11 8 15 16 18
Enoxacin 120 (£6) 98 (+7) 121 (+4) 133 (x9) 89 (¥17 3 6 5 7 2
Antibiotics  Enrofloxacin 89 (£1) 107 (£3) 88 (£1) 79 (4) 9+ 4 5 5 2 3
B Erithromycin 99 (+3) 96 (+9) 112 (#16) 103 (3) 95 (5) 7 5 8 7 8
Josamycin 112 (x9) 91 (+4) 87 (x7) 46 (+4) 23 (¥8) 3 2 3 2 1
Metronidazole 37 (£5) 22 (+1) 47 (£9) 56 (£3) 45)+ 6 5 3 4 1
Nifuroxazide 111 (£2) 56 (+4) 79 (5) 96 (+1) 871+ 11 14 12 9 7
Norfloxacin 56 (+3) 43 (19) 112 (£2) 118 (x7) 1081 8 5 6 6 3
Ofloxacin 135 (x1) 94 (£7) 79 (x25) 98 (+23) 79 {#1 1 2 1 1 1
Oxytetracycline 100 (#23) 105 (+18) 95 (+12) 78 (+8) 45 (19) 6 8 7 12 15
Roxithromycin 120 (£1) 94 (5) 56 (+3) 99 (+9) 3] 4 5 6 3 2
Spiramycin 145 (£5) 80 (+4) 98 (+7) 93 (+6) 109 31 2 3 2 3 2
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% Recovery (+tRSD)

LOD (ng LY

Therapeutic Compound Hospital A Hospital B Hospital B WWTP inf. WWTP eff. Hospital A Hospital B Hospital B WWTP inf. WWTP eff.
Class (Summer) (Summer)  (Winter) (Winter) (Winter) (Summer) (Summer) (Winter) (Winter) (Winter)
Sulfadiazine 131 (£6) 45 (£3) 105 (£3) 103 (x4) &B24) 2 4 4 5 7
Sulfamethazine 56 (+5) 97 (+8) 96 (+9) 124 (£3) (85) 2 4 5 2 6
Sulfamethoxazole 73 (1) 56 (x1) 98 (£3) 87 (5) 0123) 1 3 2 3 1
Tetracycline 81 (x7) 85 (28) 123 (£18) 99 (5) 95 (+2) 7 9 12 14 13
Tilmicosin 145 (£3) 103 (£3) 78 (+1) 94 (+1) 82 @1 1 2 1 3 6
Trimethoprim 57 (x7) 51 (x7) 86 (6) 119 (£11) 8818) 1 1 2 1 1
Tylosin A 103 (£3) 86 (+8) 107 (#19) 102 (#7) 145 (£1) 2 1 2 3 1
Anti-diabeticC Glibenclamide 56 (+3) 76 (1) 98 (x7) 112 (£21) ©@15) 3 5 2 4 2
Anti- Enalapril 92 (+11) 106 (£17) 65 (+8) 93 (+3) 69 J+7 2 1 3 2 4
hypertensive® Hydrochlorothiazide 83 (x15) 86 (+x19) 100 (x1) 103 (£3) 87 (+9) 6 9 21 13
Lisinopril 91 (+4) 98 (+7) 134 (£8) 111 (£6) 95 (k3 2 3 12 15 9
Barbiturates Butalbital 103 (x3) 56 (¥12) 45 (£2) 47 (£1) 69 (+1 2 1 5 6 3
E Pentobarbital 45 (£7) 51 (¥23) 119 (x4) 99 (+19) 31@6) 5 2 3 4 3
Phenobarbital 35 (+1) 48 (+4) 75 (£3) 44 (+8) 28+ 1 1 2 3 2
Beta-agonists Clenbuterol 105 (#23) 91 (7) 95 (+2) 115 (£8) 117 (£7) 2 2 1 1 1
F Salbutamol 80 (+20) 89 (+11) 135 (£1) 97 (+1) 79)+ 1 1 1 2 1
Atenolol 34 (£5) 83 (+13) 145 (£8) 58 (+4) 118 (#6) 4 5 11 13 9
Betaxolol 118 (£3) 56 (+3) 95 (+2) 101 (£1) 120¢5 2 3 2 2 1
Cerazolol 99 (+1) 98 (+7) 92 (+16) 79 (x9) 91 (¢6) 1 1 1 2 1
Beta-blockers Metoprolol 113 (£5) 107 (£3) 129 (1) 136 (£6) 159 | 1 2 1 3 1
G Nadolol 106 (¥x12) 96 (x9) 90 (1) 87 (+8) 97 (x3) 2 2 1 1 2
Pindolol 45 (£3) 75 (x23) 103 (£3) 108 (x9) 49 (316 3 1 3 2 4
Propranolol 69 (8) 61 (5) 104 (1) 70 (£8) 57 Y+9 2 2 1 1 1
Sotalol 73 (x9) 117 (£19) 110 (£4) 56 (+7) 91 (x7) 3 5 9 8 10
Timolol 45 (¥12) 79 (+3) 62 (x15) 56 (+6) 101 (x14) 2 1 5 3 2
DiureticsH  Furosemide 78 (x19) 59 (29) 100 (x1) 96 (7) 93)(x 3 5 6 8 9
Atorvastatin 89 (x19) 131 (x12) 111 (£1) 118 (#3) 5@&3) 1 3 5 3 4
- Bezafibrate 134 (£1) 95 (1) 97 (¥5) 95 (7) 56 (+3 1 1 2 2 2
re;hﬁgors Clofibric acid 135 (+1) 120 (x7) 108 (¥15) 71 (£3) 98 (+7) 1 2 1 1 1
| Fenofibrate 110 (x9) 117 (£18) 92 (+1) 79 (29) 1a83) 2 1 3 1 1
Gemfibrozil 145 (1) 64 (+23) 67 (+1) 87 (5) 969+ 2 3 2 1 1
Mevastatin 126 (¥9) 113 (x2) 110 (£7) 72 (+9) 8B+ 5 6 8 9 7
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% Recovery (+RSD) LOD (ng LY
Therapeutic Compound Hospital A Hospital B Hospital B WWTP inf. WWTP eff. Hospital A Hospital B Hospital B WWTP inf. WWTP eff.
Class (Summer) (Summer)  (Winter) (Winter) (Winter) (Summer) (Summer) (Winter) (Winter) (Winter)
Pravastatin 114 (£23) 69 (+3) 98 (1) 90 (+7) 71 (x14) 12 11 9 13 15
Carbamazepine 92 (+¥19) 68 (19) 92 (1) 145 (£8) [(zir)] 3 4 2 4 5
Psychiatric Diazepam 101 (#15) 45 (x26) 76 (x12) 103 (£3) 59 (+16) 1 1 2 1 2
drugs Fluoxetine 139 (£1) 96 (5) 92 (6) 109 (x9) 10B)+ 3 2 2 1 2
J Lorazepam 100 (£3) 123 (x7) 103 (£3) 91 (1) 9871 8 7 8 9 11
Paroxetine 103 (£8) 135 (£15) 87 (x9) 45 (£18) 183) 2 3 2 2 3
Cimetidine 103 (£3) 56 (+25) 67 (£3) 78 (+1) 89 J+9 1 3 3 5 2
aﬁgcgeopr:ic;rts Famotidine 119 (+9) 109 (¥13) 92 (#8) 95 (+2) 186) 2 3 2 4 3
K Loratadine 132 (£3) 79 (1) 75 (£7) 103 (£3) 98 7 3 1 2 3 2
Ranitidine 138 (+4) 127 (¥15) 94 (+9) 97 (x6) 133) 8 7 8 11 10
CytostaticL Tamoxifen 138 (1) 65 (£3) 103 (£3) 145 (£2) 98]+ 1 1 2 1 1
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3.3 Results and discussion

Table 3.3. shows the ranges of concentrations la@adrresponding average values
(in brackets) of the investigated compounds indfileients from Hospital A (in summer),
Hospital B (in summer and in winter) and in thdueht and effluent of Ferrara WWTP (in
winter). The final row reports the number of compds detected during the investigation
periods (occurrence). In descending order, thedsighccurrence of PhCs was detected in
the WWTP influent (63), in Hospital B effluent ininter (62), Hospital A effluent in
summer (61) and in the WWTP effluent (58). The Isiveumber of detected substances
was found in the Hospital B effluent in summer (49)

Among the analgesics/anti-inflammatories, also @sagnding order, the highest
average concentrations were found for ketoprofepga. ™), acetaminophen (4.fg L
ug/L) in Hospital A effluent, acetaminophen (414 L) and indomethacin (242g L) in
Hospital B effluent in summer, naproxen (41§ L) and ibuprofen (2.6) in Hospital B
effluent in winter, ibuprofen (1.ug L") and naproxen (0.83g L% in the WWTP
influent, followed by mefenamic acid (0.68) L) and diclofenac (0.2@g L™) in the
WWTP effluent.

Among the antibiotics, the most prevalent compoundee: ofloxacin (1ug LY
and ciprofloxacin (12pg L™Y) in Hospital A effluent, ofloxacin (3.7ug L) and
sulfamethoxazole (1.8g L™) in Hospital B effluent in summer, ofloxacin (fg L™) and
sulfamethoxazole (2fig L) in Hospital B effluent in winter, ciprofloxacir22 pg L™
and ofloxacin (1.Qug L™) in the WWTP influent, followed by ciprofloxaci®.64ug L™
and clarithromycin (0.28g L™) in the WWTP effluent.

Hydrochlorothiazide was the most present anti-higmsive at the four sampling
points, being detected at concentrations ofiy& ™ in Hospital A effluent, 0.68ig L™ in
Hospital B effluent (summer), 2j2g L™ in Hospital B effluent (winter), 2.jig L™ in the
WWTP influent, and 1.2ug L* in the WWTP effluent. Among the barbiturates,
pentobarbital had the highest concentrations inpialsA effluent (0.035ug L), and
butalbital the highest concentrations in HospitaéfBuent in summer (0.03@g L) and
winter (0.36pg L), while phenobarbital was most prevalent in the WRAinfluent (0.21
ug LY and effluent (0.14ug L™Y). Salbutamol was the beta-agonist with the highest
concentration in the effluent of Hospital A (0.06§ L) and Hospital B in summer (0.028
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ug L), whereas clenbuterol had the highest concentrsiio Hospital B effluent in winter
(0.18pg L™). The most represented beta blockers were: ateapf%lug L™ and sotalol at
4.8ug L™ in Hospital A effluent, and atenolol 2u4y L™ in Hospital B effluent in summer;
in winter atenolol was detected at 51§ L™ and sotalol at 5.Jug L™ in Hospital B
effluent, while in the WWTP influent, atenolol wimind at 2.1ug L™ and sotalol at 0.53
ug L, in contrast with the 0.3ag L™ sotalol and 0.073ig L™ atenolol detected in the
WWTP effluent. Among the lipid regulators, thosehwihe highest concentrations were
mevastatin in Hospital A effluent (1jdg L™) and in Hospital B effluent in summer (0.49
ng LY, atorvastatin in Hospital B effluent in winter.2@ pg L™), and gemfibrozil in the
WWTP influent (0.20pg LY and effluent (0.11pg LY. The psychiatric drug
carbamazepine and the receptor antagonist raretidisplayed the highest concentrations
of their type at all the sampling points.

There are limited data that allow for a compariseferring to PhC occurrence in
hospital effluents, however Verlicchi et al. (20)0viewed the variability ranges for
some compounds of different therapeutic classesawn hospital wastewater. Based on
these findings, measured concentrations for PhCsospital A and B effluents are in
agreement with those reported in Verlicchi et &@010b), except for erythromycin
(measured concentrations are 2 order of magnitodesrl than those of the review),
propranolol and gemfibrozil (1 order of magnitudevér). More literature data are
available regarding the presence of PhCs in urbastewaters. A comparison with the
variability intervals found in different countridsy Jelicic and Ahel, (2003), Kasprzyk-
Hordern et al. (2009), Radjenovic et al. (2009)pb&ts and Thomas (2006), Rosal et al.
(2010) Sipma et al. (2010) Sui et al. (2010) andlishi et al. (2010b) shows that
measured concentrations in the influent of FerVelkTP is in good agreement with them
except for codeine, erythromycin, propranolol amdetidine that were at a concentrations

of 1 order of magnitude lower than those reportgdterature.

On the basis of the concentration data reportedeghlie following comparisons
were made between: the two hospital effluents mreer, the effluent of Hospital B in
summer and winter, and Hospital B effluent and &arrWWTP influent (which, in
addition to urban wastewater, receives that of HakB) in winter.
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3.3.1 Comparison of PhC Concentrations in the Effluent fom Hospitals A and B in

Summer

Data reported in Table 3.3. show that, for the migjoof the compounds
considered, concentrations were higher in the efiilof Hospital A than those in that of
Hospital B. Only 12 out of the 73 investigated PhG®deine, phenylbutazone,
azithromycin, chlortetracycline, josamycin, sulfadne, butalbital, phenobarbital,
propranolol, atorvastatin, carbamazepine and fltioge were detected in lower
concentrations in Hospital A effluent than thoserfd in Hospital B.

The relatively large dose/population ratios det@ceteHospital A could be due to
the fact that:ij Hospital A is situated in a coastal area, denpejyulated by tourists in the
summertime, the period in which the water sampleseewaken; thus, analyses may reflect
that a higher consumption of PhCs than averagermatuand/or i{) Hospital A has a

lower daily water demand, resulting in lesser dbluitof the micropollutants present.

3.3.2 Comparison between Summer and Winter Concentrationsf PhCs in Hospital

B Effluent

Data of Table 3.3. show that 49 compounds werectitein summer and 62 in
winter. Five compounds were found only in summed a8 only in winter. Only 6
compounds (phenazone, danofloxacin, enrofloxaglasin A, fenofibrate and tamoxifen)
were not detected at either sampling point at ang.tOf the 44 compounds found at least
in one sampling point, the winter concentrationgey®n average, greater than those
detected in the summer, with their ratio rangingMeen 1.1 (sulfamethoxazole) and 190
(clarithromycin), with an average value of 10.4standard deviation of 31.3, and d"95
percentile equal to 16.9. Only 2 anti-inflammatsr{acetaminophen and indomethacin), 5
antibiotics (chlortetracycline, doxycycline, josariy, oxytetracycline, tetracycline and
trimethoprim), the anti-hypertensive lisinopril,ettbeta-blocker propanolol, the diuretic
furosemide, the lipid regulator mevastatin and pgchiatric drug carbamazepine were
found at 1.3-4 times higher summer concentratiblas those detected in the winter (on

average 2.3 times).
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Table 3.3. Ranges and average concentration le¥gdbarmaceuticals in effluents from the two haapitand in the influent and effluent of
Ferrara WWTP.

Compoundpg L™ Hospital A (Summer) Hospital B (Summer) Hospital B (Winter) WWTP Influe WWTP Effluent (Winter)

Therapeutic Class

(Winter)

Acetaminophen 3.3-5.9 (4.5) 3.5-4.7 (4.1) 1.4-2.5) 0.50-1.2 (0.81) 0.012-0.058 (0.030)
Codeine 0.26-0.43 (0.36) 0.42-0.64 (0.53) 0.41¢3.9) 0.09-0.15 (0.11) 0.052-0.082 (0.066))
Diclofenac 0.17-0.46 (0.30) 0.18-0.27 (0.22) 0.4830(0.51) 0.36-0.48 (0.44) 0.22-0.33 (0.28)
Ibuprofen 1.0-2.5(1.7) 0.38-0.81 (0.60) 2.2-3.3)2 0.93-1.2 (1.0) 0.010-0.12 (0.081)
Indomethacin 0.31-4.1 (2.5) 0.90-3.4 (2.2) 0.4Qtq®53) 0.061-0.20 (0.16) 0.06-0.13 (0.10)
Analgesics/anti- Ketoprofen 2.2-9.8 (5.0) 0.83-1.4 (1.1) 1.1-1.8(1.4 0.13-0.19 (0.17) 0.056-0.11 (0.085))
inflammatoriesA Mefenamic acid 0.18-0.50 (0.33) 0.10-0.13 (0.12) 330.75 (0.55) 0.56-1.2 (0.90) 0.41-0.91 (0.66)
Naproxen 1.2-3.2 (2.3) 0.34-0.48 (0.41) 1.1-11)4.9 0.78-0.91 (0.83) 0.10-0.21 (0.18)
Phenazone <LOD <LOD <LOD <LOD <LOD
Phenylbutaz. 0.01-0.05 (0.04) 0.048-0.080 (0.063)  .12.17 (0.14) 0.067-0.13 (0.11) 0.037-0.060 (R)05
Propyphen. <LOD-0.020 (0.011) <LOD 0.011-0.1088)p0 0.038-0.074 (0.053) 0.024-0.068 (0.042)
Salicylic acid 0.90-1.9 (1.3) 0.99-1.1 (1.0) 1.9-22.22) 0.21-1.1 (0.50) 0.11-0.13 (0.12)

Azithromycin

<LOD-0.11 (0.030)

0.045-0.050 (0.047)

0.58-1.04 (0.80)

0.01-0.33 (0.13)

0.07-0.18 (0.13)

Chloramphenicol  <LOD-0.036 (0.012) <LOD < LOD-0.@078) 0.013-0.024 (0.019) <LOD
Chlortetracycline 0.02-0.06 (0.04) 0.063-0.094 @) <LOD <LOD <LOD
Ciprofloxacin 10-15 (12) 1.4-1.9 (1.6) 15-26 (21) 1-B.7 (2.2) 0.29-1.1 (0.64)
Clarithromycin 0.02-0.14 (0.06) 0.050-0.064 (0.058) 9.3-14 (11) 0.11-0.78 (0.31) 0.26-0.31 (0.28)
Danofloxacin <LOD <LOD <LOD <LOD <LOD
Doxycycline 0.10-0.27 (0.17) 0.056-0.97 (0.078) Qn <LOD <LOD
Enoxacin 0.33-0.48 (0.41) 0.058-0.10 (0.080) 0.45@0.27) 0.081-0.13 (0.10) 0.03-0.10 (0.061)
Antibiotics B Enroﬂoxacir_w <LOD <LOD <LOD <LOD <LOD
Erythromycin 0.06-0.32 (0.16) 0.080-0.086 (0.082) .091-0.23 (0.16) 0.010-0.072 (0.045) 0.010-0.03816)
Josamycin <LOD-0.012 (0.003) 0.011-0.015(0.012) LOD-0.01 (0.01) < LOD -0.007 (0.0020) <LOD
Metronidazole 0.33-1.64 (0.72) 0.26-0.39 (0.033) 85601.1 (0.96) 0.028-0.056 (0.042) 0.013-0.041 (8)02
Nifuroxazide 0.10-2.56 (1.4) 0.10-0.16 (0.14) 0@33 (0.29) 0.019-0.076 (0.052) 0.010-0.022 (0.013)
Norfloxacin 0.04-0.10 (0.07) 0.023-0.044 (0.034) 220.51 (0.35) 0.15-0.31 (0.020) 0.14-0.17 (0.15)
Ofloxacin 13-22 (19) 3.3-4.1 (3.7) 25-37 (31) 023-(1.0) 0.22-0.52 (0.39)
Oxytetracycline 0.30-1.3 (0.78) 0.074-0.10 (0.089) <LOD <LOD <LOD
Roxithromycin <LOD <LOD 0.02-0.14 (0.079) <LOD3d. (0.063) 0.013-0.053 (0.029))
Spiramycin <LOD-0.040 (0.010) <LOD 0.034-0.11 @BY < LOD-0.15 (0.061) 0.019-0.053 (0.029)
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Therapeutic Class

Compoundpug L* Hospital A (Summer) Hospital B (Summer)

Hospital B (Winter)

WWTP Influe
(Winter)

WWTP Effluent (Winter)

Sulfadiazine 0.029-0.033 (0.032)

0.077-0.12 (0.10)  0.27-0.38 (0.33)

0.013-0.026 (0.022)

0.010-0.020%7)

Sulfamethazine <LOD-0.014 (0.0070) <LOD 0.013-0.03 (0.023) 0.010-0.033 (0.018) 0.01@15 (0.011)
Sulfamethoxazole 3.0-6.5 (4.2) 0.90-2.7 (1.8) BAH(2.0) 0.28-0.74 (0.44) 0.17-0.24 (0.21)
Tetracycline <LOD-0.026 (0.014) <LOD-0.033 (0.017) <LOD <LOD <LOD
Tilmicosin 0.05-0.07 (0.06) 0.014-0.020 (0.015) DAL35 (0.26) 0.021-0.46 (0.25) <LOD-0.081 (0.036)
Trimeth. 0.80-1.8 (1.2) 0.45-0.86 (0.65) 0.068-0(34.8) 0.039-0.072 (0.058) 0.036-0.051 (0.040)
Tylosin A <LOD <LOD <LOD <LOD <LOD
Anti-diabeticsC  Glibenclamide 0.05-0.10 (0.07) 0.066-0.071 (0.068) 0.072-0.11 (0.10) 0.081-0.96 (0.087) 0.01-0.085B)
Enalapril 0.15-0.27 (0.20) 0.091-0.18 (0.13) 0.2400(0.31) 0.071-0.10 (0.082) <LOD
Anti-hypertensive® Hydrochlorotiazide 1.3-2.1 (1.8) 0.54-0.82 (0.68) 1.8-2.4 (2.2) 188R.7) 0.97-1.4 (1.2)
Lisinopril 0.08-0.61 (0.25) 0.089-0.34 (0.21) <LOD <LOD <LOD
Butalbital 0.014-0.038 (0.022)  0.011-0.052 (0.032) 0.25-0.48 (0.36) 0.072-0.25 (0.13) 0.090-0.13 (p.10
Barbiturate€  Pentobarbital 0.011-0.074 (0.035)  0.014-0.025 @01 0.11-0.15 (0.13) 0.021-0.043 (0.021) 0.01-0.@2818))
Phenobarbital <lod-0.029 (0.0014)  0.013-0.030 (D)02 0.13-0.36 (0.25) 0.11-0.27 (0.21) 0.11-0.1749.1
Beta-agonist§ Clenbuterol <LOD <LOD 0.86-1.19 (1.1) 0.22-0.2926) 0.13-0.21 (0.18)
Salbutamol 0.04-0.10 (0.062) 0.026-0.030 (0.028) 104@.14 (0.12) 0.011-0.020 (0.013) 0.010-0.0171P)0
Atenolol 3.5-6.2 (5.1) 2.2-2.6 (2.4) 5.1-6.6 (5.8) 1.8-2.4 (2.1) 0.55-0.98 (0.073)
Betaxolol <LOD-0.020 (0.011) <LOD < LOD-0.01 (0)01 < LOD-0.007 (0.002) <LOD
Cerazolol <LOD <LOD < 0.0018-0.0023 (0.002) < LOm1 <LOD
Metoprolol 0.58-0.99 (0.83) 0.51-0.97 (0.74) 0.88-1.1) 0.22-0.29 (0.26) 0.13-0.21 (0.18)
Beta-blockerss  Nadolol <LOD <LOD < LOD-0.0034 (0.0012) < LOD-0.®(0.011) <LOD
Pindolol 0.032-0.26 (0.12) <LOD 0.034-0.048 (0038 <LOD-0.011 (0.0030) <LOD
Propranolol <LOD-0.051 (0.023) 0.076-0.094 (0.085) 0.030-0.061 (0.043) 0.014-0.045 (0.026) 0.013-6.2018)
Sotalol 3.8-5.9 (4.8) 0.35-0.61 (0.048) 3.3-6.1)5. 0.37-0.64 (0.53) 0.21-0.47 (0.32)
Timolol <LOD <LOD 0.022-0.039 (0.033) 0.010-0.006014) < LOD-0.013 (0.010)
DiureticsH Furosemide 11-18 (14) 6.4-7.7 (7.1) 5.3-6.3 (5.8) 0.39-0.47 (0.42) 0.08-0.35 (0.27)
Atorvastatin 0.062-0.10 (0.083) 0.080-0.17 (0.13) .2400.31 (0.27) <lod -0.018 (0.011) < LOD-0.010@50)
Bezafibrate 0.057-2.9 (0.95) <LOD 0.042-0.51 (.20  0.063-0.12 (0.090) 0.011-0.048 (0.036)
Clofibric acid <LOD-0.043 (0.017) <LOD 0.010-0.0(21013) < LOD-0.012 (0.010) < LOD-0.0060 (0.0020)
Lipid regulatord  Fenofibrate <LOD-0.026 (0.010) <LOD <LOD < LODBeao (0.0060) < LOD-0.013 (0.0030)
Gemfibrozil 0.018-0.020 (0.019) <LOD 0.014-0.064033) 0.16-0.28 (0.20) 0.04-0.17 (0.11)
Mevastatin 0.38-2.0 (1.1) 0.45-0.53 (0.49) 0.0633(00.015) 0.12-0.28 (0.17) 0.03-0.14 (0.083)

Pravastatin 0.19-1.1 (0.62)

0.064-0.080 (0.077)  8D:0.27 (0.17)

0.080-0.14 (0.11)

0.04-0.07 (0.54)
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Therapeutic Class

Compoundpug L* Hospital A (Summer) Hospital B (Summer)

WWTP Influe
(Winter)

Hospital B (Winter)

WWTP Effluent (Winter)

Carbamazepine

0.64-0.87 (0.73)

0.76-1.2 (0.97)

-0.750.95) 0.30-1.17 (0.58)

0.28-0.44 (0.37)

Diazepam <LOD <LOD 0.021-0.038 (0.031) 0.002-0.00.076) <LOD
Psychiatric drugd Fluoxetine <LOD-0.018 (0.005) 0.024-0.033 (0.027) .03%-0.069 (0.056) 0.055-0.19 (0.11) 0.010-0.06640)
Lorazepam 0.62-0.79 (0.67) 0.17-0.20 (0.18) 0.4%-00.060) 0.17-0.25 (0.22) 0.08-0.14 (0.12)
Paroxetine <LOD <LOD 0.056-0.076 (0.067) 0.02080.(0.041) 0.010-0.018 (0.013)
Cimetidine 0.019-0.032 (0.026) <LOD 0.033-0.24.09. 0.029-0.061 (0.047) 0.012-0.049 (0.031)
Receptor antagonistsamotidine 0.087-0.29 (0.16) 0.035-0.048 (0.042) 078-0.13 (0.10) 0.010-0.022 (0.014) < LOD-0.0040@Q0)
K Loratadine <LOD-0.014 (0.003) <LOD 0.015-0.0260dm) < LOD-0.020 (0.013) < LOD-0.0050 (0.003)
Ranitidine 0.24-2.2 (1.5) 1.1-1.5(1.3) 1.4-4.10§3. 0.093-0.13 (0.11) 0.04-0.10 0.078)
Cytostatic agents Tamoxifen <LOD <LOD <LOD <LOD <LOD
Occurrence, n° 61 49 62 63 58
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3.3.3 Comparison between Winter Concentrations of PhCs itdospital B effluent

and WWTP Influent

The data reported in Table 3.3. show that averageeantrations of PhCs in
Hospital B effluent were higher than those foundha influent of Ferrara WWTP, with
the exception of two analgesics/anti-inflammatoriegnefenamic acid and
propyphenazone), two antibiotics (chloramphenicaid aroxythromycin), the anti-
hypertensive hydrochlorothiazide, three beta-blosKbetaxolol, cerazolol and nadolol),
two lipid regulators (gemfibrozil and mevastatingdaone psychiatric drug (fluoxetine).

As regards the other compounds, the ratio betwesspital B effluent and WWTP
influent concentrations ranged between 1.03 an8l, 3%th an average value of 7, standard

deviation of 8.5 and $5percentile of 27.

3.3.4 Contribution of Hospital B Loads to WWTP influent

Table 3.4. reports the percentage average contibof Hospital B to the load of
the investigated compounds in WWTP influent. Comqusuwere classified according to
the average percentage contribution$ @6, 5-15 %, >15 %). Hospital contributions were
< 5 % for 32 substances, between 5 and 15 % foroh&ounds and >15 for 12 PhCs (7
antibiotics, 2 receptor antagonists, 1 analgesi@iutetic and 1 lipid regulator). The
highest contributions were found for ofloxacin (6//#zithromycin (67 %), clarithromycin
(53%), ranitidine (52%) and metronidazole (45%)isTéonfirms that antibiotics represent
a critical class of compound, as reported in Vehicet al. (2012c) due to their high
consumptions inside the hospital and their stgtdrice excreted.

Unfortunately, little data is available in the fdéure for comparison with our
findings. Nevertheless, what little data is avd#al reported here below (Table 3.4.). For
instance, (Thomas et al.,, 2007a; Langford and Tison2909), evaluated the PhC
contributions originating from the two main hoststéin total 1800 beds) in the area of
Oslo (440,000 inhabitants), Norway, with a bed dgnsf 4 and (Ort et al., 2010a),
evaluated the contributions for a 200-bed Australespital with a catchment area of
45,000 people (bed density = 4.4). In Germany, éfgband Feldman, 2005), analysed
contributions from the Berlin hospitals (12,000 §ednd their catchment area (1 million
people, bed density = 12) and (Beier et al., 2014¢ contributions from Waldbrol
hospital (342 beds) and its catchment area (10)2@bitants, bed density = 33.5). Their

findings are reported in the last five columns able 3.4, which shows that percentage
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hospital contributions for the detected compounaly greatly, depending on bed density
and the compound in question. Furthermore, difieesrare evident in the usage patterns
of the various PhCs in the different countries,thapinfluential factor. In fact, the highest
levels of almost all compounds were found by (Beieal., 2011); the hospital they studied
had the highest bed density (33.5), of all thogemed in the literature, thereby indicating
the importance of this parameter.

Another interesting study was conducted by Eschat.e2011 on a Swiss general
hospital (338 beds, average flow rate 115690/eai') whose effluent is conveyed to the
near WWTP with conventional biological treatmentiathserves 54 000 inhabitants.
Based on consumption data of the top 40 pharmaedsitsold in pharmacies, drug stores
and doctor’s practices, they found that the amadfifgharmaceuticals discharged into the
WWTP from households totals to 62 % of the totahrpiaceutical load in the WWTP.
Thus the remaining 38 % stems from the hospital.
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Table 3.4. Hospital B average percentage contohstior the detected compounds with respect toNRETP influent loads and comparison
with other studies.

Classification Compound PhC This study Hebererand Thomas etal. Langford and Thomas Ort et al. Beier et al.
Class Feldman 2005 2007 2009 2010 2011
Bed density 6.5 12 4 4 4.4 33.5
Betaxolol G 0.99
Chloramphenicol B 1.1
Gemfibrozil I 1.2 4.1
Propyphenazone A 1.4
Hydrochlorothiazide D 1.7
Nadolol G 1.7
Mefenamic acid A 1.8
Roxythromycin B 2.1 26
Diclofenac A 2.1 10 1.6 1 7-9
Fluoxetine J 2.3
Sulfamethazine B 2.3
Pravastatin I 2.4
Glibenclamide C 2.4
I Cerazolol G 2.4
Contributions 5% Carbamazepine J 2.5 15 1.7 0.4 3-8
Mevastatin I 2.5
Phenobarbital E 2.6
Clofibric acid I 2.6
Josamycin B 3.0
Loratadine K 3.2
Phenylbutazone A 3.2
Trimethoprim B 3.2 14 10
Naproxen A 3.9 2.3
Ibuprofen A 4.0 0.7 4.6 3-7
Acetaminophen A 4.2 12 5.1
Butalbital E 4.3
Timolol G 4.3
Enoxacin B 4.3
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Classification Compound PhC This study Hebererand Thomas etal. Langford and Thomas Ort et al. Beier et al.
Class Feldman 2005 2007 2009 2010 2011
Bed density 6.5 12 4 4 4.4 33.5
Norfloxacin B 4.6
Lorazepam J 4.6
Propranolol G 4.7 11.4
Atenolol G 4.7 2.52 1.8
Cimetidine K 5.6
Clenbuterol F 5.7
Metoprolol G 5.7 1.5 4.1
Paroxetine J 5.9 0.5
Sulfamethoxazole B 6.1 1.2 0.8
Indomethacin A 6.2
Diazepam J 6.8
Pentobarbital E 6.8
5% < Contributior< 15% Eﬁ;ﬁf;ﬁte DI 7710 21
Erythromycin B 7.7 2.6
Pindolol G 8.2
Nifuroxazide B 8.5
Tilmicosin B 8.7
Salicylic acid A 11 4.9
Sotalol G 11
Ketoprofen A 14 0.53
Salbutamol F 14.7
Ciprofloxacin B 155 311 19-36
Famotidine K 16
Sulfadiazine B 19
Furosemide H 21 5.8
Contribution > 15% Atorvastatin I 25 2.3 3
Codeine A 28 1.5
Spiramycin B 28
Metronidazole B 45 84
Ranitidine K 52 4.9
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Classification Compound PhC This study Hebererand Thomas etal. Langford and Thomas Ort et al. Beier et al.
Class Feldman 2005 2007 2009 2010 2011
Bed density 6.5 12 4 4 4.4 33.5
Clarithromycin B 53 61-94
Azithromycin B 67
Ofloxacin B 67
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3.3.5 Environmental Risk Analysis

A risk analysis was conducted on the effluent o§pltal B and the WWTP influent
and effluent (all monitored in winter), using theojent between the maximum MEC and
the PNEC as a marker of risk. Each compound detegss subjected to evaluation, and
values refer to acute toxicity. Neither chronic muxture toxicity was considered. Results
for analgesic/anti-inflammatories, antibiotics aalll the other classes are reported in
Figure 3.3-3.5, respectively.

These analyses reveal that 9 substances in Hospitaffluent (the four
analgesics/anti-inflammatories acetaminophen, ibfgpr, naproxen and salicylic acid, the
four antibiotics clarithromycin, erythromycin, ofacin and sulfamethoxazole and the
psychiatric drug fluoxetine) pose a potential egmological risk. A high risk was found
only for 5 compounds (the same antibiotics andothyehiatric drug) in the influent and the
effluent of Ferrara WWTP.

RQ classification proposed by (Hernando et al.,6208howed that the levels of
codeine, indomethacin, clenbuterol, atenolol, metigb and propranolol detected in the
Hospital effluent pose a medium risk, as do theceatrations of acetaminophen,
ibuprofen, naproxen, salicylic acid, clenbuterogtaprolol, propranolol and gemfibrozil in
the WWTP influent and, more importantly, salicylacid, clenbuterol, propranolol,

fenofibrate and gemfibrozil in the WWTP effluent.
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Figure 3.3. Risk quotients for analgesic/anti-infraatories in Hospital B effluent and Ferrara WWTP
influent and effluent
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Figure 3.4. Risk quotients for antibiotics in HaapB effluent and Ferrara WWTP influent and effiie
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Figure 3.5. Risk quotients for other PhCs investigan Hospital B effluent and Ferrara WWTP influand
effluent.

These findings are closely correlated to the faat the hospital effluent contained
higher concentrations for analgesics/anti-inflanorias and antibiotics than the influent to
the WWTP. In addition, they confirm that antibiati@are one of the most critical
therapeutic classes used in hospitals, being higidistant to degradation and removal,
indeed, the same 4 antibiotics whose concentratieer® found to pose a high risk in
hospital effluent were also those found at highelgwf potential toxicity in the influent
and the effluent of the WWTP.

This confirms that the conventional treatments ex@d by this WWTP are unable

to effectively remove these micropollutants, beaumstructed, and later upgraded, with
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the aim of removing carbon, nitrogen and phospharosipounds, pollutants which
regularly arrive at the WWTP in concentrationstte order of mg L.

This study evidences the fact that correct andiBp@eanagement of hospital effluent on a
local scaleis necessary, and that further research is reqtirédentify the best strategies
for managing this type of effluent and evaluatitg tmost suitable technologies for
removing the most persistent contaminants, thersmucing the risk posed to the

environment and human health by these substances.

3.4 Conclusions

Hospital effluents are generally considered to essshe same pollutant nature as
urban wastewaters and are therefore co-treateldeasame WWTP, without any special
consideration being given to the potentially hadmfature of the substances they may
contain. This study, however, by means of an ingasbn into 73 PhCs from 12 different
therapeutic classes, reveals that these compourelsfoand in consistently higher
concentrations in hospital WW than in urban WW tipatarly commonly used drugs such
as analgesics and antibiotics.

The characteristics of the hospital effluent seenbé influenced by the size of the
structure (the smaller hospital discharged higheamconcentrations than the larger one),
and season (concentrations tended to be higherintemthan in summer). The ratio
between PhC concentration in hospital effluent WM/ TP influent was, on average, 7.
The highest values were found for ofloxacin (319l afarithromycin (36), ranitidine (27),
atorvastatin (25), metronidazole (23). Antibiotiesalgesics/anti-inflammatories and lipid
regulator were the pharmaceutical compounds fotititeehighest concentrations.

The percentage load contribution of the hospitalieda among the investigated
compounds; in particular 12 compounds yielded \salbetween 16 and 67% (some
antibiotics, receptor antagonists and lipid regurigt

Environmental risk analysis showed that 9 compoupdsed a high risk at the
concentrations detected in hospital effluent, whilthe WWTP influent and effluent, only
5 of these PhCs were found to exhibit high ecotoxiés four out of these five PhCs were
antibiotics, we can state that this class of compahould cause the most concern.

These results confirm that, due to their microgalt content, HWWSs require more

specific management and treatment in order to pr@bed safeguard the environment, in
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particular the surface water body which will reeeithe final (treated) effluent from the
WWTP.

As co-treatment is common practice, and the uscahventional) treatments are
unable to efficiently remove PhCs, this issue negdent attention. Indeed, administrators
and technicians will need to perform case-by-camdyaes on docal scale in particular
during WWTP planning and design phases, in ordeddtermine the best means of

tackling the problem.
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4.1 Introduction

At present, approximately 3000 different pharmaicaliingredients are used in the
European Union, including antibiotics, beta-bloskdipid regulators, antidepressants and
many more, for human consumptions (therapeutic iagrebstic purposes) (Ternes and
Joss, 2006). One important emission source of ph@eaticals in the water cycle is via
human metabolism: in fact, once administered, thesepounds are only partially
metabolized by the human body, and therefore ethterwater cycle either as parent
(unchanged) compounds, which are excreted largebugh urine (generally 55-80 % of
the total, with few exceptions) and partially iretfaeces, or as a mixture of metabolites
and/or conjugated compounds (Jjemba et al., 20@6gkt et al., 2007).

Unfortunately, municipal wastewater treatment @afWWWTPs) are generally
unable to effectively remove either unaltered orntabelized forms of pharmaceutical
compounds (PhCs) from wastewaters (Bendz et al05;2@astiglioni et al., 2006;
Glassmeyer et al., 2004; Gomez et al., 2007; Joss.,e2005; Verlicchi et al., 2012b).
Their occurrence in surface water has been docweddnt a number of authors (Ashton et
al., 2004; Calamari et al., 2003; Fatta-Kassinad.e2011; Gros et al., 2006, Kolpin et al.,
2002, 2004; Spongberg et al., 2011) from aroundwbed. Sometimes the load of the
main compounds discharged with the treated efflueagt also evaluated. Andreozzi et al.
(2003), Castiglioni et al. (2005) and Zuccato et(2010) have monitored the occurrence
of compounds such as antibiotics and some antigtiog, lipid regulators, beta-blockers,
antiepileptics and anticancer drugs in a few Itahaunicipal WWTPs, although, generally
speaking, little data is yet available regardiragidin secondary effluents. In contrast, many
studies have been carried out in other countrieSurope, America, Asia and Australia
(among them Gulkowska et al., 2008; Kasprzyk-Hardral., 2009; Lishman et al., 2006;
McAvoy et al., 2002; Nakada et al., 2006; Watkingbml., 2007), focusing principally on
analgesics/anti-inflammatories and antibiotics. SEhestudies have confirmed the
occurrence of most of the abovementioned PhCsiarghme cases, their metabolites in
the secondary effluent from municipal WWTPs.

As some of these substances have been detectagjéndoncentrations (of the order
of magnitude of hundreqi)g L*-mg L) in the secondary effluent, there has been

increasing interest in evaluating the environmemisik related to their discharge into
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surface waters through treated effluent. PhCs asegded to exert specific biological
effects within a given species; however, once dgdrand released into the environment
they may remain bioactive and could also pose acatpgical risk to non-target
organisms, thereby altering the ecosystem dynaBaxdll et al.,, 2002; Daughton and
Ruhoy, 2009). As few of these substances are edsgyadable, it is the characteristics of
the receiving water body, in terms of (minimum aaderage) flow rate, biological,
chemical and physical characteristics, auto-depgratcapacity, water use and
environmental quality standards, as well as enwremal conditions (mainly solar
radiation, temperature and precipitation), thatl \@étermine the extent to which it can
tolerate the release of pharmaceuticals withoutqible adverse effects.

The aims of this chapter were therefdijeto evaluate the removal efficiency of 27
PhCs, belonging to nine different therapeutic @assix analgesics/anti-inflammatories,
seven antibiotics, three lipid regulators, fouradekockers, three psychiatric drugs, one
antidiabetic, one antihypertensive, one diuretic ame beta-agonist) in a Full-scale
WWTP,(ii) to evaluate the concentration of the same PhCteneffluent from two
municipal WWTPs, (iii) to evaluate the impact of the WWTPs (in terms wigle
compound concentrations and therapeutic class foads) on their respective receiving
water bodies, which are characterized by differeydirodynamic characteristics. PhC
concentrations were also monitored in the receiviwgface waters, upstream and
downstream of the effluent discharge point, dhg an environmental risk analysis
assessment was performed for both the effluenttla@deceiving water body in the two
case studies.

4.2 Materials and methods

4.2.1 Pharmaceutical compounds

Compounds analyzed in this study were selectecherbasis of several criteria:
high consumption by the resident population (Grugplavoro OsMed, 2011), interest for
environmental and public health (De Voogt et al020and availability of detection
techniques. Table 4.1. reports the PhCs selectedpgd according to their therapeutic
class and compiled in alphabetic order. For eachpomund, Table 4.1. also reports the
amounts of active compound consumed in Italy inQ2@lterms of defined daily doses per
1000 inhabitants per day (DDD 1000 thti') (Gruppo di lavoro OsMed, 2011), as well as
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their annual consumption (kg). This figure was ofgd by multiplying the DDD of each
drug by the conversion factor (CF) (mg active coomuiDDD) provided by WHO (2012).
The Italian reference population was that docunteme2010 (58 640 000 inhabitants),
except in the case of bezafibrate consumption, evtata refer to 2001 (population 56 996
000 inhabitants). The same pattern of consumptioth@ selected PhCs found for the
Italian population as a whole was assumed for teasaunder study.

Table 4.1. also reports data from the literaturepercentage excretion rate and removal
efficiency achieved in secondary biological munatiZwWTPs (including an activated
sludge system as secondary treatment).
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Table 4.1. Consumption of selected compounds Iy ite2010, expressed as defined daily dose pe® ifitabitants per day (DDD 1000 ihkf
1) and the corresponding amount of compound constmit year (kg) evaluated using the conversamidr CF (mg active compound/DDD);
percentage of excretion through human body aftenimidtration and percentage removal efficiency fbimthe literature.

Therapeutic class Compounds Amount used CF Amount used Excretion Removal efficiency
(DDD/1000 inh/d) (mg/DDD) (kg) (%) (%)

Analgesics/Anti-inflammatories Diclofenac 4.5 100 602 39 34
Indomethacin
Ketoprofen 4.3 150 13763
Mefenamic acid 36
Naproxen 1-1%
Propyphenazone

Antibiotics Azithromycin 1.3 500 13870 33
Ciprofloxacin 1.0 1000 21672 70 83
Clarithromycin 3.0 1000 64470 %5 22
Metronidazole 1500 3.73 40 24
Roxithromycin 300 577 l 40°
Sulfamethoxazole 39 57
Trimethoprim 2000 13896 70 32

Antidiabetics Glibenclamide 7.8 7 1165

Antihypertensives Enalapril 15.3 10 3265
Hydrochlorothiazide 11.8 25 6295

Beta-agonists Salbutamol 35 10 747 €30 95

Beta-blockers Atenolol 11.3 75 18084 °90 71
Metoprolol 16 40
Sotalol 2%
Timolol 4.5 20 1920

Diuretics Furosemide 21.8 40 18606 €40 42

Lipid regulators Atorvastatin 18 20 7682 5 0
Bezafibrate 600 7660 69

Psychiatric drugs Carbamazepine 1000 31190 ° 5 0
Diazepam 1.5 10 320 °1 o
Lorazepam 13.3 2.5 709

2 Zuccato et al. (2005) (data referring to 200Bal et al. (2010)°.Jjemba (2006)¢ Verlicchi et al. (2010b)© Kasprzyk-Horde rn et al. (2009) Escher et al. (20119 Karthikeyan and Meyer (2006)
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4.2.2 sampling area and sample collection

4.2.2.1 Area under study

Two conventional activated sludge plants WWTP A 8WWTP B situated in the
Po Valley, northern Italy, and their correspondiegeiving water bodies were monitored
in this study(Figure 4.1.). Table 4.2. summarizhe tharacteristics of the WWTPs
investigated (population served, expressed as nurabdanhabitantsN; capacity, as
population equivalent PE; average influent floweratype of wastewater; hydraulic
retention time, HRT and sludge retention time, SBJ of the two receiving bodies (in

terms of average flow rate during the observatiemaqol).

4.2.2.2 Case study A

WWTP A discharges its final effluent into canalthat is part of the local surface
water body network commonly used for irrigationidgrsummertime. This canal crosses
an urban area, and many buildings and commeragahiges have long been situated along
its banks. At the time of the monitoring prograts,flow rate was on average 5@ st, as
reported in Table 4.2. Based on historical dats, $kis may range between 7 and 55m
with an average value of 15°ms* on a monthly basis. Assuming the WWTP flow rate
reported in Table 4.2. (47 520°md™ = 0.549 ni sY), its dilution factor, i.e. the ratio
between canal flow rate and WWTP flow rate, eq@adlsluring the monitoring period. It
may vary between 13 and 100 depending on the sewmislorits lowest values occurring

during summertime.

4.2.2.3Case study B

WWTP B discharges its treated effluent into thekmnd shallow canal B, that is
part of the local surface water network that flodwsough a rural area. The surrounding
land is predominantly agricultural, there are dleads of cattles and chickens and there are
no buildings or commercial activities along its kenWater from the canal is generally
used for irrigation from May to October. The canateives the runoff from agricultural
land during rainy periods, and in dry periods, YWW&/TP effluent contributes about 50 %
of the total average canal flow rate. As a consegei¢he corresponding dilution factor
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amounts to 1. The flow rate of canal B is quite @tnconstant along the year as it is

regularly controlled by the local irrigation Ageasi

These two case studies were chosen because tlogglie an area that was first
declared atiisk of environmental crisesas recurrent prolonged drought periods could
drastically reduce the availability of fresh water the different needs and then declared as
a sensitive areadue to eutrophication phenomena. Conventional opatiutants,
including carbon, nitrogen and phosphorus compowuspended solidEscherichia coli
have long been and still are regularly monitoredoating to the Italian regulation
(Decreto Legislativo 152/2006) In the last yeaosns research groups (Zuccato et al.2010,
Verlicchi et al., 2010a, 2012a, b) have been cadroile experimental investigations in this
area aiming to monitor unregulated parameters saghpharmaceuticals, in order to
provide useful information for local and regionalveonmental protection agencies (their
occurrence and load) to evaluate the potentiallylogical risks associated with the
discharge of pharmaceuticals. Moreover these twse cstudies can be considered
representative of two fairly common situations e tPo Valley: the presence of a large
WWTP receiving the wastewater from an urban as a®lindustrial catchment area and
discharging its final effluent in a medium size a@hiicase study A) mainly used for
agricultural purposes, and the presence of a SIMAITP treating the wastewater from an
urban catchment area, discharging its final effluato a small canal whose flow rate is

regulated for irrigation needs and kept quite camisfcase study B).

4.2.2.4 Sampling

24-h composite flow proportional water samplestioé influent, effluents of
WWTP B and the effluent of WWTP A were taken overesiod of three dry consecutive
days in May 2011. In both cases, sampling sitesevetiosen on the basis of available
access to the canal banks Fig 4.1. Unfortunatedy there not at the same distance from
the discharge point: roughly 1000 m upstream angndtream of the point of treated
effluent discharge in canal A and 500 m in canafHB. composite samples upstream and
downstream of the WWTP discharge points. Surfacemwas collected from the central
part of the canals, using 2 L clean plastic botfteshis purpose. All water samples were
transferred to amber polyethylene terephthalatd jPibttles and immediately transported
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to the laboratory under cooled conditions (4 °Cpobl reception, samples were filtered
through 0.45um nylon filters (Whatman, Maidstone, UK) to elimi@eatuspended solid

matter, and then frozen (-20 °C) until analysisgléhan a week later).
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(Reproduced from Arpa Emilia-Romagna

Figure 4.1 Location of the WWTPs and the receidntface water canals sampled in the case studies.

Table 4.2. Characteristics of the two wastewatatinent plants under study

Average Receiving
WWTP Capacity flow ra%e water body, Type of HRT (h)/ Secondary
(inhabitants)  (PE) me ot average flow wastewater SRT(d) treatment
rate ms*

A Urban (60 %) and Activated
(138000) 240000 47520 canal A, 50 o ciial a0 %) O sludge

B Activated
(5000) 5500 1360 canal B, 0.016 Urban 6/6 sludge

4.2.3 Standards

All the pharmaceuticals and the corresponding @otdly labelled internal
standards were of high purity grade (>90%). Detiaifdormation on the providers of the
analytical standards, as well as about the praparat the mixture solutions can be found
elsewhere (Jelic et al., 2009). The solvents, HRjt&de methanol, acetonitrile, water

(Lichrosolv) and formic acid (98%) were providedMwgrck (Darmstadt, Germany).
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4.2.4 Analytical methods

Influent, Effluent wastewater and surface water [gasy were vacuum filtered
through 1um glass fibre filters and 0.45um nylonmbeane filters, after which an
appropriate volume of agueous solution of 5%MBRTA was added to 100mL of WWTP
influent, 200 mL of WWTP effluent and 500 mL of fage water to achieve a final
NaEDTA concentration of 0.1% in the samples. The meas volumes were
subsequently preconcentrated onto Fa$itB cartridges (60 mg and 3 mL) (Waters,
Milford, MA, USA), at a flow rate of 5 mL/min, using Baker vacuum system (J.T. Baker,
Deventer, The Netherlands). After sample precomagah, cartridges were rinsed with 5
mL of HPLC grade water and vacuum dried for 15-2@ to remove excess water.
Elution of target compounds was performed with 2 mL pure methanol. Extracts were
evaporated to dryness under a gentle nitrogenmstread reconstituted with 1 mL of
methanol-water (25:75, v/v). Prior to analysis,tiad samples were spiked with a standard
mixture of isotope-labelled standards at conceiommatf 20 ng mif. Instrumental analysis
was performed by high performance liquid chromaipby coupled to a hybrid triple
quadrupole — linear ion trap mass spectrometer GHRLIT-MS/MS) according to the
previously developed multi-residual methodology famalysis of pharmaceuticals in
wastewater (Gros et al., 2009).

The internal standard calibration approach was uled quantification. To
determine the recoveries, three samples of eactixmadre spiked with a standard mixture
of target analytes. For wastewater, the recoveaieged from 43 to 121 % (RSD<13%) for
effluent wastewater, and from 45 to 135 (RSD<15féb)surface water samples. Matrix
effect was 20 to 60% for most of the compounds. Rstrumental intra-day precision
ranged from 2 to 11%, for six injections/day of @ &g mI* standard mixture. Limit of
detection (LOD) and limit of quantification (LOQ)enre calculated as the minimum
detectable amount of analyte with a signal-to-no&® of 3 and 10, respectively. LOD ,
LOQ and RSD (%) values are reported in Table 4.3.
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4.2.5 Statistical analysis

Statistical analysis was performed by means al&itis test in order to determine
the significance of the differences found: betwdba average concentrations in the
effluents of the two WWTPs, between average comagahs upstream and downstream in

the two case studies, at a general confidence &\89% @-value = 0.01).
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Table 4.3.Limits of detection (LOD), limits of qué#ictation (LOQ) and precision of the method, exqmed as a relative standard deviation

(n=3).
Classe compounds WWTP influent WWTP effluent Swaveater
LOD LOQ RSD% LOD LOQ RSD% LOD LOQ RSD%
ngL™ nglL*! ngL? nglL? ngL? nglL*!
Analgesics/anti-inflammatories Diclofenac 5 17 11 4 13 5 1 3 14
Indomethacine 4 13 8 3 10 13 1 3 9
Ketoprofen 8 27 14 5 17 12 4 13 9
Mefenamicacid 13 43 18 4 13 9 1 3 12
Naproxen 12 40 13 4 13 12 1 3 16
Propyphenazone 4 13 5 2 7 4 1 3 8
Antibiotics Azithromycin 7 23 5 5 17 10 1 3 17
Ciprofloxacin 5 17 9 2 7 13 1 3 17
Clarithromycin 5 17 3 4 13 10 0.5 2 5
Metronidazole 6 20 9 2 7 19 0.5 1 3
Roxithromycin 3 10 5 2 7 9 0.5 2 3
Sulfamethoxazole 4 13 7 2 7 18 1 3 6
Trimethoprim 3 10 2 2 7 12 0.5 2 16
Antidiabetic Glibenclamide 5 17 7 4 13 15 1 3 8
Antihypertensive Enalapril 3 10 5 1 3 12 0.5 2 11
Hydrochlorothiazide 11 37 6 6 20 5 5 17 12
Beta-agonists Salbutamol 2 7 13 2 7 7 0.5 2 3
Beta-blockers Atenolol 10 33 13 8 27 16 0.5 2 9
Metoprolol 4 13 6 3 10 2 1 3 11
Sotalol 5 17 16 3 10 11 1 3 14
Timolol 1 3 3 1 3 7 0.5 2 9
Diuretics Furosemide 3 10 12 2 7 13 0.5 2 16
Lipid regulators Atorvastatin 4 13 16 3 10 9 0.2 1 12
Bezafibrate 4 13 12 1 3 7 0.5 2 14
Psychiatric drugs Carbamazepine 5 17 3 3 10 1 0.5 2 7
Diazepam 4 13 12 2 7 5 1 3 6
Lorazepam 7 23 11 5 17 8 1.5 5 9
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4.2.6 Environmental risk assessment

The potential risk posed by each PhC was assessedltulating its risk quotient
(RQ) as the ratio between its maximum measured@mwiental concentration (MEC) and
its predicted no-effect concentration (PNEC), asuksed in section 3.2.6.
PNEC values assumed for this risk analysis cormdpo the lowest ecotoxicological
PNEC values found in literature. For 19 out of tB& investigated compounds,
ecotoxicological data are available. Table 4.5. pies the assumed values. Conforming
to EC(EC, 2003), the values of PNECs to use in thearsilysis (those of Table 4.5.) are
1000 times lower than the ecotoxicity concentratratues found for the most sensitive
species assayed (among bacteria, algae, invershaat fish), so as to take into account
the effect on other, potentially more sensitiveyats species to those used in toxicity
studies. A commonly used risk ranking criterion agplied, after Hernando et al. (2006),
De Souza et al. (2009) and Zhao et al. (2010): R@Q.k minimal risk to aquatic
organisms, 0.X RQ < 1, median risk; R 1, high risk.

4.3 Results and discussion

Experimental data are reported in Table 4.4., im$eof measured average values,
standard deviations SD, corresponding variabilignges and percentage detection
frequencied of each selected compound in the two sampledesftis PhCs are grouped
according to their therapeutic class and listedlphabetical order. The last two columns
of Table 4.4. show measured concentration intemegerted in secondary effluents from
other WWTPs in Italy and other world countries.
Analytical variations due to analysis for WWTP eé#hts are in general % RSD <18 , RSD
<19, and RSD <17 (n=3) in influent , effluent aaface water respectively.

4.3.1 Removal of selected pharmaceuticals in the WWTP B.

Influent and effluent concentrations of selecte€®in the WWTP B are depicted
together in Figure 4.2. in order to evaluate pewgs removal efficiency of this WWTP.
Data are ranked with decreasing percentage reneffialency that shown between the
parenthesis after the name of the selected compgauanéigure 4.2. The observed effluent
concentration of selected PhCs in Table 4.4. isarbje correlate to the influent

concentration and the percentage elimination in WAVTP, all the detected
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pharmaceuticals in the influent of the WWTP B, detected in the effluent of the same
with the exception of Enalapril, Atorvastatin antib&nclamide due the complete Removal
in the WWTP. The average percentage removal efiftigie vary between 0%
(Carbamazepine) and 97% (Bezafibrate and Naproxmgative removal efficieny were
observed for Diazepam, Furosemide, Azithromycin layatochlorothiazide.
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Figure 4.2. Influent and effluent concentratiorsefected PhCs in WWTP B.

4.3.2 Occurrence of selected pharmaceuticals in the invegated WWTP effluents
Overall, 24 out of the 27 selected pharmaceutiease detected at least once in
each sample of the two monitored WWTP effluentsca@pounds were always detected
(f = 100 %). The compounds indomethacine, atorvastatd enalapril were those never
detected in the two effluents investigated durihgs tstudy. The average number of
detected compounds in each water sample was 17=(22 No compound has never
exceeded Jug L'™": the maximum concentrations were found for diahafe (800, 605, 589,
533 ng ') and hydrochlorothiazide (520 ng'). The highest overall average values were

found for diclofenac (502 ng1), hydrochlorothiazide (265 ngY), atenolol (264 ng 1)
and sotalol (262ng'h).
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In 47 cases out of 162 (= 27 compounds x 2 sampditgs x 3 samplings),
measured concentration was > 100 A It happened 6 times for diclofenac, sotalol and
metoprolol, 5 times for clarithromycin, atenoloydnochlorothiazide and carbamazepine, 3
times for azithromycin and furosemide, twice forprofloxacin and once for
sulfamethoxazole. The value of 100 ng Was chosen as it was previously used by Beier
et al. (2011) as a target value for pharmaceutidisharged with treated effluents.
Overall, rather broad ranges of variability weresetved for diclofenac (578 ng),
ciprofloxacin (470 ng L), hydrochlorothiazide (436 ng™) and atenolol (409 ng1),
while much smaller intervals were observed for th¢d ng L), diazepam (10 ngd),
roxithromycin (13 ng [*) and metronidazole (18 ng').

Average concentrations found in this investigatiare consistent with those
reported by Andreozzi et al. (2003), Castiglioniaét (2005) and Zuccato et al. (2010)
referring to the occurrence of selected PhCs ifeidint Italian WWTP effluents (Table
4.4), except in the case of the analgesic napraxehthe antibiotic clarithromycin. With
respect to variability ranges found in this invgation, occurrence of naproxen has been
reported at an order of magnitude higher (literange equal to 290-5220 ng &gainst
our measured range < LOD-21 ng)Land clarithromycin at an order of magnitude lowe
(literature data included in the range 8—37 figagainst our measured range 189—-374 ng
LY. Other studies carried out in different countiie&urope, America, Asia and Australia
found ranges of PhC variability (Table 4.4., lasiumn) even two (diclofenac, ketoprofen,
naproxen, trimethoprim, hydrochlorothiazide, atehobkotalol, carbamazepine) or three
(diazepam) orders of magnitude higher than thogedaon this investigation.

4.3.2.1WWTP A Effluent

As shown in Table 4.4. and in Fig. 4.3., out of #Teselected substances, 19 PhCs
were detected in WWTP A effluent and among thesepli@&maceuticals were always
detected f(= 100 %): the analgesic diclofenac, the antibsoaizithromycin, ciprofloxacin,
clarithromycin, metronidazole and roxithromycin,etlantidiabetic glibenclamide, the
antihypertensive hydrochlorothiazide, the betafdos atenolol, metoprolol and sotalol
and the psychiatric drug carbamazepine. In addititve 4 compounds: ketoprofen,
mefenamic acid, furosemide and lorazepam were wetegithf = 67 % and finally the
three compounds sulfamethoxazole, salbutamol andidli were detected at a frequency
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of 33 %. The number of detected compounds was erage 16 in the three samples (SD =
2).

The highest average values were found for the asmlgliclofenac (339 ng1),
the beta-blockers sotalol (197 ng)Land metoprolol (184 ng1). The other compounds
exhibiting an average concentraton > 100 ng" lere: the antihypertensive
hydrochlorothiazide (145 ng™), the psychiatric drug carbamazepine (125 f, lthe
beta-blocker atenolol (111 ng*).and the antibiotic clarithromycin (102 ng' )L
On the basis of the all 81 data collected for #ffkient (=27 compounds x 3 samples), 17
times measured concentrations were > 100 hgThe highest ranges of variability were
observed for diclofenac (310 ng), followed by hydrochlorothiazide (134 ng').and

sotalol (106 ng L), while the smallest one was found for roxithroiy@ ng L™).

4.3.2.2WWTP B Effluent

As shown in Table 4.4. and in Fig. 4.4., out of BYeselected substances, 21 PhCs were
detected in WWTP B effluent and among these 17 Rie2e always detectefi£ 100 %):
the analgesic diclofenac, the antibiotics azithromy ciprofloxacin, clarithromycin,
metronidazole, sulfamethoxazole @ and  trimethoprim,he t antihypertensive
hydrochlorothiazide, the beta-agonist salbutant, beta-blockers atenolol, metoprolol,
sotalol and timolol, the diuretic furosemide antithé psychiatric drugs carbamazepine,
diazepam and lorazepam. In addition, the 2 compsiuketoprofen and propyphenazone
were detected with= 67 % and finally the two compounds naproxen laezhfibrate were
detected at a frequency of 33 %. The average numbeletected compounds in this
sampling point was 19 (SD =1).

The highest average values were found for diclafé&5 ng [), atenolol (417 ng
LY, hydrochlorothiazide (385 ng), sotalol (327 ng '), ciprofloxacin (284 ng L) and
clarithromycin (283 ng ). Other compounds detected at concentrations >ripQ*
were: carbamazepine (240 n@)L furosemide (235 ng1), metropol (210 ng t) and
azithromycin (175 ng t). On the basis of all the 81 data collected fis #ffluent, 30
times measured concentrations were > 100 hgThe highest ranges of variability were
observed for hydrochlorothiazide (474 ng)Lfollowed by ciprofloxacin (453 ng1) and

carbamazepine (230 ng'), while the smallest one was found for timoloh@L™).
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4.3.2.3 Comparison between the two effluents

Out of the 27 investigated compounds, 16 were fanrbth effluents. An analysis
of data reported in Table 4.4. shows that for 13 ofithe common 16 detected
pharmaceuticals average concentrations were high®/WTP B effluent than WWTP A
effluent. The only exceptions were for ketoprofemfamethoxazole and timolol exhibiting
quite similar values.

This could be explained by different reasomptl{e fact that WWTP A treats both urban
and industrial wastewaters, the latter of whichngpdrom petrochemical activities that do
not release PhCs, have a dilution effect on timdét iconcentrationsjij possible different
pharmaceutical consumption patterns between theat@as under investigation, resulting
in different inlet concentration andi§ possible different removal efficiencies achiewed
the two activated sludge systems whose values depermany design and operational
factors, mainly reactor configuration, types ang/whfeeding in the biological tank, SRT,
HRT, temperature as discussed in Verlicchi et24112b).

As reported above, average concentrations > 100Lthgwere found for 7
compounds in effluent A and 10 in effluent B (tlzene pharmaceuticals of effluent A and
3 in addition). These elevated figures could be tdutheir high consumption, which range
from 6—64 tons on a national basis, and to thefioiehcy of conventional treatments in
removing most of them, the percentage removal ragesg less than 40 % (Table 4.1.).
These results are also illustrated in Figuresa@n8.4.4. which report, in descending order,
the average concentrations of the monitored comgimuomeasured in the two effluents.

The seven PhCs found at the highest concentrationboth effluents (diclofenac,
clarithromycin, hydrochlorothiazide, atenolol, matolol, sotalol and carbamazepine) are
generally consumed for long periods, especially rmgndhe elderly (beta-blockers,
antihypertensives, anti-inflammatories and diusgtic

To complete the comparison, a statistical analyagsbeen conducted for the two effluents
as well as for the classes of analgesics/antinimitatories, antibiotics, beta-blockers and
psychiatric drugs. The aim was to verify if the @age concentrations of compounds are
different in the two effluents from a statisticalipt of view and how significant are these
differences. Student’s test applied to the whofluefits and to the single reported classes
showed that there is enough evidernzedlue lower than 0.01) for the whole effluents and

for the class of antibiotics to state that the egponding. average concentrations are
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different (level of significance greater than 99%hr the other classes the differences
should seem not statically significant but, in opmion, further research and experimental

data should be necessary to confirm this result.
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Table 4.4. Occurrence of pharmaceuticals in theiefts of WWTP A and WWTP B: Concentration rangeg (%) with their mean values
(n=3), their standard deviation SD and the freqyeriaetectiorf. Comparison with literature values referring ytand worldwide

WWTP A WWITP B Range in Ital§ Worldwide’
Class Compounds MeantSD Range f MeantSD Range f (g E) (ng LY
(gl (gl (%) (gl  (ngl) (%) g 9
Analgesics/anti- Diclofenac 339+138 223-533 100 665196 589-800 100 70-8450 6-10000
Inflammatories Indomethacine n.d.* n.d. n.d. n.d. n.d. n.d 20-600
Ketoprofen 23+15 n.d.-23 67 21+10 n.d. -21 67 2a70
Mefenamic acid 26+12 n.d.-27 67 n.d. n.d. n.d 2[9:10]
Naproxen n.d. n.d. n.d 21+10 n.d. -21 33 290-5220 -5090
Propyphenazone n.d. n.d. n.d 33+20 n.d -48 67 L-12
Antibiotics Azithromycin 44+16 22-55 100 17547 109-209 100 -380
Ciprofloxacin 25+11 10-33 100 284+186 46-499 100 -524 7-5700
Clarithromycin 102+10 89-112 100 28375 189-374 100 8-37 150-460
Metronidazole 1615 9-21 100 1946 14-27 100 55-561
Roxithromycin 12+1 10-13 100 n.d n.d. n.d 10-540
Sulfamethoxazole 97+46 n.d. -97 33 91+67 35-185 100 10-317 3-840
Trimethoprim n.d. n.d. n.d 2748 21-39 100 30-130 1880
Antidiabetics Glibenclamide 36%7 27-43 100 n.d <nd n.d
Antihypertensives Enalapril n.d. n.d. n.d nd n.d n.d
Hydrochlorothiazide 145456 85-219 100 385+98 290-52 100 679-11000
Beta-agonists Salbutamol 9+4 n.d. -9 33 1816 13-26 100 1.1-18 170-
Beta-blockers Atenolol 111441 65-164 100 417448 356-474 100 28811 10-73000
Metoprolol 184+17 161-199 100 21049 198-219 100 100- 5-2200
Sotalol 197445 152-258 100 327+33 285-366 100 7320
Timolol 914 n.d.-9 33 7+1 6-8 100 10-70
Diuretics Furosemide 14+7 n.d.-18 67 235168 184-331 100 (01022 20-1823
Lipid regulators Atorvastatin n.d. n.d. n.d n.d n.d n.d
Bezafibrate n.d. n.d. n.d 3+1 n.d -3 33 0.3-910 480
Psychiatric drugs Carbamazepine 125+24 94-152 100 240+2 216-265 100 2-19800
Diazepam n.d nd n.d 9+1 7-10 100 15-19300
Lorazepam 46122 n.d -46 67 7615 71-82 100 196
N of detected compounds 19 21 11 24

n.d. = not detected Data from: Castiglioni et al., 2005; Andreozzakt 2003; Zuccato et al., 20f0Data from: Verlicchi et al., 2012b.
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4.3.3 Occurrence of selected pharmaceuticals in the twaeceiving surface water

bodies

Overall, 22 out of the selected 27 substances detected in surface water; no
compound was always detected in each sample (spenélpx C.1.); the most detected
PhCs were: carbamazepine (10 out of 12 times),omapt atenolol and sotalol (9 times),
azithromycin, ciprofloxacin, clarithromycin and ladibrate (7 times). Atorvastatin,
enalapril, mefenamic acid and roxithromycin andokedfen were never detected. The
number of compounds detected in surface water ssmmphged between 5 and 22, with an
average value equal to 11 (SD = 7).

The highest concentrations were found for sotal04( 502 and 373 ng ),
hydrochlorotiazide (128 and 116 ng™). clarithromycin (128 and 103 ng™),
ciprofloxacin (124 ng L) and furosemide (114 ng'). Overall, concentrations were > 100
ng L™ for 9 times and for the just reported 5 compour@gerall, rather broad ranges of
variability were observed for sotalol (504 ng)Latenolol (231 ng £), clarithromycin and
hydrochlotothiazide (128 ng ), while much smaller intervals were observed for
naproxen, bezafibrate, metronidazole, propypheregb® ng ), timolol, (8 ng LY.

Out of the 27 selected compounds investigated im work, only 13 compounds have
previously been monitored in major Italian surfacger bodies, including the Rivers Po,
Arno and Lambro (Calamari et al. 2003; FerrarileR@11; Perrett et al. 2006; Zuccato et
al. 2000, 2006, 2008, 2010). The ranges of vaitgbiheasured in these studies are
consistent with our findings.

A further comparison between our data and rangesdbility of the same PhCs
found in water surface bodies observed in othent@s (Gros et al., 2010; Fatta Kassinos
et al., 2011; Spongberg et al., 2011; Tamtam e2808; Wang et al. 2010) reveals that
reported surface concentrations can be much hitjtaar those found in our study (for
instance two orders of magnitude higher for theibastics ciprofloxacin and
clarithromycin), presumably reflecting differenttigans of PhC consumption in different
countries.

Figures 4.3. and 4.4. report the average concenigadf each selected compound
measured in the receiving water bodies of the tw&/ W effluents (canals A and B),
upstream and downstream of the corresponding digetgoint ( WWTP A and WWTP B),
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together with the corresponding average conceatratiound in the secondary effluents.
In each graph, the X-axis reports the selected ocomgs, in order of decreasing
concentrations found in the secondary effluent. Wr@ numbers in brackets after each
name correspond to the upstream and downstrearctidetérequencies, respectively. PhC
concentration profiles detected in the two caselistuare analyzed below. For easier
viewing, the error due to analysis (RSD %) are staiwn in the figures, and they ranged

from 3-17% (n=3) depending on compound ( see #&39g.

4.3.3.1 Case study A (WWTP A- canal A)

As reported in Figure 4.3., out of the 19 PhCs detkoiethe WWTP A effluent,
only five (clarithromycin, atenolol, sotalol, carbazepine and salbutamol) were detected
upstream of the WWTP discharge (for three compoudne$7 % and for the remaining
two f = 100 %), while eleven (diclofenac, clarithromycsulfamethoxazole, azithromycin,
ciprofloxacin, atenolol, sotalol, metoprolol, cant@zepine, lorazepam and furosemide)
were found downstream at detection frequencies3o%3(four compounds), 67 % (five
compounds) and 100 % (six compounds). Although tiihe compounds naproxen and
bezafibrate were never detected in WWTP A effluémey were always detectefd5 100
%) both upstream and downstream in the canal Ahodlgh trimethoprim and
propyphenazone were never detected in the effluleay, were found downstrearh= 67
% each) of the discharge point and not upstream.

This could be explained by the presence of illegal discharge from buildings and
commercial activities present along the banks efdanal, or, in some cases, of buildings
not yet connected to the sewage network. Furthasores could be the release or
resuspension of settled materials. Contaminatiamreg extraction analysis have to be
excluded.

Average measured concentrations of the selectegh@anas were generally below 10 ng
L in canal A, with a few exceptions: sotalol (30 Ing), ciprofloxacin (25 ng L!) and
atenolol (11 ng 1) (Fig. 4.3.). Student’s test applied to the tweoiese of upstream and
downstream concentrations showed that there isgtnevdencep-value lower than 0.01)
to state that the measured average concentratierdifeerent with a level of significance
greater than 99%. Referring to all the collectethda this case study, 29 out of 81 times

pharmaceutical concentration was detected in tHrieet A and not in canal A
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downstream the discharge point, 10 out of 81 tiplearmaceutical concentration was
found only downstream the discharge point but nahe effluent and 22 out of 81 times
selected pharmaceuticals were not detected in thettsampling points. In the remaining
20 cases, surface water concentration was founévemnage 20 times lower than the
corresponding effluent concentration (with the aagffluent concentration/surface water
concentration varying between 6 and 64, SD = 19).

These considerations lead to think that the hidtidn factor in canal A (roughly
91 during the observation period, estimated as @bowuld explain why surface water
concentrations of the investigated PhCs remairedaw after effluent discharge. Sorption
onto solids and sediments and photodegradatiordcalgb contribute to the decrease of
pharmaceutical concentrations between the discheoge and the sampling site during
the campaign. According to data reported in Vehlicet al. (2012b) among the selected
compounds, only azithromycin, ciprofloxacin, hydmnmrothiazide and diazepam tend to
adsorb. Referring to Fig. 4.3. this mechanism cdugd of interest for the first three
compounds, being the last one always not dete€wedher attenuation of PhCs could be
due to different biological, chemical and photoclehdegradation processes occurring
within the surface water (Jones et al., 2005): foany of organic compounds,
photochemistry may be expected to play a much taaje than biodegradation, especially
in sunlit waters. In particular, PhCs containingraatic rings , heteroatoms (all the 27
compounds), and other functional groups or strattonoieties such as phenol, nitro, and
napthoxyl groups (most of them), thought to undemgmsistent reduction in their
concentration along the course of the receivingewhbdy (Boreen et al., 2003, Andreozzi
et al., 2003, Jones et al., 2005). Half-life tilsethe factor to consider to evaluate if the
photodegradation can be of interest between thlehaige and sampling points. According
to Buser et al (1998) for those compounds with-hfdftime for direct photolysis < 1 h,
such as diclofenac, photodegradation significantgtributes to reduce concentration in
surface water together with dilution factor. Forgnof the investigated compounds, half-
life time is much higher (Buser et al., 1998). Gamazapine is the worst compound among
those investigated: as it does not biodegradegas ahot adsorb onto solids and it requires
more than 100 days to photodegrade (Andreozzi .et2803), it is only subjected to

dilution effect.

142



Chapter 4: Evaluation of the removal and release dPhCs from full-scale WWTPs
and their impacts on the receiving water bodies

4.3.3.2 Case study B (WWTP B- Canal B)

As reported in Figure 4.4., out of the 21 PhCsaetein the WWTP B effluent,

only four (ciprofloxacin, azithromycin, trimethopri and carbamazepine) were detected
upstream of the discharge point, all with a detectirequency of 100 %, except for
trimethoprim { = 33 %), while 20 (hydrochlorothiazide, diclofepamdomethacin,
naproxen, propyphenazone, azithromycin, ciproflaxaclarithromycin, metronidazole,
sulfamethoxazole, trimethoprim, glibenclamide, ateh sotalol, timolol, metoprolol,
furosemide, lorazepam, salbutamol, carbamazepiaeepam and bezafibrate) were found
downstream. At this sampling point, their detecfi@yuencies were always 100 %, except
for bezafibrate and glibenclamide, which occurred anly 33 % of samples. The
antidiabetic glibenclamide was never found in tfiient, and its presence downstream of
the discharge point cannot rationally be explaimgdthe very scarce literature data
available about its concentration and behaviournupelease into the environment.
Sorption onto solids and sediments and photodetioamdeould contribute to the decrease
of surface water concentration, downstream onlytHerfour compounds discussed above:
hydrochlorothiazide, ciprofloxacin, azithromycindadiazepam.
Student’s test applied to the two series of upstreand downstream average
concentrations showed that there is enough evidgnealue lower than 0.01) to state that
the measured average concentrations are diffeteatlevel of significance greater than
99%.

Referring to all the collected measures, only 2ai81 times (=27 compounds x 3
samples) pharmaceutical concentration was detectédte effluent B and not in canal B
downstream the discharge point, 7 out of 81 tinfespaceutical concentration was found
only downstream the discharge point but not ineffieient and 17 out of 81 times selected
pharmaceuticals were not detected in both the sagipbints. In the remaining 55 cases,
surface water concentration was found on averagmés lower than the corresponding
effluent concentration (with the ratio effluent centration/surface water concentration
varying between 0.35 and 14 and SD = 2.6). Moredvased on average concentrations
(Fig. 4.4.), canal B clearly shows a PhC conceiatngprofile similar to that found in the
WWTP B effluent: the dilution effect of the receigi surface water almost always results
in a reduction of the final surface water conceiiraby one order of magnitude: the ratio

between average effluent concentration and avetaggstream concentration was in the
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range 0.7-12, with an average value of 2.9. In IcBnaverage measured concentrations
were generally much higher than 10 g s shown in Figure 4.4. (The value of 10 Ag L
was chosen as it is one order of magnitude lowen the target value adopted by Beier et
al. (2011) as discussed above). The highest vakees found for sotalol (460 ng™) and
atenolol (160 ng 1), followed by hydrochlorothiazide, ciprofloxacimarithromycin,
carbamazepine, furosemide and azithromycin, whaduwed at an average concentration
ranging between 80 and 100 ng.L

This analysis and the concentration profiles inureég 4.3. and 4.4. confirm that,
due to an (expected) incomplete removal of PhGonventional WWTPs, the discharge
of these treatment plants seems to represent asrtiamp source of PhCs in surface waters.
The reason for the higher concentrations in canalitB respect to canal A is mainly the
modest flow rate of the former and the resultingrpdilution after mixing with the
discharge. Even if for most compounds, effluenixBileited higher average concentrations
than effluent A, WWTP B flow rate is much lower th&WWTP A flow rate (Table 4.2.),
resulting in lower overall mass loads (referredhe whole catchment area, as discussed
later) discharged in the receiving water body Bntla canal A. This fact confirms a
greater dilution capacity of canal A than canalAB.reported above, water sampling was
possible at a different downstream distances fitoendischarge points: 1000 m in canal A
and 500 m in canal B. A contribution in the redotiof measured concentration of
pharmaceuticals in canal A could be also due taatkgion processes occurring in the
river before sampling. But as the selected compsuade scarcely subjected to
photodegradation reactions, as discussed abowe,ctmtribution keeps quite modest.
According to Gros et al. (2010) the dilution capaaf the receiving water bodies can be
considered the first and the primary measure ingating the potential toxicological

effects of PhCs released into the environment.
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Figure 4.3 Average concentrations of pharmaceutidatected in WWTP A effluent and its receiving avat

body, the canal A (case study A).
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Figure 4.4 Average concentrations of pharmaceutidatected in WWTP B effluent and its receivingevat

body, the canal B (case study B).
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4.3.4 Pharmaceutical load discharged into the environment

In order to evaluate environmental input of PhCe tuWWTP effluent, an initial
rough estimate of the average mass lbadf each therapeutic clags(j = 1, 2, ..., 9)
associated with the WWTP effluent (h = 1, 2) and the 27 selected compounds was
calculated by multiplying the average WWTP effludloiv rate Q, by the sum of the
average concentrations measured for each compobetbnging to the same claggas
reported in Table 4.4.), and dividing the result the population servetl (N values
reported in Table 4.2.). The mass load usuallyrsef@ 1000 inhabitants, as in eq. 4.1:

L = 229 5 1000 (eq.4.1)

The average mass loads for the nine classes antvtheVWTP effluents are
shown in Figure 4.5., in descending order of valoesd for the WWTP B effluent. They
ranged from 3 to 173 mg/d/1000 inhabitants in WWAReffluent and from 0 to 262
mg/d/1000 inhabitants in WWTP B effluent, the WWBRnass loads being consistently
greater than those in the WWTP A effluent, exceptliat of the sole antidiabetic selected,
which was not found to be present in the WWTP Buefit Lantgiabetic= 0). In both cases,
the highest mass loads were found for beta-blockaliteough the descending order
distribution is different for the two WWTP effluenti.e. WWTP A effluent: beta-blockers
> analgesics/anti-inflammatories > antibiotics >ygbsatric drugs > antihypertensives >
antidiabetics > diuretics > beta-agonists (lipiguiators were never detected); and WWTP
B effluent: beta-blockers > antibiotics > analgs&ati-inflammatories > antihypertensives
> psychiatric drugs > diuretics > beta-agonistspidIregulators (antidiabetics were not
detected).

As regards the single selected PhCs, the highesage mass loads were found for
diclofenac in both effluents: 181 mg 1000 inhahiard™ for the case study B and 117 for
the case study A. Among the selected antibiotibs, liighest values were found for
clarithromycin and ciprofloxacin (77 mg 1000 inhabits' d*) and azithromycin (48 mg
1000 inhabitants d*) in the effluent of WWTP B, and for clarithromyc{85 mg 1000
inhabitants" d?) in the effluent of WWTP A.
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Figure 4.5. Average mass loads for the nine themtépeclasses based on occurrence of the selected
pharmaceuticals.

Considerable mass loads were found in WWTP B diflder atenolol (114 mg
1000 inhabitants d*), hydrochlorothiazide (105 mg 1000 inhabitants'), sotalol (89 mg
1000 inhabitants d?), carbamazepine (65 mg 1000 inhabitanig) and metoprolol (57
mg 1000 inhabitantsd™). In WWTP A effluent, the highest mass loads warasistently
lower: sotalol (68 mg 1000 inhabitartd™), hydrochlorothiazide (50 mg 1000 inhabitants
! d') and carbamazepine (43 mg 1000 inhabithdty, except for metoprolol, whose mass
load was slightly higher (63 mg 1000 inhabit&nds).

The total (referred to the selected compounds)aaeemass loads discharged by
the two effluents were estimated at 539 mg 100@bitants" d* for WWTP A and 965
mg 1000 inhabitantsd™® for WWTP B. It is important to observe that thdlylaverall
pharmaceutical mass load discharged with the wéilieent into the receiving water body
depends on the whole resident population (henci@®WWTP flow rate). Assuming the
values reported in Table 4.2. for the two WWTPs, dlrerall mass loads discharged with
effluent A amounts to 74 g'dand it is much higher than that discharged witlueft B (5

g db).
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4.3.5 Environmental impact of the selected PhCs

Based on EMEA guidelines (EMEA, 2006), the risk tigrt RQ between MEC
and PNEC was calculated for the different compoundastimate their potential adverse
effects on aquatic organisms in both WWTP efflueantsl surface water. Unfortunately
PNECs are known only for 19 out of the 27 selecmuipounds investigated here. In this
study, in order to simulate the worst-case scenario nefgrto this observation period,
maximum measured concentrations were used to calculatefd®Cooth the WWTP
effluents and receiving water bodies. Table 4.ports the calculated RQ values. Values
greater than 1 (high risk) or between 0.1 and 1d{ome risk) are reported in bold.

Sulfamethoxazole, clarithromycin and azithromyciergv found to be the most
critical compounds, due to their high RQ valuesfdat, according to the risk ranking
system proposed by Hernando et al. (2006), thesgaonds posed a high environmental
risk (RQ > 1): sulfamethoxazole and clarithromyointhe two WWTP effluents and in
canal B and azithromycin in effluent B and canaM&reover a medium risk (RQ in the
range 0.1-1) was found to be posed by sulfamettuw@aand clarithromycin in canal A,
azithromycin in effluent A.

For all the other PhCs, calculated RQs were candist< 0.1, corresponding to a
minimal risk. It is important to underline that theo receiving surface water bodies were
investigated at different distances from the disgbaoints, defined by the characteristics
of the banks not always accessible, as presentedealComparison of the results must
take into account this fact. Experimental invesiayes evidence that the discharge of a
small WWTP in a small receiving water body may hesuhigh RQs (even >1), as in the
case study B.

Previously, other studies have reported high RQsurface water due to the
presence of pharmaceuticals in high concentratiomsh) as analgesics, psychiatric drugs
and antibiotics: ibuprofen, naproxen, ketoproferd aarbamazepine (Hernando et al.,
2006), diclofenac (Hernando et al., 2006, Zhad.e2810), mefenamic acid (Jones et al.,
2002; Tauxe-Wuersch et al., 2005), sulfamethoxaz@arcia-Galan et al., 2011),

paracetamol, amoxicillin and oxytetracycline (Joeésl., 2002). These data all indicate
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that WWTP discharges may pose a high risk for tipgaic environment, and that the
hydraulic characteristics of the receiving watedibe should therefore be taken into

consideration in their management, as supporte@rog et al. (2010), in order to mitigate
their potential toxicological effects.
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Table 4.5. Predicted no-effect concentrations (PSEQ L) and corresponding risk quotients (RQs) for tHected compounds in the both two
WWTP effluents and receiving water bodies.

Case study ARQ

Case study BRQ

Compounds PNEC Reference WWTP effluent Surfacerwate  WWTP effluent Surfacewater
Diclofenac 9700 Ra et al., 2008 0.05 0.001 0.08 0®.0
Indomethacin 3900 Sanderson e al., 2003 - - - 0.001
Ketoprofen 15600 Farré et al., 2001 0.001 - 0.001 -
Mefenamic acid 428 Jones et al., 2002 0.06 - - -
Naproxen 2620 Quinn et al., 2008 - 0.006 0.008 ®.00
Propyphenazone 800 Sanderson et al., 2003 - 0.009 .06 0 0.02
Azithromycin 150 Kummerer and Henninger, 2003 0.366 0.046 1.3933 0.59
Ciprofloxacin 938000 Sanderson et al., 2003 0.00004 0.00003 0.001 0.0001
Clarithromycin 70 Boillot, 2008 1.6 0.100 5.3 1.8
Metronidazole 2500 Kummerer and Henninger, 2003 oo - 0.01 0.0064
Roxithromycin 4000 Sanderson et al., 2003 0.003 - - -
Sulfamethoxazole 27 Ferrari et al., 2004 3.6 0.19 6.9 3.4
Trimethoprim 2600 Sanderson et al., 2003 - 0.001 01®. 0.01
Atenolol 30000 Boillot, 2008 0.01 0.0005 0.02 0.008
Metoprolol 8000 Sanderson et al., 2003., 0.02 0.001 0.03 0.006
Timolol 9000 Sanderson et al., 2003 0.001 - 0.0008 0.0008
Bezafibrate 5300 Sanderson et al., 2003 - 0.003 010.0 0.0008
Carbamazepine 13800 Ferrari et al., 2004 0.01 0.001 0.02 0.006
Diazepam 2000 Sanderson et al., 2003 - - 0.005 30.00

- = not detected
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Moreover, it should be mentioned that the enviromt@erisk analysis conducted in
this work was based on the acute toxicity of sirglsmpounds, not taking into account the
synergistic effects of a mixture of pharmaceuticalbich, according to previous study

(Gros et al., 2010), are likely to be even moraertial at lower single concentrations.

4.4 Conclusions

These results show and confirm that PhC concémsamay exceed their PNECs
in the effluents from conventional municipal WWTRs.the area under investigation, the
most critical compounds are the antibiotics sulfdmoeazole, clarithromycin and
azithromycin. Other substances, including some gasads/anti-inflammatories, other
antibiotics and the antiepileptic carbamazepinejdalso be considered as PhCs to add to
the list of potential critical compounds from arnvieanmental risk point of view. From a
legislative point of view, up to now, limits for éhconcentrations of PhCs in WWTP
effluent have not yet been set. The discussionpenpas reported in Verlicchi et al.,
2012b. In this context, the study by Perazzolo let(2010) discussed a method to
determine a list of pharmaceuticals to survey iriage water. Inclusion of substances on
the list was based on a screening procedure, tldéytmal feasibility, and previous
knowledge of pharmaceuticals detected in water.eéemnt review made by European
Community Commission about the new priority subségnto begin monitoring in aquatic
environment include hormones (ethinylestradiolragibl) and diclofenac. (EC, 2012).
Hydrodynamic characteristics of the receiving wdtedy, principally its average flow
rate, contribute to mitigating the risks to the ieowment associated with the presence of
toxic substances. The dilution capacity of the ireog water bodies can therefore be
considered of prime importance in reducing and rotig the potential toxicological
effects of PhCs released into the environment. M@bess, even after the discharge of the
treated effluent into a receiving body charactetiag a high flow rate, PhC concentrations
do not appear to be reduced to level of minimaliremmental risk. Furthermore, if
environmental risk analysis is extended to a me&taf compounds, even more harmful
effects are likely to be seen due to synergistiects. Hence, further measures are needed
to reduce the environmental risk posed by PhCdudimg source control of the most
critical compounds and enhancement of PhC remoyalppropriately upgrading existing
WWTPs.
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5.1 Introduction

Antibiotic drugs have been identified as a categufryrace chemical contaminants
that warrant close scrutiny (Al Aukidy et al., 2Q2rlicchi et al., 2012b). Much of the
concern regarding the presence of antibiotics istew@ater and their persistence after
treatment processes is related to suspicions liegtrhay generate antibiotic resistance in
bacterial species in wastewaters and surface wdtavs the discharge of the wastewater
treatment plants (WWTPs) (Baquero et al., 2008)iciwimay have consequences on the
ecosystem as a whole.

Once this issue was brought to the fore, reseacbegan to investigate the
environmental occurrence of PhCs, first via chemamaalysis (Daughton and Ternes
1999), and later risk assessment studies (Carlesah, 2006;Verlicchi et al., 2012a, b).
Environmental risk assessments are generally céeduzy either monitoring programs,
which providemeasured environmental concentratidilgECs) (as presented in Chapter 3
and 4) or prediction models, based mainly on comdiam data, which furnisipredicted
environmental concentratior®3ECs) (Cunningham, 2008; Escher et al., 2011).

Hence the aim of this chapter is to determine éhative accuracy of the prediction
models, and the limitations of on-site monitorirgrpaigns in order to investigate their
effect on the estimation of the environmental rislkeasured and predicted environmental
concentrations of 12 selected prescription drudsditibiotics and one antiepileptic) at
three sampling points: the influent and the effltueh a large municipal WWTP and
downstream of its discharge point in the receivirager body have been compared.

5.2 Materials and methods

5.2.1WWTP and receiving water body

The investigated WWTP is the WWTP of Ferrara thaestigated in Chapter 3 and
its water receiving body that investigated in Clkapgt under the name of “case study A”.
This case study is representative of many othechoa¢nt areas in the Po Valley that
feature similar environmental conditions (meteogatal conditions, water body
characteristics and destination of receiving whtaty use, catchment size, legal standards
for the discharge into the receiving water bodgy,)et
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5.2.2 Selected compounds

Selected compounds were all common prescriptiogirl antibiotics and one
antiepileptic, chosen on the basis of their higbespription and sale figures. The annual
consumption of each could be documented throughitdeal Office records and
databases. Their consumptions in the investigatesl @re reported in the fourth column of
Table 5.1. in terms of total amount (kg y8aiThe analytical technology required to detect
each selected pharmaceutical in water is well knamchdocumented.

5.2.3 Measured environmental concentration (MEC)

Measured environmental concentration of the sallePteCs under investigation are
reported in Chapter 3 for the influent and effluotn the WWTP, while chapter 4 reports
the measured environmental concentration in surfaeger, in this case maximum

observed concentrations have been considered.

5.2.4 Predicted environmental concentrations (PEC) for tle selected PhCs

5.2.4.1WWTP Influent and effluent

The quantity of each selected pharmaceutical coadum one year in the
investigated catchment arégea, ; § = 1, 2, ...12) was evaluated by means of eq. 5.1.
According to this model, already adopted in otliadi®es (Le Corre et al., 2012; Ort et al.,
2010a)Aqres, j cOrresponds to a fraction of the national consion@yay, j, and depends on
the Italian resident populatid®ay, which is equal to 58.6 million people, and the local
populationP,., equal to 138 thousand (ISTAT, 2010).

Aen = et p (eq. 5.1)
rea,j area . O.

l:)Italy

Eq. 5.1 assumes that in the area under investig#ti® pattern of consumption for
the selected compounds is the same as that detsfniam the Italian population as a
whole. The amounts of pharmaceuticals consumethlin in 2010 are provided (by the
local Territorial Pharmaceutical Office and the GsMWork Group, 2011) in terms of

Defined Daily Doses (DDD). In order to obtain thairnual consumptioAyay,; expressed
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in kg year*, DDD values were multiplied by the correspondirmpwersion factor (CF
(mg active compound DDE) defined by WHO, 2012).

Table 5.1. reports the selected compounds: firstlth antibiotics, in alphabetical
order, and then the anti-epileptic carbamazepinge &mount of active compound
consumed in Italy in 2010 in terms of DDD, as wadlits annual consumpti®ay, (k9)
and local consumptioAgreaj (kg) is reported for each compound. Table 5.10 aéports
literature data on the percentage excretion Eat@s well as the removal efficienci&s
observed in the WWTP monitored by Galletti, (20{&}cept for a few compounds for
which literature data were used).

Table 5.1. Amounts of the selected compounds usédly in 2010, in terms of DDD and

kg/year, together with the conversion factor, ettarerate (from the literature) and
removal efficiency (observed value) of each compbun

Conversion Amount Amount E
Compound Amount used (DDD) factor CF  used in Italy used in the area [%J)] [ORAj)]
(mg DDDY) (kg year') (kg year")
Azithromycin 27 739 328 500 13 870 33 ‘14 11
Ciprofloxacin 21672 142 1000 21672 51 55 71
Clarithromycin 64 469 749 1000 64 470 152 #25 8
Doxycycline 3961 205 100 396 0.93 ‘41 14
Erythromycin 60 2000 0.12 0.00028 b5 73
Metronidazole 2492 2000 4.98 0.011 ‘80 34
Norfloxacin 3548 335 800 2839 6.68 30 25
Ofloxacin 198 300 400 79.3 0.18 80 61
Roxithromycin 1924 410 300 577 1.35 85 65
Tetracycline 2037101 1000 2037 4.8 ‘58 40
Trimethoprim 6948 177 400 2780 6.54 °80 31
Carbamazepine 31 189 639 1000 31190 73 30 36

2 Ternes and Joss 200BVerlicchi et al. 2010b° rxlist (http://www.rxlist.comy: ¢ Lindberg et al. 2005
Ghosh et al. 2009

Predicted environmental concentrations for eachpmamdj, PEGy in the influent K =

inf) and the effluentk(= eff) of the WWTP were calculated according to eq. Sugjgested
by Tauxe-Wuersch et al. 2005:

_ Aareaj X1OxEjx(1R))

PEG = WWi s Pooe 365 (eq. 5.2)
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where Agrea IS the amount of pharmaceutical consumed per iedine catchment area
under investigation (Table 5.1 is the fraction of the compound j removed during
sewage treatment, (by adsorption to sludge pastitigdrolysis and biodegradation) (Table
5.1.); § is the fraction assumed to be excreted by a hubwaty (Table 5.1.) of the
compound, Parea is the number of residents in the catchment anel@iinvestigation, and
WW, is the volume of wastewater produced per capitadag in the catchment area,
assumed to be equal to 200 L iht™.

For each compound’EG, i was evaluated assuming that no removal occurnedl, t
iISR=0in eq. 5.2, while in evaluatifEG err, R values were taken as those listed in Table
5.1.

5.2.4.2Surface water

Predicted concentrations of the selected compoumdie receiving water body
PEGsW of the WWTP final discharge were estimated by |gpg the procedure of
Environmental risk assessment according to EMEAdgjuies (EMEA, 2006). These
suggest first evaluating a crude measure basebeanmaximum daily dos®IDD (Phase
I) by means of eq. 5.3:

MDD;*XFpen i
PEG sul= W:’DJMOOO (eq. 5.3)

whereMDD; is expressed in mg iffd™, Fpenjis the market penetration, that is the
fraction of the local population being treated gaiith a specific drug substance (default
value is equal to 0.01, corresponding to 1% of gbpulation), WW, is the volume of
wastewater produced daily by each inhabitant (defelue equal to 200 L inft d*) and
D is the factor for dilution of the wastewater byfaue water flow rate (default value equal
to 10). The guidelines recommend that any drugediog the concentration of 0.Qy L
Yin surface water, considered as a threshold foiremwental risk, should progress to
Phase I
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Phase liconsists of two steps in seri€hase lIAandPhase IIB Phase IlAinvolves
the refinement of th®EG s, values. By means of eq. 5.4, a revisionFgf,;is made,
taking into consideration specific commercial infatron about the geographical
distribution of the drug. Its calculation is based total prescription quantities in the
catchment arefarea, in addition to DDD data. In general, the figuresndt include over-

the-counter (OTC) sales, which is why the compowsaliscted were prescription drugs.

Aarea, j":l-OO

F -
PeN.” DDD;xPyex365

(eq. 5.4)

The surface concentration is then recalculatedgusits newF,en figure, providing
PEGsw IIA values. These are then compared with the spording predicted no-effect
concentration (PNEC) reported in Table 5.2.

Each PNEC value was assumed to be 1000 times |thaer the toxicity concentration
value found for the most sensitive species assageds to take into account the effect on
other, potentially more sensitive aquatic speaethtose used in toxicity studies (Verlicchi
et al., 2012b).

From these figures the ratREG sy IA/PNEC was then calculated. For compounds
whose ratio is higher than 1, a new refinementhaf surface concentration must be
performed Phase 1B, according to eq. 5.5, which takes into accowatration rate ;)
and removal processeR) during the passage through the WWTP.

_ MDDijpen,jx

PEqvSW”B_ WW,pxD ij(l-Rj)leO (eq. 5.5)

5.3 Results and discussion

5.3.1 Predicted environmental concentrations

Table 5.2. reports the values of predicted coneaéntrs for the selected compounds
( =1,.., 12) in the WWTP influenPEG;n7) and effluent PEG ¢x), estimated by means of
eq. 5.2, and in the receiving water bo®AEG sw 1), on the basis of eq. 5.3. As all values

exceeded the threshold of 0.0d/L, a refinement oPEG sy was conducted in all cases,
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involving first an estimation dfyen j (through eq. 5.4) and then the recalculatioRBG sw
lIA, once again applying eq. 5.3 with the re-evédald-pen, j (Table 5.2.). In this step, a re-
evaluation of the surface water concentration ggiired for compounds WItREG s IIA >
PNEG, and was performed by means of eq. 5.5, whicllgREC s\, I1B. Eq. 5.5 relies on
MDD values, which are duly listed in Table 5.2. §inrocedure was only necessary for
azithromycin, clarithromycin and tetracycline, aheir corresponding PEGy 11B values
are also reported in Table 5.2.

For the remaining compound®ECsw IIA are considered. The predicted surface

concentrations for the selected compounds are tigted in the last column of Table 5.2.

5.3.2Measured environmental concentrations

The results of the monitoring campaign at the thsaenpling points (influent,
effluent and receiving water body) that reported discussed well in Chapter 3 for the
influent and effluent of the WWTP and in Chapterfot surface water body are re-
summarised in Table 5.3. as average values of thasuned concentrations (MEC),

alongside the corresponding standard deviation SD.

Again, in the influent and effluent samples, 10 otithe 12 selected compounds
were detected in every sample (the antibiotics dgaijne and tetracycline were never
found), whereas in surface water samples azithromyaprofloxacin, clarithromycin,
trimethoprim and carbamazepine were found in onhg @ample, and the remaining
compounds, metronidazole, roxithromycin were newdgtected in any sample.
doxycycline, erythromycin, norfloxacin, ofloxacima tetracycline were not monitored.

For this reason, SDs for surface water are notrtegon Table 5.3.
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Table 5.2. Maximum daily dose, predicted environtakconcentrations and predicted no
effect concentrations for the selected compound8\WiTP influent, effluent and receiving

water body
he] o — < a1
Compounds QE ;g j‘ﬁo jﬁ, e =§§D E’Iﬁ, zﬁﬁ, o‘%ﬁ
s En w3 w3 0 =1 w 8‘ 3 = ﬁJJ“ =4 w3
o o
Azithromycin 800 0.454 0.40 4.0 0.13 0.52 0.15 @8.06 0.064
Ciprofloxacin 1200 2.78 0.81 6.0 0.10 0.60 938 0.60
Clarithromycin 1000 3.76 3.46 5.0 0.30 1.5 0.07 0.35 0.346
Doxycycline 200 0.0380 0.033 1.0 0.019 0.018 0.3 .018
Erythromycin 4000 1419 4107 20 2810 5610° 0.02 5.6 16
Metronidazole 2000 0.00093 640 10 1.216 1110 2.5 1.11d
Norfloxacin 800 0.20 0.15 4.0 0.016 0.066 15 0.066
Ofloxacin 800 0.015 0.0058 40 9.2%0 0.0037 0.016 0.0037
Roxithromycin 600 0.12 0.040 3.0 0.0089 0.026 4 26.0
Tetracycline 2000 0.28 0.17 10 0.0095 0.095 0.09 03®. 0.033
Trimethoprim 640 0.52 0.36 3.2 0.032 0.10 2.6 0.10
Carbamazepine 1600 2.2 1.4 8.0 0.15 1.2 13.8 1.16

2PNEC are from Verlicchi et al., 2012b

Table 5.3. Average environmental concentrationssaaddard deviationgi§ L™) for the
selected pharmaceuticals in the WWTP influentpefit and receiving surface water body

Compound M-EC + SD MEC+ SD MEC+ SD
influent effluent surface water
Azithromycin 0.11 £0.15 0.13+0.046 0.007
Ciprofloxacin 2.2+1.8 0.63+0.349 0.025
Clarithromycin 0.30+0.32 0.28+0.024 0.006
Doxycycline <LOD <LOD n.m
Erythromycin 0.058+0.016 0.023+0.014 n.m
Metronidazole 0.042+0.013 0.028+0.012 <LOD
Norfloxacir 0.20+0.07 0.15+0.013 n.m
Ofloxacin 1.0+0.82 0.39+0.138 n.m
Roxithromycin 0.084+0.049 0.029+0.018 <LOD
Tetracycline <LOD <LOD n.m
Trimethoprim 0.058+0.014 0.040+0.007 0.002
Carbamazepine 0.58+0.39 0.37+0.069 0.007

n.m: not measured

Selected pharmaceuticals were found in the ran@4262.2ug L™ in the influent,

0.023-0.64ug L™ in the effluent and 0.002—0.Q¥y L™ in the receiving body. On the
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whole, these results are in accordance with thased at other Italian municipal WWTPs
and their corresponding receiving water bodiesAgkidy et al., 2012; Andreozzi et al.,
2003; Castiglione et al., 2005; Ferrari et al.,2ZMuccato et al., 2010).

5.3.3Comparison of PEC and MEC

A comparison of the predicted and measured coratgonis for the investigated
compounds at the three sampling points was firsfopeed by means of the ratio
PEC/MEC, to establish whether the model underesisnar overestimates measured
values, and then by the ranking criteria proposgdhle Knappe Project and used in the
study by Coetsier et al. (2009) to assess the tafuiéify of the results of the adopted

model.

Predicted values used for evaluating this ratio those reported in Table 5.2., in
particularPEG, in (third column of Table 5.3.) for the influeREG e (four column) for
the effluent, andPEG sy, (last column) for the surface water. The 3D diaggan Fig. 5.1.
clearly show that PECs are greater than the cayrepg MECs in 6 out of the 10
detected compounds (as mentioned above, two atitbivere not detected at any of the
three sampling points). In particular, for azithsaim, ciprofloxacin, clarithromycin,
trimethoprim and carbamazepine, PEC/MEC was grdhtar 1 at all the three sampling
points, whereas for roxithromycin, the ratio isae¥ than 1 in the WWTP influent and
effluent. In contrast, the influent and effluentncentrations of erythromycin, ofloxacin
and metronidazole were underestimated by the greditormula (PEC/MEC < 1). Only
for norfloxacin were the predicted and measuredcentrations of the same order of
magnitude (PEC/MEC=1). For erythromycin, the PEG waughly zero at influent and
effluent sampling point.

These findings evidence that predicted values tiem greater than measured values, but
not in all cases, as noted by other studies caoigdn France (Coetsier et al., 2009), the
UK (Bound and Voulvolis 2006) and Spain (Carbatlale 2008).
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Figure 5.1. Comparison of predicted and measuretterdrations of the selected compounds at the three
sampling points by means of the ratio PEC/MEC him third axis of the graph: inf = WWTP influentf ef
WWTP effluent, sw= receiving surface water.

In order to evaluate whether predicted values negpdrepted or rejected, it can be

useful to adopt the following ranking criteria (Gsier et al., 2009):

0.2 < PEC/MEC <1, PEC acceptable, slightly undereded,;
1 < PEC/MEC < 4, PEC acceptable, slightly overestad;

4 < PEC/MEC < 8, PEC significantly overestimated,;
PEC/MEC > 8, PEC strongly overestimated.

Table 5.4. shows that in this case study the adoptedel yields acceptable predicted
values for almost the same compounds in the influemd effluent (norfloxacin,
ciprofloxacin, carbamazepine and, only in the effiy azithromycin), while for surface
water, the equations adopted always furnished gelasverestimation. The worst
predictions were found for the antibiotics clartthmycin and trimethoprim (PEC/MEC
always > 8) and for azithromycin (PEC/MEC> 4 in thiBuent and >8 in surface water).
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Table 5.4. Evaluation of the PEC/MEC ratio for Htedy area

—
o~ < [e0]
P 9] V) V) @©
w @) @) A
(\SI s w | O
Sampling point I o = = S
= w O O =
O o L w O
o Vv o o Ll
a « Vv Vv o
S — <t
Influent Erythromycin, Norfloxacin  Ciprofloxacin, Azithromycin Clarithromycin,
Metronidazole, Roxithromycin, Trimethoprim
Ofloxacin Carbamazepine
Effluent Erythromycin, Norfloxacin  Azithromycin, Clarithromycin,
Metronidazole, Ciprofloxacin, Trimethoprim
Ofloxacin Roxithromycin
Carbamazepine
Surface water Azithromycin,

Ciprofloxacin,
Clarithromycin,
Trimethoprim,

Carbamazepine

5.3.4 Explanation of discrepancies

Discrepancies found between MEC and PEC at thee teaenpling points can be
ascribed to various different causes. The most rtapb of these causes are reported in
Table 5.5. Depending on the compound and on thelgagmpoint, some of these factors
can be considered as principle or secondary. Fsiamge, inaccuracy of the sales data
pertaining to the twelve investigated compoundshis area could be due to a local
consumption pattern different from the national ,oas the substances are not OTC
products and other sources of PhCs such as vatgrsa on farms are not present in the

catchment area.

Excretion rate is a critical parameter in thesewdations, as it is strictly correlated to
individual human characteristics (gender, age, thealatus, consumption of other
pharmaceuticals) as well as to those of a partiqut@rmaceutical. Regarding the latter,

the latest generations of compounds have been rdbsigiith a view to consistently
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incrementing their adsorption rate during metalmolisurthermore, it is important to note
that for many substances a wide range of (observallles ofE are reported in the

literature, and the choice of the most appropnatieie to adopt in PEC estimation may
therefore be difficult. However, as a precautionargasure it is wise to use the highest

values in the model.

In addition, improper disposal of unused medicines, by flushing them down the toilet

or throwing them out with the household waste nathan returning them to a pharmacist,
will also affect the prediction accuracy. In thiase the medicine would bypass the
metabolic processes within the body that would riyodito different extents, and only the

residual fraction would be excreted. Some compowamndsalmost completely metabolized
to inactive metabolites prior to excretion withtlétor no parent compound appearing in
urine or feces, so the appearance of significanterdrations of the parent form of these
pharmaceuticals in wastewater might suggest thet Were not introduced by excretion
(Mankes and Silver 2013, Jelic et al., 2012).

It is rare that the removal efficiencies used ifCRirediction are the fruit of direct
measurement at the WWTP under investigation; mfiem they refer to “similar” WWTPs
whose data are available in literature. But, adid@r et al. (2012b) have previously
pointed out, removal efficiencies are strictly ebdated to thespecificWWTP configuration
(C, N and P removal, biological reactor shape) rajpey conditions (SRT, HRT, pH, T,
redox conditions, etc.) and feeding mode, and P&utations are therefore at high risk of
inaccuracy. To compensate, Le Coetsier et al. (R60§gest adopting the mean of a wide
range of literature data when available, or a remhefficiency equal to 0, should data be
lacking, in order to simulate the worst case sdendgstimating the dilution in the
receiving water body is another calculation higblisceptible to error, which is therefore
passed on to the PEC. If the receiving body hasrly tonstant flow rate (for instance in a
mechanically regulated artificial canal) the eqptaguing the estimation of dilution is quite
small, but in other cases it depends on the flde& o the receiving body and on the flow

rate of the discharged effluent during the monitgmeriod.
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On a related note, it is also important to poirttthat the investigation was limited to
unchanged molecules, and did not encompass theesponding metabolites.
Another aspect that EMEA guidelines fail to consigetheir model is an estimation of the
pharmaceutical removal processes occurring onceeffieent is discharged into the
surface water body. Indeed, processes such asigrarg, interactions with environmental
media, photoreactions, photodegradation, settlesnbrdadegradation, etc., can all result in
an overestimation of the PEC.
Last but not least, sampling protocols, as remallke@rt et al. (2010b) and Johnson et al.
(2008), as well as instrument and human errors, caage further discrepancies between
MEC and PEC, especially for those compounds deteatevery low concentrations
(several ng ).

Table 5.5. Factors behind discrepancies betweesurséand predicted environmental
concentrations of pharmaceuticals in raw wastewatsted effluent and surface waters.

o ot 8.
FS Fo& &0
Factor =2 = :Ti = g
=S =T O
1 Erroneous estimation of pharmaceutical consumtales data and
consumption pattern: over-the-counter OTC prodagtsnot v v
included in the consumption data; presence of éursources such as
farms)
2 Inaccurate excretion rate assumed in PEC evaluation v v v
3 Improper disposal of unused medicines (in househalste or via v v v
the toilet)
4  Inaccurate expected removal efficiency for the coomul under v v
investigation, after its passage through the WWTP
5 Inaccurately evaluated dilution effects due to piessariability in v
the flow rate in the receiving water body
6 Failure to consider further removal mechanisms oaay in the
surface water body after the discharge of theerbaffluent, also v
due to photoreactions and photodegradation, etc.
7 Sampling protocols v v v
8 Instrument error, especially for those compoundedaled at very v v v

low concentrations (ng/L).

5.4 Conclusions
Although in our case the observed differences betwREC and MEC varied among
the selected compounds and the sampling pointsiigated (influent, effluent and surface

water), both predicted and measured concentrasicnplagued by uncertainty.
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In fact, unless MEC values can be extrapolated tonger period characterized by
identical PhC consumption patterns and environnhesgaditions (including flow rate,
meteorological conditions), they can only be coesed valid for a particular sampling
period. Indeed, to obtain annual data, monitoriagngaigns would be even more complex
and expensive. On the other hand, irrespectivé@itodel used, PEC values need to be
considered agheoretical values, extrapolated from annual data (the year \hlues
assumed for each variable in the EMEA models refer

As exposure assessment is the first (screening) ste environmental risk
assessment, it is vital that PECs should not usterate actual environmental
concentrations to avoid putting the environment asn@onsiderable strain. These
considerations have prompted several Authors (antiogign Bound and Voulvoulis 2006;
Castiglioni et al., 2004; Coetsier et al., 2009¢Hig et al., 2006) to question whether
predicted concentrations should be used at alloAtiog to Carballa et al. (2008), PECs
should not be used in place of direct measuremerid, instead should merely be
considered a useful tool for defining target commbiclasses for monitoring or for
identifying the forms of the compound (conjugatedfee forms) and compartments

(liquid or solid fraction) to be investigated.

Indeed, the differences between MECs and PECs dam@ah by our findings, as
well as in other studies, indicate that calculatoodels still need considerable refinement
to increase model reliability and discriminative waw. At present, however, great
discrepancies between measured and predicted \eal@eekscouraging, as risk assessments
should always err on the side of caution and predatse positives that lead to further

investigation rather than false negatives, whiahladdéeave a potential risk unexplored.
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6.1 Introduction

The consumption of PhCs is on the increase in ho#pitals and households (van
der Aa et al. 2011). As the human body only meiabsla fraction of the administered
PhC, it enters the water cycle as the parent comgand/or its metabolites via excretion,
mainly in urine and to a lesser extent the faggsmba et al. 2006). As shown in Chapter
2 and 3, conventional municipal WWTPs are unablefticiently remove all the different
compounds found in sewage, and treated effluetitesefore one of the main sources of
PhC release into the environment. Hence, over #st ten to fifteen years, PhC
concentrations in raw and treated urban WW haven begtensively monitored.
Nevertheless, this is still a largely unregulateghaand there is ongoing debate within the
scientific community regarding which PhCs to indudmong the priority substances
(Bottoni et al. 2010). Indeed, according to the dpaan Draft (EC 2012), the anti-
inflammatory diclofenac and the hormonesp¥Estradiol and 1d-ethinylestradiol are
prime candidates to be added to the European §rioist, while according to the U.S.
EPA, erythromycin, nitroglycerin, and 9 hormone3oZethinylestradiol, 1@-estradiol,
17B-estradiol, equilenin, equilin, estriol, estroneestranol and norethindrone), need to be

considered a priority (Richardson and Ternes 2011).

HWWs represents a particular concern, but has @dgntly been investigated, and
in a far fewer number of studies. Not only high Igsia costs, but also the difficulties in
organizing water-sampling campaigns inside healdtilifies have delayed these
investigations. Nonetheless, according to the red&rature( Verlicchi et al. 2012c,
Verlicchi et al. 2010a,b; Ort et al. 2010a) HWWsynh& considered a hot spot in terms of
PhC load generated, prompting the scientific comitguo question the acceptability of
the general practice of discharging HWWs into puisiewers ( Verlicchi et al. 2010 b),
where they are conveyed to municipal WWTPs andeak¢d with urban WWs (Verlicchi
et al. 2010 a,b; Pauwels and Verstraete 2006; Kuemasnd Helmers 2000). Initially the
discussion centered on the concentrations of regilge.g. organic substances, N and P
compounds, and microorganisms) and unregulateid@asof PhCs) pollutants in both
hospital and urban WWs (Pauwels and Verstraete )20DBen the focus shifted to
evaluation of the load of selected (the most ai}i®hCs produced by a hospital and its
catchment area (Verlicchi et al. 2012a; Ort ek@llOa). This made it possible to estimate

the relative contributions of each investigated poomd made by the hospital and its
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catchment area, revealing that in some cases thpithbis indeed the main source of
certain PhCs in WW, for example the antibioticgafioxacin, spiramycin, clarithromycin,
azithromycin and oflaxacin (Verlicchi et al. 20122 Corre et al. 2012) and the lipid
regulator atorvastatin (Verlicchi et al. 2012a, €ral. 2010a).

At the same time, several research groups sebapidntify the environmental risk
generated by selected PhCs in raw hospital andnuvids/s as well as in municipal
WWTP effluents ( Eascher et al. 2011, Verlicchiaet2012a). Through evaluation of a
compound’s risk quotient (RQ), that is the ratiotwmen its measured or predicted
concentration and its predicted no-effect concéiotmag PNEC), these studies have shown
that for some compounds the risk is high (RQ >nljaw WWSs and remains high in the
WWTP effluent. However, once the effluent is disgeal into the receiving water body,
its dilution with surface water can mitigate théeef of residual PhCs and the associated

risk quotient may decrease ( Gros et al. 2010) same even to moderate or low levels.

All cited studies were conducted with the aid afdbPhC consumption data and/or
field monitoring campaigns. Unfortunately, howevar, the real world these types of
investigations are unfeasible due to time and nagetonstraints. Therefore, in the case
of the construction of a new hospital, for examplsjmple and rapid tool able to provide a
rough estimation of the potential impact on thealoenvironment of the PhCs in its
effluent would be invaluable for the authoritiesdadecision-makers responsible for
hospital management and environmental protectiorthis end, the aim of this chapter is
to provide The authorities responsible for hospitahagement and environmental health a
tool to evaluate the potential impact of hospitfluents taking in consideration the site
specific information such as the contribution ofrfan population and hospital sizes, their
location in the catchment area, WWTP capacity, aallable dilutions which can differ

between catchment area.

This chapter also aims to assess the relative itapoe of PhCs pathways (
HWWs, UWWSs) for the priority candidate diclofenas a case study for individual
WWTP. Such information will then be discussed tandastrate its potential to assist with
options for reducing PhCs risk in discharges, aadhighlight the need to adopt

management options
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6.2 Methodology

The PhCs discussed in this study focused on thémam number of compound that
should be considered in any study on PhC in watanagement and defined as high
priority or priority substances by different resgagroups worldwide (GWRC 2008, Sui et
al.,2012, Perazzolo et al., 2010, Roos et al., 2G| et al. 2012, Besse et al., 2008,
Ginebreda et al.,2012, NRMMC2008, Richardson and Ternes 2011, Verlicchi et al.
2012b), six analgesics and anti-inflammatoriesyezieantibiotics, one antihypertensive,
three beta-blockers, one contrast media, three ¢tnes) one Lipid regulators, one
Psychiatric Receptor and one antagonists drugsléTal.). These pollutants are quite
often unregulated as yet but may be included inahgoing and future reviews of the
Priority Substances List under WFD ( Bottoni e2@L0). Some of these compounds are
candidate to be within the list of priority substas (Diclofenac, Erythromycin, &7
ethinylestradiol, 1@-estradiol, 1B-estradiol, equilenin, equilin, estriol, estroneestmanol

and norethindrone) in Europe and United state @@2, Richardson and Ternes 2011).

To understand the significance level of PhC in HWVeésnoval rate in WWTP and PNEC
values a systematic review of literature and expenital investigations were carried out as
reported in Chapters 2,3 and 4.
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Table 6.1. PhCs proposed to be a priority compobydiifferent research groups.

—

2 = g | .

N Q o — = 9

« |5 |8 1§ 18 T |& [§ |8 g5

Therapeutic Class Compounds § § ‘ao'S f § = S; S g g _g =t g

= 2 o g T 2 2 = 5 = 5 3%

G @ & © @ & G z o S Z 33
Analgesic/Anti-inflammatory| Acetaminophen v v v v 5
Analgesic/Anti-inflammatory| Codeine v v 2
Analgesic/Anti-inflammatory| Diclofenac v v v v v v v 10
Analgesic/Anti-inflammatory| Ibuprofen v v v v v v 6
Analgesic/Anti-inflammatory| Ketoprofen v 1
Analgesic/Anti-inflammatory| Naproxen v v v v v 6
Antibiotics Chlortetracycline v 1
Antibiotics Ciprofloxacin v v v v 4
Antibiotics Clarythromycin v 1
Antibiotics Doxycycline v v 2
Antibiotics Erythromycin v v v v v v 6
Antibiotics Lincomycin v v v 3
Antibiotics Metronidazol v v 3
Antibiotics Norfloxacin v 1
Antibiotics Ofloxacin v v v v 4
Antibiotics Sulfamethoxazole v v v v v v 7
Antibiotics Tetracyclin v 1
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—
S S 2

S ~ 3 N S g .§

| «~ |2 13 g & [|E 8 |5 | 2

Therapeutic Class Compounds § Q ‘ao'i % S = g Hg < g _g *é g

= o & 8 o % 2 = 5 = 5 3%

G @ & © @ & G z o S Z 32
Antibiotics Trimethoprim v v v v v v 6
Antihypertensive Diltiazem v 1
B-blockers Atenolol v v v v v 5
B-blockers Metoprolol v v v 3
B-blockers Propranolol v v v 3
Contrast media lopromide v v 2
Hormones Estradiol v v 2
Hormones Estriol v v 2
Hormones Estrone v v 2
Lipid regulators Bezafibrate v v v v v 5
Lipid regulators Gemfibrozil v v v v v 5
Psychiatric drugs Carbamazepine v v v v v v v v 8
Receptor antagonists Ranitidine v v 2

" NRMMC 2008: Australian guidelines for water redggt Managing health and envieonmental risks (PBase
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6.2.1 Evaluation of the environmental Risk posed by PhCs HWWs.

The expected range of risk associated with theepies of PhCs in HWWSs is
calculated by the mean of minimum and maximum gsétient (RQ), RQ is calculated by
dividing the minimum and maximum pharmaceutical cgntration in HWWs by the
PNEC values for each compound ( equation 6.1). Bedare-summarized in Table.6.2.
regard the occurrence of PhCs in HWWs investigatedhapter 3 and those reported by
literature ( Verlicchi et al. 2010b, Nagarnaik t2910,2011).

Chmin Chmax

PNEC ’ PNEC ] (eq. 6.1)

[HRQmin,HRQmax ] = [

Where:

HRQnmin: minimum risk associated with the presence of PhGHWVWs.
HRQmax Mmaximum risk associated with the presence of RhEBVWSs.
Chpin: minimum HWWs pharmaceutical concentratiouilL™ (Literature data)
Chpmax maximum HWWs pharmaceutical concentratiopgnL ™ (Literature data)

PNEC: predicted no effect concentrationjig L™ ( Literature data)

6.2.2 Evaluation of the environmental risk in surface waer posed by PhCs originated from
HWWs

In order to quantify the range of the risk posedH/Ws due to the presence of
PhCs in the environment (surface water), the falhgwreference scenario has been
considered: The hospital discharges its effluenttlhie sewers system where the
pharmaceutical concentration was reduced by theialil factor that depends on hospital
and catchment area size, subsequently this efflierntreated by the local WWTP
undergoing the various removal mechanisms andyitia¢ discharge into receiving water
body where the reduction in the concentration is thuthe dilution factor of surface water.
In this case the dilution in sewers system, remanaWWTP and the dilution in the
surface water, should be taken into account ane lbpsase should be evaluated and RQ

in the environment (surface water) is calculatedy6.2)
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ChminXDfyX(1—R)XDfs ChmaxXDfyuX(1—R)XDf, ]

[ERQmin,ERQmax] = [ PNEC , T (eq. 6.2)

Where:

ERQmin: minimum risk in surface water posed by PhCs origiddrom HWWs.
ERQmax: maximum risk in surface water posed by PhCs ortgithérom HWWs.

R: percentage removal rate of PhCs in WWTP ( liteeatimta). For conservative reason, minimum values
reported in literature has been adopted.

Df: dilution factor, due to the discharge of HWWs i tsewer system (from local conditions data). The
dilution factor is the ratio by which a HWWs wilelkdiluted in a sewers system, and is dependenivon t

variables: the first being the size of the hospitad the second being the size of the catchmeattge (6.3).

Dfe: dilution factor, due to the discharge of WWTP iihe@ receiving water body (from local conditions
data). The dilution factor is the ratio by whiclsaw effluent will be diluted in a receiving wateody, and

is dependent on two variables, the first being dize of the STWs and the second being the sizéeof
receiving water body (Metcalf & Eddy, 2004). Itdkearly that flow of receiving water body variesthwthe
season, and even within a season a great variatioroccur, so The lowest flow of receiving watedyo
should be accounted for when calculating the dihufiactor to avoid the worst case. When the flovthef

receiving water body is not available a 10 valus wsed Ashton et al.2004.-Eq.(6.4).

Bed XWWpea

Df, = (eq. 6.3)

(BedXWW peg+InhabitantsXWW iphabitant)

InhabitantsXWW inhabitant

Df, = (eq. 6.4)

volume of recieving water body

Where:

Bed: number of hospital beds under investigation (leoaditions data)
WW ¢ the volume of WWs per bed and day (local condiidata)

Inhabitants: number of inhabitants in the catchment area uimdestigation (local conditions data)
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WW ihabitants: the volume of WWs per capita and day (200 L) Ashtt al.2004.

This tool is applied for three case studies wiffedent characteristics ( different Bed
density) as discussed below in order to estimaee @hvironmental risk in different
catchments area. The values of RQ were classiftechree risk levels: low (values < 0.1),
medium (between 0.1 and 1) and high (values >1jr&tedo et al., 2006).
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Table 6.2. Minimum and maximum concentration oéstdd PhCs in HWWS, Percentage removal rate in Wa\&rd PNEC values.

Concentration in HWWs Removal in WWTP PNEC

Class Compound (Mg LD % (g LD
min max

Analgesic/Anti-inflammatory Acetaminophen 5.4 330 08 1
Analgesic/Anti-inflammatory Codeine 0.2 50 29 16
Analgesic/Anti-inflammatory Diclofenac 0.2 15 5 9.7
Analgesic/Anti-inflammatory Ibuprofen 0.069 22 26 .64
Analgesic/Anti-inflammatory Ketoprofen 1.7 17.4 7 5.8
Analgesic/Anti-inflammatory Naproxen 0.698 13 35 62.
Antibiotics Chlortetracycline 0.011 0.011 - -
Antibiotics Ciprofloxacin 0.038 125 50 938
Antibiotics Clarithromycin 0.058 11 45 0.07
Antibiotics Doxycycline 0.0005 7 14 0.3
Antibiotics Erythromycin 0.019 83 4.3 0.02
Antibiotics Lincomycin 0.3 4.82 - -
Antibiotics Metronidazole 0.2 6 38.7 2.5
Antibiotics Norfloxacin 0.029 44 - -
Antibiotics Ofloxacin 0.2 35.5 - -
Antibiotics Sulfamethoxazole 0.004 83 10 0.027
Antibiotics Tetracyclin 0.0015 2 24 0.09
Antibiotics Trimethoprim 0.05 15 5.1 2.6
Antihypertensive Diltiazem 0.71 1.6 - -
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Concentration in HWWs Removal in WWTP PNEC

Class Compound (ug LY % (ug L™
min max

B-blockers Atenolol 1.6 3166 14 30
B-blockers Metoprolol 0.4 25 7 8
B-blockers Propranolol 0.054 22 1 0.244
Contrast media lopromide 0.2 2500 - -
Hormones Estradiol 0.017 0.04 - -
Hormones Estriol 0.353 1 - -
Hormones Estrone 0.017 0.13 - -
Lipid regulators Bezafibrate 0.2 7 9.1 5.3
Lipid regulators Gemfibrozil 0.4 1.2 - -
Psychiatric drugs Carbamazepine 0.037 1 5 13.8
Receptor antagonists Ranitidine 0.98 3 24.5 63
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6.2.3 Evaluation of the relative importance of hospitalsand catchments area on the risk of
PhCs in the influent of WWTPs
The expected range of risk has been also investigatthe influent of each WWTP
by means of Equations 6.5 and 6.6. Taking in camaitbn the pharmaceutical loads
originated from both HWWS and its catchment arearder to estimate the importance of
the risk posed by these latter for a single comdois a case study we examined the case
of the analgesics diclofenac which is candidatébg¢ocamong the priority substances that

European states should control and monitor (EC 012

I
IRQ = e _ (eq. 6.5)
[ = (CpxBedxWWpeq)+(CyxInhabitantsxWW innabitants) (eg. 6.6)
c (BedXWW peqg+InhabitantsXWW innabitants) o
Where:

IRQ: WWTP Influent Risk quotient of PhC under inveatign (diclofenac)
Ic: WWTP influent concentration of PhC under inveatign (diclofenacpglL™
Cy. Concentration of PhC under investigation (diclofdria HWWspgL™ (literature data)

Cu: Concentration of PhC under investigation (diclofdria UWWspgL™ (literature data)

The results obtained from Equation 6.5, repredemWWTP influent risk generated
from the occurrence of diclofenac in HWWs and UWWe simulated all the possible
scenarios at each WWTP under investigation by asgumhat the concentration of the
diclofenac in both WWs is occurred within the vateobserved range in Chapters 2 and
3, and the results of their combination represeatnfluent concentration in a site-specific
WWTP. the results is a 3D surface chart.
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6.2.4 Case studies
case study 1:

A large size hospital with 900 beds, 2000 peoplthefmedical staff and more than
50 between wards and departments. It is placecheéncentre of the town of Ferrara
(138000 inhabitants) and its effluent is directligatharged into the combined sewage
network and conveyed to the Ferrara WWTP (desiga@sy 120 000 p.e.) and co-treated
with the UWWs. The hospital bed density for the \@h8TP catchment is 6.5 beds per
1000 inhabitants. Average flow rate from the hagpit about 603 fhd™, corresponding to
a specific water consumption of about 670 L bed. The average urban influent flow rate
to the WWTP is about 28 000°md™, hence the hospital contributes for the 2 % to the
influent hydraulic load.

Case study 2:

A medium size hospital with 300 beds, 650 peopléhefmedical staff working in
twelve main wards. It is placed 30 km far from k&eat in the town of Lagosanto (5000
inhabitants), in a coastal and tourist area, dgrnsabulated in summertime. Its effluent is
directly discharged into the public combined sewagd conveyed to a small WWTP in
Lagosanto (design capacity 5500 p.e.) where iboireated with the local UWWSs. The
hospital bed density for the whole STP catchmef0ibeds per 1000 inhabitants. Hospital
effluent has an average flow rate of about 16D dh, resulting in a specific water
consumption of about 550 L bédi*. The average WWTP total influent flow rate is abou
1360 ni d* and the hospital flow rate corresponds to the 1&f #e total influent.

Case study 3:

A large size hospital with 900 beds and a staff 2400, including medical,
administrative and technical services, in additior250 university students and elderly
people staying in the on-site accommodations. dttisated six kilometres from the town of
Ferrara in the first outskirts, in the small urlwamtre of Cona. Due to the building growth
connected with the hospital construction, the neamban centres (Cona and Gualdo) are
under expansion and their estimated residentialilptipn is expected to climb to 1700
persons over the next years. In addition, there lacal businesses and industries,

corresponding to 500 p.e. Currently in this areamloined urban and industrial
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wastewaters (respectively UWWs and IWWs) are coeddp a small WWTP at Gualdo
designed for 1000 p.e. Treatment includes screepmgary sedimentation, conventional
activated sludge treatment and disinfection. Thi/WP is not adequate to treat all the
wastewaters coming from the new hospital and tlve uan development. The hospital
bed density for the whole WWTP catchment is 529sbpdr 1000 inhabitants. The
Expected average flow rate from the hospital isua803 ni d*, corresponding to a

specific water consumption of about 670 L Betf

6.3 Results

6.3.1 Environmental risk posed by PhCs in HWWs

The results of the expected range of Risk poseBHiys in HWWs are presented in
Figure 6.1. The variability of the range for eadmpound is determinant by the fact that
some compounds have been well investigated in HWAY' | wide range of data regards
their occurrence in HWWs are available with respgecinother compounds ( Table 6.2.).
The data are ranked with decreasing.R{Fror ten compounds values of PNEC were not
available, so the results were depicted for onlgnty compounds. For some compounds
(erythromycin, acetaminophen, clarithromycin) ttenge of the risk vary within the
intervals of high level (RQ>1), which mean thatdh®n the investigated occurrence of
these compounds in HWWs, they always pose a hgghimithe HWWs. sulfamethoxazole,
propanolol, naproxen and ketoprofen have a risigdnwithin the intervals of medium
and high level (RQ> 0.1), atenolol, doxycyclinetrdaeycline, ibuprofen, trimethoprim,
codeine, metoprolol, metronidazole, diclofenac badafibrate have a Risk range between
low and high level . Ciprofloxacin and carbamazepand ranitidine have a risk range

within the low interval level (RQ<0.1).
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Figure 6.1 Expected range of Risk posed by PhCs in HWWs

6.3.2 Environmental Risk in surface water posed by PhCsragginated from HWWs

Figure 6.2. shows the expected range of risk dowast the WWTP in each
catchment area. Due to the assumptions of the peaptwols, the expected risk’s range of
each compounds is keep constant in each catchmemtath the variation of solely risk
level. As expected, the number of compounds thaegdigh risk is increased with the
increased of the bed density. Among twenty compsyrttie compounds that observed to
have an expected range that fall within the higbkRével(RQ>1) were: two compounds (
erythromycin and sulfamethoxazole) in case studyniie compounds (erythromycin,
sulfamethoxazole, acetaminophen, clarithromycirenaipbl, propanolol, doxycycline,
tetracycline, ibuprofen) in case study 2 and teimtecompounds (erythromycin,
sulfamethoxazole, acetaminophen, clarithromycirenaipbl, propanolol, doxycycline,

tetracycline, ibuprofen, trimethoprim, naproxendeme, metoprolol) in case study 3 .

The Antibiotics erythromycin and sulfamethoxazolerev/found to pose the highest
risk in HWWS and their risk is still high downstregahe WWTP in all the case studies
notwithstanding the dilution in sewer systems ,oeat in WWTPs, and dilution in surface
water have been occurred. This is determinate ey thgh toxicity ( low PNEC values)
and high exposure. The high RQ associated withb#ia-blocker atenolol is found to be
determinant by their high exposure which found te B166 pg/L in HWWS.

Carbamazepine and ranitidine were found to hawsvaikk level (RQ<1) dueo their low
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toxicity and exposure, while the antibiotic cipmhcin, has a low RQ due to its low

toxicity nevertheless it high exposure in HWWs tbadld arrive to 12%pg/L.
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Since the removal in WWTP was assumed to be equall ithe case studies, it is
evident that dilution in sewer systems and surfeater had a larger effect on the decrease
of RQ and this is also evidenced by Escher et@12In general , simulating the current
situation of the management of HWWS (co-treatmeirth WWWS in the municipal
WWTP), the risk posed by HWWS due to the presericeh®s could be reduced with
various degree, and it is relevant to the charaties of each catchment area where the
hospital is situated. The range of the risk posgdHWWS (Fig. 6.1.) is reduced three
order of magnitude in case study 1, one order ojmtade in case study 2 and still in
same order of magnitude in case study 3. The AsmlgeAcetaminophen exhibit a little
more reduction with respect to the another compsuwani this is effected by its high
removal rate in WWTP (80%).

6.3.3 The relative importance of hospitals and catchmentarea on the risk of PhCs in the
influent of WWTPs
The estimated risk posed by PhCs originated fromVWBAand its catchment area
(UWWSs) in the influent of site-specific WWTP is defed in Figure 6.3. X-Y axes are the
two input parameter which represent the literatcoacentration range of PhC under
investigation (diclofenac) in HWWs and UWWSs respealy, while the vertical Z axes

represents the associated RQ value for each of e Y point
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Casestudy 1
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Figure 6.3. Risk patterns posed by diclofenac éitifluent of WWTP. case study 1 (Low bed densitgse
study 2 ( medium bed density), case study 3 (hegghdensity).

In all the case studies the results showed thatisikeposed by diclofenac in the
influent of WWTP varies from low to high risk withmaximum value of RQ= 1.5. In case

study 1, medium and high risk could be present wimenoccurrence of diclofenac in
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UWWs is in high concentration (>pig L™) independently of the level of concentration in
HWWS. This pattern is different in case study 2}sere the effect of HWWs to the Risk
began to be present, in these cases the mediumcoiskl be present also when the
diclofenac occurred in high concentration in HWW8eapendently of the concentration in
UWWSs. The observed high Risk in case study 1 amdkl2 respect to study case 3, is due
to the high load discharged in sewer systems flaeir tatchments area.

6.4 Discusion

The results generated from the proposed tool, sighat due to the presence of
PhCs, HWWs could pose a risk for the receiving mmment and their risk is relevant to
many factors. Erythromycin and sulfamethoxazole mntially compounds of concern
in the HWWs and they required a management, wbitg¢r compounds may not required
any management due to their low risk. In some ¢as@éWws contribute significantly to
the risk in the influent of a site-specific WWTmdatheir contribution is correlated to the
bed density. In fact the measured contributionhef hospital effluent to the total load of
diclofenac in the influent of WWTP of case studyas observed to be 2% as shown in
Chapter 3 while the contribution in another catchtnarea with different hospital bed
density from another countries was observed tohel B, 1 and 7-9% in Germany (bed
density= 12), Norway (bed density= 4), Australi@dqbdensity= 4.4) and Germany (bed
density= 33.5) respectively (Chapter 3).

Based on the results obtained from the proposed, the implementation of
decentralized WWTP for the HWWs as a strategy doice pharmaceutical impacts seems
not efficient in case study 1 and 2, where the RQdby >1 even when the concentration
in HWWs is at low levels, while for case study s efficient since RQ>1 is caused
mainly by HWWs. Using a Multiple-Criteria Decisigdnalysis (MCDA) , Lienert et al.
(2011) evaluated fferent alternatives that decrease pharmaceuticakhenhospitals’
wastewater, based on two case studies(general thlogid psychiatric hospital). The
technical alternatives included were reverse ossnasionation, and activated carbon ;
while organizational alternatives included uring@asation. For the general hospital that
contributed 38% to the total pharmaceuticals loadha wastewater treatment plant,

alternatives removing all pharmaceuticals (esplcraverse osmosis, or vacuum-toilets
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and incineration), performed systematically bettem releasing wastewater to municipal
wastewater treatment plant or urine separationspitie higher costs. For the psychiatry
with a lower pharmaceutical load(5%), costs wereaemaritical. Stakeholder feedback

concerning MCDA was very positive, especially bessathe results were robust across

different stakeholder-types.

As a result, Proper management of HWWs should take consideration the
characteristics of the catchment area in whichhibspital is situated, i.ei)(size of area,
number of residents and non residents (p.e.), geesad maximum urban flow rate,) (
industrial activities present in the area (type, VilloW rate, adopted pre-treatments within
the battery limits, final disposal of the effluengtreatment with other kind of WWs)ii |
characteristics of existing WWTPs (nominal capacitgsidual capacity, treatment
sequence, authorized limits for the final discharde®) characteristics of the receiving
water body (hydraulic regime, auto-depurative capadrrigation, recreational and
industrial uses) M legal and regulatory constraints.

In case of cotreatment of HWW and UWW, it is impott to evaluate the
percentage of hospital flow rate with respect te total WWTP influent flow rate
(Verlicchi et al. 2010a). This value depends onpitats size (small size with < 300 beds,
medium size with 300-700 beds and large size wiff08& beds), and on the size of the

resident population in the urban centre.

6.5 Method limitations

Evaluating the potential risk of HWWs due the ocence of PhCs requires the
availability of data regarding the concentrationRifCs in HWWs and removal rate in
WWTP, PNEC values. Finding previous studies onagbharmaceutical levels yielded a
paucity of information and the final data that wenaployed by the calculation were
limited to twenty compounds. The assumptions madenbploying these data suggest that
pharmaceutical concentration will be the same &mhehospital, and the variation between
hospitals will only be a result in variation flowegulting from variation in beds number).
This is obviously not the case as within each Hhabphere will be variations in
pharmaceuticals concentration levels due to théerdifices in consumption profile,

services, department and research activity.
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6.6 Application of the tool and management options

Despite the limitation of the proposed tool, estint the risk posed by PhCs
originated from HWWs to the receiving environmentld provide a viable information
on the magnitude of the risk posed by HWWs and egimntly on the type of
management options that should be adopted. As itkern® specific treatment able to
remove, to a high percentage, the many kinds ofsPigfically found in HWws, due to
their differing behaviour during treatments, andremy PhCs are resistant to conventional
treatments, innovative solutions to this problene aequired. Different operational
configurations should be developed and calibratedyrder to provide information for
potential practitioners about the financial aspacid overall risks associated with putative
treatments of HWWs (Pauwels and Verstraete 2006).

As soon as the risk identified through this tobk different options to reduce this risk
could be examined by applying the parameters itfpattregard each scenario to the tool.
The options available to reduce the risk of HWWasldde dedicated treatment, upgrading
of the existing municipal WWTP and Source manageémAndedicated treatment for
HWWs is always desirable, especially for large ltadpin rural areas, where its treated
effluent may be indirectly reused for irrigationiaafits discharge into a surface water body.
In fact, although co-treatment with UWWSs at a mipat WWTP is common practice, it
has several fundamental drawbacks. In the firstepldilution of HWWs with UWWs is
not the correct procedure, as some substances tmo#pital effluents may cause inhibition
of the treatment plant biomass and thereby receeeimoval efficiency.

Furthermore, as many micro-pollutants tend to dulabsorb to the biomass flocks,
efficient solid/liquid separation can greatly impectheir removal from wastewater and, at
the same time, guarantee a consistently good effigreality. MBRs have been suggested
for this purpose by many authors (Daigger et al52@auwels et al. 2006; Radjenovic et
al. 2009), some of whom found that ultrafiltratidF) membranes are more efficient than
MF membranes (Beier et al. 2010, Verlicchi et 2010b). MBR processes have also been
suggested as better alternatives for the removahtfogenic microorganisms, including
some viruses (Ottoson et al. 2006; Zhang and Fakdiash 2007).

Ozonation and advanced oxidation processes (AORsalao promising candidates for
efficient degradation of pharmaceuticals in wated avastewaters (Zwiner and Frimmel
2003; Chiang et al. 2003; Huber et al. 2003; Bailciand Otker 2003; Ternes et al. 2003;
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Machado et al. 2007; Zimmermann et al. 2008). b, faeatment with ozone can reduce
the concentration of many pharmaceuticals: 15 rifgof. ozone at 18 min contact time
could be an adequate dose (Gagnon et al. 2008)etwas AOPs are not affordable at
many municipal WWTPs, Kim et al. 2008 proposed tiratonging the SRT in biological
WWTP may be the best practicable solution to rauydevels of pharmaceuticals in
treated WWs.

An alternative to end-of-pipe upgrading of treatingrants, and an effective
precautionary measure, could be source controlrepsrted above, administered PhCs are
excreted from the human body via faeces and uriree @ercentage that depends on the
compounds in question. Although it will never be therfect solution, separate collection
of urine can contribute to keeping these substaaees from wastewaters. Furthermore,
source separation of urine (Nomix technology) cancbnveniently adopted for other
reasons, for instance, limitation of nutrient pota of water. In this case, facilitated
removal of pharmaceuticals could be a very welcaide effect (Lienert et al. 2007). In
fact, Larsen et al. 2004 found that source semarati urine, which contains many of the
pharmaceuticals and their transformation products:fhuman metabolism, may offer the
most effective solution to the problem of pharmdicals contaminating the environment.
Due to the higher concentrations of micropollutarit®logical as well as physical
processes are expected to be more efficient faeuhan for diluted wastewater. However,

economic and practical feasibility must be cargfelfaluated.

6.7 Conclusion

This chapter developed a tool to provide the aiiiksrresponsible for hospital
management and environmental health a useful irdbom on the magnitude of
environmental risk posed by PhCs originated from\M¥Y taking in consideration the site
specific information such as the contribution ofrfan population and hospital sizes, their
location in the catchment area, WWTP capacity, available dilutions in the receiving

water body.

The results suggest that due to the presence of,RINYWSs could pose a risk for
the receiving environment and their risk is relévemn many factors. Erythromycin and
sulfamethoxazole are potentially compounds of conagethe HWWSs and they required a
management, whilst other compounds may not reqaingdmanagement due to their low
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risk. The risk posed by HWWS due to the presendeh@s could be reduced with various
degree, and it is relevant to the characteristieaoh catchment area where the hospital is
situated. In some cases, the pathway of HWWs dauritrisignificantly to the risk in the
influent of a site-specific WWTP, and their contrilon is correlated to the bed density.
Nevertheless the limitation that the proposed texgberienced, it is provide a useful
information about the management options that shbel adopted to reduce the risk of
HWWs.
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The general aims of this thesis were to charaddrthe sources and pathways of
PhCs in the environment, to assess the occurreacmval and fate of selected PhCs in
WWTPs and in the water environment, and carry autrenmental risk analysis based on
their occurrence as a basis to priorities the lttmes compounds and to manage the risk
posed by their exposure. In particular, this wargused on HWWs in order to assess their
potential as a point source of selected 73 PhCgledrole in spreading these compounds
into the environment, and consequently the impdctWdVTPs on the receiving water
bodies in terms of 27 PhCs concentration. Thedastwas to develop a tool to estimate
the level of environmental risk posed by PhCs aatgd from HWWs at site specific
catchment area to aid the authorities and decisiakers in the management of HWWs

and the reduction of PhCs discharged into the enment.

7.1 Main Findings

. The literature review highlighted that:
« PhCs are usually present in raw influent at cottaéinns in the range 10107 ug
L™ and even more. Common WWTPs are not able to effili remove all of PhCs
and observed removal efficiencies vary in a widegeafor the different compounds,
as well as for the same substance, due to theraftfechemical and physical
characteristics of PhCs and to operational conwtigmainly aerobic, anaerobic,
anoxic reactors, SRT, pH and water temperature)R§Beem to guarantee higher
removal effciencies for most compounds and a bejtetity of the permeates with
respect to CAS.
* The occurrence of some PhCs in the secondaryeetfldischarged into surface
water bodies may pose a medium-high (acute) riskauatic life. Furthermore,
many other compounds, even if their environmentd was found to be low, are
discharged at high daily mass loads, which couldtrdoute to negative effects on
aquatic organisms in the long term due to chrondtmixture toxicity.
* For these reasons, it would be more prudent tanbegpnitoring the most
frequently and most persistent administered Ph€syall as those with the highest

environmental risk, namely antibiotics (includingrytaromycin, ofloxacin,
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sulfamethoxazole, clarithromycin, amoxicillin, wtycline and azithromycin),

psychiatric drugs (like fluoxetine, diazepam andbeanazepine), analgesics/anti-
inflammatories (ibuprofen, mefenamic acid, naproxéiclofenac and ketoprofen)
and lipid regulators (fenofibric acid, fenofibrated gemfibrozil).

* Raw HWWs has a higher ecotoxicity potential comgdcemunicipal waste water.

* Raw HWWs is a hot spot for antibiotic resistanttbaa.

The experimental investigation conducted in theaané Ferrara, Italy, on the

effluent of two different sized hospitals and tmdluent and effluent of the receiving

municipal WWTP of one of the examined hospitals amdin the effluent from two

wastewater treatment plants (WWTPSs) and their vaggiwater bodies highlighted these

results:
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* The investigated PhCs are found in consistentiyér concentrations in HWWs
than in UWWSs, particularly commonly used drugs sastanalgesics and antibiotics.
» The characteristics of the HWWs seem to be infledrby the size of the structure
(the smaller hospital discharged higher mean cdraigons than the larger one), and
season (concentrations tended to be higher in winé& in summer).

* The ratio between PhC concentration in HWWs and WWWnfluent was, on
average, 7. The highest values were found for aftox(31) and clarithromycin (36),
ranitidine (27), atorvastatin (25), metronidazo®3)( Antibiotics, analgesics/anti-
inflammatories and lipid regulator were the phareudical compounds found at the
highest concentrations.

* The percentage load contribution of the hospitied among the investigated
compounds; in particular 12 compounds yielded \aletween 16 and 67% (some
antibiotics, receptor antagonists and lipid reguigt and as a result hospital could
be a hot spot for pharmaceutical emission.

« Environmental risk analysis showed that 9 compsupdsed a high risk at the
concentrations detected in hospital effluent, whitethe WWTP influent and
effluent, only 5 of these PhCs were found to extiigh ecotoxicity. As four out of
these five PhCs were antibiotics, we can state tthiatclass of compound should

cause the most concern.
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* Due to their micropollutant content, HWWs requitere specific management and
treatment in order to protect and safeguard th&@mwent, in particular the surface

water body which will receive the final (treatedfjieent from the WWTP.

* As co-treatment is common practice, and the u&a@lventional) treatments are
unable to efficiently remove PhCs, this issue neadgent attention. Indeed,
administrators and technicians will need to perfaase-by-case analyses oloeal
scale in particular during WWTP planning and design g#s in order to determine
the best means of tackling the problem.

* PhC concentrations may exceed their PNECs in tthéerts from conventional
municipal WWTPs. In the area under investigatiorg the most critical compounds
are the antibiotics sulfamethoxazole, clarithromyand azithromycin. Other
substances, including some analgesics/anti-inflatmines, other antibiotics and the
antiepileptic carbamazepine, could also be consttlas PhCs to add to the list of
potential critical compounds from an environmeniskt point of view.

« Hydrodynamic characteristics of the receiving wdttedy, principally its average
flow rate, contribute to mitigating the risks toetlenvironment associated with the
presence of toxic substances. The dilution capadithie receiving water bodies can
therefore be considered of prime importance in cedpand controlling the potential
toxicological effects of PhCs released into theiemment.

* Nonetheless, even after the discharge of theetlegffluent into a receiving body
characterized by a high flow rate, PhC concentnatido not appear to be reduced to
level of minimal environmental risk.

 If environmental risk analysis is extended to atome of compounds, more
harmful effects are likely to be seen due to syiséiny effects. Hence, further
measures are needed to reduce the environmernitaposed by PhCs, including
source control of the most critical compounds anlda@cement of PhC removal by
appropriately upgrading existing WWTPSs.

» The environmental risk analysis conducted in thaslkwas on the basis of selected
PhCs concentration in the water, and did not camdige quantity of the compound
under investigation adsorbed onto sludge and sed#bat could be released again

to the water.
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. Assessing the relative accuracy of the predictiaaefs, and the limitations of on-
site monitoring campaigns, that environmental askessment depends on their accuracy,
indicate that:
« differences between PEC and MEC varied amongdfeeted compounds and the
sampling points investigated (influent, effluentdasurface water), both predicted
and measured concentrations are plagued by unagrtai
« differences between MECs and PECs documented b¥iralings, as well as in
other studies, indicate that calculation modell s&ed considerable refinement to
increase model reliability and discriminative powét present, however, great
discrepancies between measured and predicted vahleesliscouraging, as risk
assessments should always err on the side of caanid produce false positives that
lead to further investigation rather than falseat®egs, which could leave a potential

risk unexplored.

. A low cost tool to provide the authorities respbiesifor hospital management and
environmental health a useful information on theeptial impact of PhCs originated from
hospital effluents, taking in consideration thee sgpecific information such as the
contribution of human population and hospital sizbsir location in the catchment area,
WWTP capacity, and available dilutions in the rgcey water body, and to assess the
relative importance of PhCs pathways ( HWWs, UW\ts3ite specific WWTP has been
developed. The results indicate that:

* The environmental risk posed by PhCs originatechfHWWs, varies from low to

high level.

* Due to the presence of PhCs, HWWs could pose la fos the receiving

environment and their risk is relevant to manydest

» Erythromycin and sulfamethoxazole are potentiatiynpounds of concern in the

HWWs and they required a management, whilst otberppunds may not required

any management due to their low risk.

* In some circumstances, HWWs may represent an tapopoint source of the risk

posed by priority candidate compound “diclofenacthe influent of WWTP.
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» A dedicated treatment for HWWs is always a goddtsm, especially in the case
of a large hospital in a scarcely populated aréa. ffeatment sequence that seems to
be the most appropriate one is a multi barrier esgswith a combination of
biological, physical and chemical mechanisms (fitration MBR followed by
advanced oxidation processes by means of O3/UVjhilhway a combination of
different mechanisms can occur in the differentatireent phase, giving the
possibility to compounds with great differences their chemical-physical
characteristics to find operational conditions verey can be effectively removed.

7.2  Suggestions for future research.
Due to the gap of data in the literature and ireotd understand the issue of PhCs in the

environment in a comprehensively way , the follogwiecommendations are suggested:

1. Carrying out a monitoring program to analyse theuoence of
scarcely investigated PhCs in the influent anduefit of municipal
WWTPs.

Define PNECs values for a wider spectrum of compisun
Further researches are needed to evaluate theoemantal impact of
mixtures of different PhCs.

4, Evaluate the chronic effect of authentic PhC migsupn the aquatic
life.
5. Evaluate the best end-of-pipe measures for thetiegiSVWTPs to

guarantee better removal of the most persistenpoomds.
6. Suggest source control options to reduce the dyaatid variety of

PhCs in the water cycle.
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Table A.1. Physica@hemical properties of the selected pharmaceutibata with a star as apex refer to MBR syst

q Henry's Law constant Sy 25°C Kpiol Charge
Pharmaceutical (atm- n?/mole] pKa Log Kow (Mg I'l) Log Ky (LgSS'dY | atpH7 Molecular structure
5-aminosalicylic acid 5.02E-012 Negative
CAS # 89-57-6 g
Acetaminophen 6.42E-013 58-80
2 | CAS # 103-90-2 9.38 0.46 3.035 0| 3.08 106*-240* Neutral
S
©
£
& | Acetylsalicylic acid i} .
E | CAS #50-78-2 1.3E-009 3.5 1.13 5295 Negative
=
<
k4
3
2 | Aminopyrine 1.38E-011
©
£ | cAs #58-15-1 0.6 4191 Neutral
Codeine 7.58E-014 : i -,
CAS # 76-57-3 8.21 1.19 1.21 10 1.18 4.7-4.8 Positive
& | Dextropropoxyphene 2.34E-009 -
< § CAS # 469-62-5 Positive
% S
g
£5
g = of SE.012 <0.04-1.2
~| Diclofenac 4. 73E-01 <0.1 )
CAS # 15307-86-5 4.158 4.51/0.7 4.52 1.2 20.1% Negative
<0.002*-<0.1*°

203




Appendix A

. Henry’s Law constant S, 25°C Kpiol Charge
Pharmaceutical (atm-nP/mole) pKa Log Kow (mg I) Log Kg (LgSS'dY | atpH7 Molecular structure
Di 1.1E-015 e
ipyrone 1E- i
CAS # 68-89-3 4.76 116 Sy
o
Fenoprofen 1.28E-009 10-14 . NS
CAS # 31879-05-7 7.3 3.9 30.13 3.3%.5 O Negative :
Flurbiprofen 5.26E-009 .
CAS # 5104-49-4 3.81 17.7.13 Negative ) O
Hydrocodone 6.37E-012 : .
o | CAS # 125-20-1 8.48 2.16 1788 | 1.23 Positive
£
< |
E CH,
a 1.5-20° HsC
£ | Ibuprofen 1.5E-007 . 21-35 ) a
< | CAS # 15687-27-1 451 3.97/0.45 41.05 0.9 O*.00% Negative Hm
< 1.33%->3*° HaC
8 ClL
g
k=)
g a
< | Indomethacin 3.13E-014 <0.3 i il
CAS # 53-86-1 4.5 4.27 3.114 <0.21* Negative
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n Henry's Law constant Sy 25°C Kpiol Charge
Pharmaceutical (atm-nPmole pKa Log Koy (mg I Log Ky (LgSS'dY | atpH7 Molecular structure
a . _OH
Ketoprofen 2.12E-011 .
CAS # 22071-15-4 445 | 3.12/-044| 1204 | 1.2 Negative O O CHy
Ketorolac 3.35E-013 . N/
CAS # 74103-06-3 2.32 572.3 Negative )
Meclofenamic acid 1.28E-011 i )
A 6.02 0.0934 Negative ¢[ )/lj
Mefenamic acid 2.57E-011 HH &
CAS # 61-68-7 4.2 5.12 1.121 2.6 Negative N\ij/cHs
<0.2-9° H3C
Naproxen 3.39E-010 o 1.0-1.9 . o
CAS # 29904.53.1 4.2 | 3.18/-0.34 144.9 1.1 oaro0gr | Negative e OO r
0.08*-0.4*° "0
HsC. /CHE
Phenazone 6.65E-010 NN
CAS 4 60.80-0 1.4 038 | 237610 Neutral I(N@
o
Phenylbutazone 6.56E-009 Negative i
CAS % 50.33.9 45 3.16 21.95 h
E @
©
-~ £| Propyphenazone 1.84E-009 N _oms
g g CAS # 479-92-5 1.96 668.2 Neutral o o
£
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. Henry’s Law constant S, 25°C Kpiol Charge
Pharmaceutical (atm-nP/mole) pKa Log Kow (mg I) Log Kg (LgSS'dY | atpH7 Molecular structure
O.__OH
Salicylic acid 7.34E-009 b . oH
CAS # 69-72-7 3.5 2.26/-2.42 3808 Negative
Tolfenamic acid 1.73E-011 . o, °
CAS # 13710-19-5 5.38 0.782 Negative c\@/W I
Tramadol 1.54E-011 j i | Positive
CAS # 27903-92.5 3.01 1151 | 111 | <0.11<0.13
2 | Amoxicillin 2.49E-021 b N /§
S | CAS # 26787-78-0 2.4 0.87 3433 Neut/Neg. WL
<
<0.1
Azithromycin 5.3E-029 pK; =8.7 } <1.2* .
CAS # 83905-01.5 DK,= 9.5 4.02 0.06204 | 2.5-2.F 017+ positive
8
S
S
<
<
Cefaclor 1.27E-017
CAS # 53994-73-3 0.35 119
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3 (o] .
Pharmaceutical Her}%{il‘%\;vmcggf tant pKa Log Kow ?r%sslls Log Ky L glébg’l' o) gth:':g? Molecular structure
Cefalexin 2.77E-017 Neut/Ne
CAS # 15686-71-2 /Neg. H
e 606 3.09E-024 0.64 394.5 Negative N \j\
OH OH
Chloramphenicol 2.29E-018 O/H) I
CAS # 56.75.7 5.5 1.14 388.5 Neut./Neg. o HN\(lC‘
& o
) K — 3.3 Cl HO CH;
Chlortetracycline 3.45E-024 P . oH
ey pK=7.4| -0.62 615.7 Negative “,‘
CAS # 57-62-5 pKy= 9.3
8
s}
2 iprofloxacin 5.09E-019 j
D : 6.3 0.4 114810 | 4% Pos./Neut.
. . 0.4 o
Clarithromycin 1.73E-029 = Positive
8.99 3.16 0.342 | 25-2.6 <1.7*
CAS #81103-11-9 0.034*-0.2*%
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n Henry's Law constant Sy 25°C Kpiol Charge
Pharmaceutical (atm-nPmole pKa Log Koy (mg I Log Ky (LgSS'dY | atpH7 Molecular structure
Clindamycin 2.89E-022 N o
CAS # 18323-44-9 2.01 30.61 Pos./Neut,
I /
\
Cloxacillin 1.89E-017 . ¢ A <.
CAS # 61-72-3 3.22 13.94 Negative J ﬁ%:
OH 0O OH 0 (o]
Doxycycline 4.66E-024 PKy= 3.5 P,
CAS # 564-25-0 PKo= 7.7\ -0.02 312.9 9008 .
pKs=9.5 CHy OH N
H@ CHjg
Enoxacin 1.14E-021 pK= 6.3 ) N NN
8 | CAS # 74011-58-8 oKom 8.7 0.2 34316 Neutral (T
2 F COH
Q o
= o O
< FMOH
Enrofloxacin 1.5E-018 h |
CAS # 93106-60-6 6.27 1.1 3397 45 Neut./Neg. @ i
|/
Erythromycin 5.42E-029 o Positive S N
CAS # 114.07-8 8.8-8.9 3.06 0.5168 | 22 0.15-6 i w T
a% " ey
I], OCH,
S
H,
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. Henry’s Law constant S, 25°C Kpiol Charge
Pharmaceutical (atm-nP/mole) pKa Log Kow (mg I) Log Kg (LgSS'dY | atpH7 Molecular structure
Lincomycin 3E-023 /q,ﬂ
Lomefloxacin 1.35E-018 Neutral ‘
CAS # 98079-51-7 0.31 27216 | 416 %/\
8 kCng S/NH
S
2 CH,CH,0H
2 . '
< | Metronidazole 1.69E-011 . oaN N cHy
CAS # 443-48-1 25 | -0.1;-0.02] 257310 Neutral \i| T
Norfloxacin 8.7E-019 K.= 6.3 bositive P A cooH
CAS # 70458-96-7 ' PPa= 0 103 1.77910 | 4% \
pK,= 8.4 (\N Ny
HN\/‘ (‘:2H5
O‘ Q
F
Ofloxacin 4.98E-020 I
CAS # 82419-36-1 5.97 0.35 2.826 10| 4.2 Neut./Neg. N .
© pK1: -090,
S | Oxytetracycline 1.7E-025 3.27 -1.6 (pH 1399 Negative
£ | CAS #79-57-2 pK,= 7.3 7.5)
< pKs=9.1 1.22
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n Henry's Law constant Sy 25°C Kpiol Charge
Pharmaceutical (atm-nPmole pKa Log Koy (mg I Log Ky (LgSS'dY | atpH7 Molecular structure
HO R
Penicillin G 1.16E-014 Negative N o
2.74 N :
CAS # 61-33-6 @\)&\ o & Non,
Penicillin V 4.42E-015 Negative N N /©
CAS 4 87.08.1 2.79 1.87 101.1 ﬁ\\ T
h 97E-03 il %25
Roxithromycin 4,97E-031 2.2-2. <0.2 Positive
CAS # 80214-83-1 8.8 275 001887 | 5304 | <03
0.022*-0.023*
Spiramycin 8.0 Positive
CAS # 8025-81-8 ’
(o}
Sulfachloropyridazine 2.05E-012 @H_ ﬂ
CAS # 80-32-0 0.31 8235 Neut./Neg. HN 'cS; i - cl
pKi= % (o]
» | Sulfadiazine 1.58E-010 - H,N §7° N=
g 6.36 -0.09 2.814 16 Neut./Neg. 2 < > \ }
g | CAS #68-359 DKm 2.1 HN—<\N p
2
<
ﬁ N. OlMe
Sulfadimethoxine 1.3E-014 s —” Sy
|
CAS # 192-11.0 117 433.1 Neut./Neg. @ i !
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n Henry's Law constant Sy 25°C Kpiol Charge
Pharmaceutical (atm-nPmole pKa Log Koy (mg I Log Ky (LgSS'dY | atpH7 Molecular structure
CHy
Sulfamethazine 3.05E-013 o T
CAS # E7-68-1 2.65' 0.89 1.12410 Neut./Neg. 7, JA,
HoN
oo NQ
Sulfamethoxazole 6.42E-013 - 2.1-2.F o N )/\)\
CAS # 723.-46-6 5.7 0.89 3942 2324 0.3 Neut./Neg. N
H,N
Sulfapyridine 1.08E-013 Pki=
' 8043 0.35 1.199 16 | 2.3-2.6 Neut./Neg. I
CAS # 144-83-2 _
Pk2=2.3 P
Y
o . /”
@ | Sulfasalazine 2.19E-018 . w )
;:E CAS # 599-79-1 3.81 2.44 Negative \Q\/\W
[N
‘ =
gi'fsat;";"zz_olli_o 5.85E-014 0.72 2.003 10 Negative a
s7 NN
Q A pK]_: 3.3
g o| Jetracycline 4.66E-024 PK=7.7| -1.30 3877 | 3¢ Negative
S | CAS # 60-54-8 _
= pKa= 9.7
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. Henry’s Law constant S, 25°C Kpiol Charge
Pharmaceutical (atm-nP/mole) pKa Log Kow (mg I) Log Kg (LgSS'dY | atpH7 Molecular structure
HO 2N _NH,
Trimethoprim 2.39E-014 2.2-2.6 . ,[;IF
CAS # 738.70-5 7.2 0.91 2334 | “5% 0.15 Pos./Neut. CH,DDM_ Y
o £ !
Tylosin 5.77E-038 F GL f e e
. = p HO Ny HO ol ot -0
CAS # 1401-69-0 7.1 1.63 0.5065 Pos./Neut, o \ﬁg{o C:}Z
° &
[}
% | Glivenciami 7.56E-019 h
9 ibenclamide . - ¢ ; i TN
% CAS # 10238-21-8 5.3 4.8 0.0635 24 Negative C\CiLﬂ/\/Q/
E OCH3
é Clotrimazole 3.12E-008 O
S | Cas # 23593-75-1 6.26 0.0299 Pos./Neut. <) | e
g 9
8 Hac\’\/CHG
& | Diltiazem 8.61E-017 279 123 Positive "~ =
g | CAS #42399-41-7 ' ' @[
= Q
< o—chy
¢ | Enalapril 3.34E-016 OO i
9] . - .
2 | CAS # 75847-73-3 --- 2.45 34.88 Negative N N
g
3] o o]
Q .. . L4 g
> | Hydrochlorothiazide 4.39E-012 ) Negative o S
E CAS # 58-93-5 7.9 0.07 1292 1.8 7
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CAS # 56980-93-9

0 .
Pharmaceutical Hen(g:;[':?vlvrﬁ;:?tam pKa Log Kow ?ang2;5I1§: Log Ky L glgg’l' ) ;h[?l:g(?a Molecular structure
g Q n (o]
€ | Phenobarbital 3.8E-016 Negative He [
% CAS # 50-06-6 7.3 1.47 1644 i
a 0
m
Acebutolol 3.01E-020 . /@;\/Y
CAS # 37517-30-9 ’ 1.71 259 f& g -
Aten0|0| . . CHy mNHz
0 CAS # 29133-68-7 9.6 0.16 685.2 -0.68 1.1-1.9 positive i H/Y\D o
g OH
(] A
S | Betaxolol i . P
$ | CAS #63659-18-7 1.458-013 2.81 450.7 6.0 Positive oo
m MO I‘ll ‘1|’ )
fegase
Bisoprolol 2.89E-015 . .
CAS # 66722-44-9 1.84 2240 0.64-0.77 | Positive j)
: -
N
Carazolol 5.56E-016 .
— OH
A 457775.99.8 3.59 8.254 Positive Ly SN
%) CH,
Q CHy
S N
5 A
SE Ho X
[}
m i - .
Celiprolol 6.278-021 1.93 93.92 0.180.24 | Positive Y@
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. Henry’s Law constant S, 25°C Kpiol Charge
Pharmaceutical (atm-nP/mole) pKa Log Kow (mg I) Log Kg L gsgl ) | atpH7 Molecular structure
OH
H
Metoprolol 1.4E-013 o N oA _N__cn
CAS % 37350566 9.6 1.88 4777 035040 | Positive /\/©/ \C(H
HsCO *
HO \\H
Nadolol :
CAS # 42200-33-9 1.37E-014 9.67 0.81 2.24 10 Positive
1.83
Oxprenolol 6.35E-013 .
CAS # 6452-71-7 3182 Positive
Propranolol 7.98E-013 ; Positive
CAS # 505-66-6 9.42 3.48 228 26 0.36-0.46
@
Q
S | Sotalol 2.49E-014 pK,=8.2 ; "
S 1 N
_g CAS # 3930-20-9 DK,=9.8 0.24 5513 0.40-0.43 positive
o
m
Timolol 4.35E-017 Positive
CAS # 26839-75-8 9.21 1.83 2741
3} ' q
kS Bendroflumethiazide 5.51E-012 ¢
g ) CAS # 73-46.3 1.82 4.87 Neut./Neg. /\\S\\ //\\/NH
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. Henry’s Law constant S, 25°C Kpiol Charge
Pharmaceutical (atm- n?/mole) pKa Log Kow (Mg |.1) Log Kg (LgSS'dY | atpH7 Molecular structure
Q Cl
| o}
Furosemide 3.94E-016 3.9 203 149.3 Negative Q_E}N gfo
CAS # 54-31-9 ’ ' ’ NHg
O
OH
Q o
S ' 2.1-3.0 . ’
< | Bezafibrate 2.12E-015 Ao Negative § %k
3 | CAS # 41859-67-0 36 4.25 1.224 o Q*NO
o ' : .
je)
a
-
Clofibrate 9.31E-006 Neutral °
CAS # 637-07-0 3.62 20.97 @
Clofibric acid 2.19E-008 a1g" 5 57 Sa0.5 od 208 | Negative o%ﬁ)\OH
CAS # 882-09-7 : ' ' 0.09%.0.1%¢ Q
. - Cl
o | Etofibrate 5.74E-012 Neutral NP
2 | CAS # 31637-97-5 343 6.033 O ﬁf %
5 s
jo] CHy CHy
& | Fenofibrate 4.46E-009 [ |
E_ CAS # 49562-28-9 === 5.19 0.1957 Neutral c\@—@@ 7CTH—E70~EH:H
- 3
cl o MMa
Fenofibric acid 7.9E-012 . 72108 | O O KCHS
CAS # 42017-89-0 : 0.4%1.7% g N
Q
CH, HyC CHy
Gemfibrozil 1.19E-008 48 4.77 4.964 128 6.4-9.6 Negative O\A)%{OH
CAS # 25812-30-0 ’ ) : ’ 0.5*-1.8* @
CH,
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CAS # 54910-89-3

n Henry's Law constant Sy 25°C Kpiol Charge
Pharmaceutical (atm-nPmole pKa Log Koy (mg I Log Ky (LgSS'dY | atpH7 Molecular structure
Pravastatin Negative
CAS # 81093-37-0 023 2464
(2]
S
8 | Simvastatin 2.81E-010 Neutral
]
i'} CAS # 79902-63-9 519 0.765
ke,
=3
-
I
Amitriptyline 6.85E-008 Positive
CAS # 50-48-6 4.95 0.823 O ‘ O
) <0.1 HQN\{O
3 | Carbamazepine 1.08E-010 13.9 245 17.66 01 <0.03-<0.06 Neutral N
S | CAS # 298-46-4 : ' : ' <0.005*-
E <0.008*°
<
2 —
o
Diazepam 3.64E-009 <0.16/ Neutral O
CAS # 439-14-5 34 2.82 58.78 1.3 <0.25-<0.4° al _N
H
o N\
. _ CHs
Fluoxetine 8.9E-008 95 4.05 3835 | 0.7 5-9° positive - /©/ ]
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n Henry's Law constant Sy 25°C Kpiol Charge
Pharmaceutical (atm-nPmole pKa Log Koy (mg I Log Ky (LgSS'dY | atpH7 Molecular structure
HO .
Gabapentin 1.81E-010 NH,
CAS # 60142-96-3 4491 Neutral
Lorazepam 4.1E-010 pK;=1.3 Neutral & O :§<DH
CAS # 846-49-1 pK,=11.5 239 83.87 .
H
5M A0
Norfluoxetine ©\
CAS # 126924-38-7 9.08° 4.07 % CF;
% H,N 0
: Y
(S] N
S | Oxcarbazepine 6.92E-013 Neutral O O
£ | CAS # 28721-07-5 1.1 2028
7
o o
-
Paroxetine 1.78E-012 Positive
CAS # 61869-08-7 9.0 3.95 35.27 rO\/ECo)/ 0
o0
H,C CHy
Valproic acid 3E-006 .
CAS # 99-66-1 2.96 894.6 Negative \/I\/
O OH
= H N
5 S | Cimetidine 9.5E-016 \NL n
b O . - |
5 2 | Cas # 51481.61.9 6.8 0.40 | 1.046 10 Pos./Neut, S sl
c | |
£ © H
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. Henry’s Law constant S, 25°C Kpiol Charge
Pharmaceutical (atm-nP/mole) pKa Log Kow (mg I) Log Kg (LgSS'dY | atpH7 Molecular structure
MH HoM_ 0
Famotidine 5.44E-024 . Ha-— b=4
aE. - -0.64 1271 Positive MM o N
CAS # 76824-35-6 «gjf\sf\/&NHz
HSCI
YO
Loratadine 3.19E-013 Neutral "
CAS # 79794-75.5 5.20 0.01099 | 35
/ /\ Cl
[%]
% | Omeprazole 3.04E-019 Neutral
§) CAS # 73590-58-6 34 82.28
£
©
g Ranitidi 3.42E-015
2 | Ranitidine A2E- -
2 | CAs # 66357-35-5 2.4 0.27 2.466 10 Positive
@
Valsartan Negative
CAS # 137862-53-4
Estradiol 3.64E-011 175-460 Neutral
. | CAS #50-28-2 10.27" 3.94 81.97 2.4-2.8 280*.950*"
g
o
E
T
Estriol 1.33E-012 Neutral
CAS #50-27-1 2.81 440.8
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Antineoplasi
c

CAS # 50-18-0

. Henry’s Law constant S, 25°C Kpiol Charge
Pharmaceutical (atm-nP/mole) pKa Log Kow (mg I) Log Kg (LgSS'dY | atpH7 Molecular structure
10-162"
Estrone 3.8E-010 i . 4RV Neutral { on
CAS # 53-16-7 10.28" 3.43 146.8 | 2.4-2.9 28" ;gg
0" HyC
0.4-20°
Ethinylestradiol 7.94E-012 1.2-8" Neutral
CAS % 57-63-6 10.24" 4.12 1164 | 2528 | e
>0.5->0.7°
Clenbuterol 2.96E-014 " C(CHa3)s
CAS # 037148-27-9 2.00 3320 Positve ! N]Q)\/
2
Cl
OH Y
Salbutamol pK= 9.3, N . HO N
| cAS #35763-26-9 pk=10.3 06001 Posttive C(CHas
ki HO
S OH
t? N OH
& | Fenoterol 1.04E-023 Positive
® | CAS # 13392-18-2 1.22 41318 . SHy
OH
Terbutaline 1.65E-018 Positive - o
CAS # 23031-25-6 067 | 212810
Cyclophosphamide 1.4E-011 Neutral HQO
yeopnosp ' 0.97 5943 So

219




Appendix A

. Henry’s Law constant S, 25°C Kpiol Charge
Pharmaceutical (atm-n¥/mole) pKa Log Kow (mg I Log Kg (LgSS'd?) | atpH 7 Molecular structure
Cl
o\\ ;N\/\CI
Ifosfamide 1.36E-011 Neutral P
CAS # 3778-73-2 0.97 3781 o
Tamoxifen 4.49E-010 Positive
CAS # 10540-29-1 6.30 0.1936
__ | Crotamiton 1.53E-007
.Sé CAS # 483-63-6 2.73 195.3 Neutral "
[=Ne)
o =
Qo
8 OH
& | Triclosan 4.99E-009 n o
8 | cas # 3380-34-5 8.1 5.34 4.621 Neut./Neg. @ j@\
<C( or or el
g l 6 2 5 HO. /L/[
° i ~ .0-2.
g | R 7.3 1E-028 -2.49 2375 | 1 1.0%2.0* | Pos./Neut. ' e
3 0.12*-0.026*° . P
E H‘\OH ! °
]
© ch/o

Data were from Ternes and Joss, 2006;http:// esessgom/interkow/physdemo.htm (Henry’s Law conBtaPetrovic and Barcelo 2007 (pKa), EPISuite 04%),, logKow,

logK,o); Chemamox (charge at pH=7). For lagreferences are specified.

References
3avdeef et al. 2002 Jones et al. 2009 Huber et al. 2003 Khan and Ongerth 2002Wan et al. 200Z; Tixier et al. 20039 Nowara et al. 1997:Meylan 1993! Vieno et al.,2007;Wick et
al., 2009 Le-Minh et al., 2010; Sudrez et al., 2008: Zorita et al.2009° Munoz et al.200% Suarez et al.,2018:Wollenberger 2000* Papastephanou and Frantz 1990ss et al., 2004

Abegglen et al., 2009Radjenovic et al., 2009; u Jia et al., 2012
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Simple criteria

Kpiol < 0.1 L/(gSS d)
0.1<kpio < 10 L/(gSS d)
kpiot > 10 L/(gSS d)

Log Kow < 2.5
25 < LogKyy < 4
Log Kow > 4

LogKyg< 2.7
Log Ky > 2.7

poor degradability
quite good biodegradability
very good degradability

high hydrophilic compound
moderate hydrophilic compound
high lipophilic compound

low adsorption potential
high adsorption potential
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Table A.2. Ranges of concentration in the influéot the selected pharmaceuticals
together with their corresponding references. Dwgith an asterix as apex (*) refer to
MBRs; (log= limit of quantification)

Therapeutic Pharmaceutical Municipal WWTP influent References
class compound
Analgesics/ 5-aminosalicylic acid 3.16-27.9 Kasprzyk-Hordern et al., 2009
Anti- Acetaminophen 0.013-0.057 Choi et al., 2008;
inflammatories 18-71 Foster, 2007;
A 29-246 Gbémez et al., 2007,
104 Khan and Ongerth, 2005;
7.1-11.4 Radjenovic et al., 2007, 2009;
4,16 Roberts and Thomas, 2006;
1.57-37.5 Rosal et al., 2010;
172* Snyder et al., 2006;
0.96 Yu et al., 2006
Acetylsalicylic acid 1.32-5.44 Kasprzyk-Hordernagt 2009
Codeine 0.1-35 Foster, 2007,
2.8-11 Gbémez et al., 2007,
2.49-12.6 Kasprzyk-Hordern et al.,2009;
0.15-2.09 Rosal et al., 2010;
0.12 Wick et al., 2009
Dextropropoxyphene| 0.03 Roberts and Thomas, 2006
Diclofenac 0.16 Bendz et al., 2005;
3.19%/0.9-3.19 Clara et al 2005a,
0.94.1 Clara et al 2005b;
0.2-3.6 Gbémez et al., 2007,
0.06-1.16 Kasprzyk-Hordern et al., 2009;
0.25-1 Kimura et al 2007;
0.3-0.6 Lindqvist et al., 2005;
0.2 Lishman et al., 2006;
0.2-0.7 Paxéus, 2004;
2.8* Quintana et al., 2005;
1-1.6 Radjenovic et al., 2009;
7 Reif et al., 2008;
0.98* Roberts and Thomas, 2006;
0.23 Rosal et al., 2010;
<loq Santos et al., 2007,
<loq Santos et al., 2009;
0.05* Snyder et al., 2006;
0.78 Stumpf et al., 1999;
11 Suérez et al., 2005;
0.3-2.09 Tauxe-Wuersch et al., 2005;
0.33-0.49 Thomas and Foster, 2005;
0.46 Vieno et al., 2005;
1.23 Weigel et al., 2004;
0.11 Yu et al., 2006;
0.23 Zorita et al., 2009
Dipyrone 4.7-24 GOmez et al., 2007
Fenoprofen <loq Bendz et al., 2005;
<loq Lishman et al., 2006;
0.009-0.08 Nakada et al., 2006;
Flurbiprofen <loq Bendz et al., 2005
Hydrocodone 0.11* Snyder et al., 2006
Ibuprofen 3.59 Bendz et al., 2005;
2.6-5.7 Carballa et al., 2004,
2.44%1.2-3.6 Clara et al., 2005a,
1.2-2.6 Clara et al., 2005b;
34-168 Gbémez et al., 2007;
0.98-6.32 Kasprzyk-Hordern et al., 2009;
2.7 Khan and Ongerth, 2005;
1.9 Kimura et al., 2007;

222




Appendix A

Therapeutic
class

Pharmaceutical Municipal WWTP influent References
compound
9.8-19.8 Lindqvist et al., 2005;
8.45 Lishman et al., 2006;
0.38-1.13 Nakada et al., 2006;
0.8-11 Paxéus, 2004;
5.7* Quintana et al., 2005;
14.6-31.3 Radjenovic et al., 2009;
9.8* Reif et al., 2008;
2.6 Roberts and Thomas, 2006;
2.8-5.8 Rodriguez et al., 2003;
<log-4.11 Rosal et al., 2010;
12.1-373 Santos et al., 2007,
<log-353 Santos et al., 2009;
12* Snyder et al., 2006;
0.32 Stumpf et al., 1999;
10 Suérez et al., 2005;
1.1-4.6 Tauxe-Wuersch et al., 2005;
9.5-14.7 Thomas and Foster, 2005;
23.4 Vieno et al., 2005;
1.66 Weigel et al., 2004;
1.9 Yu et al., 2006;
6.9 Zorita et al., 2009
Indomethacin <loq Bendz et al., 2005;
0.23 Lishman et al., 2006,
0.66-1 Radjenovic et al., 2009;
<log-0.11 Rosal et al., 2010;
0.95 Stumpf et al., 1999;
Ketoprofen 0.94 Bendz et al., 2005;
0.031-0.34 Kasprzyk-Hordern et al., 2009;
0.9 Khan and Ongerth, 2005;
0.97 Kimura et al., 2007;
1.3-3 Lindqvist et al., 2005;
0.15 Lishman et al., 2006;
0.1-0.37 Nakada et al., 2006;
0.5* Quintana et al., 2005;
0.7-1.2 Radjenovic et al., 2007,
<log-0.8 Rosal et al., 2010;
<log-3.59 Santos et al., 2007,
<log-6.47 Santos et al., 2009;
0.52 Stumpf et al., 1999;
0.15-0.41 Tauxe-Wuersch et al., 2005;
0.41-0.52 Thomas and Foster, 2005;
2.9 Vieno et al., 2005;
1.2 Yu et al., 2006
Ketorolac <log-2.8 Rosal et al., 2010
Mefenamic acid <0.017-0.03 Kasprzyk-Hordern et al., 2009;
0.22 Kimura et al., 2007;
0.8-1.2 Radjenovic et al.,2009;
0.23 Roberts and Thomas, 2006;
0.1-0.22 Rosal et al., 2010;
0.75-2.9 Tauxe-Wuersch et al., 2005
Naproxen 3.65 Bendz et al., 2005;
1.79-4.6 Carballa et al., 2004,
0.62-3.5 Kasprzyk-Hordern et al., 2009;
6.5 Khan and Ongerth, 2005;
0.27 Kimura et al., 2007;
3.6-8.2 Lindqvist et al., 2005;
5.58 Lishman et al., 2006;
0.04-0.23 Nakada et al., 2006;
1.8-3.6 Paxéus, 2004;
1* Quintana et al., 2005;
0.13-0.67 Radjenovic et al.,2009;
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Therapeutic

Pharmaceutical

Municipal WWTP influent References
class compound
6.2* Reif et al., 2008;
3.5-45 Rodriguez et al., 2003;
1.19-5.23 Rosal et al., 2010;
1.1-27.4 Santos et al., 2007,
2.02-52.1 2009;
12.5% Snyder et al., 2006;
0.6 Stumpf et al., 1999;
10 Suérez et al., 2005;
10.3-12.8 Thomas and Foster, 2005;
8.6 Vieno et al., 2005;
3.2 Yu et al., 2006;
4.9 Zorita et al., 2009
Phenazone <log-0.07 Rosal et al., 2010;
Propyphenazone 0.0016-0.07 Nakada et al., 2006;
0.04-0.09 Radjenovic et al., 2009
Salicylic acid 5.6-32.08 Kasprzyk-Hordern et al., 2009;
13 Khan and Ongerth, 2005;
13.7 Lishman et al., 2006;
Tramadol 23.03-85.8 Kasprzyk-Hordern et al, 2009;
0.23-0.47 Wick et al., 2009
Antibiotics Amoxicillin 0.19-0.28 Watkinson et al., 2007
B Azithromycin 0.16-1.34 Ghosh et al., 2009;
0.09-0.38 Gobel et al., 2005,
0.26 Yasojima et al., 2006
Cefaclor 0.5-0.98 Watkinson et al., 2007
Cefalexin 2 Costanzo et al., 2005;
0.67-2.9 Gulkowska et al., 2008;
4.6 Watkinson et al., 2007
Cefotaxime 0.004-0.024 Gulkowska et al., 2008
Chloramphenicol 0.15-0.45 Kasprzyk-Hordern et al., 2009;
1.73-2.43 Peng et al., 2006
Chlortetracycline <loq Watkinson et al., 2007
Ciprofloxacin 0.09 Costanzo et al., 2005;
0.231-0.195 Ghosh et al., 2009;
0.315-0.57 Golet et al., 2003;
0.21 Karthikeyan and Meyer, 2006;
0.09-0.194 Lindberg et al., 2005,
0.21-0.228 Lindberg et al., 2006;
0.16-13.6 Rosal et al., 2010;
3.8 Watkinson et al., 2007;
0.32 Zorita et al., 2009
Clarithromycin 1.129-4.82 Ghosh et al., 2009;
0.33-0.6 Gobel et al., 2005,
0.647 Yasojima et al., 2006
Clindamycin 0.002-0.005 Watkinson et al., 2007
Cloxacillin <loq Watkinson et al., 2007
Doxycycline <log-0.11 Lindberg et al., 2005;
- Watkinson et al., 2007
Enrofloxacin 0.023-0.085 Ghosh et al., 2009;
0.01 Watkinson et al., 2007
Erythromycin 0.06-0.19 Gobel et al., 2005,
0.47-0.74 Gulkowska et al., 2008;
0.48-1.2 Karthikeyan and Meyer, 2006;
0.14-10.02 Kasprzyk-Hordern et al., 2009;
0.32-2.7 Radjenovic et al., 2007,
10* Reif et al., 2008;
0.11 Roberts and Thomas, 2006;
0.34 Rosal et al., 2010;
1.05* Snyder et al., 2006;
0.22 Xu et al., 2007
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Therapeutic Pharmaceutical Municipal WWTP influent References
class compound
Lincomycin 0.06-0.08 Watkinson et al., 2007
Metronidazole 0.34-0.962 Kasprzyk-Hordern et al., 2009;
0.044-0.17 Rosal et al., 2010
Norfloxacin 0.155-0.468 Ghosh et al., 2009;
0.343-0.52 Golet et al., 2003;
0.46 Gulkowska et al., 2008;
0.075-0.174 Lindberg et al., 2005,
0.246-0.319 2006;
0.17 Watkinson et al., 2007;
0.033 Xu et al., 2007;
0.018 Zorita et al., 2009
Ofloxacin 0.47 Brown et al., 2006;
0.287 Lindberg et al., 2005;
0.52-5.56 Peng et al., 2006;
0.89-31.7 Radjenovic et al., 2009;
0.84-5.29 Rosal et al., 2010;
0.077 Xu et al., 2007;
0.022 Zorita et al., 2009
Oxytetracycline <loq Watkinson et al., 2007
Penicillin G <loq Gulkowska et al., 2008;
<loq Watkinson et al., 2007
Penicillin V 0.05-0.16 Watkinson et al., 2007
Roxithromycin 0.025-0.078 Clara et al., 2005b;
0.096-0.209 Ghosh et al., 2009;
0.01-0.04 Gobel et al., 2005,
17~ Reif et al., 2008;
0.08 Ruel et al., 2010;
0.018 Watkinson et al., 2007;
0.04 Xu et al., 2007
Sulfachloropyridazing <log-0.47 Choi et al., 2008
Sulfadiazine 5.1-5.15 Peng et al., 2006
Sulfadimethoxine <log-0.21 Choi et al., 2008;
Sulfamethazine 0.11-0.21 Karthikeyan and Meyer., 2006;
<loq Sahar et al., 2011
Sulfamethoxazole 0.02 Bendz et al., 2005;
0.39 Brown et al., 2006;
<log-0.58 Carballa et al., 2004,
0.15-0.98 Choi et al., 2008;
0.02-0.075 Clara et al., 2005b;
<0.2 Foster, 2007;
0.23-0.57 Gobel et al., 2005,
0.17-1.25 Karthikeyan and Meyer, 2006;
0.02-0.27 Kasprzyk-Hordern et al., 2009;
0.14-0.23 Lindberg et al., 2005;
5.45-7.91 Peng et al., 2006;
0.25-1.3 Radjenovic et al., 2009;
10* Reif et al., 2008;
0.16-0.53 Rosal et al., 2010;
0.53 Ruel et al., 2010;
1.11* Snyder et al., 2006;
0.36 Watkinson et al., 2007;
0.01 Xu et al., 2007
Sulfapyridine 0.06-0.15 Gobel et al., 2005,
2.16-12.39 Kasprzyk-Hordern et al., 2009
Sulfasalazine <log-0.06 Watkinson et al., 2007
Sulfathiazole <0.03-0.53 Choi et al., 2008;
0.002 Watkinson et al., 2007
Tetracycline 0.065-0.089 Ghosh et al., 2009;
0.096-1.3 Gulkowska et al., 2008;
0.24-0.79 Karthikeyan and Meyer, 2006;
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Therapeutic Pharmaceutical Municipal WWTP influent References
class compound
<loq Watkinson et al., 2007
Trimethoprim 0.53 Batt 2006;
0.08 Bendz et al., 2005;
0.59 Brown et al., 2006;
0.1 Foster, 2007;
0.011-0.026 Ghosh et al., 2009;
0.21-0.44 Gobel et al., 2005,
0.12-0.32 Gulkowska et al., 2008;
0.58-1.1 Karthikeyan and Meyer, 2006;
1.51-4.67 Kasprzyk-Hordern et al., 2009;
<log-0.49 Choi et al., 2008;
0.17-0.65 Lindberg et al., 2005,
1.03-1.86 2006;
0.1-0.3 Paxéus, 2004;
0.15-0.43 Radjenovic et al., 2009;
10.5* Reif et al., 2008;
0.25 Roberts and Thomas, 2006;
0.07-0.2 Rosal et al., 2006;
0.69* Snyder et al., 2006;
0.34 Watkinson et al., 2007
Tylosin <log-0.055 Watkinson et al., 2007
AntidiabeticsC Glibenclamide 0.12-15.9 Radjenovic et al., 2009
AntifungalsD Clotrimazole 0.029 Roberts and Thomas, 2006
Antihypertensives Diltiazem <0.005-0.019 Choi et al., 2008
E <0.2-1.6 Foster, 2007;
0.405-5.258 Kasprzyk-Hordern et al., 2009;
Hydrochlorothiazide 2.3-4.8 Radjenovic et al., 2009;
0.61-10 Rosal et al., 2010;
Barbiturated- Phenobarbital 0.07 Yu et al., 2006
Beta-blockerss | Atenolol 2.29 Alder et al. 2010
0.03 Bendz et al., 2005;
8.1-25.14 Kasprzyk-Hordern et al., 2009;
1.69-2.54 Maurer et al., 2007;
0.84-2.8 Radjenovic et al., 2009;
0.66-2.43 Rosal et al., 2010;
0.72 Wick et al., 2009
Betaxolol 0.006-0.009 Wick et al., 2009
Bisoprolol 0.21-0.38 Wick et al., 2009
Celiprolol 0.1-0.16 Wick et al., 2009
Metoprolol 0.24 Alder et al., 2010;
0.056-0.14 Kasprzyk-Hordern et al., 2009;
0.14-0.23 Maurer et al., 2007;
0.3 Paxéus, 2004;
0.026-0.063 Radjenovic et al., 2009;
0.02 Rosal et al., 2010;
1.2 Wick et al., 2009
Propranolol 0.05 Alder et al., 2010;
0.05 Bendz et al., 2005;
0.11-1.9 Kasprzyk-Hordern et al., 2009;
0.05-0.17 Maurer et al., 2007;
0.1-1.13 Radjenovic et al., 2009;
0.08 Roberts and Thomas, 2006;
0.012-0.06 Rosal et al., 2010;
0.073 Wick et al., 2009
Sotalol 0.29 Alder et al., 2010;
0.3 Maurer et al., 2007;
0.17-0.85 Radjenovic et al., 2009;
1.1 Wick et al., 2009
DiureticsH Bendroflumethiazide <0.008-0.1 Kasprzyk-Hordernl 2209
Furosemide 1.58-6.02 Kasprzyk-Hordern et al., 2009;
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Therapeutic Pharmaceutical Municipal WWTP influent References
class compound
0.41 Rosal et al., 2010
Lipid regulatord | Bezafibrate 6.84*/1.55-7.6 Clara et al., 2005a,
1.55-7.6 Clara et al., 2005b;
0.6 Kasprzyk-Hordern et al., 2009;
0.1-1 Lindqvist et al., 2005;
2.6* Quintana et al., 2005;
1.9-29.8 Radjenovic et al., 2009;
0.048-0.36 Rosal et al., 2010;
1.18 Stumpf et al., 1999;
2.2 Vieno et al., 2005
Clofibric acid 0.028 Kimura et al., 2007;
0.49 Roberts and Thomas, 2006;
0.03 Rosal et al., 2010;
1 Stumpf et al., 1999;
0.17-0.37 Tauxe-Wuersch et al., 2005;
0.17 Weigel et al., 2004;
0.05 Zorita et al., 2009
Fenofibric acid <log-0.12/0.079 Rosal et al., 2010;
0.42 Stumpf et al., 1999;
Gemfibrozil 0.71 Bendz et al., 2005;
1.5 Khan and Ongerth, 2005;
0.45 Lishman et al., 2006;
0.6-1.1 Paxéus, 2004;
2-5.9 Radjenovic et al., 2009;
0.41-17.1 Rosal et al., 2010;
2.21* Snyder et al., 2006;
0.3 Stumpf et al., 1999;
0.41 Yu et al., 2006
Pravastatin <0.06 Kasprzyk-Hordern et al., 2009;
0.46-1.5 Radjenovic et al., 2009
Simvastatin <0.007 Kasprzyk-Hordern et al., 200
Psychiatric drugs| Amitriptyline 0.504-6.7 Kasprzyk-Hordern et al.,(80
J Carbamazepine 1.68 Bendz et al., 2005:
0.7%/0.32-0.7 Clara et al., 2005a,
0.32-1.2 Clara et al., 2005b;
0.3 Conti et al., 2011;
<0.2-0.59 Foster, 2007;
0.12-0.31 Gbémez et al., 2007;
0.1-3.11 Kasprzyk-Hordern et al., 2009;
0.5 Khan and Ongerth, 2005;
<0.005-0.45 Choi et al., 2008;
0.015-0.27 Nakada et al., 2006;
13-2 Paxéus, 2004;
0.054-0.22 Radjenovic et al., 2009;
19.5* Reif et al., 2008;
0.1-0.17 Rosal et al., 2010;
<log/2.15 Santos et al., 2007,
<log-3.78 Santos et al., 2009;
0.2 Snyder et al., 2006;
21.5 Suérez et al., 2005;
1 Wick et al, 2009
Diazepam 23* Reif et al., 2008;
21 Sudrez et al., 2005;
Fluoxetine 0.1 Foster, 2007,
0.191 Metcalfe et al. 2010;
0.12-2.3 Radjenovic et al., 2009;
0.58 Rosal et al., 2010;
<0.1* Snyder et al., 2006;
0.011 Zorita et al., 2009
Gabapentin 10.67-25 Kasprzyk-Hordern et al., 200
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Therapeutic Pharmaceutical Municipal WWTP influent References
class compound
0.1 Yu et al., 2006
Norfluoxetine 0.011 Metcalfe et al. 2010;
0.011 Zorita et al., 2009
Oxcarbazepine 0.011-0.046 Conti et al., 2011
Paroxetine 0.016 Metcalfe et al. 2010;
Valproic acid 0.14 Yu et al., 2006
Receptor Cimetidine 0.014-10 Choi et al., 2008
antagonist& 0.68-6.5 Kasprzyk-Hordern et al., 2009;
Famotidine 0.027-0.14 Radjenovic et al., 2009
Loratadine 0.015-0.043 Radjenovic et al., 2009
Omeprazole 0.057-2.13 Rosal et al., 2010
Ranitidine 2-11.15 Kasprzyk-Hordern et al., 2009;
0.072-0.54 Radjenovic et al., 2009,
0.52 Rosal et al., 2010
Valsartan 0.35-5.3 Kasprzyk-Hordern et al., 200
Hormoned. Estradiol 0.012-0.02 Andersen et al., 2003;
0.008-0.016 Baronti et al., 2000;
0.035-0.067/0.067* Clara et al., 2005a
<0.08-3 Foster, 2007;
0.04*/0.003 Joss et al., 2004;
0.01 Lishman et al., 2006;
0.003 Zorita et al., 2009
Estriol 0.05-0.12 Baronti et al., 2000;
0.023-0.336/0.326* Clara et al., 2005a
0.08-0.25 Nakada et al., 2006
Estrone 0.05-0.07 Andersen et al., 2003;
0.03-0.07 Baronti et al., 2000;
0.002 Carballa et al., 2004,

0.071*/0.034-0.67
0.025*/0.032

Clara et al., 2005a;
Joss et al., 2004;

0.03 Lishman et al., 2006;
0.02-0.19 Nakada et al., 2006;
0.014 Zorita et al., 2009
Ethinylestradiol 0.002-0.004 Baronti et al., 2000;
0.004-0.07/0.02* Clara et al., 2005a
0.04 Foster, 2007;
0.002 Joss et al., 2004;
Beta-agonist&! | Salbutamol 0.05-0.15 Kasprzyk-Hordern et al., 2009;
Antineoplastics\ | Ifosfamide 0.038-0.36 Kummerer et al., 1997
Tamoxifen 0.17 Roberts and Thomas, 2006
'goplcal product | Crotamitron 0.38-3.03 Nakada et al.. 2006
AntisepticP Triclosan 1.7-2.7 Foster, 2007;
0.39-4.2 Gbémez et al., 2007;
7 McAvoy et al., 2002;
0.21-1.8 Nakada et al., 2006;,
0.4-2.2 Paxéus, 2004;
0.86 Rosal et al., 2010;
0.45 Ruel et al., 2010;
1.28* Snyder et al., 2006;
3-3.6 Thomas and Foster, 2005;
0.38 Weigel et al., 2004;
0.8 Yu et al., 2006
Contrast ager® | lopromide 0.2 Batt et al., 2006;
6.6 Carballa et al., 2004;
0.03-3.84 Clara et al., 2005b
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Table A.3. Ranges of concentration for the seleptetmaceuticals in the effluent of CAS
and MBR together with their corresponding referend2ata with an asterix as apex (*)

refer to MBRs. (log= limit of quantification)

Therapeutic

Pharmaceutical

Secondary effluent References
class compound
Analgesics/ 5-aminosalicylic acid 0.17-1.21 Kasprzyk-Hordern et al., 2009
Anti- Acetaminophen <0.005-0.009 Choi et al., 2008;
inflammatories 0.11 Coetsier et al., 2009;
A 0.025 Foster, 2007;
<log-4.3 GOmez et al., 2007;
0.08-1.57 Kasprzyk-Hordern et al., 2009;
0.23 Khan and Ongerth, 2005;
0.0018-0.019 Kim et al., 2007;
<20 Roberts and Thomas, 2006;
<0.01 Snyder et al., 2006;
6 Ternes, 1998
Acetylsalicylic acid <0.003-0.065 Kasprzyk-Hordern et al., 2009;
1.5-0.22 Ternes, 1998
Aminopyrine <loq Andreozzi et al., 2003;
1 Ternes, 1998
Codeine 0.025 Foster, 2007;
0.9-8.1 Goémez et al., 2007;
1.45-4.17 Kasprzyk-Hordern et al.,2009;
0.16 Rosal et al., 2010;
0.025 Wick et al., 2009
Dextropropoxyphene| 0.1 Roberts and Thomas, 2006
Diclofenac 0.47-5.45 Andreozzi et al., 2003;
0.12 Bendz et al., 2005;
2.14*/0.78-1.68 Clara et al 2005a,
2.03%0.78-1.5 Clara et al 2005b;
0.4 Coetsier et al., 2009;
0.14-2.2 Gbémez et al., 2007,
0.006-0.5 Kasprzyk-Hordern et al., 2009;
0.008-0.12 Kim et al., 2007;
0.04*/0.07 Kimura et al., 2005,
0.046*-0.12%/0.145 Kimura et al 2007;
0.15-0.33 Lindqvist et al., 2005;
0.19 Lishman et al., 2006;
0.006-1.3 Mufioz et al., 2009;
0.14-1.48 Paxéus, 2004;
1.9* Quintana et al., 2005;
7.5% Reif et al., 2008;
0.34 Roberts and Thomas, 2006;
0.006-0.43 Rosal et al., 2010;
<loq Santos et al., 2007,
0.07 Santos et al., 2009;
<0.01* Snyder et al., 2006;
0.19 Stumpf et al., 1999;
10.67 Suérez et al., 2005;
0.6-2.4 Tauxe-Wuersch et al., 2005;
1.3 Ternes et al., 2003;
0.81 Ternes, 1998;
0.068-0.083 Thomas and Foster, 2005;
0.4 Vieno et al., 2005;
0.09 Yu et al., 2006;
0.48 Zorita et al., 2009
Dipyrone 2.4-75 GOmez et al., 2007
Fenoprofen <loq Andreozzi et al., 2003;
<loq Bendz et al., 2005;
0.015 Coetsier et al., 2009;
- Lishman et al., 2006;
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Therapeutic Pharmaceutical Secondary effluent References
class compound
0.0015-0.009 Nakada et al., 2006;
<loq Ternes, 1998
Flurbiprofen 0.34 Andreozzi et al., 2003;
<loq Bendz et al., 2005
Hydrocodone <0.01* Snyder et al., 2006
Ibuprofen 0.02-0.18 Andreozzi et al., 2003;
0.15 Bendz et al., 2005;
2.1 Carballa et al., 2004,

0.02-2.4/0.069*
<log-2.4/0.02*

Clara et al., 2005a,
Clara et al., 2005b;

0.067 Coetsier et al., 2009;
0.24-7.1 Gbémez et al., 2007,
0.065-0.49 Kasprzyk-Hordern et al., 2009;

0.22 Khan and Ongerth, 2005;
0.01-0.13 Kim et al., 2007;
0.01*-0.2* Kimura et al., 2005,

0.04/0.03*-0.1* Kimura et al., 2007;
0.05-3.9 Lindqvist et al., 2005;
0.77 Lishman et al., 2006;
0.54 Mufioz et al., 2009;
0.0014-1.18 Nakada et al., 2006;
0.02-1.9 Paxéus, 2004;
0.18* Quintana et al., 2005;

2.9 Roberts and Thomas, 2006;
0.91-1.87 Rodriguez et al., 2003;
<log-0.65 Rosal et al., 2010;
0.78-48.24 Santos et al., 2007,
<log-40.2 Santos et al., 2009;

0.04* Snyder et al., 2006;
0.08 Stumpf et al., 1999;
1.8 Suérez et al., 2005;
0.1-2.1 Tauxe-Wuersch et al., 2005;
1.13 Ternes et al., 2003;
3.4 Ternes, 1998;
0.015-0.023 Thomas and Foster, 2005;
0.005 Vieno et al., 2005;
0.08 Zorita et al., 2009
Indomethacin <loq Bendz et al., 2005;

0.19 Lishman et al., 2006,
0.02-0.05 Rosal et al., 2010;

0.16 Stumpf et al., 1999;

0.1 Ternes et al., 2003;

0.27 Ternes, 1998

Ketoprofen <loq Andreozzi et al., 2003;

0.33 Bendz et al., 2005;
0.007-0.37 Kasprzyk-Hordern et al., 2009

0.59 Khan and Ongerth, 2005;

0.01*-0.02%/0.28
<0.02*-0.17*/0.44
0.05-0.9
0.12
0.06-0.21
0.18*
0.27-0.53
<log-1.5
<log-2.27
0.19
0.1-0.37
0.2
0.015-0.041
0.23

Kimura et al., 2005,

2007;

Lindqvist et al., 2005;
Lishman et al., 2006;
Nakada et al., 2006;
Quintana et al., 2005;
Rosal et al., 2010;

Santos et al., 2007,
Santos et al., 2009;
Stumpf et al., 1999;
Tauxe-Wuersch et al., 2005;
Ternes, 1998;

Thomas and Foster, 2005;
Vieno et al., 2005;
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Therapeutic

Pharmaceutical

Secondary effluent References
class compound
0.28 Yu et al., 2006
Ketorolac <log-0.607 Rosal et al., 2010
Meclofenamic acid 0.025 Ternes, 1998
Mefenamic acid <0.005-0.1 Kasprzyk-Hordern et al., 2009;
0.008*-0.018*/0.035 Kimura et al., 2005,
0.015*-0.05%/0.062 2007;
0.96 Roberts and Thomas, 2006;
0.087-0.16 Rosal et al., 2010;
0.5-3 Tauxe-Wuersch et al., 2005
Naproxen 0.29-5.2 Andreozzi et al., 20083;
0.25 Bendz et al., 2005;
0.8-2.6 Carballa et al., 2004,
<0.002-0.2 Kasprzyk-Hordern et al., 2009;
0.35 Khan and Ongerth, 2005;
0.02-0.4 Kim et al., 2007;
0.005*-0.02%/0.05 Kimura et al., 2005,
<0.01*-0.01*/0.099 2007;
0.15-1.93 Lindqvist et al., 2005;
0.45 Lishman et al., 2006;
0.012-0.14 Nakada et al., 2006;
0.2-1.51 Paxéus, 2004;
0.17* Quintana et al., 2005;
1* Reif et al., 2008;
1.87-2.1 Rodriguez et al., 2003;
0.35-2.2 Rosal et al., 2010;
0.22-4.28 Santos et al., 2007,
0.22-5.09 2009;
<0.01* Snyder et al., 2006;
1.32 Stumpf et al., 1999;
3.2 Suérez et al., 2005;
0.3 Ternes, 1998;
0.1 Ternes et al., 2003;
0.012-0.038 Thomas and Foster, 2005;
0.42 Vieno et al., 2005;
0.38 Yu et al., 2006;
0.34 Zorita et al., 2009
Phenazone <loq Andreozzi et al., 2003;
<log-0.058 Rosal et al., 2010;
0.16-0.41 Ternes, 1998
Propyphenazone 0.0014-0.12/0.007 Nakada et al., 2006
Salicylic acid <0.001-0.39 Kasprzyk-Hordern et al., 2009;
0.38 Khan and Ongerth, 2005;
0.1 Lishman et al., 2006;
0.14 Ternes, 1998
Tolfenamic acid 0.025 Ternes, 1998
Tramadol 12.77-56.81 Kasprzyk-Hordern et al, 2009;
0.23-0.37 Wick et al., 2009
Antibiotics Amoxicillin 0.007 Watkinson et al., 2007
B Azithromycin 0.04-0.38 Gobel et al., 2005,
0.06 Yasojima et al., 2006
Cefaclor 0.009 Watkinson et al., 2007
Cefalexin 0.08 Costanzo et al., 2005;
0.24-0.33 Gulkowska et al., 2008;
<loq Watkinson et al., 2007
Cefotaxime <log-0.034 Gulkowska et al., 2008
Chloramphenicol <0.006-0.069 Kasprzyk-Hordern et al., 2009;
<loq Peng et al., 2006
Chlortetracycline <loq Watkinson et al., 2007
Ciprofloxacin 0.04-0.07 Andreozzi et al., 2003;
0.13 Costanzo et al., 2005;
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Therapeutic Pharmaceutical Secondary effluent References
class compound
0.079-0.1 Golet et al., 2003;
0.06 Karthikeyan and Meyer, 2006;
0.007-0.032 Lindberg et al., 2005,
0.03-0.05 Lindberg et al., 2006;
2 Mufioz et al., 2009;
2.37 Rosal et al., 2010;
0.64 Watkinson et al., 2007;
0.094 Zorita et al., 2009
Clarithromycin 0.15-0.46 Gobel et al., 2005,
0.21 Ternes et al., 2003;
0.35 Yasojima et al., 2006
Clindamycin 0.005 Watkinson et al., 2007
Cloxacillin 0.001 Watkinson et al., 2007
Doxycycline 0.064 Lindberg et al., 2005;
<log-0.04 Watkinson et al., 2007
Enoxacin 0.03 Andreozzi et al., 2003
Enrofloxacin 0.01 Watkinson et al., 2007
Erythromycin 0.05-0.14 Gobel et al., 2005,
0.52-0.6 Gulkowska et al., 2008;
0.27-0.3 Karthikeyan and Meyer, 2006;
0.023-2.77 Kasprzyk-Hordern et al., 2009;
0.0089-0.29 Kim et al., 2007;
0.89 Mufoz et al., 2009;
0.9* Reif et al., 2008;
0.2 Roberts and Thomas, 2006;
0.33 Rosal et al., 2010;
0.03* Snyder et al., 2006;
0.62 Ternes et al., 2003;
<loq Watkinson et al., 2007;
0.21 Xu et al., 2007
Lincomycin 0.05-0.06 Watkinson et al., 2007
Lomefloxacin 0.22-0.32 Andreozzi et al., 2003
Metronidazole 0.13-0.56 Kasprzyk-Hordern et al., 2009;
0.055 Rosal et al., 2010
Norfloxacin 0.06-0.07 Andreozzi et al., 2003;
0.12 Coetsier et al., 2009;
0.21 Costanzo et al., 2005;
0.06-0.07 Golet et al., 2003;
0.08-0.1 Gulkowska et al., 2008;
0.007-0.021 Lindberg et al., 2005,
0.046-0.07 2006;
0.025 Watkinson et al., 2007;
0.027 Xu et al., 2007;
0.019 Zorita et al., 2009
Ofloxacin 0.31-0.58 Andreozzi et al., 2003;
0.11 Brown et al., 2006;
0.045 Lindberg et al., 2005;
0.04-0.86 Peng et al., 2006;
0.81 Rosal et al., 2010;
0.048 Xu et al., 2007;
0.019 Zorita et al., 2009
Oxytetracycline <log-0.02 Watkinson et al., 2007
Penicillin G <loq Gulkowska et al., 2008;
0.004 Watkinson et al., 2007
Penicillin V 0.02-0.03 Watkinson et al., 2007
Roxithromycin 0.042%/0.045/0.057/0.036 Clara et al., 2005b;
0.01-0.03 Gobel et al., 2005,
5% Reif et al., 2008;
0.05 Ruel et al., 2010;
0.54 Ternes et al., 2003,
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Therapeutic

Pharmaceutical

Secondary effluent References
class compound
0.1 Watkinson et al., 2007;
0.035 Xu et al., 2007
Sulfachloropyridazing <0.03-0.14 Choi et al., 2008
Sulfadiazine 0.07 Peng et al., 2006
Sulfadimethoxine <0.01-0.7 Choi et al., 2008
Sulfamethoxazole 0.01-0.09 Andreozzi et al., 2003;
0.07 Bendz et al., 2005;
0.31 Brown et al., 2006;
0.25 Carballa et al., 2004,
0.025-0.5 Choi et al., 2008;
0.05-0.09/<log* Clara et al., 2005b;
0.025 Foster, 2007;
0.13-0.84 Gobel et al., 2005,
0.05-0.21 Karthikeyan and Meyer, 2006;
0.004-0.044 Kasprzyk-Hordern et al., 2009;
0.003-0.4 Kim et al., 2007;
0.13 Lindberg et al., 2005;
0.18 Mufioz et al., 2009;
<loq Peng et al., 2006;
5* Reif et al., 2008;
0.1-0.3 Rosal et al., 2010;
0.3 Ruel et al., 2010;
<0.01* Snyder et al., 2006;
0.62 Ternes et al., 2003;
0.27 Watkinson et al., 2007
Sulfapyridine 0.02-0.23 Gobel et al., 2005,
0.46-1.11 Kasprzyk-Hordern et al., 2009
Sulfasalazine 0.0015 Kasprzyk-Hordern et al., 2009;
<log-0.01 Watkinson et al., 2007
Sulfathiazole <0.03 Choi et al., 2008;
0.005 Watkinson et al., 2007
Tetracycline 0.18-0.37 Gulkowska et al., 2008;
0.07-0.16 Karthikeyan and Meyer, 2006;
0.03 Watkinson et al., 2007
Trimethoprim 0.04-0.13 Andreozzi et al., 2003;
0.25 Batt 2006;
0.04 Bendz et al., 2005;
0.18 Brown et al., 2006;
0.025 Foster, 2007;
0.08-0.4 Gobel et al., 2005,
0.12-0.14 Gulkowska et al., 2008;
0.55 Karthikeyan and Meyer, 2006;
0.38-1.2 Kasprzyk-Hordern et al., 2009;
<0.01-0.87 Choi et al., 2008;
0.01-0.18 Kim et al., 2007;
0.21-1.34 Lindberg et al., 2005,
0.61-1.88 Lindberg et al., 2006;
0.02-0.24 Paxéus, 2004;
6.7* Reif et al., 2008;
0.4 Roberts and Thomas, 2006;
0.099 Rosal et al., 2006;
<0.01 Snyder et al., 2006;
0.34 Ternes et al., 2003;
0.05 Watkinson et al., 2007
Tylosin <log Watkinson et al., 2007
AntifungalsD Clotrimazole 0.02 Roberts and Thomas, 2006
Antihypertensives Diltiazem <0.005-0.013 Choi et al., 2008
E 0.025 Foster, 2007;
0.1-1.15 Kasprzyk-Hordern et al., 2009
Hydrochlorothiazide 1.8-11 Mufoz et al., 2009;
0.67-1.7 Rosal et al., 2010
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Therapeutic

Pharmaceutical

Secondary effluent References
class compound
Barbiturated- Phenobarbital <loq Yu et al., 2006
Beta-blockerss | Acebutolol 0.01-0.11 Andreozzi et al., 2003;
Atenolol 1.33 Alder et al., 2010;
0.16 Bendz et al., 2005;
1.3-3.16 Kasprzyk-Hordern et al., 2009;
0.4-0.6 Maurer et al., 2007;
0.14-73 Mufoz et al., 2009;
0.01-0.73 Paxéus, 2004;
0.51-2.4 Rosal et al., 2010;
0.36 Ternes et al., 2003;
0.37 Wick et al., 2009
Betaxolol <loq Andreozzi et al., 2003;
0.057-0.19 Ternes, 1998;
<loq Wick et al., 2009
Bisoprolol 0.37 Ternes, 1998;
0.21-0.27 Wick et al., 2009
Carazolol <log-0.12 Ternes, 1998
Celiprolol 0.28 Ternes et al., 2003;
0.12-0.16 Wick et al., 2009
Metoprolol 0.16 Alder et al., 2010;
0.01-0.1 Andreozzi et al., 2003;
0.034-0.057 Kasprzyk-Hordern et al., 2009;
0.103-0.161 Maurer et al., 2007;
<0.01-0.39 Paxéus, 2004;
<log-0.038 Rosal et al., 2010;
2.2 Ternes, 1998;
1.7 Ternes et al., 2003;
1.1 Wick et al., 2009
Nadolol 0.025-0.06 Ternes, 1998
Oxprenolol 0.01-0.03 Andreozzi et al., 2003
Propranolol 0.03 Alder et al., 2010;
0.01-0.09 Andreozzi et al., 2003;
0.03 Bendz et al., 2005;
0.56 Coetsier et al., 2009;
0.13-0.523 Kasprzyk-Hordern et al., 2009;
0.032-0.123 Maurer et al., 2007;
0.39 Roberts and Thomas, 2006;
<log-0.057 Rosal et al., 2010;
0.17-0.29 Ternes, 1998;
0.18 Ternes et al., 2003;
0.058 Wick et al., 2009
Sotalol 0.21 Alder et al., 2010;
0.249-0.251 Maurer et al., 2007;
1.32 Ternes et al., 2003;
1.2 Wick et al., 2009
Timolol <log-0.07 Ternes, 1998
DiureticsH Bendroflumethiazide <0.008 Kasprzyk-Hordern et2009
Furosemide <0043-1.823 Kasprzyk-Hordern et al., 2009;
<log-0.666 Rosal et al., 2010
Lipid regulatord | Bezafibrate <log-0.91 Andreozzi et al., 2003;
0.692-4.8/1.55* Clara et al., 2005a,
<log-4.8/0.073* Clara et al., 2005b;
0.094-0.393 Kasprzyk-Hordern et al., 2009;
<log-0.83 Lindqvist et al., 2005;
0.01* Quintana et al., 2005;
0.033-0.28 Rosal et al., 2010;
0.59 Stumpf et al., 1999;
2.2-4.6 Ternes, 1998;
0.14 Vieno et al., 2005
Clofibrate <log-0.8 Andreozzi et al., 2003;
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Therapeutic Pharmaceutical Secondary effluent References
class compound
<loq Ternes, 1998
Clofibric acid <log-0.68 Andreozzi et al., 2003;
<loq Bendz et al., 2005;
<0.001-0.048 Kasprzyk-Hordern et al., 2009;
0.028/0.004*-0.02* Kimura et al., 2005,
0.014/0.005*-0.014* 2007;
- Lishman et al., 2006;
0.078 Roberts and Thomas, 2006;
<log-0.091 Rosal et al., 2010;
0.66 Stumpf et al., 1999;
0.15-0.27 Tauxe-Wuersch et al., 2005;
0.36-1.6 Ternes, 1998;
0.12 Ternes et al., 2003;
0.11 Weigel et al., 2004;
0.024 Zorita et al., 2009
Etofibrate 0.05 Ternes, 1998
Fenofibrate 0.16 Andreozzi et al., 2003;
<loq Lishman et al., 2006;
<log-0.03 Ternes, 1998
Fenofibric acid 4.7-80 Mufioz et al., 2009;
<log-0.129 Rosal et al., 2010;
0.231 Stumpf et al., 1999;
0.38-1.2 Ternes, 1998;
0.13 Ternes et al., 2003
Gemfibrozil 0.71-4.76 Andreozzi et al., 2003;
0.18 Bendz et al., 2005;
0.2 Khan and Ongerth, 2005;
0.004-0.017 Kim et al., 2007;
0.246-0.436 Lishman et al., 2006;
0.003-5.2 Mufoz et al., 2009;
0.06-0.84 Paxéus, 2004;
0.003-5.233 Rosal et al., 2010;
<0.01* Snyder et al., 2006;
0.162 Stumpf et al., 1999;
0.4-1.5 Ternes, 1998
Pravastatin <0.007 Coetsier et al., 2009;
<0.06 Kasprzyk-Hordern et al., 2009
Simvastatin <0.003 Kasprzyk-Hordern et al., 200
Psychiatric drugs| Amitriptyline <0.002-0.335 KaggeHordern et al., 2009
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Therapeutic Pharmaceutical Secondary effluent References
class compound
J Carbamazepine 0.3-1 Andreozzi et al., 2003;
1.18 Bendz et al., 2005;
0.794*/0.465-0.952 Clara et al., 2005a,
1.147%/0.465-1.337 Clara et al., 2005b;
1.519 Coetsier et al 2009;
<0.05-0.15 Foster, 2007;
0.11-0.23 Gbémez et al., 2007,
0.15-2.32 Kasprzyk-Hordern et al., 2009;
0.5 Khan and Ongerth, 2005;
<0.005-0.195 Choi et al., 2008;
0.073-0.729 Kim et al., 2007;
0.14-0.26 Muroz et al., 2009;
0.011-0.16 Nakada et al., 2006;
0.1-1.2 Paxéus, 2004;
17.8* Reif et al., 2008;
0.069-0.173 Rosal et al., 2010;
<log-1.29 Santos et al., 2007,
<log-1.29 Santos et al., 2009;
<0.01* Snyder et al., 2006;
19.8 Suérez et al., 2005;
2.1-6.3 Ternes, 1998;
2.1 Ternes et al., 2003;
0.74-0.92 Wick et al, 2009
Diazepam <log*/<loq Clara et al., 2005b;
17* Reif et al., 2008;
19.3 Suérez et al., 2005;
<log-0.04 Ternes, 1998;
- Wick et al., 2009
Fluoxetine <0.05-0.025 Foster, 2007,
0.0017 Kim et al., 2007;
0.127-0.154 Metcalfe et al. 2010;
0.016-2 Mufoz et al., 2009;
0.034-0.929 Rosal et al., 2010;
<0.01* Snyder et al., 2006;
<loq Zorita et al., 2009
Gabapentin 1.786-3.514 Kasprzyk-Hordern et al., 2009;
<loq Yu et al., 2006
Lorazepam 0.196 Coetsier et al., 2009
Norfluoxetine <loq Metcalfe et al. 2010;
0.006 Zorita et al., 2009
Paroxetine 0.007 Metcalfe et al. 2010;
Valproic acid <loq Yu et al., 2006
Receptor Cimetidine 0.02-7.763 Choi et al., 2008
antagonist& 0.253-0.781 Kasprzyk-Hordern et al., 2009
Omeprazole <log-0.922 Rosal et al., 2010
Ranitidine 0.015-0.783 Kasprzyk-Hordern et al., 2009;
<log-0.942 Rosal et al., 2010
Valsartan 0.006-0.711 Kasprzyk-Hordern et al., 200
Hormoned. Estradiol <0.001 Andersen et al., 2003;
0.0007-0.002 Baronti et al., 2000;
<loq Carballa et al., 2004,
<log-0.03/<log* Clara et al., 2005a;
<0.02-0.054 Foster, 2007;
0.0002 Joss et al., 2004;
<0.001 Kim et al., 2007;
<loq Lishman et al., 2006;
0.0025 Zorita et al., 2009
Estriol 0.00072-0.0036 Baronti et al., 2000;

<log-0.275/<log*
0.0089-0.025
0.0003-0.0008

Clara et al., 2005a;
Kim et al, 2007;
Nakada et al., 2006
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Therapeutic Pharmaceutical Secondary effluent References
class compound
Estrone 0.0005 Andersen et al., 2003;
0.005-0.044 Baronti et al., 2000;
<log-0.0044 Carballa et al., 2004,
<log-0.072/0.002* Clara et al., 2005a;
0.002/0.002* Joss et al., 2004;
0.002-0.036 Kim et al., 2007;
0.0076-0.038 Lishman et al., 2006;
0.0028-0.11 Nakada et al., 2006;
0.07 Zorita et al., 2009
Ethinylestradiol 0.0004-0.0008 Baronti et al., 2000;
<log-0.005/0.004* Clara et al., 2005a;
<0.02-0.01 Foster, 2007;
0.0002/0.0002* Joss et al., 2004;
0.0013 Kim et al., 2007;
<loq Zorita et al., 2009
Beta-agonist! | Clenbuterol <log-0.08 Ternes, 1998
Fenoterol <log-0.06 Ternes, 1998
Salbutamol <0.001-0.022 Kasprzyk-Hordern et al., 2009;
<log-0.17 Ternes, 1998
Terbutaline <log-0.12 Ternes, 1998
Antineoplastic\ | Cyclophosphamide <log-0.02 Ternes, 1998
Ifosfamide <0.0038 Coetsier et al., 2009;
<log-2.9 Ternes, 1998
Tamoxifen 0.083 Coetsier et al., 2009;
0.6 Roberts and Thomas, 2006
1O'op|cal product | Crotamitron 0.245-0.968 Nakada et al., 2006
AntisepticP Triclosan 0.015-0.039 Foster, 2007;
0.08-0.4 Gbémez et al., 2007;
0.0013-0.032 Kim et al., 2007;
0.41 McAvoy et al., 2002;
0.052-2.5 Mufioz et al., 2009;
0.0266-0.33 Nakada et al., 2006;,
0.09-0.58 Paxéus, 2004;
<log-0.512 Rosal et al., 2010;
<loq Ruel et al., 2010;
<0.01* Snyder et al., 2006;
0.054-0.082 Thomas and Foster, 2005;
0.18 Weigel et al., 2004;
0.25 Yu et al., 2006
Contrast ager® | lopromide 0.1 Batt et al., 2006;
9.3 Carballa et al., 2004;
<log-5.06/<log* Clara et al., 2005b;
1.17-4.03 Kim et al., 2007

Table A.4. Ranges of removal efficiency for theestdd pharmaceuticals with their
corresponding references. Data with an asterixpag &) refer to MBRs; data in italics

and underlined are obtained by applying eq. 2.thefmanuscript to the provided data in
the reported reference.

. Pharmaceutical Removal Efficiencies for CAS and
Therapeutic clasg References
compound MBR
Analgesics/ 5-aminosalicylic acid 94 Kasprzyk-Hordern et al., 2009
Anti- Acetaminophen 80-93 Choi et al., 2008;
inflammatories 99.94 Foster, 2007;
A 99.8 Gbmez et al., 2007;
91.93 Jones et al., 2007;
100 Khan and Ongerth, 2005

237



Appendix A

Therapeutic clasg

Pharmaceutical

Removal Efficiencies for CAS and

References

compound MBR
86.4/99.6* Radjenovic et al., 2007,
99.9/99.8*-99.9* Radjenovic et al., 2009;
100 Roberts and Thomas, 2006;
100 Rosal et al., 2010;
100¢ Snyder et al., 2006
99.5 Yu et al., 2006
Acetylsalicylic acid 99.2 Kasprzyk-Hordern et al., 2009;
81 Ternes, 1998
Aminopyrine 38 Ternes, 1998
Codeine 99.86 Foster, 2007;
29 Gdémez et al., 2007;
60.9 Kasprzyk-Hordern et al.,2009;
69.3 Rosal et al., 2010;
81.66 Wick et al., 2009
Diclofenac 22 Bendz et al., 2005;
24/58* Bernhard et al., 2006;
60/60* Clara et al., 2004,
7.14-47.34/32.92* Clara et al 2005a,
7.1-62.7 Clara et al 2005b;
50.6* Coetsier et al., 2009;
40 Gémez et al., 2007;
31.2 Kasprzyk-Hordern et al., 2009;
42/51*-82* Kimura et al 2007
9-46 Kreuzinger et al., 2004;
9-60 Lindqvist et al., 2005;
0 Lishman et al., 2006
5-80 Paxéus, 2004;
23* Quintana et al., 2005;
50.1/87.4* Radjenovic et al., 2007,
21.8/62.6*-65.8* Radjenovic et al., 2009;
-7 Reif et al., 2008;
651 Roberts and Thomas, 2006
5 Rosal et al., 2010;
50 Santos et al., 2007,
50 Santos et al., 2009;
90 Snyder et al., 2006
75 Stumpf et al., 1999;
3 Suérez et al., 2005;
-11-3 Tauxe-Wuersch et al., 2005;
69 Ternes, 1998;
13 Vieno et al., 2005
-36.6 Weigel et al., 2004;
18 Yu et al., 2006;
-111 Zorita et al., 2009
Dipyrone 65 Gomez et al., 2007
Fenoprofen 65.6-97.5 Nakada et al., 2006
Hydrocodone 95.76* Snyder et al., 2006
Ibuprofen 96 Bendz et al., 2005;
97/99* Bernhard et al., 2006;
64 Carballa et al., 2004,
70 Carballa et al.,2005;
55 Castiglioni et al., 2006;
97/97* Clara et al., 2004,
-4.35-99.18/97.18* Clara et al., 2005a,
-4.3-98/99.2* Clara et al., 2005b;
92 Gomez et al., 2007;
86 Jones et al., 2007;
93.8 Kasprzyk-Hordern et al., 2009;
92 Khan and Ongerth, 2005
98/95*-98* Kimura et al. 2007;
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Therapeutic clasg

Pharmaceutical

Removal Efficiencies for CAS and

References

compound MBR
92-99/97*-99* Kreuzinger et al., 2004;
78/100 Lindqvist et al., 2005;
96 Lishman et al., 2006
84.3/99.7/ Nakada et al., 2006;
52/99 Paxéus, 2004;
97* Quintana et al., 2005;
82.5/99.8* Radjenovic et al., 2007,
99.1/99.2*-99.5* Radjenovic et al., 2009;
98* Reif et al., 2008;
-12.8 Roberts and Thomas, 2006;
65 Rodriguez et al., 2003;
95 Rosal et al., 2010;
88.4-89.5 Santos et al., 2007,
84-87 Santos et al., 2009;
100* Snyder et al., 2006
75 Stumpf et al., 1999;
82 Suérez et al., 2005;
26-79 Tauxe-Wuersch et al., 2005;
90 Ternes, 1998;
99.8 Vieno et al., 2005;
98.2 Weigel et al., 2004;
87 Yu et al., 2006;
99 Zorita et al., 2009
Indomethacin 24 Lishman et al., 2006,
23.4/46.6* Radjenovic et al., 2007,
5/39.7*-41.4* Radjenovic et al., 2009;
11.1 Rosal et al., 2010;
83 Stumpf et al., 1999;
75 Ternes, 1998
Ketoprofen 65 Bendz et al., 2005;
85.4 Kasprzyk-Hordern et al., 2009;
34 Khan and Ongerth, 2005;
55/83*-99* Kimura et al., 2007;
51/100 Lindqvist et al., 2005;
16 Lishman et al., 2006;
14-68.4 Nakada et al., 2006;
62* Quintana et al., 2005;
51.5/91.9* Radjenovic et al., 2007,
54.6/43.9*-44* Radjenovic et al., 2009;
11.2 Rosal et al., 2010;
30-37 Santos et al., 2007,
52-56 Santos et al., 2009;
63 Stumpf et al., 1999;
7-51 Tauxe-Wuersch et al., 2005
92.1 Vieno et al., 2005;
77 Yu et al., 2006
Ketorolac 43.9 Rosal et al., 2010
Mefenamic acid 91.54 Jones et al., 2007;
72/77*-93* Kimura et al. 2007
29.4/74.8* Radjenovic et al., 2007,
5/35.5*-40.5* 2009;
1.8 Rosal et al., 2010;
2-53 Tauxe-Wuersch et al., 2005
Naproxen 93 Bendz et al., 2005;
47 Carballa et al., 2004,
47 Carballa et al.,2005;
85.5 Kasprzyk-Hordern et al., 2009;
95 Khan and Ongerth, 2005;
64/96*-98* Kimura et al., 2007
55-98 Lindqvist et al., 2005;
93 Lishman et al., 2006
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Pharmaceutical

Removal Efficiencies for CAS and

References

compound MBR
-1.89-82.9 Nakada et al., 2006;
42-93 Paxéus, 2004;
71* Quintana et al., 2005;
85.1/99.3* Radjenovic et al., 2007,
71.8 Radjenovic et al., 2009;
84* Reif et al., 2008;
44.62 Rodriguez et al., 2003
60.9 Rosal et al., 2010;
35.1-89.4 Santos et al., 2007
43-71/90.7*-91.6* Santos et al2009;
100* Snyder et al., 2006
78 Stumpf et al., 1999;
68 Suarez et al., 2005;
66 Ternes, 1998;
95.1 Vieno et al., 2005;
88 Yu et al., 2006;
93 Zorita et al., 2009
Phenazone 87.2 Rosal et al., 2010;
33 Ternes, 1998
Propyphenazone 14-86.4 Nakada et al., 2006;
42.7/64.6* Radjenovic et al., 2007,
37.6/60.7*-64.5* Radjenovic et al., 2009
Salicylic acid 994 Kasprzyk-Hordern et al., 2009;
97 Khan and Ongerth, 2005;
99 Lishman et al., 2006;
Tramadol 42 Kasprzyk-Hordern et al, 2009;
4.16 Wick et al., 2009
Antibiotics Amoxicillin 96 Watkinson et al., 2007
B Azithromycin 45/39 Ghosh et al., 2009;
18 Gobel et al., 2005,
5*-24* Gobel et al 2007;
74.3 Yasojima et al., 2006
Cefaclor 98 Watkinson et al., 2007
Cefalexin 96 Costanzo et al., 2005;
64.2-88.6 Gulkowska et al., 2008;
53-91 Li and Zhang, 2011
100 Watkinson et al., 2007
Cefotaxime 83.3 Gulkowska et al., 2008
43 Li and Zhang, 2011
Chloramphenicol 92 Kasprzyk-Hordern et al., 2009;
Not evaluated Li and Zhang, 2011
96-97 Peng et al., 2006
Chlortetracycline 82-85 Li and Zhang, 2011
Ciprofloxacin 73* Baumgarten et al., 2007
63 Castiglioni et al., 2006;
-44 Costanzo et al., 2005;
50-73 Ghosh et al., 2009;
78 Golet et al., 2003;
71.43 Karthikeyan and Meyer, 2006;
18/55 Li and Zhang, 2011;
72-96 Lindberg et al., 2005,
79 Lindberg et al., 2006
57 Rosal et al., 2010;
86 Vieno et al., 2007,
83 Watkinson et al., 2007;
71 Zorita et al., 2009
Clarithromycin 0 Castiglioni et al., 2006;
50-83 Ghosh et al., 2009;
32 Gobel et al., 2005,
4.5/41*-88* Gobel et al 2007;
62/92* Sahar et al., 2011;
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Pharmaceutical

Removal Efficiencies for CAS and

References

compound MBR
45.9 Yasojima et al., 2006
Clindamycin -150 Watkinson et al., 2007
Doxycycline 14-100 Lindberg et al., 2005
Enrofloxacin 56* Baumgarten et al., 2007;
38-70 Ghosh et al., 2009
Erythromycin 0 Castiglioni et al., 2006;
-14 Gobel et al., 2005
26*-87* Gobel et al.2007;
-11-18.9 Gulkowska et al., 2008;
43.75-75 Karthikeyan and Meyer, 2006;
72 Kasprzyk-Hordern et al., 2009
15-26 Li and Zhang, 2011
23.8/67.3* Radjenovic et al., 2007,
35.4/25.2*-43* Radjenovic et al., 2009;
91+ Reif et al., 2008;
-84 Roberts and Thomas, 2006;
4.3 Rosal et al., 2010;
19/79* Sahar et al., 2011;
97* Snyder et al., 2006;
4.42 Xu et al., 2007
Lincomycin 0 Castiglioni et al., 2006;
33/57 Ghosh et al., 2009;
Metronidazole 38 Kasprzyk-Hordern et al., 2009;
38.7 Rosal et al., 2010
Norfloxacin 75-90 Ghosh et al., 2009;
84 Golet et al., 2003;
22.7-78.3 Gulkowska et al., 2008;
30/45 Li and Zhang, 2011
72-96 Lindberg et al., 2005
79 Lindberg et al., 2006;
85 Watkinson et al., 2007;
18.18 Xu et al., 2007;
-6 Zorita et al., 2009
Ofloxacin 77 Brown et al., 2006
57 Castiglioni et al., 2006;
26-59 Li and Zhang, 2011
84 Lindberg et al., 2005;
85-99 Peng et al., 2006;
23.8/94* Radjenovic et al., 2007,
75.8/91.3*-95.2* Radjenovic et al., 2009;
64 Rosal et al., 2010;
83 Vieno et al., 2007;
37.66 Xu et al., 2007;
13 Zorita et al., 2009
Oxytetracycline 44 Li and Zhang, 2011
Penicillin V 60 Watkinson et al., 2007
Roxithromycin -80-43.8/34.4* Clara et al., 2005b;
-32-39 Ghosh et al., 2009;
0 Gobel et al., 2005,
19/39*-62* Gobel et al.2007;
-4-61/75* Kreuzinger et al., 2004;
40-46 Li and Zhang, 2011
71* Reif et al., 2008;
37.5 Ruel et al., 2010;
22/59* Sahar et al., 2011;
125 Xu et al., 2007
Spiramycin 0 Castiglioni et al., 2006
Sulfachloropyridazine 26-82 Choi et al., 2008
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Removal Efficiencies for CAS and

References

compound MBR
Sulfadiazine 78-98 Garcia-Galan et al., 2011
87-100 Li and Zhang, 2011
99 Peng et al., 2006
Sulfadimethoxine 66-90 Choi et al., 2008
100 Garcia-Galan et al., 2011
Sulfamethazine 16-100 Garcia-Galan et al., 2011
100 Li and Zhang, 2011
Sulfamethoxazole 21 Brown et al., 2006;
57 Carballa et al., 2004,
46 Carballa et al.2005;
24 Castiglioni et al., 2006;
41-80 Choi et al., 2008;
32 Clara et al., 2005b;
75 Foster, 2007;
54-71 Garcia-Galan et al., 2011
26-39 Ghosh et al., 2009;
35 Gobel et al., 2005
4.5/37*-38* Gobel et al.2007;
-24-96 Karthikeyan and Meyer, 2006;
83 Kasprzyk-Hordern et al., 2009;
62/57* Kreuzinger et al., 2004;
62-90 Li and Zhang, 2011
42-100 Lindberg et al., 2005;
99 Peng et al., 2006;
55.6/60.5* Radjenovic et al., 2007,
73.8/78.3*-80.8* Radjenovic et al., 2009;
50* Reif et al., 2008;
17.3 Rosal et al., 2010;
41.5 Ruel et al., 2010;
10/0* Sahar et al., 2011;
100* Snyder et al., 2006;
25 Watkinson et al., 2007;
-20 Xu et al., 2007
Sulfapyridine 6-89 Garcia-Galan et al., 2011
22 Gobel et al., 2005
50*-60* Gobel et al., 2007,
91 Kasprzyk-Hordern et al., 2009
Sulfasalazine -50 Kasprzyk-Hordern et al., 2009
Sulfathiazole 94-95 Choi et al., 2008;
65-100 Garcia-Galan et al., 2011
75 Watkinson et al., 2007
Tetracycline 40-72 Ghosh et al., 2009;
-87-71.5 Gulkowska et al., 2008;
70.8-79.7 Karthikeyan and Meyer, 2006
24-36 Li and Zhang, 2011
Trimethoprim 52.8 Batt 2006;
49 Bendz et al., 2005;
69 Brown et al., 2006;
75 Foster, 2007;
-88-35 Ghosh et al., 2009;
31 Gobel et al., 2005,
7/30*-87* Gobel et al., 2007;
-17-62.5 Gulkowska et al., 2008;
50 Karthikeyan and Meyer, 2006;
70 Kasprzyk-Hordern et al., 2009;
-11-79 Choi et al., 2008;
13-42 Li and Zhang, 2011
-106-41 Lindberg et al., 2005,
14 Lindberg et al.2006;
30-40 Paxéus, 2004;

40.4/47 .5*-66.7*

Radjenovic et al., 2009;
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Removal Efficiencies for CAS and

References

compound MBR
36* Reif et al., 2008;
-56 Roberts and Thomas, 2006;
5.1 Rosal et al., 2010;
0/88* Sahar et al., 2011;
99* Snyder et al., 2006;
85 Watkinson et al., 2007
Antidiabetics Glibenclamide 44.5/47 .3* Radjenovic et al., 2007,
C 46.1/82.2*-95.6* Radjenovic et al., 2009
AntifungalsD Clotrimazole 31 Roberts and Thomas, 2006
Antihypertensives Diltiazem 41-77 Choi et al., 2008
E 97 Foster, 2007;
77 Kasprzyk-Hordern et al., 2009
Enalapril 69 Castiglioni et al., 2006
Hydrochlorothiazide 44 Castiglioni et al., 2006;
76.3/66.3* Radjenovic et al., 2007,
5% Radjenovic et al., 2009
53.2 Rosal et al., 2010
Barbiturated- Phenobarbital 99.5 Yu et al., 2006
Beta-blockers Acebutolol 60 Vieno et al., 2007
G Atenolol 41 Alder et al., 2010;
70.9 Carucci et al., 2006;
21 Castiglioni et al., 2006;
85 Kasprzyk-Hordern et al., 2009;
73.35-76.11 Maurer et al., 2007;
65.5* Radjenovic et al., 2007,
61.2/69.5*-76.7* Radjenovic et al., 2009;
14 Rosal et al., 2010;
63 Vieno et al., 2007;
44.44 Wick et al., 2009
Bisoprolol 0 Wick et al., 2009
Metoprolol 31 Alder et al., 2010;
56 Kasprzyk-Hordern et al., 2009;
29.45-31.48 Maurer et al., 2007;
10 Paxéus, 2004;
58.7* Radjenovic et al., 2007,
24.7/29.5*-44.2* Radjenovic et al., 2009;
7 Rosal et al., 2010;
83 Ternes, 1998;
34 Vieno et al., 2007;
20.98 Wick et al., 2009
Propranolol 33 Alder et al., 2010;
59 Kasprzyk-Hordern et al., 2009;
28.48-34.69 Maurer et al., 2007;
58.8/65.5*-77.6* Radjenovic et al., 2009;
1 Rosal et al., 2010;
96 Ternes, 1998;
0 Wick et al., 2009
Sotalol 27 Alder et al., 2010
26.3-26.6 Maurer et al., 2007;
21.4/30.4*-53.1* Radjenovic et al., 2009;
54 Vieno et al., 2007,
18.3 Wick et al., 2009
Diuretics Bendroflumethiazide 91 Kasprzyk-Hordern et al., 2009
H Furosemide 15 Castiglioni et al., 2006;
77 Kasprzyk-Hordern et al., 2009
59.8 Rosal et al., 2010
Lipid regulators | Bezafibrate 30 Castiglioni et al., 2006;
| 97/97* Clara et al., 2004,

36.6-89.8/77.34*
36.8-99.98/96*

Clara et al., 2005a,
Clara et al., 2005b;
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References

compound MBR
71 Kasprzyk-Hordern et al., 2009
36-99/76*-94* Kreuzinger et al., 2004;
-11/100 Lindqvist et al., 2005;
91* Quintana et al., 2005;
48.4/95.8* Radjenovic et al., 2007,
80.8/88.2*-90.3* Radjenovic et al.,2009;
9.1 Rosal et al., 2010;
50 Stumpf et al., 1999;
83 Ternes, 1998;
93.6 Vieno et al., 2005
Clofibric acid 26/54* Bernhard et al., 2006;
50/50*-82* Kimura et al., 2007;
27.7/71.8* Radjenovic et al., 2007;
84.2 Roberts and Thomas, 2006;
54.2 Rosal et al., 2010;
34/51 Stumpf et al., 1999;
8-10 Tauxe-Wuersch et al., 2005;
35.3 Weigel et al., 2004;
55 Zorita et al., 2009
Fenofibrate 64 Ternes, 1998
Fenofibric acid 1.3 Rosal et al., 2010;
45 Stumpf et al., 1999
Gemfibrozil 75 Bendz et al., 2005;
87 Khan and Ongerth, 2005;
39 Lishman et al., 2006;
43-75 Paxéus, 2004;
38.8/89.6* Radjenovic et al., 2007,
32.5%-42.2* Radjenovic et al., 2009;
76 Rosal et al., 2010;
100* Snyder et al., 2006;
46 Stumpf et al., 1999;
69 Ternes, 1998;
68 Yu et al., 2006
Pravastatin 61.8/90.8* Radjenovic et al., 2007,
59.4/83.1*-86.1* Radjenovic et al., 2009
Simvastatin 57 Kasprzyk-Hordern et al., 2009
Psychiatric drugs| Amitriptyline 96 Kasprzyk-Hordern et al., 2009
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compound MBR
J Carbamazepine 7/139 Bendz et al., 2005
0 Bernhard et al., 2006;
0/0* Castiglioni et al., 2006;
-47-(-3)/-13* Clara et al., 2004,
-43-(:3)/4.4* Clara et al.2005a,
75 Clara et al.2005b;
1—3 Foster, 2007;
13 Gomez et al., 2007;
) Kasprzyk-Hordern et al., 2009;
30-64 Khan and Ongerth, 2005;
14/35/11* Choi gt al., 2008;
122776 Kreuzinger et al., 2004;
10-53 Nakgda et al., 2006;
5 Paxéus, 2004;
5 Radjenovic et al., 2007,
o* Radjenovic et al., 2009;
95 Reif elt al. |202%8;0
Rosal et al., 2010;
%(1—4) Santos et al., 2007,
97+ Santos et al., 2009;
79 Snyder et al., 2006;
7 Suérez et al., 2005;
44 Ternes, 1998;
12 Vieno et al., 2007;
- Wick et al, 2009
Diazepam 20 Kreuzinger et al., 2004;
26* Reif et al., 2008;
8.1 Suérez et al., 2005
Fluoxetine 75 Foster, 2007;
33.1/98* Radjenovic et al., 2009;
61.9 Rosal et al., 2010;
90* Snyder et al., 2006;
54.5 Zorita et al., 2009
Gabapentin 86 Kasprzyk-Hordern et al., 2009;
99.5 Yu et al., 2006
Norfluoxetine 47.8 Zorita et al., 2009
Paroxetine 90.6/89.7* Radjenovic et al., 2007
Valproic acid 99.5 Yu et al., 2006
Receptor Cimetidine 27-60 Choi et al., 2008
antagonists 79 Kasprzyk-Hordern et al., 2009
K Famotidine 60.1/47.4*-64.6* Radjenovic et al., 2009
Loratadine 15/<10*-33.5* Radjenovic et al., 2009
Omeprazole 8.5 Rosal et al., 2010
Ranitidine 28.5 Carucci et al., 2006;
96 Castiglioni et al., 2006;
92 Kasprzyk-Hordern et al., 2009;
42.2/95* Radjenovic et al., 2007,
24.7/29.5*-44.2* Radjenovic et al., 2009;
31.2 Rosal et al., 2010
Valsartan 84.1 Kasprzyk-Hordern et al., 2009
Hormones Estradiol 75-92.22 Baronti et al., 2000;
L 46 Carballa et al.,2005;
98 Foster, 2007;
98/99* Joss et al., 2004;
75 Lishman et al., 2006;
99.9 Ternes et al., 1999a;
21.8 Zorita et al., 2009
Estriol 84.55-99.19 Baronti et al., 2000;
99.7-99.8 Nakada et al., 2006
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Estrone 99.24 Andersen et al., 2003;
12-92.53 Baronti et al., 2000;
-83 Carballa et al., 2004,
-40 Carballa et al.,2005;
112-99.93/97.18* Clara et al., 2005a;
96/96* Joss et al., 2004;
57 Lishman et al., 2006;
83.9-90.3 Nakada et al., 2006;
83 Ternes et al., 1999
Ethinylestradiol 60-86.66 Baronti et al., 2000;
70/70* Clara et al., 2004,
75 Foster, 2007;
94/76* Joss et al., 2004;
70-81/25*-66* Kreuzinger et al., 2004;
78 Ternes et al., 1999
Beta-agonists Salbutamol 0 Castiglioni et al., 2006;
M 94.6 Jones et al., 2007;
89 Kasprzyk-Hordern et al., 2009
goplcal product | Crotamitron -32.5-64.5 Nakada et al., 2006
Antiseptics Triclosan 98.8 Foster, 2007;
P 88.89 GOmez et al., 2007;
94.14 McAvoy et al., 2002;
46.2-92.3 Nakada et al., 2006;,
55-94 Paxéus, 2004;
74.5 Rosal et al., 2010;
99.61* Snyder et al., 2006;
52.6 Weigel et al., 2004;
69 Yu et al., 2006
Contrast agent | lopromide 50 Batt et al., 2006;
Q -41 Carballa et al., 2004;
-32 Clara et al., 2005b
50 Kreuzinger et al., 2004
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Details of the optimized QQLIT-MS parameters (WS,
collision energies) for each investigated compound
negative and positive ionization modes.
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Table B.1. Investigated compounds and their

SRM-negative and -positive ionization modes.

opahigLIT-MS/MS parameters in

S = c c N 2 §
Compounds £ E - 25| o 3 - E 5

82 2 |s2| & |s¢g| £ S8

aso n O w n ou | Xe 2 S
Compounds Analysed in Negative Mode
Acetaminophen 150 107 22 3.6 mecoprop-d3
Bezafibrate 360 274 26 154 38 16.Y ibuprofen-d3
Butalbital 223 180 16 85 18 16.6 ibuprofen-d3
Chloramphenicol 323 152 22 19/ 18 15.libuprofen-d3
Clofibric acid 213 127 26 85 14 12.9 mecoprop-d3
Diclofenac 294 250 16 214, 30 19.9 ibuprofen-d3
Furosemide 329 205 22 285 32 13.Bibuprofen-d3
Gemfibrozil 249 121 20 127| 14 24.3 ibuprofen-d3
Hydrochlorothiazide 296 78 28 6.1 mecoprop-d3
Ibuprofen 205 161 10 19.2 | ibuprofen-d3
Ibuprofen-d3 (IS) 208 164 10 19.1
Indomethacin 356 312 12 297 24 20.6ibuprofen-d3
Ketoprofen 253 209 12 197 6 14.9 mecoprop-d3
Mecoprop-d3 (IS) 218 146 24 14.8
Mefenamic acid 240 196 20 180 38 21.1ibuprofen-d3
Naproxen 229 185 10 169 38 14.3 mecoprop-d3
Pentobarbital 225 182 18 85 18 18.6ibuprofen-d3
Phenobarbital 231 188 14 14.2 | phenobarbital-d5
Phenobarbital-d5 (IS) 236 193 16 14.2
Salicylic acid 137 93 20 66 38 4.1 | mecoprop-d3
Compounds Analysed in Positive Mode
13C-Phenacetin (IS) 181 139 23 12.7
Atenolol 267 145 35 190| 35 6.2 | atenolol-d7
Atenolol-d7 (IS) 274 145 37 6.2
Atorvastatin 559 440 27 250 63 19.8 carbamazepine-d10
Azithromycin 749 591 43 573| 50 10.9 carbamazepine-d10
Betaxolol 308 116 40 121 40 12.9 atenolol-d7
Carazolol 299 116 35 222 35 11.8 atenolol-d7
Carbamazepine 237 194 29 14.7 | carbamazepine-d10
Carbamazepine-d10 (IS 247 204 31 14.5
Chlortetracycline 479 462 29 444 29 11.413C-Phenacetin
Cimetidine 253 95 30 159| 23 6.3 | atenolol-d7
Ciprofloxacin 332 288 25 231 51 9.4 | flumequine
Clarithromycin 748 591 35 158 40 14.6 carbamazepine-d10
Clenbuterol 277 203 23 132 33 10.3 atenolol-d7
Codeine 300 152 85 115 105 7.4
Danofloxacin 358 340 35 314 27 9.7 | flumequine
Diazepam 285 193 45 154 50 17.6 diazepam-d5
Diazepam-d5 (IS) 290 198 43 17.6
Doxycycline 445 410 29 154| 41 9.7 | 13C-Phenacetin
Enalapril 377 234 29 303 35 12.5 diazepam-d5
Enoxacin 321 303 30 234 33 8.9 | flumequine
Enrofloxacin 360 316 29 245 39 9.9 | flumequine
Erythromycin 734 158 41 576 35 13.4 carbamazepine-d10
Famotidine 338 189 27 259 20 6.3| atenolol-d7
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Fenofibrate 361 139 43 25.2 | diazepam-d5
Flumequine (IS) 262 202 a7 15.4
Fluoxetine 310 44 93 148 13 15.1 fluoxetine-d5
Fluoxetine-d5 (IS) 315 153 13 15.3
Glibenclamide 494 369 23 169 55 20.7 carbamazepine-d10
Josamycin 828 174 45 600 37 15.6 carbamazepine-d10
Lisinopril 406 84 75 8.1 atenolol-d7
Loratadine 383 337 33 267 47 17.5 carbamazepine-d10
Lorazepam 323 174 45 229 45 15.Y diazepam-d5
Metoprolol 268 121 35 133] 35 10.2 atenolol-d7
Metronidazole 172 172 21 82 37 5.8| 13C-Phenacetin
Mevastatin 391 185 19 159 39 21.% carbamazepine-d10
Nadolol 310 254 30 201| 35 8.5 | atenolol-d7
Nifuroxazide 276 121 25 65 73 12.8 13C-Phenacetin
Norfloxacin 320 302 35 9.3 flumequine
Ofloxacin 362 261 39 9.2 flumequine
Oxytetracycline 461 426 25 201 51 9.2| 13C-Phenacetin
Paroxetine 330 192 31 123 45 14 .4 fluoxetine-d5
Phenazone 189 56 40 14y 33 9.8 carbamazepine-d10
Phenylbutazone 309 77 77 160 29 20/7carbamazepine-d10
Pindolol 249 116 30 98 30 8.8 | atenolol-d7
Pravastatin 447 327 29 14.2 | carbamazepine-d10
Propranolol 260 116 35 183 30 12.% atenolol-d7
Propyphenazone 231 56 57 189 35 15|%arbamazepine-d10
Ranitidine 315 176 25 1300 39 6.5 | atenolol-d7
Roxythromycin 838 158 49 679 31 15.1 carbamazepine-d10
Salbutamol 240 148 25 166 20 5.7| atenolol-d7
Sotalol 273 213 25 255 25 6.1 | atenolol-d7
Spiramycin 843 174 53 540 43 10.7 carbamazepine-d10
Sulfadiazine 253 156 25 92 43 7.3 | sulfathiazol-d4
Sulfamethazine 279 186 25 124 33 9.5 sulfathiazol-d4
Sulfamethoxazole 254 156 25 92 41 12 /5sulfathiazol-d4
Sulfathiazol-d4 (IS) 260 160 23 8.2
Tamoxifen 372 72 43 327, 35 19.4 carbamazepine-d10
Tetracycline 445 428 20 11.8 | 13C-Phenacetin
Tilmicosin 869 696 61 174\ 55 11.8 carbamazepine-d10
Timolol 317 261 30 244| 30 9.8 | atenolol-d7
Trimethoprim 291 230 33 261 31 8.8
Tylosin A 916 174 63 773| 41 14.1 carbamazepine-d10
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Concentrations of selected PhCs in surface watads a
summary of the experimental investigations.
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Table C. 1.Concentration of Selected PhCs (Rgupstream and downstream the discharge point of l®$\A and B.

Ferrara ( case study A) Lagosanto (case study B)
Up stream Down stream Up stream Down stream
Class Compounds
1§ 2nd 3rd 1§| 2nd 3rd 1§ 2nd 3rd 1§ 2nd 3rd

sample samples samples sample samples samples sample samples samples sample samples samples

analgesics/anti-

. ] Diclofenac <LOQ <LOQ <LOQ 8 4 4 <LOQ <LOQ <LOQ 44 26 63
inflammatories

analgesics/anti- .

. ] Indomethacine <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ @D <LOQ 4 4 3
inflammatories

analgesics/anti-

_ ) Ketoprofen <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
inflammatories

analgesics/anti- o

_ ) Mefenamicacid <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ LeQ <LOQ <LOQ
inflammatories

analgesics/anti-

. ] Naproxen 3 4 3 8 16 6 <LOQ <LOQ <LOQ 7 8 9
inflammatories

analgesics/anti-

. ] Propyphenazone <LOQ <LOQ <LOQ 7 <LOQ 4 <LOQ <LOQ OQ 5 6 16
inflammatories

antibiotics Azithromycin <LOQ <LOQ <LOQ <LOQ <LOQ 7 3 3 9 56 77 89
antibiotics Ciprofloxacin <LOQ <LOQ <LOQ <LOQ <LOQ 25 30 9 40 91 124 88
antibiotics Clarithromycin 2 <LOQ 2 5 <LOQ 7 <LOQ LeQ <LOQ 86 103 128
antibiotics Metronidazole <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 14 11 16
antibiotics Roxithromycin <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
antibiotics Sulfamethoxazole <LOQ <LOQ <LOQ 4 <LOQ 5 <LOQ <LOQ <LOQ 30 45 92
antibiotics Trimethoprim <LOQ <LOQ <LOQ 2 <LOQ 2 (/@] 2 <LOQ 18 28 30
lipid regulators Atorvastatin <LOQ <LOQ <LOQ <LOQ LeQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
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Ferrara ( case study A) Lagosanto (case study B)

Up stream Down stream Up stream Down stream
Class Compounds E L 3 E L 3 E L 3 E L 3
sample samples samples sample samples samples sample samples samples sample samples samples
lipid regulators Bezafibrate 3 11 16 3 4 4 <LOQ QO <LOQ <LOQ <LOQ 4
lipid regulators Hydrochlorothiazide <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 83 116 128
diuretics Furosemide <LOQ <LOQ <LOQ 5 2 2 <LOQ <LOQ <LOQ 49 76 114
beta-agonists Salbutamol <LOQ 2 2 <LOQ <LOQ <LOQ 0 <LOQ <LOQ 6 5 6
beta-blockers Atenolol 4 14 7 14 12 7 <LOQ <LOQ Q0 117 132 231
beta-blockers Metoprolol <LOQ <LOQ <LOQ 8 <LOQ <LOQ <LOQ <LOQ <LOQ 36 33 49
beta-blockers Sotalol 12 24 14 35 30 25 <LOQ <LOQ LO® 373 502 504
beta-blockers Timolol <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 5 6 8
antihypertensive  Enalapril <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ
psychiatric drugs  Carbamazepine 3 <LOQ 3 9 <LOQ 6 2 2 2 76 77 74
psychiatric drugs Diazepam <LOQ <LOQ <LOQ <LOQ <LOQ<LOQ <LOQ <LOQ <LOQ 3 4 5
psychiatric drugs Lorazepam <LOQ <LOQ <LOQ 5 <LOQ LOQ <LOQ <LOQ <LOQ 37 47 59
antidiabetic Glibenclamide <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 3
Table C. 2. Summary of experimental investigaticasied out in this thesis.

Site Type of analyzed waters Period Searched Bmtect Samples Kind of samples Section  Table Page
Ferrara HWW 08/2009 73 49 4 24 hours 3.3 3.3 108
Ferrara HWW 03/2010 73 62 4 24 hours 3.3 3.3 108
Lagosanto HWW 08/2009 73 61 4 24 hours 3.3 3.3 108
Ferrara uww 03/2010 73 63 4 24 hours 3.3 3.3 108
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Site Type of analyzed waters Period Searched Detect Samples Kind of samples Section  Table Page
Ferrara Treated UWW 03/2010 73 58 4 24 hours 3.3 3.3 108
Ferrara Treated UWW 05/2011 27 19 3 24 hours 4.3.2 4.4 138
Ferrara Surface water(up stream) 05/2011 27 7 3 4 hours 4.3.3 C.1. 253
Ferrara Surface water (down stream) 05/2011 27 14 3 4 hours 4.3.3 C.1. 253
Lagosanto uww 05/2011 27 24 3 24 hours 431 Fig 4.2. 133
Lagosanto Treated UWW 05/2011 27 21 3 24 hours 4.3.2 4.4 138
Lagosanto Surface water (up stream) 05/2011 27 4 3 4 hours 4.3.3 C.1. 253
Lagosanto Surface water (down stream) 05/2011 27 21 3 4 hours 4.3.3 C.1. 253
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This Appendix reports the scientific pubblicatiGarsd partecipation in conferences made
during the years of this Ph.D work. Above each pdpe number of journal impact factor
and number of citations are reported.
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Keywords:
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Activared sludge systems
Removal efficiency
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This review focuses on 118 pharmaceuticals, belonging to seventeen different therapeutic classes, detected in
raw urban wastewater and effluent from an activated sludge system. a usual reatment adopted for urban
wastewaters worldwide prier to final discharge into surface water bodies. Data pertaining to 244 conventional
activated sludge systems and 20 membrane biclogical reactors are analysed and the observed ranges of
variability of each selected compound in their influent and effluent reported, with particular reference to
the substances detected most frequently and in higher concentrations. A snapshot of the ability of these
systems to remove such compounds is provided by comparing their global removal efficiencies for sach
substance. Where possible, the study then evaluates the average daily mass load of the majority of detected
pharmaceuticals exiting the secondary treatment step. The final part of the review provides an assessment
of the environmental risk posed by their presence in the secondary effluent by means of the risk quetient
that is the ratio between the average pharmaceutical concentration measured in the secondary effluent and
the predicted no-effect concentration.

Finally, mass load rankings of the compounds under review are compared with those based on their risk
level. This analysis shows that the highest amounts discharged through secondary effluent pertain to one
antihypertensive, and several beta-blockers and analgesics/anti-inflammatories, while the highest risk is posed
by antibiotics and several psychiatric drugs and analgesics/anti-inflammatories. These results are reported
with a view to aiding scientists and administrators in planning measures aiming to reduce the impact of treated

urban wastewater discharge into surface water bodies.
© 2012 Elsevier B.V. All rights reserved,
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Hospital effluent: Investigation of the concentrations and distribution of
pharmaceuticals and environmental risk assessment
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ARTICLE INTFO ABESTRACT

Article history:

Received 10 February 2012

Received in revised form 17 April 2012
Accepred 22 April 2012

Available online xom

A study was conducted in an area in north, ltaly, on the effluent of two different sized hospitals and the
influent and effluent of the receiving municipal treatment plant of one of the examined hospitals. The aim
was to investigate 73 selected pharmaceuticals, belonging to twelve different classes, comparing their occur-
rence in the effluent directly exiting the hospital with that, mixed with the local urban effluent, at the point of
its entry and exit from the treatment plant.

Consistent differences were found in the concentrations of some antibiotics, analgesics and lipid regulators
in the two wastewaters, confirming that hospital effluents should not be considered as possessing the
same pollutant nature as urban wastewater. Furthermore, analysis of percentage contributions of the hospital
to the treatment plant influent evidences that hospitals represent one of the main sources of pollutants, in

Keywords:
Hospital effluents
Urban wastewater
Pharmaceuticals

Mass Ioads particular antibiotics, receptor antagonists and lipid regulators.
Contribution Hence, an environmental risk assessment, performed on the effluent from the hospital and the influent and
Risk analysis effluent from the treatment plant, revealed a high risk for 9 pharmaceuticals in hospital effluent and for 4
of the 9 substances in the treatment plant influent and effluent, with antibiotics being the most critical com-
pounds in terms of contribution and potential environmental risk for the hospital.
® 2012 Elsevier B.V. All rights reserved.
1. Introduction performed and pharmaceuticals administered and excreted within

During recent years, the issue of pharmaceutical compounds
(PhCs) in wastewater has become a major concern in terms of both
human health and the environment. This has prompted the launch
of several monitoring studies into the most commonly administered
compounds in urban wastewater (Lishman et al., 2006; Santos et al,,
2007; Terzic et al., 2009) and surface water (Kolpin et al., 2002),

However, a considerably smaller number of studies have been de-
voted to characterizing PhCs sources, mainly hospital effluents (Boillot
et al, 2008; Kosma et al., 2010: Kummerer, 2001; Sim et al, 2011). In
fact, in quite all countries worldwide, no distinction is usually made be-
tween these wastewaters and urban effluent, and they, along with their
potentially hazardous loads, are generally discharged directly into the
public sewage network and conveyed for co-treatment at the nearest
municipal wastewater treatment plant (WWTP).

Nonetheless, considering the multple research and laboratory
activities carried out in these structures, as well as the treatments

* Corresponding author. Tel! +39 0532 974038; fax: —39 0532 974870,
E-mail addresses: paglaverlicchi@unife i {P. Verlicchi),
mustafakether.alaukidi@uni (M. Al Aukidy), alessio.gallecti@unife it (A Calletti),
mperrovic@icra.cat (M. Perrovic), damia barcelo@idaeacsices (D. Barceld},

0048-8857/5 - see front matter © 2012 Elsevier BV, All rights reserved.
doi:10.1018 j.scitorenv.2012.04.055
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them, a wide range of concentrations of hazardous substances may
be present in hospital effluent {Verlicchi et al., 2010}, Hospital wastewa-
ters are composed of the effluents of different services: kitchen, internal
laundry, heating and cooling systems, laboratories, radiology depart-
ments, outpatdents departments, transfusion centres and wards. Due to
the nature and guantity of the micro-pollutants they harbor, such as
active substances of medicines and their metabolites, chemicals, heavy
metals, disinfectants, sterilizers, and radioactive markers, which are
typically present at concentrations of pg/L, they should be earmarked
for special consideration. Previous studies investigated the occurrence
in hospital effluents of detergents, disinfectants, organic compounds
{alcohols, acetone, formaldehyde, acetaldehyde, phenols) and several
metals (Emmanuel et al., 2005; Boillot et al., 2008) and the proliferation
of drug-resistant microorganisms (Hawlkshead, 2008 ). The issue of PhC
occurrence in hospital effluents has already been investigated by differ-
ent Authors, among them Thomas et al, 2007; Gomez et al, 2006;
Mahnik et al., 2007; Suarez et al., 2008; Kummerer, 2001.

It would therefore be of interest to discover the percentage contri-
butions of PhCs from hospitals to those in the total municipal WWTP
influent, in order to discover whether specific treatments for hospital
effluent are necessary to reduce environmental contamination by
persistent and hazardous micropollutants, To date, however, very
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HIGHLIGHTS

» 27 pharmaceuticals of different classes were monitored.

» Two WWTP effluents and the corresponding receiving water bodies were investigated.
» Hydrodynamic characteristics and pharmaceutical impact on water bodies were studied.
» Based on the risk quotient, antibiotics are the most critical compounds.

» The flow rate of the surface water body contributes to mitigate the risk

ARTICLE INFO ABSTRACT

Article history:

Received 20 April 2012

Received in revised form 8 August 2012
Accepted 15 August 2012

Available online xxxx

This study describes an investigation on the occurrence of 27 pharmaceutical compounds, belonging to
different classes, in the effluent from two wastewater treatment plants (WWTPs) and their receiving water
bodies in the sensitive area of the Po Valley (northern ltaly). These canals were monitored upstream and
downstream of the effluent discharge points in order to evaluate the effluent impact on the quality of surface
waters, commonly used for irrigation. An environmental risk assessment was also conducted by calculating
the risk quotient, i.e. the ratio between measured concentration and predicted no effect concentration,
Collected data show that, although average values of the selected compounds were in general higher in the
effluent than in the surface waters, some compounds not detected in the WWTP effluent were detected in
the receiving water (upstream as well as downstream}, indicating that sources other than treated effluents
are present as contaminations during extraction and analysis have to be excluded. The most critical
compounds for the environment were found to be the antibiotics sulfamethoxazole, clarithromycin and
azithromycin. The study shows that the potential toxicological effects of persistent micropollutants can be
mitigated to some extent by a high dilution capacity, ie. a high average flow rate in the receiving water
body with respect to the effluent.

Keywords;
Pharmaceuticals
Surface water
Secondary effluent
Pharmaceutical load
Risk quotient

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

At present, approximately 3000 different pharmaceutical ingredients
are used in the European Union, including antibiotics, beta-blockers,
lipid regulators, antidepressants and many more, for human consump-
tions (therapeutic or diagnostic purposes) (Ternes and joss, 2008).
One important immission source of pharmaceuticals in the water cycle
is via human metabolism: in fact, once administered, these compounds

* Caorresponding author,
E-mail add - mustafaketheralavkidi@unife.it (M. Al Aukidy),
paola.verlicchi@unife.it (P. Verlicchi), aljgam@cid.csices {A. Jelic), mpetrovic@icra.cat
{M. Petrovic), dbeqam@cid csic.es {D. Barceld).

D048-9697 /% - see front matter & 2012 Elsevier BV, All rights reserved.
http://dx.doi.org/10.1016/j.scitotenv.2012.08.061

are only partially metabelized by the human body, and therefore enter
the water cycle either as parent (unchanged) compounds, which are
excreted largely through urine (generally 55-80% of the total, with
few exceptions) and partially in the feces, or as a mixture of metabolites
and/or conjugated compounds (Jjemba, 2006; Lienert et al., 2007).
Unfortunately, municipal wastewater treatment plants (WWTPs)
are generally unable to effectively remove either unaltered or metab-
olized forms of pharmaceutical compounds [PhCs) from wastewaters
(Bendz et al., 2005; Castiglioni et al., 2006; Glassmeyer et al., 2005;
Gomez et al, 2007; Joss et al,, 2005; Verlicchi et al., 2012b). Their
occurrence in surface water has been documented by a number of
authors (Ashton et al., 2004; Calamari et al., 2003; Fatta-Kassinos
et al, 2011; Gros et al, 2006; Kolpin et al, 2002, 2004; Spongberg
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The paper presents a study carried out in the environmentally sensitive area of the Po Valley in northern
Italy, with the aim of evaluating, from technical and economic perspectives, a project to reuse part of the
final effluent from the Ferrara wastewater treatment plant for irrigation and to develop the site for recs
reational purposes.

Although this area features plentiful supplies of surface water, the Ministry of the Environment has
declared it to be at risk of environmental crises due to eutrophication and the drought recurring over
the last decade. Thus the availability of fresh water, particularly for agricultural purpases, is threatened,
and prompt water saving and protection measures are required. Hence, the possibility of reusing
reclaimed wastewater from this plant was investigated, with the aim of exploiting the space around
the WWTP, situated within a large urban park, to install natural polishing treatment systems and create
green spaces for recreational use.

Based on experimental investigation on a pilot plant (featuring both natural and conventional treat-
ments), the study outlines the rationale behind the treatment train selected for the project, details the
initial and ongoing costs involved, evaluates the benefits deriving from the project, and assesses public
acceptance of the project by the contingent valuation method. A cost=benefit analysis completes the
study, and various economic indicators (net present value, benefit=cost ratio, pay-back period, and inter=
nal rate of return) revealed that the proposed project was financially feasible.

& 212 Elsevier B.V. All nghts reserved.

1. Introduction

In recent decades, increasingly unpredictable precipitation
patterns and the deterioration of surface water quality, even in
countries with a plentiful supply, have challenged the idea that
water be considered as a reliable and inexhaustible resource {Bixio
et al., 2006). Institurions charged with managing water resources
are faced with the urgent preblem of how to promete surface
water saving and improvement.

In these environmentally sensitive times, reuse of reclaimed
wastewater is a particularly appealing solution (Asano, 1998;
Lazarova et al,, 2001: Mujeriego et al.,, 2008), and various wastewa-
ter polishing sequences have been investigated with the aim of
finding ways to comply with the, often strict, legal requirements
for direct reuse of reclaimed wastewater in agriculture, industry

= Corresponding author. Tel: +39 0532 974938; fax: <39 0532 §74870.

E-mafl addresses: paolaverlicchi@unife.it (¥, Verlicchi), muostafakether.alaukidi®
unifedr {M. Al Aukidy), alessio_galletti@unifedt (A Gallettl), elenazambello@unife.it
{E. Zambello}, glacomozanni@unifedr {C. Zanpi), luigmasorc2@virgiliodt (L
plasartll
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dol: 10,1016/ hydrol 201 2.02.024

262

or urban applications (Asano, 1998; Nurizzo et al,, 2001; Lazarova
er al., 2001; Meneses et al,, 2010},

Thus, several reclaimed wastewater reuse schemes, relying on
supplementary treatments such as rapid filtration and disinfection,
have been designed as add-ons to conventional trearment pro-
cesses, Efficient and reliable disinfection systems are governed by
strict legal microbiological limits, and tried-and-tested chlorina-
tion and UV are therefore the most common; nonetheless, the
so-called natural solutions, including lagoons, horizontal or vertical
subsurface flow beds, and their combination in hybrid systems, are
becoming more popular (Cirelli et al., 2007; Herrera Melian et al.,
2010).

Although natural polishing strategies generally consume less
energy with respect to conventional treatments (0-1kW h per
person equivalent per year, kw hj(p.e. year) as compared to at
least 2-3 kw h{(p.e. vear)) (Masorti and Verlicchi, 2003), they
require far larger surface areas, i.e. 1-4 m*/p.e. with respect to
0.001-0.002 m*/p.e. Thus, land acquisition needs to be taken into
account when prejecting investment costs. Generally speaking,
evaluation of the feasibility of a reuse project is focused on the
internal costs, i.e. initial investment, operation and maintenance
(Nurizzo et al., 2001; Fine et al., 2006; Mujeriego et al., 2008),
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