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Chapter 1

General introduction about pharmaceuticals and their transformation products 

1.1. Description of pharmaceuticals studied

Pharmaceutically active compounds (PhACs) are synthetic or natural chemicals used for diagnosis, 
treatment or disease prevention and health condition. They are designed to have pharmacological effects 
and confer significant benefits to society. These substances cover a broad range of chemical structures and 
physicochemical properties. 

Figure 1.1 lists the human and veterinary PhACs grouped according to their therapeutic activity assessed 
in this thesis and being frequently studied as well. CAS number, molecular formula, molecular weight, 
estimated and experimental physicochemical properties (acid dissociation constant , pka; water solubility; 
octanol-water partition coefficient, (Kow); solid-liquid partition coefficient, (Kd) and soil organic carbon partition 
coefficient (Koc) are provided in table A.1 (see Annex). Although PhACs are frequently classified according to 
their pharmacological mode of action, the physicochemical properties of compounds within a given group can 
vary widely. For instance, acetaminophen and diclofenac (DCF) are usually grouped together as analgesics 
and antiinflammatories according to medical uses and prescriptions. Acetaminophen is a weak acid that 
tends strongly to be solved in the aqueous phase, such as surface waters (SW) (water solubility of 14 g L-1 
and log Kow = 0.46). Conversely, DCF is acidic compound (pka 4.00) that tends to distribute between the 
aqueous (e.g. SW) and solid phase (e.g. fluvial sediments or suspended solids) due to its moderate solubility 
and hydrophobicity (2.37 mg L-1 and log Kow = 4.51). 

1.2 Human consumption and veterinary use of PhACs

PhACs are consumed not only by humans, but also in animal husbandry and aquaculture. These 
compounds are common in prescription medicines or as over-the-counter therapeutic drugs.

Since the beginning of commercialization of PhACs in the late 19th century, their total number has 
reached up to 4,000 for human and veterinary use (Daughton, 2013). Such a trend is likely to continue, 
particularly in developing countries with aging human population (European Environmental Agency, 2010). 
The annual worldwide consumption of active pharmaceutical compounds (APCs) is estimated to reach the 
100,000 tons (Sadezky et al., 2008) and the amount of PhACs approved for use over 25,000 (Daughton, 
2013). Of these, 9,524 and 9,700 APCs have been approved for human use and human/veterinary use, 
respectively. However, little information about their use or consumption is usually available. 

The total use of PhACs in human medicine is reported in monetary value or number of prescriptions. 
In other cases consumption data is also expressed as pharmaceutical expenditure at current prices and 
pharmacy purchasing prices, pharmaceutical expenditure per capita or as the total amount of sales. These 
data are currently provided by diverse agencies such as the Organisation for Economic Cooperation 
and Development (OECD); the IMS Institute for health care and informatics (IMS Health); the European 
Federation of Pharmaceutical Industries and Associations (EFPIA); the Spanish National Health System 
(SNS) or the National Trade Association of the Spanish based pharmaceutical industry (farmaindustria). 
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Figure 1.1. List of studied PhACs in this thesis classified by their therapeutic activity.
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Figure 1.2. Worldwide pharmaceutical expenditure per capita (at current prices in US$ and pharmacy 
purchasing prices) of thirteen selected countries. Source: OECD Health Data: Health expenditure 
and financing: OECD Health Statistics (database) (2014)

The world pharmaceutical market was worth an estimated € 655,222 million ($ 870,200 million) in 2013. 
Figure 1.2 shows the yearly pharmaceutical expenditure at current prices and pharmacy purchasing prices 
(in US dollars) covering fourteen countries during the period [2004-2012] extracted from the OECD health 
statistics database (OECD, 2014). Among the major markets, the North American market (USA & Canada) 
has remained the world’s largest market well ahead of Europe and Japan with corresponding sales share 
at of 41.0; 27.4; and 9.7% in 2013 (EFPIA, 2014). Regarding Spain, it has remained on the fourth position 
in Europe’s top five PhACs market (after Germany, France and Italy and before UK) (figure 1.2). Moreover, 
Spain was the eighth largest world market in 2010 (IMS Health, 2011). According to IMS Health (2011), 
the total world market on PhACs grew 36% from 2003 to 2010 to a total of $875 billion. As for the Spanish 
market, it has grown substantially, showing the highest market development among the other countries (see 
figure 1.2) with sales in 2009 that almost doubled those of 2001 (IMS Health, 2011) but dropped again after 
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Figure 1.3. Number of DDD expressed in millions of containers of the ten therapeutic groups and 
individual drugs mostly consumed in the year 2010 in Spain. AUR = Antiulcerants and OPZ = Omeprazole; 
ALS = Analgesics, AMP = Acetaminophen and MTL = Metamizole; ANT = Antiinflammatories, ALC = 
Acetylsalicylic acid and IPF = Ibuprofen; LIR = Lipid regulators cholesterol lowering stating drugs, SVT 
= Simvastatin and ATV = Atorvastatin; ADB = Antidiabetics and MFM = Metformin; PDT = Psyquiatric 
treatment drugs and LZM = Lorazepam; AHT = Antihypertensives and ELR= Enalapril (SNS, 2012).

significant spending cuts in the national health system.

Considering more specific data at a local level, figure 1.3 shows defined daily dose (DDD) in 2010 
of the most consumed therapeutic drug classes in Spain, as well as the individual APCs (SNS, 2012). The 
DDD is the assumed average maintenance dose per day for a given drug in adults. The most consumed 
therapeutic groups are the antiulcerants and among these omeprazole is the most used (1,519.85 millions of 
DDD) (SNS, 2012). These are followed by analgesics and belonging to these, paracetamol and metamizole. 
Antiinflammatories, such as acetylsalicylic acid and ibuprofen are also highly consumed as well as lipid 
regulators and cholesterol lowering statin drugs like simvastatin and atorvastatin. Also of relevant use 
are antidiabetics like metformin and psychiatric treatment drugs, such as lorazepam. The consumption of 
antihypertensives such as enalapril is also substantial (SNS, 2012). 

The consumption of most of these PhACs increased in recent years. Spanish statistics reported that 
consumption of analgesics and antiinflammatories, from 1999 to 2003, increased by 93.6% (García del Pozo 
and De Abajo, 2005). The use of β-blockers grew by 200.8% from 2000 to 2008 (García del Pozo, 2009). The 
total consumption of antidepressants increased by 107% between 1997 and 2002 (Martín, 2005). Between 
1997 and 2006, the use of anxiolytics and hypnotics increased by 113.6% (García del Pozo et al. 2006). As 
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for antibiotics, Spain has been characterized by a high use per capita, as is the case for other countries in 
southern Europe (Lázaro and Montero, 2010).

As reported by the IMS Health (2014), the global spending on medicines is forecasted to reach nearly 
$1.3 trillion by 2018, an increase about 30% over the 2013 level. This growth is driven by population increase, 
an aging population, and improved access of the BRICS countries (i.e. Brazil, Russia, India, China and South 
America).The developed markets, led by the United States, the major five European markets and Japan, are 
foreseen as the primary drivers of this increased growth. Moreover, the so-called 21 “pharmerging countries” 
are also expected to increase their contribution to growth over the next five years accounting for nearly 50% 
of absolute growth in 2018 (IMS Health, 2014). On the contrary, the spending growth trend in other developed 
countries such as France and Spain is estimated to slow down. This is due to implementation of economic 
policies to constrain growth in healthcare spending, and especially PhACs (IMS Health, 2014).

PhACs of veterinary use encompass a broad range of products, including anti-parasitic drugs, anti-
inflammatory medications, anesthetics, pain medications, antibiotics and specialized products used to 
manage reproductive, cardiovascular or metabolic conditions. An estimated 6,051 tons of APCs went into 
the production of veterinary medicines for the treatment of food animals in the European Union (EU) in 2004, 
including 5,393 tons of antibiotics and 194 tons of antiparasitics (Kools et al., 2008a). With global meat 
production projected to increase (Alexandratos and Bruisma, 2012) and the growing market for “pets” PhACs 
(National Office of Animal Health, UK), the use of veterinary drugs will continue to increase. However, there 
are approximately 2,000 PhACs of veterinary use in the EU, most of which a full test of their environmental 
risk has not been conducted (Kools et al., 2008b).

In addition, the continuous ageing population and improving quality of life worldwide means that human 
PhACs consumption is also set to increase in future years (Van der Aa et al., 2011). In fact, a recent study 
assessing the levels of PhACs in vertical cores of sediments of the Jamaica Bay (USA) has revealed an 
increase of concentration of PhACs during the last 60 years directly related to their use and, therefore, disposal 
into the environment. Lara-Martín et al. (2015) calculated the sediment−pore water partition coefficients of 
some detected PhACs and they reported that the sorption of PhACs onto these sediments has doubled within 
the last 9.2 years (Lara-Martín et al., 2015). 

1.3 Metabolism of PhACs

Before entering the environment PhACs metabolize in humans and animals. The metabolism of PhACs 
in the human body, involves enzyme-catalyzed chemical modification of the drug. This biotransformation 
process generally alters the physiochemical properties of the drug, such as the lipophilicity and turns the 
molecule into a more hydrophilic form. This metabolic strategy usually creates pharmacologically inactive 
metabolites successively more polar than the parent compound, thereby enhancing excretion in urine and 
faeces (Holčapek et al., 2008). The biotransformation processes that PhACs can undergo during human 
metabolism are shown in figure 1.4. In mammals and in vertebrate aquatic species as well, these metabolic 
processes are governed by two different reaction steps: 

(i) Phase I involves in-vivo biochemical reactions where metabolites are the result of oxidations, 
reductions, and hydrolysis, by the use of monooxygenases (e.g., CYP), reductases, and hydrolases 
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Figure 1.4. Biotransformation processes of PhACs during human metabolism.

(for esters and epoxides) (Holčapek et al., 2008). These enzymes convert lipophilic organic molecules 
to more water-soluble compounds by introducing or unmasking functional groups such as –OH, or 
–COOH (Celiz et al., 2009; Parkinson et al., 2011).

(ii) Phase II uses covalent conjugation to make the molecule hydrophilic and more excretable. Phase 
II metabolites are the result of biochemical subsequent reactions of the parent drug or the Phase 
I metabolites, with other molecules present in the body to form O- and N-glucuronides, sulfates, 
and glutathione adducts (Celiz et al., 2009), as well as conjugation with amino acids (such as 
glycine, taurine, and glutamic acid) (Holčapek et al., 2008). These reactions are catalyzed by 
UDP-glucuronosyltransferases (UGT) and sulfotransferases (SULT) (for hydroxyaromatics), 
glutathione S-transferases (GST) (for electrophilic functional groups such as halogens, nitro groups, 
or unsaturated/conjugated sites), acetyltransferases (for primary amines or hydrazines), and 
aminoacyltransferases (for forming peptides from carboxy groups using free amino acids). Phase II 
metabolites (often termed conjugated metabolites) are transported out of the liver for elimination in 
bile or urine, respectively (Parkinson et al., 2011). 

A common pathway of drug metabolism involves hydroxylation by cytochrome P450 (CYP450) (Phase 
I) followed by glucuronidation by UGT in Phase II (figure 1.4). However, some PhACs are directly conjugated 
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without being biotransformed to Phase I metabolites. I.e. acetaminophen, which undergoes direct metabolism 
by both Phase I and Phase II enzymes. In a few cases, the two steps occur in reverse order, drug conjugates 
(Phase II) are metabolized by CYP as the glucuronide conjugate of DCF (Parkinson et al., 2011; Kumar et 
al., 2002).

As an example, figure 1.5 shows the biotransformation pathways of DCF after oral intake and the diverse 
subsequent metabolites generated. Approximately 65% of the oral dosage of DCF is excreted in urine, 15% 
as the parent compound (Forrez et al., 2011) and the rest as metabolites at different percentages (figure 

1.5). During hepatic metabolism in the human body, DCF undergoes hydroxylation to yield predominantly 
4’-hydroxydiclofenac (4’-OH-DCF) and 5-hydroxydiclofenac (5-OH-DCF) while glucuronidation of the 
carboxylic acid produces 1-O-acyl glucuronide (DCF-Gluc) (Stierlin et al., 1979a; Stierlin and Faigle, 1979b) 
(figure 1.5). However, DCF-Gluc can undergo hydroxylation to the 4’-hydroxydiclofenac acyl glucuronide 
(Kumar et al., 2002). The formed metabolites are excreted via biliary (faeces) and urine routes.

Metabolism of PhACs is usually incomplete and a percentage of the non-altered parent compound is 
excreted in urine and faeces. This percentage can vary depending on the physicochemical and biological 



Chapter 1. General Introduction

35

Human use Animal use 

Household Hospitals 

Industry 

WWTPs 

Surface waters Groundwater 

Manure 

Soil 

excretion

Drinking waters 

effluent

Sewage 
sludge 

leaching
disposal

Landfill 
sites 

disposal

Figure 1.6. Environmental fate of PhACs along the water cycle.

properties of the drug. For example up to a 90, 70, >70, >70, <40, <40, <5, <5 and <5% of atenolol, bezafibrate, 
trimethoprim, ciprofloxacine; sulfamethoxazol, salycilic acid, ibuprofen, acetaminophen and carbamazepine, 
respectively, are excreted unmetabolized (Pal et al., 2010). Owing to that, a combination of the non-altered 
drugs and their metabolites, considered hereafter as Transformation Products (TPs), will be excreted in urine 
and faeces ending up in the waste water treatment plants (WWTPs) (Kümmerer et al., 2008: Kunkel and 
Radke, 2012).

1.4 Sources of emission and routes of entry of PhACs and their TPs into the aquatic environment.

PhACs can be introduced into aquatic systems by different emission sources (figure 1.6). These include 
industrial waste, disposal in household waste via the sink/drain animal husbandry practices, hospital or urban 
wastewater (WW) (Daughton 2013). After PhACs uptake and excretion by an organism, they enter the aquatic 
environment together with their TPs.

Despite “good management practices” (EPA, 1997) applied in manufacture of pharmaceutical products 
and the treatment of their industrial WW, the subsequent treated waters are also regarded as a potential 
source of PhACs to receiving waters (Larsson et al., 2015).
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In addition, disposal of unused PhACs is another relevant source of these substances into the 
sewage. According to the EU legislation (EC, 2004), all unused or expired pharmaceutical products should 
be appropriately collected and destroyed. This waste is usually incinerated, however, if it is land-filled, 
disposal site effluents can be a source for the contamination of SW and ground water (GW) (Metzger, 2004). 
Furthermore, the EU legislation is usually violated in households by discarding remaining and expired drug 
products into the toilet (Seehusen and Edwards, 2006). Moreover, non-metabolized PhACs may also end-up 
in the aquatic environment through the urban WW system and WWTPs by direct flush of unused drugs or 
washing off of those topically applied (Daughton and Ruhoy, 2013).

Nevertheless, the main point source of PhACs into the aquatic environment is the excretion of PhACs in 
the present or metabolized form by humans and animals (figure 1.6). The following routes of exposure to SW 
of PhACs consumed by humans differ considerably from those used in animal treatment. Veterinary PhACs 
used in pasture animals and aquaculture, can be directly released into the SW (or sea waters in the particular 
case of marine aquaculture), or indirectly with manure into SW or soils (Kools et al., 2008a). PhACs entering 
the terrestrial environment can reach SW by leaching from the soil into GW or by run-off from agricultural 
fields, treated with livestock slurries (Kümmerer et al., 2010). In contrast, PhACs and their human metabolites 
excreted by humans, end up in WWTPs by direct disposal through domestic and hospital WW (Ternes and 
Joss, 2007; Schuster et al., 2008). Hospital patients are administered relatively high quantities of drugs and 
therefore hospital WW can consistently contribute to the total load of PhACs in sewage wastewater influents 
(WWi) (Al Aukidy et al., 2014). During WW treatment, PhACs mainly undergo biodegradation or sorption into 
the activated sludge (Pérez et al., 2006 Pérez and Barceló, 2008; Jelić et al., 2011). At this stage, PhACs 
and their TPs that are not completely removed, end up in receiving freshwater systems through wastewater 
effluents (WWe). Adsorbed compounds can reach the terrestrial environment when sludge is used as an 
agricultural fertilizer and, following the same pathway of those in animal treatment, end up in GW (Daughton, 
2013). 

Importantly, human and veterinary PhACs, and their TPs present in GW and SW can finally reach 
drinking waters (DW), if treatment at the drinking water treatment plant (DWTP) is not sufficient (Benotti et 
al., 2008; de Jongh et al., 2012; Petrović et al., 2014).

1.5 Analyisis of PhACs and their TPs

The fact that ultratrace amounts of PhACs can reach the environment implies the need for developing 
selective and sensitive analytical methods. Afterwards the fate and degradation of PhACs in the WWTPs 
and receiving waters can be measured. The different steps followed in any analytical method are: sampling 
and preservation of the sample, sample preparation, detection and identification, quantification and data 
processing. 

Several analytical procedures have been developed and applied to a wide diversity of studies focused 
on PhACs. For instance, the analysis of their occurrence and distribution along different environmental 
compartments, aquatic systems and biota; or the structural elucidation and identification in real samples 
of novel TPs of PhACs formed by anthropogenic or natural transformation processes. Table 1.1 provides 
representative examples of diverse analytical procedures applied in different studies conducted recently 
(Carmona et al., 2014; Darwano et al., 2014; Machado et al., 2015; Huntscha et al., 2012; Kostich et al., 
2014; Li et al., 2014; Jank et al., 2015; Haddad and Kümmerer 2014; de Almeida et al., 2015; Boleda et al., 
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2015; Boix et al., 2014; Chitescu et al., 2015; Kosma et al., 2015; Wang and Gardinali, 2014; Radović et 
al., 2015; Patrolecco et al., 2015; Li et al., 2012; Kosjek et al., 2012). The following details are provided to 
describe the cited studies: number of target compounds, sample type, sampling strategy, sample treatment, 
technique used, chromatographic conditions, and Mass Spectrometry (MS) analysis applied. As it can be 
noticed in table 1.1, the occurrence, fate and behavior of PhACs is assessed in all kind of matrices (e.g. WW; 
SW; GW; DW; sediments; Suspended Particulate Matter, SPM). 

The different steps followed and to be optimized in any analytical method depending on the aims of the study 
are: sampling and preservation of the sample, sample preparation, detection and identification. The sampling 
procedure (i.e. grab or composite sample collection) is selected according to the questions addressed 
in a given study. Similarly, the type of matrix and physicochemical properties of the target compounds 
determine the strategy followed during the preparation of the sample for further analysis. This step requires 
optimization by means of recovery tests in order to evaluate and decide the most appropriate procedure (e.g. 
solid phase extraction (SPE) for aqueous samples and liquid extraction (LE) matrix solid phase dispersion 
(MSPD), ultrasonic sound extraction (USE) or pressurized liquid extraction (PLE) for solid samples). Due 
to its versatility, specificity and selectivity; high performance liquid chromatography (HPLC) or ultra high 
performance liquid chromatography (UHPLC) coupled to mass spectrometry (MS), high resolution mass 
spectrometry (HRMS) or tandem mass spectrometry (MS/MS) are the preferred analytical tools applied for 
the detection and identification of PhACs and their TPs in environmental samples (Agüera et al., 2013; Ferrer 
and Thurman, 2013; Richardson and Ternes, 2014) (and see table 1.1). In addition, the LC-MS interfaces 
most commonly used are the atmospheric pressure sources electrospray ionization (ESI) and atmospheric 
pressure chemical ionization (APCI) (Richardson and Ternes, 2014). However, other techniques can also be 
appropriate such as the laser diode thermal desorption (LDTD) sample introduction interface directly coupled 
to an MS/MS instrument, can lead to rapid identification, confirmation, and quantification of target analytes 
(see table 1.1, Darwano et al., 2014). A wide panel of different mass spectrometers and combinations of them 
can be used for the analysis of PhACs and TPs, from the single quadrupoles (Q) and Ion Traps (IT) to the 
hybrid triple quadrupoles (QqQ), quadrupole linear ion traps (QqLIT), and the high resolution quadrupole time 
of flight (QTOF) or hybrid Orbitrap analyzers (table 1.1). These instruments provide a broad possibility of MS 
experiments making them suitable for the quantification, identification and structural elucidation of PhACs 
and TPs (e.g. selected ion monitoring (SIM), selected reaction monitoring (SRM), multiple reaction monitoring 
(MRM), n fragmentation mass spectrometry (MSn), elevated mass spectrometry (MSE), independent full scan 
& data-dependent scanning, information dependent acquisition (IDA), enhanced product ion (EPI) (table 1.1).

1.6 Presence of PhACs and their TPs in WWTPs and rivers

The environmental occurrence of a drug can vary depending on the quantity manufactured, the amount 
and frequency of consumption, the persistence, the compound metabolism, and the effectiveness of WWTPs 
in removing these micro-contaminants from WWi. Since the 1980s, different studies conducted worldwide 
reported the occurrence in the environment of PhACs and their TPs (Richardson and Bowron, 1985). The 
first substance of medicinal origin detected was clofibric acid, a metabolite of the lipid regulators clofibrate 
and etofibrate. This compound was reported in US treated WWe at concentrations ranging from 0.8 to 2 μg 
L-1 (Garrison et al., 1976). Since then, clofibric acid has become the most widely detected PhAC. However, 
scientific attention was primarily drawn to the antibiotics group, as a consequence of the observed alterations 
on the structure of microbial communities and the development of resistance in potential human pathogens 
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Table 1.1 Summary of the diverse methodologies that have been applied for the analysis of PhACs and their 
TPs.
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(Halling-Sørensen et al., 1998). Later, PhACs were recognized as compounds of emerging concern (Daughton 
and Ternes, 1999). Nowadays, PhACs are well known widespread micro-contaminants in the environment, 
being present in numerous compartments including WW streams, rivers, estuaries, seawaters, GW, soils, 
sediments and biota (Daughton and Ruhoy, 2009). Moreover, PhACs have been detected even in supposedly 
pristine areas as the Antarctic environment (Emnet et al., 2015). Several extensive reviews provided detailed 
information about the occurrence of PhACs, and their TPs in the aquatic environment (e.g., Halling-Sørensen 
et al., 1998; Daughton and Ternes, 1999; GWRC, 2004; Fent et al., 2006; Sadezky et al., 2008; Mompelat et 
al., 2009; Kumerer et al., 2010; Monteiro and Boxall, 2010; Pal et al., 2010; Hughes et al., 2012; Ying et al., 
2013). 

Of the 3,193 PhACs commercially available worldwide, only 275 drugs have been analyzed in the 
environment (Howard and Muir, 2011). In general, PhACs and their TPs occur in the range of µg L-1 in WWi 
and WWe while in SW and GW they are detected in the ng L-1 range (Fent et al., 2006; Celiz et al., 2009; 
Fatta-Kassinos et al., 2011a; Kunkel and Radke, 2012; Ying et al., 2013, Michael et al., 2014a). 

An overview of the presence of PhACs in WWTPs was reported by Verlicchi et al. (2012). The authors 
reviewed the levels of 118 PhACs, belonging to different therapeutic classes, determined in WWi and WWe 
of 264 WWTPs across Europe. The diverse PhAC families showed variable concentrations ranges and were 
higher in WWi compared to the trends reviewed for WWe (see figure 1.7). Analgesics and antiinflammatories 
were reviewed as the most concentrated therapeutic group in WWi; while their levels in WWe were below 
those observed for lipid regulators and β-blockers. The most investigated and frequently detected individual 
compounds were ibuprofen, DCF, naproxen, ketoprofen and tramadol. Of these, ibuprofen showed the highest 
absolute concentrations in WWi, followed by tramadol. On the contrary, atenolol was reported as the most 
concentrated PhAC among the WWe reviewed. Interestingly, levels of psychiatric drugs as carbamazepine 
and diazepam did not differed too much between WWi and WWe, which pointed out the recalcitrant behavior 
of these PhACs during WW treatment. As for antibiotics, trimethoprim, sulfamethoxazole (SMX), erythromycin 
and ciprofloxacin were found the most ubiquitous and among these, ciprofloxacin was detected at the 
highest concentrations. As it is noticed on figure 1.7, levels of lipid regulators and β-blockers were higher in 
WWe relative to WWi. Among lipid regulators, bezafibrate and gemfibrozil were the most concentrated and 
frequently detected; while atenolol was for the β-blockers therapeutic group. 

At the regional scale level, the occurrence of 15 of the more studied and frequently detected PhACs in 
WWi and WWe was reviewed among different countries of the globe (i.e. China, Greece, Korea, Spain, UK, 
Western Balkan WB, Sweeden, Switzerland and USA) (Luo et al., 2014). The PhACs reviewed belonged 
to the considered more relevant therapeutic groups: analgesics and antiinflamatories (i.e. acetaminophen, 
DCF, ibuprofen, ketoprofen, naproxen and salicylic acid); lipid regulators (i.e. bezafibrate and gemfibrozil); 
antibiotics (i.e. SMX, trimethoprim and erithromycin); psychiatric treatment drugs (i.e. carbamazepine) and 
β-blockers (i.e. atenolol, metoprolol and propanolol). According to the average values reported in the different 
studies reviewed by Luo et al. (2014), the family of analgesics and antiinflamatories was detected at the 
highest concentrations in WWi of Spain reaching individual levels of 44,800; 1,450; 86,367; 1,645; 5,467 
and 35,100 ng L-1 for acetaminophen, DCF, ibuprofen, ketoprofen, naproxen and salicylic acid, respectively 
(Santos et al., 2008; Gracia-Lor et al., 2012). As for the levels determined in WWe, Spain presented the 
highest concentration of analgesics an antiinflamatories (6,993; 840; 2,057; and 969 ng L-1 for ibuprofen, 
ketoprofen, naproxen, and salicylic acid) (Santos et al., 2008; Gracia-Lor et al., 2012), with the exception of 
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acetaminophen and DCF which were detected at highest levels (191 and 690 ng L-1, respectively) in Greece 
(Stamatis and Konstatinou, 2013) and Switzerland (Singer et al., 2010), respectively. As for lipid regulators, 
bezafibrate was detected at the highest concentrations in both WWi and WWe of UK with average levels 
of 800 and 376 ng L-1 (Kasprzyk-Hordern et al., 2009); while for gemfibrofil maximum levels were observed 
in both WWi and WWe of Spain (1110 and 540 ng L-1, respectively) (Gracia-Lor et al., 2012). Levels of 
carbamazepine were detected at maximum values in both WWi (1,820 ng L-1) and WWe (2,620 ng L-1) of UK 
(Kasprzyk-Hordern et al., 2009). Regarding antibiotics, SMX showed highest levels in WWi of the WB (1,180 
ng L-1) (Terzić et al., 2008); while for WWe these were highest in Spain (310 ng L-1) (Ruel et al., 2010). As for 
the remaining compounds, trimethoprim and erythromycin top concentrations were observed in both WWi 
and WWe of UK with respective levels of 3,630 and 3499 ng L-1 in WWi; and 1,839 and 1,567 ng L-1 in WWe 
(Kasprzyk-Hordern et al., 2009). Finally, β-blockers atenolol and propanolol were detected in both WWi and 
WWe of UK at highest levels of 18,098 and 1,044 ng L-1 in WWi and 4,431 and 263 ng L-1 in WWe (Kasprzyk-
Hordern et al., 2009); while for metoprolol maximum levels of 953 ng L-1 were observed in WWi of WB (Terzić 
et al., 2008) that were closely followed by those determined in China (917 ng L-1), were also levels in WWe 
were maximum (241 ng L-1) (Zhou et al., 2010).

Even more interesting is the work of Hughes et al. (2012), who analyzed at a global scale the reported 
data on the presence of 203 PhACs in WWe and SW across 41 countries (Hughes et al., 2012). The levels 
map on figure 1.8 shows the occurrence of PhACs in WWe impacted SW at a global scale. The database 
(Hughes et al., 2012) corresponds to median concentrations of a wide diversity of PhACs determined in 

> 9999

Figure 1.8. Occurrence of PhACs in SW receiving WWe. Data provided by Dr. Stephen Hughes (JBA 
consulting, NY, UK) (Hugues et al., 2010).
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236 studies conducted worldwide during the period 1998-2010. These substances were globally present at 
concentrations ranging from 50 to 1,800,000 ng L-1. As it can be clearly seen, Spain and the US were among 
the countries with higher levels of medicinal drugs present in its SW, with median concentrations ranging 
from 4,400 to 9,000 ng L-1. However, the nations were the highest levels of PhACs were detected, among 
those reviewed in the study (Hughes et al., 2012) were India, Mexico and Turkey, with median concentrations 
reaching levels that exceeded the 9,999 ng L-1.

Of the total number of drugs studied, 61 substances were reported as frequently detected both in WWe 
and SW (Hughes et al., 2012). Of these 61 compounds, 39, 21, 20 and 3 % were antibiotics, analgesics, 
cardiovascular drugs (like β-blocking agents, diuretics and calcium channel blockers) or blood lipid regulators, 
and antidepressants (psychiatric drugs), respectively. The frequency of detection of PhACs in SW, classified 
by their therapeutic activity was compared among WWe-receiving streams from over the world. Analgesics 
were the most ubiquitous in Europe accounting for the 34% of the reported studies, while antibiotics were 
the most frequently detected in North America and Asia (38% and 42%, respectively). Nevertheless, at a 
global scale, analgesics were the most ubiquitous therapeutic class with 31% of all data reported and a 
median concentration of 230 ng L-1 followed by antibiotics (21 %, 8,128 ng L-1). Importantly, in a comparison 
among the top 10 most studied countries, levels of PhACs in Spain were substantially above the global mean 
concentration (171− 441%) for the principal therapeutic families namely: analgesics, cardiovascular drugs, 
blood lipid regulators and antidepressants.

Regarding individual compounds, carbamazepine, bezafibrate, clofibric acid, ibuprofen, and DCF were 
found the most relevant in WWe and SW, among the 61 PhACs most frequently detected according to 
Hughes et al. (2012). More recently, Ying et al. (2013) reported the levels of 61 PhACs belonging to different 
therapeutic classes detected in SW collected from rivers of 14 countries over the world. Among the reported 
antibiotics, SMX, ciprofloxacin, norfloxacin, ofloxacin, and clarithromycin were the more ubiquitous ones at 
levels of up to several μg L-1. At a global scale, the reported concentrations for the most frequently detected 
analgesics and antiinflammatories (i.e. ibuprofen, DCF, mefenamic acid, naproxen, ketoprofen, salicylic acid, 
acetylsalicylic acid, meclofenamic acid, tolfenamic acid, and indomethacin) spanned from several ng L-1 to 
several μg L-1. Several lipid regulators, such as clofibric acid, bezafibrate and gemfibrozil, were observed 
to be also ubiquitous in SW worldwide. As for psychiatric drugs, carbamazepine was the most frequently 
detected compound at concentrations varying from not detected to several μg L-1. The last group reviewed 
were β-blockers, of which metoprolol, propranolol, and atenolol were the most widespread ones at levels 
ranging from not detected to several thousand ng L-1.

Contrarily to the extensive reported data on PhACs occurrence in environmental waters, the number 
of studies assessing their presence in sediments is substantially lower. A good example is the previously 
mentioned review conducted by Ying et al. (2013). Apart from SW, it also includes sediments for the 
assessment of the occurrence of PhACs in rivers at a global scale. However, the presence of PhACs in 
sediments was only reported in five out of the fourteen countries reviewed. For instance, the antibiotics 
norfloxacin, ofloxacin, and ciprofloxacin were frequently detected in three Chinese rivers at concentrations 
of 5,770, 1,290 and 653 ng g-1, respectively (Zhou et al., 2011). Conversely, analgesics and antiinflamatories 
such as ibuprofen, DCF, and clofibric acid were rarely found in sediments from the Spanish Mediterranean 
region and detected at levels below the limits of quantification of the analytical method (Vázquez-Roig et 
al., 2012). In this study, the lipid regulators fenofibrate, clofibric acid; the psychiatric drugs carbamazepine 
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and diazepam and the β-blockers metoprolol and propranolol were among the compounds more frequently 
detected and at high concentrations as well. Other studies reported concentrations of psychiatric drugs at the 
ng g-1 range in sediments from US streams (Schultz et al., 2010). Among them, venlafaxine and fluoxetine 
were the predominant drugs observed, determined at levels of 26 and 19 ng g-1, respectively. In the line of 
the work of Vázquez-Roig et al. (2011), the distribution of a larger list of PhACs was studied along the water 
column of a Spanish river (da Silva et al., 2011). Out of the 34 compounds studied, the higher concentrations 
were measured for acetaminophen (222 ng g-1), mevastatin (99 ng g-1) and tylosin A (71 ng g-1). Other PhACs, 
such as erythromycin, ibuprofen and ranitidine were detected at maximum concentrations of 33, 19 and 25 
ng g-1, respectively, while cimetidine and clofibric acid were detected at levels below 20 ng g-1. The remaining 
compounds were found at concentrations below 10 ng g-1.

Although the occurrence of PhACs in the aquatic environment was well documented, the lack of literature 
on the presence of PhACs’ TPs was evidenced by Celiz et al. (2009) and Mompelat et al. (2009). However, 
diverse studies have reported the identification and levels of TPs in environmental waters. For instance, 
norfluoxetine, the main human metabolite of fluoxetine, was detected at concentrations between 4 and 25 ng 
L-1 in WWe (Vanderford et al., 2006); 0.9 and 14 ng L-1 in SW; and 0.02 and 3 ng g-1 in sediments (Schultz et 
al., 2010). In the last study cited, the levels of norsertraline, the main human metabolite of sertraline, were 
determined in SW ranging from 1.13 to 26.7 ng L-1 and in sediment spanning from 0.02 to 10.7 ng g-1. Similarly, 
five human metabolites of carbamazepine were detected at levels between 8.5 and 1,571 ng L-1 in WWi and 
between 9.3 and 1,325 ng L-1in WWe (Miao et al., 2003). Only 10,11-dihydro-10,11 dihydroxycarbamazepine 
was found in SW but at ~3 times higher concentrations than that of its parent compound. Importantly, 
the studies assessing the occurrence, fate and behavior of PhAC’s TPs in the aquatic environment have 
substantially increased in recent years (Fatta-Kassinos et al., 2011a; Michael et al., 2014a; Evgenidou et al., 
2015). For example, 13 metabolites of PhACs belonging to different therapeutic classes, such as 4’-OH-DCF, 
oxazepam glucuronide or N-acetylsulfamethoxazole, were detected in SW from a Spanish river at levels that 
spanned from 0.96 to 1,670 ng L-1 (López-Serna et al., 2012). More recently, the presence of six iodinated 
contrast media (ICM) and their phototransformation products (photo-TPs) has been determined in SW (Zonja 
et al., 2015). The median concentration of the parent compounds was 110 ng L-1 reaching up to 6 ng L-1 for 
iomeprol, while TPs were found at median concentration of 8 ng L-1, reaching up to 0.4 ng L-1 for iomeprol ‘s 
TP651-B.

However, although conjugated metabolites have been identified in both human and animal excreta, 
they are rarely detected in SW. This is mainly because the appropriate analytical methods capable to detect 
these TPs were not used. Nevertheless, the work of Ferrer and Thurman (2010), among the few examples 
found in the literature, presented a specific analytical method developed for the detection of the psychiatric 
drug lamotrigine and its human metabolite 2-N-glucuronide in environmental waters. They measured levels of 
the metabolite in WWe and SW of to 209 and 195 ng L-1, respectively. However, the detections were sparse 
(frequencies of detection of 21 and 13 % in respective WWe and SW) and the locations assessed were highly 
impacted by WWTPs pressure. In addition, these compounds may undergo de-conjugation to transform back 
to their parent drug (commented previously in section 1.4). This possibility could also explain the reported 
increase of PhACs levels in WWe of Spanish WWTPs compared to those determined in WWi (Gros et al 
2007, Jelić et al. 2011). 

In other interesting study, the presence of ibuprofen and its main microbial TPs: ibuprofen carboxylic 
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acid, 2-hydroxy-ibuprofen and 1-hydroxy-ibuprofen were monitored quantitatively for the first time in WWi, 
WWe and the receiving SW (Ferrando-Climent et al., 2012). These TPs were found in WW samples at higher 
concentration than ibuprofen. The maximum concentrations in WWi samples were 13.7, 5.8, 38.4, 94.0 μg L-1 
for ibuprofen, 1-hydroxylated ibuprofen, ibuprofen carboxylic acid and 2-hydroxylated ibuprofen respectively; 
whereas maximum levels in WWi samples were 1.9, 1.4, 10.7, 5.9 μg L-1 for ibuprofen, 1-hydroxylated 
ibuprofen, ibuprofen carboxylic acid and 2-hydroxylated ibuprofen, respectively. High levels were also found 
in river samples, in particular for ibuprofen carboxylic acid, which was detected up to 3.9 μg L-1.

On the basis of the numerous evidences for the presence of PhACs and their TPs in the aquatic 
environment worldwide (Halling-Sørensen et al., 1998; Daughton and Ternes, 1999; GWRC, 2004; Fent et 
al., 2006; Sadezky et al., 2008; Mompelat et al., 2009; Pal et al., 2010; Hughes and Brown, 2013; Ying et 
al., 2013; Michael et al., 2014a; Evgenidou et al., 2015), research efforts have been directed towards the 
knowledge of the distribution and fate of these trace pollutants in the aquatic ecosystems.

1.7 Behavior of PhACs and their TPs 

1.7.1 Fate and transformation in WWTPs

WWTPs principally operate applying primary and secondary treatments, where the second one is 
based on Conventional Activated Sludge (CAS) (figure 1.9). Conventional systems rely on the activated 
sludge process, a complex biological WW treatment system designed to remove carbon and/or nitrogen 
constituents WW. CAS treatment is widely employed as WW treatment mostly because it produces WWe of 
acceptable quality at reasonable operating and maintenance costs (Jelić et al., 2011). In more sophisticated 
WWTPs advanced tertiary treatments  (ATTs) are included mainly after the secondary treatment (figure 1.9). 

The fate of PhACs in WWTPs is governed by the physicochemical and biological properties of the 
substance (table A.1) and the treatment processes in use at the WWTP. The mechanisms that determine 
PhACs pathways along the WW treatment and their possible degradation/distribution along the WWTP are 
the adsorption to particles and the biodegradation in the sludge (Fent et al., 2006). Very few PhACs are 
volatile, thus evaporation from the plants is not significant. The fate of PhACs along the WWTPs is shown 
in figure 1.9.

Adsorption is dependent on both hydrophobic and electrostatic interactions of PhACs with particulates 
and microorganisms. Some, but not many, PhACs bind strongly to the sludge and are handled at the sludge 
treatment step. In general, sorption of acidic drugs to sludge is suggested to be not very important and thus 
levels of PhACs in digested sludge are expected to be relatively low (Ternes et al, 2004; Urase and Kikuta, 
2005). However, basic compounds and zwitterions can be adsorbed to sludge to a significant extent, as 
observed for fluoroquinolone and tetracycline antibiotics (Golet et al., 2002) or the macrolide antibiotics 
azithromycin and clarithromycin, with a Kd >0.2 L g-1 (Joss et al., 2006). Nevertheless, the majority of PhACs 
show no significant sorption to solids (Kd< 0.1 L g-1), thus occurring mainly in the dissolved phase (Joss et 
al., 2006). Interestingly, a more recent study evidenced that PhACs can occur both in the aqueous and the 
particulate phase of the activated sludge as is the case of DCF, mefenamic acid, bezafibrate, fenobibrate, 
gemfibrozil, atorvastatin, diazepam, lorazepam, carbamazepine, clarithromycin, cimetidine, fanitidine, 
famotidine, sulfamethazine, trimethoprim, atenolol, sotalol, nadolol, glibenclamide and furosemide (Jelić et 
al., 2011). Moreover, no simple pattern for the distribution of these substances between the dissolved and the 
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Figure1.9. Scheme of the treatment steps applied in a WWTP. Advanced processes are mainly 
included after the secondary biological treatment as a tertiary treatment. 
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solid phase of the activated sludge was observed. Still and all, since the majority of PhACs are characterized 
by high water solubility (table A.1) their release into receiving fresh waters through WWe is favored. 

Biodegradation is suggested to be the most important PhACs removal mechanism during the biological 
CAS treatment (Joss et al., 2006; Johnson et al., 2008). Biodegradation is known as the process of partial 
or total elimination of organic matter by microorganisms (such as bacteria and/or fungi) that use compounds 
as an energy source. Such process can occur either in the aerobic zone of the activated sludge tank or 
anaerobically during the sewage sludge digestion (Fent et al., 2006). Anaerobic digestion is carried out to 
reduce the volume of sludge to be handled, for biogas production and for reduction of pathogens. However, 
few PhACs are degraded under anaerobic conditions, and thus biodegradation under aerobic conditions is 
the main PhACs removal process (Fent et al., 2006). Nitrogen removal from WW has become a common 
side stream process in WWTPs performing anaerobic sludge digestion (Rodriguez-Caballero et al., 2013). 
The treatment of this WW with high ammonium nitrogen species content (~1 g L-1 NH4

+─N) and low chemical 
oxygen demand (COD) is normally achieved via nitrification-denitrification over nitrite nitrogen species (NO2

-

-N) or nitrification combined with Anammox. Ammonia (NH3) is converted to nitrate nitrogen species (NO3
--N) 

during aerobic nitrification and subsequent anoxic denitrification removes the nitrate by producing N2 gas. 
The first step in nitrification converts NH3 into NO2

- by two sequential oxidation steps (Bock et al., 2006). 
First, NH3 is oxidized to hydroxylamine (NH2OH) by the enzyme ammonia monooxygenase (AMO), and 
conversion of NH2OH to NO2

- is catalyzed by the enzyme hydroxylamine oxidoreductase (HOA). Ammonia 
oxidizing bacteria (AOB) are normally the main group of bacteria in these systems in which oxidation of 
NH3 to NO2

- is enhanced. To be precise, the bacteria responsible for the nitritation belong to the genera 
Nitrosomonas, Nitrosospira (β-Proteobacteria), and Nitrosococcus (γ-Proteobacteria) (Koops et al. 2001). 
The detection of a unique archaeal amoA gene and the presence of archaeal amoA in various ecosystems 
showed the additional involvement of ammonia oxidizing archaea (AOA) in nitritation. The next step in the 
nitrification from NO2

- to NO3
- is catalyzed by the enzyme nitrite oxidoreductase (NOR) delivered by the 

genera Nitrobacter (α-Proteobacteria), Nitrospina (δ-Proteobacteria), and Nitrospira (phylum Nitrospirae) 
(Koops et al. 2001). Nitrosomonas and Nitrospira are the dominant nitrifiers in WWTPs, and archaea were 
found as the predominant causal organisms in low nutrient, low pH, and sulfide environments (Erguder et 
al. 2009). Biodegradation of PhACs is mainly attributed to co-metabolic activities of both heterotrophic and 
autotrophic microorganisms. AOB and AOA co-metabolize a variety of PhACs via non-specific enzymes such 
as AMO. For instance, Vader et al. (2000) demonstrated the degradation of ethynyl estradiol (EE2) by nitrifying 
sludge with a high ammonia-oxidizing activity and batch tests with nitrifying mixed cultures suggested that 
the enzyme AMO could mediate in EE2/NH3 co-metabolism. Metabolism of drugs can only be observed by 
heterotrophic microbes. For example, a pure culture of Sphingomonas Ibu-2 and Delftia tsuruhatensis and 
P.aeruginosa were reported to be capable of degrading ibuprofen and acetaminophen, respectively, as the 
sole carbon source (Murdoch and Hay 2005; de Gusseme et al. 2011). 

As a consequence of the poor elimination of some PhACs under CAS treatment, ATTs have been 
suggested to be applied in WWTPs in order to improve the chemical quality of the WWe (Klavarioti et al., 
2009; Ziylan and Ince, 2011) (figure 1.9). Various ATTs have been evaluated in recent years with the purpose 
to increase PhACs removal rates. These include the use of powdered activated carbon (PAC) and membranes 
(e.g. nanofiltration, reverse osmosis) (Mailler et al., 2015; García et al., 2013), chemical oxidation such as 
chlorination or advanced oxidation processes (AOPs) (WHO, 2011; Oller et al., 2011; Hey et al., 2012; Lester 
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et al., 2013; Prieto-Rodríguez et al., 2013; Fatta-Kassinos et al., 2011a; Malato et al., 2014); and constructed 
wetlands (Matamoros and Bayona, 2013, Verlicchi and Zambello, 2014; Luo et al., 2014) (figure 1.9). The 
advantages and disadvantages of the different technologies have been widely discussed in many reviews 
(Oulton et al. 2010; Oller et al., 2011; Malato et al., 2014; Verlicchi and Zambello, 2014).The fate of PhACs 
during WWTP under conventional and advanced treatment methodologies was reviewed by Oulton et al. 
(2010). Among the literature surveyed, it was found that PhACs were removed at maximum 90% of efficiency 
after a primary and secondary treatment. These removal rates were slightly enhanced for a few compounds at 
facilities operating with solids removal and CAS while the majority showed removal rates far below the 90%. 
On the contrary, the use of ATTs and particularly ozonation and/or membranes, improved the elimination of 
all classes of PhACs achieving removal rates beyond the 90% and levels in the WWe were frequently below 
the analytical limits of detection. 

Among all these advanced/tertiary treatments, chemical oxidation and particularly AOPs, being able 
to oxidize and degrade a wide variety of organic pollutants in water and WW (Ikehata et al., 2006) are the 
most effective ones in WW treatment and mostly studied at lab scale (Oller et al., 2011). These treatments are 
based on oxidation methods in aqueous phase that generate powerful reagents, such as hydroxyl radicals 
(•OH), that oxidize recalcitrant and non-biodegradable compounds to various TPs and eventually convert 
them into carbon dioxide (CO2), water vapor and inorganic salts (Ikehata et al., 2006; Klavarioti et al., 2009; 
Antoniadis et al., 2010; Klamerth et al., 2010; Oller et al., 2011). Examples of AOPs that can be applied in 
WW treatment are ultraviolet (UV) oxidation, ozonation, photo-Fenton (cationic iron/hydrogen peroxide, Fe2+/
H2O2), ultrasound (US), the combinations ozone (O3)/H2O2, O3/UV, O3/H2O2/UV, H2O2/UV, photo-Fenton US/
H2O2, US/O3 and UV/US electrochemical oxidation, supercritical water oxidation, photocatalysis using titanium 
dioxide (TiO2/hν), ionizing radiation and sono-photocatalysis. Some of these processes are commercially 
available, like UV photolysis, which has more than 3,000 applications in Europe and a large number in the 
US (Parsons et al. 2004). Similarly, ozonation is one of the AOPs most employed as a pre-oxidation step in 
a combined treatment line (Oller et al., 2011). As shown in figure 1.9, ozonation and AOPs applied to water 
treatment operations, as a part of disinfection steps, may considerably decrease the concentration of PhAC 
residues in WWe and reduce toxicity (Ikehata et al., 2006; Comninellis et al., 2008; Ziylan and Ince, 2011). 
As an example, several analgesics and antiinflamatories (namely ketoprofen, naproxen, DCF, mefenamic 
acid and paracetamol) were efficiently removed under UV/H2O2 treatment at lab scale Kim et al. (2009). 
Nevertheless, these methodologies are not widely applied mainly because they involve high expenses on 
materials and equipment; relatively large amounts of oxidants and/or catalysts used (e.g., O3, H2O2, and iron-
based AOPs); as well as energy requirements and high electricity demand (e.g., ozonation and UV-based 
AOPs) (Ikehata et al., 2006; Antoniadis et al., 2010; Oller et al., 2011). 

Most WWTPs are generally designed for the efficient removal of organic matter and inorganic nutrients 
(e.g. biodegradable carbon, nitrogen and phosphorus), that are present in WWi at the mg L−1 to g L−1 range. 
These are generally conventional WWTPs, which are not particularly equipped to remove emerging organic 
micro-pollutants such as medicinal drugs (Verlicchi et al., 2012). For that reason, conventional biological 
treatment systems have often been demonstrated not to be fully efficient and have presented varying degrees 
of removal rates of PhACs, ranging from less than 20% to greater than 90% (Chiron et al., 2010; Forrez et al., 
2011). Table 1.2 provides the removals of selected PhACs and TPs after WW treatment reported in several 
studies. For some compounds, such as DCF, clofibric acid, propranolol or SMX, the elimination rates are 



Chapter 1. General Introduction

54

Pharmaceutical Removal (%) Sources

Analgesics and antiinflammatories
Ketoprofen 8; 30; 56; 62; 77; 83; 92; 98 [1]; [2]; [3]; [4]; [5]; [6];[7]; [8]

Naproxen 35; 43; 71; 96; 55-98; 100 [9]; [3]; [4]; [6]; [10]; [8]

Ibuprofen 12-86; 52-99; 53-79; 60-70; >90; 96; 99 [11]; [12]; [1]; [13];[14]; [15]; [16]
Diclofenac 0; 7; 18; 23; 42; 65; 75 [1]; [17]; [5]; [4];[6];[18]; [19]
Acetaminophen (paracetamol) 86; 92; 99.5; 100 [20];[21]; [5]; [18]
Tramadol 20-56; 55->97 [50]
o-Desmethyltramadol 17-27; 28->88 [50]
Acetylsalicylic acid 81, 99-100 [22]; [53]
Salicylic acid 99; 77-98 [54]; [55]

Lipid regulators and cholesterol lowering stating drugs
Clofibric acid 0; 28; 51; 84; 91 [1]; [20]; [22]; [18]; [23]
Gemfibrozil 5; 39; 68; 75 [2]; [20]; [5];  [24]
Bezafibrate 15; 27; 48; 81; 91 [25]; [19]; [20]; [2]; [4]

Psychiatric drugs

Fluoxetine 33; 54.5; >70% [2]; [26];[27]
Paroxetine 91; 94 [20]; [27]
Diazepam 0-25; 8; 93 [16]; [28]; [29]
Carbamazepine 0; 4; 8; 14; 30 [25]; [30]; [31];[16]; [24]
Sertraline 11 [27]
Citalopram 29 [27]
Venlafaxine 37-56; 56->95; [50]
o-Desmethylvenlafaxine 29-41; 44->98; [50]

Histamine H1 and H2 receptor antagonists

Ranitidine 25; 28.5; 42; 39-84 [2]; [32]; [20]; [25]
β-Blocking agents

Atenolol 0-10; 10-55; 58; 71; 84 [12]; [25]; [33]; [32]; [34]
Metoprolol 0-10; 17; 31; 65; 83 [12]; [33]; [35]; [34]; [22]
Propanolol 0; 32; 59; 65; 96; [23]; [24]; [2]; [34]; [22]

Barbiturates
Phenobarbital 99,5 [5]

Diuretics
Hydrochlorothiazide <10; 24-44; 76 [2]; [25]; [20]
Furosemide 8-54 [25]

Antihypertensives
Enalapril 18-100 [25]

X-ray contrast agents
Iopromide 50; 50 [16]; [36]

Cancer treatment drugs
Tamoxifen 0 [23]

Antibiotics
Erythromycin 0; 24; 25; 26 [25]; [20]; [34]; [37]
Azithromycin 22-55; 39-45; 74 [38]; [39]; [40]
Roxithromycin 12.5; 22; 40; 58-61 [37]; [41]; [42]; [16]
Clarithromycin 0; 4.5; 46; 54; 62; 50-83 [25]; [38]; [40]; [34]; [41]; [39]
Spiramycin 0 [25]

Table 1.2 Percentage of removal efficiencies of PhACs and their metabolites after WW 
treatment reported in several studies. 
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Ofloxacin 13; 24; 43-57; 84; 75-88 [26]; [20]; [25];[43]; [33]
Ciprofloxacin 18; 50-73; 60-63; 84; 93 [42]; [39]; [25]; [33];[43]
Tetracycline 24; 36; 40-72; 0-89 [39]; [42]; [44]; [51]
4-Epitetracycline 0-100 [51]
4-Epioxytetracycline 0-100 [51]
Isochlortetracycline 22-100 [51]

Sulfamethoxazole 4.5; 10; 25; 56; 74; 100; 0-85; 65
[38]; [2]; [45]; [20]; [42]; [43]; 

[51],[52]
n-Acetyl sulfamethoxazole 0-34; 84 [51]; [52]
Sulfadiazine 50; 78-98; >97; 100; 11-59; 93 [37]; [46]; [47]; [42]; [51]; [52]
n-Acetyl sulfadiazine 9-100; 87 [51]; [52]
Sulfamethazine 0-100; 82 [51]; [52]
n-Acetyl sulfamethazine 0-71; 100 [51]; [52]
Trimethoprim 0; 7; 14; 49; 69; 85 [41]; [38]; [44]; [24]; [34];[43]
Fluoroquinolone 80 [48]; [49]

Ashtma treatment drugs
Salbutamol 0; 95 [25]; [21]

widely varying (from no removal up to total removal). Others show steady trends like carbamazepine, which 
is generally recalcitrant to the WW treatment; while acetaminophen, is efficiently eliminated from WW in all 
cases.

The variability in elimination rates of PhACs in WWTPs may be due to differences in treatment 
technologies and operational parameters as well as environmental parameters (Verlicchi et al., 2012) (see 
table 1.2). Among PhACs, relevant differences in removal rates are frequently explained by their diverse 
physicochemical and biological properties (Verlicchi et al., 2012) (table A.1). In addition, climate and 
meteorological conditions can affect the efficiency of PhACs elimination in WWTPs through changes in water 
temperature and dilution by rain water, eventually influencing the biological state of the microbial community 
(Fent et al., 2006; Castiglioni et al., 2006; Vieno et al., 2005; 2007; Zhang et al., 2015). For instance, Vieno 
et al. (2005) reported lower removal efficiencies during winter seasons in cold climates and the changes in 
biological reactions, which were strongly affected by temperature, were pointed out as the main cause. On the 
other hand, different seasonal effects on PhACs removal were observed in six different large WWTPs in Italy, 
(Castiglioni et al. 2006). A substantial number of compounds showed markedly higher removal efficiencies in 
summer than in winter: amoxicillin (with a median of 75% in winter and 100% in summer), atenolol (10% and 
55%), bezafibrate (15% and 87%), enalapril (18% and 100%), furosemide (8% and 54%), ibuprofen (38% and 
93%), ranitidine (39% and 84%) and SMX (17% and 71%). Another group of compounds presented similar 
removal rates regardless the season: ciprofloxacin (60%), hydrochlorotiazide (30%) and ofloxacin (50%). 

[1] Tauxe-Wuersch et al., 2005; [2] Radjenovic et al., 2009; [3] Santos et al., 2009; [4] Quintana et al., 2005; [5] Yu et al.,2006; 
[6] Kimura et al., 2007; [7] Vieno et al., 2005; [8] Thomas and Foster, 2004; [9] Santos et al.,2007; [10] Lindqvist et al., 2005; 
[11] Strenn et al., 2004; [12] Andreozzi et al., 2003; [13] Carballa et al., 2004; [14] Gros et al., 2007; [15] Buser et al., 1999; [16] 
Kreuzinger et al., 2004; [17] Clara et al., 2005; [18] Roberts and Thomas, 2006; [19] Stumpf et al., 1999; [20] Radjenovic et al., 
2007; [21] Jones et al., 2007; [22] Ternes, 1998; [23] Roberts and Thomas, 2005; [24] Bendz et al., 2005; [25] Castiglioni et 
al., 2006; [26] Zorita et al., 2009; [27] Vasskog et al., 2006; [28] Suárez et al., 2005; [29] Van Der Hoeven, 2004; [30] Clara et 
al., 2004; [31] Herber, 2002; [32] Carucci et al., 2006; [33] Vieno et al., 2007; [34] Ternes et al., 2007; [35] Maurer et al., 2007; 
[36] Batt et al., 2006; [37] Xu et al., 2007; [38] Göbel et al., 2007; [39] Ghosh et al., 2009; [40] Yasojima et al., 2006; [41] Sahar 
et al., 2011; [42] Li and Zhang, 2011; [43] Lindberg et al., 2005; [44] Gulkowska et al., 2008; [45] Watkinson et al.,2007; [46] 
García-Galán et al., 2011; [47] Peng et al., 2006; [48] Giger et al., 2003; [49] Golet et al., 2002 [50] Rúa-Gómez et al., 2012; 
[51] Zhang et al., 2015; [52] García-Galán et al., 2012; [53] Nakada et al., 2006; [54] Metcalfe et al., 2003; [55] Matamoros and 
Bayona, 2006
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Finally, other PhACs, carbamazepine, clarithromycin, erythromycin and salbutamol, were not removed at all, 
neither in winter nor in summer. 

The WWTP design and operational factors such as sludge retention time (SRT), hydraulic retention time 
(HRT), temperature in the biological reactor, and properties of the activated sludge may influence removal 
(Suárez et al., 2008; 2012; Alvarino et al., 2014). For instance, those equipments and treatment steps, operating 
for nitrogen removal have demonstrated to increase removal of organic micro-pollutants (Batt et al., 2006). 
Since the degree of biodegradation of PhACs depends on the number and type of microorganisms present 
(Alvarino et al., 2014), it is also important to keep a critical SRT. Keeping SRT promotes the growth of a more 
diverse biological community that is probably able to degrade compounds, such as PhACs, more efficiently 
(Kreuzinger et al., 2004; Clara et al., 2005; Oppenheimer, 2007). For example, DCF is only significantly 
biodegraded at an SRT > 8 days (Kreuzinger et al., 2004), while carbamazepine removal is normally less 
than 10 %, independent from SRT (Metcalfe et al., 2003). The properties of the activated sludge community 
such as biomass activity (Majewsky et al., 2010) and nitrification potential may also influence on the removal 
(Koh et al., 2009; McAdam et al., 2010). HRT and SRT govern both reaction time and loading (McAdam et al., 
2010), thus affecting biomass activity and concentration. Several studies showed that bacteria of the Nitrifying 
Activated Sludge (NAS) are capable to degrade emerging micro-pollutants through co-metabolism (Batt et 
al., 2006; Yi et al., 2007; Forrez et al., 2009; Zhou and Oleszkiewicz, 2010; Martínez-Hernández et al., 2011). 
Moreover, since the nitrification process improves the elimination of selected PhACs, removal efficiency can 
also be enhanced by the enrichment of nitrifiers in the activated sludge (Tran et al., 2009). For instance, 
enhanced removal rates in NAS compared to CAS were observed for the X-ray contrast agent iopromide and 
the antibiotic trimethoprim in laboratory-scale experiments (Pérez et al. 2005; Batt et al., 2006).

Biodegradation in the secondary tank can transform PhACs into TPs (Richardson and Ternes, 2014). 
Figure 1.10 shows several TPs that have been identified during degradation studies. In all instances, batch 
experiments at lab scale simulating CAS (figure 1.10a) or NAS (figure 1.10b) WW treatments were carried 
out in order to elucidate their chemical structures and eventually describe the transformation mechanisms. 
Several enzyme-catalyzed reactions are commonly involved in the biotransformation of PhACs during CAS 
or NAS WW treatments such as hydroxylation, oxidation, hydrolysis, N-de-alkylation, carboxylation, de-
carboxylation, nitration and nitrosation. By contrast, when AOPs are applied in WW treatments, the main 
reactions occurring during the photodegradation process are hydroxylation, de-hydroxylation and oxidation. 

Importantly, the excreted human metabolites of PhACs can undergo transformation along the 
WW treatment. For instance, acetylsulfamethoxazole, a metabolite of the sulfonamide drug SMX, can 
be transformed back to the parent form in WWTPs (Göbel et al., 2005). Therefore, not only the study of 
transformation processes of PhACs to their structurally related derivatives but also conversion back to the 
parent compound, are important questions to be addressed. Consequently, current research is attempting to 
understand the cleavage mechanisms of metabolites and conversion back to their active parent forms after 
biodegradation and how this process is accomplished by bacteria during the CAS treatment (Celiz et al., 
2009; Helbling et al., 2012; Ferrando-Climent et al, 2012; Tran et al., 2013). The work of Ferrando-Climent 
et al. (2012) tackled the issue of whether the TPs detected in the aquatic environment are generated from 
human metabolism and/or from the activity of different microorganisms present in natural waters, soils and 
sediments, as well as in sludge of WWTPs, which increases the probability to find them in the environment. In 
this work the elimination and fate of ibuprofen and generation of its TPs in biodegradation batch experiments 
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with activated sludge was assessed. Against the excretion rates, 2-hydroxyl-ibuprofen was found at higher 
levels than carboxy ibuprofen in WWi samples, which points out the contribution of biological degradation 
and concomitant formation of ibuprofen metabolites before the entrance to WWTPs. These findings provided 
further insight into which metabolites generated in the process of ibuprofen biodegradation through activated 
sludge.

The structural elucidation and identification of new TPs of PhACs formed in engineered systems has 
increased substantially, especially in the field of the ATTs (a et al., 2014). These studies are mainly conducted 
aimed to evaluate the performance of ATTs and the possibility of implementing them in WWTPs. For instance, 
Machado et al. (2015) investigated on the photocatalic degradation of rosuvastatin, which is a cholesterol 
lowering statin drug, employing ZnO as a catalyst and under UV irradiation. The authors carried out nano-
UPLC–MS/MS analyses to detect and identify the byproducts generated during the application of the AOP 
treatment in WWe (see Table 1.1. in section 1.5), which allowed to propose a degradation pathway for the 
the ZnO-assisted photocatalysis of rosuvastatin. These byproducts were characterized as resulting from the 
subsequent oxidation of the parent compound, which leaded to the formation of a carboxylic acid derivative 
of rosuvastatin. 

In a follow-up study of the same group, ten derivatives of rosuvastatin were temptatively identified 
during the application of the same photocatalitic treatment to demineralised water (Segalin et al., 2015). 
These TPs, which included hydroxilated and dihydroxilated derivatives of rosuvastatin among other 
structures, were identified following the same analytical method described for Machado et al. (2015) (see 
table 1.1). Interestingly, the use of computational analysis facilitated the structural elucidation of some of 
the most abundant or persistent TPs. In addition, this analysis allowed the calculations for different isomers 
and showed the most stable structures and, consequently, the most likely to be found. The application of 
computational approaches was demonstrated to be a helpful tool for the elucidation of structures of unknown 
molecules. These advances on the analytical procedures applied for the elucidation of new TPs evidence the 
increase of the scientific community interest on the assessment of transformation of organic pollutants such 
as PhACs in the environment. 

Overall, depending on the removal rates and the transformation of PhACs and their TPs during their 
fate along the WWTP, a cocktail of unchanged PhACs, excreted human metabolites and also TPs is expected 
to be discharged through WWe into receiving water bodies. 

1.7.2 Natural attenuation along urban WW systems and rivers

Apart from the anthropogenic attenuation processes that PhACs and TPs undergo during the WWTP 
described in previous section, these substances may also experience natural attenuation processes during 
their way to the WWTP and after their discharge into receiving SW. Once PhACs and their TPs have reached 
the urban WW system or the rivers, their fate is subjected to numerous factors, including their physicochemical 
properties (table A.1), environmental factors and climate conditions (e.g. water temperature and pH, and 
solar radiation) and, most importantly the presence and activity of microorganisms capable to biodegrade 
them (Jelic et al., 2015; Caracciolo et al., 2015).

As shown in figure 1.11, PhACs and their TPs can be naturally attenuated by: (i) dilution in SW; 
(ii) sorption onto SPM, colloids and partitioning into sediments; (iii) biotic biodegradation; (iv) abiotic 
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WWTP

URBAN WW SYSTEM

SURFACE WATER

Photodegradation

Dilution

Bioaccumulation Food-chain transfer 
(biomagnification)

Sorption
Suspended solids & Colloids

Sediment

Biodegradation

Biodegradation
(Transformation, Mineralization)

(Transformation, Mineralization)

Figure 1.11. Natural attenuation processes of PhACs and their TPs along the urban WW system and rivers.

processes such as direct and indirect photodegradation; and (v) bioaccumulation in biota and food chain 
biomagnification (Mompelat et al., 2009). 

When entering the rivers via WWe, levels of PhACs are mainly attenuated by dilution in receiving SW. 
Generally, the concentration of these micro-pollutants in WWe decrease at least by one order of magnitude in 
the river (from high ng L-1-µg L-1 range to low ng L-1 range) (Gros et al., 2010). The dilution capacity of the river 
is strongly influenced by its hydraulic conditions i.e. the mixing ratio between surface water and the WWe 
and the upstream background concentrations. For instance, Gros and coworkers estimated dilution factors 
of the Ebro River basin (NE, Spain) along different sections of the catchment (Gros et al., 2007; 2010). The 
Ebro river basin, with an average river flow of 600 m3 sec-1 and receiving several urban and industrial WW 
discharges, averaged a dilution factor of 30-40. For example, at a given location where 1.9 m3 sec-1 of WWe 
were mixed with 150 m3 sec-1 of river flow, the estimated dilution factor was of 70. Conversely, PhACs were 
estimated to be diluted only 5 times at a section of the basin characterized by low river flow. 

The sorption of PhACs to solids in the aquatic environment is dependent on their physicochemical 



Chapter 1. General Introduction

61

properties, such as pKa, molecular weight, log kow, log Koc; and many environmental parameters, like ion 
exchange capacity, organic carbon content, quality of solids, pH and presence and type of ionic and colloidal 
materials (Delle Site, 2001). Due to the polar and often ionic nature of PhACs, their sorption to solids is 
governed by several processes such as hydrophobic partitioning, ion exchange, surface related adsorption, 
complexation and hydrogen bonding (Tolls, 2001; Schwarzenbach et al., 2003). Depending on the compound 
type and heterogeneity of the river, PhACs are expected to bind to sediment (da Silva et al., 2011; Zhou et 
al., 2011), SPM (Maskaoui and Zhou, 2010; da Silva et al., 2011) and/or colloids (Yang et al., 2011). For 
instance, 34 PhACs belonging to different therapeutic families were detected in at least 3 out of the 22 
sediment samples collected along the Ebro River Basin (da Silva et al., 2011). Acetaminophen, mevastatin 
and tylosin A were found at the highest concentration (222, 99.4 and 71 ng g-1, respectively). These were 
followed by erythromycin, ibuprofen and ranitidine at respective maximum levels of 33.5, 19.2 and 25.1 ng g-1. 
The remaining PhACs were detected at levels below 10 ng g-1. Importantly, this study included the analysis 
of these substances in SPM. A total of 31 PhACs were detected in at least one out of the 20 SPM samples 
analyzed, at concentrations generally higher than those measured in sediments. These levels ranged from 
0.44 ng g-1 for trimethoprim to 657 ng g-1 for acetaminophen (da Silva et al., 2011). Similarly, Yang and 
coworkers (2011) determined the levels of five selected PhACs in the soluble, SPM and colloidal phase 
and calculated their partition coefficients between the different phases. The partition coefficients of PhACs 
between colloids and the soluble phase, which were substantially greater than intrinsic partition coefficients, 
indicated that aquatic colloids are more powerful sorbents for accumulating PhACs than sediments and 
SPM. Furthermore, average mass balance calculations of PhACs concentrations demonstrated that 45% of 
propanolol, 40% of SMX, 22% of carbamazepine, 39% of indomethacine, and 37% of DCF were associated 
with colloidal particles, evidencing that sorption to colloids provides an important sink for the PhACs in the 
aquatic environment (Yang et al., 2011). 

Biodegradation in the aquatic environment is governed by microorganisms attached to biofilms at the 
water/sediment interface or in bed sediments (Radke and Maier 2014). PhACs are naturally attenuated via 
biodegradation to an extent that depends on the number and type of microorganisms present as well as on 
the physicochemical properties of the drug (Fent et al., 2006; Alvarino et al., 2014). Several studies have 
evaluated the efficiency of this natural process to eliminate some PhACs from SW (Radke and Maier 2014). 
For example, Löffler et al. (2005) investigated the fate of ten PhACs and metabolites in water/sediment lab 
scale systems. Ibuprofen, 2-hydroxyibuprofen and paracetamol showed the lowest 50 % dissipation values 
(DT50), while diazepam, carbamazepine, 10, 11-dihydrocarbamazepine and clofibric acid exhibited the high 
persistence. Similarly, a field study carried out in a WWe collecting river reported the efficient dissipation of 
gemfibrozil, ibuprofen, metoprolol and naproxen; with concentrations that decreased by between 60% and 
90% as the water moved downstream (Fono et al., 2006). By contrast, ibuprofen and clofibric acid were 
the only compounds eliminated along a small stream in central Sweeden (Kunkel and Radke, 2012). The 
variability of reported field data about microbial degradation rates of PhACs in the aquatic environment is 
attributed to the heterogeneity of the river in terms of: (i) the specific microbial communities with substantially 
different degradation capacities or (ii) the interactions between SW and the sediment compartment, the 
hyporheic zone, that control the extent to which PhACs are biodegraded (Fent et al., 2006; Radke and Maier 
2014). For instance, gemfibrozil which was initially reported to be not biodegradable (Stumpf et al., 1999), was 
found to be degraded in a liquid culture by the fungus Cunninghamella elegans (Kang et al., 2009). Another 
study, which reported gemfibrozil to be a quite persistent compound in river water (with a half-life of about 
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70 days), suggested the role of the Gamma-Proteobacteria group of microorganisms in its biodegradation 
(Grenni et al., 2013). On the other hand, the differences in attenuation of PhACs observed in different rivers 
by Radke and Maier (2014) were explained by the variance of the hydraulic exchange between the water 
column and sediment. Recently, it has been demonstrated that PhACs and their TPs can experiment natural 
attenuation and further transformation by in-sewer anaerobic biodegradation processes occurring along their 
fate through the urban WW system (Jelić et al., 2015). In the cited work, the concentrations of diltiazem, 
citalopram, clarithromycin, bezafibrate and amlodipine were substantially decreased (25-60%) during their 
pass through a pressurized pipe. Moreover, the phenomenon of reconversion of conjugated metabolites back 
to their parent compound was also conjectured for sulfamethoxazole and irbesartan, since negative removals 
of these compounds were calculated (-66±15 and -58±25 %, respectively). 

Direct or indirect photodegradation is the principal abiotic mechanism of attenuation of PhACs in 
the aquatic environment, since the majority of these substances are designed for oral intake and thus being 
resistant to hydrolysis. While direct photolysis of substances is caused by direct absorption of solar light, 
the indirect photolysis involves strong oxidant species (e.g. hydroxyl radicals and singlet oxygen) generated 
by naturally occurring photosensitizers like nitrate and humic acids (Andreozzi et al., 2003). Several works 
reported the evaluation of the photodegradability of PhACs at lab scale (Challis et al., 2014). For instance, 
ranitidine, SMX, DCF, ofloxacin, atorvastatin and propanolol have been reported to be direct or indirectly 
photo-degraded relatively quickly (Buser et al., 1998; Andreozzi et al., 2003; Latch et al., 2003; Jasper et al., 
2013). Importantly, recent studies of the photolysis of PhACs in SW are including the detection of photo-TPs 
that might be formed by the effect of the natural light on PhACs (Fatta-Kassinos et al., 2011a). As recent 
example, Gonçalves and co-authors (2011) evaluated the photodegradation of the antivirals Oseltamivir Ester 
(OE) and its human metabolite Oseltamivir Carboxylate (OC) in SW from rivers. Firstly, they assessed the 
photolysis process of OE and OC by simulated UV radiation experiments at lab scale, then they identified and 
characterized the TPs formed from OE and OC, and finally they monitored the TPs in a river. In the monitoring 
survey of the antivirals, OE and its photo-TPs, formed under natural solar irradiation, TP330 and 312 were 
detected confirming that photolysis is one of the processes involved in their disappearance in rivers. Other 
PhACs, such as carbamazepine, levofloxacin, cimetidine, and clofibric acid, have been observed to largely 
resist photodegradation (Andreozzi et al., 2003; Latch et al., 2003; Jasper et al., 2013). Photodegradation 
capacity in the river is affected by its turbidity and water depth (Fono et al., 2006; Robinson et al., 2007). 
Measurements of PhACs in the Trinity River (Dallas, U.S.), which were carried out in a period when WWe 
accounted for nearly the entire flow of the river, suggested that biotransformation was a more important 
attenuation mechanism than photolysis (Fono et al., 2006). Besides, the latter is restricted to the uppermost 
layer of SW (Bartels and von Tümpling, 2007). Other important factors affecting photodegradation are water 
constituents involved in indirect photolysis processes (Fatta-Kassinos et al., 2011a). For instance, the rate 
of photodegradation can be reduced due the increase of humic acids levels that may act as solar radiation 
filters (Andreozzi et al., 2003). 

The bioaccumulation of PhACs in biota has been suggested to be determined by active transport 
through biological membranes (Daughton and Brooks, 2011). In general, these substances are moderately 
lipophilic and hence, their potential to bio-accumulate is low. However, in aquatic biota some compounds have 
been detected, such as psychiatric drugs. Brooks and colleagues (2005) reported for the first time residues of 
fluoxetine and sertraline, as well as their respective metabolites norfluoxetine and desmethylsertraline, in all 
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tissues of fish residing within municipal effluent-dominated systems at levels greater than 0.1 ng g-1. A more 
recent study analyzed PhACs in fish tissues of eleven fish species from four heavily impacted Mediterranean 
rivers. DCF, citalopram, carbamazepine, venlafaxine, clopidogrel, carazolol, propanolol, sotalol and salbutamol 
were measured at concentrations higher than the method detection limits. Highest levels were found in trout 
liver with a maximum concentration of 18 ng g-1 for carbamazepine whereas the most ubiquitous compound 
was DCF (Huerta et al. 2013). 

The effectiveness of natural attenuation processes is highly influenced by climate and meteorological 
conditions such as, solar radiation intensity and temperature or river hydraulic regime (Vieno et al., 2005). 
For example, Boreal winter climate conditions with low temperatures and low daylight hours may lead to 
decreased bio- and photodegradation of PhACs compared with summer (Bartels and von Tümpling, 2007). 
Increasing river flow and turbulence due to rainfall events can also affect natural attenuation of PhACs in 
the aqueous phase by dilution (decrease in concentration) or sediment re-suspension and suspended solid 
and colloids re-dissolution (increase in concentration). For example, an increase in the concentrations of 
pesticides was observed when flooding events occurred in the Ebro River (Gómez-Gutiérrez et al., 2006). 
The higher levels of these micro-pollutants were associated with the influence of floods on soil leaching, 
runoff and sediment re-mobilization processes. 

1.8 . Effects of PhACs and their TPs on aquatic ecosystems.

As described in previous section the occurrence of PhACs in the aquatic environment is due to their 
large usage, incomplete human metabolism, relative persistence in WWTPs, and their slow degradation 
in the aquatic environment. The concentrations of PhACs are in the range of ng L-1, at levels below those 
inducing toxic effects to humans (Christensen, 1998). However, aquatic organisms may experience 
continuous exposure via WW residues over their whole life and consequently these substances may cause 
adverse effects in non-target organisms (Oaks et al., 2004), especially to highly vulnerable aquatic life (Di 
Giulio and Hinton, 2008). Moreover, owing to their structural diversity, the complex mixtures of drugs can 
exhibit effects different than those from a single compound (Pomati et al., 2008). As a consequence of the 
presence of myriads of PhACs in the aquatic environment, significant chronic effects on aquatic organisms 
including additivity, antagonism, and synergism are likely to occur (Daughton and Ternes, 1999; Forrez et 
al., 2011). However, the direct attribution of ecosystem effects to PhACs is a difficult point to prove and must 
be regarded with caution due to the simultaneous concurrence of many other chemicals, as well as, other 
environmental stressors (e.g. nutrients or hydrological conditions). 

Concerned about the aforementioned ecotoxicological effects, studies to evaluate the potential effects 
on aquatic organisms have increased considerably (Halling-Sørensen et al., 1998; Daughton and Ternes, 
1999; Boxall et al., 2003; Jones et al., 2004; Fent et al., 2006; Kümmerer et al., 2009; Escher and Fenner, 
2011; Michael et al., 2014a). In the literature, various ecotoxicological tests using freshwater invertebrates 
(such as daphnids), fish, algae, mussels, bacteria (such as Vibrio fischeri), biofilms, bacterial strains and 
cells have been assessed. Of the test species used, daphnids have been found to be most susceptible to 
environmental pharmaceutical contaminants, followed by fish and algae (Sanderson et al., 2004). Table 1.3 
provides several examples of the ecotoxicological effects of PhACs on aquatic organisms, it compiles the 
experimental conditions, the organisms used, the endpoints and the measured effects in every ecotoxicity 
test. 
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Regarding acute toxicity data of PhACs over 90 % of the studies reviewed by the Global Water 
Research Coalition (GWRC, 2004), presented an effect concentration of >1 mg L-1 in the most commonly 
studied aquatic species (e.g., daphnids; algae; fish; bacteria; and macrophytes). Most of the acute lowest 
observed effect concentrations (LOECs) for PhACs are generally between μg L−1 and mg L−1, typically at 
least one order of magnitude higher than concentrations normally found in SW (ng L−1) (Forrez et al., 2011; 
Corcoran et al., 2010). Consequently, the risk of acute toxicity to aquatic organisms is thought to be negligible 
(Enick et al., 2007). For example, propranolol showed effective concentrations, (EC50) in Daphnia magna and 
Desmodesmus subspicatus (see table 3) that were approximately 1,000 times higher than levels detected in 
the WWe (Ferrari et al., 2004; Huggett et al., 2002).However, for some substances used for treating human 
nervous diseases, such as the psychiatric drug fluoxetine, acute ecotoxicological effects have been found at 
WWe and SW levels of PhACs (EC50 at 48 h of 0.024 mg L-1 in algae) (Brooks et al., 2003; GWRC, 2004). 

Despite the he low likelihood of acute ecotoxicity for the majority of PhACs their “pseudo-persistence” 
in the aquatic environment leads to address the question of effects by a long-term exposure. For instance, 
the acute cytotoxic effects of DCF, which were assessed by in vitro tests on rainbow-trout hepatocyte cell 
lines, determined EC50 (24 h) values at concentrations as high as 6 mg L−1 (Laville et al., 2004). Differently, 
the in vivo chronic effects observed in rainbow trout (LOEC = 1 μg L−1) were in the range of WWe discharge 
levels (< 4 μg L−1) (Triebskorn et al., 2004). Similarly, though no relevant acute toxic effects were observed 
at environmental concentrations, the LOEC of the β-blocker propranolol (30 μg L−1) for zooplankton and 
benthic organisms was also near the maximal measured WWe levels (Fent et al., 2006).These contrasted 
findings suggest that the investigation of chronic effects might provide more realistic and suitable data for 
the risk assessment in aquatic ecosystems. The ecotoxicological effects from acute toxicity tests have been 
extensively reported (Brausch et al., 2012). The initial steps on environmental risk assessment were focused 
on the potential short-term effects on non-target organisms (Kümmerer, 2009). However, the knowledge of 
long-term exposure of non-target aquatic organisms to PhACs and the effects on ecosystem functioning has 
gained relevance (Oaks et al., 2004; Brooks et al., 2005; Fent et al., 2006; Kim et al., 2007; Sumpter and 
Johnson, 2008; Corcoran et al., 2010; Schultz et al., 2010; Richards et al., 2011; Lazarus et al., 2015). 

Natural and synthetic estrogen hormones and other mimic substances (e.g., nonylphenol or bisphenol) 
have been classified as endocrine disruptors (Sumpter and Johnson, 2008). The presence of these compounds 
in WWe, even at extremely low concentrations (low and below ng L-1) can cause feminization of male aquatic 
organisms, alterations of other sexual characteristics, and decrease of egg fertilization in fish.

Antibiotics are a class of PhACs with relevant ecological concern because of their potential active 
role against environmental bacteria and in the spread of resistance among natural communities. A relatively 
small amount of the antibiotics consumed by humans and animals is actually absorbed, with some about 
30–90% of antibiotics excreted unchanged and released into WWTPs or directly into the environment (Chow 
et al., 2015). Previous studies have shown the detrimental effect of antibiotics to the freshwater environment 
because of their effects on autochthonous bacteria and the impairment on key roles they intervene, such 
as many biogeochemical processes or the degradation of organic pollutants (Buesing and Gessner, 2006; 
Garcia-Armisen et al., 2011; Roose-Amsaleg et al., 2015). Moreover, antibiotic residues released in the 
environment are suspected to induce the development/selection of antibiotic resistance genes (ARGs) and 
antibiotic resistant bacteria (ARB) (Tello et al., 2012). Recently, many more evidences suggest that aquatic 
habitats, especially rivers and streams, are ideal vectors for the antibiotic resistance dissemination (Lupo 
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Table 1.3. Examples of eco-toxicological effects of selected PhACs and their TPs to aquatic 
organisms reported in different studies.  
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et al., 2012). Consequently, the spread of resistant bacteria in freshwater systems can reach DW supplies 
and thus enter the human food chain causing a serious threat for public health (Walsh et al., 2011). Recent 
data from the European Centre for Disease Prevention and Control  (ECDPC) and the European Medicines 
Agency (EMA) evidenced that every year approximately 25,000 European citizens die from infections caused 
by bacteria that have developed antibiotics resistance (Borg, 2012). Moreover, it is estimated that more than 
70% of bacteria causing these infections are resistant to at least one of the antibiotics commonly used to treat 
them (Muto, 2005). Importantly, Spain, as many other countries in southern Europe, has been characterized 
by a high rate of antibiotic resistance (Lázaro and Montero, 2010).

A compound resistant to degradation or pseudo-persistent and relatively well-absorbed by biota (log Kow > 
3) may still bioaccumulate to biologically relevant concentrations even when it is present at low environmental 
concentrations. This effect is particularly relevant in WWe dominated streams where the PhACs uptake has 
been observed in aquatic organisms (Brooks et al., 2005; Schultz et al., 2010). For example, the relatively 
hydrophobic DCF (see table A.1), can accumulate in liver (up to 2–3 μg g−1, wet weight), kidneys, and gills (~1 
μg g−1, wet weight) of rainbow trout after 28-day exposure to 1 μg L−1 (Schwaiger et al., 2004). Detrimental 
effects may occur if compounds are transferred within the food chain. For instance, diltiazem was detected 
in water, fish and ospreys from WWe impacted waterways in Chesapeake Bay (USA) at environmentally 
relevant concentrations. Even though concentrations of diltiazem were detected at one order of magnitude 
below the acute toxicity reported for Japanese medaka fish (lethal effective concentration, LC50 of 15 mg L-1) 
(Kim et al., 2007); it was predicted to bioaccumulate in fish-eating birds, which may be more sensitive (Oaks 
and Watson, 2011; Shore et al., 2015), up to 4 times the levels found in fish plasma (Lazarus et al., 2015). 
Similar studies on the Eurasian otter (Lutra lutra) from the UK, detected DCF and ibuprofen residues in hair 
samples of these freshwater mammals (Richards et al., 2011) and determined renal lesions observed during 
carcass necropsies (Simpson et al., 2011). These findings prompted recommendations for further studies on 
the exposure of otters to neprotoxic PhACs such as DCF and ibuprofen (Shore et al., 2015).

TPs have also been reported to be present in fish tissues (Nakamura et al., 2008; Paterson et al., 2008; 
Metcalfe et al., 2010). For instance, the de-methylated TPs of three psychiatric drugs (i.e. citalopram; sertraline 
and fluoxetine) were detected in tissues of fathead minnows. However, the source of these compounds, 
whether they were directly up-taken from the aquatic environment or the resulting in vivo metabolism of the 
parent compound, was not clear (Metcalfe et al., 2010).

It is naturally assumed that metabolism and transformation of PhACs leads to decreased toxicity. For 
instance, the hydroxylated TPs of DCF showed pharmacological activities lower than those of DCF itself, or no 
activity at all (Menassé et al., 1978). However, several drugs (including acetaminophen, carbamazepine and 
DCF) have been reported to produce bioactive TPs which have been associated with adverse drug reactions 
(e.g. hepatotoxicity) (Walgren et al., 2005). Although the toxicity of drugs is mostly known, knowledge of the 
ecotoxicity of their derivatives in the aquatic environment is still scarce (Michael et al., 2014a). Nevertheless, 
published data has demonstrated that even metabolites can exert detrimental effects on aquatic organisms 
(Celiz et al., 2009; Escher et al., 2011). The pharmacologically active human phase I metabolites can exhibit 
ecotoxicological effects similar to those of the parent compound, such as propranolol and its metabolites to 
protozoa (Nałęcz‐Jawecki et al., 2008); fluoxetine and its metabolites to algae, (Neuwoehner et al., 2009); 
or oseltamivir and its metabolites to Vibrio fischeri (Escher et al., 2010). Furthermore, TPs can show even 
higher toxicity than their parent compounds. For instance, norfluoxetine was found to be 50% more toxic in 
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24h lethality tests to protozoa than fluoxetine (Nałęcz‐Jawecki et al., 2007). Apart from human metabolites, a 
number of other TPs are expected to exhibit comparable or more toxicity to their chemical precursors (van Zelm 
et al., 2010). For example, natural photo-TPs showed increased toxicity compared to the parent compound. 
For instance, photo-TPs of DCF showed phytotoxicity to the algae Scenedesmus vacuolatus after exposure 
to DCF under natural midsummer sunlight (Schmitt-Jansen et al., 2007). While the test solution containing 
the parent compound at mg L-1 levels did not exert any toxicity, the formation of photo-TPs, clearly correlated 
with inhibition of algal growth. Further research on these compounds identified 2-[(2-chlorophenyl) amino] 
benzaldehyde (CPAB) as a photo-TP of DCF, with an enhanced acute toxicity to S. vacuolatus (Schulze et al., 
2010). The phytotoxicity of CPAB, was explained by its likely higher lipophilicity (Schmitt-Jansen et al. 2007, 
Schulze et al., 2010). 

Similarly, TPs generated by microbial transformation taking place in environmental compartments (e.g., 
sediments and soils) and engineered systems (e.g activated sludge) may pose an ecotoxicological risk to 
aquatic species (Escher and Fenner, 2011). For instance, higher levels of norfluoxetine and norsertraline 
compared to their parent compounds (i.e., fluoxetine and sertraline) were determined in tissues from fish 
living in WWe-dominated streams. Biodegradation taking place in the river was pointed out as the source of 
these metabolites detected in fish (Schulz et al., 2010).

Likewise, the disappearance of parent PhACs during the WW treatment does not necessarily indicate 
a reduction of the toxicity associated to WWe since the TPs formed may still retain biologically activity. 
For instance, after the photo-catalytic AOP treatment of WWe, low TiO2 and radiation doses resulted highly 
effective for the detoxification and mineralization of small concentrations of drugs, such as DCF. However, 
when a high amount of TiO2 was applied to the treatment of high levels of DCF, the toxicity of the treated 
samples increased. This higher toxicity was conjectured to be due to the formation of TPs (e.g. hydroxyl- and 
bi-hydroxyl derivatives) (Calza et al. 2006). Similarly, in the work of Machado et al. (2015) , acute toxicity 
tests on D. magna were performed to evaluate the toxicity of the untreated rosuvastatin solution and the 
reactor effluent. Products generated by the ZnO-assisted photocatalytic oxidation of rosuvastatin proved 
to be more toxic than their parent drug. Owing to that, the authors concluded that, though rosuvastatin 
undergoes photocatalytic degradation, the safety, efficiency and feasibility of the treatment process may 
be compromised by the production of toxic byproducts and by presence of dissolved ZnO (Machado et al., 
2015).

Due to the fact that TPs of PhACs can exhibit the same mode of action as their parent compounds and 
may occur in complex mixtures in the aquatic environment, additive and synergistic effects are expected to 
enhance the overall toxicity of the mixture (Escher and Fenner, 2011). 

Stream biofilms are complex biological communities composed mainly of algae, cyanobacteria, bacteria, 
fungi and microfauna that live on submerged substrata (Lock, 1993). The microbial communities attached to 
biofilms in freshwater ecosystems can play a key role in the trophic web and in the biogeochemical cycles 
within aquatic ecosystems. The short life cycle of biofilm microorganisms and the trophic interactions among 
microbiota (algae, bacteria, fungi, protozoa) allow for the detection of both short and long-term, and direct 
and indirect effects on the biofilm consortia (Proia et al., 2012). Besides, in rivers and streams, biofilms 
are the first to interact with dissolved substances and can integrate the effects of changing conditions over 
extended periods of time. This behavior of biofilms turns them a useful descriptor of the effects of pollutants of 
environmental concern, such as PhACs, on the ecosystem and thus as proper bioindicators of the ecological 
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status of rivers (Sabater et al., 2007). Several studies tested the acute and chronic effects of PhACs on 
fluvial biofilm communities both in the field and laboratory (Lawrence et al., 2005; Bonnineau et al., 2010; 
Lawrence et al., 2012; Rosi-Marshall et al., 2013; Proia et al., 2013a; 2013b; Corcoll et al., 2014) (table 
1.3.). For instance, Bonnineau et al. (2010) assessed the acute effects of propranolol and metoprolol on 
fluvial biofilms at lab scale. They observed that a 24 h exposure of biofilm algae to 531 μg L-1 of propranolol 
inhibited their photosynthetic process by up to 85%, while a metoprolol concentration of 503 μg L-1 caused 
50% mortality of biofilm bacteria. However, estimated no observed effect concentrations (NOEC) were in the 
range of environmental concentrations of these compounds. Diversely, Lawrence et al. (2005) investigated 
the effects of chronic exposure of fluvial biofilms to ibuprofen, carbamazepine and furosemide at lab scale. 
PhACs levels of 10 μg L-1 exhibited both nutrient-like and toxic effects on biofilm communities by marked 
changes in their architecture and composition. For instance, furosemide increased the bacterial biomass, 
while carbamazepine and ibuprofen reduced it. Other populations significantly altered by all compounds were 
the gamma-proteobacterial beta-proteobacteria. Furthermore, furosemide, carbamazepine and ibuprofen 
influenced the ratio of live-to-dead cells of the biofilms, with corresponding increasing values of 1.9, 3.2 and 
3.5. 

1. 9. Regulation and risk assessment of the aquatic environment

The concerns about PhACs have increased in the last years, particularly as no legal requirements have 
been set for the discharge of these ubiquitous, persistent and biologically active substances into surface 
water bodies (Furhacker, 2008; Salgot et al.,2006; Ternes et al., 2007). 

The main tool of the European water policy to reduce chemical pollution of SW bodies is the Water 
Framework Directive (WFD, 2000/60/EC). The WFD aims to provide a common action framework to the 
different member states of the European Union (EU) and establishes the basis to regulate the water bodies in 
Europe with the aim of conserving, protecting and improving their quality and its sustainable use, its ultimate 
objective being the achievement of a good ecological and chemical status of all European SW bodies by 
2015. Whereas chemical status is essentially defined by compliance with established environmental quality 
standards (EQSs) of a list of selected key compounds, the so-called ‘‘Priority Substances’’ (PSs) and Priority 
Hazardous Substances (PHSs), which have been fixed by Directive 2008/105/EC and updated by Directive 
2013/39/EU, the ecological status is defined in terms of biological, hydromorphological and physicochemical 
(thermal, acidity, salinity, oxygenation and nutrients) parameters. According to the WFD, PhACs are not 
included in the list of priority or dangerous priority substances (Directives 2008/105/EC and 2013/39/EU) and 
thus no environmental quality standards are stipulated. Nevertheless, the same directive establishes clearly 
that substances discharged into the basin, which is the case of PhACs, should be controlled. Furthermore, 
Directive 2013/39/EU recognizes the relevance of PhACs for the EU water environment (Art. 8c “Specific 
provisions for pharmaceutical substances) and commits the Commission to develop a strategic approach 
by 2015 and propose specific measures by 2017. In fact, the Commission has established a watch list of 
substances for which Union-wide monitoring data are to be gathered for the purpose of supporting future 
prioritization exercises (Directive 2013/39/EU and Decision 2015/495/EU). Importantly, in the aforementioned 
list, 6 PhACs are included, namely: the NSAID DCF, the two hormones ethynyl estradiol (EE2) and estradiol 
(E2); and the antibiotics erythromycin, clarithromycin and azithromycin. 

The EU Directive 2004/27/EC on human medicine and Directive 2004/28/EC on veterinary medicine 
set out an Environmental Risk Assessment (ERA) in the frame of the approval process for new medicinal 
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products. According to Directive 2004/27/EC on human PhACs, for all new authorizations of PhACs, the 
environmental effects must be examined and this assessment must accompany the approval application. 
However, the granting of a marketing authorization of human medicine cannot be refused using only the 
environmental impact as criterion. On the contrary, if veterinary drugs pose an unacceptable risk for the 
environment, the granting of their marketing authorization can be denied. In this case, the environmental 
safety criterion is as relevant as consumer safety in the concluding risk-benefit assessment, deciding about 
the authorisation or non-authorisation of a new veterinary drug. As well as in the EU, Directives set by the 
US Food and Drug Administration (FDA) and the FDA Centre for Veterinary Medicine stipulate that an ERA 
should be part of the approval procedure of new medical substances.

Pseudo-persistent TPs of PhACs, are required to be considered in ERA because the effects resulting 
from exposure of aquatic organisms to a mixture of parent drugs and its TPs may be quite different from what 
could be observed based on toxicity tests using only a single compound (Filby et al., 2007; Wilson et al., 2003). 
Despite this, only the European Medicines Agency (EMA) set guidelines for reporting total concentrations 
of drugs (sum of the parent compound and its metabolites) excreted in aquatic or terrestrial environments 
(EMA, 2006; 2008). In addition, the EMA set out that any metabolite formed at a concentration greater than 
10% of the parent compound should be further investigated (phase II tier B) for potential ecotoxicological 
effects (EMA, 2006; 2008). According to the European threshold safety value of 0.01 µg L-1 (EMA, 2006), 
only compounds exceeding this concentration in the environment are subjected to an ERA. Procedures for 
conducting ERA on PhACs have been developed on the basis of ecotoxicological data reported, mostly 
through the estimation of toxic units (TUs) or hazard quotients (HQs). TUs or HQs are associated to the 
ecotoxicological risk of a given compound, or a mixture of compounds, to exert short-term or long-term effects 
on non-target organisms (Gros et al. 2010, Ginebreda et al., 2010; Ginebreda et al., 2014). These TU and HQ 
values are defined as the ratio of the measured environmental concentration (MEC) of a given compound to 
its EC50 or LC50 acute toxicity (Sprague, 1970) or its associated chronic toxicity, usually expressed as NOEC 
(non-observed effect concentrations) (Castiglioni et al., 2004; Cooper et al., 2008). EC50, LC50 and NOEC 
values are commonly determined using standard aquatic ecotoxicity tests to algae, daphnids or fish. These 
TU and HQ values can also be predicted if NOEC or MEC values are not available. If chronic toxicity has 
not been tested, which occurs frequently for PhACs, predicted non-observed effect concentrations (PNEC) 
can be extrapolated by dividing the EC50 or LC50 acute ecotoxicity by an assessment factor (AF; usually 
1,000). Similarly, when MEC values are not determined, predicted environmental concentrations (PEC) can 
be applied. The PEC value is commonly estimated based on the percentage of market penetration, maximum 
daily dose, metabolism excretion rates, amount of WW per inhabitant, removal rates in WWTPs and a dilution 
factor (EMA, 2006; Riva et al., 2015).

These HQ or TU values are determined for every compound present on the environment using 
individual concentrations or for mixtures of compounds, using aggregations by simply concentration addition 
(Ginebreda et al., 2014). Concentration Addition (CA) is usually accepted as a first tier approach estimation 
of the toxic risk of mixtures (Backhaus and Faust, 2012). According to the safety guidance documents 
(EMEA, 2006) on ERA, if HQ values estimated for a given compound or a mixture are below the unit, no 
ecotoxicological risk is expected. However if the estimated HQ value equals or exceeds the unit, a potential 
environmental risk situation is anticipated.

Many PhACs prioritization exercises have been conducted in US and Europe (Oldekamp et al., 
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2013). For instance, 40 parent compounds and 14 metabolites were prioritized in France following theoretical 
approaches (i.e. PEC, PNEC) and environmental measurements (Besse and Garric, 2008). Similarly, 14 
PhACs were prioritized in Italy (Riva et al., 2015); while 12 PhACs were selected as the more concerning in 
UK (Donnacchie et al., 2015). 

For the proper risk assessment of PhACs on the aquatic environment, time-consuming and costly 
intensive monitoring to measure concentrations in the field are required. As a consequence, the fate of 
PhACs along the water courses is frequently predicted. In this context, fate and transport models emerged 
as an appropriate alternative or complement (Johnson et al. 2008) to be applied in the assessment of the 
potential environmental risk of a given PhAC or a mixture of them. 

1.10. Water quality modeling to assess the fate of PhACs in the aquatic environment

The use of models as predictive tools to interpret the complex reality in the presence of limited 
experimental information, as is the case of chemical fate assessment, has grown substantially during the 
last decades of modeling science (e.g. Beven, 2006). Incorporation of Geographic Information Systems 
(GIS) to modeling has greatly enhanced its possibilities (Pistocchi 2014). Complementary to monitored 
concentrations, water quality models have been developed to generate PECs from estimated point or diffuse 
emissions of chemicals to the environment. Hence, modeling studies have shown that concentrations of 
PhACs in WWe and in SW can be predicted with reasonable accuracy when realistic data on chemical 
emissions and water discharge are available (Pistocchi et al., 2010). Conversely, estimation of emissions 
from measured environmental concentrations is possible by inverse modeling (Pistocchi et al. 2012; Boxall 
et al. 2014; Banjac et al. 2015)

Water-quality modeling has evolved a great deal, and specially with the evolution of computational 
tools, since the first dissolved oxygen model was developed in the early 20th century (Streeter et al., 1958). 
Today, the concentration of a chemical can be basically predicted by two categories of modeling: generic 
computer models, such as EUSES (Vermeire et al., 1997) and in-stream water quality models, such as 
GREAT-ER.

Generic models use a multimedia ‘unit world’ approach to estimate regional PECs (e.g. EUSES (1996) 
or HAZCHEM (1994)), aiming to determine the global risk among environmental compartments, but these 
do not account for spatial and temporal variability in landscape characteristics, river flows and/or chemical 
emissions. Hence, the results offer no realistic predicted fate data, and are merely applicable on a generic 
screening level (Feijtel et al., 1998). 

To identify hotspots in a river catchment, different in-stream water quality models for down the- drain 
chemicals, such as PhACs, are proposed (Ort et al., 2009). The use of simple flow approaches in the field of 
chemical fate modeling, has allowed the assessment of concentration patterns of compounds arising from a 
given source. Among these models, the “plug-flow” (PF) model is often the elective tool for simulation of river 
quality (e.g. Chapra, 1997). This approach describes the concentration of a chemical substance along the 
stream network downstream of an emission source. In addition, these simplified models, can be implemented 
directly using Geographical Information System (GIS) analytical capabilities, providing reasonably realistic 
predicted spatial distributions of chemical concentrations, through extremely simple mathematical calculations. 
This has been shown with reference to the continental distribution of many chemicals of environmental 
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concern, though their application on PhACs is very limited (Pistocchi et al., 2010). Nevertheless, water quality 
models relying on geo-referenced computer programs have become more popular. Examples for such models 
are GREAT-ER (Geography-referenced Regional Exposure Assessment Tool for European Rivers) (Feijtel et 
al., 1998) or its U.S. equivalent PhATE (Pharmaceutical Assessment and Transport Evaluation) (Anderson et 
al., 2004), LF2000-WQX (Keller et al. 2004; Johnson et al. 2007) among others (Pistocchi et al. 2010). Such 
models show the predicted environmental concentrations of chemicals within an entire river catchment as 
a concentration profile on a regional scale and also hot-spots, thus enabling to locate point sources. These 
approaches, which integrate the processes that influence the fate of PhACs in the aquatic environment (e.g. 
human metabolism, removal in WWTPs, dilution in receiving waters and other natural attenuation processes), 
can predict spatially resolved concentrations for compounds being released into SW via WWe discharge from 
WWTPs as their emission source (Alder et al., 2010). The advantages of such simulation programs over 
generic models are the increased realism of the chemical exposure assessment by incorporating spatial 
and temporal characteristics of the receiving environment.  Moreover, these methodologies are easy to use 
and highly cost-effective (Alder et al., 2010). One of the most relevant geo-referenced computer simulation 
programs is GREAT-ER, a GIS-based computer program developed and validated by ECETOC (European 
Centre for Ecotoxicology and Toxicology of Chemicals), as an accurate aquatic chemical exposure prediction 
tool for use within the EU environmental risk assessment schemes.  The software couples specific substance 
market data with relevant environmental substance information in order to calculate the distribution of real-
world PECs of consumer chemicals in SW, for individual river stretches as well as for entire catchments, 
in a geo-referenced output map (Schowanek and Webb, 2000). GREAT-ER has already been successfully 
applied and validated for a number of consumer-product ingredients in European river catchments (Wind et 
al., 2004). 

For instance, Alder et al. (2010) compared MECs of β-blockers (atenolol, sotalol, metoprolol, and 
propranolol) in WW and SW with PECs using an implementation of the geo-referenced model GREAT-ER 
for the Glatt Valley Watershed (Switzerland). They demonstrated the ability of the model to predict spatially 
resolved river concentrations based on average consumption and excretion data, removal in WWTPs and 
dissipation and degradation processes in surface water within an accuracy factor of 2. 

Similarly, Anderson et al. (2004) developed and validated the PhATE model to estimate concentrations 
of PhACs in U.S. SW resulting from human consumption. Overall, they demonstrated the capability of the 
PhATE model to predict screening-level concentrations of PhACs and related compounds in the environment 
as well as to evaluate the suitability of existing fate information for a given drug (Anderson et al., 2004). 

However, the accuracy of PECs, depends critically on the assumptions considered in the model and 
the variability of many factors (e.g. human consumption rates and patterns, chemical removal efficiency in 
distinct WWTPs, physicochemical properties of the compounds, hydrological conditions in rivers) (Pistocchi 
et al., 2010). Consequently, model predictions require to be compared with measured real data in order to 
evaluate their associated uncertainty. In the specific case of spatially fate models of chemicals, only spatial 
observational data for large regions or the globe should be used (Pistocchi et al., 2010). The current limitations 
of the application of science modeling to fate and exposure assessment of chemicals of environmental 
concern, such as PhACs, reveal that further refinement of the models implementing realistic approximations 
are needed. In consequence, the extensive assessment of fate of PhACs in SW systems at large scale is still 
demanded.
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Chapter 2

Objectives

In view of the aforementioned concerns about the presence of PhACs and their TPs in the aquatic environment, 
the goal of this thesis is to study the fate of these substances in WWTPs and Iberian River basins and the 
ecotoxicological risk that PhACs and their TPs may pose to aquatic organisms.

The specific objectives are:

1. To develop an LC-MS/MS-based analytical methodology for trace quantification of DCF and SMX, 
their human metabolites and their nitrifying/denitrifying TPs, which were previously described to be 
formed in batch-reactors (Pérez et al., 2008; Nödler et al., 2012), in order to assess if they are also 
present in real WWTP samples.

2. To investigate if close structural analogs of DCF (2-anilinophenylacetic acid, mefenamic acid, 
tolfenamic acid, meclofenamic acid and flufenamic acid) are also able to form nitrosation/nitration 
TPs under experimental conditions identical to those used in the degradation studies on DCF (Pérez 
et al., 2008) employing HRMS.

3. To conduct large-scale monitoring studies of up to 96 PhACs on water and sediment samples 
collected across four Iberian river basins, characterized by high anthropogenic pressure, identifying 
the key factors affecting their occurrence.

4. To use chemometrics for the evaluation of the temporal and spatial distribution of a selected list of 
76 PhACs in the SW and sediment samples measured in point 3, and to apply a “plug-flow” model 
(Pistocchi etal., 2010) to predict the natural attenuation of another selected list of 14 PhACs at the 
Llobregat river catchment.

5. To assess the ecotoxicological risk that PhACs may pose to aquatic ecosystems by (i) measuring the 
acute toxicity of PhACs and their TPs towards Daphnia magna and Vibrio fischeri; (ii) identifying the 
main contributors among the PhACs to the overall ecotoxicological risk of a given SW sample and 
(ii) examining the impact of changing PhAC levels and water flow conditions on the structure and 
function of river biofilms.
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Chapter 3

Analysis and identification of diclofenac, related compounds and their 
transformation products.

3.1. Introduction

This chapter describes the study of the fate and behaviour of PhACs under the NAS treatment 

in WWTPs and after their release into receiving SW via WWe discharge. The chapter is divided in two 

sub-sections. First sub-section includes the publication reporting the development and validation of a 

sensitive analytical protocol for the simultaneous determination of DCF, its main human metabolites 

and TPs in WW (Osorio et al., 2014b). The method was further optimized and validated for the 

additional analysis of SMX and its TPs in WW and SW. Although the corresponding publication 

(submitted to Journal of Hazardous Materials) is not included in this chapter, the subsequent results 

are discussed together in the general discussion of chapter 6. The second sub-section presents the 

un-published findings of the investigation on the microbial mediated biotransformation of diclofenac 

and other related pharmaceutical structures into nitro and nitroso derivates that may occur in the 

NAS (submitted to Journal of Hazardous Materials).
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a b s t r a c t

An analytical method was developed and validated for the first determination of five major human
metabolites of the non-steroidal anti-inflammatory drug diclofenac as well as two microbial transforma-
tion products in wastewater. The method was based on the extraction of diclofenac and the chemically
synthetized compounds by solid-phase extraction (SPE), using a hydrophilic–lipophilic balanced polymer
followed by liquid chromatography (LC) coupled to hybrid quadrupole-linear ion trap mass spectrom-
etry (QqLIT-MS). Quantitation was performed by the internal standard approach, to correct for matrix
effects. The accuracy of the method was generally higher than 40% for raw and treated wastewater with
a precision below 12%. In wastewater influent and effluent samples the detection limits for the major-
ity of target compounds were 0.3–2.5 ng L−1 and 0.1–3.1 ng L−1, respectively. The method was applied
to the analysis of influent and effluent wastewater samples from urban wastewater treatment plants.
Moreover, to obtain an extra tool for confirmation and identification of the studied diclofenac-derived
compounds, Information-Dependent Acquisition (IDA) experiments were performed, with selected reac-
tion monitoring (SRM) as the survey scan and an enhanced product ion (EPI) scan as the dependent scan.
Diclofenac and its major human metabolite, 4�-hydroxydiclofenac were detected in all samples at concen-
trations of 331–1150 ng L−1 and 585–6000 ng L−1, respectively. Neither microbial transformation product
of diclofenac was detected in any of the influent samples analyzed, but in effluents, their concentrations
ranged from 4 to 105 ng L−1.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Diclofenac (DCF) is a non-steroidal anti-inflammatory drug
(NSAID) widely used for the treatment of inflammatory disor-
ders and painful conditions. In humans the extensive first-pass
metabolism reduces the oral bioavailability to about 50% [1,2].
During hepatic metabolism, DCF undergoes hydroxylation to yield
predominantly 4�-hydroxydiclofenac (4�-OH-DCF) and to minor
extent 5-hydroxydiclofenac (5-OH-DCF), as well as glucuronida-
tion of the carboxylic acid to produce the 1-O-acyl glucuronide

∗ Corresponding author at: IDAEA-CSIC, Department of Environmental Chemistry,
Jordi Girona 18-26, Barcelona 08034, Spain. Tel.: +34 934006100.

E-mail addresses: spsqam@idaea.csic.es, spsqam@cid.csic.es (S. Pérez).

(DCF-gluc) (see Table S-1 for structures) [3]. Thus DCF together
with its human metabolites enter wastewater treatment plants
(WWTPs) through sewers. DCF has been frequently detected in
effluents samples collected at European WWTPs at concentrations
ranging from 0.1 to over 5 �g L−1 [4]. Incomplete removal effi-
ciencies of DCF during conventional activated sludge treatment
(7–80%; [5]) translate into its frequent appearance in surface
waters. Widespread use of DCF as over-the-counter drug in con-
junction with relatively high doses at short dosing intervals and
low removals in WWTPs lead to its continuous discharge into
the aquatic environment, making it a pseudo-persistent pollutant
therein. By definition, removal rates in WWTPs only reflect the
disappearance of the compound itself without addressing the pro-
cesses leading to its removal. If biochemical processes are involved
in the removal of organic contaminants, biodegradation proceeds

http://dx.doi.org/10.1016/j.chroma.2014.04.058
0021-9673/© 2014 Elsevier B.V. All rights reserved.

3.2. Article: “Simultaneous determination of diclofenac, its human metabolites and microbial nitration/nitro-
sation transformation products in wastewaters by liquid chromatography/quadrupole-linear ion trap mass 
spectrometry”
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via the formation of a series of intermediates before the compound
is – in the ideal case – ultimately mineralized. The treated effluents
may thus contain not only remaining parent drug and excreted
human metabolites but also microbial transformation products,
all of which being discharged into receiving water bodies.

Although the major human metabolites were identified more
than three decades ago [6], their presence in wastewater samples
has been described only recently: the two hydroxylated metabo-
lites 4�-OH-DCF and 5-OH-DCF were reported to occur in raw
wastewater at concentrations ranging from 0.06 to 3.0 �g L−1 and
from 0.06 to 0.7 �g L−1, respectively [7–9]. The major metabolite
of DCF, 4�-OH-DCF, together with 5-OH-DCF and the lactam of
4�-OH-DCF (4�-OHD-DCF), were detected at levels of 0.71 �g L−1,
0.45 �g L−1, and 0.42 �g L−1, respectively, while DCF concentra-
tions ranged from 1.3 to 3.3 �g L−1 in wastewater samples [10].
However, the human metabolites have been never analyzed in
environmental samples. Moreover, to date no quantitative infor-
mation is available on the occurrence of 4�,5-dihydroxydiclofenac
(4�,5-diOH-DCF) and DCF-gluc in WWTPs, but it has been specu-
lated that the conjugate presents hydrolytic instability of its ester
bond which may lead to the release of DCF during the biological
wastewater treatment and thereby explain the occasional obser-
vation of effluent DCF concentrations exceeding those measured in
the corresponding influents [11].

Besides the presence of human metabolites of DCF in the
WWTPs, formation of microbial transformation products (TPs) is
a second aspect to be considered in assessing the overall fate of
pharmaceuticals. There is growing interest in the study of the
whereabouts of pharmaceuticals in WWTPs and the aquatic envi-
ronment which is largely facilitated by technological advances in
instrumentation suitable for analyzing polar organic compounds
in complex matrices. Fate studies were the objective of the work
presented by Pérez and Barceló [7] who investigated the transfor-
mation of DCF in lab-scale bioreactors loaded with mixed liquor
from a municipal WWTP. Through the application of several mass
spectrometric approaches, two hitherto unknown TPs of DCF,
namely a nitroso derivative (TP323) and nitro derivative (TP339)
were described for the first time. However, no detection of the
two TPs in WWTP samples was attempted due to the lack of avail-
ability of pure standards. One of the main hurdles for measuring
TPs in environmental samples is the need for available standards
for method development and samples quantification; these are
rarely commercially available. An alternative to obtain reference
compounds is via “in-house” classical organic synthesis or bio-
chemical synthesis. In order to generate human metabolites not
commercially available at the time for further analysis in waste-
water samples, Pérez and Barceló [7] biosynthesized 4�-OH-DCF by
means of recombinant human cytochrome P450.

Importantly, DCF (along with the pharmaceuticals 17-�-
estradiol and 17-�-ethinylestradiol) has been proposed to be
included in the EU Commission first watch list of substances in
order to gather monitoring data for the purpose of facilitating the
determination of appropriate measures to address the risk posed
by those substances [12]. In view of the environmental concern
about DCF-related metabolites and TPs which are expected to be
discharged with wastewater effluent into surface waters, the goal
of the present work was to develop and validate a sensitive ana-
lytical protocol for the simultaneous determination of DCF, five
human metabolites as well as the two chemically synthesized com-
pounds, TP323 and TP339 in order to better understand the overall
fate of DCF. The methodology, which relied on solid-phase extrac-
tion (SPE) and liquid chromatography/tandem mass spectrometry
(LC–MS/MS), was applied to monitor influent and effluent water
samples from Spanish WWTPs. To achieve an additional level of
confidence in the detection of the target analytes, routinely ana-
lyzed in selected reaction monitoring (SRM) mode, the so-called

instrument-dependent analysis (IDA) mode was activated on the
hybrid triple quadrupole/linear ion trap (QqLIT) mass spectrometer
to generate high-sensitivity product ion spectra.

2. Experimental

2.1. Chemicals

While diclofenac was obtained from Sigma–Aldrich (Steinheim,
Germany), 4�-OH-DCF, 5-OH-DCF and DCF-gluc were purchased
from Toronto Research Chemicals (Toronto, Canada). The human
metabolites, 4�,5-diOH-DCF and the lactam form of 5-OH-DCF
(5-OHD-DCF), as well as the microbial nitration/nitrosation trans-
formation products TP339 and TP323 were chemically synthesized,
purified and characterized according to the information provided
in Sections 2.2 and 2.3 (see also supplementary content: Table
S-2, Figs. S-1 and S-2). Isotopically labeled compounds, used as
internal standards, were mefenamic acid-d3 (MFA-d3) purchased
from Toronto Research Chemicals (Toronto, Canada) and niflu-
mic acid-d5 (NFA-d5) purchased from Santa Cruz Biotechnologies
(Santa Cruz, Canada). Sulfadimethoxine-d6 (SDM-d6) and lumira-
coxib (LMX), used as surrogates, were provided by Sigma–Aldrich
and Toronto Research Chemicals, respectively. Individual stock
solutions of the analytes and the isotopically labeled internal stan-
dards were prepared on a weight basis in methanol (1000 �g L−1)
and stored at −20 ◦C. A mixture of all target analytes were pre-
pared by appropriate dilution of individual stock solutions in
methanol/water (5:95, v/v). Working standard solutions were
prepared freshly in the same solvent mixture before each ana-
lytical run. A separate mixture of isotopically labeled internal
standards, used for internal standard calibration, was prepared
in methanol (1000 �g L−1) and further dilutions were prepared
in methanol/water (5:95, v/v). They were generated using linear
regression analysis and afforded good fits over the established con-
centration range of 0.1–100 ng mL−1 (r2 > 0.999). For quantification
purposes, the internal standard calibration approach was used, per-
forming eight-point calibration standards daily, and the possible
fluctuation in signal intensity was checked by injecting a standard
solution at two concentration levels after each 8–10 injections.

The cartridges used for SPE were Oasis HLB (200 mg, 6 mL)
and Oasis MAX (150 mg, 6 mL) (Waters, Milford, MA, USA).
Glass fiber filters Whatman (Maidstone, Kent, UK) (0.7 �m)
and nylon membrane filters (0.45 �m) were purchased from
Teknokroma (Barcelona, Spain). HPLC-grade methanol, acetoni-
trile, water (Lichrosolv), hydrochloric acid (37%) and formic acid
(98%) were supplied by Merck (Darmstadt, Germany). Ascorbic
acid, ammonium hydroxide and ammonium acetate (99%) were
from Sigma–Aldrich.

2.2. UPLC/ESI-high resolution MS analysis of synthetized
standards

Accurate mass measurements of the chemically synthetized
metabolites and TPs were carried out in full-scan and prod-
uct ion scan mode using an LTQ Orbitrap Velos interfaced with
an Accela 1250 UPLC system (Thermo Scientific, San Jose, CA,
USA). Samples were separated on a Waters Acquity BEH C18 col-
umn (100 mm × 2.1 mm, 1.7 �m particle size) equipped with a
precolumn (50 mm × 2.1 mm) of the same packing material. The
LC–MS analysis was carried out using an ESI interface working in
positive and negative ion modes. For the positive ion mode the
mobile phases were (A) formic acid (0.1%) in water, and (B) ace-
tonitrile. After 1 min of isocratic conditions at 85% A, the portion
of A was linearly decreased to 3% within 8 min. This condition was
held for 2 min and then the initial mobile phase composition was
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Table 1
Optimized QqLIT-MS/MS parameters by SRM negative and positive ionization precursor ion in the (−)-ESI corresponds to the deprotonated molecule, while in (+)-ESI
corresponds to the protonated molecule. In case of TP323, precursor ion corresponds to [M−NO+H]+ (surr: surrogate SPE control standard; (IS 1): internal standard 1; (IS 2):
internal standard 2 and numbers in superscript indicate which internal standard was used for ion suppression correction).

Compound Rt (min) Precursor ion DP Product ion 1 CE–CXP Product ion 2 CE–CXP SRM ratio (SRM1/SRM2)

Analyzed by (−)-ESI mode
DCF(2) 5.27 294 30 214 30–11 250 16–13 17
4�-OH-DCF(2) 4.72 310 45 266 22–11 230 12–13 6.8
5-OH-DCF(2) 4.40 310 45 266 22–11 230 12–13 –
4� ,5-diOHDCF(1) 3.90 326 30 282 18–19 246 26–13 3.2
5-OHD-DCF(1) 5.31 292 55 146 28–13 228 28–13 1.2
DCF-gluc(1) 4.37 470 40 193 12–7 113 34–7 1.5
TP339(2) 5.55 339 25 259 32–20 295 19–15 30
LMX (surr) (2) 5.29 292 35 212 32–15 248 16–11 8.7
MFA-d3 (IS 1) 4.20 243 45 199 20–5 – – –
NFA-d5 (IS 2) 6.01 286 45 242 28–13 – – –

Analyzed by (+)-ESI mode
TP323(2) 6.28 295 71 242 27–14 214 39–16 1.3
NFA-d5 (IS 2) 6.97 288 61 270 35–16 – – –
SDM-d6 (surr) (2) 5.17 317 61 162 33–8 92 47–14 1.02

restored within 0.3 min and maintained for column regeneration
for another 1.7 min. The flow rate was 300 �L min−1. The injection
volume was 10 �L. The MS analysis in the positive ion mode was
performed applying a spray voltage of +3500 V. The source heater
temperature and the capillary temperature in the ion transfer tube
were 300 and 350 ◦C, respectively. The sheath gas pressure was set
to 35 psi and the auxiliary gas flow to 5 psi. For the analysis in nega-
tive ion mode the mobile phases used were (A) ammonium acetate
(10 mM) in water and (B) acetonitrile. Gradient and flow rate were
the same as for the positive ion mode. The injection volume was
10 �L. The MS analysis in the negative ion mode was performed
applying a spray voltage of −2500 V. The sheath gas pressure was
set to 35 psi and the auxiliary gas flow to 10 psi. The Orbitrap ana-
lyzer was operated at a resolution of 60,000. FT mass calibration
was carried out by infusion of the LTQ Velos Ion Calibration Solution
(Thermo Scientific Pierce). All MS data acquisition and processing
were done using the software package XCalibur V2.2.

2.3. NMR analysis of synthetized standards

Compounds were characterized by nuclear magnetic resonance
(NMR) using a Shielded Varian Innova 500 and a VNMRS Varian
400 spectrometer (Illinois, USA). 1H NMR and 13C NMR spectra
were acquired working in basic frequencies described in the exper-
imental section. Chemical shifts (ı) are given in parts per million
(ppm). Trimethylsilane signal in CDCl3 was used as internal refer-
ence, while CDCl3 triplet signal was used in the case of 13C NMR.
In 1H NMR spectra, each signal is given in parenthesis with desig-
nation, integration, multiplicity values of coupling constant (J) in
Hz.

2.4. LC–ESI-QqLIT-MS analysis of wastewater samples

Instrumental analysis was performed by LC using a SymbiosisTM

Pico (Spark, Emmen, Netherlands), equipped with an autosampler
and connected in series with a 4000 QTRAP QqLIT-MS equipped
with a Turbo Ion Spray source (Applied Biosystems-Sciex, Foster
City, CA, USA). Chromatographic separation was achieved with a
Hypersil Gold PFP endcapped column C18 (50 mm × 2.1 mm, par-
ticle size 3 �m) preceded by a Hypersil Gold PFP drop in guard
cartridge (10 mm × 2.1 mm, particle size 3 �m), both from Thermo
Scientific. The analysis in the positive ion mode was performed
using acetonitrile as eluent A and HPLC grade water with 0.1%
formic acid as eluent B. The elution gradient started with 5% eluent
A, increasing to 95% in 8 min and then, back to initial conditions
within 4.5 min. The column was re-equilibrated for 1.5 min before

the next injection with a total time for chromatographic analy-
sis of 14 min. For the analysis in the negative ion mode, eluent A
was acetonitrile and eluent B was 10 mM ammonium acetate (pH
6.8). The elution gradient started with 5% eluent A, increasing to
95% in 7 min, and then initial conditions were reached in 4.5 min
and re-equilibration time was 1.5 min. Chromatographic analysis
lasted 13 min. In both chromatographic methods the flow rate was
300 �L min−1 and the sample injection volume was set at 10 �L. The
optimization of compound-dependent SRM parameters (decluster-
ing potential (DP), entrance potential (EP), collision energy (CE)
and cell exit potential (CXP)) for each transition was performed
by infusing standards of each compound at 1000 �g L−1 into the
mass spectrometer. The optimized parameters are summarized in
Table 1. All transitions were recorded in a single retention time
window, setting the values for the dwell time for each transition to
50 ms and the inter-channel delay to 5 ms.

In addition, for compounds with low intensity qualifier ions, an
IDA experiment was performed with SRM as the survey scan and
an EPI scan, at different collision energies, as dependent scan (see
more details in Section 3). Only the main SRM transition of each
compound could trigger an EPI scan. The parameters of the IDA
experiment were: minimum signal intensity of 5000 cps, dynamic
fill time 50 ms, LIT scan rate of 4000 Da s−1 and collision energies
between 20 and 50 eV. Dynamic exclusion, which defines the time
for which a transition is excluded after acquiring an EPI scan, was
set to 20 s. The resulting EPI spectra obtained from standards were
then used as a reference to confirm the presence of the target ana-
lytes in real samples. The settings for source-dependent parameters
were determined by flow injection analysis (FIA) and were as fol-
lows: curtain gas (CUR), 30 V; nitrogen collision gas (CAD) high;
source temperature (TEM) was 600 ◦C, ion source gases GS1 and
GS2 were set at 55 V and 60 V. Ion spray voltages in (−)-ESI and (+)-
ESI modes were set at −4500 and 5500 V, respectively. To achieve
higher sensitivity, resolution at the first quadrupole (Q1) was fixed
at low while the resolution at the third quadrupole (Q3) was set to
unit.

2.5. Sample pretreatment, preconcentration and clean-up of
wastewater samples

The method was developed and validated for wastewater
influent and effluent using samples from nine Catalan (NE Spain)
WWTPs: Vilafranca, Sant Feliu de Llobregat, Besòs, Riu Sec, Mont-
cada, Granollers, Rubí and Teià located in the province of Barcelona;
and the ones located in the capital province of Girona and Tar-
ragona receiving urban, domestic and industrial wastewaters
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Table 2
Conditions of the SPE optimization.

SPE Method A Method B Method C

Cartridge Oasis HLB Oasis HLB Oasis MAX
Sample pH 8.0 2.0 8.0

Conditioning 5 mL MeOH 5 mL MeOH 5 mL MeOH
5 mL H2O 5 mL H2O (pH = 2) 5 mL H2O

Sample volume 100 mL WWI 100 mL WWI 100 mL WWI
200 mL WWE 200 mL WWE 200 mL WWE

Wash 2 mL H2O 2 mL 5% MeOH 2 mL 2% NH4OH
Elution 2 × 4 mL MeOH 2 × 4 mL MeOH 2 × 4 mL MeOH + 5% HCOOH
Reconstitution 5% MeOH (1 mL) 5% MeOH (1 mL) 5% MeOH (1 mL)

(see Fig. S-3). Amber glass bottles pre-rinsed with ultrapure water
were used for sample collection. Bottles were placed in a cooler
(at 4 ◦C) and delivered to the laboratory within 2 h and then they
were preserved with ascorbic acid (1%). Samples were immediately
pre-treated (filtered through 0.7 �m glass fiber filters followed by
0.45 �m nylon membrane filters) and stored in a freezer (−20 ◦C)
until analysis within two days. To optimize the extraction method,
the extraction efficiencies for the lipophilic–hydrophilic balanced
Oasis HLB (200 mg, 6 mL) and the mixed reversed phase/anionic
exchange sorbent Oasis MAX (150 mg, 6 mL) were compared
(Table 2). To this end, wastewater samples were spiked prior to the
extraction with standard mixtures containing the target analytes at
to levels (0.2 and 0.6 �g L−1). For the preconcentration of the water
samples, a vacuum system (J.T. Baker, Deventer, The Netherlands)
was used. In all cases, samples were loaded onto the cartridges at
a flow rate of approximately 5 mL min−1, the cartridges were dried
and then eluted. The obtained extracts were evaporated to dryness
under a gentle nitrogen stream and reconstituted with 1000 �L of
5% methanol. Finally, 25 �L of a 1 �g L−1 standard mixture contain-
ing the internal standards MFA-d3 and NFA-d5 for (−)-ESI mode and
NFA-d5, for (+)-ESI mode, were added to the final extracts (Table 1).
Since the internal standards were added to the final extracts prior
to injection into the LC, the final concentrations were calculated by
multiplying the recovery (WWI and WWE samples spiked with tar-
get analytes (n = 3)) with the concentration obtained by internal cal-
ibration. Additionally, the two standards LMX (NI mode) and SDM-
d6 (PI mode) were added to all the samples before the extraction at
a concentration level of 50 �g L−1 and used as controls of the entire
method.

3. Results and discussion

3.1. Purification and characterization of the chemically
synthetized standards

The human metabolites of DCF (4�,5-diOH-DCF and the lactam
form of 5-OH-DCF) chemically synthetized were purified up to
90% using chromatographic separation in columns packed with
silica gel or XAD-4 (see supplementary content) and used as stan-
dards for method development and quantitative analysis. All these
compounds were characterized by NMR and high resolution/MS
spectroscopy (Table S-2).

NMR spectra (1H, 13C, DEPT) of 4�-OH-DCF, 5-OH-DCF and
the lactam form of 5-OH-DCF were in agreement with those
previously reported by Kenny et al. [3]. Ullmann coupling
of 2,6-dichloro-4-methoxyaniline and (6-iodo-3-methoxy)phenyl-
N,N-dimethylacetamide guaranteed the presence of the two-fold
hydroxylation of DCF at 4� and 5 positions in the synthetic pathway
of 4�,5-diOH-DCF (Fig. S-1). NMR spectra (including both phenyl
couplings and quaternary carbons) of the final compound sup-
ported this structure.

The (−)-ESI MS/MS spectrum of 4�,5-diOH-DCF (Fig. S-1) shows
a deprotonated molecule at m/z 325.9920 confirming the molecu-
lar composition of C14H12NO4Cl2. The loss of 44 Da (CO2) from the
deprotonated molecule resulted in the formation of a major frag-
ment ion at m/z 282.00946 and less intense fragment ions at m/z
246.03275 and m/z 210.05687 corresponding to successive losses
of two HCl molecules from m/z 282.00946. The (+)-ESI product ion
profile of 5-OH-DCF gave a protonated molecule at m/z 294.00831
confirming the molecular composition of C14H10Cl2NO2. Two frag-
ment ions appeared at m/z 231.04490 and m/z 148.03931. The
former ion was formed by concurrent loss of CO and one chlorine
radical while the latter originated from homolytic cleavage of the
N C bond and loss of the dichlorophenyl ring (Table S-2).

In the publication of Pérez and Barceló [7] on the biodegrada-
tion of DCF in mixed liquor from a WWTP, compounds referred
to as TP339 and TP323 were tentatively identified and attributed
to originate from nitration of one of the phenyl rings (TP339)
and from nitrosation of nitrogen in the DCF molecule (TP323).
Therefore, standards for these two compounds were also chem-
ically synthetized and purified. Given that the MS fragmentation
pattern observed for TP339 did not allow for definitive assign-
ment of the position of the nitro group. TP339 was prepared,
purified and characterized as 5-NO2-DCF (2-(2,6-dichloroanilino)-
5-nitrophenylacetic acid) which is a major compound of chemical
nitration of DCF according the procedure described by Fleming et al.
[13]. In this case, NMR analyses (1H, 13C, DEPT, COSY and HSQC)
confirmed, through the unambiguosly identification of the 1H NMR
chemical shifts, the positions of the different phenyl hydrogens and
their corresponding couplings and ultimately the position of the
nitro group.

Likewise, a N-nitroso-diclofenac (TP323) standard was synthe-
sized using the methodology reported by Zolfingol et al. [14] and
purified by crystallization using as solvent CDCl3. In this case, the
TP323 structure (N-NO-DCF) coexists as a rotamer mixture (85:15)
due to the stereochemical nature of the N NO moiety [15]. There-
fore, two contributing resonance structures were observed by NMR
in CDCl3 (two very clear CH2-singlets at 3.94 and 3.50 ppm and an
aromatic shift range with a complicated deconvolution for the small
chemical shifts). In order to confirm its structure the (−)-ESI-MS/MS
mode analysis was performed for this TP.

3.2. Method optimization

3.2.1. Optimization of QqLIT MS/MS conditions
Selection of the ionization mode was performed by comparing

the intensities of the molecular ions in full-scan mode at differ-
ent DP values. Of the ten compounds investigated, DCF, 4�-OH-DCF
5-OH-DCF, 4�,5-diOH-DCF, 5-OHD-DCF, DCF-gluc, TP339, MFA-d3,
and LMX showed higher response in the (−)-ESI mode; while SDM-
d6 and TP323 showed higher response in the (+)-ESI mode. The
internal standard NFA-d5 was eventually used in both ESI modes.
With the exception of TP323 for which the pseudomolecular ion
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Fig. 1. Chromatographic separations of target compounds for three different elution gradients applying (−)-ESI ((A) and (B)) or (+)-ESI (C).

[M+H−NO] was selected, protonated and deprotonated molecules
were selected as percursor ions for (+)-ESI and (−)-ESI mode,
respectively. Identification of the two most abundant fragment ions
and selection of the optimum collision energies (CEs) and collision
cell exit potentials (CXP) for each compound was carried out in the
product ion scan mode. Dwell time of 50 ms was set to monitor
three transitions and ten transitions for (+)-ESI and (−)-ESI mode,
respectively. By this, each chromatographic peak was defined by
13–20 points. Table 2 shows the SRM transitions with the optimum
DP, CE, and CXP values for each analyte and transition.

Quantitative and qualitative analysis. Two SRM transitions were
monitored for each analyte, one for quantitation purposes, the sec-
ond for confirmation. Thus, the identification criteria needed to
confirm the detection of target analytes according to the EU regula-
tions [16] were met. Besides the monitoring of the SRM transitions,
additional identification criteria were used in the quantitation pro-
cess: (a) the LC retention time of the compounds (2% of the retention
time in the standard) and (b) the relative abundances of the two
selected analyte SRM transitions in the sample had to be within
20% with respect to those in the analytical standard (see Table 1).

3.2.2. Optimization of LC conditions
To optimize the chromatographic separation, a series of pre-

liminary experiments were performed, testing as organic mobile
phase methanol, acetonitrile, or mixtures thereof, and water with
10 mM ammonium acetate/acetic acid or formic acid as the aque-
ous phase. The best separation was achieved by using acetonitrile
as organic phase and water with 0.1% formic acid as the aque-
ous phase. For diclofenac, its metabolites and its nitro-derivates,
acetonitrile provided higher sensitivity as methanol. The elution
gradient was optimized in order to achieve maximum separation
and sensitivity for the target compounds. Fig. 1 shows (−)-ESI SRM
chromatograms and in particular the chromatographic separation
of the hydroxylated metabolites of DCF obtained by comparison of
two elution gradients A (Fig. 1A) and B (Fig. 1B). Gradient B afforded
chromatographic separation of DCF-gluc and 5-OH-DCF. The better
sensitivity for 4�,5-diOH-DCF could be achieved with gradient B.

3.2.3. Optimization of solid-phase extraction
Two different sorbents were tested for the preconcentration of

the target analytes from wastewater samples: Oasis HLB, which
assures good recovery of compounds in a wide range of polari-
ties, and Oasis MAX, a mixed-mode polymer with reversed-phase
and anion-exchange functionalities, which provides high selectiv-
ity for acidic compounds. A commonly applied SPE procedure for
the simultaneous extraction of compounds with acid, basic and
neutral properties relies on the use of Oasis HLB cartridges at sam-
ple pH 8.0 [17–19]. For the extraction of acidic analytes, Lindqvist
et al. [20] acidified samples before SPE with Oasis HLB cartridges,
Oasis MAX cartridges were used for improving the extraction of
acidic metabolites and TPs [21]. Table 2 compares the three extrac-
tion protocols tested: (A) Oasis HLB at sample pH 8.0; (B) Oasis HLB
with sample acidification pH 2, and (C) Oasis MAX at sample pH of
8.0.

Table 3 shows the recoveries as well as method detection lim-
its (MDLs) and method quantification limits (MQLs) in influent and
effluent wastewater samples applying the three different extrac-
tion protocols. The extraction efficiencies were determined for
WWI and WWE samples (n = 5) spiked at 600 ng L−1 and 200 ng L−1,
respectively. Recoveries were determined by comparing the con-
centrations obtained after the SPE procedure, with the initial
spiking levels, corrected by the background levels measured in
unspiked blanks extracted in parallel. Owing to the acidic nature
of the majority of analytes (see pKa values in Table S-1), their
deprotonated forms were expected to be poorly retained at pH
8.0 by sorbents with mostly hydrophobic interactions. However,
the additional hydrophilic component of the sorbent allowed to
obtain satisfactory extraction. The hydroxylated metabolites of DCF
showed lower recoveries than the parent compound (Table 3).
In order to retain all acidic compounds in their neutral form, in
method B, the sample pH was adjusted to 2. This, however, resulted
in recoveries in treated wastewater exceeding 100%. Finally, the
use of Oasis MAX cartridges did not significantly improve extrac-
tion efficiencies of the target compounds as compared to Oasis HLB
without sample acidification. With the exception of DCF-gluc, the
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recoveries ranged from 20 to 84% (influent) and from 24 to 101%
(effluent) for Method A; from 35 to 103% (influent) and from 78
to >150% (effluent) for Method B; 22–95% (influent) and 13–127%
(effluent) for Method C. DCF-gluc showed the lowest recoveries
in all methods tested, with the exception of effluent processed
according to Method B, where recoveries were >150%. As the best
compromise, Method A was selected for extracting samples. The
overall method precision, expressed as relative standard deviation
(RSD), was satisfactory, with RSD between 2 and 12%. Due to the
low recovery and high RSD of DCF-Gluc in WWI, 11 (±55) %, the
levels of this compound in WWI samples must be considered as
semi-quantitative.

Regarding sensitivity, method quantification limits (MQL)
were calculated from spiked wastewater (n = 5) as the minimum
detectable amount of analyte with a signal-to-noise ratios of 3 and
10, respectively (see Table 3 for MDL). For Method A the MQL,
ranged from 0.6 to 10 ng L−1 and from 0.3 to 1.8 ng L−1 for wastewa-
ter influent (WWI) and wastewater effluent (WWE), respectively
(given the high MDL and MQL of DCF-gluc, regardless matrix and
extraction method, this compound is not included in the ranges
mentioned before).

The precision of the instrument was determined as relative
standard deviation (RSD), using repeated injections (n = 5) of a
100 �g L−1 standard solution during the same day (repeatability)
and on different days (reproducibility). The RSD achieved were
lower than 12 and 25% for intra- and interday analysis, respectively.
Regarding quantitative performance in terms of dynamic range,
the linear response generally covered three orders of magnitude.
Regarding the use of Oasis HLB cartridges, in general, the extrac-
tion of the analytes from samples at pH of 8.0 (Method A) was
more acceptable yielding the higher recoveries and better MDLs
and MQLs for almost all compounds. Therefore the SPE conditions
tested in Method A are those preferably used for the extraction of
pharmaceuticals, their human metabolites and their transforma-
tion products from aqueous real samples.

3.3. Matrix effects

To evaluate the degree of ion suppression or enhancement
caused by the presence of matrix components in the LC eluent,
the peak areas from the analysis of spiked influent and effluent
wastewater extracts (after substracting the peak areas correspond-
ing to the native analytes present in the sample) were compared
with peak areas from matrix-free solutions spiked at the same con-
centration (100 ng mL−1). The percentage of matrix effect (% ME)
corresponding to each analyte was calculated as the (A − B)/B × 100
[22], where A is the peak area of the standard spiked after extrac-
tion into WW effluent and influent extracts and B corresponds to
the peak area obtained in a standard neat solution [23]. The signal is
enhanced if the % ME > 100, whereas the signal is suppressed if the
% ME < 100. All compounds were subject to ion suppression, since
all ME values were below 100% (Table 3). The percentage of ion sup-
pression ranged from 52 to 87% and from 17 to 81%, for WWI and
WWE, respectively (Table 3). More pronounced matrix effects were
observed in WWI which could be explained by the more complex
matrix. In view of these results, it was important to use structurally
similar internal standards to correct for ion suppression. In order
to compensate for matrix effects, isotopically labeled compounds
were used as internal standards and added to the analytical extracts
before the LC–MS/MS analysis. To demonstrate that the internal
standards were suitable for compensating the matrix effects, we
compared calibration curves prepared in wastewater extracts and
pure water (0.1–100 ng mL−1) [22,23]. Identical slopes (see Fig. S-4)
confirmed that calibration curves in pure water could be used for
wastewater analysis when corrected by the signal intensity of the
internal standard.
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Table 4
Concentrations of the target compounds (ng L−1): (a) influent and (b) effluent samples from ten urban WWTP.

DCF 4�-OH-DCF 5-OH-DCF 4� ,5-diOH-DCF 5-OHD-DCF DCF-gluca TP339 TP323

(a) WW influent
Besòs 754 4840 ND 716 73 1030 ND ND
Montcada 829 6000 ND ND 91 345 ND ND
Vilafranca 523 2830 ND ND 49 188 ND ND
Granollers 624 3030 ND ND 63 393 ND ND
Girona 414 2600 417 255 51 ND ND ND
Teià 719 5740 ND 983 81 418 ND ND
Riu Sec 722 5800 ND 847 109 1260 ND ND
Tarragona 417 2300 ND ND 41 ND ND ND
St Feliu 1080 4830 ND 746 100 ND ND ND
Rubí 841 5640 ND 1030 66 ND ND ND

(b) WW effluent
Besòs 887 2220 755 ND 74 41 ND ND
Montcada 642 1870 ND 229 57 21 ND ND
Vilafranca 504 1410 ND 129 43 ND ND 4
Granollers 842 1670 ND 105 23 ND ND 36
Girona 189 585 180 12 16 ND ND ND
Teià 597 898 565 ND 49 13 20 105
Riu Sec 1150 2610 525 190 111 ND ND ND
Tarragona 331 598 ND 25 23 ND 28 67
St Feliu 720 727 290 ND 35 ND ND 20
Rubí 675 1360 ND 212 53 38 29 29

ND: not detected.
a Semiquantitative results.

3.4. Analysis of the target analytes in wastewater samples

To demonstrate the applicability of the developed method, WWI
and WWE samples from ten Catalan WWTPs were analyzed (see
Fig. S-3). The samples were pre-concentrated by SPE Method A.
Levels of the target compounds were corrected by multiplying the
concentration of each compound by its corresponding recovery fac-
tor which are shown in Table 3. The results are summarized in
Table 4. DCF was detected in all samples at levels in the range from
417 ng L−1 to 1080 �g L−1 in WWI and 331 ng L−1 to 1150 �g L−1

in WWE. The hydroxylated metabolite 4�-OH-DCF was present in
the WWI and the WWE at higher levels than those determined for
its parent compound, with a range from 3000 to 6000 ng L−1 and
from 585 to 2610 ng L−1, respectively. On the other hand, 5-OH-
DCF was detected in only one influent sample at 417 ng L−1 and
in five out of the ten effluent samples at concentrations from 180
up to 755 ng L−1 because it is a minor metabolite. The dihydrox-
ylated metabolite (4�,5-diOH-DCF) was detected more frequently
than the monohydroxylated (5-OH-DCF), being detectable in six
and seven out of the ten WWI and WWE samples, respectively.
Levels of 4�,5-diOH-DCF in WWI were in the range from 255 to
1028 ng L−1, whereas in WWE they were considerably lower ran-
ging from 12 to 229 ng L−1. On the contrary, the lactam 5-OHD-DCF
was detected in all samples at concentrations that did not exceed
111 ng L−1. As far DCF-gluc is concerned, it was detected in six out
of the ten WWI while in WWE it was only detected in four sam-
ples. The levels of DCF-gluc in Table 4 are of orientative nature
because retention of this compound on the SPE cartridge is subopti-
mal. Despite the low recoveries of DCF-gluc in spiked WW samples,
the substantially higher values determined in untreated sewage
suggested hydrolytic cleavage during passage through WWTP.

In humans DCF is excreted as DCF-gluc (15%), 4� OH-DCF (30%),
4�,5-diOH-DCF (15%) and 5-OH-DCF (10%) [6]. Therefore, metabo-
lites of DCF should be expected to occur at higher levels than
DCF. The levels of the hydroxylated metabolites determined in
influent samples are in agreement with the excretion pattern of
the parent drug. Regarding the concentration ranges of 4�-OH-DCF
and 5-OH-DCF in the effluent samples of the present study, were
higher than those observed by Stülten et al. [10]. They analyzed

monohydroxylates 4�-OH-DCF, 5-OH-DCF, and the lactam 4-OHD-
DCF in WWE samples from six German WWTPs but no influent
samples were measured. As for DCF, concentrations in the German
WWE were higher than those determined in our study. The aver-
age concentration ratios between hydroxy metabolites and DCF
in the German WWE were 0.7 for 4�-OH-DCF and 0.15 for 5-OH-
DCF [10]. In the present study the ratios were 2.2 for 4�-OH-DCF
and 0.72 for 5-OH-DCF. These values are in agreement with those
reported by Langford and Thomas [8], where DCF concentrations
in two Norwegian WWE were also relatively low compared to the
hydroxy-metabolite concentration. Moreover, elimination rates of
compounds should be considered for comparison of metabolite-
to-parent ratios in WWE, due to different operating conditions and
designs of the WWTPs. In the present study several metabolites of
DCF could also be detected in WWI. Interestingly, the concentra-
tions of 4�-OH-DCF exceed that of DCF in all samples with a mean
ratio of concentrations of 6.3. These results are in line with the
aforementioned expectation, based on excretion pattern.

On the other hand, DCF-gluc is prone to undergo enzymatic
hydrolysis in the sewer system [7], giving rise to DCF. This hypoth-
esis would be in agreement with the conclusions of the studies of
D’Ascenzo et al. [24] and Göbel et al. [25] who investigated the
release of sulfamethoxazole and ethinylestradiol from glucuronide
conjugates in the sewer or in the WWTP. Besides, Pérez and Barceló
[7] suggested the enzymatic hydrolysis of the pharmaceutical ace-
clofenac (hydroxyacetic acid ester of DCF) and the acyl glucuronide
of DCF, as a source of DCF formed in the biological wastewater
treatment, thus they can contribute to the unexpectedly high lev-
els of DCF in effluent samples. Furthermore, in dermal applications
only 6% of DCF was absorbed while the rest was washed off [26].
Together with direct disposal of DCF-containing medication into
the sewage system, these are potential sources of DCF.

Regarding the microbial TPs, neither compound was detectable
in any of the WWI samples. TP323, in turn, was detected in six
out of the nine WWE samples at concentrations ranging from 4
to 105 ng L−1, while TP339 was only determined in three WWE at
levels of 20 and 29 ng L−1. These findings are in agreement with
those obtained in the study of the presence of nitrated TPs of
acetaminophen (APAP) in a French WWTP [27]. There, none of the



Chapter 3. Analysis and indentification of PhACs and TPs 

90

Author's personal copy

70 V. Osorio et al. / J. Chromatogr. A 1347 (2014) 63–71

Fig. 2. Example of an IDA experiment performed for the determination of the transformation product 4� ,5-diOH-diclofenac in (a) a standard and (b) an urban effluent.

nitrated TPs were determined in WWI samples, while 3-nitro-APAP
and 5-nitro-APAP were determined at levels ranging from 28 to
320 ng L−1. Although nitration was observed as a minor transfor-
mation pathway of APAP in nitrifying activated sludge, nitrated
derivatives were formed in the WWTP and ultimately reached the
receiving surface waters.

3.5. Confirmation by instrument-dependant acquisition

In the IDA experiment, an MS survey scan was used to gen-
erate a peak list of all ions present, of which one or several ions
are automatically selected based on user-defined criteria and then
submitted to an EPI scan. This cycle is repeated throughout the
chromatographic run generating a large amount of informative
data. In this study, the survey scan was the SRM acquisition, the
dependent scan consisted of three EPI scans at collision energies of
20, 35 and 50 eV. Finally, EPI scans obtained from standards solu-
tions were manually matched against the spectra obtained from
the data-dependent EPI scans of the real samples. The IDA exper-
iments were performed to confirm the presence of some of the
target analytes that showed low intensity, such as nitroderivates
of diclofenac or analytes with one SRM transition. Metabolites and
TPs were expected to be found at low concentrations and therefore
performing IDA experiments allowed for unequivocal identification
of the target compounds. Fig. 2 shows an example of how an IDA
experiment was performed for the determination of 4�,5-diOH-DCF
in a WWE sample. In Fig. 2A and B, the extracted ion chromatograms
(XIC) for the two SRM transitions recorded for a standard and a
wastewater effluent sample are shown. The confirmation of the
presence of 4�,5-diOH-DCF with the EPI spectra corresponding to
the precursor ion mass of m/z 326 at retention time of 4.47 min
showed a good match.

4. Conclusions

The developed multi-residue analytical method, based on offline
SPE-LC–MS/MS allowed the simultaneous detection of eight com-
pounds. The method afforded detection limits in the low ng L−1

range and good precision for wastewaters, thus providing a reliable
and robust tool for routine analysis of such an ubiquitous pharma-
ceutical as is DCF, its main human metabolites and its microbial
nitration/nitrosation transformation products in wastewater sam-
ples. Application of the method to the analysis of effluent and
influent wastewaters demonstrated the occurrence of the metabo-
lites and transformation products of diclofenac in such matrixes,
in the ng L−1 range. To the authors’ knowledge, this is the first
evidence of the occurrence of microbial nitration/nitrosation trans-
formation products of DCF in WWTPs. These results corroborate
our previous work in which DCF was transformed to nitroso/nitro
compounds in lab scale reactors through biological reactions. The
knowledge of the presence of metabolites and transformation prod-
ucts in the aquatic environment is still scarce and more studies
would be needed to evaluate the overall fate of selected pharma-
ceuticals in WWTPs. As well as elucidation and determination
of unknown metabolites and transformation products, toxicity
assessment on these compounds would be equally relevant, in
order to define their potential toxicological effects on aquatic
ecosystems.
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Supplementary content

Synthesis of metabolites and transformation products

The standards were prepared following already described synthesis procedures [1, 2, 3]. When 

anhydrous reaction conditions were required, the methodology proposed by Burfield and 

Smithers was followed [4].

Human metabolites. The preparation of hydroxylated derivates of diclofenac (and evein their 

dehydrated amides) has been already described [5]. Thus, the methodology proposed was 

followed to obtain: 1-(2,6-dichlorophenyl)-5-hydroxyindolin-2-one and 4',5-dihydroxydiclofenac

(2-[(2´,6´-dichlorine-4’-hydroxyphenyl)amino)]-5-hydroxyphenyl-acetic acid). On the basis of 

Ullman coupling, the substrates 2,6-dichlorine-4-methoxyaniline and 

iodinemethoxydimethylamide (previously prepared), were selected as starting products. Figure 

S-2(a) shows the synthetic route of 4',5-dihydroxydiclofenac. This coupling provided a single 

product the diarilic structure with both functionalities at each one of the aromatic rings. The basic 

hydrolysis of the dimethoxyderivate, lead to obtain the 2-[(2´,6´-dichlorine-4’-

methoxiphenyl)amino)]-5-methoxtphenylcarboxilic acid. The final step, the gradual addition of 

BBr3 at a temperature of 0 ºC provided the expected acid product. Figure S-3(a) shows the 

synthetic route of 5-OH-DCF-lactam. When the starting product 3-metoxyfenil-N,N-

dimetilacetamide (previously prepared) reacted with the N-iodinesuccinimide in acetonitrile, the

(6-iodine-3-methoxy)phenyl-N,N-dimethylacetamide was regioselectively obtained. Once more, 

the Ullman coupling of the 6-iodine derivate with the 2,6-dichlorineaniline provided the diarylic 

compound with the protected alcohol at the 5 position. The corresponding carboxilic acid of the 

diarylamine, was obtained after basic treatment and the further addition of BBr3 at 0 ºC lead to 

obtain a mix of compounds. Among these products, the resulting amide of the ciclation process 

of 5-hidroxydiclofenac was successfully purified and characterized as follows: reaction extracts 

were dryed over MgSO4, filtrated and concentrated under evaporation at low pressure. 

Reactions were followed by thick layer chromatography. Compounds were eluted using different 

solvent mixtures of methylene-methanol and hexane-ethyl acetate. TLC plates were observed 

by UV radiation at 254 nm after or by immersion in an ethanolic solution of phosphomolibdic 
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acid (5 %). Chromatographic separation and purification of reaction products was achieved 

using columns packed with silica gel (35-70 μm). Compounds were eluted using different solvent 

mixtures of methylene-methanol and hexane-ethyl acetate depending on the polarity of 

compounds.
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5

Table S-2: Characterization of chemically synthetized compounds

Ion
Elemental 

composition

Calculated 

mass [m/z]

Measured

mass [m/z]

Error

[ppm]
DBE

4’,5-diOH-DCF
1H RMN (400 MHz, CD3OD): 6.85 (1H, s), 6.69 (1H, d, J = 3), 6.52 (1H, dd, J1 = 3, J2 = 8.4), 6.22 

(1H, d, J = 8.4), 3.67 (2H, s, ArCH2).

13C RMN (100 MHz, CDCl3): 175.8 (CO), 155.2 (C), 152.8 (C), 137.7 (C), 132.0 (C), 131.8 (C), 

127.3 (C), 119.4 (CH), 118.4 (CH), 116.9 (CH), 115.3 (CH), 39.1 (CH2).
[M+H]+ C14H12NO4Cl2 328.01379 328.01450 2.165 8.5

m/z 310 C14H10NO3Cl2 310.00323 310.00320 -0.081 9.5

m/z 282 C13H10NO2Cl2 282.00831 282.00839 -0.282 8.5

m/z 246 C13H9NO2Cl 246.03163 246.03160 -0.133 9.5

m/z 210 C13H8NO2 210.05496 210.05493 -0.119 10.5

m/z 182 C12H8NO 182.06004 182.06003 -0.167 9.5

[M-H]- C14H10NO4Cl2 325.999 325.99936 1.120 9.5

m/z 282 C13H10NO2Cl2 282.00941 282.00946 0.187 8.5

m/z 246 C13H9NO2Cl 246.03273 246.03275 3.895 10.5

m/z 210 C13H8NO2 210.05605 210.05687 -0.119 10.5

5-OHD-DCF
1H RMN (400 MHz, CDCl3): 7.50 (1H, s), 7.48 (1H, s), 7.36 (1H, t, J = 8), 6.88 (1H, d,  J = 1), 6.66 

(1H, dd, J1 = 2, J2 = 8), 6.25 (1H, d, J = 8), 3.75 (2H, s, ArCH2).

13C RMN (100 MHz, CDCl3): 173.7 (CO), 152.2 (C), 136.6 (C), 135.4 (C), 130.7 (CH), 129.0 (CH), 

125.6 (C), 114.1 (CH), 113.0 (CH), 109.6 (CH), 36.1 (CH2).
[M+H]+ C14H10NO2Cl2 294.00831 294.00803 -0.954 9.5

m/z 259 C14H10NO2Cl 259.03946 259.03952 0.240 10.0

m/z 231 C13H10NOCl 231.04454 231.04458 0.159 9.0

m/z 148 C8H6NO2 148.03931 148.03936 0.372 6.5

[M-H]- C14H8NO2Cl2 291.99376 291.99387 10.5 0.386

m/z 228 C13H7NOCl 228.02216 228.02246 10.5 1.294

m/z 146 C8H4NO2 146.02475 146.02452 7.5 -1.587

TP339
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1H RMN (400 MHz, CDCl3): 8.17 (1H, d, J = 2.5), 8.02 (1H, dd, J = 9.0, 2.5), 7.43 (1H, s), 7.41 

(1H, s), 7.31 (1H, bs), 7.16 (1H, t, J= 7.5), 6.46 (1H, d, J = 9.0), 3.88 (2H, s).

13C RMN (100 MHz, CDCl3): 177.5 (CO), 149.0 (C), 141.2 (C), 135.2 (C), 131.7 (C), 129.3 (CH), 

127.5 (C), 126.7 (C), 124.9 (CH), 121.4 (C), 115.7 (CH), 38.6 (CH2).

          

[M+H]+ C14H11N2O4Cl2 341.00904 341.00879 0.729 9.5

m/z 322 C14H9N2O3Cl2 322.99847 322.99838 -0.291 10.5

m/z 295 C13H9N2O2Cl2 295.00356 295.00366 -0.341 9.5

m/z 260 C13H9N2O2Cl 260.03471 260.03470 -0.026 10.0

m/z 214 C13H9NCl 214.04180 214.04172 -0.390 9.0

m/z 179 C13H9N 179.07295 179.07281 -0.787 10.0

[M-H]- C14H9N2O4Cl2 338.99448 338.99444 -0.134 10.5

m/z 295 C13H9N2O2Cl2 295.00466 295.00470 0.148 9.5

m/z 259 C13H8N2O2Cl 259.02798 259.0274 2.271 9.5

m/z 229 C13H8NOCl 229.0300 229.03026 5.968 10.5

TP323 (85:15 rotamers mixture)

  

    

1H RMN (400 MHz, CDCl3): 7.53 (1H, dd, J = 7.5, J2= 1.5), 7.46 (1H, d, J = 1.5), 7.44 (2H, bs), 

7.44-7.26 (4H, m), 7.02 (1H, dd, J1= 7.5, J2= 1.5), 3.94 (2H, s), 3.50 (0.3H, s).

  

    

    

13C RMN (100 MHz, CDCl3): 176.2 (CO), 139.0 (C), 134.3 (C), 133.5 (C), 131.7 (C), 129.7 () 

129.3 (CH), 128.5 (C), 128.1 (C), 128.0 (CH), 122.6 (C), 38.5 (CH2).

[M+H]+ C14H11NO2Cl2 295.01614 295.01638 0.829 9.0

m/z 277 C14H9NOCl2 277.00557 277.00575 0.647 10.0

m/z 242 C14H9NOCl 242.03672 242.03675 0.132 10.5

m/z 214 C13H9NCl 214.04180 214.04180 -0.017 9.5

[M-H]- C14H9N2O3Cl2 322.99957 322.99966 -2.264 9.5

m/z 279 C13H9N2OCl2 279.00974 279.00911 -2.264 9.5

m/z 249 C13H9NCl2 249.01175 249.01160 -0.615 9.0

m/z 245 C13H8NO2Cl 245.0249045 245.02501 0.430 10.0

m/z 209 C13H7NO2 209.04823 209.04898 3.603 11.0
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Figure S-1. (a) Synthesis route of 4',5-dihydroxy-diclofenac. Reactives and conditions: (I) Cu 
act., CuI, K2CO3, toluene, reflux; (II) NaOH aquoeus, EtOH, 80 °C, Ar. (III) BBr3, DCM, 0°.
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(b) (-)-ESI-MS-product ion spectrum of 4’,5-diOH-DCF, ([M-H]- m/z 326) acquired at normalized 
collision energy of 35.
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Figure S-2. (a) Synthetic route of 5-OH-DCF-lactam. Reactives and conditions: (I) N-
Iodosuccinimide, CH3CN, reflux; (II) Cu act., CuI, K2CO3, toluene, reflux; (III) NaOH aquoeus, 
EtOH, 80 °C, Ar. (IV) BBr3, DCM, 0°.
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(b) (+)-ESI-MS-product ion spectrum of 5-OH-DCF-lactam, ([M+H]+ m/z 294) acquired at 
normalized collision energy of 35.
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Figure S-3. WWTPs located in Catalonia (NE, Spain) sampled for screening purposes.
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Figure S-4. Matrix effects correction by the internal standard calibration method. Examples: 
(a) TP 339 in WWE, % ME = 100.0553; (b) TP323 in WWE, % ME = 102.3310 and (c) 5-
OH-DCF in WWI, % ME = 99.8829.

(a)
 

y = 0.5427x + 0.0013
R² = 1

y = 0.5424x + 0.0014
R² = 1

0.0

0.5

1.0

1.5

2.0

2.5

0.0 1.0 2.0 3.0 4.0 5.0

Pe
ak

 A
re

a 
[c

ps
]

Concentration [ng mL-1]

TP339 in WWE (IS NFA-d5)
matrixed matched internal
standard

Solvent internal standard

Linear (matrixed matched internal
standard)

Linear (Solvent internal standard)

Figure S-3. WWTPs located in Catalonia (NE, Spain) sampled for screening purposes.



Chapter 3. Analysis and indentification of PhACs and TPs 

101

11

(b)
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1. Introduction

Due to demographic, social and economic factors, the production and use of 

pharmaceuticals in industrialized societies have increased to considerable levels. For instance, 

non-steroidal anti-inflammatory drugs and antimicrobials are produced annually worldwide in the 

range of kilotons. Non-steroidal anti-inflammatory drugs (NSAIDs) are a large group of chemically 

heterogeneous drugs that are used primarily to treat inflammation, mild to moderate pain, and 

fever. After their use in human medicine, 30-90% passes through the human body completely 

unchanged. They may then reach surface waters via hospital and municipal sewage. One of the 

anti-inflammatory drugs with the highest consumption rates is diclofenac (DCF) which has been 

frequently detected at high levels in influents and effluents samples from wastewater treatment 

plants (WWTPs). In full-scale WWTP relying on continuous activated sludge (CAS) treatment, 

removal efficiencies for DCF are widely varying, [7-80] %, rendering it difficult to identify common 

patterns in their biotransformation. As a matter of fact, DCF is in the EU watch list of organic 

pollutants in surface waters [1] 

Compared to the amount of data dealing with the distribution of pharmaceutical residues in 

the environment, very little evidence has been published as regards metabolic pathways in 

complex microbial communities like those encountered in the aeration tank of the activated sludge 

treatment. And even less has been published, using novel approaches based on high resolution 

mass spectrometry. One of the few examples described in the literature is our previous work on 

DCF [2], in which nitroso (NO-DCF or TP324) and nitro (NO2-DCF or TP340) derivatives were 

tentatively identified using time-of-flight mass spectrometry. During CAS treatment, the most 

important process that takes place in the nitrifying activated sludge treatment is related with 

nitrogen removal. This microbially driven process consists of two main steps which are nitrification 

and denitrification. In these steps reactive nitrogen species are generated which are believed to be 

involved in the formation of TPs containing nitro or nitroso groups such as nitroacetaminophen [3]. 

The formation of this compound has recently been reported for nitrifying activated sludge. 

Moreover, the presence of the TPs of DCF was determined in effluents from Catalan WWTPs at 

concentrations from 4 to 105 ng L−1 [4]. Given the potential ecotoxicological risks of nitrated 

derivatives, the generation of these compounds is a highly environmentally relevant matter of 

concern.

In this context, the present study aimed at investigating still uncovered aspects of the fate of 

NSAIDs in WWTP. Thus, biodegradation experiments were conducted controlled laboratory 

settings in order to gain further insight into the biodegradability and metabolic pathways of five 

selected NSAIDS: diclofenac (phenylacetic acid), mefenamic acid (MEF), tolfenamic acid (TOLF), 

meclofenamic acid (MEC) and flufenamic acid (FLUF) (anthranilic acids). In addition, the 

structurally related non-chlorinated compound 2-anilinophenylacetic acid (APAA), not present in 

the wastewater samples, was studied in order to better understand the degradability of the 
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NSAIDs. Samples from the bioreactor were analyzed for the presence of stable intermediates by 

high-resolution mass spectrometry (HR-MS).

2. Experimental 

2.1. Chemicals and standards

Diclofenac was purchased from Sigma-Aldrich (Steinheim, Germany), while the following 

were obtained from Toronto Research Chemicals (Toronto, Canada): APAA, mefenamic acid, 

tolfenamic acid, meclofenamic acid and flufenamic acid.

Allylthiourea, sodium azide and ammonium acetate were provided by Sigma-Aldrich 

(Steinheim, Germany). Formic acid (98%-100%), acetic acid (98-100%), ammonia hydroxide (36%)

and 15NH4-N ammonia hydroxide (36%) were purchased from Merck (Darmstadt, Germany). All 

solvents used (methanol, acetonitrile and water) were purchased from Fisher Scientific (Geel, 

Belgium). Calibration of the Q-Exactive was done with ESI negative ion calibration solution from 

Thermo Scientific (Dresden, Germany).

2.2. Biodegradation in laboratory-batch reactors

DCF and the related NSAIDs were added at 10 mgL-1 to amber 1 L glass bottles loaded 

with 1000 mL of mixed liquor freshly collected from the aeration tanks of the WWTP Rubi. Bubbling 

of air through Teflon tubing into the test medium provided continuous aeration of the system and 

ensured suspension of the sludge particulate matter (5 gL-1). For isotope labelled biodegradation 

experiments, two batch reactors amended with mixed liquor and spiked with 10 mg/L of DCF were 

run in parallel. One reactor was daily enriched with NH4-N while NH4-15N was added to the other 

one, as well as a third reactor, which was not supplemented with any kind of ammonia. Biologically

inactive control batch-reactors were run in parallel under identical substrate conditions. The 

inhibition of the biochemical activity of the microbial community of the sludge through addition of 

sodium azide (10 mgL-1) allowed accounting for possible abiotic removal mechanisms. For the 

monitored period, the pH of the mixed liquor in the batch-reactors was maintained at 7.4±0.3, while 

the ambient temperature was 20-22 ºC.

2.3. Identification of TPs

To identify the structures of the NSAIDs TPs in the bioreactor an ultra-performance liquid 

chromatography (UPLC)-/(-)-electrospray ionization (ESI)-Q Exactive Orbitrap-MS was used. 

Samples from the biodegradation experiments were separated on a Waters Acquity BEH C18 

column (50 × 2.1 mm, 1.7-μm particle size) equipped with precolumn (5 × 2.1 mm) of the same 

packing material. The mobile phases were (A) 10 mM aqueous ammonium acetate/ acetic acid (pH 

5.8) and (B) acetonitrile. Exact mass measurements of the parent compounds and its bio-TPs 

obtained from the biodegradation samples were carried out in full-scan and product ion modes. 
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3. Results and discussion

3.1. Addition of 15NH4-N to the reactor spiked with DCF 

By addition of stable isotope-labeled 15NH4-N in bioreactor, +1 Da mass shift was expected due to 

incorporation of 15NO2 and 15NO into DCF molecule. MS spectra observed for NO2-DCF (TP340)

and isotope-labeled 15N NO2-DCF (TP340), allowed to confirm position of NO2 group in the 

molecule (figure 1).

-CO2

[M-H]- of 15NO2-DCF

-CO2

[M-H]- of NO2-DCF
(TP340)

15N-label still present in fragment ion

(a)

(b)

Figure 1. (-)ESI-MS of (a) NO2-DCF (TP340) from a bioreactor amended with NH4-N and (b) 15N NO2-DCF

(TP340) from a bioreactor amended with 15NH4-N.

3.2. Degradation of non-chlorinated structurally related compound (APAA)

Structure elucidation by UPLC-ESI-MS tentatively identified it as corresponding to 

nitrosation of the hydroxyl group in the carboxylic acid moiety (TP256) (figure 2). The (-)-ESI-

MS/MS spectrum of APAA (figure 2) shows a deprotonated molecule at m/z 226.0885 confirming 

the molecular composition of C14H12NO2. The loss of 44 Da (CO2) from the deprotonated molecule 

resulted in the formation of a major fragment ion at m/z 182.1004. The (-)-ESI-MS/MS spectrum of 

TP256 (figure 2) shows a deprotonated molecule at m/z 255.0771 confirming the molecular 

composition of C14H12N2O4. The fragment ion appeared at m/z 181.0936 that was formed by 

concurrent loss of COONO. As it was observed previously observed for TP324 [2], such MS/MS 

pattern suggested that the introduction of a nitroso group to the molecule of APAA occurred by 

substitution of a hydrogen atom in the carboxylic moiety. Regarding the conditions leading to the 

generation of the nitrosated microbial metabolites TP256 and TP324 in the batch-reactor spiked 

with APAA and DCF respectively, as well as TP340 it seems reasonable to postulate a link to 

nitrifying wastewater bacteria which is a first stage of the microbiological process bringing about 
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oxidation of ammonia to nitrite, followed by further oxidation of the nitrite to nitrate. Although the 

contribution of nitrifying bacteria to the biomass in the mixed microbial community of the activated 

sludge tank in WWTPs is less than 5 %, the operational conditions of the lab-scale reactors were 

favourable for the growth of nitrifiers in terms of oxygen supply, temperature, and pH of the mixed

liquor. Irrespective of mechanistic aspects and the interest in identifying the bacteria responsible 

for APAA and DCF conversion in the present work, it needs to be stressed that TP256 and TP324 

are the result of biotransformation rather than biodegradation as the chemical modification does, 

unfortunately, not imply a break-up of the core structure.

-CO2 (44 Da)

-COONO* (74 Da)

APAA

Figure 2. (-)-ESI MS/MS spectra and chemical structures of APAA and its tentatively proposed nitroso 

derivative TP256.

Non-chlorinated compound APAA degraded faster than DCF (see figure 3). After one day of

experiment, almost 100% of the initial amount of APAA (227 Da) had disappeared with 

concomitant formation of a nitrosated derivative (figure 3a). On the other hand, concentrations of 

DCF remained almost unchanged during the biodegradation experiment and the formation of 

TP340 and TP324 was not observed until respective fourth and fifth days of bioreaction (figure 

3b).This apparent relatively poor biodegradability of DCF is in agreement with the low removal 

efficiencies in WWTPs operating with CAS treatment reported for this drug [5]. The higher 

biodegradation rate observed for APAA, relative to DCF could be explained by steric hindrance of 

the chlorine atoms in DCF molecule that would reduce its reactivity towards other molecules such 

as NO radicals. However, although the formation of nitro and nitroso TPs of DCF and APAA was 

confirmed, their biotransformation profiles were not proportional. This was specially noticed in the 

case of APAA, suggesting that this compound might be partly mineralized and/or biotransformed 

into other unknown products. It has been demonstrated that the biodegradation of DCF increases

with the solids retention time of the CAS treatment (i.e. from <15% up to 70% when SRT= 150 

days) [6]. The authors conjectured that longer SRT would allow the increase of the bacterial 

community diversity and the development with ability to degrade DCF. Therefore we hypothesize 
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that the low biodegradability of DCF and formation of TP324 and TP340 could be due to the 

combination of steric effects and poor bacterial diversity which were strongly affected by the short 

duration of the biodegradation experiments. Moreover, despite APAA degraded faster, a recovery 

of the compound was observed from the seventh day of treatment, while TP256 started to 

decrease from day 4. These observations highlighted the need to conduct further investigations on 

the biotransformation mechanisms of DCF and other related structures in the activated sludge.
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Figure 3. Biotransformation profiles and extracted ion chromatograms acquired in negative ionization mode 

in bioreactor samples collected at different days of parent compounds and their TPs: (a) APA Aand TP256

and (b) DCF, TP340 and TP324.
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3.3. Degradation of the related NSAIDs

The use of HR-MS for the analysis of such complex samples allowed the detection and 

identification of TPs of the NSAIDs tested in the bioreactor samples. Initially, full scan and MSn

experiments were conducted for the suspect screening of extracts collected daily from the 

bioreactors. Figure 4 shows the MS and MS/MS spectra acquired for parent compounds in 

standard solutions and TPs identified in bioreactor samples corresponding to the day 36 of 

experiment. Afterwards, several procedures for structure elucidation were followed. Several TPs 

could be identified by the assignment of elemental formulae based on exact mass and the 

interpretation of characteristic product ion spectra allowed to identify the most likely sites of 

structural modifications in these TPs (see table 1 and figures 4 and 5). Particularly, TP324 and 

TP340 were identified in bioreactors solely fortified with DCF; while for MEC TP324M and two 

isomers of TP340M were confirmed. Similarly, TP270 and two isomers of TP286 were identified in 

bioreactors spiked with MEF. Diversely, four TPs of TOLF and FLUF were identified in their 

respective bioreactors, namely TP290 and three isomers of TP306 for TOLF; while for FLUF these 

were TP310 and three isomers of TP326. 
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Table 1. Characterization of parent compounds and elucidated nitro and nitroso TPs. Fragmentation studies 

were performed in (-)-ESI mode. 

(a)

Ion Elemental 
composition

Calculated mass 
[m/z]

Measured
mass [m/z]

Error

[ppm]
DBE

[M-H]- DCF
m/z 294 C14H10Cl2NO2 294.00831 294.01012 2.424 9.5

m/z 250 C13H10Cl2N 250.01848 250.01886 -2.872 8.5

m/z 214 C13H9ClN 214.04180 214.04203 -4.227 9.5

m/z 178 C13H8N 178.06513 178.06573 -2.767 10.5

[M-H]- TP324
m/z 323 C14H9Cl2N2O3 322.99957 322.9947 -0.312 10.5

m/z 279 C13H9Cl2N2O 279.00974 279.00960 -0.508 9.5

m/z 249 C13H9Cl2N 249.01175 249.01143 -1.1297 9.0

m/z 245 C13H8NO2Cl 245.02491 245.02411 1.234 10.0

m/z 228 C13H7ONCl 228.02107 228.02067 -1.746 10.5

m/z 209 C13H7NO2 209.04823 209.04831 5.645 11.0

m/z 200 C12H7NCl 200.02615 200.02562 -2.667 9.5

m/z 181 C12H7ON 181.05222 181.05119 -5.664 10.0

[M-H]- TP340
m/z 338 C14H9Cl2N2O4 338.99339 338.99357 -2.701 10.5

m/z 295 C13H9Cl2 N2O2 295.00466 295.00416 -1.682 9.5

m/z 259 C13H8ClN2O2 259.02798 259.01146 -4.473 10.5

m/z 229 C13H8ClNO 229.02889 229.02933 -2.881 10.0

(b)

Ion Elemental 
composition

Calculated 
mass [m/z]

Measured
mass [m/z]

Error

[ppm]
DBE

[M-H]- MEC
m/z 294 C14H10Cl2NO2 294.00831 294.00982 1.404 9.5

m/z 258 C14H9ClNO2 258.03163 258.03191 -3.176 10.5

m/z 250 C13H10Cl2N 250.01848 250.01887 -2.832 8.5

m/z 214 C13H9ClN 214.04180 214.04179 -1.110 9.5

m/z 178 C13H8N 178.06513 178.06553 -3.890 10.5

[M-H]- TP324M
m/z 323 C14H9Cl2N2O3 322.99957 322.99879 -2.418 10.5

m/z 258 C14H9ClNO2 258.03272 258.03199 -2.866 10.5

m/z 214 C13H9ClN 214.04180 214.04197 -4.347 9.5

[M-H]- TP340M IS1
m/z 338 C14H9Cl2N2O4 338.99339 338.99328 -3.556 10.5

m/z 295 C13H9Cl2N2O2 295.00466 295.00386 -2.699 9.5

m/z 259 C13H8ClN2O2 259.02798 259.02863 2.515 10.5

m/z 229 C13H8ClNO 229.02889 229.02919 -3.493 10.0

[M-H]- TP340M IS2
m/z 338 C14H9Cl2N2O4 338.99339 338.99430 -0.547 10.5
m/z 295 C13H9Cl2N2O2 295.00466 295.00479 0.453 9.5
m/z 259 C13H8ClN2O2 259.02798 259.02768 -1.153 10.5

m/z 229 C13H8ClNO 229.02889 229.03063 -2.795 10.5
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Table 1. Characterization of parent compounds and elucidated nitro and nitroso TPs. Fragmentation studies 

were performed in (-)-ESI mode. 

(a)

Ion Elemental 
composition

Calculated mass 
[m/z]

Measured
mass [m/z]

Error

[ppm]
DBE

[M-H]- DCF
m/z 294 C14H10Cl2NO2 294.00831 294.01012 2.424 9.5

m/z 250 C13H10Cl2N 250.01848 250.01886 -2.872 8.5

m/z 214 C13H9ClN 214.04180 214.04203 -4.227 9.5

m/z 178 C13H8N 178.06513 178.06573 -2.767 10.5

[M-H]- TP324
m/z 323 C14H9Cl2N2O3 322.99957 322.9947 -0.312 10.5

m/z 279 C13H9Cl2N2O 279.00974 279.00960 -0.508 9.5

m/z 249 C13H9Cl2N 249.01175 249.01143 -1.1297 9.0

m/z 245 C13H8NO2Cl 245.02491 245.02411 1.234 10.0

m/z 228 C13H7ONCl 228.02107 228.02067 -1.746 10.5

m/z 209 C13H7NO2 209.04823 209.04831 5.645 11.0

m/z 200 C12H7NCl 200.02615 200.02562 -2.667 9.5

m/z 181 C12H7ON 181.05222 181.05119 -5.664 10.0

[M-H]- TP340
m/z 338 C14H9Cl2N2O4 338.99339 338.99357 -2.701 10.5

m/z 295 C13H9Cl2 N2O2 295.00466 295.00416 -1.682 9.5

m/z 259 C13H8ClN2O2 259.02798 259.01146 -4.473 10.5

m/z 229 C13H8ClNO 229.02889 229.02933 -2.881 10.0

(b)

Ion Elemental 
composition

Calculated 
mass [m/z]

Measured
mass [m/z]

Error

[ppm]
DBE

[M-H]- MEC
m/z 294 C14H10Cl2NO2 294.00831 294.00982 1.404 9.5

m/z 258 C14H9ClNO2 258.03163 258.03191 -3.176 10.5

m/z 250 C13H10Cl2N 250.01848 250.01887 -2.832 8.5

m/z 214 C13H9ClN 214.04180 214.04179 -1.110 9.5

m/z 178 C13H8N 178.06513 178.06553 -3.890 10.5

[M-H]- TP324M
m/z 323 C14H9Cl2N2O3 322.99957 322.99879 -2.418 10.5

m/z 258 C14H9ClNO2 258.03272 258.03199 -2.866 10.5

m/z 214 C13H9ClN 214.04180 214.04197 -4.347 9.5

[M-H]- TP340M IS1
m/z 338 C14H9Cl2N2O4 338.99339 338.99328 -3.556 10.5

m/z 295 C13H9Cl2N2O2 295.00466 295.00386 -2.699 9.5

m/z 259 C13H8ClN2O2 259.02798 259.02863 2.515 10.5

m/z 229 C13H8ClNO 229.02889 229.02919 -3.493 10.0

[M-H]- TP340M IS2
m/z 338 C14H9Cl2N2O4 338.99339 338.99430 -0.547 10.5
m/z 295 C13H9Cl2N2O2 295.00466 295.00479 0.453 9.5
m/z 259 C13H8ClN2O2 259.02798 259.02768 -1.153 10.5

m/z 229 C13H8ClNO 229.02889 229.03063 -2.795 10.5
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(c)

Ion Elemental 
composition

Calculated 
mass [m/z]

Measured
mass [m/z]

Error

[ppm]
DBE

[M-H]- FLUF
m/z 280 C14H9F3NO2 280.05799 280.05887 -0.773 9.5

m/z 236 C13H9F3N 236.06816 236.06895 -1.302 8.5

m/z 216 C13H8F2N 216.06193 216.06223 -3.698 9.5

m/z 196 C13H7FN 196.05570 196.05599 -4.136 10.5

[M-H]- TP310
m/z 309 C14H8F3N2O3 309.04815 309.04929 0.129 10.5

m/z 279 C14H8F3NO2 279.05016 279.05117 -0.328 10.0

m/z 234 C13H7F3N 234.05251 234.05331 -1.270 9.5

[M-H]- TP326 IS1
m/z 325 C14H8F3N2O4 325.04307 325.04350 -2.045 10.5

m/z 281 C13H8F3N2O2 281.05324 281.05463 1.048 9.5

m/z 263 C13H6F3N2O 263.04267 263.04343 -1.296 10.5

m/z 250 C13H7F3NO 250.04743 250.04866 0.553 9.5

m/z 141 C7H3OF2 141.01465 141.015573 -1.237 5.5

[M-H]- TP326 IS2
m/z 325 C14H8F3N2O4 325.04307 325.04360 -1.737 10.5

m/z 281 C13H8F3N2O2 281.05324 281.05478 1.582 9.5

m/z 263 C13H6F3N2O 263.04267 263.04342 -1.334 10.5

m/z 250 C13H7F3NO 250.04743 250.04867 0.593 9.5

m/z 251 C13H8F3NO 251.05525 251.05683 1.925 9.0

m/z 230 C13H6F2NO 230.04120 230.04136 -4.058 10.5

m/z 141 C7H3F2O 141.01465 141.01559 -1.096 5.5

[M-H]- TP326 IS3
m/z 325 C14H8F3N2O4 325.04307 325.04336 -2.475 10.5

m/z 281 C13H8F3N2O2 281.05324 281.05479 1.617 9.5

m/z 261 C13H7F2O2N2 261.04701 261.04799 -1.600 10.5

m/z 250 C13H7F3NO 250.04743 250.04875 0.913 9.5

m/z 251 C13H8F3NO 251.05525 251.05684 1.964 9.0

m/z 230 C13H6F2NO 230.04120 230.04128 -4.406 10.5



Chapter 3. Analysis and indentification of PhACs and TPs 

113

(d)

Ion Elemental 
composition

Calculated 
mass [m/z]

Measured
mass [m/z]

Error

[ppm]
DBE

[M-H]- TOLF
m/z 260 C14H11ClNO2 260.04728 260.04847 0.348 9.5

m/z 216 C13H11ClN 216.05745 216.05763 -4.260 8.5

m/z 196 C13H10NO 196.07569 196.07668 -0.547 9.5

m/z 178 C13H8N 178.06513 178.06542 -4.508 10.5

[M-H]- TP290
m/z 289 C14H10ClN2O3 289.03745 289.03906 1.788 10.5

m/z 258 C14H9ClNO2 258.03163 258.03369 3.722 10.5

m/z 214 C13H9ClN 214.04180 214.04195 -4.440 9.5

m/z 178 C13H8N 178.06513 178.06494 -0.186 10.5

[M-H]- TP306 IS1
m/z 305 C14H10ClN2O4 305.03236 305.03310 -1.173 10.5

m/z 261 C13H10ClN2O2 261.04253 261.04371 0.312 9.5

m/z 243 C13H8ClN2O 243.03198 243.03302 -0.181 10.5

m/z 230 C13H9ClNO 230.03672 230.03792 0.457 9.5

[M-H]- TP306 IS2
m/z 305 C14H10ClN2O4 305.03236 305.03311 -1.140 10.5

m/z 261 C13H10ClN2O2 261.04253 261.04372 0.350 9.5

m/z 243 C13H8ClN2O 243.03198 243.03309 0.107 10.5

m/z 230 C13H9ClNO 230.03672 230.03792 1.760 9.5

m/z 225 C13H9N2O2 225.06585 225.06683 -0.357 10.5

[M-H]- TP306 IS3
m/z 305 C14H10ClN2O4 305.03236 305.03341 -0.157 10.5

m/z 261 C13H10ClN2O2 261.04253 261.04371 0.542 9.5



Chapter 3. Analysis and indentification of PhACs and TPs 

114

(e)

Ion Elemental 
composition

Calculated 
mass [m/z]

Measured
mass [m/z]

Error

[ppm]
DBE

[M-H]- MEF
m/z 240 C15H14NO2 240.10191 240.10212 -3.674 9.5

m/z 196 C14H14N 196.11208 196.11233 -4.298 8.5

m/z 180 C13H10N 180.08078 180.08157 -1.681 9.5

[M-H]- TP270
m/z 269 C15H13N2O3 269.09207 269.09277 -1.470 10.5

m/z 238 C15H12NO2 238.08626 238.08795 2.512 10.5

m/z 194 C14H12N 194.09643 194.09717 -1.817 9.5

m/z 179 C13H9N 179.07295 179.07349 -3.114 10.0

[M-H]- TP286 IS1
m/z 285 C15H13N2O4 285.08698 285.08777 -1.088 10.5

m/z 241 C14H13N2O2 241.09715 241.09874 2.028 9.5

m/z 223 C14H11N2O 223.08659 223.08798 1.361 10.5

m/z 211 C14H13NO 211.09917 211.09929 -4.606 9.0

[M-H]- TP286 IS2
m/z 285 C15H13N2O4 285.08698 285.08780 -1.088 10.5

m/z 241 C14H13N2O2 241.09715 241.09811 -0.585 9.5

m/z 223 C14H11N2O 223.08659 223.08798 1.361 10.5

m/z 211 C14H13NO 211.09917 211.09941 -4.038 9.0

(a)
G:\Biodegradation\...\20130327\R1DCF_t36 3/28/2013 7:40:07 AM

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
0.89 0.91

10.219.439.330.82 9.104.44 8.758.321.13 7.807.046.564.54 6.176.015.614.283.913.551.470.30 3.082.01 2.65

NL: 1.92E9
TIC F: FTMS - p 
ESI Full ms 
[100.00-400.00]  
MS R1DCF_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.44

4.673.90 5.03 5.43 5.88 6.15 9.576.69 10.128.987.08 7.63 7.891.200.11 1.650.56 8.731.84 2.51 3.383.09

NL: 5.67E7
m/z= 
294.00000-294.01000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
R1DCF_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
3.90

0.86 9.078.848.71 9.144.38 5.040.17 5.895.55 6.676.253.442.48

NL: 1.70E5
m/z= 
322.99000-323.00000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
R1DCF_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.54

4.33 6.545.954.79 5.54 6.87 7.143.693.14 7.630.12 2.822.131.910.45

NL: 2.65E6
m/z= 
338.99000-339.00000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
R1DCF_t36

DCF

TP324

TP339
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(e)

Ion Elemental 
composition

Calculated 
mass [m/z]

Measured
mass [m/z]

Error

[ppm]
DBE

[M-H]- MEF
m/z 240 C15H14NO2 240.10191 240.10212 -3.674 9.5

m/z 196 C14H14N 196.11208 196.11233 -4.298 8.5

m/z 180 C13H10N 180.08078 180.08157 -1.681 9.5

[M-H]- TP270
m/z 269 C15H13N2O3 269.09207 269.09277 -1.470 10.5

m/z 238 C15H12NO2 238.08626 238.08795 2.512 10.5

m/z 194 C14H12N 194.09643 194.09717 -1.817 9.5

m/z 179 C13H9N 179.07295 179.07349 -3.114 10.0

[M-H]- TP286 IS1
m/z 285 C15H13N2O4 285.08698 285.08777 -1.088 10.5

m/z 241 C14H13N2O2 241.09715 241.09874 2.028 9.5

m/z 223 C14H11N2O 223.08659 223.08798 1.361 10.5

m/z 211 C14H13NO 211.09917 211.09929 -4.606 9.0

[M-H]- TP286 IS2
m/z 285 C15H13N2O4 285.08698 285.08780 -1.088 10.5

m/z 241 C14H13N2O2 241.09715 241.09811 -0.585 9.5

m/z 223 C14H11N2O 223.08659 223.08798 1.361 10.5

m/z 211 C14H13NO 211.09917 211.09941 -4.038 9.0

(a)
G:\Biodegradation\...\20130327\R1DCF_t36 3/28/2013 7:40:07 AM

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
0.89 0.91

10.219.439.330.82 9.104.44 8.758.321.13 7.807.046.564.54 6.176.015.614.283.913.551.470.30 3.082.01 2.65

NL: 1.92E9
TIC F: FTMS - p 
ESI Full ms 
[100.00-400.00]  
MS R1DCF_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.44

4.673.90 5.03 5.43 5.88 6.15 9.576.69 10.128.987.08 7.63 7.891.200.11 1.650.56 8.731.84 2.51 3.383.09

NL: 5.67E7
m/z= 
294.00000-294.01000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
R1DCF_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
3.90

0.86 9.078.848.71 9.144.38 5.040.17 5.895.55 6.676.253.442.48

NL: 1.70E5
m/z= 
322.99000-323.00000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
R1DCF_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.54

4.33 6.545.954.79 5.54 6.87 7.143.693.14 7.630.12 2.822.131.910.45

NL: 2.65E6
m/z= 
338.99000-339.00000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
R1DCF_t36

DCF

TP324

TP339

(b)
G:\Biodegradation\...\20130327\MECR1_t36 3/28/2013 2:41:39 AM

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
0.90

10.269.899.449.320.81 8.994.88 8.658.207.667.356.931.14 6.566.155.573.84 4.711.40 3.573.260.55 1.87 2.912.24

NL: 1.58E9
TIC F: FTMS - p 
ESI Full ms 
[100.00-400.00]  
MS MECR1_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.86

3.85 5.24 5.45 9.445.87 10.069.266.35 6.584.46 8.846.94 7.350.82 7.72 8.021.150.30 2.061.56 2.822.61 3.35

NL: 3.72E7
m/z= 
294.00000-294.01000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
MECR1_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
3.84

4.010.88 8.948.705.874.67 6.235.213.623.240.08 2.07 2.66

NL: 3.19E6
m/z= 
322.99000-323.00000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
MECR1_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.974.94

4.56

5.192.90 6.415.96 6.66 7.014.434.053.66 7.472.000.08 2.690.69 1.78

NL: 1.74E6
m/z= 
338.99000-339.00000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
MECR1_t36

MEC

TP324M

TP340M IS1 TP340M IS2

(c)
G:\Biodegradation\...\R1FLUF_t36 3/28/2013 11:07:49 AM

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
0.88 0.93 9.999.92

9.45
4.15 9.230.81

9.06
8.68

8.274.834.23 7.597.236.926.571.13 5.62 6.005.231.30 3.983.673.250.35 1.88 2.59

NL: 5.20E8
TIC F: FTMS - p 
ESI Full ms 
[100.00-400.00]  
MS R1FLUF_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.83

4.16

5.09 5.38 5.76 6.133.97 6.60 6.89 7.50 7.740.41 0.81 8.061.37 2.06 9.578.982.32 2.74 3.14 8.80 10.08

NL: 2.67E7
m/z= 
280.05000-280.06000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
R1FLUF_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.15

4.52 4.75 5.13 9.26 9.55 10.019.085.63 6.13 8.706.440.76 6.85 7.08 8.167.923.91

NL: 1.05E8
m/z= 
309.04000-309.05000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
R1FLUF_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.784.64 5.00

4.28 5.23 5.59 6.05 6.763.53 6.951.74

NL: 1.94E6
m/z= 
325.04000-325.05000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
R1FLUF_t36

FLUFTP310

TP310

TP326 IS1

TP326 IS2

TP326 IS3
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(d)
G:\Biodegradation\...\TOLFR1_t36 3/28/2013 9:23:58 AM

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
0.92 0.89

10.109.849.449.340.81 8.924.03 8.574.90 8.017.467.041.15 6.546.065.864.16 5.513.871.56 3.460.44 3.092.651.96

NL: 1.67E9
TIC F: FTMS - p 
ESI Full ms 
[100.00-400.00]  
MS TOLFR1_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.89

4.03 4.15 5.16 5.52 5.89 6.48 6.74 7.16 9.240.76 9.567.56 8.927.84 10.110.18 8.151.00 3.752.271.75 2.75 3.03

NL: 2.65E7
m/z= 
260.04000-260.05000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
TOLFR1_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.03

4.35 4.74 8.895.15 9.629.345.40 5.96 6.28 8.686.55 7.787.133.800.76

NL: 2.94E7
m/z= 
289.03000-289.04000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
TOLFR1_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.71

5.00
4.60

5.164.343.37 9.720.76

NL: 1.81E6
m/z= 
305.03000-305.04000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
TOLFR1_t36

TOLF

TP290

TP306 IS1

TP306 IS2

TP306 IS3

(e)
G:\Biodegradation\...\20130327\R1MEF_t36 3/28/2013 12:51:37 PM

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
0.90

10.259.889.729.36
0.80 9.169.048.693.76 8.287.617.406.971.13 6.566.115.593.86 5.214.721.45 3.610.34 3.181.89 2.89

NL: 8.02E8
TIC F: FTMS - p 
ESI Full ms 
[100.00-400.00]  
MS R1MEF_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
4.75

3.83
3.88
4.03 4.933.72 5.29 5.96 6.17 6.70 7.08 7.390.98 7.761.190.19 0.42 1.60 2.25 8.13 9.512.93 8.58 9.809.21

NL: 2.54E6
m/z= 
240.10000-240.11000 F: 
FTMS - p ESI Full ms 
[100.00-400.00]  MS 
R1MEF_t36

0 1 2 3 4 5 6 7 8 9 10
Time (min)

0

50

100
3.76

3.88
4.15 4.72 5.16 5.60 5.89 6.233.66 6.70

NL: 3.91E7
m/z= 
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Figure 4. Total Ion Chromatograms (TIC) and Extracted Ion Chromatograms (XIC) acquired by HRMS in (-)-

ESI mode of parent NSAIDs and TPs detected in samples collected from activated sludge bioreactors: (a) 

DCF, (b) MEC, (c) FLUF, (d) TOLF and (e) MEF.
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Figure 4. Total Ion Chromatograms (TIC) and Extracted Ion Chromatograms (XIC) acquired by HRMS in (-)-

ESI mode of parent NSAIDs and TPs detected in samples collected from activated sludge bioreactors: (a) 

DCF, (b) MEC, (c) FLUF, (d) TOLF and (e) MEF.
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T: Average spectrum MS2 323.00 (35-125)
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FLUFR1_t36_MS2_309_NCE5 #1-3270 RT: 2.00-10.00 AV: 3270 NL: 6.04E5
T: Average spectrum MS2 309.05 (1-3270)

50 100 150 200 250 300
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

234.05263

279.05223

309.17366
227.20192 265.0598359.01244 194.0406499.00737 330.19692145.78029

FLUF #1514-3149 RT: 4.75-9.35 AV: 14 SB: 938 0.06-4.50 , 5.49-10.30 NL: 3.97E7
T: Average spectrum MS2 280.06 (1514-3149)

60 80 100 120 140 160 180 200 220 240 260 280 300
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

236.06839

216.06277
280.05955176.05018 196.05533 248.0515162.98698 92.04987 116.92779 135.03839

FLUF #1516-1573 RT: 4.75-4.90 AV: 16 SB: 938 0.06-4.50 , 5.49-10.30 NL: 1.59E8
T: FTMS - p ESI Full ms [100.00-400.00]

100 150 200 250 300 350 400
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

280.05887

141.01519 362.06205236.06894 325.04389201.02454

302.04139

387.02591

263.01254

R1FLUF_t36 #1007-1042 RT: 4.08-4.20 AV: 13 SB: 996 0.14-3.72 , 4.59-10.21 NL: 6.17E7
T: FTMS - p ESI Full ms [100.00-400.00]

100 150 200 250 300 350 400
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

309.04931

279.05118
234.05309

391.05233361.05425141.01696 265.05950217.00452194.03948 337.00940

F[UF TP310 

TP310 F[UF 

Ful scan

MS2

FLUFR1_t36_MS2_325_NCE35_WINDOW2 #1-83 RT: 4.70-4.90 AV: 83 NL: 4.64E5
T: Average spectrum MS2 325.04 (1-83)
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R1FLUF_t36 #1224-1262 RT: 4.92-5.07 AV: 17 SB: 1050 0.05-4.86 , 5.40-10.31 NL: 1.10E6
T: FTMS - p ESI Full ms [100.00-400.00]
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Figure 5. Full scan and MS2 spectra acquired by HRMS in (-)-ESI mode of parent NSAIDs and TPs detected 

in samples collected from activated sludge bioreactors: (a) DCF, (b) MEC, (c) FLUF, (d) TOLF and (e) MEF.

Besides relative isotope abundances and isotope spacing provided additional confirmation 

of those TPs including chlorine atoms like DCF structure such as MEC and TOLF. As it can be 

noticed in figure 5, MEC, which is indeed a positional isomer of diclofenac displayed the same 

isotopic pattern than DCF.

Figure 5. Meclofenamic acid (a) XIC of m/z 294, m/z 323 and m/z 339 (b) MS spectra of [M-H]- of 294,0088, 

322,9690 and 338,9940.

Using these approaches, MEF, TOLF, MEC and FLUF, could be unequivocally proved to 

produce nitro and nitroso compounds in a similar manner as reported earlier for DCF. Table 2 

shows the proposed structures, chemical formula and molecular weight for the nitro and nitroso 

TPs identified in the activated sludge bioreactors, as well as the corresponding to their parent 

compounds.
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Table 2. Proposed chemical structures, formulae and molecular weight of nitro and nitroso TPs 

identified in bioreactors fortified separately with DCF, MEC, TOLF, FLUF and MEF.
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Similar degradation profiles were observed for all NSAIDs tested. In all instances, 

concentration profiles without any marked decline of the spiked test compound(s) was observed for 

the control reactors.

4. Conclusions

In this work we have reported the discovery of unusual microbial nitration/nitrosation TPs of related 

NSAIDs of DCF in reactors amended with mixed liquor of WWTP. These results are consistent with 

our previous hypothesis of DCF transformation through biological reactions to generate these TPs

in lab-scale reactors and also with the first evidence of the occurrence of the nitration/nitrosation 

TPs of DCF in WWTPs, reported in other work of our group [4]. The knowledge of the presence of 

metabolites and TPs in the aquatic environment is still scarce and more studies would be needed 

to evaluate the fate of selected pharmaceuticals in WWTP. Besides elucidation and 

characterization of unknown metabolites and TPs, toxicity assessment on these compounds would 

be equally relevant, in order to define their potential toxicological effects on aquatic ecosystems.
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Similar degradation profiles were observed for all NSAIDs tested. In all instances, 

concentration profiles without any marked decline of the spiked test compound(s) was observed for 

the control reactors.

4. Conclusions

In this work we have reported the discovery of unusual microbial nitration/nitrosation TPs of related 

NSAIDs of DCF in reactors amended with mixed liquor of WWTP. These results are consistent with 

our previous hypothesis of DCF transformation through biological reactions to generate these TPs

in lab-scale reactors and also with the first evidence of the occurrence of the nitration/nitrosation 

TPs of DCF in WWTPs, reported in other work of our group [4]. The knowledge of the presence of 

metabolites and TPs in the aquatic environment is still scarce and more studies would be needed 

to evaluate the fate of selected pharmaceuticals in WWTP. Besides elucidation and 

characterization of unknown metabolites and TPs, toxicity assessment on these compounds would 

be equally relevant, in order to define their potential toxicological effects on aquatic ecosystems.
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Chapter 4

Study of the occurrence and modeling of pharmaceuticals of Iberian waste water treatment plants 
and rivers.

4.1. Introduction

This chapter reports the assessment of the presence of PhACs in SW and sediments from four Iberian 

River basins characterized by a high anthropogenic pressure. The chapter is divided in three sub-sections, 

each one presenting the successive publications (Osorio et al., 2012a; 2012b; 2015) evaluating the spatial 

and temporal distribution of PhACs and the factors affecting their occurrence (i.e. hydrological conditions and 

human and animal uses) applying modeling approaches and statistical tools.
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Abstract
Introduction Mediterranean rivers are characterized by a
high flow variability, which is strongly influenced by the
seasonal rainfall. When water scarcity periods occur, water
flow, and dilution capacity of the river is reduced,
increasing the potential environmental risk of pollutants.
On the other hand, floods contribute to remobilization of
pollutants from sediments. Contamination levels in Medi-
terranean rivers are frequently higher than in other
European river basins, including pollution by pharmaceu-
tical residues. Little attention has been paid to the transport
behavior of emerging contaminants in surface waters once

they are discharged from WWTP into a river. In this
context, this work aimed to relate presence and fate of
emerging contaminants with hydrological conditions of a
typical Mediterranean River (Llobregat, NE Spain).
Methods River fresh water samples were collected twice a
week over a period of 5 weeks at three sampling points.
Sixty-six pharmaceutical compounds belonging to different
therapeutical classes were analyzed by LC-MS/MS.
Results and discussion Positive and negative correlations
between the concentrations of the target analytes and
hydrological variables like river flow and dissolved
organic matter were observed pointing out the relevance
of different hydrological phenomena like dilution effects
or sediment re-suspension. Sensitivity calculations
showed that the majority of compounds were sensitive
to flow variations

Keywords Pharmaceuticals . Occurrence . Flow . Dissolved
organic carbon .Mediterranean river

1 Introduction

Global hydrological change is a result of climate change,
land use change, water transfers, and river engineering.
These impacts manifest themselves in changes to fluxes of
water and related material with global consequences in
terms of soil erosion, carbon transfer and storage, nutrients,
pollutants, and sediment supply to ocean, biodiversity of
continental aquatic systems, as well as for the sustainability
of human development. For instance, water scarcity periods
result in reduced water flow and dilution capacity, increas-
ing the potential environmental risk of pollutants. In that
sense, several studies reported an increasing frequency and
intensity of extreme hydrological events (New et al. 2001;
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Huntington 2006; Hirabayashi et al. 2008) over the past
decades.

The Mediterranean region is predicted to undergo severe
alterations in flow regime not only because a decrease in
days of precipitation, but also an increase in days of heavy
rains. Besides, regional climatic models for southern
Europe predict a raise in frequency and duration of heat
waves and heavy rainfall events during summer and stress
that the Mediterranean region might be especially vulner-
able to global change (Sánchez et al. 2004; Giorgi and
Lionello 2008). As a result, more extreme and unpredict-
able hydrological events, such as flooding and drought, as
well as higher and more variable temperatures, are
expected, thus creating novel environmental conditions in
the freshwater ecosystems in this region (Acuña and
Tockner 2010). Besides, these rivers present heavy contam-
ination due to continuing human pressure from extensive
urban, industrial and agricultural activities, affecting the
resources and the ecosystem. For that reason, contamination
levels in Mediterranean rivers are quite frequently higher
than in any other European basins (Ginebreda et al. 2010).

A good example is the Llobregat River (Catalonia, NE
Spain), suffering from low flows during normal conditions
(5 m3/s) and extraordinary peak events (maximum recorded
of 2,500 m3/s) that periodically reset the system. In
addition, the river receives the effluent discharges of more
than 55 WWTPs, and at some points especially at drought
periods, the effluents may represent almost 100% of the
total flow of the river. This statement can explain the high
levels of emerging organic contaminants detected on the
river, increasing together with the augment of WWTPs and
population pressure when moving downstream along the
river (Céspedes et al. 2005; Huerta-Fontela et al. 2008).
Furthermore, the Llobregat River provides drinking water
to the large city of Barcelona.

Around 3,000 different PhACs (Richardson and
Ternes 2005) of different therapeutic classes are used in
human medicine in the European Union. Regarding Spain,
it was the ninth largest world market in 2010, whereas, it
took the fifth position in Europe’s top pharmaceuticals
market (IMS Health; www.farmaindustria.es). The main
route of PhACs into the aquatic environment is the
excretion by humans and the direct disposal through
domestic wastewater. Despite its previous treatment in
WWTPs, depending on the treatment efficiency and
chemical properties of the compound, they are able to
reach surface and ground waters. In the worst-case
scenario, they have even been detected in finished
drinking water (Benotti et al. 2009). More than 150
PhACs have been identified in surface (Gros et al.
2010), ground, and even drinking waters. Levels of
PhACs detected in WWTP effluents are in the range of
μg/L, whereas in river and groundwater, the levels are

much lower, generally in the ng/L range. Compounds
more frequently studied in the aquatic environment are the
antibiotics, with several families included: macrolides
(erythromycin), fluoroquinolones (ofloxacin and cipro-
floxacin), sulfonamides (sulfamethoxazole), penicillins
(amoxicillin), metronidazol, and trimethoprim. Other thera-
peutic groups are the analgesics and anti-inflammatories (like
diclofenac, ibuprofen, naproxen, acetylsalicylic acid, and
paracetamol), as well as the β-blocker atenolol, the lipid
regulators (gemfibrozil and benzafibrate), the antiepileptic
carbamazepine, and antidepressants (diazepam, fluoxetine,
and paroxetine; Petrovic et al. 2010).

When entering river waters, PhACs present in effluent
wastewaters are generally diluted at levels of one order of
magnitude lower than the formers. These compounds are
transported by water and can adsorb to suspended partic-
ulate matter and accumulate in sediments. After adsorption,
chemicals can be remobilized by re-suspension or desorp-
tion. Also, PhACs may be removed from surface waters
under natural degradation processes. Aquatic microcosm
studies (Lam et al. 2004, 2005) showed that photo-
degradation was the most significant loss process with
hydrolysis and microbial degradation being insignificant.
However, this process may be less important when light is
attenuated by high concentration of dissolved organic
matter and suspended particles. Furthermore, effectiveness
of all these processes is highly influenced by seasonal
variation of environmental factors such as sunshine time,
temperature, or precipitation.

The levels of PhACs have been shown to either
decrease (Kolpin et al. 2000) or increase (Boyd et al.
2004) with increasing river flow and rainfall and to
develop no significant correlations with concentration of
suspended particulate matter (Shala and Foster 2010).
PhACs are distributed in the water phase; the number of
drugs, with high variable chemical properties, is large
enough to consider their potential partition in water
between suspended solids and sediments, and aqueous
phase. The presence of some PhACs in suspended solids
has been reported (Matamoros and Bayona 2006) and
recent studies have suggested aquatic colloids in the
natural environment as more powerful sorbents of PhACs
than suspended solids and aquatic sediments (Maskaoui
and Zhou 2010 and Yang et al. 2011). On these basis, the
objectives of this study were to (1) determine the
concentrations of PhACs in a selected section of the
Llobregat and (2) correlate the results with hydrological
river parameters such as flow and dissolved organic
carbon (DOC) obtained aiming to gain further information
about the behavior of PhACs in a sewage impacted section
of a Mediterranean River course and how they can be
affected by the principal events of the hydrological climate
change, namely floods and droughts.
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2 Materials and methods

2.1 Pharmaceutical standards

The standards (see Table S-1 in Supporting Material) were
purchased from Jescuder (Rubí, Spain), Sigma-Aldrich
(Steinheim, Germany), LGC Promochem (London, UK),
and Cerilliant (Texas, USA). Isotopically labeled com-
pounds were used for internal standard calibration. 13C-
phenacetin, fluoxetine-d5, and flumequine were provided
by Sigma-Aldrich (Steinheim, Germany), sulfathiazole-d4
from Toronto Research Chemicals (Canada), diazepam-d5
and Phenobarbital-d5 from Cerilliant (Texas, USA), and
atenolol-d7, carbamazepine-d10, ibuprofen-d3 from CDN
isotopes (Quebec, Canada), and mecoprop-d3 from Dr.
Ehrenstorfer (Augsburg, Germany). All standards were of
purity grade (>90%). Stock standard solutions were
prepared on a weight basis in methanol, except fluoroqui-
nolones which were dissolved in a mixture of water/
methanol (1:1) with 0.2% HCl. After preparation, standards
were stored at −20°C. Fresh stock solutions of antibiotics
were prepared monthly due to their limited stability while
stock solutions for the rest of substances were renewed
every 3 months. Due to their different solubilities, codeine,
furosemide, butalbial, pentobarbital, and phenobarbital
were dissolved in acetonitrile while diazepam and loraze-
pam were obtained as solutions in methanol at 1 mg/mL.
All PhACs were mixed by appropriate dilution of individ-
ual stock solutions in methanol/water (1:3). Working
standard solutions were prepared daily (Gros et al. 2009).
Glass fiber filters (47 mm) Whatman GF/F (0.7-μm of
porus size) and 0.45 μm nylon membrane filters, used for
pre-treatment of samples, were provided by Teknokroma
(Barcelona, Spain). Solid-phase extraction (SPE) was
carried out with cartridges Oasis HLB (6 mL, 200 mg)
from Waters (Milford, MA), using a Baker vacuum system
(J.T. Baker, Deventer, The Netherlands).

2.2 Site of study and sampling

The Llobregat River is the second longest river in Catalonia
(NE Spain), with a total length of 156 km and covers a
catchment area of approximately 4,957 km2. The hydrology
of the Llobregat River is characterized by a high variable
flow, which is strongly influenced by seasonal rainfall. The
mean annual precipitation is 3,330 Hm3 and it has an
annual average discharge of 693 Hm3. Figure S-1 is a
historical diagram of the Llobregat River flow recorded at
Sant Joan Despí. The year-round hydraulic conditions
shown in this figure are characterized by several peak flow
events that have varied river flow from 50 m3/s on May
2004 to 1 m3/s on March 2008. The maximum peak flow
recorded at 90 m3/s on April 2000 followed by a drastic fall

down to 10 m3/s is a clear example of strength of seasonal
rainfall effects on Llobregat River. Its watershed is heavily
populated with more than three million inhabitants living
therein. Together with its two main tributaries, the River
Cardener and the River Anoia, the Llobregat is subjected to
a heavy anthropogenic pressure. The river receives exten-
sive urban and industrial wastewater discharges (137 Hm3/
year; 92% coming from wastewater treatment plants) as
well as surface runoff from agricultural areas that cannot be
diluted by its natural flow (0.68–6.5 m3/s basal flow).
Forty-eight percent of these point sources are located in the
studied area. On Fig. 1 are indicated the main WWTPs
distributed along the Llobregat system. Those that are more
important, indicated with bigger points, correspond to
major flow treated and consequently higher effluent volume
discharged to the river (Table S-2). A river system
containing multiple discharge points, such as Llobregat,
creates the potential to produce a constant loading of
PhACs over its course. Besides, the Llobregat River is one
of main drinking water sources of Barcelona with a nearly
30% of its discharge being used for drinking water.
Furthermore, the middle part of the basin receives natural
salt slurries from salt formations and mining operations,
which have caused an increase in water salinity down-
stream. Therefore, this typical Mediterranean River turns
into an illustrative example of overexploited river, with
water temporality being caused by a mixture of natural and
human-driven components.

Three different sampling sites were selected along 36 km
of the river’s course, from the middle and lower part of the
Llobregat main channel. Since the sampling points were
two sites downstream a DOCinant WWTP and one site
upstream, these sites were part of a pollution gradient. The
first sampling point CB, located in Castellbell (see Fig. 1),
is the least polluted of the three sampling points studied.
Following the foresaid gradient, the second sampling site
ABR (Abrera), located in Abrera, is a densely inhabited
area receiving urban and industrial wastewater inputs. The
third sampling site SJD is located in Sant Joan Despí and,
according to the monitoring data of the Water Authority
(Catalonian Water Agency), is the most polluted one.
Sampling was performed in October–November 2009,
covering one of the most relevant periods in the system in
terms of hydrology. This period was characterized by low
flow conditions derived from long dry season (almost
4 months) but with a typical short flood in response to the
first rainfall event after summer (Fig. 2). River water
samples were collected twice a week over a period of
4 weeks and a half, from the middle of the river along the
water column. Five hundred milliliters of amber PET
bottles previously rinsed with ultrapure water was filled
with composite water samples obtained by mixing collected
at different depths of the river, following a stratified
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sampling strategy. Bottles were placed in a cooler (at 4°C)
during transport to the laboratory and samples were
immediately pre-treated.

2.3 Analysis of PhACs

The concentrations of 66 PhACs, belonging to different
therapeutic groups (see Table S-1), were determined in

surface waters using a multiresidue analytical method based
on LC-MS/MS after solid-phase extraction (Gros et al.
2009). All water samples (500 mL) were filtered through a
0.7-μm glass fiber filters followed by a 0.45-μm nylon
membrane filters in a Millipore glass vacuum filter holder.
An aqueous solution of 5% Na2EDTAwas added to achieve
a final concentration of 0.1%. Within 48 h, the samples
were extracted by SPE, the cartridges were rinsed with

ABR

CB

SJD

Cardener River

Anoia River

GRAPH SCALE MEDITERRANEAN SEA

Rubí Stream

RUBÍ

ABRERA

MONISTROL DE 
MONTSERRAT

CASTELLBELL 
I EL VILAR

SANT FELIU DE 
LLOBREGAT

Fig. 1 Llobregat River. Map of
the basin indicating the sam-
pling sites: filled star Castellbell
(CB) upstream after junction
with its tributary river Cardener,
Abrera (ABR) before junction
with Anoia River, and Sant Joan
Despí (SJD) downstream the
river. Main WWTPs (filled cir-
cle) indicated along the Llobre-
gat river and its tributaries,
Anoia river, Cardener river, and
Rubí stream. (The more impor-
tant WWTPs, in terms of treated
flow (m3/day), are indicated
with bigger points)
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5 mL of HPLC grade water, and were dried under vacuum
for 15–20 min. After elution with 2×4 mL of methanol, the
extracts were evaporated to dryness under a gentle stream
of nitrogen and reconstituted with 1 mL of methanol/water
(1:3). For internal standard calibration, 10 μL of a 1-mg/L
standard mixture of the isotopically labeled compounds was
added to the final analytical sample.

Instrumental analysis was performed by liquid chroma-
tography, using an Agilent HP 1,100 HPLC (Palo Alto, CA,
USA) system, coupled to a 4,000 QTRAP hybrid triple
quadrupole-linear ion trap mass spectrometer operating
with a Turbo Ion Spray Source (Applied Biosystems-
Sciex, Foster City, CA, USA). Target compounds were
separated with a Purospher Star RP-18 end-capped column
(125×2.0 mm, particle size 5 μm) preceded by a C18 guard
column (4×4.5 μm), both supplied by Merck (Darmstadt,
Germany). Depending on the mode of analysis, different
mobile phases were used. For the negative ionization mode,
a mixture of acetonitrile/methanol (1:1, v/v; eluent A) and
HPLC grade water (eluent B) at flow rate 0.2 mL/min was
used. The elution gradient started with 20% eluent A,
increasing to 80% in 20 min, raising to 90% in 4 min and
then, back to initial conditions within 3 min. The column
was re-equilibrated for 15 min before another injection with
a total time for chromatographic analysis of 42 min. For
analysis in positive ionization mode, acetonitrile (eluent A)
and HPLC grade water with 0.1% formic acid (eluent B)

were used. The elution gradient started with 5% eluent A,
increasing to 95% in 25 min, raising to 100% in 5 min and
then, back to initial conditions within 5 min. The column
was re-equilibrated for 10 min and chromatographic
analysis lasted 45 min. The sample injection volume was
20 μL in all chromatographic methods. Quantification of
PhACs was carried out in Selected Reaction Monitoring
mode monitoring two transitions per analyte.

2.4 Hydrological variables

Flow data of the three sampling sites were obtained from
the public website of the Water Authority (http://www.
gencat.cat/aca/) that records measures of the Catalan
watershed every 5 min and aggregated at daily intervals.
Flow values (represented as Q hereafter) used in this study
were calculated as the average of Q data of sampling date,
the days before and after (Fig. 2).

DOC was also obtained from the same source. However,
only data for sampling site ABR were available. Conse-
quently, studies relating concentration of PhACs with DOC
were only considered in this point of the river.

2.5 Sensitivity

In order to have a quantitative insight of the relationship
between pharmaceutical levels and hydrological variables
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Fig. 2 Discharge (m3/s) of the three sampling sites studied (CB
Castebell, ABR Abrera, SJD Sant Joan Despí) registered between 15
August 2009 and 2 January 2010. Vertical lines specify sampling

period. Average discharge (m3/s) of the three sampling points during
the sampling campaign is represented in the graph (on the top right
corner; data: Catalan Water Agency data base)
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of the Llobregat River, the concentrations of each com-
pound X (represented as CX) were correlated with the
aforementioned hydrological variables, namely Q (m3/s)
and DOC (mg/L) registered on the same sampling site and
day. For that purpose, the respective correlation r and
relative sensitivity coefficients s of CX vs Q and CX vs DOC
were calculated. Sensitivity coefficients may be defined in
several ways; however for the purposes of the present study,
they are defined for each sampling site as follows
(MacLeod et al. 2002):

sXY ¼ sX

sY
� mY

mX
¼ CVX

CVY

Where X refers to the compound and Y to the hydrological
variables Q (flow) and DOC σ and μ are their standard
deviations and averages, respectively. Relative sensitivity
coefficients may be equivalently defined as the ratio of the
coefficients of variation CV.

3 Results and discussion

3.1 Occurrence of PhACs in the Llobregat River

In the present study, a total number of 66 different
commonly prescribed drugs were monitored. They included
different therapeutic classes (Table S-1), namely, analgesics
and antiinflamatories (NSAIDs) (11), lipid regulators and
cholesterol lowering (6), psychiatric drugs (5), anti-ulcers
(histamine H2-receptor antagonist) (3), antihistaminics (1),
barbiturates (3), beta-blockers (9), antibiotics tetracyclines
(2), antibiotics macrolides (8), antibiotics sulfonamides (2),
antibiotics fluoroquinolones (5), antibiotics others (5),
bronchodilators beta agonists (1), antihypertensives (1),
diuretics (1), cancer treatment (1), antifungals (1), and
antidiabetic (1). Target compounds were selected according
to the information found in the literature on the occurrence
and ubiquity in the aquatic environment, being wastewater
effluents discharged to river waters the major contributors
(Gros et al. 2010), as well as their high human use and
consuABRion worldwide (Petrovic et al. 2006). Detection
frequencies, expressed as percentages, are shown in
Table S-1 of supporting information. Sixty-two of the 66
compounds studied were present in at least one of the
samples analyzed; among these compounds, only butalbial
was detected in 89% of the samples from SJD, whereas the
rest of PhACs were detected in all the samples. Only four
of these compounds were determined below the limit of
quantification (mefenamic acid, chloroamphenicol, nifur-
oxazide, and loratidine only in ABR). Compounds not
detected in all sampling campaign were betaxolol, dano-
floxacin, doxiciline, and clenbuterol. Seven of the target
compounds detected presented maximum concentrations

above 500 ng/L. These compounds were the analgesics
ibuprofen in CB, acetaminophen in CB, and ABR and
naproxen in SJD and the anti-depressant lorazepam, the
β-blocker metoprolol, and the antibiotic tetracycline in
SJD. The highest mean concentration was observed only
for the antibiotic sulfonamide sulfamethoxazole in SJD
sampling site, which exceeded 1 μg/L. This profile is
consistent with studies carried out in other representa-
tive Iberian river, as it is the Ebro (Gros et al. 2009). In
general, the maximum levels of PhACs monitored were in
SJD while MT and CB presented minor concentrations
being CB slightly less polluted (Fig. 3). Far from expected
natural attenuation of pollutants (Fono et al. 2006), target
compounds were detected following an increasing gradi-
ent together with number of WWTPs distributed along the
river section studied. As mentioned in the “Site of study
and sampling” section, this highlights the impact of
effluents from WWTPs as significant contributors to the
PhACs presence in the Llobregat River. The increasing
levels of compounds along the three samplings points
agree with the positive gradient of WWTPs effluents
discharge along the river section studied and contribution
of Anoia River and Rubí stream. In the case of the last one
mentioned, when high precipitation events occur, untreated
WWTPs effluents are discharged to Llobregat River, owing to
bypass WWTP treatment.

Regarding therapeutic families, NSAIDs were the most
ubiquitous and highest concentrated therapeutic group
along the river section studied, which were determined in
the range of 700–1,700 ng/L. After that, arrangement of the
more representative groups varies from one sampling point
to another. However, after NSAIDs, the most concentrated
groups were psychiatric drugs, antibiotics, beta-blockers,
lipid regulators, and cholesterol lowering. With the excep-
tion of NSAIDs, target compounds were generally detected
at below μg/L range in SJD whereas in MT and CB their
concentration rarely exceeded 300 ng/L. Levels of concen-
trations in the river section studied ranged from 0.01 to
1,500 ng/L. Considering the values reported for other
Mediterranean rivers like the Ebro (Kuster et al. 2008;
Gros et al. 2007; Comoretto and Chiron 2005), where
concentrations ranged from 0.1 to 0.6 μg/L, which appear
quite high. Nevertheless, the results make sense if one takes
into account the high demographic pressure exerted in the
low part of the Llobregat basin, together with the limited
dilution capacity of this river (Ginebreda et al. 2010). In
addition, mean concentrations of PhACs in the Llobregat
River described by Muñoz et al. (2009) ranged from 0.02 to
2.28 μg/L were quite higher than those recorded in this
study. This statement can be explained in terms of dilution
factor. In the previous study (Muñoz et al. 2009), the
sampling of Llobregat River was carried out under low flow
periods, while the present study was conducted in fall
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season including a peak flow event, which clearly contrib-
uted to dilution of compounds targeted. Regarding thera-
peutic groups, the pharmaceutical products observed in the
Llobregat River, closely matched those identified by the

Spanish National System as those most consumed. There
are mostly, analgesics and anti-inflammatories, antibiotics,
physiquiatric drugs, β-blockers, and lipid regulators. As for
compounds individually, maximum concentrations were
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Fig. 3 Box plot indicating con-
centration ranges and average
values of the target compounds
monitored, classified by thera-
peutic groups of pharmaceuti-
cals in the three sampling points
studied. Each box plot includes
a number of measures which
corresponds to the sum of indi-
vidual compound levels of each
therapeutic group, along the
Llobregat river section studied,
for all the sampling campaign
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found for diclofenac, acetaminophen, lorazepam, and
sulfamethoxazole, which showed average concentrations
upper to 250 ng/L. These can be explained by their high
human consuABRion rate being acetaminophen the most
consumed, as well as their resistance to biodegradation in
conventional WWTPs (Gros et al. 2009) in case of
diclofenac, lorazepam, and sulfamethoxazole. As a matter
of fact, the occurrence of PhACs in Llobregat River and
their relationship with hydrological dynamics are expected
to present a high variability and a wide range of results.

3.2 Relationship of flow and levels of PhACs

The individual concentration (CX) of each one of the 66
target compounds were correlated with Q for all the
sampling days and sampling points. The results presented
a wide range of variability on their behavior which is
difficult to interpret. In order to better focus our discussion
and due to the extensive volume of compounds, the
selection of the compounds was done by ones which
presented concentration levels above their limit of detec-
tion. The final list of 23 selected compounds was then
subsequently used for further study and are hereby
discussed (Fig. 4).

Values of r (CX/Q) obtained for CB sampling point
ranged from −0.77 to 0.66. Lorazepam and fluoxetine
presented the best correlation with Q. Forty-eight percent of
the compounds showed a negative relationship with Q,
meaning that their levels decreased when Q increased
whereas concentrations of the other 52% of PhACs
increased when the flow increased (Fig. 4). Regarding

MT, it was observed a general improvement for r (CX/Q)
values. Correlation parameters were in the range of [−0.84,
0.68] for CX/Q. Cimetidine showed the best relationship with
Q, obtaining r (CX/Q)=−0.84, whereas fluoxetine, enroflox-
acine, and ciprofloxacin presented all of them the positive
correlation value of r (CX/Q)=0.68. It was observed the
opposite response to Q for 57% of PhACs studied. As for
SJD, results were in r (CX/Q) ranged from −0.66 for
gemfibrozil to 0.63 for butalbial. A remarkable percentage
of drugs (83%) showed a negative response to increases of
Q, which means that for almost all the compounds selected
for this study their concentration decreases as a consequence
of flow increase. In general, all compounds showed the same
response respect to Q meaning that part of the drugs studied
responded negatively to Q and the rest behaved equally
positively. In view of these results, a tentative interpretation
can be extrapolated that there is a predominance of the
dilution factor caused by the increase of flow over
remobilization. This behavior is likely to occur especially
for the more polar (soluble) compounds. Nevertheless, all
PhACs studied did not behave equally, as expected if it is
considered that their fate varies and so do the governing
mechanisms. Concerning to the more concentrated PhACs
determined, lorazepam and sulfamethoxazole presented
always negative correlations with Q, having the best
correlation coefficients in CB (r (CX/Q)=−0.77) and in
ABR (r (CX/Q)=−0.77), respectively. As for analgesics and
anti-inflammatories, the most ubiquous therapeutic group,
acetaminophen, generally showed the same positive response
to Q of along the three sampling points. On the contrary,
diclofenac was the compound showing the most changing
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Fig. 4 Values of r (CX/Q) of pharmaceuticals selected, along the three sampling points studied
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response to flow along the three sampling points, with a
negative relationship with Q in sites CB and SJD, but a
positive response to Q in MT. However, diclofenac obtained
only one significant value of r (CX/Q)=−0.63 in SJD and
being the rest of r (CX/Q)=−0.06 in CB and r (CX/Q)=0.35
in ABR. Since diclofenac is readily photo-transformed
(Tixier et al. 2003), this factor may contribute to variability
observed for this chemical. In order to discern a trend for
each compound along the river section studied, compounds
selected for the study were ordered based on their average
correlation values along the three sampling points, from the
compound with the best negative relationship to the best
positively correlated. Figure 4 shows PhACs arranged with
respect to r (CX/Q) from carbamazepine to acetaminophen,
while in it can be appreciated three groups of compounds
differentiated by marked trends.

a. Compounds with negative values of r (CX/Q). These are
from carbamazepine to diazepam. Along the studied
section course of the river, concentration of these
compounds decrease due to an increase of Q.

b. PhACs that response positively to Q. Only acet-
aminophen presents a positive value of r (CX/Q). In
the singular case of this compound, its concentration
raises with the increase of Q for all the three sampling
points.

c. Negative and positive relationships of CX with Q
without any clear pattern of behavior. All these
compounds presented changing responses, like those
mentioned before for diclofenac.

Complementary to that, it is also shown on Fig. S-2 from
supporting information, CX with Q relationships of repre-
sentative compound having the best correlations negative
(group a) and positive (group b), sulfamethoxazole and
propylphenazone, and fluoxetine enrofloxacine for the
sampling point ABR.

Significant reduction of elimination rates (60–70%
reduction) of PhACs from WWTPs were reported when
rainfall events occurred (Ternes 1998). As a consequence,
an increased flow in the WWTPs tributaries of the river
section studied, could result in increased water concen-
trations of the target compounds, for instance acetamino-
phen, due to reduced residence time in the WWTPs.
Regarding PhACs classified in group b, for instance
fluoxetine and enrofloxacine, increase of their concentra-
tion as long as flow raise can be explained in terms of
sediment re-suspension, since some PhACs are expected to
deposit in sediments; or suspended particulate matter and
colloids re-mobilization have since been demonstrated to be
a very important sink and as a carrier of PhACs in the
aquatic systems. This statement agrees with the several
reports of occurrence of PhACs in sediments (Kwon
and Armbrust 2006; Zhou et al. 2011) and suspended

particulate matter and colloids (Maskaoui and Zhou 2010;
Yang et al. 2011).

3.3 Correlation of levels PhACs versus DOC

Association of solutes to DOC increases the amount of
chemical in the aqueous phase thus facilitating transport of
these compounds through surface water of the river (Tolls
2001). In order to complement the study of behavior of
PhACs in the river section studied, DOC was considered.
Owing to available data, as mentioned in the “Hydrological
variables” section, only ABR sampling site and six
sampling days were studied. Since the amount of data is
different than the corresponding for studies with Q, results
of this study cannot be properly compared with those
obtained for PhACs responses to Q. However, PhACs
relationship with DOC was used an atteABR to discern
some additional trend and establish a possible relationship
with Q.

Prior to discussing the relationships among concentra-
tions CX and hydrological variables Q and DOC, it is worth
noting the well-known correlation between the last two
parameters (Fig. S-3).There is an observed opposite
(negative) correlation displayed for ABR sampling point,
showing the general decrease of DOC with increasing Q.
Equal negative correlations have been reported for DOC
(Tao 1998; Hejzlar et al. 2003), increase in flow raises the
release of DOC from the bottom sediment, but at the same
time diluted the DOC in water. CX of each one of the 66
target compounds was correlated with DOC for six
sampling days in ABR. Results obtained (Fig. 5) presented
a wide range of positive values from ciprofloxacin with r
(CX/DOC)=0.08 to enalapril with r (CX/DOC)=0.08.
Therefore, concentration of PhACs increases with DOC,
which also means that high DOC increments mobility of
the chemicals in the aqueous phase. The compounds best
correlated with DOC were enalapril, propanolol, fluoxetine,
ibuprofen, and ofloxacine, all with values upper than the
environmentally acceptable; r (CX/DOC)>0.70. 52% of
PhACs presented r>0.70, while butalbial, acetaminophen,
and erythromycin showed poor correlation with DOC
having the following values r (CX/DOC)=0.08, r (CX/
DOC)=0.27, and r (CX/DOC)=0.29, respectively. In view
of these high relationships, the same co-variation reported
for DOC and organic pollutants (Tao 1998) is expected and
confirmed for levels of PhACs and DOC.

In order to compare responses of PhACs to both hydrolog-
ical parameters, Q and DOC, Fig. 5 shows respective
correlation coefficients, arranged equally to Fig. 4. According
to the opposite relationship between Q and DOC (Fig. S-3),
the 57% of compounds negatively correlated with Q agrees
with their positive response to DOC. However, the concen-
tration of the remaining 43% PhACs increases with DOC,
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but also does with Q; this would mean than DOC should
increase with Q. This inconsistency could be explained in
terms on solid re-mobilization. As mentioned in the
“Relationship of flow and levels of PhACs” section,
concentration of PhACs expected to be present on solid
phase could increase their levels in aqueous phase as a cause
of sediment re-suspension with higher flow. Therefore,
fraction of PhACs adsorbed to solids would transfer to
aqueous phase, reflecting an increase of concentration. Once
associated to DOC, mobility of PhACs transferred from solid
phase would increase and higher transport of these chemicals
downstream would be expected. Regardless, DOC and Q
negative relationship remains constant.

Among these compounds, sulfamethoxazole, propylphe-
nazone, fluoxetine, and enrofloxacine are the most represen-
tative. The respective correlation coefficients of levels of these
compounds with DOC were, r (CX/DOC)=0.53, r (CX/
DOC)=0.72, r (CX/DOC)=0.83, and r (CX/DOC)=0.56
(Fig. S-4). Together with compound relationships with
flow, it can be sensed that levels of sulfamethoxazole
decrease with DOC dropping due to an increase of flow.
This is consistent with the dilution factor of PhACs and
DOC due to a raise of flow. On the other hand, fluoxetine,
which is always positively well correlated with DOC,
presents increasing levels while flow raise. This behavior
supports what was mentioned before, considering the
constant negative correlation between DOC and Q, and
the reported presence of this pharmaceutical in solid phase,
higher concentrations of fluoxetine were detected as flow
increased as a likely consequence of sediment re-
suspension. Regarding enrofloxacine and propylphena-

zone, the high correlation coefficient of the last one
reinforces the theory of dilution of PhACs when river
flow increases.

Concerning the more concentrated PhACs determined,
lorazepam, carbamazepine, acetaminophen, and diclofenac,
they presented the respective correlation coefficients with
DOC r (CX/DOC)=−0.67, r (CX/DOC)=−0.51, r (CX/
DOC)=−0.27, and r (CX/DOC)=−0.29; while, relation-
ships with Q were r (CX/DOC)=−0.20, r (CX/DOC)=−0.71,
r (CX/DOC)=0.52, and r (CX/DOC)=0.35. Although good
correlation values were obtained with DOC, the
corresponding correlation coefficients with Q were less
acceptable, so that, co-variation of levels of these compounds
with both hydrological variables was considered not worthy.

3.4 Sensitivity of PhACs to flow and DOC

With the aim of gaining more information about the relation-
ships studied before, there were estimated sensitivity (s)
parameters of the same compounds. Figure 6 shows
sensitivity of CX of the 23 selected drugs to Q and DOC
calculated for sampling point ABR. Compounds were
arranged equally than correlation coefficients shown in
Fig. 4. Regarding the flow, PhACs presented s (CX/Q) values
in the range of 0.33 for tetracycline to −1.43 for lorazepam.
Concerning PhACs, which are more discussed in prior
section, sulfamethoxazole, propylphenazone (negatively cor-
related with flow), and enrofloxacine (positively correlated),
arrangement for these compounds were from the less
sensitive enrofloxacine (s (CX/Q)=0.44), then the slightly
higher sensitive fluoxetine (s (CX/Q)=0.48), followed by
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Fig. 5 Relationship of levels of pharmaceuticals with flow compared to correlation with dissolved organic matter at ABR
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sulfamethoxazole (s (CX/Q)=0.85), and the more sensitive
propylphenazone (s (CX/Q)=1.12).

The comparison between sensitivity values show that
PhACs are more sensitive to DOC than to Q, suggesting the
importance of response of PhACs to organic matter. In some
cases, s (CX/DOC) is especially higher than s (CX/Q), for
instance ciprofloxacine, with s (CX/DOC)=2.24, carbamaze-
pine (s (CX/DOC)=1.62), and cimetidine (s (CX/DOC)=
1.62). However, in the singular case of lorazepam, this is
more sensitive to Q (s (CX/Q)=1.43) than to DOC (s (CX/
DOC)=1.38). If compounds are considered individually, it
can be found that arrangements of sensitivity to both
hydrological parameters are almost the same.

DOC dynamics as a function of changes in climatic and
hydrologic conditions have been reported to vary histori-
cally and seasonally (Hejzlar et al. 2003). The concentra-
tion of DOC is influenced by climatic and hydrologic
conditions, especially seasonal and long-term changes of
temperature and runoff components and long-term changes
in the atmospheric deposition of acidity (loading of soils
with mineral acids is known to cause decreased leaching of
DOC; Tipping and Hurley 1988). Thus, more factors
involved in observed response of PhACs to DOC and Q
should be analyzed in order to gain further information

about PhACs behavior under hydrological conditions of the
Llobregat River.

4 Conclusions

The present study has reported several pharmaceutical
products in the Llobregat River at concentrations higher
than those cited in other studies. Maximum concen-
trations were found for diclofenac, acetaminophen,
lorazepam, and sulfamethoxazole, which showed aver-
age concentrations, up to 250 ng/L. This data can be
explained by their high human consuABRion rate, as
well as their resistance to biodegradation in convention-
al WWTPs with secondary treatment. Out of 66 target
analytes, a total of 63 compounds were detected in 85%
of samples analyzed. The general raise of pharmaceuti-
cal concentrations has also been detected during the
sampling campaign which can be correlated with the
occurrence of the high flow increase. Contradictory
findings for some compounds to the flow increment
were observed. Information which correlates concentra-
tion of pollutants with river flow is still scarce and
therefore further attention should be paid to this matter.

0 0,5 1 1,5 2 2,5

Acetaminophen

Fluoxetine

Ciprofloxacin

Tetracycline

Enalapril

Butalbial

Ibuprofen

Enrofloxacine

Propanolol

Ofloxacine

Diclofenac

Atenolol

Erithromycin

Diazepam

Lorazepam

Sotalol

Cimetidine

Gemfibrozil

Trimethoprim

Propylphenazone

Clarithromycin

Sulfamethoxazole

Carbamazepine

s(Cx/Q)

s (Cx/DOC)
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Since several PhACs are expected to sorb to suspended
solids and colloids by several mechanisms and being this
sorption one of the key processes controlling the transport
and fate of this compounds. Future work will be based on
determination of partition coefficients of PhACs in both the
solid and aqueous phases of the river system as well as
factors involved in their mechanisms of distribution.
Results suggest complex interactions between pollution
sources, transport and degradation of PhACs in the highly
dynamic Llobregat system. Other environmental factors
should be taken into account like photo- and biodegradation
which can affect fate of PhACs in surface waters.
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CB ABR SJD

Min 
C.

Max 
C. Ave. St. 

Dev. Freq. Min 
C.

Max 
C. Ave. St. 

Dev. Freq. Min 
C.

Max 
C. Ave. St. 

Dev. Freq.

Analgesics and 
antiinflamatories
Ketoprofen (a) 14.1 115.0 56.1 35.3 100 38.2 165.0 38.0 33.0 100 96.1 258.5 93.8 75.4 100

Naproxen (a) 55.7 193.9 116.1 46.3 100 68.7 398.9 110.4 39.5 100 169.5 633.4 181.1 55.1 100

Ibuprofen (a) 98.9 502.9 254.3 136.9 100 10.8 111.7 248.0 112.4 100 15.4 108.6 404.6 185.8 100

InDOCethacin (b) 12.6 29.6 20.1 5.1 100 88.7 167.2 27.4 31.8 100 110.6 460.3 42.1 29.5 100

Diclofenac (a) 106.3 213.8 145.7 30.3 100 88.7 167.2 128.6 29.6 100 66.1 442.6 299.3 131.9 100

Mefenamic acid (b) <LOQ <LOQ <LOQ <LOQ 100 <LOQ <LOQ <LOQ <LOQ 100 0.9 9.5 3.4 3.0 100

Acetaminophen (b) 20.3 755.2 317.2 264.8 100 22.4 629.8 237.3 201.7 100 66.1 442.6 239.4 134.7 100

Propyphenazone (c) 2.2 4.4 3.5 0.7 100 2.0 4.6 3.5 0.9 100 5.2 35.0 15.2 11.2 100

Phenazone (b) 7.9 15.5 11.4 2.7 100 6.8 13.4 10.5 2.3 100 10.1 94.0 40.8 30.3 100

Phenylbutazone (b) 3.5 6.5 4.9 1.3 100 1.7 5.8 3.6 1.2 100 6.6 50.5 17.0 14.4 100

Codeine (c) 6.6 22.6 14.7 5.4 100 6.4 20.4 13.3 5.1 100 3.8 122.7 48.6 43.1 100
Lipid regulators and 
cholesterol lowering
Clofibric acid (b) 1.3 19.1 3.7 5.8 100 1.1 2.0 1.7 0.3 100 6.8 40.1 19.5 10.8 100

Gemfibrozil (a) 11.6 23.3 17.5 4.3 100 9.3 23.4 15.3 3.9 100 12.5 152.0 78.4 45.9 100

Bezafibrate (b) 12.4 42.1 26.0 9.7 100 13.7 41.2 23.6 8.4 100 33.7 217.1 88.5 64.5 100

Fenofibrate (b) 33.4 81.6 45.7 16.0 100 24.0 61.7 35.6 11.0 100 36.6 277.6 137.1 85.8 100

Atorvastatin (c) 0.5 1.1 0.7 0.2 100 0.3 1.3 0.8 0.3 100 1.0 3.2 2.0 0.7 100

Mevastatin (b) 2.7 9.4 4.6 2.1 100 1.0 8.2 4.0 2.1 100 2.5 7.5 5.3 1.9 100

Pysichiatric drugs

Fluoxetine (b) 12.1 30.2 16.4 5.4 100 8.0 37.5 15.1 9.1 100 13.9 53.5 30.9 13.3 100

Paroxetine (c) 1.6 4.3 2.2 0.8 100 1.6 7.1 4.2 1.7 100 4.6 104.3 26.4 43.0 100

Diazepam (d) 2.0 3.5 2.8 0.4 100 1.6 3.6 2.7 0.6 100 4.3 32.0 14.9 9.8 100

Lorazepam (d) 110.9 201.5 156.6 33.9 100 87.7 187.7 152.1 30.8 100 104.4 643.1 354.8 207.8 100

Carbamazepine (b) 42.1 58.1 50.2 6.1 100 31.3 63.4 50.8 11.2 100 42.2 266.7 159.4 84.5 100
Anti-ulcers (histamine
H2-receptor 
antagonist)
Famotidine (b) 0.6 1.0 0.8 0.2 100 0.7 1.1 0.9 0.1 100 0.2 6.4 2.6 2.4 100

Ranitidine(b) 1.0 4.7 2.3 1.2 100 0.8 3.3 1.9 1.1 100 0.1 115.8 13.6 38.3 100

Cimetidine (b) 1.2 4.3 2.2 1.0 100 1.2 3.3 2.2 0.8 100 0.2 30.5 8.0 11.2 100

Barbiturates

Butalbital (d) 2.0 14.6 7.2 5.0 100 2.0 27.3 10.5 9.0 100 2.1 5.0 3.1 1.2 89

Pentobarbital (d) 7.5 39.8 21.1 12.4 100 6.7 45.0 19.1 12.3 100 9.6 16.1 12.4 2.4 100

Phenobarbital (d) 3.5 21.3 10.4 6.2 100 6.3 21.6 11.9 5.3 100 2.7 12.1 6.2 3.2 100

Anti-histaminics

Loratidine (b) 0.5 0.6 0.5 0.0 100 <LOQ <LOQ <LOQ <LOQ 100 0.2 2.9 1.3 0.9 100

Beta-blockers

Atenolol (b) 21.0 56.7 36.7 11.5 100 15.9 43.6 32.0 8.8 100 64.7 251.2 142.0 71.8 100

Sotalol (b) 12.8 24.5 18.3 3.2 100 9.1 21.0 16.2 4.2 100 26.6 164.7 79.4 53.8 100

Metoprolol (b) 9.1 16.1 12.8 2.4 100 9.4 17.6 12.6 2.8 100 26.0 535.0 97.7 164.6 100

Propanolol (b) 2.9 21.8 14.5 5.1 100 7.6 25.6 16.2 4.9 100 7.3 68.5 34.1 22.1 100

Timolol (b) 1.5 119.3 18.8 39.3 100 0.9 2.4 1.8 0.4 100 2.1 10.2 6.4 2.8 100

Betaxolol (b) ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND

Carazolol (b) 0.0 0.4 0.2 0.1 100 0.1 0.3 0.2 0.1 100 0.2 1.0 0.5 0.2 100

Pindolol (b) 0.0 0.2 0.1 0.1 100 0.1 0.2 0.1 0.0 100 0.2 0.5 0.3 0.1 100

Nadolol (b) 0.3 0.5 0.4 0.1 100 0.1 0.5 0.3 0.1 100 0.4 1.1 0.6 0.2 100

Cancer treatment

Tamoxifen (b) 0.3 1.8 0.6 0.5 100 0.3 1.3 0.6 0.4 100 0.2 1.3 0.6 0.3 100

Fungals

 SUPPORTING INFORMATION
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Metronidazole(b) 0.2 0.6 0.3 0.1 100 0.1 0.5 0.3 0.1 100 0.6 5.2 2.7 1.9 100
Antibiotics
macrolides
Erythromycin(b) 1.9 7.3 4.5 1.9 100 1.1 8.7 3.4 2.5 100 0.1 45.2 14.1 15.1 100

Azithromycin (b) 3.6 7.0 6.6 1.1 100 6.9 7.1 7.0 0.1 100 0.0 7.2 6.3 2.4 100

Roxithromycin (b) 0.4 0.9 0.7 0.2 100 0.3 0.8 0.5 0.2 100 0.5 8.1 3.2 2.5 100

Clarithromycin (b) 12.8 54.8 36.1 14.7 100 9.3 48.1 31.1 13.5 100 16.3 232.1 102.3 84.5 100

Tylosin (b) 1.2 4.7 2.7 1.1 100 1.3 3.8 2.6 0.8 100 2.4 30.3 7.6 8.7 100

Josamycin(b) 0.3 0.6 0.4 0.1 100 0.2 0.7 0.5 0.2 100 0.7 3.6 2.0 1.1 100

Spiramycin(b) 4.6 13.2 7.4 2.8 100 4.0 12.5 7.0 2.5 100 6.5 52.8 25.6 16.3 100

Tilmicosin (b) 0.6 370.2 42.0 123.1 100 0.9 95.8 11.5 31.6 100 2.0 95.3 13.4 30.8 100
Antibiotics
fluoroquinolones
Ofloxacin (b) 14.5 85.7 30.1 22.2 100 9.4 31.9 20.2 6.3 100 11.0 296.2 134.0 109.3 100

Ciprofloxacin (b) 19.7 47.6 27.5 8.4 100 18.4 40.2 25.5 6.4 100 24.0 187.9 76.5 55.7 100

Enoxacin (b) 6.7 13.7 9.1 2.3 100 5.3 12.5 9.0 2.0 100 0.7 31.4 17.2 11.1 100

Danofloxacin (b) ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND

Enrofloxacin (b) 1.5 45.1 8.2 13.9 100 1.7 10.5 4.0 2.6 100 5.7 279.9 93.6 96.3 100
Antibiotics
tetracyclines
Tetracycline(b) 3.6 12.6 8.0 2.9 100 3.7 48.6 15.1 13.2 100 13.7 712.4 196.9 227.1 100

Doxycycline (b) ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND
Antibiotics
sulfonamides
Sulfamethoxazole (b) 98.8 282.8 189.7 60.2 100 96.8 284.4 194.6 66.2 100 134.8 1500.0 615.3 461.4 100

Sulfadiazine (b) 3.2 20.2 7.1 5.3 100 1.5 62.7 14.9 19.5 100 5.2 75.2 29.4 21.3 100
Antibiotics
others
Trimethoprim (b) 4.3 8.5 5.9 1.7 100 2.7 7.4 5.4 1.6 100 6.4 35.6 20.0 12.6 100

Chloramphenicol (b) <LOQ <LOQ <LOQ <LOQ 100 <LOQ <LOQ <LOQ <LOQ 100 <LOQ <LOQ <LOQ <LOQ 100

Clenbuterol (b) ND ND ND ND ND ND ND ND ND ND ND ND ND ND ND

Nifuroxazide (b) <LOQ 7.7 4.7 2.2 100 1.7 10.6 4.9 3.3 100 <LOQ 12.3 7.3 2.9 100

Flumequine (b) 0.2 1.1 0.4 0.3 100 0.2 1.1 0.4 0.3 100 0.4 0.8 0.6 0.2 100
Broncodilators
beta agonists
Salbutamol (b) 0.3 0.7 0.5 0.1 100 0.4 0.8 0.6 0.1 100 0.9 37.2 8.3 11.4 100

Anti-hypertensives

Enalapril (b) 1.7 11.6 6.0 3.3 100 1.1 11.8 6.0 3.4 100 2.3 47.1 12.7 13.5 100

Diuretics

Furosemide (b) 19.4 76.6 35.0 17.4 100 16.5 54.1 30.7 12.1 100 74.8 339.5 170.1 107.6 100

Antidiabetic

Glibenclamide (b) 0.5 1.9 1.2 0.5 100 0.6 2.0 1.0 0.4 100 1.8 12.6 6.7 4.0 100

Table S-1. Range of concentrations (min., max and average), expressed in ng/L, of pharmaceuticals 
monitored at the three sampling sites studied, standard deviation and frequency expressed in %. 
(LOQ : limit of quantification; ND: not detected).
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WWTP Effluent Discharge Point
Flow Treated

(m3/day)
h-e treated

Manresa Cardener (before CB) 25.962 118.993

Pont de Vilomara Llobregat (before CB) 514 3.598

Castellbell i El Vilar Llobregat (before CB) 2.537 7.146

Monistrol de Montserrat Llobregat (between CB and MPT) 1.654 9.759

Abrera Llobregat (after MPT) 15.597 77.985

Rubí Rubí (between MPT and SJD) 21.865 171.758

Martorell Anoia (between MPT and SJD) 6.778 46.768

Sant Feliu de Llobregat Llobregat (between MTP and SJD) 72.000 320.000

h-e equivalent per habitant
 

Table S-2.  Characteristics of the main WWTP that discharge into the studied section of 
the Llobregat river.
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Figure S-1. Historical diagram of the Llobregat River flow recorded at Sant Joan Despí.
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FigureS-2. Concentrations (CX) with discharge (Q) relationships of representative pharmaceuticals 
having the best correlations negative (group a) and positive (group b), sulfamethoxazole and 
propylphenazone, and fluoxetine enrofloxacine for the sampling point ABR.

 

0,10
0,14
0,18
0,22
0,26
0,30
0,34
0,38
0,42
0,46
0,50
0,54
0,58
0,62

0,64 0,68 0,72 0,76 0,80 0,84 0,88

lo
g 

Q

log DOC

r (log Q/log DOC)= -0,97

FigureS-3. Relationship between log Q and log DOC in ABR and correlation coefficient 
(on the top). Correlation calculated for six days of the sampling campaign. DOC data 
corresponding to sampling days 13/10/2009, 23/10/2009 and 26/10/2009 were not recorded. 
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H I G H L I G H T S

► The occurrence of pharmacological compounds in a Mediterranean river at variable hydrological conditions was studied.
► The impact of the flow changes on the concentrations was assessed using relative sensitivity coefficients.
► A plug-flow model was developed to explain the observed variations in the load of the most relevant compounds analyzed.
► The model takes into consideration the circulating flow, the average upstream emissions and an overall decay constant.
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The occurrence of 73 representative pharmacologically active compounds (PhACs) was assessed in a sewage-
impacted section of the Llobregat River (NE Catalonia, Spain). This Mediterranean river is characterized by flow
rate fluctuations strongly influenced by seasonal rainfall. River flow variations increase the potential environmental
risk posed by organic micro-pollutants as their concentrations may increase substantially under low flow condi-
tions. Little is known about the transport behavior of emerging contaminants in surface waters once they are
discharged from waste water treatment plants (WWTP) into rivers. This research aimed to study the presence
and fate of emerging contaminants under different hydrological conditions by sampling two different sites along
the river in different seasons. The highest levels of pharmaceuticals were determined during cold and dry periods.
The impact of the flow changes on the concentration of the pharmaceuticals in the river was assessed with the
relative sensitive coefficients. Due to expected dilution effects, the response of pharmaceuticals to river flow was
negative. Only in a few cases, positive relationships between drug concentrations and flow were detected,
suggesting an important role of other hydrological phenomena like sediment re-suspension as well as the source
of pollutants. To evaluate the role of other factors influencing PhAC concentrations, a plug-flow model was
applied to obtain disappearance constants “k” for a set of selected compounds. Erythromycin presented k values
of−0.15 h−1 in both sites being the compoundmore efficiently removed from the water column. The k values
for ibuprofen, furosemide, enrofloxacin, enalapril, acetaminophen, diclofenac and Ketoprofen were
between −0.04 and −0.10 h−1 showing less disappearance than erythromycin in the water column.
However, other compounds presented k valuesb0.06, which suggested conservative behavior of these
compounds in the water column. This study supports the reliability of the calculated k values for the
disappearance of compounds in river waters.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Pharmacologically active compounds (PhACs) constitute an envi-
ronmentally relevant group of compounds due to their increasing
consumption and their intrinsic biological activity. Around 3000
different compounds belonging to different therapeutic classes are
used in human medicine in the European Union (EU), covering a

broad range of chemical structures and physico-chemical properties
(Richardson and Ternes, 2005). Themain route of entry of PhACs into
the aquatic environment is through waste water treatment plant
(WWTP) effluents because their generally polar nature makes their
removal from WWTPs challenging (Conley et al., 2008). Despite
physico-chemical and biological treatment, many PhACs are able to
reach surface and ground waters. As a consequence, PhACs are now
recognized to be widespread pollutants in the aquatic environment
(Petrovic et al., 2010). More than 150 PhACs have been identified
in surface, ground and even drinking waters (Benotti et al., 2009).
Levels of PhACs detected in WWTP effluents are in the range of
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μg/L, whereas they are much lower in river and groundwater, gen-
erally in the ng/L range (Gros et al., 2010). Nevertheless, little
attention has been paid to the transport behavior of these emerging
contaminants in surface waters once they are discharged from
WWTP into a river. They are transported by water and may be
removed from the dissolved phase through adsorption to suspended
particles and may accumulate in sediments. Chemical bounded to
sediments can be remobilized by re-suspension (Petrovic et al.,
2011). Levels of PhACs can also be reduced by biotic and abiotic
(e g. photodegradation) natural degradation processes. However,
the efficiency of these processes is highly dependent on seasonally
fluctuating environmental factors such as sunlight intensity, water
temperature, and stream flow.

The Llobregat River (Catalonia, NE Spain) constitutes a typical
example of a Mediterranean behavior (Marcé et al., in press), suffering
from low flows during normal conditions (5 m3/s) and extraordinary
peak events (maximum recorded of 2500 m3/s). In addition, the river
receives the effluent discharges of more than 55 WWTPs, and at some
places the effluents may represent almost 100% of the total flow, espe-
cially during drought periods. This fact can explain the high levels of
emerging organic contaminants detected on the river including
PhACs, increasing together with the volume of effluent discharged by
WWTPs when moving downstream along the river (Ginebreda et al.,
2010). Furthermore, according to the predictions of the Intergovern-
mental Panel on Climate Change (IPCC) (Christensen et al., 2007),
such tendency is expected to increase in the medium/long term in the
Mediterranean area (Acuña and Tockner, 2010).

As far as contamination is concerned, and as a result of the hydrolog-
ical situation above described, different physical phenomenamay occur
at the same time: first, the lack of dilution duringwater scarcity periods
may increase the concentration of pollutants; second, and working
in the opposite direction, low flows increase the hydraulic residence
time, thus facilitating natural degradation processes (Lam et al.,
2004); finally, floods may contribute to remobilization of pollutants
from sediments (Petrovic et al., 2011).

In this context, the present study aimed (a) to trace the presence of
PhACs in sewage impacted surface waters in the lower course of the
Llobregat River as a representative example of a stressedMediterranean
River, and (b) to determine some quantitative relationships between
levels of PhACs and flow under different hydrological conditions. To
this end, we applied a rough modeling approach based on the plug-
flowmodel as proposed by Pistocchi et al. (2010), in order to have a pre-
liminary quantitative assessment on (a) the load of each pollutant
generated by the sewage systems upstream from the point under
control, and (b) the overall observed decay of the different compounds
in the river channel.

2. Materials and methods

2.1. Basin and site description

The Llobregat River is the second longest river in Catalonia (NE
Spain), with a total length of 156 km and a catchment area of
4957 km2. Its hydrology is characterized by a high variable flow,
which is strongly influenced by seasonal rainfall. The mean annual
bulk precipitation is 3330 hm3 and it has an annual average bulk
discharge of 693·106 m3. The year-round hydraulic conditions are
characterized by several peak flow events that are highly variable,
from 50 m3/s on May 2004, to 1 m3/s on March 2008 (Figure
S-1). The maximum flow recorded in April 2000 (90 m3/s),
followed by a drastic drop down to 10 m3/s is a clear example of
the strength of seasonal rainfall effects on the Llobregat River. Its
watershed is densely populated, with more than 3 million
inhabitants living therein. Together with its two main tributaries,
the River Cardener and the River Anoia, the Llobregat is subjected
to a heavy anthropogenic pressure. The Llobregat River is one of

the main drinking water sources for Barcelona, with nearly 30% of
its discharge being used for drinking water. Furthermore, the mid-
dle part of the basin receives natural salt slurries from salt formations
and mining activities, which have caused an increase in water salinity
downstream. The river receives extensive urban and industrial waste-
water discharges (137·106 m3/year; 92% coming from WWTPs) as
well as surface runoff from agricultural areas that cannot be diluted by
its natural flow (0.68–6.5 m3/s basal flow). Forty-eight percent of
these point sources are located in the studied area (Fig. 1 and Table
S-1). Therefore, this typical Mediterranean River turns into an illustra-
tive example of overexploited river, with high flow variability being
caused by a mixture of natural and human-driven components
(Marcé et al., in press).

2.2. Sampling

Two sampling sites were selected at the lower reach of the Llobregat
River, Abrera (ABR) and Sant Joan Despí (SJD) whichwere 17 km apart.
One sampling point (ABR in Fig. 1) is located in a sparsely populated
area in which the Llobregat River receives some urban and industrial
wastewater inputs. Another sampling site (SJD) is located in the greater
metropolitan area of the city of Barcelona and therefore expected to be
more impacted than ABR. In fact, according to the previously existing
monitoring data from the Catalan Water Agency (ACA), SJD is the
most polluted section of the River. Since previous studies suggested
that the levels of PhACs could vary over time depending on the meteo-
rological conditions (Choi et al., 2008; Kolpin et al., 2004), the Llobregat
Riverwas sampled during four periods in order to investigate variations
in PhAC concentrations under different river flow conditions. With this
aim, sampling was performed fromOctober 2009 to July 2010, covering
four seasonal periods: Campaign A from 13/10/2009 to 11/11/2009
(Fall), Campaign B from 23/11/2009 to 18/12/2009 (Fall/Winter),
Campaign C from 10/03/2010 to 12/04/2010 (Winter/Spring), and
Campaign D from 09/06/2010 to 12/07/2010 (Spring/Summer).
Campaign A was a sampling period characterized by low flow condi-
tions (mean flows of 6.48 m3 s−1 in ABR and 5.82 m3 s−1 in SJD) but
with a typical short-lasting flood event (peak flows of 10.06 m3 s−1

in ABR and 19.98 m3 s−1 in SJD) in response to the first rainfall event
after summer. Campaign Bwas characterized by steady low flow condi-
tions (mean flows of 5.38 m3 s−1 in ABR and 4.16 m3 s−1 in SJD),
while campaign C was performed under high steady flow conditions
(mean flows of 25.01 m3 s−1 in ABR and 25.98 m3 s−1 in SJD). Finally,
campaign D started with a severe flood event (peak flows of
215.09 m3 s−1 in ABR and 111.72 m3 s−1 in SJD) followed by
high flow conditions (mean flow of 49.95 m3 s−1 in ABR and
34.03 m3 s−1 in SJD). River water samples were collected twice a
week over the four periods (9–13 samples per campaign and monitor-
ing site,) from the thalweg of the river. Composite water samples
were collected in 500 mL amber PET bottles that had been pre-rinsed
several times with deionized water in the laboratory, and were rinsed
with sample water onsite. Bottles were placed in a cooler (at 4 °C)
and delivered to the laboratory within 2 h. Samples were immediately
pre-treated (filtration) and stored in a refrigerator (−20 °C) until anal-
ysis within two days.

2.3. Pharmaceutical standards

We selected 73 PhACs from the major therapeutic groups based on
high frequency of usage, physico-chemical properties, and behavior
in WWTPs (Gros et al., 2010; Petrovic et al., 2006), (see Table S-2
in Supporting Information). The standards were purchased from
Sigma-Aldrich (Steinheim, Germany), Jescuder (Rubí, Spain); LGC
Promochem (London, UK) and Cerilliant (Texas, USA). Isotopically
labeled compounds were used for internal standard calibration. All stan-
dards were of purity grade (>98%). Stock standard solutions were
prepared on a weight basis in methanol, with the exception of

4 V. Osorio et al. / Science of the Total Environment 440 (2012) 3–13
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fluoroquinolones (water/methanol, (1:1) with 0.2% HCl), and codeine,
furosemide, butalbial, pentobarbital, and phenobarbital (acetonitrile).
After preparation, standardswere stored at−20 °C. Fresh stock solutions

of antibiotics were prepared monthly due to their limited stability, while
stock solutions for all other substanceswere prepared freshly every three
months. All PhACsweremixed by appropriate dilution of individual stock

ABR

SJD

Cardener River

Anoia River

GRAPH SCALE MEDITERRANEAN SEA

Rubi Stream

RUBÍ

ABRERA

MONISTROL DE 
MONTSERRAT

CASTELLBELL 
I EL VILAR

SANT FELIU DE 
LLOBREGAT

Fig. 1. Llobregat River: map of the basin indicating the sampling sites (stars): Abrera before junction with Anoia River (ABR), and Sant Joan Despí (SJD). Main WWTPs indicated as
big full circles along the Llobregat River and its main tributaries, Anoia River, Cardener River and Rubí stream.
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solutions inmethanol/water (1:3).Working standard solutionswere pre-
pared daily (Gros et al., 2009).

2.4. Chemical analysis

Prior filtration, an aqueous solution of 5% Na2EDTA was added to the
samples in order to achieve a final concentration of 0.1%. The 47-mm
glass fiber filters Whatman GF/F (0.7-μm pore size) and 0.45 μm
nylon membrane filters were used for the pre-treatment of samples
(Teknokroma, Barcelona, Spain). The solid-phase extraction (SPE) of the
samples of the dissolved phase was carried out with Oasis HLB cartridges
(6 mL, 200 mg) from Waters (Milford, MA), using a Baker vacuum sys-
tem (J.T. Baker, Deventer, The Netherlands).

The concentrations of the 73 PhACs (see Table S-3) were deter-
mined using a multi-residue analytical method based on LC-MS/MS
after SPE (Gros et al., 2009). Within 48 h, the samples were extracted
by SPE. The cartridges were rinsed with 5 mL of HPLC grade water,
and dried under vacuum for 15–20 min. After elution with 2×4 mL
of methanol, the extracts were evaporated to dryness under a gentle
stream of nitrogen and reconstituted with 1 mL of methanol/water
(1:3). For internal standard calibration, 20 μL of a 1 mg/L standard
mixture of the isotopically labeled compounds was added to the
final analytical sample.

Instrumental analysis was performed by LC, using a Symbiosis™ Pico
(SP104.002, Spark, Holland), equipped with an auto-sampler and
connected in serieswith a 4000QTRAPHybrid TripleQuadrupole – Linear
Ion Trap-MS equipped with a Turbo Ion Spray source (Applied
Biosystems-Sciex, Foster City, CA, USA). Target compoundswere separat-
ed on a Purospher Star RP-18 end-capped column (125 mm×2.0 mm,
particle size 5 μm)with a C18 guard column (4×2.0 mm), both supplied
byMerck (Darmstadt, Germany). Depending on the ionizationmode, dif-
ferent mobile phases were used. For the negative ionizationmode amix-
ture of acetonitrile/methanol (1:1, v/v) (eluent A) and HPLC grade water
(eluent B) at flow rate 0.2 mL/minwas used. The elution gradient started
at 20% eluent A, increasing to 80% in 20 min, raising to 90% in 4 min
and then, back to initial conditions within 3 min. The column was re-
equilibrated for 15 min before the next injection with a total time for
chromatographic analysis of 42 min. For analysis in positive ionization
mode, acetonitrile (eluent A) and HPLC grade water with 0.1% formic
acid (eluent B) were used. The elution gradient started with 5% eluent
A, increasing to 95% in 25 min, raising to 100% in 5 min and then, back
to initial conditions within 5 min. The column was re-equilibrated for
10 min and chromatographic analysis lasted 45 min. The sample injec-
tion volume was 20 μL in all chromatographic methods. Quantification
of PhACs was carried out in Selected Reaction Monitoring (SRM)
mode monitoring two transitions per analyte (see Table S-2).

2.5. Relationships between PhAC concentration and streamflow

Daily stream flow data measured in the gauge stations located in
the two sampling sites were obtained from the public website of
the ACA (http://www.gencat.cat/aca/).

Given the dramatic flow changes observed in the Llobregat River
during the period covered by the current study, this hydrological
parameter can be expected to be one of the most relevant driving
factors influencing PhAC concentrations. Therefore, it seems appro-
priate to investigate their relationship more in detail. For that purpose
a representative group of PhACs was selected to study their behavior
under river flow fluctuations that occurred during the different
monitoring periods. The selection criteria were based on their known
consumption, as well as their ubiquity and high concentration levels
found in this and other previous studies. In order to have a quantitative
insight into the relationship between PhAC levels and the hydrological
variability, we calculated both non-parametric Spearman correlations
and the relative sensitivity coefficients s of Ci vs Q in each sampling
site. Sensitivity coefficients may be defined in several ways, however

for the purpose of the present study the following approach was used
for each sampling site:

sCiQ
¼ σCi

σQ
⋅
μQ

μCi

¼ CVCi

CVQ
ð1Þ

where Ci refers to the compound concentration, Q refers to the
hydrological variable flow, and σ and μ are their standard deviations
and averages, respectively.

Relative sensitivity coefficients may be equivalently defined as the
ratio of the coefficients of variation (CV). It must be noted that the sen-
sitivity coefficients calculated in this way cannot be interpreted as sen-
sitivity coefficients calculated using a numerical model. In a typical
sensitivity exercise using a numerical model all the variability in C
would be promoted by variations in Q. But this was not our case, be-
cause the variability of both variables may not be fundamentally linked
in the observational data.

2.6. Modelling

Wemodeled the concentration of compound i (Ci) at a given moni-
toring site, which is assumed to be located downstream to an emission
source Ei. In practice, such emission can be associated to the discharge of a
single WWTP or more likely the pooled aggregation of several ones.
According to the plug-flow model (Chapra, 1997; Pistocchi et al., 2010)
Ci is described by:

Ci ξð Þ ¼ Ei
Q
e−kiτ ξð Þ ð2Þ

where ξ refers to the river length between the emission source and the
control point; Q is the riverflow (assumeduniform throughout the river
reach ξ); τ(ξ) is the traveling time (hydraulic residence time) from the
emission to the point of measurement, and ki the first-order decay con-
stant of the chemical which is assumed to embody all the contributing
decay processes. Rearranging Eq. (2) and considering Ei afixed quantity,
we can linearly relate the load of a compound at a given monitoring
point with ki:

ln Ci⋅Qð Þ ¼ lnEi−ki⋅τ ξð Þ: ð3Þ

Considering that in our water quality monitoring points Ci and Q are
knownquantities, a sound estimate of τ(ξ)will allowus tofit Ei and k by
least-squares linear regression using all the data available in each sta-
tion. The hydraulic residence time can be formulated as:

τ ξð Þ ¼ ξ
w

ð4Þ

where w is the mean water velocity in the reach of length ξ. In our
case, ξ is a rather imprecise quantity, since both sampling points
(ABR and SJD) receive several (n) WWTP effluents. Consequently,
it is not clear which length we should consider in Eq. (4). To over-
come this limitation and to account for all point sources upstream
each sampling point, we calculated a weighted ξ (ξw) considering
the distance to every upstream WWTP (ξj) and the corresponding
annual effluent volume (Vj) as a weighing variable:

ξw ¼

Xn

j¼1

ξj � Vj

� �

Xn

j¼1

Vj

: ð5Þ
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ξj was calculated using a digitized river network map in a GIS
platform, and ACA supplied Vj values for each WWTP. Finally, water
velocity relates with stream flow following:

w ¼ f ⋅QS ð6Þ

where f and S are site specific constants. In our case, representative
values for these constants in the watersheds defined by the two sam-
pling points (ABR and SJD) were estimated from information contained
in an extensive flood risk study performed by ACA, based on detailed
geomorphologic analysis of 1492 river cross sections in the Llobregat
River and tributaries.

The use of ξj as the characteristic length to calculate τ(ξ) embodies
an important assumption: it is supposed that the emission of a given
compound by each WWTP is proportional to its effluent volume. This
is roughly the same as suggesting that both consumption per capita
and removal efficiency are homogeneous across the basin. Moreover,
the use of ξj implies that Ei values should not be understood as the
actual loads from WWTP's, neither ki should be interpreted as a site
specific decay constant. They must be interpreted as characteristic
parameters in an idealized, lumped description of the watershed.

3. Results and discussion

3.1. Occurrence

More than 50 of the 73 target compounds were present in all
analyzed samples (Table S-3). Concerning therapeutic groups (Fig. 2),
anti-inflammatory drugs were generally the most ubiquitous com-
pounds and the therapeutic group with the highest total concentration
along the river section studied and throughout the monitoring cam-
paigns. Levels of anti-inflammatories ranged from 200 to 1100 ng/L in
ABR, whereas in SJD the range of concentrations was from 200 to
1800 ng/L. Individual concentrations of the detected compounds were
usually within the tens to hundreds of ng/L range. Ibuprofen, acet-
aminophen and diclofenac were the most concentrated anti-
inflammatory drugs, with concentrations in the mid-to-high ng/L
range (100–500 ng/L). Despite the high elimination rates in
WWTPs reported for ibuprofen, acetaminophen and ketoprofen
(Onesios et al., 2009; Jelic et al., 2011), the high concentrations of
these compounds in the Llobregat River can be explained by their
broad use as analgesics and anti-inflammatories in human medi-
cine as most of them are readily available as over-the-counter
drugs. In the case of diclofenac, the low removal rates in WWTPs
may be an additional cause (Gros et al., 2009). The frequency of
detection and average concentrations of antiinflammatories in the
Llobregat river were higher than those observed in other Spanish
rivers (Gros et al., 2007; Martin et al., 2011; Fernández et al.,
2011) due to the dilution effect in the Spanish rivers with high
flow (see Table 1). As for psychiatric drugs, carbamazepine is one
of the most prominent drugs with a long history of clinical usage,
and it is frequently found in the environment (Petrovic et al.,
2010). This drug has proved to be very recalcitrant during waste-
water treatment with elimination rates below 25% (Jelic et al.,
2011). Levels of carbamezapine (up to 160 ng/L) in the Llobregat
River were considerably higher than those reported for other Span-
ish rivers (Table 1). Lipid regulators are ordinarily applied drugs in
clinical practice. Bezafibrate is frequently detected in WWTPs and
reported contradictory removals from 36 to 54%, while fenofibrate
showed the highest removal (≈100%) (Jelic et al., 2011). In this
study, bezafibrate and fenofibrate were detected up to 15,060 and
250 ng/L, respectively. Trends for lipid regulators were the same as
those observed for analgesics and antiinflammatories. Hydrochlothiazide
presented the highest concentration detected in the Llobregat River
(≈1.140 μg/L) and rather higher than the observed in Henares–
Jarama–Tajo River system (Table 1). Besides these drugs, β-blockers,

which are prescription drugs, were also frequently detected in all the
river samples. For instance, atenolol and sotalol were detected at high
concentrations with maximums rather higher than those reported by
Ginebreda et al. (2010). Since contradictory removal rates during sewage
treatment were reported for such compounds (Jelic et al., 2011), occur-
rence of β-blockers in the Llobregat system cannot be explained in
terms of WWTP elimination. Numerous studies confirmed the ubiquity
of several antibiotics (i.e. ofloxacin, trimethoprim, sulfamethoxazole and
erythromycin) in surface waters, mainly due to their indiscriminate or
excessive use and because of low removals in the WWTPs such as b30%
for trimethoprim (Jelic et al., 2011). Regarding our study of Llobregat
River, trends for antibiotics were similar to those observed for
antiinflammatory drugs, with the exception of ofloxacin, which
was determined at higher concentrations in the present study.

Comparison of the results of the two sampling points indicated
that concentrations of PhACs were significantly higher downstream
(SJD) than upstream (ABR). Considering WWTPs as a main pathway
for aquatic contamination by PhACs (Gros et al., 2007), it is common
to observe higher concentrations downstream of the WWTP effluent
outlet compared to the upstream sampling point (Vieno et al., 2005;
Gros et al., 2007; Conley et al., 2008). However, some compounds
did not follow this general trend. Those analytes which were detected
in a high concentration in the surfacewater samples such as hydrochlo-
rothiazide in campaign A, norfloxacin in campaign B, and gemfibrozil
and diclofenac in campaign D, theywere present at considerably higher
levels in ABR than in SJD. These results suggest that natural attenuation
of PhACs occurred in the river by different degradation processes such
as photodegradation or biodegradation (Gonçalves et al., 2011).

3.2. Influence of seasonal variation

Comparison of concentration data measured for the different PhAC
classes throughout the different sampling campaigns (Fig. 2) revealed
a significant degree of variability. This behavior is common to the two
sites monitored. Due toWWTP effluent discharge raise, the throughput
of pollutants into the aquatic system is increased. Conversely, high
flows may contribute to sediment re-suspension and compound
re-dissolution. In any case, flow fluctuations are proposed to be one of
the most relevant governing factors of variability in the occurrence of
PhACs in the river section studied.

The relationship between PhAC concentration and river flow along
the sampling period (Fig. 3) for the two sites monitored roughly
evidences an opposite trend, which points to an inverse dependence
between flow and concentration thus supporting dilution as the
main factor. This appraisal is quantitatively supported by their non-
parametric correlation using Spearman coefficient (Table S-4).
With the exception of erythromycin and others with no significant
correlation, the great majority of PhACs selected showed a negative
relationship with flow, meaning that their levels decreased when
flow increased. Significant values of r(CX/Q) obtained, ranged from
−0.305 (diclofenac) to 0.807 (sulfamethoxazole) in ABR while in
SJD correlation coefficients ranged from −0.405 (hydrochlorothia-
zide) to −0.796 (sulfamethoxazole). These results are in agreement
with the expected dilution effects of pollutants as a consequence of
increased river flow. In general, better correlation was observed in
ABR. This fact can be explained by the higher contribution of WWTP
effluent discharge and other anthropogenic pressure to which the
river section comprised between ABR and SJD is subjected, and that
may play a significant role in the variability of flow dynamics in SJD
site and consequent PhAC response. The complex relationship between
PhAC concentration and river flow in SJD is reinforced when sensitivity
values are also considered (Fig. 4). Selected PhACs were in general
more sensitive to flow in the monitoring site SJD, with a mean
value of S(CX/Q) of 1.46 compared to the corresponding one in ABR
(S(CX/Q)=0.96). PhAC concentrations in ABR exhibited S(CX/Q)
values in the range of 0.56 for furosemide to 1.82 for erythromycin
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while in SJD they varied from S(CX/Q)=0.71 for ibuprofen to S(CX/Q)=
2.76 for erythromycin. Nevertheless, some PhACs showed the same in-
consistencies than those observed in a former study (Osorio et al.,
2012), which concluded in the need for taking into account other envi-
ronmental factors.

Seasonal variations caused by other factors affecting environmen-
tal conditions like temperature or UV radiation are supposed to be
important sources of variability influencing dynamics and fate of
PhACs. Degradation processes (i.e. photodegradation and biodegrada-
tion), sorption on sediments, seasonal related specific PhAC human
consumption and WWTP operation efficiency (% of PhAC removal)
can be some among the possible contributing factors. As far as degra-
dation is concerned, biodegradation and sorption are the two key pro-
cesses with biodegradation being the dominant one (Ternes et al., 2004;
Clara et al., 2005; Urase and Kikuta, 2005). Bothmechanisms are temper-
ature dependent. For many compounds, sorption increases with decreas-
ing temperature whereas biodegradation efficiency decreases at lower
water temperatures (Hulscher and Cornelissen, 1996). Since efficient
nitrogen removal by nitrification process has been associated with high
removal of biodegradable pharmaceuticals (Clara et al., 2005), the lack
of nitrifying microorganisms during winter, owing to low water temper-
ature (b10 °C) has been proposed as the cause of the poor removal of
PhACs in WWTPs observed during winter season (Lacey et al., 2012).
Total concentrations of PhACs determined in ABR were up to 2000 ng/L
during October/November and slightly higher (2500 ng/L) during
November/December-March/April. The minimum levels observed
during June/July with 1400 ng/L could be explained by the high
temperatures during this season and thus better elimination rates
of PhACs in WWTPs, as well as improved natural degradation
processes (photodegradation due high UV solar radiation, biodegra-
dation) and decrease of human consumption during this period. This
hypothesis is reinforced by the similar behavior observed in SJD
sampling point. Higher concentrations were detected in colder periods:
35,000 ng/L and 12,000 ng/L during October/November and November/
December respectively; and similar levels up to 3500 ng/L within
March/April–June/July. These results were consistent with former re-
search on this field (Martin et al., 2011; Wu et al., 2009) and evaluation
studies of performance of WWTPs under seasonal variation (Lacey et al.,
2012; Sui et al., 2011). On the other hand, Fernandez et al. (2011)

observed an opposite relationship between the occurrence of PhACs
and seasonal variation, with drastically higher concentrations in Septem-
ber than in December, which was supposed to be due to pollutant dilu-
tion by seasonal rainfall concentrated within the period of October–
December. Rainfall can either dilute the concentrations of PhACs in
WWTP effluents or concentrate these pollutantswhen removal efficiency
is lowered due to reduced Hydraulic Retention Time (HRT) in WWTPs
(Sui et al., 2011).

The joint consideration of all the above influencing factors may be
a cumbersome complex task that can be only approached by an
appropriate modeling. Feasibility of a given model is usually limited
by the available information concerning the required parameteriza-
tion. In the next section we would like to describe the application
and results obtained using a preliminary simple plug-flow model
(Pistocchi et al., 2010).

3.3. River plug-flow modeling

Results from fitted models for eight of the 18 tested compounds
showed significant negative k values at both sampling sites
(Table 2). Apparently, Erythromycin was the tested compound that
is more efficiently removed from the water column, with k values
around −0.15 h−1 at both sampling sites. Models for Ibuprofen,
Furosemide, Enrofloxacin, Enalapril, Acetaminophen, Diclofenac, and
Ketoprofen showed k values between −0.04 and −0.10 h−1. k for
Spiramycin was also negative in ABR and SJD, but was significant
just at the former. Only the model for Sulfamethoxazole was assigned
with a positive, significant k value at both sampling sites (Table 2).
The model for Sotalol was fitted with a positive k at both sampling
sites, but the value was significant only at ABR. Models for the
remaining compounds were non-significant for k, suggesting that
they were fundamentally conservative in river reaches under the
environmental conditions prevailing during this study. In coherence
with the occurrence data, Ibuprofen was by a large amount the com-
pound with the largest emission (E, Table 2), followed by Acetamino-
phen, Erythromycin, Furosemide, and Diclofenac.

First order decay (k) values for the same compound at the differ-
ent sampling sites were similar (Fig. 5B), which was a remarkable
result considering the simplicity of our approach. Only k values for

Table 1
Range of concentrations in ng/L of a selection of the more representative PhACs, determined in surface waters from Spanish river systems, corresponding to previous studies in the
Llobregat, Ebro, Henares–Jarama–Tajo; as well as in the present one.

Compound Llobregat
Oct 09–Jul 10
(present study)

Llobregat
Jun 05–May 06
(Ginebreda et al., 2010)

Ebro
Jun and Nov 05
(Gros et al., 2007)

Henares–Jarama–Tajo
Feb 08–Dec 08
(Fernández et al., 2011)

Min Max Min Max Min Max Min Max

Ketoprofen 0.7 224.9 160.0 2710.0 bLOD 144.0 0.3 991.0
Ibuprofen 2.7 868.0 160.0 9890.0 2.0 8.0 6.3 2784.0
Diclofenac 0.4 785.9 80.0 18740.0 bLOD 56.0 0.7 156.0
Acetaminophen 4.4 1059.8 60.0 2420.0 – – 0.1 43.3
Benzafibrate 0.2 217.1 30.0 15060.0 4.0 37.0 0.3 46.0
Carbamazepine 1.2 266.7 80.0 3090.0 11.0 90.0 0.3 104.0
Atenolol 0.0 251.2 50.0 670.0 160.0 465.0 1.9 334.3
Sotalol 0.1 3552.6 110.0 1820.0 – – – –

Erythromycin 0.0 362.5 10.0 107.0 bLOD 71.0 – –

Sulfamethoxazole 0.2 1500.0 30.0 11920.0 22.0 169.0 0.1 23.7
Trimethoprim 0.0 35.6 20.0 470.0 10.0 69.0 0.4 23.3
Hydrochlorotiazide bLOQ 2435.5 – – – – 4.2 960.3
Metoprolol 0.1 3960.0 10.0 180.0 – – 1.8 26.0
Ofloxacin bLOD 488.4 160.0 160.0 bLOD 146.0 – –

Fig. 2. Box plot indicating log concentration ranges and average values of the target compounds monitored, classified by therapeutic groups of pharmaceuticals in the two sampling
points (ABR and SJD) studied along the four sampling campaigns (A, B, C and D). Each box plot includes a number of measures which corresponds to the sum of individual com-
pound levels, of each therapeutic group, along the Llobregat river section studied, for all the sampling campaign. Analgesics and Antiinflammatories (AAF), Psychiatric Drug Treat-
ment (PDT), Antibiotics Sulfonamides (ABS), Blood Pressure Regulators (BPR), Lipid Regulators (LIR), β-Blockers (BBL), Antibiotics Macrolides (ABM), Antibiotics Fluoroquinoles
(ABF), Barbiturates (BBT), Diuretics (DIU), Antibiotics Tetracyclines (ABT), Antibiotics Others (ABO), Histamine H1 and H2 Receptor Antagonists (HRA), Cancer Treatment
(CAT), Broncodilators (BCD), Veterinary use (VET), Fungicides (FUN), Antidiabetics (ADB).
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Atenolol, Solatol, Furosemide, and Enrofloxacin were considerably
different between sampling sites. On the other hand, models for
most compounds showed larger E values in SJD (Fig. 5A), a result an-
ticipated by the occurrence data and the distribution of main WWTPs
in the basin. All these results support the validity of our modeling ap-
proach and suggest that fitted k and E values can be used as descrip-
tors of aggregate properties of the watershed upstream sampling
points.

In general, modelswith the largest E showmore negative k (r2=0.64,
pb0.0001, n=36) and explain more variability (r2=0.65, pb0.0001,
n=36). This might suggest that part of the observed dynamics could be
altered by lack of precision during model fit of low concentration com-
pounds. However, PhAC mean concentration measured in the river did
not correlate with the model parameter values. Therefore, although the
influence of precision cannot be ruled out, it did not play a major role
on modeling results. Obviously, part of the relationship between E and
k relies on the fact that component loads cannot attain negative values
and we selected compounds detected during different hydrological

conditions for modeling, imposing a lower limit that affects particularly
compounds with small E. But it is remarkable that components with
large E always showed significant, negative k values with crisp (i.e. high
explained variance) relationships between loads and hydraulic residence
time (Eq. (3)). However, our study did not strongly support a biogeo-
chemical relationship between E and k because while we found consis-
tent (but weak) differences in E values at both sampling points
(Fig. 5A), k values remained basically identical (Fig. 5B). Nevertheless,
the potential relationship between E and k suggested in our modeling
results deserves further research, because the dependence of k on E
would have important environmental implications.

One of the values of thiswork is thatwe provided kfigures for PhACs
in river channels, a kind of information very scarce in the literature. In
spite of this, our results agreed with recent findings for Ibuprofen that
assigned river k values between −0.07 and −0.23 h−1 (Fono et al.,
2006; Lin et al., 2006; Kunkel and Radke, 2011). Our results also com-
pared well with other studies supporting that Bezafibrate is a conserva-
tive compound (i.e., k=0) in river channels (Radke et al., 2010; Kunkel
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and Radke, 2011). Diclofenac has been described both as a conservative
compound (Johnson et al., 2007; Kunkel and Radke, 2011) and as a
degrading substance (k~−0.15, Radke et al., 2010), being the latter
closer to our modeling results. Finally, Atenolol and Solatol have been
described as conservative compounds (Alder et al., 2010), while our
modeling results gave near zero to positive k values. Positive k values
may be tentatively related to a re-suspensionmechanism from the sed-
iments, but this would imply more re-suspension during low-flow
periods (i.e. large τ), a difficult claim to maintain. We do not have a de-
finitive explanation for positive k values in part because we cannot
guarantee that important assumptions of our model (mainly temporal
invariability of consumption per capita and removal efficiency at
WWTPs) were not violated to a large extent for these compounds
(Atenolol, Solatol, Clarythromycin, and particularly Sulfamethoxazole).

However, it must be acknowledged that information in the litera-
ture about the fate of PhACs in river channels is totally inconclusive.
For instance, in a recent review Pal et al. (2010) gave k figures for
Ibuprofen that are orders of magnitude lower than those reported
here and in references above, even after summation of different
processes (photodegradation and biodegradation). For Diclofenac
only a laconic “rapid” was given. For most compounds not even a single
value can be found in the literature. With no doubt, more research is
needed in this field, and the simple approach applied in this work may
be a convenient option to accumulate data beforemore detailed empirical
studies disentangle the concrete biogeochemical processes at play.

Another problem in the current literature about the fate of PhACs
in river channels is that almost all retention metrics are expressed as
a first order decay rate (k). In non-engineered systems this may be
inconvenient, because k is in fact a volumetric constant that carries
the effect of potential varying depths. In absence of conclusive
results about the prevalence of the different removal mechanisms
(photodegradation, sorption, biodegradation, etc.) in streams, we
cannot discard that removal processes are dominated by benthic pro-
cesses. In this case, the use of k as a descriptor of removal processes is

not the best option, because k values are not independent on the par-
ticular combination of hydrological and geomorphologic properties of
the system under study, turning comparison between different
systems problematic. If benthic processes dominate contaminant
removal, a much more convenient metric considers decay as a flux
across the sediment/water interface, by means of a mass transfer
coefficient (vf, m h−1):

k ¼ vf
h

ð7Þ

where h is thewater depth inmeters. vf is a scale free parameter (Stream
Solute Workshop, 1990) that lumps all biogeochemical processes
involved in contaminant removal from the water column without the
direct effect of the hydrology/geomorphology, contained in h. The gener-
alization of vf as a reference for contaminant removal (or at least the
inclusion of h along with k values) would result in a wiser comparison
between sites and contrasting hydrological conditions. For the reader's
convenience, we reported vf values resolved as in Eq. (3) but solving for
vf instead of k (Table 2).

4. Conclusions

Occurrence of pharmaceutical compounds in Mediterranean rivers
like the Llobregat is subjected to a pronounced seasonal variation.
This fact can be partially explained in terms of the extreme flow
changes characteristic of the Mediterranean hydrology. For instance,
in the case studied flow peaks during the rainy season exceeded by
up to two orders of magnitude with the base river flow directly affect-
ing concentration. However several other concurrent phenomena
(eventually operating in opposite directions) like re-suspension,
sorption, degradation, the variable hydraulic residence time of the
circulating river, or performance of the discharging WWTPs may
give rise to a complex pattern, which can be only disentangled
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through an appropriate modeling approach. In that context, we have
attempted to develop a preliminary plug-flow model, which has
allowed explaining the observed variations in the load of the most
relevant compounds analyzed in two river sites in terms of the circu-
lating flow and two compounds' characteristic parameters, i.e. a pa-
rameter associated to the average load discharged upstream and
another one interpretable as the overall decay constant during the
circulating time. The results obtained for the two sites studied show
consistency and the proposed method can be thus qualified as poten-
tially useful for management purposes at basin or water-body scale.
The concurrent reporting of a volumetric and an areal removal rate
is recommended in absence of conclusive results about the preva-
lence of the different removal mechanisms in river channels.
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WWTP Effluent Discharge Point
Flow Treated

(m3/day)
h-e treated

Manresa Cardener (before CB) 25.962 118.993

Pont de Vilomara Llobregat (before CB) 514 3.598

Castellbell i El Vilar Llobregat (before CB) 2.537 7.146

Monistrol de Montserrat Llobregat (between CB and MPT) 1.654 9.759

Abrera Llobregat (after MPT) 15.597 77.985

Rubí Rubí (between MPT and SJD) 21.865 171.758

Martorell Anoia (between MPT and SJD) 6.778 46.768

Sant Feliu de Llobregat Llobregat (between MTP and SJD) 72.000 320.000

h-e equivalent per habitant

Table S-1.  Characteristics of the main WWTP that discharge into the studied section of the 
Llobregat River.
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Therapeutic group Compounds CAS number Molecular formula Rt (min) Precursor ion (m/z) SRM 1 SRM 2

Analgesics and Anti-
inflammatories (AAF) Ketoprofen (a) 22071-15-4 C16H14O3 14.9 253 [M-H]- 209 -

Ibuprofen (a) 15687-27-1 C13H18O2 19.2 205 [M-H]- 161 -

Indometacine (b) 53-86-1 C19H16ClNO4 20.6 356 [M-H]- 312 214

Diclofenac (a) 15307-86-5 C14H11Cl2NO2 19.9 294 [M-H]- 250 -

Mefenamic acid (b) 61-68-7 C15H15NO2 21.1 240 [M-H]- 196 297

Acetaminophen (b) 103-90-2 C8H9NO2 3.6 150 [M-H]- 107

Propiphenazone (c) 479-92-5 C14H18N2O 15.3 231 [M+H]+ 56 148

Phenybutazone (b) 1698-60-8 C10H8ClN3O 20.7 309 [M+H]+ 77 250

Phenazone (b) 50-33-9 C19H20N2O2 9.8 189 [M+H]+ 56 314

Codeine (d) 76-57-3 C18H21NO3 7.4 300 [M+H]+ 152 130

Naproxen (a) 22204-53-1 C14H14O3 14.3 229 [M-H]- 185 285

Lipid regulators (LIR) Clorifibic acid (b) 882-09-7 C10H11ClO3 12.9 213 [M-H]- 127 -

Gemfrobizil 25812-30-0 C15H22O3 24.3 249 [M-H]- 121 180

Benzafibrate (b) 41859-67-0 C19H20ClNO4 16.7 360 [M-H]- 274 85

Fenofibrate (b) 49562-28-9 C20H21ClO4 25.2 361 [M+H]+ 139 160

Atorvastatine (c) 134523-00-5 C33H35FN2O5 19.8 559 [M+H]+ 440 154

Mevastatine (b) 73573-88-3 C23H34O5 21.5 391 [M+H]+ 185 169

Pravastatin 81093-37-0 C23H36O7 14.2 447 [M+H]+ 327 576

Psychiatric drugs
Treatment (PDT) Fluoxetine (b) 54910-89-3 C17H18F3NO 15.1 310 [M+H]+ 44 -

Paroxetine (c) 61869-08-7 C19H20FNO3 14.4 330 [M+H]+ 192 773

Diazepam (d) 439-14-5 C16H13ClN2O 18.1 285 [M+H]+ 193 267

Lorazepam (d) 846-49-1 C15H10Cl2N2O2 15.7 323 [M+H]+ 174 -

Carbamazepine (b) 298-46-4 C15H12N2O 14.7 237 [M+H]+ 194 -

Histamine H1 and H2 
receptor antagonists
(HRA)

Famotidine (b) 76824-35-6 C8H15N7O2S3 6.3 338 [M+H]+ 189 -

Ranitidine (b) 66357-35-5 C13H22N4O3S 6.5 315 [M+H]+ 176 159

Cimetidine (b) 51481-61-9 C10H16N6S 6.3 253 [M+H]+ 95 190

Loratadine (b) 79794-75-5 C22H23ClN2O2 17.5 383 [M+H]+ 337 600

β-Blockers (BBL) Atenolol (b) 29122-68-7 C14H22N2O3 6.2 267 [M+H]+ 145 82

Sotalol (b) 3930-20-9 C12H20N2O3S 6.1 273 [M+H]+ 213 166

Metoprolol (b) 37350-58-6 C15H25NO3 10.2 268 [M+H]+ 121 244

Propanolol (b) 525-66-6 C16H21NO2 12.5 260 [M+H]+ 116 92

Timolol (b) 26839-75-8 C13H24N4O3S 9.8 317 [M+H]+ 261 154

Betaxolol (b) 63659-18-7 C18H29NO3 12.9 308 [M+H]+ 116 -

Carazolol (b) 57775-29-8 C18H22N2O3 11.8 299 [M+H]+ 116 573

Pindolol (b) 13523-86-9 C14H20N2O2 8.8 249 [M+H]+ 116 201

Nadolol (b) 42200-33-9 C17H27NO4 8.5 310 [M+H]+ 254 -

Cancer Treatment
(CAT) Tamoxifen (b) 10540-29-1 C26H29NO 19.4 372 [M+H]+ 72 -

Fungicides (FUN) Metronidazole (b) 443-48-1 C6H9N3O3 5.8 172 [M+H]+ 172

Antibiotics     
Macrolids (ABM)

Erytromicin (b) 114-07-8 C37H67NO13 13.4 734 [M+H]+ 158 65

Azythromicin (b) 83905-01-5 C38H72N2O12 10.9 749 [M+H]+ 591 132

Roxythromycin (b) 80214-83-1 C41H76N2O15 15.1 838 [M+H]+ 158 158

Clarithromicin (b) 81103-11-9 C38H69NO13 14.6 748 [M+H]+ 591 123

Tylosin (b) 1401-79-0 C46H77NO17 14.1 916 [M+H]+ 174 121

Table S-2. Target compounds, identification number (CAS), molecular formula and QqLIT-MS/MS parameters used 
for quantification (SRM 1) and confirmation (SRM 2 and Rt) of each compound by SRM negative ([M-H]-) and 
Positive ([M+H]+) ionization.
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Josamycin (b) 16846-24-15 C42H69NO15 15.6 828 [M+H]+ 174 189

Spyramicin (b) 8025-81-8 C43H74N2O14 10.7 843 [M+H]+ 174 133

Tilmicosin (b) 10850-54-0 C46H80N2O13 11.8 869 [M+H]+ 696 222

Antibiotics 
Fluoroquinolones
(ABF)

Ofloxacine (b) 82419-36-1 C18H20FN3O4 9.2 362 [M+H]+ 261 98

Ciprofloxacine (b) 85731-33-1 C17H18FN3O3 9.4 332 [M+H]+ 288 201

Enrofloxacine (b) 93106-60-6 C19H22FN3O3 9.9 360 [M+H]+ 316 147
Norfloxacin (b) 9.3 320 [M+H]+ 302 -
Enoxacine (b) 74011-58-8 C15H17FN4O3 8.9 321 [M+H]+ 303 261

Danofloxacin (b) 112398-08-0 C19H20FN3O3 9.7 358 [M+H]+ 340 231

Antibiotics 
Tetracyclines (ABT)

Tetracycicline (b) 60-54-8 C22H24N2O8 11.8 445 [M+H]+ 428 444

Doxicycline (b) 564-25-0 C22H24N2O8 9.7 445 [M+H]+ 410 124

Oxytetracycline (b) 79-57-2 C22H24N2O9 9.2 461 [M+H]+ 426 234

Chlortetracycline (b) 57-62-5 C22H23ClN2O8 11.4 479 [M+H]+ 462 540

Antibiotics 
Sulfonamides (ABS)

Sulfamethoxazole (b) 723-46-6 C10H11N3O3S 12.5 254 [M+H]+ 156 -

Sulfadiazine (b) 68-35-9 C10H10N4O2S 7.3 253 [M+H]+ 156 259

Sulfamethazine (b) 57-68-1 C12H14N4O2S 9.5 279 [M+H]+ 186 -

Antibiotics Others 
(ABO) Trimethoprim (b) 738-70-5 C14H18N4O3 8.8 291 [M+H]+ 230 -

Chloramphenicol (b) 56-75-7 C11H12Cl2N2O5 15.1 323 [M-H]- 152 -

Nifuroxazide (b) 965-52-6 C12H9N3O5 12.8 276 [M+H]+ 121 183

Bronchodilators (BCD) Salbutamol (b) 18559-94-9 C13H21NO3 5.7 240 [M+H]+ 148 127

Blood pressure
Regulators (BPR)

Enalapril (b) 75847-73-3 C20H28N2O5 12.5 377 [M+H]+ 234 174

Lisinopril (b) 83915-83-7 C21H31N3O5 8.1 406 [M+H]+ 84 92

Diuretics (DIU) Furosemide (b) 54-31-9 C12H11ClN2O5S 13.3 329 [M-H]- 205 85

Hydrochlorothiazide (b) 58-93-5 C7H8ClN3O4S2 6.1 296 [M-H]- 78 66

Antidiabetic (ADB) Glibenclamide (b) 10238-21-8 C23H28ClN3O5S 20.7 494 [M+H]+ 369 -

Barbiturics (BBT) Phenobarbital (d) 50-06-6 C12H12N2O3 14.2 231 [M-H]- 188 -

Pentobarbital (d) 76-74-4 C11H18N2O3 18.6 225 [M-H]- 182 154

Butalbial (d) 77-26-9 C11H16N2O3 16.6 223 [M-H]- 180 194

Veterinary use (VET) Clenbuterol (b) 37148-27-9 C12H18Cl2N2O 10.3 277 [M+H]+ 203 245

Flumequine (b) 42835-25-6 C14H12FNO3 15.4 262 [M+H]+ 202 -

Internal standards Phenobarbital-d5 (IS) (d) 14.2 236 [M-H]- 193 197
Diazepam-d5 (IS) (d) 17.6 290 [M+H]+ 198 229
Fluoxetina-d5 (IS) (a) 15.3 315 [M-H]+ 153 679
13C-Fenacetin (IS) (a) 12.7 181 [M+H]+ 139 303
Sulfatiazol-d4 (IS) (e) 8.2 260 [M+H]+ 160 115
Ibuprofen-d3 (IS) (g) 19.1 208 [M-H]- 164 85
Mecoprop-d3 (IS) (f) 14.8 218 [M-H]- 146 169
Atenolol-d7 (IS) (g) 6.2 274 [M+H]+ 145 255
Carbamazepina-d10 (g) 14.5 247 [M+H]+ 204 -

(a) Sigma-Aldrich (Steinheim, Germany); (b) Jescuder (Rubí, Spain); (c) LGC Promochem (London, UK); (d) Cerilliant (Texas, USA); (e) 
Toronto Research Chemicals (Canada); (f) Dr. Ehrenstorfer (Augsburg, Germany); (g) CDN isotopes (Quebec, Canada).
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Compound

ABR SJD

r p r p

Ketoprofen -0.552 <0,001 + n.s.

Ibuprofen - n.s. + n.s.

Diclofenac -0.305 0.049 -0.568 <0,001

Acetaminophen - n.s. - n.s.

Benzafibrate -0.696 <0,001 -0.599 <0,001

Lorazepam -0.772 <0,001 -0.606 <0,001

Carbamazepine -0.604 <0,001 -0.645 <0,001

Atenolol -0.713 <0,001 -0.707 <0,001

Sotalol -0.786 <0,001 -0.732 <0,001

Erytromicin 0.396 0.010 0.348 0.024

Clarithromicin -0.736 <0,001 -0.656 <0,001

Spyramicin -0.393 0.010 -0.458 0.002

Enrofloxacine + n.s. - n.s.

Sulfamethoxazole -0.807 <0,001 -0.796 <0,001

Trimethoprim -0.654 <0,001 -0.487 0.001

Enalapril - n.s. - n.s.

Hydrochlorothiazide -0.688 <0,001 -0.405 0.009

Furosemide 0.363 0.018 - n.s.

 

 

 

Table S-4.  Results of spearman correlation test of levels of selected 
PhACs versus river flow recorded all through the four sampling periods 
in sampling sites ABR and SJD.

 

Fl
ow

 (m
3 /

s)

Figure S-1. Historical diagram of the Llobregat River flow recorded at Sant Joan Despí.
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4.4. Article: “Concentration and risk of pharmaceuticals in freshwater systems are related to the population 
density and the livestock units in Iberian Rivers”
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• Spatial distribution of pharmaceuticals
was assessed across 4 Iberian River ba-
sins.

• Ecotoxicological effects of pharmaceuti-
cals to aquatic biota were estimated in
SW.

• Hotspots of pharmaceuticals concentra-
tion and ecotoxicological risk
were identified.

• Concentration and ecotoxicological risk
was related to human/animal pressure.
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Considerable amounts of pharmaceuticals are used in human and veterinary medicine, which are not efficiently
removed duringwastewater and slurries treatment and subsequently entering continuously into freshwater sys-
tems. The intrinsic biological activity of these non-regulated pollutants turns their presence in the aquatic envi-
ronment into an ecological matter of concern. We present the first quantitative study relating the presence of
pharmaceuticals and their predicted ecotoxicological effects with human population and livestock units. Four
representative Iberian River basins (Spain) were studied: Llobregat, Ebro, Júcar and Guadalquivir. The levels of
pharmaceuticals were determined in surface water and sediment samples collected from 77 locations along
their stream networks. Predicted total toxic units to algae, Daphnia and fish were estimated for pharmaceuticals
detected in surface waters. The use of chemometrics enabled the study of pharmaceuticals for: their spatial dis-
tribution along the rivers in two consecutive years; their potential ecotoxicological risk to aquatic organisms; and
the relationships among their occurrence and predicted ecotoxicity with human population and animal farming
pressure. The Llobregat and the Ebro River basins were characterized as themost polluted and at highest ecotox-
icological risk, followed by Júcar and Guadalquivir. No significant acute risks of pharmaceuticals to aquatic organ-
isms were observed. However potential chronic ecotoxicological effects on algae could be expected at two hot
spots of pharmaceuticals pollution identified in the Llobregat and Ebro basins. Analgesics/antiinflammatories, an-
tibiotics and diuretics were the most relevant therapeutic groups across the four river basins. Among them, hy-
drochlorothiazide and gemfibrozil, as well as azithromycin and ibuprofen were widely spread and concentrated
pharmaceuticals in surface waters and sediments, respectively. Regarding their predicted ecotoxicity, sertraline,
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gemfibrozil and loratidine were identified as the more concerning compounds. Significantly positive relation-
ships were found among levels of pharmaceuticals and toxic units and population density and livestock units
in both surface water and sediment matrices.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Freshwaters receive considerable inputs of non-regulated pollut-
ants like pharmaceutically active compounds (PhACs), which are
consumed by human population and used in livestock farming
(Kemper, 2008; Awad et al., 2014). Reliable information about
PhACs consumption patterns in livestock farming and treatment of
humans is scarce but a straightforward approach to indirectly assess
them is their determination in PhAC-impacted surface waters. Up to
now, the occurrence of more than 200 different PhACs has been
reported in lakes, rivers and streams, for instance at concentrations
of up to a maximum of 6.5 mg L−1 for the antibiotic ciprofloxacin
(Petrie et al., 2015; Hughes et al., 2013). Of particular concern are
antibiotics, which are used in great quantities in animal farming
not only for therapeutic purposes (see Kools et al., 2008), but they
are also administered to healthy livestock to promote growth (Van
Boeckel et al., 2015). The second important source of PhACs in
surface waters is expectedly the human population. The combined
effects of improved health standards in developing countries with
their rapidly growing populations and of aging populations in
industrialized nations are anticipated to lead to an increase in the
consumption of PhACs and ultimately their environmental burden. To
date most publications on the environmental occurrence of PhACs
study their presence in different matrices in conjunction with their
spatial and temporal distribution. In many studies the sites with the
highest levels of PhACs were located in the vicinity of big cities with
high population densities (Fernández et al., 2010).

The intrinsic biological activity of PhACs turns their presence in
the aquatic environment into an ecological matter of concern,
since, despite intense research over the past 15 years, there are still
substantial knowledge gaps in terms of chronic effects on non-
target aquatic organisms and the effects on ecosystem functioning
and biodiversity loss (Bartelt-Hunt et al., 2011; Hughes et al.,
2013). Recently, several studies conducted at laboratory scale
showed that some PhACs can act as endocrine disruptors suspected
of causing intersex, while the widespread presence of antibiotics
has been shown to lead to the selection of antibiotic resistant bacte-
ria in the environment.

The application of chemometrics in environmental studies has
facilitated the assessment of a huge volume of data and thus allowing
statistically reliable conclusions (Mas et al., 2010). The more recent
research on the environmental occurrence of PhACs has been carried
out relying on chemometrics (Dai et al., 2015; Jia et al., 2011). The
role of livestock and agricultural activities was proposed as a source
of antibiotic contamination in the Huangpu River (Jiang et al., 2011).
In other studies, however, the use of chemometrics allowed to statis-
tically identify human discharge as the main source of antibiotic
sulfonamides and other PhACs to Liaodong Bay and Beiyun River
(China) (Jia et al., 2011; Dai et al., 2015). However to the best of
our knowledge there are no quantitative studies in the literature
relating their presence and their predicted ecotoxicity with human
population and livestock. In this context, this study aimed (I) to
determine the presence of the contaminants in four main river basins
of the Iberian Peninsula, (II) to evaluate their spatial and temporal
distribution between water and sediment compartments of the
river along the four river basins, (III) to assess the ecotoxicological
risk to aquatic organisms related to the PhAC presence in these
freshwater systems and to correlate the predicted risk with sources of
emission.

2. Materials and methods

2.1. River basins

Four representative SpanishRiver basins and77 sampling sites located
along their streamnetworkswere studied: Llobregat (15 sites), Ebro (23),
Júcar (15) and Guadalquivir (24) river basins (see Fig. S-1 in supporting
material). These sampling sites were subjected to very different kind
and degree of stresses, with some sites in clean headwater reaches and
the others at various positions along the stream network. The Llobregat
River (NE, Spain) is 156 km long and drains a 4957 km2 catchment. This
typicallyMediterranean river is characterized by a highly variable hydrol-
ogy, which is strongly influenced by seasonal rainfall. The Ebro River (NC-
NE, Spain) is 910 km long and drains an area of 85,534 km2. Due to its
larger size, the river covers contrasting climates thus being characterized
by a complex hydrological regime. The Júcar River (E, Spain) is 498 km
long and drains a 21,632 km2 catchment. Its hydrology is typically Medi-
terranean, with considerable hydrologic variability and rapid alternation
of droughts and floods. The Guadalquivir River (S, Spain) is 657 km long
and drains a 57,527 km2 catchment. The entire basin is under a Mediter-
ranean climate, receiving some influence from the Atlantic Ocean in the
lowest part. Summer droughts are especially severe as a result of high
temperature and lack of rain. These basins are characterized by a high
population, agricultural and industrial pressure. As a consequence,
water pollution is common all along these Iberian River basins. To test
the relationship between the sources of PhACs, i.e. humans and livestock,
and the occurrence of PhACs in the water and the sediments, we proc-
essed geographic data. Raster layers provided by the Food andAgriculture
Organization of the United Nations (FAO, http://www.fao.org) were used
to calculate the humanpopulation density and the livestock units (LSU) at
each of the catchments. For the human population the 2015 estimate of
global population map was used with a pixel size of 2.5 arc-minutes.
The livestock densities were obtained for 2014 as separate layers for cat-
tle, pigs, sheep, goats and chickenwith a pixel size of 0.5 arc-minutes. The
density values of those layersweremultiplied by the coefficients specified
in Eurostat (http://ec.europa.eu/eurostat) for each kind of animal:
cattle = 1, pigs = 0.5, sheep and goat = 0.1 and chicken = 0.014.
Thosemultiplied valueswere summed to obtain a new layer representing
the livestockunits (LSU), i.e. the cattle-equivalent density of domesticated
animals at each pixel. This aggregation is based on the nutritional require-
ments of the animals, but we used it as an approach to represent the
stockbreeding intensity as a source of PhACs in our sites. Both for the
population density and for the LSU the average value of the pixels located
in the upstream catchment for each of the sampling site was used as
descriptor. The subcatchments in the four basins studied (Llobregat,
Ebro, Júcar and Guadalquivir) spanned two orders of magnitude in
terms of population density (from 1.8 to 208.7 human km−2) and an
order of magnitude for LSU (from 10.9 to 147.4 LSU km−2) (Fig. 1). The
population density was significantly higher in the catchments of Guadal-
quivir and Llobregat and lowest in Júcar, with Ebro showing values in
between (ANOVA: F3,73: 70.37, p b 0.0001) (Table S-1). On the other
hand, the highest values for LSU were estimated for Llobregat, followed
by Ebro and then byGuadalquivir and Júcar. Both variableswere uncorre-
lated to each other (Pearson r = 0.094, p = 0.42).

2.2. Sampling campaign and sample analysis

Two extensive field campaigns were carried out in autumn 2010
(C1) and 2011 (C2) under different hydrological conditions. The
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autumn of 2010 was characterized by intense precipitation, which
resulted in the high flow of Iberian rivers, while the autumn 2011 was
dry and the river flows were low. Grab surface waters (SW) and bed
sediments were collected along the four river basins. Amber glass
bottles pre-rinsedwith ultrapurewaterwere used for sample collection.
Bottles were placed in a cooler (at 4 °C) and delivered to the laboratory
within 2 days. Samples were immediately pre-treated and stored in a
refrigerator (−20 °C) until analysis within one week. Due to logistic
issues, SW samples from CAB2 (Júcar) and sediment samples from
EBR5 and EBR8 (Ebro); JUC3 and CAB4 (Júcar)were not collected during
the first sampling campaign. Over the second sampling campaign, only
sediments from EBR8 were not collected. Procedures for analysis of
water and sediments samples were previously described elsewhere
(Jelic et al., 2009; Gros et al., 2012). Briefly, a) SW sampleswere filtered
through 0.7-μmglass fiber filters followed by 0.45-μmnylonmembrane
filters (Whatman, U.K.). An aqueous solution of 5% Na2EDTAwas added
to the SWsamples to achieve a final concentration of 0.1% and surrogate
standards were spiked at a final concentration of 50 ng L−1 in SW.
Target compounds were extracted from SW samples by automatic
Solid Phase Extraction (SPE) with a GX-271 ASPEC™ system (Gilson,
Villiers le Bel, France) using Oasis HLB cartridges (200 mg, 6 mL). SPE
cartridges were conditioned with 6 mL of methanol followed by 6 mL
of HPLC grade water at a flow rate of 2 mL min−1. 500 mL of SW were
loaded onto the cartridge at a flow rate of 1 mL min−1. After sample
pre-concentration, cartridges were rinsed with 6 mL of HPLC grade
water, at a flow rate of 2 mL min−1 and were dried with air for 5 min,
to remove excess of water. Finally, analytes were eluted with 6 mL of
pure methanol at a flow rate of 1 mL min−1. The final volume of the
extract was 1 mL methanol/water (10:90, v/v) and 10 μL of a
1 mg L−1 standard mixture of isotopically labeled standards.
b) Sediment samples. 1 g of lyophilized sediment was spiked in the
laboratory with perdeuterated PhACs as surrogate standards at
10 ng L−1 (see supportingmaterial) and extracted by pressurized liquid
extraction (PLE) using Dionex ASE 350 (Dionex; Sunnyvale, CA). Then,
concentrated extracts were diluted in HPLC grade water to a methanol
content of b5 vol.% and processed applying the same protocol used for
SW samples. Afterwards, a selected list of 76 PhACs (Table S-2) was

determined in SW and sediment extracts using a multi-residue analyti-
cal method based on ultrahigh performance liquid chromatography
coupled to tandem mass spectrometry (UPLC–MS/MS) (Gros et al.,
2012) (see supporting material).

2.3. Chemicals and materials

The standards (see Table S-2 in supporting material) were pur-
chased from Sigma-Aldrich (Steinheim, Germany); US Pharmacopeia
(USP), European Pharmacopeia (EP), and Toronto Research Chemicals
(TRC). Isotopically labeled compounds were used for internal standard
calibration and as surrogate standards and were provided by Sigma-
Aldrich (Steinheim, Germany), CDN isotopes (Quebec, Canada) and
Toronto Research Chemicals (Ontario, Canada). All standards were of
purity grade (N90%). Stock standard solutions were prepared on a
weight basis in methanol, except ofloxacin and ciprofloxacin, which
were dissolved in methanol adding 100 μL of NaOH 1 M, and cefalexin,
which was solved in HPLC grade water. After preparation, standards
were stored at −20 °C. Fresh stock solutions of antibiotics were
prepared every three months while fluoroquinolone antibiotics were
prepared monthly due to their limited stability. Stock solutions for the
rest of substances were renewed every six months.

2.4. Calculation of toxic units

Toxic units (TU) were estimated on the basis of acute toxicity of
PhACs to aquatic organisms. TU values were calculated as the ratio
between concentrations and EC50 reported and estimated values, for
three in vivo bioassays commonly used in environmental toxicology,
namely, algae, Daphnia and fish (Table S-3). The ecotoxicity of PhACs
to these aquatic organisms was assessed in SW of the entire four river
basins, thus TUvalues estimated for each location studied. Acute toxicity
values searched on the literature were only available for 55 compounds
out of the 76 PhACs analyzed. Consequently, the study of the ecotoxico-
logical effects to aquatic organisms was referred only to these 55
compounds (Table S-3). To assess the ecotoxicological risk of PhACs to
aquatic organisms along the four river basins, we summed TU values
of each compound at every site, on the basis of the concentration
addition model for mixtures of substances (Ginebreda et al., 2014).
Since the relative contribution of each PhAC to the ecotoxicity may
vary according to its individual toxicity and concentration, to identify
the PhACs that were contributing most to the total toxicity of the
water at each site we divided the concentration: EC50 ratio for each
compound by the total TU of the site and gave the result as percentage.

2.5. Statistical methods

ANOVA analyses followed by TukeyHSD pairwise comparisons were
performed to compare human population density and LSU across the 4
basins. To avoid using multiple zeroes in the analyses derived from
undetected PhACs we used the limits of detection (LOD) and limits of
quantification (LOQ) of the analytical procedure (see Table S-4) in the
datasets: Undetected compounds and compounds below LOQ were
given the corresponding LOD/2 and LOQ/2 value in the datasets. As
the distribution of the PhACs was extremely right-skewed and transfor-
mations were not able to approach it to normality we opted to use a
non-metric Multidimensional Scaling (NMDS) to understand the distri-
bution of the PhACs in the four basins with an ordination analysis. The
NMDS was based on rank orders of Euclidean distances of log-
transformed values of the PhAC concentrations. Permanova analyses
(Euclidean pairwise distances and 106 permutations) with basins and
sampling campaigns as fixed factors were performed to test for the
overall differences of PhACs concentration in SW and sediment samples
(Anderson, 2001). The PhACs were then compared among the four ba-
sins and the two sampling campaigns bymeans of ANOVAbased on per-
mutation (Anderson, 2001). As multiple univariate analyses were being

Fig. 1.Average livestock units (Y axis) versus average human population (X axis) calculat-
ed for every sub-catchment (km2) that drained to each location studied: Llobregat (○);
Ebro (Δ), Júcar (□) and Guadalquivir (◊). Geometric averages for population density
and livestock unit using all the values at each of the four main basins are also shown.
The diagonal line represents the 1:1 relation. Letters placed on the Y axis margin (a, b,
c); and the X axis margin (a, b) represent the respective TukeyHSD posthoc differences
for livestock units and human population density among the four river basins studied,
respectively.
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performed Bonferroni correction was applied to p-values to control
familywise error rate (Dunn, 1961). We wanted to find the sites, basins
and campaigns with outlying values above and below the average
concentration across all the samples. We assumed that the distribution
of the concentration of PhACs to be lognormal (Limpert et al., 2001) (i.e.
approximate normal distribution after being log-transformed). Thus,
outlying values were extracted from boxplots constructed with
log-transformed concentration values. The concentrations above the
value of adding 1.5 times the interquartile range to the 75 percentile
(i.e. to the 3rd quartile) were considered “outlying high” concentra-
tions. On the contrary, concentrations below 1.5 times the interquartile
range below the 1st quartile were considered outlying low values. Thus,
the outlying high and low values represent cases that showed outlying
values from the distribution of the log-transformed concentrations for
each particular PhAC. We counted the number of outlying concentra-
tions observed per basin, site, campaign or PhAC to find the most
problematic cases. To test whether the presence of outlying values
was consistent across the four basins and the two sampling campaigns
we performed a Fisher's exact test (Agresti, 1992). The relationship
between mean concentration of PhACs, in the SW and the sediment,
and the population density and the LSU were tested by means of linear
mixed effect models (LME models) with sampling campaign as a ran-
dom factor (Pinheiro and Bates, 2000). Mean concentration of PhACs
used for humanwas tested against human population density, whereas
mean concentration of PhACs used with livestock was tested against
LSU (see Table S2 to see the use of the different PhACs). The relationship
between the TUand, the population density and LSUwere also tested by
means of LMEmodels. To test the effect of the variation of the discharge
from the first to the second campaign we computed ratios using
discharge and PhAC concentrations. If the discharge was the only
relevant factor that varied between the sampling campaigns the
discharge C2:C1 ratios and the PhAC concentration C2:C1 ratios would
show the opposite trend. We tested this by a Permanova model with
C2:C1 ratios of the PhAC concentrations as dependent variable and
C2:C1 ratios for the discharge as independent. Both ratios were
log-transformed for the analyses and Euclidean distance was used as
dissimilarity index. All statistical analyses were performed in R using
the package Vegan for NMDS analysis, LME4 for LME models (R Core
Team, 2014).

3. Results

3.1. Occurrence of PhACs in water and sediments in the four river basins

The concentration of PhACs in SW varied from the low to high ng
L−1 range (Table S-5). Llobregat and Ebro rivers were themost polluted
in PhACs during C1, with corresponding total levels for the entire basin
of 13,022 and 12,028 ng L−1. These concentrations were substantially
lower in Guadalquivir and Júcar: of 1702 and 759 ng L−1, respectively.
Diversely, Ebro presented the highest levels of drugs all along C2,
followed by Llobregat, Guadalquivir and Júcar, with respective total
concentrations of 7202, 4948, 4676, and 1638 ng L−1. Among the
three most concentrated therapeutics groups, per catchment and
campaign, analgesics/antiinflamatories presented the highest average
levels in all SW samples (see Table S-5 and also median concentrations
averaged for both campaigns in Fig. 2). These levels were the highest in
the Llobregat river, 193.88 and 109.21 ng L−1 for C1 and C2, respectively;
followedby the Ebro, 147.52 and 90.04 ng L−1 for C1 andC2, respectively;
the Guadalquivir, with respective 18.77 and 63.19 ng L−1 for C1 and C2;
and the Júcar, with 9.36 and 27.99 ng L−1 in C1 and C2, respectively.
Other concentrated therapeutic groups along the four river basins
were: diuretics, in Llobregat (238.60 and 88.44 ng L−1 in C1 and C2,
respectively) and Ebro (85.18 and 74.29 ng L−1 in C1 and C2, respec-
tively) and Guadalquivir (29.67 ng L−1 in C2); antihypertensives in
Ebro (94.73 and 43.65 ng L−1 in C1 and C2, respectively) and Llobregat
(187.14 ng L−1 in C1) and Júcar (10.98 ng L−1 in C1); lipid

regulators/cholesterol lowering drugs in Guadalquivir (11.91 and
41.62 ng L−1 in C1 and C2, respectively) and Llobregat (70.76 ng L−1

in C2); antibiotics in Júcar (11.28 and 24.99 ng L−1 in C1 and C2, respec-
tively) and Guadalquivir (10.98 ng L−1 C1); and antihelmintics in Júcar
(20.00 ng L−1 in C2). The individual compounds averaging highest
levels per river basin (and campaign) were: iopromide in Llobregat
(373.95 ng L−1 in C1), gemfibrozil in Llobregat (70.27 ng L−1 in C2)
and Guadalquivir (11.46 and 40.98 ng L−1 in respective C1 and C2),
hydrochlorothiazide in Ebro (72.22 and 61.33 in respective C1 and C2)
and thiabendazole (6.31 ng L−1 in C1) and metronidazole in Júcar
(22.40 ng L−1 in C2) (Table S-5). Other PhACs detected at high concen-
trations were: valsartan, furosemide, ibuprofen, ketoprofen, irbesartan,
tetracycline, losartan, naproxen and indomethacine (Table S-5).
Regarding their frequency of detection (average of both C1 and C2 is
also shown in Fig. 2), about the 60% of the PhACs studied was present
in at least half of the SW samples analyzed in both sampling campaigns.
The 22% of these compounds were detected in all cases. PhACs were
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more frequently detected during C1 than over C2 in SW matrices.
During C1 and C2 8 and 31 compounds respectively, were detected in
less than 50% of SW samples. The major ubiquity of PhACs in SW was
observed in the Llobregat river basin. Ebro, Júcar and Guadalquivir
followed the frequency of detection rate for SW. Regarding individual
compounds thiabendazole, hydrochlorothiazide and glibenclamide
were present in all SW samples.

PhACs were found in sediments at the low ng g−1 level (Table S-6).
Sediments from Guadalquivir and Ebro were the most concentrated,
with respective total values for the entire basin of 1875 and
1596 ng g−1 in C1, and 1871 and 1601 ng g−1 in C2. Differently, levels
determined in Llobregat and Júcar were lower and varied from respec-
tive values of 1323 and 1005 ng g−1 in C1 to 1051 and 1218 ng g−1 in
C2. Among the three most concentrated therapeutics groups, per
catchment and campaign, antibiotics and analgesics/antiinflamatories
averaged the higher concentrations in all sediment samples (see
Table S-6 and also median concentrations averaged for both campaigns
in Fig. 2). These levels were the highest in Llobregat river, 22.97 and
15.08 ng g−1 for C1 and C2, respectively, followed by Ebro, 18.81 and
11.96 ng g−1 for C1 and C2, respectively, Júcar, with 21.74 and
33.31 ng g−1 in respective C1 and C2; and Guadalquivir, with respective
16.74 and 19.40 ng g−1 for C1 and C2. Other concentrated therapeutic
groups were: psychiatric drugs in Llobregat (18.02 and 5.26 ng g−1 in
respective C1 and C2) and Ebro (7.26 and 5.07 ng g−1 in respective C1
and C2) and Júcar (4.41 ng g−1 in C1), diuretics in Júcar (3.19 ng g−1

in C2) and Guadalquivir (3.32 ng g−1 in C2) and histamine receptor
antagonists in Guadalquivir (6.89 ng g−1 in C1) (Table S-5, Fig. 2b).
Concerning individual compounds, among the most concentrated
(considering average highest levels) all along the catchments and over
campaigns we found sertraline (12.08 ng g−1 in Llobregat C1),
ketoprofen (7.13 ng g−1 in Llobregat C2), acridone (3.73 ng g−1 in
Ebro C1), hydrochlorothiazide (3.01 ng g−1 in all cases), tetracycline
(5.92 ng g−1 in all cases), codeine (11.58 ng g−1 in all cases), ibuprofen
(12.56 ng g−1) clarithromycin (12.72 ng g−1 in all cases) and
azithromycin (23.92 ng g−1 in all cases). As for their frequency of detec-
tion (average of both C1 and C2 is also shown in Fig. 2), about the 60% of
the PhACs studied were present in at least half of the sediment samples
analyzed in both sampling campaigns. The 18% of these compounds
were detected in all cases. PhACsweremore frequently detected during
C1 than over C2 in sediment matrices. 21 and 30 compounds were
detected in less than 50% of sediment samples over C1 and C2, respec-
tively. As it was observed in SW, the major ubiquity of PhACs in
sediment matrices was observed in the Llobregat river basin. Júcar,
Ebro and Guadalquivir river basins followed the frequency of detection

rate. Regarding individual compounds, azithromycin and thiabendazole
were the most ubiquitous compounds in sediments.

3.2. PhACs distribution differences over sampling campaigns and sites

The ordination of the sampled sites and the 76 PhACs by NMDS
revealed a better fit for SW than for sediments (see lower stress value
in Fig. 3). Llobregat and Ebro rivers showed more variability among
sites than Júcar and Guadalquivir, in particular when considering SW
samples (Fig. 3). The overlapping of C1 (continuous lines in Fig. 3) and
C2 (broken lines) polygons for SW pointed out a large similarity
between the two sampling campaigns, while temporal differences were
clearly observed for sediment. Among the 20 compounds that showed
the most differing patterns among sampling sites and campaigns we
found atenolol, propyphenazone, phenazone or clarithromycin in SW
(with high concentrations in the first campaign for Llobregat and Ebro,
Fig. 4) and venlafaxine in sediment samples (with high concentrations
in the first campaign for Llobregat, Fig. 5). These compounds differing
the most among samples both for SW and sediments belonged to the
therapeutic groups of analgesics/antiinflammatories, lipid regulators,
psychiatric drugs, β-blocking agents, antihypertensives, x-ray contrast
media, antihelmintics and antibiotics. Compounds classified as diuretics,
prostatic hyperplasia and to treat asthma drugs were also among the
ones showing the highest variations among samples in SW, while in
sediments histamine receptor antagonists, synthetic glucocorticoid and
calcium channel blocker were varying the most. According to the
Permanova taking into account all the PhACs together (Table S-7), PhAC
concentrations were significantly different among basins and campaigns,
for both SWand sediment samples. Interestingly, a significant interaction
between campaigns and basinswas also found both for SWand sediment
samples. Further univariate ANOVAs based on permutation for individual
PhACs (Table S-8) revealed that on average 30% of the total variation in
the concentration of PhACs in SW was explained by the factor Basin,
37% by the factor Campaign and a further 24%was explained the interac-
tion between the two factors, with a 9% of the variation left unexplained,
on average (Table S-8). For the concentration of PhACs in sediments
those percentages were 22%, 50%, 21% and 7%, respectively. For both
sample types the percentage of the variation that was able to explain
each source of variation varied a lot, from a difference of 59% between
the minimum and maximum variation explained for the Basin x Cam-
paign interaction for SW to a difference of 100% for the factor Campaign
for sediment samples (Table S-8). Levels of PhACs in SWwhere generally
higher during C1 compared to C2, while sediments followed the opposite
trend (Figs. 4 and 5). Nevertheless, the comparison of the C2:C1 ratios for
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PhACs and for the discharge with a Permanova did not reveal any signif-
icant pattern for SW and for sediment samples (Table S-9). The total
levels of PhACs grouped by therapeutic class (Tables S-10 and S-11) for
SW and sediments, respectively, show that the Llobregat and Cardener
rivers followed a pronounced pollution gradient from headwaters to
river mouth, mainly in C1, being LLO7 the most polluted site in both
campaigns. By contrast, the most polluted site of the Anoia tributary
was ANO2 in both C1 and C2. Within the Ebro river basin, the highest
drug concentrations were observed at ARG, HUE and ZAD, whereas the
least polluted site was GAL1 during both campaigns. In the Júcar catch-
ment area, the most polluted site was JUC7 while the least polluted
sites in both campaignswere CAB5, JUC5 andCAB4. Lastly, theGuadalqui-
vir river basin showedmaximum levels of PhACs in GUAA and the mini-
mum levels were detected in GUA9 and GUA1 during both campaigns.
Unlike the behavior observed in SW, PhACs did not show any pollution
gradient nor any temporal pattern along the sediments of the Llobregat
catchment in the different campaigns (see Table S-11).

3.3. Investigation on outlying cases of contamination and assessment of
ecotoxicological risk

3.3.1. Outlying cases for each PhAC
Although some PhACs showed a distribution with a limited number

of cases that were outside of the general pattern, most of the PhACs
did not followa log-normal distribution (Figs. 4 and5). For SWonly acet-
aminophen, bezafibrate, carbamazepine, venlafaxine and levamisole

fitted to a log-normal distributionwhen taking into account all SW sam-
ples (Fig. 4). On the other hand, acetaminophen, carazolol, amlodipine,
losartan, iopromide, albendazole, dexamethasone and metronidazole
showed a fit to a log-normal distribution for sediment samples (Fig. 5).
The PhACs showing “outlying high” values compared to the overall con-
centration across the sites and the campaigns were different for SW and
sediment samples (Table S-12a). The PhACs showing the highest num-
ber of outlying high values in SWwere phenazone and propyphenazone,
while for sediments the compounds were trazodone and famotidine. On
the other end, ibuprofen and pravastatin were among the compounds
very frequently found at “outlying low” concentrations in SW, whereas
for sediments these were nadolol and tetracycline (Table S-12b). Re-
garding the number of outlying high values, the Ebro and Júcar were
identified as the basins showing the highest (Table S-13a) and the low-
est ones (Table S-13b), respectively. On the other hand, Júcar and Ebro
accounted for the highest number of outlying low values of PhACs in
SW and sediment samples, respectively, whereas Llobregat and Júcar
summed the lowest number in SW and sediments samples, respectively
(Table S-13a). For SW samples C1 accounted for the highest number of
cases with outlying high PhACs concentrations, while for sediments C2
showed the highest number (Table S-14b). On the contrary, C2 in SW
and C1 in sediments summed the highest number of outlying low levels
of PhACs (Table S-14a). Fisher's exact test revealed that the number of
outlying high (Table S-15a) and low (Table S-15b) values of PhAC con-
centration in each basin varied significantlywith the sampling campaign
for both SW and sediments. Among the four catchments, the sampling
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sites having the highest number of PhACs detected at outlying high con-
centrations compared to the rest of the sites were ZAD, LLO7 and ANO2
in SW; while LLO7 and CAR4 were among the highest in sediments
(Table S-16a). The SW and sediment samples from these sites were
specially polluted by a high number of PhACs. Against expectations, all
headwater reaches, such as in LLO1, EBR1, GUA1 and especially in
JUC1, also showed outlying high levels of PhACs (Table S-16a). On the
other end, for the locations close to the river mouth such as JUC8 (in
SW samples) and EBR9 (in sediment samples), again against expecta-
tions, only a low number of PhACs showed outlying high concentrations.
The locations with the most cases of PhACs at outlying low concentra-
tions compared to the rest of the samples were completely different be-
tween SW and sediments (Table S-16b). The sites that displayed most
outlying low levels of PhACs for SW were CAB5 and JUC5, whereas for
sediments these were EBR1, LLO5 and RS. Unexpectedly again, some
PhACs were found at outlying low concentrations at low reaches of the
basins in SW, specially CAB5 (Table S-16b). Overall, fewer cases of outly-
ing low concentrations of PhACs were detected in comparison to the
cases of outlying high concentration of PhACs (Table S-16).

3.3.2. Ecotoxicological risk (toxic units): identification of sites, basins and
campaigns associatedwith outlying high and low values and of compounds
responsible for the ecotoxicological risk

TU values were highest for algae and lowest for fish, with Daphnia
showing values in between (see Fig. 7 and Table S-17). TUs of PhACs
to aquatic organisms estimated all over the four river basins spanned
from 2.18E − 0.5 to 5.39E − 0.3 for algae, from 5.97E − 06 to

1.52E − 03 for Daphnia and from 2.91E − 06 to 8.39E − 04 for fish
(Fig. 7 and Table S-17). More in detail, the locations where PhACs
showed the minimum estimated ecotoxicological effects to aquatic
organisms, per campaign were: CIN1 (3.37E − 05) in C1 and JUC5
(2.18 − 05) in C2 for algae, CIN1 (8.05E − 06 in C1) and CAB5
(5.97E − 06 in C2) for Daphnia, and GAL1 (5.17E − 03) in C1 and
JUC5 (2.91E − 0.6) in C2 for fish. As for the maximum ecotoxicity
observed, LLO7 was the location showing highest TU values in C1 for
an all aquatic species (5.39E − 03 for algae, 1.52E − 03 for Daphnia
and 8.39E − 04 for fish). In C2, the highest risk was shared between
ZAD (3.45E − 03 for algae) and LLO7 (5.61E − 04 for Daphnia and
4.81E − 04 for fish). Among these locations, the presence of PhACs in
LLO7 in C1 posed the highest ecotoxicological risk to all aquatic species
(5.39E− 03 for algae, 1.52E− 03 forDaphnia and 8.39E− 04 forfish). A
similar trend was observed in ZAD in C1, with TU values close to those
estimated in LLO7 (4.67E − 03 for algae, 5.61E − 04 for Daphnia and
6.19E − 04 for fish). Generally, ecotoxicological effects estimated for
PhACs were more important in C1 compared to C2 (TU values averaged
3.94E− 04, 7.84E− 05 and 7.94E− 05 in C1 and 1.98E− 0.4, 7.10E−
05 for corresponding algae,Daphnia andfish). As for the river basins, es-
timated average ecotoxicological risk to aquatic organisms was most
relevant in Llobregat (2.50E − 04), closely followed by Ebro (2.28E −
04) and then Guadalquivir (6.35E− 05) and Júcar (3.97E− 05). TU cal-
culated for algae showed the highest number of outlying high values
with a total of 13 cases in SW samples (Table S-18). TU based on fish
did not showoutlyinghigh values (Table S-18), as all the values estimat-
ed fitted within the whiskers of the boxplots created with log-
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transformed TU values (not shown). Llobregat and Ebro showed the
highest number of outlying high TU values, 6 taking into account the
three kinds of TUs (Table S-19). The number of outlying high values
was higher in C1 (8 cases) than in C2 (5 cases) (Table 20). LLO7 and
ZAD were the sites with the highest number of outlying high TU values
(4 cases) (Table S-21). No outlying low values were observed for TU.
The distribution of outlying high values of TU across basins was not re-
lated to the sampling campaign (Fisher's exact test: p=0.53 for SWand
p= 0.15 for sediments) (Table S-22). The compounds that contributed
at least 5% to the total predicted toxicity in the samples were sertraline,
erythromycin, losartan and dimetridazole with values of 22, 20, 11 and
6%, respectively, when considering TU based on algae for SW (Table 23).
For TU based on Daphnia there were again four PhACs reaching the 5%-
threshold, namely, sertraline (29%), gemfibrozil (12%), loratidine (10%)
and fluoxetine (5%). For TU based on fish gemfibrozil was found to be
the PhAC thatmost contributed to the predicted toxicity of SW samples,
43% on average. Sertraline (11%), loratidine (10) and azithromycin
(6) also showed predicted toxicities over 5% of the total TU of the sam-
ple (Table 23).

3.4. Relationship of PhACs pollution with population density and livestock
units

Significant positive correlations were observed between mean
PhACs concentrations in SW and both population density and LSU
(mean concentrations of the PhACs that are used in each case, see sub-
scripts in Table S-2), while for sediment a similar significant correlation
was only observed for LSU (Fig. 6, Table S-24). For an increase in popu-
lation density from 10 to 100 the mean PhAC concentration in SW was
4.2 times higher (Fig. 6). For the same increase in LSU the mean PhAC
concentrations in SWand sedimentswere only 3.3 and 1.4 times higher,
respectively. Moreover, the relationship between the TUs based on
algae, Daphnia and fish and the population density and the LSU were
all significant (Fig. 7, Table S-25). However, the relationships between
TUs (for the three species) and population density were more
pronounced than those observed with LSU: for an increase in popula-
tion density from 10 to 100 the TU were 3.2, 3.3 and 5.4 times higher
for algae, Daphnia and fish, whereas the same increment of LSU was
associated with 2.0, 2.0 and 2.3 times higher predicted toxicity using
the same indices (Fig. 7).

4. Discussion

4.1. Distribution and outlying cases of PhACs

PhAC concentrations varied four orders ofmagnitude in SWwhereas
they were much more constant in sediment. Similar results were
previously observed in the Ebro river basin, in US streams, in Valencian
wetlands (Spain) and the Túria river basin (Spain) (da Silva et al., 2011;
Schultz et al., 2010; Vazquez-Roig et al., 2011, 2012; Carmona et al.,
2014). We did not sample the supposedly most pristine points within
the selected four basins, but with the extensive sampling in medium
and low reaches of these streams we could have a useful measure of
the maximum concentrations and estimated toxicity that we could
detect in rivers of the Iberian Peninsula. The Llobregat and Ebro
catchments displayed the highest ubiquity and concentrations of
PhACs in SW, while sediments from Guadalquivir and Ebro were the
most polluted ones. The presence of a wide diversity of PhACs had
been previously confirmed in the water columns of the Llobregat and
Ebro basins (Gros et al., 2007; da Silva et al., 2011; Osorio et al., 2012a,
b). However, only three locations had been surveyed for PhACs levels
in SW of the Guadalquivir River (Robles-Molina et al., 2014) and, to
our knowledge, our study presents the first monitoring of PhACs in
the Júcar river basin. The distribution of PhACs varied substantially
across the Llobregat and Ebro river basins, in which the highest number
of cases of outlying high concentrations and TU values of PhACs in SW

were detected. In agreement with previous findings (da Silva et al.,
2011; Osorio et al., 2012a,b; Carmona et al., 2014; Vazquez-Roig et al.,
2011, 2012) and also following the global trend (Hughes et al., 2013)
analgesics/anti-inflammatories, antibiotics, and diuretics were the
most concentrated and frequently detected therapeutic groups in both
SW and sediment samples. Therefore, our present database, together
with previous research, reveals that analgesics/anti-inflammatories,
antibiotics and diuretics are widespread and pseudo-persistent
therapeutic groups in Spanish freshwater systems. The relevancy of
other PhAC families varied across river basins and matrices, which
could be due to regionally specific consumption patterns (Ortiz et al.,
2013). Hydrochlorothiazide and gemfibrozil as well as azithromycin
and ibuprofen were widely spread and concentrated PhACs in SW and
sediments, respectively. Similar trends observed for hydrochlorothia-
zide, gemfibrozil and ibuprofen in published data (da Silva et al.,
2011; Vazquez-Roig et al., 2011; Carmona et al., 2014) leads to consider
these compounds as pseudo-persistent emerging pollutants in the
national aquatic environment. The widely varying physicochemical
properties of PhACs play an important role on their partitioning
between sediments and the water column (Chen and Zhou, 2014). In
agreement with a previous study (Osorio et al., 2012a) SW from the
Llobregat catchment followed a PhAC pollution gradient from the head-
waters to the rivermouth, a pattern that wasmimicked by the Cardener
sub-catchment. Nevertheless, the remaining river basins did not follow
any clear trend, with spots in which high concentration of PhAC spread
across the four catchments. The highest levels of PhACswere detected in
both SW and sediments of the sites ANO2, LLO7, ZAD and MAG. The
locations LLO4 and LLO7 are well-known highly polluted sites of the
Llobregat catchment (see MT and SJD corresponding to LLO4 and LLO7
in Osorio et al., 2012ab). Similarly, ZAD and ARG were previously
identified as hotspots of PhACs (see T3 and T11 corresponding to ZAD
and ARG in da Silva et al., 2011). Other troublesome locations identified
were ARG, HUE, JUC7, and GUAA for SW; and LLO4, JUC1, GUA4 andBOR
for sediments. On the other hand, the lower levels of PhACs in both SW
and sediments were detected LLO1, LLO2, EBR1, GAL1, RS, CAB5, JUC5
and GUA1. On this basis, we would propose the water management

Fig. 6.Relationships ofmean concentration of pharmaceuticals in surfacewaters (top) and
sediments (bottom) with population density (left) and livestock units (right). Significant
fixed effects of the fitted linear mixed effect models are displayed with continuous lines
and 95% confidence intervals with dashed lines. Different symbols are used for the differ-
ent catchments: Llobregat (○); Ebro (Δ), Júcar (□) and Guadalquivir (◊).
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authorities to include the monitoring of PhACs in these locations as an
indicator of the water quality status.

4.2. Effect of the changes of the discharge

There are studies that explain the seasonality of the concentration of
PhACs by means of themore or less intensive use of those PhACs by the
population (Moreno-González et al., 2015). Both sediment and water
samples are subject to seasonal variations of the concentration of pollut-
ants (Fairbairn et al., 2015). Influents of WWTP have also shown clear
hourly and seasonal cycles that were also related to the consumption
of those products by human (Coutu et al., 2013). In the work by Coutu
et al. (2013) the relationship between PhAC concentration and
discharge of the effluent was positive, i.e. the highest loads of PhAC
were recorded in the first hours of morning or in winter. Nevertheless,
the flow of the WWTP influents depends on the consumption of that
water by human, whereas in lotic systems the relationship between
PhAC concentration and the naturalwater discharge should be negative,
as the latter dilutes the inputs fromWWTP (see Hua et al., 2006; Kumar
et al., 2011). Although some of the sites that showed outlying high
values (ANO2, LLO7, ZAD, MAG2 for both SW and sediments) repeated
from the first (high flows) to the second campaign (low flows), the
overall relationship between PhACs and discharge C2:C1 ratios was
non-significant. It seems that the hypothesized modulation of PhACs
concentration under changing hydrological conditions observed in
previous studies (Osorio et al., 2014) is not supported by our data,

although we realize that with just two samplings we lack statistical
power to be totally confident about any conclusion. The additional
factors affecting the variation of PhAC concentration such as natural
attenuation processes (mainly photodegradation and biodegradation)
(Kümmerer, 2010), route that the PhACs use to reach the river (point
emissions fromWWTPs for human drugs; diffuse sources for veterinary
drugs) and anthropogenic causes (human and animal drug consump-
tion patterns, water use and a changing wastewater treatment
efficiency) could counteract their natural dilution by the discharge in
SW (Kümmerer, 2010; Vystavna et al., 2012). Besides, sediments can
act as a reservoir of PhACs from where these substances can be
re-dissolved into the aqueous phase under turbulent flow conditions
in the river, thus modifying the concentration of PhACs in both phases
of the water column (Nentwig et al., 2004). Moreover, the intrinsic
physicochemical properties of PhACs, such as speciation or solubility,
combined with the physicochemistry of the freshwater system, such
as pH or total suspended solids, can affect the distribution of these
substances along the water column, thus contributing to the variability
of PhAC levels in SW and sediments (Carmona et al., 2014; Veach and
Bernot, 2011).

4.3. Risk-based prioritization of locations and PhACs

Similar to what was observed for PhACs concentrations, the poten-
tial risk of PhACs to aquatic organisms increased downstream the
Llobregat River, but no clear trend of increasing concern was observed
for the remaining basins. The highest total predicted TUs of PhACs in
SW were estimated at the sites LLO7, ZAD, MAG2, GUA6, GUA4, MAG1
and JUC7. None of the total TUs calculated at every site for algae,
Daphnia and fish, exceeded the unit value, thus, according to standard
thresholds (Malaj et al., 2014), no acute risk associated with PhACs
was observed. However, though only for LLO7 and ZAD, the correspond-
ing total TU values for algae were estimated above ~1E − 03 in both
sampling campaigns, evidencing the potential long-term ecotoxicologi-
cal effects on these primary producers (Malaj et al., 2014). On the other
hand, CAB5, JUC5, LLO2, ESE, GUA1 and CIN1 were among the less
worrisome locations. Similar findings were reported for the particular
study cases of the Llobregat and Ebro river basins (Ginebreda et al.,
2014; Damásio et al., 2011; Gros et al., 2010). Ginebreda et al. (2014)
observed an increase of total TU estimated for algae and Daphnia
downstream the Llobregat River as well (see the locations LL2 and LL7
in the referenced work, corresponding to LLO4 and LLO7 in the present
study). Damásio et al. (2011) also observed the same trend for Daphnia
(among other two invertebrate species) (see the locations L2 and L3 of
the study cited, corresponding to LLO4 and LLO7 in the present one).
Besides, the location LLO7 was also estimated at high risk of chronic
ecotoxicological effects in both studies. Diversely to the current study,
both works aforementioned assessed the apportionment of other
pollutants such as pesticides (Ginebreda et al., 2014) and also metals
and alkylphenols (Damásio et al., 2011) to total ecotoxicity. Indeed,
Damásio et al. (2011) reported a marginal contribution of PhACs (4%)
to the total predicted hazard to invertebrate species; while metals and
pesticides accounted for 39% and 54%, respectively. These findings
evidence the need to expand the ecotoxicological risk assessment to
all kinds of pollutants thatmight be present in a complex environmental
mixture, as it has been recently attempted by Kuzmanović et al. (2015).
However, the set of biomarkers applied by Damásio et al. (2011) were
not developed to evaluate the effects of PhACs, which indicates that
further research on should rely on specific biochemical responses to
these substances. The vast number of chemical products that society is
using nowadays makes it difficult to find a way to decontaminate
every one of them. Alternatively, a clear prioritization using the poten-
tial risk of the different chemicals should highlight the critical products
among the rest. To create the prioritization the toxicity of the
compound, its concentration in nature and the facility to transform
into innocuous compounds needs to be taken into account. Our study
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cannot address the last issue, but we present extensive data on the
concentration of PhACs and estimate their contribution to the total
toxicity in the field. In this sense, we have observed very low concentra-
tion of erythromycin that following literature seems to be a very toxic
compound (VSDB), and on the other hand, we also have seen very
high concentrations of atenolol and ketoprofen but their toxicity is
very low (ECOTOX; Sanderson et al., 2003). Computing the relative
contribution of the different substances to the total toxicity in the
locations sampled we have been able to enumerate the critical PhACs
in the waters of the catchments of the Iberian Peninsula None of the
compounds found to contribute at least 5% to the total predicted toxicity
were in agreement with those reported by Damásio et al. (2011). How-
ever, as well as the present work, Gros et al. (2010) reported fluoxetine
as one of the major contributors to the ecotoxicological risk to Daphnia
species. Importantly, although our ecotoxicological risk assessmentwas
only focused on PhACs, the compounds identified as principal contribu-
tors to total predicted toxicity were classified by Kuzmanović et al.
(2015) among the more relevant pollutants of the same River Basins
(i.e. sertraline, erythromycin and losartan to algae; sertraline to
Daphnia; and gemfibrozil for fish). All in all, we propose in essence
that sertraline, gemfibrozil and loratidine are the PhACs into which a
bigger effort should be concentrated if contamination of freshwater
systems by PhACs needs to be controlled.

4.4. Effects of population density and livestock units

Our study shows a significant positive effect of the potential sources
of PhACs, i.e. human population and livestock, on the concentration of
PhAC in SW and sediments and the TU in SW. These relationships
were stronger for SW and especially with the variation with population
density. Given the very different use of the PhACs in terms of dosage,
target population or seasonality (Ortiz et al., 2013; Veach and Bernot,
2011) it is remarkable to observe these significant relationships
between the spatial information of the sources of PhACs and their
average concentration and estimated toxicity on rivers. To our knowl-
edge, this relationship has never been empirically proven beforehand,
although other studies that find a relationship between the density of
the population or the presence of activities involving livestock and the
concentration of PhACs in river waters are quite common
(Bartelt-Hunt et al., 2011; Murata et al., 2011; Osorio et al., 2012a;
Fairbairn et al., 2015). Nevertheless, interestingly, in no case the differ-
ences of the population density or the LSU in the catchments are follow-
ed by a proportional increase of the concentration of PhAC in SW or in
sediments. The highest increment of average PhAC concentration was
observed for SW in relation to population density (X4.2 in PhAC concen-
tration for a tenfold increase in population density). Although a higher
density of population and LSU is linked to a higher use of PhACs (e.g.
Kools et al., 2008) the water consumption also increases (Mekonnen
and Hoekstra, 2012; Panagopoulos et al., 2012), diluting in part the
PhAC spilled into nature. On the other hand, the activity of microorgan-
isms in the water/sediment interface or the streambed sediments have
been seen to be very relevant in the biodegradation of pharmaceuticals
(e.g. Radke and Maier, 2014), what might partially explain the lower
increment of the concentration of PhACs (about 40% of increase in
concentration of PhACs for a tenfold increase in LSU) in sediment
samples.

Pollutants can have contrasting effects on the biotic components of
ecosystems and on the processes, and thus services, that the biota can
drive (Flores et al., 2014). Given the individual toxicity of the PhAC
and their concentrations in the field the TUs in our work were highest
for algae and lowest for fish, with Daphnia showing values in between.
This result suggests that toxicity from PhACs would harm the assem-
blage of primary producers more than other biota. Nevertheless, TUs
for Daphnia and fish showed a stronger response, i.e. a steeper slope,
to the increase of the population density and the LSU, suggesting that
whereas the affections on ecosystem processes in which algae are

important, as primary production, metabolism and autodepuration,
would not change very much with population density of LSU, the
assemblages representing the top of the food webs (invertebrates and
fish) are going to become more impaired as pollutants are further
concentrated in those ecosystems. Among the relevant functions, sec-
ondary production will be reduced as invertebrates and vertebrates
are affected (Carlisle and Clements, 2003). The important but indirect
role of invertebrates and fish in the regulation of other important
processes as autodepuration (controlled by herbivory of primary
consumers, Libourissen et al., 2005) or organic matter recycling
(through the consumption of it or of its consumers, Woodward et al.,
2008) makes the understanding of the effects of PhACs on different
kind of organisms a critical step to predict alterations on ecosystem
processes.

5. Conclusions

With this work we have demonstrated the ubiquity of PhACs in SW
and sediments of Iberian rivers, although some sites have shown outly-
ing concentrations of some PhACs and the total concentration of PhACs,
which focuses the attention on specific sites and PhACs. Both average
concentration of the PhACs and their estimated total toxicity, have
shown to be positively related to the population density and the
livestock units in the upstream sub-basin, thus responding to the
anthropic pressures in the catchments. Although the contribution of
the different PhACs to the estimated total toxicity of the SW is site
dependent, five compounds (erythromycin, gemfibrozil, loratidine,
losartan and sertraline) are responsible for more than 50% of the TU
for algae, Daphnia or fish, and should therefore be specially addressed
when dealing with SW pollution with emergent contaminants. Our
study highlights that SW can receive relevant amounts of PhACs that
might interfere with the natural organization of the biota and affect
ecosystem processes and, thus, services.
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2.1. Sampling campaign and sample analysis 

Procedures for preparation of water and sediments samples for instrumental analysis were 

previously described in detail (Jelic et al., 2009; Gros et al., 2012). WWE and SW samples were 

filtered through 0.7-µm glass fibber filters followed by 0.45-µm nylon membrane filters (Whatman, 

U.K.). An aqueous solution of 5 % Na2EDTA was added to achieve a final concentration of 0.1%. To 

assess the extraction efficiency in each sample processed, water and sediment samples were spiked, 

prior to pre-concentration and clean-up steps, with an appropriate volume of a standard mixture 

containing surrogate standards in order to have a concentration of 100 ngL-1 in WWE; 50 ngL-1 in SW 

and 10 ngL-1 in sediment. The dried sediments were weighted (1 g) and extracted by pressurized 

liquid extraction (PLE) using Dionex ASE 350 (Dionex; Sunnyvale, CA). The extractions were carried 

out using a methanol–water mixture (1:2) as extraction solvent, at 1500 psi and 100 ºC in 3 static 

cycles, each one lasting 5 min. Finally, the extraction cell was flushed with 100% cell volume of fresh 

solvent. Concentrated extracts were diluted with water in order to reduce the content of methanol (<5 

vol %) and processed as water samples for further clean-up. 

Target compounds were extracted from WWE and SW samples and sediment extracts by 

automatic Solid Phase Extraction (SPE) with a GX-271 ASPECTM system (Gilson, Villiers le Bel, 

France) using Oasis HLB cartridges (200 mg, 6 mL). SPE cartridges were conditioned with 6 mL of 

methanol followed by 6 mL of HPLC grade water at a flow rate of 2 mLmin-1. 200 mL of WWE, 500 mL 

of SW and 500 mL of diluted sediment extract were loaded onto the cartridge at a flow rate of 1 

mLmin-1. After sample pre-concentration, cartridges were rinsed with 6 mL of HPLC grade water, at a 

flow rate of 2 mLmin-1 and were dried with air for 5 min, to remove excess of water. Finally, analytes 

were eluted with 6 mL of pure methanol at a flow rate of 1 mLmin-1. Extracts were evaporated to 

dryness under a gentle nitrogen stream and reconstituted with 1 mL of methanol/water (10:90, v/v). 

Finally, 10 µL of a 1 mgL-1 standard mixture containing all isotopically labeled standards were added 

in the extract as internal standard.  

Based on published literature about occurrence and distribution in the aquatic environment, a 

selected list of 76 PhACs (Table S-2), were determined in WWE, SW and sediment extracts using a 

multi-residue analytical method based on UPLC-MS/MS (Gros et al. 2012). Instrumental analysis was 

performed by liquid chromatography, using a Waters Acquity Ultra-PerformanceTM liquid 

chromatography system (Milford, MA, USA), coupled to a 5500 QTRAP hybrid triple quadrupole-linear 

ion trap mass spectrometer (Applied Biosystems, Foster City, CA, USA) with a turbo Ion Spray 

source. Chromatographic separation was carried out an Acquity HSS T3 column (50 mm ×2.1 mm 

i.d., 1.8 µm particle size) for the compounds analyzed under positive electrospray ionization (PI) and 

an Acquity BEH C18 column (50 mm×2.1 mm i.d., 1.7 µm particle size) for the ones analyzed under 

negative electrospray ionization (NI), both purchased from Waters Corporation. Depending on the 
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mode of analysis, different mobile phases were used. For the analysis in PI mode methanol (eluent A) 

and 10 mM formic acid/ammonium formate (pH 3.2) (eluent B) at flow rate 0.5 mL/min were used. The 

elution gradient was: initial conditions 5% A; 0–4.5 min, 5–95% A; 4.5–4.6 min, 100% A; 4.6–6.0 min, 

100% A; from 6.0 to 6.1 return to initial conditions; 6.1–6.7, equilibration of the column.For analysis in 

NI mode, acetonitrile (eluent A) and 5 mM ammonium acetate/ammonia (pH = 8) (B) at a flow rate of 

0.6 mL/min were used. The elution gradient was: 0–1.5 min, 0–60% A; 1.5–2.0 min, 100% A; 2.0–3.0 

min, 100% A; 3.20 min return to initial conditions; 3.20–3.70 min, equilibration of the column. The 

sample injection volume was 5 µL. Compound dependent MS parameters and source-dependent 

parameters were set as described in (Gros et al. 2012). All transitions were recorded by using the 

Scheduled MRMTM algorithm. Quantification of PhACs was carried out in Multiple Reaction Monitoring 

(MRM) mode monitoring two transitions per analyte. 

 

2.3. Chemicals and materials 

Working standard solutions, containing all pharmaceuticals, were also prepared in methanol/water 

(10:90, v/v) and were renewed before each analytical run by mixing appropriate amounts of the 

intermediate solutions. Separate mixtures of isotopically labelled internal standards, used for internal 

standard calibration, and surrogates, were prepared in methanol and further dilutions were also 

prepared in a methanol/water (10:90, v/v) mixture. 47-mm glass fibber filters GF/F (0.7-µm of pore 

size) and 0.45 µm nylon membrane filters, used for pre-treatment of samples were purchased from 

Whatman (UK). Solid-phase extraction (SPE) was carried out with cartridges Oasis HLB (6 mL, 200 

mg) from Waters (Milford, MA, USA). HPLC grade methanol, acetonitrile, water (Lichrosolv), HPLC 

grade methanol, acetonitrile, water (Lichrosolv) and formic acid 98% were supplied by Merck 

(Darmstadt, Germany). Ammonium hydroxyde, hydrochloric acid and ethylenediaminetetraacetic acid 

disodium salt solution (Na2EDTA) at 0.1 molL-1 were from Panreac. Nitrogen for drying was from 

Abelló Linde S.A. (Spain) and it was of 99.9990% purity. A Milli-Q-Advantage system from Millipore 

Ibérica S.A. (Spain) was used to obtain HPLC-grade water. 
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Table S-1. ANOVA analyses for the comparison of population densities and LSU among basins

DF SS MS F p
log10(Population density)

Basin 3 7.36 2.453 70.368 <0.0001
Residuals 73 2.545 0.035

DF SS MS F p
log10(LSU)

Basin 3 3.196 1.065 5.279 0.0024
Residuals 73 14.731 0.202

Table S-2. List of pharmaceuticals analyzed including target compounds classified by their 
therapeutic activity, human and/or veterinary use and approved/not approved in Spain, internal 
standards and surrogates; commercial providers indicated with letters (a-e) in brackets; 
compound name abbreviation; identification number (CAS); molecular formula; and UPLC-QqLIT-
MS/MS parameters used for quantification (SRM 1) and confirmation (SRM 2 and Rt) of each 
compound by SRM negative ([M-H]-) and positive ([M+H]+) ionization. 

Therapeutic group/ 
Compounds Abbreviation CAS 

number 
Molecular 
formula 

Precursor 
ion (m/z) SRM 1 SRM 2 Rt 

(min) 

Analgesics/anti-
inflammatories 

AAF       

Phenazone7 (a) PHEN 60-80-0 C19H20N2O2 189 [M+H]+ 77 56 2.05 

Propyphenazone7 (b) PPHEN 479-92-5 C14H18N2O 231 [M+H]+ 189 56 3.20 

Oxycodone7 (a) OXYD 124-90-3 C18H21NO4 316 [M+H]+ 298 241 1.45 

Codeine7 (a) COD 76-57-3 C18H21NO3 300 [M+H]+ 152 115 1.36 

Acetaminophen2 (a) APAP 103-90-2 C8H9NO2 150 [M-H]- 107 - 0.56 

Ibuprofen7 (a) IBU 15687-27-1 C13H18O2 205 [M-H]- 161 - 1.18 

Indomethacine7 (a) INDO 53-86-1 C19H16ClNO4 356 [M-H]- 312 297 1.27 

Diclofenac1 (a) DCF 15307-86-5 C14H11Cl2NO2 294 [M-H]- 250 214 1.25 

Ketoprofen2 (a) KETO 22071-15-4 C16H14O3 253 [M-H]- 209 - 1.01 

Naproxen2 (a) NAP 22204-53-1 C14H14O3 229 [M-H]- 170 185 0.96 

Piroxicam7 (a) PRC 36322-90-4 C15H13N3O4S  330 [M-H]- 146 266 0.93 

Meloxicam1 (a) MLX 71125-39-8 C14H13N3O4S2  350 [M-H]- 146 286 1.06 

Tenoxicam8 (a) TX 59804-37-4 C13H11N3O4S2  336 [M-H]- 152 172 0.90 

Lipid regulators and 
cholesterol lowering 
statin drugs 

LIR       

Bezafibrate7 (a) BZF 41859-67-0 C19H20ClNO4 360 [M-H]- 274 154 1.10 

Gemfibrozil7 (a) GFZ 25812-30-0 C15H22O3 249 [M-H]- 121 127 1.40 

Pravastatin7 (a) PARA 81131-70-6 C23H36O7 447 [M+H]+ 321 303 1.00 

Fluvastatin7 (b) FLU 93957-54-1 C24H26FNO4 410 [M-H]- 210 348 1.46 

Atorvastatin7 (b) ATV 134523-03-8 C33H35FN2O5 559 [M+H]+ 278 397 1.52 
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Table S-2. (cont) 
Therapeutic group/ 

Compounds Abbreviation 
CAS 

number 
Molecular 
formula 

Precursor 
ion (m/z) SRM 1 SRM 2 Rt 

(min) 

Psychiatric drugs PSY       

Fluoxetine2 (a) FLX 56296-78-7 C17H18F3NO 310 [M+H]+ 44 148 3.47 

Norfluoxetine 
(metabolite) (a) 

NFLX 83891-03-6 C16H16F3NO 296 [M+H]+ 134 - 2.93 

Paroxetine7 (c) PRT 110429-35-1 C19H20FNO3 330 [M+H]+ 192 123 3.26 

Diazepam1 (a) DZP 439-14-5 C16H13ClN2O 285 [M+H]+ 193 154 3.76 

Lorazepam7 (a) LRZ 846-49-1 C15H10Cl2N2O2 321 [M+H]+ 275 303 3.42 

Alprazolam7 (a) APZ 28981-97-7 C17H13N4Cl  309 [M+H]+ 281 205 3.43 

Carbamazepine7 (a) CBZ 298-46-4 C15H12N2O 237 [M+H]+ 194 193 3.19 

Acridone (metabolite) (a) ACRI 578-95-0 C13H9NO 196 [M+H]+ 166 167 3.00 

Sertraline7 (c) SRT 79559-97-0 C17H17NCl2  307 [M+H]+ 159 276 3.60 

Citalopram7 (a) CTP 59729-32-7 C20H21N2FO  325 [M+H]+ 109 262 2.90 

Venlafaxine7 (c) VNFX 99300-78-4 C17H27NO2  278 [M+H]+ 58 260 2.75 

Olanzapine7 (b) OLZ 132539-06-1 C17H20N4S 313 [M+H]+ 256 198 1.88 

Trazodone7 (a) TRZ 25332-39-2 C19H22ClN5O  372 [M+H]+ 176 148 2.63 

Histamine H1 and H2 
receptor antagonists 

HRA       

Loratadine7 (c) LNT 79794-75-5 C22H23ClN2O2 383 [M+H]+ 337 267 4.37 

Desloratadine7 (a) DLNT 100643-71-8 C19H19ClN2
  311 [M+H]+ 259 258 3.16 

Ranitidine7 (a) RNT 66357-59-3 C13H22N4O3S 315 [M+H]+ 176 130 1.24 

Famotidine7 (a) FMT 76824-35-6 C8H15N7O2S3 338 [M+H]+ 189 256 1.24 

Cimetidine6 (a) CMT 51481-61-9 C10H16N6S 253 [M+H]+ 159 95 1.28 

β-Blocking agents BBL       

Atenolol7 (a) ATN 29122-68-7 C14H22N2O3 267 [M+H]+ 145 190 1.22 

Sotalol7 (a) STL 959-24-0 C12H20N2O3S 273 [M+H]+ 255 133 1.10 

Metoprolol7 (b) MTPL 56392-17-7 C15H25NO3 268 [M+H]+ 133 121 2.20 

Propranolol7 (a) PRPL 318-98-9 C16H21NO2 260 [M+H]+ 116 183 2.86 

Nadolol7 (a) NDL 42200-33-9 C17H27NO4 310 [M+H]+ 254 201 1.88 

Carazolol5 (a) CRZL 57775-29-8 C18H22N2O3 299 [M+H]+ 116 222 2.52 
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Table S-2. (cont) 
Therapeutic group/ 

Compounds Abbreviation CAS 
number 

Molecular 
formula 

Precursor 
ion (m/z) SRM 1 SRM 2 Rt 

(min) 

Diuretics DIU       

Torasemide7 (c) TOR 56211-40-6 C16H20N4O3S 347 [M-H]- 262 196 1.13 

Hydrochlorothiazide1 (a) HCTZ 58-93-5 C7H8ClN3O4S2 296 [M-H]- 269 205 0.71 

Furosemide2 (a) FUR 54-31-9 C12H11ClN2O5S 329 [M-H]- 285 205 0.97 

Antidiabetic ATD       

Glibenclamide7 (a) GLB 10238-21-8 C23H28ClN3O5S 494 [M+H]+ 369 169 4.00 

Antihypertensives AHT       

Amlodipine1 (c) AML 111470-99-6 C20H25ClN2O5 409 [M+H]+ 238 294 3.53 

Irbesartan7 (b) ISRT 138402-11-6 C25H28N6O 427 [M-H]- 193 399 1.28 

Losartan7 (a) LSRT 124750-99-8 C22H23ClN6O 421 [M-H]- 127 179 1.17 

Valsartan7 (b) VSRT 137862-53-4 C24H29N5O3 442 [M-H]- 179 350 0.95 

Antiplatelet agent APT       

Clopidogrel7 (a) CLPG 135046-48-9 C16H16ClNO2S 322 [M+H]+ 212 184 4.34 

Prostatic hyperplasia PHP       

Tamsulosin7 (a)  TMSN 106463-17-6 C20H28N2O5S 409 [M+H]+ 228 200 2.45 

To treat asthma AST       

Salbutamol7 (a) SAL 18559-94-9 C13H21NO3 240 [M+H]+ 148 122 1.20 

Anticoagulant ACG       

Warfarin3 (a) WARF 81-81-2 C19H16O4 309 [M+H]+ 163 251 3.79 

X-ray contrast agent XCA       

Iopromide7 (a) IOP 73334-07-3 C18H24I3N3O8 792 [M+H]+ 573 300 1.32 

Antihelmintics AHM       

Albendazole1 (a) ALB 54965-21-8 C12H15N3O2S 266 [M+H]+ 234 191 3.70 

Thiabendazole3 (a) TALB 148-79-8 C10H7N3S 202 [M+H]+ 175 131 2.33 

Levamisole3 (a) LMS 16595-80-5 C11H12N2S 205 [M+H]+ 178 91 1.46 

Synthetic 
glucocorticoid SGC       

Dexamethasone1 (a) DXT 50-02-2 C22H29FO5 451 [M-H]- 361 307 1.35 
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Table S-2. (cont) 
Therapeutic group/ 

Compounds Abbreviation CAS 
number 

Molecular 
formula 

Precursor 
ion (m/z) SRM 1 SRM 2 Rt 

(min) 

Sedation and muscle 
relaxation SMR       

Xylazine4 (a) XYL 23076-35-9 C12H16N2S 221 [M+H]+ 90 77 2.11 

Tranquilizers TQL       

Azaperone5 (a) AZPN 1649-18-9 C19H22FN3O 328 [M+H]+ 123 95 2.48 

Azaperol (metabolite) (a) AZPL 2804-05-9 C19H24FN3O 330 [M+H]+ 121 78 2.25 

Calcium channel 
blocker 

CCB       

Diltiazem7 (c) DTZ 42399-41-7 C22H26N2O4S 415 [M+H]+ 178 109 3.13 

Antibiotics ATB       

Erythromycin1 (a) ERY 59319-72-1 C37H67NO13 734 [M+H]+ 576 158 3.93 

Azithromycin7 (a) AZY 83905-01-5 C38H72N2O12 749 [M+H]+ 591 116 2.75 

Clarithromycin7 (a) CLARI 81103-11-9 C38H69NO13 748 [M+H]+ 158 590 3.72 

Tetracycline1 (a) TCN 64-75-5 C22H24N2O8 445 [M+H]+ 410 154 1.98 

Sulfamethoxazole1 (a) SMX 723-46-6 C10H11N3O3S 254 [M+H]+ 92 156 1.98 

Trimethoprim1 (a) TMP 738-70-5 C14H18N4O3 291 [M+H]+ 230 261 1.73 

Metronidazole1 (a) MTZ 443-48-1 C6H9N3O3 172 [M+H]+ 128 82 1.24 

Metronidazole-OH 
(metabolite) (a) 

OH-MTZ 4812-40-2 C6H9N3O4 187 [M+H]+ 126 123 0.96 

Ofloxacin1 (a) OFLX 82419-36-1 C18H20FN3O4 362 [M+H]+ 318 261 1.90 

Ciprofloxacin7 (a) CPFX 85731-33-1 C17H18FN3O3 332 [M+H]+ 288 245 2.02 

Cefalexin1 (a)  CEF 15686-71-2 C16H17N3O4S 348 [M+H]+ 158 106 1.74 

Dimetridazole4 (a) DMZ 551-92-8 C5H7N3O2 142 [M+H]+ 96 95 1.48 

Ronidazole4 (a) RNZ 7681-76-7 C6H8N4O4 201 [M+H]+ 140 - 1.22 

Internal standards        

Ibuprofen-d3 (a)    208 [M-H]- 164 - 1.17 

Indomethacine-d4 (d)     360 [M-H]- 316 - 1.26 

Acetaminophen-d4 (e)    154 [M-H]- 111 - 0.55 

Phenazone-d3 (a)    192 [M+H]+ 59 - 2.04 

Meloxicam-d3(a)    353 [M-H]- 289 - 1.05 

Carbamazepine-d10 (d)    247 [M+H]+ 204 - 3.16 
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Table S-2. (cont) 

Compounds Abbreviation CAS 
number 

Molecular 
formula 

Precursor 
ion (m/z) SRM 1 SRM 2 Rt 

(min) 

Bezafibrate-d6(d)    366 [M-H]- 280 - 1.09 

Gemfibrozil-d6(d)    255 [M-H]- 121 - 1.39 

Fluoxetine-d5 (a)    315 [M+H]+ 44 - 3.46 

Citalopram-d4 (d)    329 [M+H]+ 113 - 2.89 

Venlafaxine-d6 (e)    284 [M+H]+ 64 - 2.74 

Diazepam-d5 (a)    290 [M+H]+ 198 - 3.75 

Cimetidine-d3 (d)    256 [M+H]+ 95 - 1.26 

Atenolol-d7 (d)    274 [M+H]+ 145 - 1.20 

Hydrochlorothiazide-d2 
(d)    298 [M-H]- 270 - 0.70 

Furosemide-d5 (e)     334 [M-H]- 290 - 0.96 

Amlodipine-d4 (e)    413 [M+H]+ 238 - 3.25 

Valsartan-d8 (d)    442 [M-H]- 179 - 0.95 

Sulfamethoxazole-d4 (e)    258 [M+H]+ 160 - 1.96 

Warfarin-d5 (d)    314 [M+H]+ 163 - 3.78 

Ronidazole-d3 (a)    204 [M+H]+ 143 - 1.23 

Dexamethasone-d4(d)     395 [M-H]- 363 - 1.34 

Xylazine-d6 (a)     227 [M+H]+ 90 - 2.10 

Azaperone-d4 (a)    332 [M+H]+ 127 - 2.47 

Erythromycin-N,N13C2 
(a) 

   736 [M+H]+ 578 - 3.40 

Azithromycin-d3 (e)    752 [M+H]+ 594 - 2.69 

Ofloxacin-d3 (a)    365 [M+H]+ 160 - 1.90 

Verapamil-d6(e)    461 [M+H]+ 165 - 3.12 

Surrogates        

Sulfadimethoxine-d6(a)    317 [M+H]+ 162  2.49 

Ketoprofen-d3(a)    256 [M-H]- 212  1.00 

 
1 PhACs of both human and veterinary use approved in Spain  
2 PhACs of both human and veterinary use but not approved for veterinary use in Spain  
3 PhACs of both human and veterinary use but only approved for veterinary use in Spain  
4 PhACs of only veterinary use but not approved in Spain  
5 PhACs of only veterinary use approved in Spain  
6 PhACs of both human and veterinary use but not approved for any use in Spain (cimetidine was disapproved in 2012 for human use 
and in 2013 for veterinary use)  
7 PhACs of only human use approved in Spain  
8 PhACs of only human use not approved in Spain   

Sources:  
Agencia Española del medicamento https://sinaem4.aemps.es/consavetPub/fichasTecnicas.do?metodo=detalleForm 
http://www.accessdata.fda.gov/scripts/animaldrugsatfda/index.cfm?gb=1; http://www.inchem.org; http://www.drugs.com/vet/; 
http://www.nlm.nih.gov/medlineplus/druginformation.html; http://www.aemps.gob.es/cima/fichasTecnicas.do?metodo=detalleForm ;  
http://www.accessdata.fda.gov/scripts/animaldrugsatfda/index.cfm?gb=1 
(a) Standards and isotopically labeled standards purchased from Sigma–Aldrich.  
(b) Standards provided by the US Pharmacopeia (USP). 
(c) Standards acquired from the European Pharmacopeia (EP).  
(d)  Isotopically labeled standards purchased from CDN isotopes (Quebec, Canada) 
(e)  Isotopically labeled standards from Toronto Research Chemicals (Ontario, Canada). 
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Table S-3. EC50 reported values, for three in vivo bioassays commonly used in 
environmental toxicology: algae, daphnia and fish (from Kuzmanovic et al., 2015).  

Compound EC50 algae 
(µgL-1) 

EC50 Daphnia 
(µgL-1) 

EC50 fish 
(µgL-1) Ref. 

Acetaminophen 134000 9200 378000 [1] 
Acridone 6738 3419 7817 E 
Albendazol 174 1225 2282 E 
Alprazolam 1064 2845 2499 E 
Amlodipine 6883 8479 4754 E 
Amoxicilin / / / / 
Atenolol 190000 205000 1096000 ECOTOX 
Atorvastatin / / / / 
Azaperol / / / / 
Azaperone 833 1340 9743 E 
Azithromycin 1874 3070 1970 E 
Bezafibrate 18000 30000 6000 ECOTOX 
Carazolol 2660 60000 2500 [2] 
Carbamazepine 85000 76300 35400 ECOTOX 
Cefalexin / / / / 
Cimetidine 787 379000 80402 E 
Ciprofloxacin 2970 60000 100000  
Citalopram 360 652 4467 E 
Clarithromycin 46 3307 17364  
Clopidogrel / / / / 
Codeine 1800 23000 16000 [2] 
Desloratidine 26981 49307 75054 E 
Dexamethasone 983 21438 23910 E 
Diazepam 1249 3129 19307 E 
Diclofenac 14500 22000 532000 [1] 
Diltiazem / / / / 
Dimetridazole 350 4272 25695 E 
Erithromycin 20 30500 61500 VSDB 
Famotidine 478143 314690 3594432 E 
Fluoxetine 800 510 1700 E 
Fluvastatin 1350 5268 287 E 
Furosemide 19797 560033 521136 E 
Gemfibrozil 4000 4900 900 ECOTOX 
Glibenclamide / / / / 
Hidrochlorothiazide / / / / 
Ibuprofen 4000 34000 5000 ECOTOX 
Indomethacine 18000 26000 3900 [2] 
Iopromide 370000000 7660000000 8650000000 [2] 
Irbesartan / / / / 
Ketoprofen 164000 248000 32000 [2] 
Levamisol 943 1394 175000 E 
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Loratidine 62 100 115 E 
Lorazepam 1683 44712 49067 E 
Losartan 180 2100 2151 E 
Meloxicam 184 3994 1392 E 
Metformin / / / / 
Metoprolol 8305 9383 81557 E 
Metronidazole 40400 1000000 1060000 VSDB 
Metronidazole-OH / / / / 
Nadolol 22538 22609 208809 E 
Naproxen 137944 121543 193337 E 
Norfluoxetine / / / / 
Ofloxacin 2444544 31750 19352000 E 
Olanzapine 52515 46786 458553 E 
Oxycodone / / / / 
Paroxetine / / / / 
Phenazone 1100 6700 3000 [2] 
Piroxicam 289 768 4220 E 
Pravastatin 85494 8588 1800 E 
Propanolol / / / / 
Propyphenazone 1000 3500 9800 [2] 
Ranitidine 66000 63000 1076000 [2] 
Ronidazole 1080 19445 242023 E 
Salbutamol / / / / 
Sertraline 43 120 408 ECOTOX 
Sotalol / / / / 
Sulfamethoxazole 1900 25200 56200 [1] 
Tamsulosin / / / / 
Tenoxicam / / / / 
Tetracycline 6000 6000 220000 [1] 
Torasemide / / / / 
Trazodone 396 1567 1313 E 
Trimethoprim 16000 121000 795000 ECOTOX 
Valsartan 3865 44337 88094 E 
Venlafaxine 635 1062 7678 E 
Warfarin / / / / 
Xylazine / / / / 
     

[1] M. Grung, T. Källqvist, S. Sakshaug, S. Skurtveit, K.V. Thomas, Environmental assessment of 
Norwegian priority pharmaceuticals based on the EMEA guideline, Ecotoxicology and 
Environmental Safety, 71 (2008) 328-340. 
[2] H. Sanderson, D.J. Johnson, C.J. Wilson, R.A. Brain, K.R. Solomon, Probabilistic hazard 
assessment of environmentally occurring pharmaceuticals toxicity to fish, daphnids and algae by 
ECOSAR screening, Toxicology Letters, 144 (2003) 383-395. 

E-ECOSAR  Ecological Structure Activity Relationships 

VSDB- VSDB: Veterinary Substances DataBase http://sitem.herts.ac.uk/aeru/vsdb/index.htm 

ECOTOX-ECOTOX  Database http://cfpub.epa.gov/ecotox/ 
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Table S-4. Limits of detection (LOD) and  quantification (LOQ) of the analytical method. 

LOD LOQ LOD LOQ
Analgesics/anti-inflammatories 

Phenazone 0.04 0.14 0.03 0.11
Propyphenazone 0.04 0.12 0.02 0.08
Oxycodone 0.05 0.17 0.22 0.74
Codeine 0.02 0.07 6.95 23.16
Acetaminophen 0.04 0.13 0.02 0.06
Ibuprofen 1.17 3.88 7.53 25.11
Indomethacine 0.09 0.32 0.28 0.94
Diclofenac 0.61 2.05 0.78 2.58
Ketoprofen 0.76 2.53 1.19 3.98
Naproxen 0.19 0.63 0.49 1.63
Piroxicam 0.02 0.06 0.09 0.30
Meloxicam 0.01 0.02 0.05 0.15
Tenoxicam 0.01 0.04 0.39 1.31

Lipid regulators and cholesterol lowering statin drugs
Bezafibrate 0.02 0.06 0.05 0.18
Gemfibrozil 0.04 0.14 0.04 0.13
Pravastatin 0.12 0.39 0.18 0.61
Fluvastatin 0.04 0.12 0.13 0.44
Atorvastatin 0.01 0.02 0.02 0.06

Psychiatric drugs 
Fluoxetine 0.36 1.19 0.21 0.69
Norfluoxetine 0.50 1.68 0.08 0.28
Paroxetine 0.16 0.53 0.03 0.10
Diazepam 0.05 0.16 0.09 0.31
Lorazepam 0.27 0.91 0.27 0.91
Alprazolam 0.02 0.07 0.05 0.16
Carbamazepine 0.01 0.04 0.04 0.12
Acridone 0.03 0.09 0.27 0.89
Sertraline 0.63 2.12 0.69 2.30
Citalopram 0.02 0.06 0.14 0.46
Venlafaxine 0.02 0.06 0.03 0.09
Olanzapine 0.04 0.15 0.06 0.20
Trazodone 0.03 0.09 0.05 0.18

Histamine H1 and H2 receptor antagonists 
Loratidine 0.11 0.37 0.03 0.10
Desloratidine 0.04 0.14 0.04 0.12
Ranitidine 1.05 3.50 0.03 0.10
Famotidine 0.09 0.30 0.01 0.05
Cimetidine 0.09 0.31 0.11 0.35

β-Blocking agents
Atenolol 0.02 0.07 0.16 0.53
Sotalol 0.24 0.79 0.02 0.06
Metoprolol 0.11 0.35 0.02 0.08
Propanolol 0.04 0.13 0.04 0.15
Nadolol 0.07 0.22 0.04 0.14
Carazolol 0.10 0.40 0.05 0.16

Therapeutic group Compound
Surface water Sediment
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LOD LOQ LOD LOQ
Diuretics

Torasemide 0.02 0.08 0.04 0.11
Hidrochlorothiazide 0.05 0.16 1.80 6.01
Furosemide 0.45 1.51 0.57 1.91

Antidiabetic 
Glibenclamide 0.60 1.80 0.60 1.80

Antihypertensives
Amlodipine 0.08 0.26 0.11 0.36
Irbesartan 0.02 0.08 0.03 0.10
Losartan 0.10 0.34 0.14 0.47
Valsartan 0.05 0.17 0.09 0.31

Antiplatelet agent
Clopidogrel 0.01 0.04 0.04 0.13

Prostatic hyperplasia
Tamsulosin 0.02 0.06 0.02 0.05

To treat asthma
Salbutamol 0.01 0.04 0.03 0.10

Anticoagulant
Warfarin 0.04 0.12 0.14 0.45

X-ray contrast agent
Iopromide 0.18 0.59 0.18 0.60

Antihelmintics
Albendazol 0.01 0.05 0.01 0.05
Thiabendazole 0.02 0.06 0.09 0.29
Levamisol 0.01 0.02 0.05 0.17

Synthetic glucocorticoid
Dexamethasone 0.05 0.16 0.06 0.20

Sedation and muscle relaxation
Xylazine 0.03 0.11 0.03 0.11

Tranquilizers
Azaperone 0.23 0.79 0.14 0.46
Azaperol 0.32 1.07 0.02 0.07

Calcium channel blocker
Diltiazem 0.02 0.05 0.04 0.12

Antibiotics
Erithromycin 0.13 0.44 0.68 2.26
Azithromycin 0.05 0.18 14.35 47.84
Clarithromycin 0.05 0.17 7.63 25.44
Tetracycline 3.55 11.83 3.55 11.83
Sulfamethoxazole 0.09 0.31 0.04 0.14
Trimethoprim 0.10 0.34 0.02 0.06
Metronidazole 0.57 1.91 0.07 0.24
Metronidazole-OH 0.40 1.35 0.22 0.74
Ofloxacin 0.04 0.14 0.06 0.19
Ciprofloxacin 0.06 0.19 0.06 0.19
Cefalexin 0.24 0.80 0.24 0.80
Dimetridazole 1.50 4.90 0.02 0.05
Ronidazole 0.83 2.76 0.06 0.19

Therapeutic group Compound
Surface water Sediment
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Table S-7. Permanova analysis  for the concentration of PhACs 
in the different basins and campaigns.

Surface water DF SS MS F p
Basin 3 3687.7 1229.2 8.07 <0.0001
Campaign 1 2348.1 2348.1 15.42 <0.0001
Basin:Campaign 3 3030.1 1010 6.63 <0.0001
Residuals 145 22081.4 152.3
Total 152 31147.3

Sediment DF SS MS F p
Basin 3 1326.1 442 9.2 <0.0001
Campaign 1 1646.3 1646.3 34.25 <0.0001
Basin:Campaign 3 1235 411.7 8.56 <0.0001
Residuals 140 6729.4 48.1
Total 147 10936.8
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Table S-8. Univariate ANOVAs by permutation for the PhACs in water and sediment
samples. The sources of variations considered were Basin, Campaign and their 
interaction in all analyses. The percentage of variance explained is detailed for each source 
of variation and for the residual. The mean, the confidence interval, the minimum and the 
maximum values for the variance explained for all the PhACs is shown at the bottom of the 
table. The significant p-values after the correction of Bonferroni are in bold.

PhACs Residuals

Var. Exp.(%) p-value Var. Exp.(%) p-value Var. Exp.(%) p-value Var. Exp.(%)
PHEN 23.4 0.0011 47.2 0.0008 25.2 0.0005 4.2
PPHEN 29.5 0.0004 43.1 0.0015 22.8 0.0014 4.5
OXYD 46.0 0.0049 33.6 0.0812 9.7 0.4437 10.6
COD 2.4 0.1028 82.8 0.0000 13.6 0.0000 1.2
APAP 33.9 0.0000 43.4 0.0000 20.7 0.0000 1.9
IBU 34.9 0.0000 47.9 0.0000 14.5 0.0012 2.7
INDO 47.0 0.0067 15.1 0.2494 26.8 0.0697 11.1
DCF 34.6 0.0210 40.2 0.0504 15.0 0.2242 10.3
KETO 41.3 0.0000 56.7 0.0000 1.3 0.1933 0.8
NAP 57.2 0.0123 14.2 0.3242 13.6 0.4364 15.0
PRC 12.1 0.0002 75.3 0.0000 11.0 0.0002 1.6
MLX 7.2 0.7418 70.8 0.0195 7.9 0.6690 14.1
TX 21.2 0.2066 47.9 0.0676 16.9 0.3431 14.1
BZF 35.4 0.0004 27.0 0.0254 32.2 0.0006 5.5
GFZ 58.2 0.0001 20.6 0.0924 14.1 0.1206 7.1
PARA 14.8 0.0105 55.8 0.0001 25.6 0.0001 3.9
FLU 80.1 0.0000 5.6 0.4523 5.0 0.6746 9.4
ATV 28.1 0.2331 4.7 1.0000 47.4 0.0619 19.8
FLX 14.7 0.0015 63.6 0.0000 19.1 0.0001 2.7
NFLX 1.4 0.0145 96.5 0.0000 1.7 0.0081 0.4
PRT 59.3 0.0061 14.2 0.3137 12.8 0.4207 13.6
DZP 12.8 0.1442 76.6 0.0008 3.5 0.6911 7.0
LRZ 20.5 0.0000 43.7 0.0000 33.8 0.0000 2.0
APZ 3.2 0.8246 69.3 0.0048 18.0 0.1313 9.5
CBZ 40.9 0.0000 36.6 0.0001 20.2 0.0001 2.3
ACRI 26.9 0.0000 64.5 0.0000 6.0 0.0854 2.6
SRT 19.6 0.0366 68.6 0.0003 4.4 0.6559 7.4
CTP 11.5 0.2061 66.1 0.0031 14.8 0.1196 7.5
VNFX 71.8 0.0000 9.3 0.1542 14.4 0.0251 4.5
OLZ 63.7 0.0259 0.3 1.0000 12.7 0.7557 23.2
TRZ 2.7 0.4126 93.4 0.0000 1.1 0.7786 2.8
LNT 25.4 0.1837 56.3 0.0599 2.5 0.9302 15.8
DLNT 46.3 0.0505 3.1 0.6870 32.6 0.1456 18.0
RNT 7.5 0.2295 35.1 0.0083 52.2 0.0000 5.2
FMT 36.3 0.0547 0.0 0.9991 44.8 0.0123 18.9
CMT 19.2 0.0604 19.6 1.0000 53.0 0.0001 8.2

Basin Campaign Basin x Campaign

Univariate ANOVA by permutation (Surface water)
Sources of variation
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Table S-8.(cont.)

PhACs Basin Campaign Basin x Campaign Residuals

Var. Exp.(%) p-value Var. Exp.(%) p-value Var. Exp.(%) p-value Var. Exp.(%)
ATN 30.5 0.0001 41.8 0.0007 23.9 0.0004 3.8
STL 35.1 0.0150 33.9 0.0744 20.4 0.1226 10.5
MTPL 85.3 0.0001 0.1 1.0000 1.5 0.9489 13.1
PRPL 48.7 0.1560 4.6 1.0000 18.0 0.6214 28.7
NDL 24.6 0.0522 19.4 0.1807 45.8 0.0022 10.2
CRZL 65.2 0.0047 3.0 0.6605 17.3 0.3271 14.6
TOR 21.1 0.0358 11.8 0.2118 59.7 0.0000 7.4
HCTZ 56.9 0.0000 0.1 1.0000 39.3 0.0000 3.7
FUR 55.7 0.0002 27.0 0.0623 9.6 0.2941 7.7
GLB 18.4 0.2266 60.0 0.0304 8.8 0.5696 12.8
AML 4.9 0.0645 82.1 0.0000 11.0 0.0012 2.0
ISRT 12.0 0.1408 45.5 0.0077 36.1 0.0009 6.5
LSRT 41.1 0.0000 46.6 0.0000 9.5 0.0202 2.8
VSRT 21.7 0.0000 50.9 0.0000 25.8 0.0000 1.5
CLPG 9.3 0.3990 67.7 0.0084 13.5 0.2363 9.4
TMSN 26.1 0.1945 21.7 1.0000 34.9 0.0992 17.3
SAL 30.9 0.0133 0.2 0.8858 60.3 0.0000 8.7
WARF 19.5 0.8444 2.7 1.0000 43.1 0.2923 34.8
IOP 11.7 0.1242 32.8 0.0212 49.2 0.0000 6.2
ALB 26.4 0.1991 21.2 0.2703 35.3 0.1056 17.1
TALB 41.9 0.0000 49.7 0.0000 6.1 0.0493 2.3
LMS 25.1 0.0003 48.6 0.0002 22.8 0.0003 3.5
DXT 30.0 0.0000 49.9 0.0002 16.9 0.0016 3.2
XYL 22.3 0.5292 20.2 0.4297 29.2 0.4061 28.2
AZPN 12.1 0.2505 67.2 0.0044 12.0 0.2592 8.7
AZPL 11.8 0.2080 72.3 0.0012 8.1 0.3900 7.8
DTZ 49.7 0.0000 0.2 0.8256 45.9 0.0000 4.2
ERY 13.3 0.4524 19.9 0.2493 52.2 0.0129 14.6
AZY 26.4 0.0011 31.2 0.0099 37.5 0.0000 4.8
CLARI 32.3 0.0970 17.7 0.3075 34.0 0.0945 16.0
TCN 26.7 0.1030 39.0 0.0833 21.6 0.1686 12.7
SMX 15.8 0.0520 36.3 0.0138 41.7 0.0002 6.2
TMP 27.0 0.0000 66.2 0.0000 5.1 0.0317 1.7
MTZ 28.6 0.0248 6.7 0.3883 55.6 0.0005 9.1
OH-MTZ 35.8 0.0004 10.9 0.1593 47.8 0.0000 5.5
OFLX 63.7 0.0016 3.6 0.5883 20.8 0.1578 11.9
CPFX 28.6 0.0373 1.6 1.0000 59.4 0.0005 10.5
CEF 2.9 0.6281 80.4 0.0000 11.9 0.0585 4.8
DMZ 8.7 0.0008 79.6 0.0000 10.3 0.0000 1.4
RNZ 48.4 0.0738 1.9 0.7603 28.9 0.2505 20.8

Univariate ANOVA by permutation (Surface water)
Sources of variation
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Table S-8.(cont.)

PhACs Basin Campaign Basin x Campaign Residuals

Var. Exp.(%) p-value Var. Exp.(%) p-value Var. Exp.(%) p-value Var. Exp.(%)
Mean 30.1 37.2 23.7 9.0
Confidence 
Interval 4.3 6.1 3.7 1.6
Min 1.4 0.0 1.1 0.4
Max 85.3 96.5 60.3 34.8
No. Signif. 
(Bonferroni) 19 21 18

Univariate ANOVA by permutation (Surface water)
Sources of variation
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Table S-8.(cont.)

PhACs Basin Campaign Basin x Campaign Residuals

Var. Exp.(%) p-value Var. Exp.(%) p-value Var. Exp.(%) p-value Var. Exp.(%)
PHEN 25.9 0.0000 25.7 0.0014 45.9 0.0000 2.5
PPHEN 19.2 0.4758 9.8 1.0000 49.6 0.0573 21.4
OXYD 17.4 0.2750 52.1 0.0429 17.4 0.2697 13.1
COD 31.6 0.0005 12.5 0.1271 50.6 0.0000 5.3
APAP 23.1 0.0000 46.5 0.0000 29.8 0.0000 0.5
IBU 8.3 0.1426 82.1 0.0001 5.1 0.3448 4.5
INDO 26.4 0.0455 31.1 0.0804 32.7 0.0209 9.8
DCF 10.8 0.7344 43.1 0.1800 22.0 0.4460 24.1
KETO 12.2 0.0000 85.2 0.0000 1.8 0.0588 0.7
NAP 8.1 0.6968 62.0 0.0537 13.2 0.5131 16.6
PRC 37.0 0.0007 37.5 0.0155 19.2 0.0308 6.3
MLX 55.7 0.0000 6.2 0.2950 32.4 0.0010 5.7
TX 47.8 0.0025 21.0 0.1364 21.9 0.0748 9.3
BZF 22.8 0.3214 0.0 1.0000 57.2 0.0192 20.1
GFZ 59.2 0.0001 5.3 1.0000 28.2 0.0079 7.3
PARA 6.6 0.6509 77.0 0.0103 4.6 0.7880 11.8
FLU 38.0 0.0024 34.2 0.0339 18.6 0.0768 9.3
ATV 12.9 0.2691 56.0 0.0091 21.2 0.0788 9.9
FLX 60.6 0.0000 0.3 0.8434 31.1 0.0074 7.9
NFLX 0.8 0.9814 13.7 0.3148 72.2 0.0007 13.2
PRT 28.3 0.0000 41.4 0.0000 28.0 0.0000 2.3
DZP 52.7 0.0108 15.1 0.2991 18.3 0.2720 13.9
LRZ 6.3 0.1355 70.9 0.0000 19.4 0.0010 3.4
APZ 23.3 0.2043 8.5 0.4791 53.1 0.0108 15.1
CBZ 13.0 0.0003 68.6 0.0000 16.4 0.0000 2.0
ACRI 41.2 0.0000 44.9 0.0001 11.7 0.0021 2.2
SRT 8.9 0.0119 84.1 0.0000 4.5 0.1486 2.5
CTP 23.5 0.0000 52.9 0.0000 22.0 0.0000 1.5
VNFX 25.9 0.0000 36.4 0.0000 33.3 0.0000 4.4
OLZ 21.4 0.0015 62.0 0.0000 12.3 0.0279 4.3
TRZ 49.7 0.0147 34.0 0.1266 2.0 0.9388 14.3
LNT 31.2 0.0023 54.3 0.0021 8.5 0.2532 6.1
DLNT 7.8 0.0000 86.0 0.0000 5.6 0.0000 0.6
RNT 10.2 0.5119 21.3 0.1936 56.1 0.0016 12.4
FMT 27.2 0.0029 23.9 0.1098 36.0 0.0000 12.9
CMT 18.4 0.0024 66.5 0.0000 11.6 0.0225 3.5

Univariate ANOVA by permutation (Sediment)
Sources of variation
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Table S-8.(cont.)

PhACs Basin Campaign Basin x Campaign Residuals

Var. Exp.(%) p-value Var. Exp.(%) p-value Var. Exp.(%) p-value Var. Exp.(%)
ATN 2.0 0.5413 88.4 0.0000 6.7 0.0713 2.8
STL 19.3 0.0020 61.7 0.0000 15.2 0.0069 3.8
MTPL 2.6 0.8798 68.1 0.0050 19.5 0.1077 9.7
PRPL 42.2 0.0001 1.1 0.6712 50.7 0.0000 6.0
NDL 7.2 0.0729 82.5 0.0000 7.3 0.0702 3.0
CRZL 2.3 0.0408 94.2 0.0000 2.7 0.0239 0.8
TOR 16.8 0.0015 77.1 0.0000 3.1 0.3899 3.0
HCTZ 26.7 0.0911 30.8 0.0911 26.7 0.0911 15.8
FUR 49.0 0.0002 36.8 0.0216 7.2 0.3955 7.0
GLB 0.0 0.2270 99.9 0.0000 0.0 0.2329 0.0
AML 5.1 0.0216 91.4 0.0000 2.0 0.2900 1.5
ISRT 26.7 0.0000 31.4 0.0003 39.5 0.0000 2.5
LSRT 16.9 0.0000 65.6 0.0000 16.9 0.0000 0.7
VSRT 25.5 0.0000 26.9 0.0022 44.8 0.0000 2.8
CLPG 26.4 0.0197 58.1 0.0040 6.7 0.5640 8.8
TMSN 32.0 0.0000 48.0 0.0000 18.9 0.0000 1.2
SAL 79.5 0.0000 12.1 0.0320 5.8 0.0811 2.6
WARF 30.7 0.0000 48.4 0.0000 18.1 0.0000 2.7
IOP 24.8 0.0000 56.0 0.0000 19.0 0.0000 0.2
ALB 4.0 0.0150 90.9 0.0000 4.0 0.0140 1.1
TALB 33.8 0.0581 6.1 0.5297 46.0 0.0155 14.2
LMS 12.2 0.0085 43.5 0.0002 41.2 0.0000 3.1
DXT 25.4 0.0000 53.9 0.0000 19.7 0.0000 1.0
XYL 15.1 0.0006 66.2 0.0000 16.3 0.0001 2.4
AZPN 20.5 0.0000 61.3 0.0000 17.5 0.0000 0.7
AZPL 45.3 0.0000 2.5 0.3690 49.2 0.0000 3.0
DTZ 5.6 0.1362 79.9 0.0000 11.5 0.0105 3.0
ERY 11.6 0.0000 75.9 0.0000 11.4 0.0000 1.1
AZY 1.0000 1.0000 1.0000
CLARI 13.2 0.3544 60.1 0.0418 13.2 0.4122 13.6
TCN 6.6 0.0540 84.2 0.0000 6.6 0.0518 2.6
SMX 1.7 0.4439 92.7 0.0000 3.7 0.1178 1.9
TMP 5.7 0.0033 86.8 0.0000 6.3 0.0015 1.2
MTZ 1.1 0.5699 95.7 0.0000 1.6 0.4174 1.6
OH-MTZ 19.9 0.0159 54.2 0.0020 20.0 0.0165 6.0
OFLX 24.3 0.0219 43.5 0.0133 24.3 0.0178 7.9
CPFX 24.6 0.0000 52.2 0.0000 22.6 0.0000 0.7
CEF 6.0 0.0009 87.1 0.0000 6.0 0.0008 1.0
DMZ 13.4 0.1884 74.4 0.0029 3.7 0.7281 8.4
RNZ 37.3 0.0001 42.1 0.0030 15.7 0.0241 4.9

Univariate ANOVA by permutation (Sediment)
Sources of variation
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Table S-8.(cont.)

PhACs Basin Campaign Basin x Campaign Residuals

Var. Exp.(%) p-value Var. Exp.(%) p-value Var. Exp.(%) p-value Var. Exp.(%)
Mean 22.3 50.1 20.9 6.7
Confidence 
Interval 3.7 6.4 3.7 1.3
Min 0.0 0.0 0.0 0.0
Max 79.5 99.9 72.2 24.1
No. Signif. 
(Bonferroni) 26 37 23

Univariate ANOVA by permutation (Sediment)
Sources of variation

Table S-9. Permanova for the comparison of the C2:C1 ratios for PhACs and for the discharge 

Surface water DF SS MS F p
Discharge ratio 1 276.7 276.6 0.96 0.4105
Residuals 46 13217.3 287.3
Total 47 13493.9

Sediment DF SS MS F p
Discharge ratio 1 105.6 105.6 0.86 0.5746
Residuals 41 5018.2 122.4
Total 42 5123.8
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Table S-10 (cont.)

Catchment Subcatchment Site C1 C2
Llobregat Llobregat LLO1 44.06 97.61
Llobregat Llobregat LLO2 46.63 53.07
Llobregat Llobregat LLO3 514.10 92.28
Llobregat Cardener CAR1 47.55 62.15
Llobregat Cardener CAR2 54.94 55.64
Llobregat Cardener CAR3 202.04 102.51
Llobregat Cardener CAR4 563.20 195.15
Llobregat Llobregat LLO4 697.88 129.21
Llobregat Llobregat LLO5 1195.64 136.90
Llobregat Anoia ANO1 515.11 74.60
Llobregat Anoia ANO2 3346.23 1290.86
Llobregat Anoia ANO3 2000.78 706.42
Llobregat Llobregat LLO6 2390.45 242.16
Llobregat Llobregat LLO7 3426.05 1786.90
Ebro Ebro EBR1 175.25 71.08
Ebro Oca OCA 550.98 112.91
Ebro Ebro EBR2 179.83 73.16
Ebro Zadorra ZAD 3811.86 3673.18
Ebro Ebro EBR3 444.93 84.85
Ebro Nájerilla NAJ 195.07 53.83
Ebro Arga ARG 1513.03 461.70
Ebro Ebro EBR4 473.35 86.53
Ebro Ebro EBR5 280.96 67.17
Ebro Gállego GAL1 34.79 43.54
Ebro Gállego GAL2 59.33 45.52
Ebro Huerva HUE 2066.14 1148.31
Ebro Ebro EBR6 962.97 263.60
Ebro Martín MAR 87.45 72.55
Ebro Ésera ESE 55.39 44.39
Ebro Cinca CIN1 53.01 140.01
Ebro Cinca CIN2 85.14 159.92
Ebro Ribera Salada RS 40.16 43.93
Ebro Segre SEG 993.52 244.23
Ebro Matarranya MAT 120.07 60.09
Ebro Algars ALG 108.23 36.23
Ebro Ebro EBR7 123.32 253.49
Ebro Ebro EBR8 172.20 86.66
Ebro Ebro EBR9 150.33 59.15

Total TotalSurface water
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Table S-10 (cont.)

Catchment Subcatchment Site C1 C2
Júcar Júcar JUC1 51.44 162.78
Júcar Júcar JUC2 49.76 58.56
Júcar Júcar JUC3 52.01 107.88
Júcar Júcar JUC4 58.00 197.00
Júcar Júcar JUC5 28.61 23.47
Júcar Cabriel CAB1 36.59 36.92
Júcar Cabriel CAB2 NA 46.27
Júcar Cabriel CAB3 33.98 35.77
Júcar Cabriel CAB4 33.82 30.38
Júcar Cabriel CAB5 23.53 25.02
Júcar Júcar JUC6 49.94 34.53
Júcar Júcar JUC7 70.48 291.94
Júcar Magro MAG1 133.41 88.60
Júcar Magro MAG2 64.79 500.93
Júcar Júcar JUC8 115.24 117.56
Guadalquivir Borosa BOR 41.67 113.97
Guadalquivir Guadalquivir GUA1 32.45 78.05
Guadalquivir Guadiana Menor GUAM 33.14 88.71
Guadalquivir Guadalquivir GUA2 213.89 258.32
Guadalquivir Magaña MAG 56.28 57.35
Guadalquivir Guadabullón GUAN 146.17 396.94
Guadalquivir Guadalquivir GUA3 52.72 202.33
Guadalquivir Yeguas YEG 35.60 272.75
Guadalquivir Guadalmoral GUAL 39.72 227.80
Guadalquivir Guadalquivir GUA4 95.36 402.30
Guadalquivir Picachos PIC 44.77 145.27
Guadalquivir Bembézar BEM 35.13 146.71
Guadalquivir Cacín CAC 28.22 101.95
Guadalquivir Genil GEN1 137.17 362.58
Guadalquivir Genil GEN2 69.60 214.74
Guadalquivir Guadalquivir GUA5 70.34 166.93
Guadalquivir Corbones COR 54.20 205.39
Guadalquivir Herreros HER 103.12 164.20
Guadalquivir Guadaira GUAA 166.31 542.05
Guadalquivir Guadalquivir GUA6 150.77 179.71
Guadalquivir Guadalquivir GUA7 47.44 162.82
Guadalquivir Guadalquivir GUA8 47.37 83.29
Guadalquivir Guadiamar GUAR 33.81 169.20
Guadalquivir Guadalquivir GUA9 30.72 50.03

Total TotalSurface water
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Table S-11 (cont.)

Catchment Subcatchment Site C1 C2
Llobregat Llobregat LLO1 60.97 83.24
Llobregat Llobregat LLO2 89.97 81.67
Llobregat Llobregat LLO3 99.21 62.99
Llobregat Cardener CAR1 68.86 71.01
Llobregat Cardener CAR2 75.81 67.46
Llobregat Cardener CAR3 76.96 83.38
Llobregat Cardener CAR4 96.70 82.48
Llobregat Llobregat LLO4 101.46 85.83
Llobregat Llobregat LLO5 80.27 74.30
Llobregat Anoia ANO1 101.24 66.09
Llobregat Anoia ANO2 84.85 65.31
Llobregat Anoia ANO3 84.03 76.94
Llobregat Llobregat LLO6 94.92 68.34
Llobregat Llobregat LLO7 207.44 82.31

Ebro Ebro EBR1 90.47 65.36
Ebro Oca OCA 74.47 59.47
Ebro Ebro EBR2 88.66 68.18
Ebro Zadorra ZAD 62.91 75.18
Ebro Ebro EBR3 73.32 71.92
Ebro Nájerilla NAJ 70.86 70.96
Ebro Arga ARG 74.11 67.43
Ebro Ebro EBR4 30.02 68.50
Ebro Ebro EBR5 NA 65.56
Ebro Gállego GAL1 72.97 100.22
Ebro Gállego GAL2 69.97 72.39
Ebro Huerva HUE 59.25 0.00
Ebro Ebro EBR6 98.71 74.46
Ebro Martín MAR 85.42 76.14
Ebro Ésera ESE 90.94 69.04
Ebro Cinca CIN1 85.01 73.70
Ebro Cinca CIN2 69.50 75.90
Ebro Ribera Salada RS 76.41 62.46
Ebro Segre SEG 62.57 80.04
Ebro Matarranya MAT 56.49 70.77
Ebro Algars ALG 71.11 65.57
Ebro Ebro EBR7 17.32 71.70
Ebro Ebro EBR8 NA NA
Ebro Ebro EBR9 18.26 87.42

Sediment TotalTotal
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Table S-11 (cont.)

Catchment Subcatchment Site C1 C2
Jucar Júcar JUC1 87.24 97.30
Jucar Júcar JUC2 85.77 100.56
Jucar Júcar JUC3 NA 89.25
Jucar Júcar JUC4 72.35 72.56
Jucar Júcar JUC5 57.98 82.92
Jucar Cabriel CAB1 83.11 81.43
Jucar Cabriel CAB2 85.84 60.70
Jucar Cabriel CAB3 66.31 73.44
Jucar Cabriel CAB4 NA 63.41
Jucar Cabriel CAB5 61.80 83.95
Jucar Júcar JUC6 88.96 73.47
Jucar Júcar JUC7 99.21 71.72
Jucar Magro MAG1 78.32 95.66
Jucar Magro MAG2 67.60 77.07
Jucar Júcar JUC8 70.04 94.30

Guadalquivir Borosa BOR 110.89 89.84
Guadalquivir Guadalquivir GUA1 92.00 75.39
Guadalquivir Guadiana Menor GUAM 82.54 71.31
Guadalquivir Guadalquivir GUA2 91.78 76.44
Guadalquivir Magaña MAG 71.01 75.34
Guadalquivir Guadabullón GUAN 63.84 78.30
Guadalquivir Guadalquivir GUA3 91.57 75.70
Guadalquivir Yeguas YEG 71.88 87.91
Guadalquivir Guadalmoral GUAL 86.94 81.50
Guadalquivir Guadalquivir GUA4 92.19 90.60
Guadalquivir Picachos PIC 65.23 82.78
Guadalquivir Bembézar BEM 65.37 69.34
Guadalquivir Cacín CAC 69.08 59.38
Guadalquivir Genil GEN1 71.92 72.20
Guadalquivir Genil GEN2 69.52 75.00
Guadalquivir Guadalquivir GUA5 72.05 65.21
Guadalquivir Corbones COR 76.11 80.51
Guadalquivir Herreros HER 67.25 72.55
Guadalquivir Guadaira GUAA 88.72 72.18
Guadalquivir Guadalquivir GUA6 58.61 72.93
Guadalquivir Guadalquivir GUA7 90.51 83.32
Guadalquivir Guadalquivir GUA8 81.77 86.56
Guadalquivir Guadiamar GUAR 60.46 93.21
Guadalquivir Guadalquivir GUA9 83.96 83.39

Sediment Total Total
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Table S-12. Pharmaceuticals more frequently detected at:
In bold the cases than accumulate more than 50% of the cases

(a) "outlying high"   concentrations
Surface waters Sediments

PhAC Number of cases PhAC Number of cases
PHEN 56 TRZ 72
PPHEN 48 FMT 52
TMSN 42 CEF 32
CEF 37 PRX 32
IBU 34 OH.MT 30
OH-MTZ 34 DMZ 28
MLX 32 NAP 23
ERY 29 NDL 23
FLU 29 RNZ 23
ATN 28 ATV 20
CLARI 27 DTZ 16
MTPL 24 VNFX 13
SMX 24 CTP 12
NDL 22 OFLX 12
PRPL 21 XYL 10
VSRT 19 TALB 8
PRX 18 DCF 7
OFLX 16 LNT 6
STL 16 OLZ 6
PARA 15 CLPG 4
APZ 11 FLX 4
OXYD 10 FLU 2
SAL 10 FUR 2
DZP 9 GFZ 2
GLB 9 INDO 2
LRZ 9 APZ 1
AZPL 8 AZPN 1
CMT 8 CPFX 1
AZPN 7 PARA 1
FLX 7 PRPL 1
XYL 6 SRT 1
TX 5 WARF 1
IOP 4
RNT 4
TOR 4
AZY 3
DCF 2
SRT 2
TCN 2
ISRT 1
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(a). (cont)
Surface waters Sediments

PhAC Number of cases PhAC Number of cases
KETO 1
WARF 1

(b) "outlying low" concentrations

PhAC Number of cases PhAC Number of cases
IBU 35 NDL 35

PARA 25 TCN 26
OFLX 24 AZPN 23
TCN 21 FLX 18
ERY 19 TRZ 18

CLARI 18 OFLX 14
VSRT 7 PRPL 14
AZPL 5 VNFX 13
AZY 3 DCF 8

AZPN 1 PARA 8
HCTZ 1

Surface waters Sediments

Table S-13. River basins whith more and less cases of PhACs more frequently detected at:
In bold the cases than accumulate more than 50% of the cases

(a) "outlying high"   concentrations

Basin Number of cases Basin Number of cases
Ebro 291 Ebro 129

Llobregat 220 Llobregat 125
Guadalquivir 105 Guadalquivir 103

Jucar 78 Jucar 91

(b) "outlying low"  concentrations

Basin Number of cases Basin Number of cases
Jucar 55 Ebro 54

Guadalquivir 54 Guadalquivir 54
Ebro 30 Llobregat 39

Llobregat 19 Jucar 31

Surface waters Sediments

Surface waters Sediments
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Table S-14. Campaigns whith more and less cases of PhACs more frequently detected at:

(a) "outlying high"   concentrations

Campaign Number of cases Campaign Number of cases
C1 422 C2 253
C2 272 C1 195

(b) "outlying low"  concentrations

Campaign Number of cases Campaign Number of cases
C2 112 C1 98
C1 46 C2 80

Surface waters Sediments

Surface waters Sediments

Table S-15. Comparison among river basins and campaigns of cases of PhACs 
detected at:

(a) "outlying high"   concentrations

Basin Campaign Number of cases p-value Number of cases p-value
Ebro C1 193 <0.0001 45 <0.0001
Ebro C2 98 84
Gua C1 31 44
Gua C2 74 47
Llo C1 176 29
Llo C2 44 74
Juc C1 22 77
Juc C2 56 48

(b) "outlying low"  concentrations

Basin Campaign Number of cases p-value Number of cases p-value
Ebro C1 7 0.113 28 <0.0001
Ebro C2 23 26
Gua C1 20 45
Gua C2 34 9
Llo C1 8 11
Llo C2 11 28
Juc C1 11 14
Juc C2 44 17

Surface waters

Surface waters

Sediments

Sediments
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Table S-16. Sampling sites whith more and less cases of PhACs more frequently detected at:
In bold the cases than accumulate more than 50% of the cases

(a) "outlying high"  concentrations
Site Number of cases Site Number of cases
ZAD 67 LLO7 24
LLO7 47 CAR4 18
ANO2 44 JUC2 13
MAG2 34 JUC8 13
LLO6 25 LLO4 13
ANO3 24 ANO3 11
HUE 23 ARG 11
ARG 22 BOR 11
SEG 22 NAJ 11

EBR7 20 CAB1 10
EBR6 19 JUC1 10
LLO5 19 EBR6 9
EBR4 17 GUA7 9
LLO4 17 LLO3 9
JUC1 15 MAG1 9
EBR3 14 COR 8
CIN2 13 EBR4 8
EBR5 13 EBR7 8
LLO3 13 CAR3 7
CIN1 12 EBR1 7
GUA4 10 GAL2 7
OCA 10 JUC4 7
CAR4 9 LLO2 7
GUAN 9 ZAD 7
EBR1 8 CAR1 6
EBR2 8 CIN2 6
ANO1 7 EBR3 6
EBR8 6 GAL1 6
GUA2 6 GUA3 6
GUA3 6 GUA8 6
GUA9 6 JUC6 6
GUAA 6 JUC7 6
EBR9 5 LLO6 6
GEN1 5 SEG 6
GUA1 5 ANO1 5
GUA6 5 ANO2 5
GUAL 5 CAB5 5
LLO1 5 EBR2 5
BOR 4 GUA1 5
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(a) (cont.)
Surface waters Sediments

Site Number of cases Site Number of cases
GEN2 4 GUA4 5
GUA5 4 HUE 5
GUA7 4 JUC3 5
JUC4 4 JUC5 5
JUC7 4 LLO1 5

MAG1 4 LLO5 5
NAJ 4 MAG2 5
ALG 3 OCA 5

CAB5 3 BEM 4
CAC 3 CAB2 4

CAR1 3 CAR2 4
COR 3 CIN1 4

GUA8 3 EBR5 4
GUAM 3 GEN1 4
GUAR 3 GUA2 4
HER 3 GUAN 4
JUC2 3 GUAR 4
JUC6 3 MAR 4
LLO2 3 PIC 4
PIC 3 CAB4 3

CAR2 2 EBR9 3
CAR3 2 ESE 3
ESE 2 GUAA 3

JUC5 2 HER 3
JUC8 2 CAB3 2
MAG 2 GEN2 2
YEG 2 GUA5 2
BEM 1 GUA6 2
CAB1 1 GUA9 2
CAB2 1 RS 2
CAB4 1 ALG 1
GAL1 1 CAC 1
JUC3 1 MAG 1
MAR 1 MAT 1

RS 1 YEG 1
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(b) "outlying low"  concentrations

Site Number of cases Site Number of cases
CAB5 7 EBR1 7
JUC5 7 LLO5 6
CAB4 5 RS 6
GUAL 5 ESE 5
MAG 5 GEN1 5
ARG 4 ANO3 4
CAB1 4 CAB4 4
CAB3 4 CAB5 4
JUC1 4 CAR3 4
JUC2 4 EBR2 4
PIC 4 GUA6 4
ALG 3 GUA7 4
ANO2 3 GUAM 4
BEM 3 GUAR 4
CAC 3 JUC7 4
CAR1 3 MAT 4
CIN1 3 ALG 3
ESE 3 ANO2 3
GAL2 3 BEM 3
GUA1 3 BOR 3
GUA8 3 CAR1 3
GUA9 3 CIN2 3
JUC3 3 EBR3 3
JUC7 3 EBR6 3
JUC8 3 GEN2 3

MAG1 3 GUA1 3
NAJ 3 GUA4 3

ANO3 2 GUAL 3
BOR 2 LLO2 3
CAB2 2 LLO3 3
CAR2 2 LLO4 3
CAR3 2 LLO6 3
CAR4 2 MAG2 3
CIN2 2 PIC 3
COR 2 SEG 3
GAL1 2 CAB1 2
GEN1 2 CAB3 2
GEN2 2 CAR2 2
GUAM 2 CIN1 2
GUAN 2 EBR4 2

Surface waters Sediments
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(b)  (cont.)
Surface waters Sediments

Site Number of cases Site Number of cases
GUAR 2 GUA2 2
HER 2 GUA3 2
JUC4 2 JUC1 2
JUC6 2 JUC2 2

MAG2 2 JUC5 2
MAR 2 LLO7 2
OCA 2 OCA 2
YEG 2 ANO1 1

ANO1 1 ARG 1
EBR1 1 CAB2 1
EBR4 1 CAC 1
GUA2 1 CAR4 1
GUA3 1 COR 1
GUA4 1 EBR9 1
GUA5 1 GAL1 1
GUA6 1 GAL2 1
GUA7 1 GUA5 1
GUAA 1 GUA9 1
LLO2 1 GUAA 1
LLO3 1 GUAN 1
LLO4 1 HER 1
LLO7 1 HUE 1
ZAD 1 JUC3 1

JUC4 1
JUC6 1
JUC8 1
LLO1 1

MAG1 1
NAJ 1
YEG 1
ZAD 1
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Table S-17.  Total TU values of pharmaceuticals detected in surface waters from each sampling site 
across basins and over sampling campaigns.  Totals in bold and italic  are the maximum
 and minimum  values determined in the underlined sampling site of each basin.

C1 C2 C1 C2 C1 C2
Llobregat Llobregat LLO1 1.05E-04 5.19E-05 3.68E-05 9.64E-06 1.41E-05 8.13E-06
Llobregat Llobregat LLO2 5.58E-05 2.88E-05 1.77E-05 7.18E-06 1.53E-05 8.25E-06
Llobregat Llobregat LLO3 2.36E-04 4.09E-05 5.94E-05 1.07E-05 7.32E-05 1.73E-05
Llobregat Cardener CAR1 5.61E-05 3.10E-05 1.07E-05 8.25E-06 6.13E-06 1.11E-05
Llobregat Cardener CAR2 8.71E-05 3.56E-05 1.30E-05 7.55E-06 8.00E-06 6.87E-06
Llobregat Cardener CAR3 8.40E-05 4.04E-05 1.42E-05 1.25E-05 1.45E-05 2.93E-05
Llobregat Cardener CAR4 9.32E-05 9.38E-05 2.00E-05 3.55E-05 8.64E-06 2.89E-05
Llobregat Llobregat LLO4 2.11E-04 5.51E-05 6.71E-05 1.50E-05 7.47E-05 2.44E-05
Llobregat Llobregat LLO5 6.61E-04 6.49E-05 1.30E-04 1.88E-05 2.16E-04 3.47E-05
Llobregat Anoia ANO1 2.15E-04 1.24E-04 3.43E-05 4.05E-05 6.22E-05 1.89E-05
Llobregat Anoia ANO2 2.65E-03 4.71E-04 3.80E-04 1.98E-04 4.12E-04 3.74E-04
Llobregat Anoia ANO3 6.66E-04 1.80E-04 1.33E-04 9.35E-05 2.68E-04 3.54E-04
Llobregat Llobregat LLO6 5.93E-04 8.09E-05 1.11E-04 3.02E-05 1.42E-04 7.69E-05
Llobregat Llobregat LLO7 5.39E-03 1.39E-03 1.52E-03 5.61E-04 8.39E-04 4.81E-04

Ebro Ebro EBR1 4.88E-05 3.05E-05 1.95E-05 7.64E-06 1.17E-05 7.03E-06
Ebro Oca OCA 2.70E-04 3.22E-05 4.48E-05 9.40E-06 4.42E-05 1.44E-05
Ebro Ebro EBR2 6.03E-05 3.10E-05 1.64E-05 8.33E-06 1.20E-05 1.23E-05
Ebro Zadorra ZAD 4.67E-03 3.45E-03 5.32E-04 2.71E-04 6.19E-04 2.51E-04
Ebro Ebro EBR3 3.48E-04 4.66E-05 4.61E-05 9.76E-06 4.36E-05 1.23E-05
Ebro Nájerilla NAJ 9.53E-05 3.07E-05 1.98E-05 7.88E-06 1.05E-05 8.04E-06
Ebro Arga ARG 1.21E-03 1.07E-04 2.12E-04 4.03E-05 2.84E-04 9.91E-05
Ebro Ebro EBR4 3.18E-04 3.61E-05 4.97E-05 1.11E-05 5.40E-05 2.10E-05
Ebro Ebro EBR5 1.57E-04 4.03E-05 3.04E-05 9.17E-06 3.09E-05 1.33E-05
Ebro Gállego GAL1 3.88E-05 3.90E-05 8.72E-06 7.99E-06 5.17E-06 1.19E-05
Ebro Gállego GAL2 4.05E-05 2.86E-05 8.61E-06 7.63E-06 6.77E-06 7.67E-06
Ebro Huerva HUE 6.20E-04 2.57E-04 1.23E-04 1.00E-04 2.77E-04 1.74E-04
Ebro Ebro EBR6 5.86E-04 1.15E-04 1.08E-04 4.36E-05 8.19E-05 8.81E-05
Ebro Martín MAR 6.75E-05 3.01E-05 1.87E-05 8.92E-06 1.78E-05 1.45E-05
Ebro Ésera ESE 3.90E-05 2.70E-05 1.11E-05 7.54E-06 1.17E-05 9.45E-06
Ebro Cinca CIN1 3.37E-05 2.29E-04 8.05E-06 9.51E-05 7.17E-06 7.77E-05
Ebro Cinca CIN2 1.04E-04 2.37E-04 2.03E-05 9.44E-05 1.20E-05 7.68E-05
Ebro Ribera Salada RS 5.71E-05 3.26E-05 1.60E-05 8.08E-06 7.59E-06 6.65E-06
Ebro Segre SEG 3.80E-04 2.35E-04 8.23E-05 9.94E-05 1.75E-04 9.61E-05
Ebro Matarranya MAT 4.17E-05 3.77E-05 1.07E-05 7.64E-06 6.91E-06 6.23E-06
Ebro Algars ALG 6.08E-05 3.61E-05 1.47E-05 7.54E-06 5.80E-06 7.44E-06
Ebro Ebro EBR7 6.32E-05 2.36E-04 1.80E-05 1.10E-04 1.83E-05 8.70E-05
Ebro Ebro EBR8 8.69E-05 6.12E-05 2.13E-05 1.80E-05 1.74E-05 1.88E-05
Ebro Ebro EBR9 9.41E-05 4.86E-05 2.14E-05 1.53E-05 1.97E-05 1.71E-05

TU Algae TU Daphnia TU Fish
Catchment Subcatchment Site
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Table S-17.(cont)

C1 C2 C1 C2 C1 C2
Jucar Júcar JUC1 1.10E-04 1.89E-04 1.87E-05 7.12E-05 1.52E-05 6.31E-05

Jucar Júcar JUC2 1.03E-04 2.53E-05 1.88E-05 8.72E-06 1.41E-05 1.19E-05

Jucar Júcar JUC3 6.48E-05 4.92E-05 1.82E-05 1.65E-05 1.34E-05 3.27E-05

Jucar Júcar JUC4 1.12E-04 1.11E-04 1.94E-05 5.86E-05 1.65E-05 2.39E-05

Jucar Júcar JUC5 5.00E-05 2.18E-05 1.40E-05 6.11E-06 6.97E-06 2.91E-06

Jucar Cabriel CAB1 3.64E-05 3.18E-05 1.00E-05 7.20E-06 1.12E-05 4.21E-06

Jucar Cabriel CAB2 NA 3.23E-05 NA 7.43E-06 NA 3.59E-06

Jucar Cabriel CAB3 3.43E-05 2.28E-05 9.30E-06 7.03E-06 8.08E-06 3.24E-06

Jucar Cabriel CAB4 4.76E-05 2.79E-05 1.40E-05 6.66E-06 7.46E-06 3.50E-06

Jucar Cabriel CAB5 3.94E-05 2.19E-05 8.74E-06 5.97E-06 6.85E-06 2.93E-06
Jucar Júcar JUC6 1.09E-04 3.04E-05 1.84E-05 7.12E-06 1.40E-05 3.70E-06

Jucar Júcar JUC7 1.16E-04 4.11E-05 2.02E-05 1.58E-05 1.34E-05 1.68E-05

Jucar Magro MAG1 7.51E-05 5.36E-05 2.66E-05 1.51E-05 3.33E-05 1.21E-05

Jucar Magro MAG2 3.65E-05 6.75E-04 1.16E-05 9.89E-05 1.52E-05 8.43E-05
Jucar Júcar JUC8 5.77E-05 4.29E-05 1.59E-05 1.14E-05 1.20E-05 9.89E-06

Guadalquivir Borosa BOR 4.90E-05 4.58E-05 1.50E-05 1.22E-05 1.40E-05 1.56E-05

Guadalquivir Guadalquivir GUA1 6.27E-05 1.27E-04 1.39E-05 1.17E-05 5.58E-06 1.80E-05

Guadalquivir Guadiana Menor GUAM 5.11E-05 4.33E-05 1.35E-05 1.41E-05 8.09E-06 2.60E-05

Guadalquivir Guadalquivir GUA2 7.57E-05 1.66E-04 2.18E-05 3.61E-05 1.58E-05 7.96E-05

Guadalquivir Magaña MAG 6.17E-05 3.87E-05 1.48E-05 9.75E-06 7.47E-06 7.79E-06

Guadalquivir Guadabullón GUAN 6.34E-05 1.28E-04 2.29E-05 6.25E-05 5.24E-05 2.16E-04
Guadalquivir Guadalquivir GUA3 5.75E-05 7.91E-05 1.77E-05 3.11E-05 1.38E-05 8.18E-05

Guadalquivir Yeguas YEG 4.82E-05 1.01E-04 1.40E-05 3.98E-05 8.56E-06 3.54E-05

Guadalquivir Guadalmoral GUAL 4.96E-05 1.65E-04 1.43E-05 3.52E-05 9.38E-06 5.82E-05

Guadalquivir Guadalquivir GUA4 1.21E-04 1.58E-04 2.29E-05 4.81E-05 2.62E-05 8.08E-05

Guadalquivir Picachos PIC 4.72E-05 3.85E-05 1.33E-05 1.15E-05 6.69E-06 1.52E-05

Guadalquivir Bembézar BEM 4.72E-05 5.41E-05 1.35E-05 2.20E-05 6.11E-06 6.77E-05

Guadalquivir Cacín CAC 4.78E-05 6.03E-05 1.35E-05 2.02E-05 6.29E-06 2.74E-05

Guadalquivir Genil GEN1 6.56E-05 1.18E-04 2.52E-05 5.38E-05 5.11E-05 1.80E-04

Guadalquivir Genil GEN2 5.36E-05 6.16E-05 1.63E-05 2.52E-05 2.28E-05 7.26E-05

Guadalquivir Guadalquivir GUA5 6.14E-05 1.58E-04 1.85E-05 2.85E-05 1.90E-05 4.43E-05

Guadalquivir Corbones COR 5.95E-05 6.10E-05 1.68E-05 2.12E-05 1.18E-05 5.21E-05

Guadalquivir Herreros HER 5.80E-05 4.13E-05 1.73E-05 1.29E-05 2.16E-05 2.23E-05

Guadalquivir Guadaira GUAA 7.89E-05 1.17E-04 2.93E-05 5.64E-05 5.97E-05 2.09E-04

Guadalquivir Guadalquivir GUA6 7.39E-05 1.73E-04 3.03E-05 4.15E-05 7.60E-05 7.12E-05

Guadalquivir Guadalquivir GUA7 5.85E-05 1.63E-04 1.62E-05 3.39E-05 8.87E-06 5.55E-05

Guadalquivir Guadalquivir GUA8 5.18E-05 1.66E-04 1.55E-05 3.28E-05 1.61E-05 1.44E-05

Guadalquivir Guadiamar GUAR 4.88E-05 2.45E-04 1.38E-05 1.14E-04 7.52E-06 9.83E-05

Guadalquivir Guadalquivir GUA9 4.85E-05 1.34E-04 1.38E-05 1.56E-05 9.92E-06 7.44E-06

Catchment Subcatchment Site
TU Algae TU Daphnia TU Fish
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Table S-18. Aquatic organisms with more outlying TU values

TU-type Number of cases
TU-Algae 7

TU-Daphnia 6
TU-Fish 0

Surface waters

Table S-19. River basins with more outlying TU values

Basin Number of cases
Llobregat 6

Ebro 6
Jucar 1

Guadalquivir 0

Surface waters

Table S-20. Campaigns with more outlying TU values

Campaign Number of cases
C1 8
C2 5

Surface waters

Table S-21. Sampling sites with more outlying TU values

Site Number of cases
LLO7 4
ZAD 4

ANO2 2
ARG 2

MAG2 1

Surface waters

Table S-22. Comparison among river basins and campaigns of cases 
of outlying TU values

Basin Campaign Number of cases p-value
Ebro C1 4 0.5338
Ebro C2 2
Gua C1 0
Gua C2 0
Llo C1 4
Llo C2 2
Juc C1 0
Juc C2 1

Surface waters
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Table S-23.  Contribution of individual pharmaceuticals to the total TU of every sample analized.

PhAC Mean Min Max PhAC Mean Min Max PhAC Mean Min Max
SRT 22.0 0.2 72.2 SRT 29.1 0.5 79.3 GFZ 42.7 0.5 94.5
ERY 19.8 0.3 67.9 GFZ 12.0 0.0 65.7 SRT 11.3 0.1 56.3
LSRT 11.2 0.1 61.8 LNT 10.0 0.1 91.4 LNT 10.0 0.1 92.0
DMZ 5.8 0.2 46.2 TCN 5.2 0.1 14.0 AZY 6.2 0.0 46.8
LNT 4.9 0.0 68.4 FLX 4.8 0.2 20.7 LSRT 4.7 0.0 45.4
GFZ 4.7 0.0 41.8 LSRT 4.8 0.0 30.2 IBU 4.3 0.0 62.6

CLARI 4.5 0.1 40.8 VNFX 4.2 0.0 31.6 FLU 2.6 0.0 61.1
TRZ 3.8 0.0 64.0 CTP 3.9 0.0 68.5 TRZ 2.5 0.0 37.7

VSRT 1.9 0.0 22.0 AZY 3.7 0.0 24.0 KETO 2.3 0.1 13.6
VNFX 1.8 0.0 16.5 TRZ 2.7 0.0 53.2 INDO 2.1 0.0 60.5
CTP 1.7 0.0 24.5 ACRI 2.4 0.0 11.1 FLX 1.7 0.0 7.5
AZY 1.7 0.0 9.9 LMS 2.3 0.0 77.7 AML 1.4 0.0 7.2
IBU 1.5 0.0 35.0 AZPN 2.0 0.0 5.6 ACRI 1.2 0.0 6.1
LRZ 1.4 0.1 23.9 DMZ 1.9 0.0 15.7 PARA 1.0 0.0 7.3
TCN 1.4 0.0 4.3 APAP 1.5 0.0 38.7 CTP 0.6 0.0 22.8
DXT 1.3 0.0 10.7 PRC 1.4 0.0 16.9 VNFX 0.6 0.0 4.1
RNZ 1.2 0.0 11.6 DCF 1.1 0.0 8.6 DMZ 0.4 0.0 6.6
PRC 1.1 0.0 16.8 VSRT 0.7 0.0 9.9 COD 0.4 0.0 2.5
LMS 1.0 0.0 60.6 IBU 0.7 0.0 20.7 VSRT 0.4 0.0 8.7

AZPN 0.9 0.0 3.4 AML 0.6 0.0 5.1 AZPN 0.3 0.0 1.4
COD 0.8 0.0 3.8 INDO 0.5 0.0 15.0 PHEN 0.3 0.0 4.8
FLX 0.8 0.0 5.2 DZP 0.4 0.0 2.7 PRC 0.3 0.0 4.7
ALB 0.5 0.0 6.5 NAP 0.3 0.0 3.9 CRZL 0.3 0.0 4.2
DCF 0.5 0.0 4.9 CLARI 0.3 0.0 7.2 DXT 0.3 0.0 3.3
FUR 0.5 0.0 4.2 PPHEN 0.3 0.0 5.5 BZF 0.3 0.0 4.5
CMT 0.4 0.0 17.5 KETO 0.3 0.0 2.1 APZ 0.2 0.0 3.1
ACRI 0.4 0.0 2.6 OFLX 0.3 0.0 21.8 LRZ 0.2 0.0 8.9
DZP 0.3 0.0 2.3 ALB 0.3 0.0 3.5 ALB 0.2 0.0 3.1
MLX 0.3 0.0 11.5 RNZ 0.3 0.0 2.5 TCN 0.2 0.0 0.8

PPHEN 0.2 0.0 2.2 COD 0.2 0.0 1.9 NAP 0.2 0.0 1.5
AML 0.2 0.0 1.7 DXT 0.2 0.0 1.8 CBZ 0.1 0.0 3.7
PHEN 0.2 0.0 1.9 LRZ 0.2 0.0 4.2 PPHEN 0.1 0.0 1.7
TMP 0.2 0.0 1.0 APZ 0.2 0.0 2.1 MLX 0.1 0.0 4.6
SMX 0.2 0.0 0.9 PARA 0.2 0.0 1.2 DZP 0.1 0.0 0.5
CPFX 0.2 0.0 5.6 PHEN 0.1 0.0 1.5 CLARI 0.1 0.0 1.5
INDO 0.2 0.0 4.6 MTPL 0.1 0.0 5.5 FUR 0.1 0.0 0.8
APZ 0.1 0.0 2.6 FLU 0.1 0.0 4.8 APAP 0.0 0.0 1.7
FLU 0.1 0.0 6.3 RNT 0.1 0.0 0.7 DCF 0.0 0.0 0.3

KETO 0.1 0.0 0.8 TMP 0.1 0.0 0.7 ERY 0.0 0.0 0.4
NAP 0.1 0.0 1.1 BZF 0.1 0.0 0.9 LMS 0.0 0.0 1.5
CRZL 0.1 0.0 0.4 ERY 0.1 0.0 0.5 RNZ 0.0 0.0 0.3

Surface waters
Algae Daphnia Fish
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(a) for surface water samples (cont.)

PhAC Mean Min Max Pharm Mean Min Max PhAC Mean Min Max
MTZ 0.1 0.0 1.5 FUR 0.1 0.0 0.5 SMX 0.0 0.0 0.2

MTPL 0.0 0.0 2.5 CBZ 0.1 0.0 0.7 CPFX 0.0 0.0 1.1
RNT 0.0 0.0 0.3 SMX 0.0 0.0 0.3 MTPL 0.0 0.0 0.7
BZF 0.0 0.0 0.4 MLX 0.0 0.0 1.4 CMT 0.0 0.0 0.4

APAP 0.0 0.0 1.1 CPFX 0.0 0.0 1.5 TMP 0.0 0.0 0.1
CBZ 0.0 0.0 0.2 ATN 0.0 0.0 0.6 MTZ 0.0 0.0 0.3

DLNT 0.0 0.0 0.1 NDL 0.0 0.0 0.2 RNT 0.0 0.0 0.1
PARA 0.0 0.0 0.0 CRZL 0.0 0.0 0.1 DLNT 0.0 0.0 0.1
ATN 0.0 0.0 0.1 MTZ 0.0 0.0 0.1 ATN 0.0 0.0 0.1
NDL 0.0 0.0 0.0 DLNT 0.0 0.0 0.1 NDL 0.0 0.0 0.1
OLZ 0.0 0.0 0.0 OLZ 0.0 0.0 0.1 OLZ 0.0 0.0 0.0

OFLX 0.0 0.0 0.1 CMT 0.0 0.0 0.1 OFLX 0.0 0.0 0.0
FMT 0.0 0.0 0.0 FMT 0.0 0.0 0.0 FMT 0.0 0.0 0.0
IOP 0.0 0.0 0.0 IOP 0.0 0.0 0.0 IOP 0.0 0.0 0.0

Daphnia Fish
Surface waters

Algae

Table S-24. Linear mixed model output for the relationship between average PhAC 
concentration and population density and LSU. All three variables were Ln-transformed 
for the analysis. P-values were obtained by likelihood ratio tests.
Only PhAC used either for human or livestock were considered each time.

Surface waters DF SS MS F p Slope
Population density 1 70.247 70.247 71.606 <0.0001 0.622
LSU 1 27.188 27.188 27.303 <0.0001 0.521

Sediments DF SS MS F p Slope
Population density 1 0.027 0.027 1.104 0.293
LSU 1 1.656 1.656 22.709 <0.0001 0.13

Table S-25. Linear mixed model output for the relationship between TU and population density 
and LSU for water samples. All three variables were Ln-transformed for the analysis. P-values 
were obtained by likelihood ratio tests.

Algae DF SS MS F p Slope
Population density 1 45.747 45.747 59.786 <0.0001 0.483
LSU 1 7.15 7.15 9.345 0.003 0.268

Daphnia DF SS MS F p Slope
Population density 1 48.615 48.615 70.661 <0.0001 0.499
LSU 1 6.572 6.572 9.552 0.002 0.257

Fish DF SS MS F p Slope
Population density 1 95.433 95.433 104.879 <0.0001 0.704
LSU 1 8.418 8.418 9.251 0.002 0.291
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Chapter 5
Risk of pharmaceuticals on freshwater ecosystems

5.1. Introduction

This chapter presents the contribution to the knowledge about the ecotoxicological risk that PhACs 

may pose to aquatic ecosystems. The chapter is divided in two sub-sections. The first sub-section includes the 

publication (submitted to Journal of Hazardous Materials) where the individual and combined acute toxicity 

of PhACs and other relevant micropollutants to D. magna and V. fischeri are assessed. The second sub-

section includes the publication (Osorio et al., 2014a) where the impact of changing PhACs levels and water 

flow conditions on the structure and function of river biofilms is studied. Additionally, though the publication 

reporting the ecotoxicological risk assessment of PhACs to D. magna, V. fischeri and fish along four Iberian 

River basins (Osorio et al., 2015) is not included in this chapter, the subsequent findings are discussed in 

chapter 6 together with the results presented in this chapter. 
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5.2. Article: “Investigating the formation and toxicity of nitrogen transformation products of diclofenac and 
sulfamethoxazole in wastewater treatment plants”

Hazardous Materials
Elsevier Editorial System(tm) for Journal of

Manuscript Draft

Manuscript Number:

Title: Investigating the formation and toxicity of nitrogen
transformation products of diclofenac and sulfamethoxazole in wastewater 
treatment plants

Article Type: Research Paper

Keywords: Pharmaceuticals; 
nitrification/denitrification; 
Vibrio fischeri;
Daphnia magna;
toxicity

Corresponding Author: Dr. Sandra Perez Solsona, 

Corresponding Author's Institution: IDAEA-CSIC

First Author: Victoria Osorio

Order of Authors: Victoria Osorio; Josep Sanchis; Jose Luis Abad; Antoni
Ginebreda; Marinel.la Farré; Sandra Perez Solsona; Damia Barceló

Abstract: Diclofenac (DCF) and sulfamethoxazole (SMX) are highly consumed
pharmaceuticals and detected at high concentrations in efluents from 
wastewater treatment plants (WWTPs) with conventional treatment since
they are not completely eliminated. However, when microbial mediated
nitrification/denitrification processes was taking place in the
nitrifying activated sludge the degradation of DCF was enhanced and DCF
biotransformed into its nitrogen-derivatives (NO-DCF and NO2-DCF) (Pérez 
and Barceló, 2008). SMX was also transformed under denitrification 
conditions in water/sediment batch reactors into NO2-SMX and Des-SMX 
(Nödler et al., 2012). We focused our research in the detection of the
four TPs from DCF and SMX in waste waters (WW) and their receiving 
surface waters (SW). Nitrifying/denitrifying-derivatives of DCF and SMX
were detected for the first time in both WW and SW at one order of 
magnitude lower than their parent compounds. The relationships observed
among levels of NO-DCF, NO2-DCF (NO2-SMX and Des-SMX were only detected
in one WWTP sample) and nitrogen-species determined in the effluents, the
hydraulic retention time and the solids retention time of the WWTPs
temptativelly suggested that nitrification/denitrification processes are
involved in the nitration and nitrosation of diclofenac during the 
biological WW treatment. The acute toxicity of compounds of study to 
Daphnia magna and Vibrio fischeri was assessed both individually and in
mixtures with other compounds of environmental concern. Individual 
effects in culture medium showed these compounds as not harmful and not
toxic. However, the synergism effects observed in mixtures evidenced that
the contribution of these compounds to the overall toxicity of complex 
environmental samples, such as WW and receiving SW, should not be
dismissed.



Chapter 5. Risk of PhACs on freshwater ecosystems

246

*Novelty Statement

September 19, 2015

Statement of novelty of the manuscript

Investigating the formation and toxicity of nitrogen transformation products of diclofenac 
and sulfamethoxazole in wastewater treatment plants

In recent years a small number of reports on the occurrence of nitrated and nitrosated

organic contaminants in wastewater treatment plants (WWTP) have been published

suggesting that such species are actually formed during sewage treatment. In a previous

publication from our group we could demonstrate the presence of nitro- and nitroso-

diclofenac in treated effluent from Spanish WWTPs. Here we extended these studies to

sewage-impacted surface water and also included nitro and desamino-sulfoxazole in our

monitoring program. For the first time, these unusual transformation products were shown

to be present in water samples from WWTPs and rivers. As part of an ecotoxicological 

assessment, their toxicity was measured in a panel of standard assays of aquatic 

organism. Only nitro-diclofenac proved to be more toxic than the parent compound.
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ABSTRACT31

Diclofenac (DCF) and sulfamethoxazole (SMX) are highly consumed pharmaceuticals and132
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detected at high concentrations in efluents from wastewater treatment plants (WWTPs) with

conventional treatment since they are not completely eliminated. However, when microbial

mediated nitrification/denitrification processes was taking place in the nitrifying activated sludge

the degradation of DCF was enhanced and DCF biotransformed into its nitrogen-derivatives (NO-

DCF and NO2-DCF) (Pérez and Barceló, 2008). SMX was also transformed under denitrification

conditions in water/sediment batch reactors into NO2-SMX and Des-SMX (Nödler et al., 2012). We

focused our research in the detection of the four TPs from DCF and SMX in waste waters (WW)

and their receiving surface waters (SW). Nitrifying/denitrifying-derivatives of DCF and SMX were 

detected for the first time in both WW and SW at one order of magnitude lower than their parent

compounds. The relationships observed among levels of NO-DCF, NO2-DCF (NO2-SMX and Des-

SMX were only detected in one WWTP sample) and nitrogen-species determined in the effluents,

the hydraulic retention time and the solids retention time of the WWTPs temptativelly suggested 

that nitrification/denitrification processes are involved in the nitration and nitrosation of diclofenac 

during the biological WW treatment. The acute toxicity of compounds of study to Daphnia magna

and Vibrio fischeri was assessed both individually and in mixtures with other compounds of

environmental concern. Individual effects in culture medium showed these compounds as not

harmful and not toxic. However, the synergism effects observed in mixtures evidenced that the 

contribution of these compounds to the overall toxicity of complex environmental samples, such as

WW and receiving SW, should not be dismissed.
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INTRODUCTION

Diclofenac (DCF) is an over-the-counter nonsteroidal anti-inflammatory pain-relieving drug
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(Merseburger et al., 2005).

5487 On the basis of these findings, the possibility of microbially mediated biotransformation of

DCF and SMX and the presence of their TPs in WWe and receiving SW was hypothesized.

Despite the pseudo-persistence of DCF and SMX in the aquatic environment, these drugs are

unlikely to pose a risk to aquatic species, at least in terms of acute toxicity, since their

55
5688
57
5889
5990
60
61
62
63
64
65

3

4

4

1
256
3
457
558
6
759
8
960

1061
11
1262
13
1463
1564
16
1765
18
1966
2067
21
2268
23
2469
2570
26
2771
28
2972
307331
3274
33
3475
357636
3777
38
3978
407941
4280
43
4481
458246
4783
48
4984
50

(NSAID). The antibiotic sulfonamide drug sulfamethoxazole (SMX) is extensively used in both

human and veterinary medicine. Both compounds were categorized as Class 1: high priority drugs 

in the common list of pharmaceuticals relevant to the water cycle (The Global Water Research 

Coalition, 2004). As a matter of fact, DCF has been recently included in the EU Commission watch 

list of organic pollutants in surface waters (SW) (Directive 2013/39/EU). DCF and SMX mainly

enter into the aquatic environment through effluent discharge from wastewater treatment plants

(WWTPs) receiving human wastes (Osorio et al., 2014; Gros et al., 2010). As a consequence of

their high consumption rates (García et al., 2006; Lázaro et al., 2010), DCF and SMX have been 

frequently detected in wastewater influent (WWi) and effluent (WWe) samples from Spanish

WWTPs at levels of 200-1100 ngL-1 (Osorio et al., 2014; Díaz-Cruz et al., 2008). In full-scale

WWTP relying on conventional activated sludge (CAS) treatment, removal rates of DCF and SMX

are widely varying, [7-80] % and [0-98] % (Onessios et al., 2009), making it difficult to assess the

extent of biotransformation.

Even though the occurrence of DCF and SMX in the aquatic environment has been widely

studied (Nödler et al., 2012) very little is known about their fate in WWTPs when operating under

nitrifying activated sludge (NAS) conditions. This microbial-driven process consists on two main

steps which are nitrification and denitrification. During these processes reactive nitrogen species 

are generated (Chiron et al., 2010) which may be involved in the formation of transformation

products (TPs) such as the nitrosation and nitration derivatives of DCF (NO-DCF and NO2-DCF, 

respectively) (Pérez et al., 2008; Osorio et al., 2014) and nitration reaction of acetaminophen (TP

3-nitro-acetaminophen) (Chiron et al., 2010). In addition, denitrifying bacteria are also a potential 
source of reactive nitrogen species (Nödler et al., 2012). The abiotic formation of
nitrifying/denitrifying derivatives of DCF (NO-DCF and NO2-DCF) and SMX (NO2-SMX and Des-

SMX) was observed in anoxic water/sediment batch experiments under denitrifying conditions
(Nödler et al 2012; Barbieri et al., 2012). Considering that nitrification and denitrification processes
occur during the biological treatment step, the  formation of NO2-SMX and Des-SMX in the

activated sludge of WWTPs was conjectured. On the other hand, increases in nitrogen

concentration (mainly ammonium, NH +-N) were observed in Spanish streams receiving WW

effluent (WWe) discharges (Martí et al., 2004). These large inputs of NH +-N from WWTPs were 
further related with the hot spots for microbial nitrification observed in WWe impacted streams
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environmental concentrations are in the range of 3 to 7 orders of magnitude lower than EC50

values for several aquatic organisms (i.e. algae, daphnids, fisch) (Fent et al., 2006). However, in

exposed aquatic organisms, the lack of data of the ecotoxicity of TPs is a major unaddressed area.

Moreover, individual chemicals can interact with each other resulting in additive or synergistic

mixture effects. In addition, TPs may contribute to the risk posed by the parent compound since

they often exhibit the same mode of action. Consequently, TPs are regarded as concentration-
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additives in mixtures and their potential synergistic effects are also expected (Escher et al., 2011).

In this context, in order to gain further insight into the fate of DCF and SMX in WWTPs during the

NAS treatment, the objectives of this study were: (1) to determine the presence of the 

nitrifying/denitrifying derivatives of DCF and SMX in samples from different WWTPs and receiving 

SW; (2) to investigate on the relationship between inorganic nitrogen (N)-species in WWTP and

the levels of TPs detected in wastewaters (WW) as well as in SW; and (3) to assess the 

ecotoxicological risk of these TPs for aquatic ecosystems by measuring the individual and

combined acute toxicity to Daphnia magna and Vibrio fischeri.

MATERIAL AND METHODS
Pharmaceutical standards and chemicals

All pharmaceutical standards were of high purity grade (>90%) unless stated otherwise. 

Compounds with letter a (in Table A.1) were kindly supplied by Sigma Aldrich  (Steinheim, 

Germany) and those with letter b from Toronto Research Chemicals (Toronto, Canada). 

Isotopically labeled compounds, used as internal standards, were mefenamic acid-d3 (MFA-d3)

purchased from Toronto Research Chemicals (Toronto, Canada), sulfamethoxazole-d4 from Dr.

Ehrenstorfer (Augsburg, Germany); niflumic acid-d5 provided by  Santa Cruz  Biotechnologies 

(Santa Cruz, Canada); and sulfadimethoxine-d6, used as a surrogate was provided by Sigma

Aldrich (Steinheim, Germany). Individual stock solutionsand isotopically labeled internal standard

solutions were prepared on a weight basis in methanol. After preparation, standards were stored

at -20°C. A mixture of all target compounds was prepared by appropriate dilution of individual 

stock solutions in methanol/water (5:95, v/v). Working standard solutions, also prepared in

methanol/water (5:95, v/v) mixture, were renewed before each analytical run. Working solutions 

were prepared in amber glass vials while standard mixtures were prepared in volumetric flasks. A

separate mixture of isotopically labeled internal standards, used for internal standard calibration,

was prepared in methanol and further diluted in methanol:water (5:95, v/v). HPLC grade methanol,

acetonitrile, water (Lichrosolv), hydrochloric acid (37%) and formic acid (98%) were supplied by

Merck (Darmstadt, Germany). Ammonium hydroxide was from Fluka and ammonium acetate salt

(99%) was from Sigma-Aldrich (Steinheim, Germany). Nitrogen for evaporating the solvent

(99.99% of purity) was from Air Liquide (Spain).
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Sampling sites and WWTPs characteristics
A sampling campaign was carried out in seven selected WWTPs in November 2012 (Figure A.1)  

Samples were collected hourly on a weekday (24h) to build a 1-L composite sample. The design

and operating characteristics of the WWTPs are shown in Table A.2. Out of the seven WWTPs

studied, the WWTPs 3, 5, 6 and7 discharge their effluents into fresh water systems while the other

three do it into coastal waters. With regards to SW samples, three discrete freshwater samples
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were taken in the Llobregat River basin (Llobregat River and Riera de Rubí) 24 hours after

sampling the WWTPs, at approximately 500 m from these WWe discharge points (Figure A.1).

This distance was selected according to the reported availabilities of N-species and high rates of

nitrification along the recieving WWe inputs (Merbt et al., 2011; Martí et al., 2004). Two samples,

SW5 and SW6, were collected up and down the Riera de Rubí, receiving the effluent inputs

located at 3100  and 300 m from WWTP5 and WWTP6, respectively. The third fresh water 

sampling (SW7) was carried out in the lower course of the Llobregat River after the effluent 

discharge point of WWTP7, placed 3600 m from the WWTP. The Riera de Rubí stream and the 

Llobregat River are highly influenced by anthropogenic pressure receiving extensive urban and

industrial wastewater discharges as well as surface runoff from agricultural areas. According to

flow data, monthly recorded by the Catalan Water Agency for the last ten years, the Riera de Rubí

and the Llobregat River show flow averages of 0.88 and 11 m3 s-1, respectively. WWi, WWe and

SW samples were collected in 1 L amber glass bottles previously rinsed with ultrapure water,

heated overnight at 400ºC and rinsed again with sample water onsite. Samples were placed in a

cooler at 4ºC and delivered to the laboratory within 2 h. Samples were immediately filtred with

Nylon filters of 0.45 µm size mesh (Whatman, Maidstone, England) and stored in a refrigerator (-

20 ºC) until analysis within two days.

Sample pretreatment and solid phase extraction

Clean-up and pre-concentration step was carried out within 48 h by solid phase extraction (SPE)

using a vacuum system (J.T. Baker, Deventer, The Netherlands) and Oasis HLB (200 mg, 6 mL)

cartridges (Waters Corporation,Milford, MA, USA). In order to evaluate the efficiency of the SPE

process, recovery tests were carried out in WW and SW matrices. WW and SW samples were 

spiked prior to the extraction with standard mixtures containing the target analytes at two levels:

0.2 and 0.6 µgL-1 and 0.05 and 0.1 µgL-1, respectively. After conditioning of the cartridges with 5

mL of methanol and 5 mL of HPLC grade water, the sample (WWe: 200 mL; WWi: 100 mL; SW:

500 mL) were loaded at a flow rate of approximately 5 mL min-1. Afterwards, the cartridges were 
rinsed with 5 mL of HPLC grade water and dried under vacuum for 20 min. After elution with 2x4
mL of methanol, the extracts were evaporated to dryness under a gentle stream of nitrogen and

reconstituted with 1000 μL of 5 % methanol. For internal standard calibration, 25 μL of a 1000 µgL-

1 standard mixture containing internal standards (MFA-d3 and NFA-d5 for (-)-ESI mode and NFA-
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d5, for (+)-ESI mode) were added to the final extracts. Since the internal standards were added

prior to injection into the LC, the final concentrations were calculated by dividing the recovery 

(WWi and WWe samples spiked with target analytes (n=3)) with the concentration obtained by 

internal calibration. Additionally, two standards (Lumiracoxib, LMX for (-)-ESI mode and SDM-d6

for (+)-ESI mode) were added to all the samples before the extraction at a concentration level of

50 µg L-1 and used as surrogates.
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Analysis of nitrogen species

The levels of of ammonium (NH +-N), nitrate (NO --N) and nitrite (NO --N) were analysed in WW4 3 2

and SW samples with the Automatic Continuous Flow Analyser Futura (Alliance Instruments).The 

analytical methods were officially compliant to international certification or standards 

recommendation bodies such as ISO, AOAC or US EPA (see more details in Supplementary 

material).

Analysis of target compounds
A previously developed analythical method (Osorio et al., 2014) was modified and applied to the

determination of DCF, SMX and their nitro derivatives in WW and SW samples. LC-ESI-(QqLIT)

MS/MS analysis was performed using a Symbiosis™ Pico (SP104.002, Spark, The Netherlands), 

equipped with an autosampler and connected in series with a 4000 QTRAP QqLIT-MS, equipped

with a Turbo Ion Spray source (Applied Biosystems-Sciex,  Foster City,  CA,  USA). 

Chromatographic separation was achieved as described by Osorio et al. (2014), with a Hypersil

Gold PFP endcapped column C18 (50×2.1 mm, particle size 3 μm) precedeed by a Hypersil Gold

PFP guard cartridge (10 × 2.1 μm, 3 μm), both supplied by Thermo (San Jose, CA, USA). MS/MS

instrumental parameters and method quality parameters are summarized in Tables A.3- A.4.

Toxicity assays

In order to assess the acute toxicity of nitro TPs of DCF, two standardized acute toxicity tests, the

48h immobilization of Daphnia magna (Directive 92/69/EEC) and the bioluminescence inhibition of

the marine bacteria Vibrio fischeri (ISO 1994) were carried out. Individual stock solutions of the 
target compounds were prepared in their respective culture medium and test solutions were 

prepared in a range of concentrations of 0.01-100 mgL-1 Four-parameter equations were fitted and
the 50 percent effective concentration (EC50), the no observed effect concentration (NOEC) and

the lowest observed effect concentration (LOEC) were calculated.

In addition, the possible synergistic or antagonistic effects of binary mixtures, composed of

DCF, SMX or NO-DCF and other organic pollutants such as a surfactant, nonylphenol (NPL); three 

pesticides, malathion (MLT), diuron (DRN) and glyphosate; and a bactericide, triclosan, (TCS))

that are frequently detected in the environment, were studied. The mixtures to be tested were
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prepared to obtain the concentration producing the 50 % of inhibition according to a simply

additive model. That means (EC10:EC40, EC25:EC25 and EC40:EC10, EC10, EC25 and EC40) of each

substance for each test.

The tests were performed according to standard protocols and always working in

triplicates. Very briefly, the protocols were as follows D. magna epphipia were incubated at 21 ± 1

ºC under continuous illumination of 6000 lx. in standard freshwater. Immediately after hatching, the
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daphnids were fed with spirulina algae and after 2 h the test was initiated. The daphnids were

exposed during 48 h at 20 ±1 ºC in the dark, to a range of test compound concentrations from cero 

to the maximum of inhibition that was possible to measure in each case.

To carry out the test based on the bioluminescence inhibition of V. fischeri the Microtox 500

Analyzer (SDIX) was used. The bacterial reagent was reconstituted 15 min. prior to the tests. The

assays were performed at 15 °C in 2 % saline solution. The bioluminescence inhibition was 

measured after 30 min of incubation.

RESULTS AND DISCUSSION
Levels of nitrogen species

Table A.5 shows levels of inorganic N-species determined in WWi and WWe and receiving SW
+ -122719 samples. WWTP1 received the highest input of NH4 -N (62.3 mgL ) while WWTP7 collected the

28 + - -
22920
3202131
3222

minimum load (42.7 mgL-1). Average levels of NH4 -N, NO2 -N and NO3 -N determined in the WWi

samples were 53.8, 0.012 and 0.017 mgL-1. The maximum and minimum concentrations of NH4 -N

determined in WWe samples were those collected from WWTP2 and WWTP3, respectively. The
33 + -1 -
32423 average levels of N-species in the seven effluents were 32.6 mgL-1 of NH4 -N; 1.67 mg L of NO2 -
32524
36

N and 12.4 mgL-1 of NO3 -N. As expected, the concentration of NH4+-N was generally higher in the
32725 influents compared to the effluents and the average NH +-N removal was 40%. On the contrary,
38 - - - -
32926
4022741
4228
43
42429
45

levels of NO2 -N and NO3 -N were higher in the effluents and the average NO-N (NO2 -N + NO3 -N)

formed was 99%. These results confirmed that most of the input of inorganic nitrogen is nitrifyied

through the wastewater treatment. Regarding the SW samples, levels of N-species were not as

high as those observed in 15 downstreams of WWTPs over Catalonia (NE Spain) (Martí et al.,

2004). The average levels of NH4 -N and NO3 -N reported in the work cited previously were ~94
230 + -
46

+ -42731
48
42932
50

and ~59 mgL-1 respectively; while we found concentrations of NH4 -N and NO3 -N averaging 15

and 11 mgL-1. On the other hand, Merbt et al. (2011) measured average concentrations of 0.8 and

2 mgL-1 of NH4 -N and NO3 -N, respectively. These contrast findings could be mainly explained by233 + -
51
5234
53
52435
55

23656
57
52837
59

the dilution capacity of the receiving stream. Additional factors affecting to a lesser extent could be 

the different distances from the WWe and the SW collection site, the varying N-species loads from

WWe inputs and the nitrification activity along the receiving stream.
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Occurrence of DCF, SMX & nitro TPs in wastewater and receiving surface water
The occurrence of DCF, SMX and their TPs determined in seven WWTPs and three receiving SW

is summarized in Table 1. DCF and SMX were detected in all WWi samples at the high ngL-1

238

239
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240
3 -1range (48-999 ngL  ) and only SMX exceeded this level in WWTP2 with a concentration of 1218

ngL-1. On average, the input of SMX (815 ngL-1) to the WWTP was higher than the one for DCF

(536 ngL-1). This difference does not correspond to that frequently observed in the literature, since
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DCF is generally found in WWi at higher concentrations (500-7500 ngL-1) than SMX (100-4000

ngL-1) (Jelic et al., 2012). On the contrary, outputs of DCF (669 ngL-1) were higher than those for 

SMX (322 ngL-1), which was in agreement with general concentration ranges (200-1400 ngL-1 for 

DCF and 50-800 ngL-1 for SMX) reviewed by Jelic et al. (2012). Thus, while the concentration of

SMX was substantially lower after the WWTP, DCF levels in the WWe did not varied significantly

respective to their WWi samples. Different findings were reported by Gros et al. (2010), who 

observed higher inputs of DCF) and SMX compared to the outputs in other WWTPs. Our main

goal was not to assess the elimination of DCF and SMX, but to attempt to gain knowledge on the 

presence of microbial TPs of DCF and SMX in WW samples in order to better understand the fate

of DCF and SMX in WWTPs. The TPs were detected in WWI at a concentration range of [MDL-36

ngL-1]. NO2-DCF and NO2-SMX were the most frequently detected ones, being present in four and

three out of the seven WWi samples analyzed. NO-DCF was detected in one influent of sample
from WWTP6 and NO2-DCF in WWTP2 while Des-SMX was not found in any of the WWi. These

results suggest the formation of DCF and SMX TPs in the collecting sewage system. Recently, it

has been demonstrated that PhACs and their TPs can experiment natural attenuation and further

transformation by in-sewer anaerobic biodegradation processes occurring along their fate through

the urban WW system (Jelić et al., 2015). In the cited work, the concentrations of diltiazem, 

citalopram, clarithromycin, bezafibrate and amlodipine were substantially decreased (25-60%)

during their pass through a pressurized pipe. However, these TPs were more frequently detected
in the effluents: NO-DCF in all samples, NO2-DCF and NO2-SMX in four out of the seven WWTPs.

As for the TPs of SMX only one treated sewage sample presents levels of NO2-SMX (WWTP6) or

Des-SMX (WWTP2). Levels of these compounds ranged from MDL to 11 ng L-1. The highest
ubiquity of these TPs in the effluents relative to the influents could be explained by the known and

generally controlled amount of microbial communities present in the NAS. Importantly, the levels of

TPs of DCF in WW were in agreement with our previous findings (Osorio et al., 2014).

Interestingly, the detection of TPs of SMX after CAS treatment suggested that biotic transformation

of SMX can lead to generation of NO2-SMX and Des-SMX, as observed when biotic reactions

occurred in denitrifying water/sediment batch reactors reported by Nödler et al (2012). In addition,

since metabolites (i.e. NO2-SMX) postulated by Mueller et al. (2013) may not be the only TPs of

SMX generated during the activated sludge treatment it would be interesting to include NO2-SMX

and Des-SMX in further field studies.
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Regarding receiving SW, DCF, SMX and their TPs were detected at respective

concentration ranges of 235-847, 48-173 and MDL-18 ngL-1 (Table 1) with the exception of NO2-

SMX, which was not found in any of the SW samples. NO-DCF was detected in all SW analyzed,
while NO2-DCF and Des-SMX were present in SWs 6 and 7. Concentrations of DCF and SMX

were in the range of those reported previously for the same river basin (Osorio et al., 2012a;

2012b). Des-SMX was determined at the same range of concentrations observed in spring water
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samples (Nödler et al., 2012). The potential retransformation of NO2-SMX back to its parent

compound (Nödler et al., 2012) might be a reasonable explanation for the absence of this TP in

SW. Interestingly, the higher concentrations and frequency of detection of target compounds in

SW were determined at the location closest to the WWTP (see section 2.2.), namely SW6 (see

Table 1). Detections and levels gradually decreased as long as sampling sites were located further

from the WWTP, thus being SW5 followed by SW7. The decrease of concentrations between

different sampling locations is not clear because data recorded in this study cannot explain the 

natural attenuation processes that might occur along the river. However, strong dilution effects

could explain the the lowest concentrations were measured in SW7 where river flow is about ten

fold higher than the corresponding to SW5 and SW6 locations (see section 2.2).

Relationship between nitrification/denitrification processes occurring in the NAS treatment
and the detected N-derivatives

In order to have a better insight on how the nitrification/denitrification process may influence the

formation of TPs of DCF and SMX, we explored the relationships between NO-DCF and NO2-DCF

with NO-N species generated after the WW treatment and operational parameters of the WWTPs

(see Figures 1 and A.2).

According to Chiron et al. (2010) NO radical (nitric oxide) is one of the key reactive nitrogen 

species that is produced in both nitrifying and denitrifying process steps. Thus, we evaluated how

levels of NO-DCF and NO2-DCF measured in WWE varied with levels of NO-N species calculated
- -43201

43
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4530346
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as the sum of NO3 -N and NO2 -N species in the WWE (Figures 1a and 1b). The trend observed

along the seven WWTPs was a negative relationship between levels of NO-DCF and NO-N

species (Figure 1a); while levels of NO2-DCF were positively related with levels of NO-N species 

(Figure 1b). In view of the observed opposite behaviour of NO-DCF and NO2-DCF, we also

evaluated the relationship between their concentrations (Figure 1c). Concentrations of both TPs

showed oppositive trends along the WWTPs in which both were detected. Although the amount of

WWTPs studied and detections of TPs was not enough to evaluate quantitative correlations, these 

trends observed would suggest the microbialy mediated formation of NO-DCF in a first step

followed by its transformation into NO2-DCF. However, this hypothesis should be tested properly 

by means of biodegradation experiments in activated sludge batch reactors, in order to elucidate

the transformation mechanisms of DCF to its TPs.
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In addition, we evaluated the qualitative relationship between levels of N-derivatives of

DCF in WWe and the operational parameters of the WWTPs studied namely hydraulic retention 

time (HRT) and solids retention time (SRT) (see Table A.2). HRT is related with reaction time in

the  activated  sludge  tank,  thus  the  longer   the  HRT  is;  the  higher  mineralization  or 

biotransformation of pollutants would be expected. We observed an inverse effect trend on the

concentration of NO-DCF, thus suggesting again that this compound undergoes further
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transformations if enough time is given (Figure A.2a). Though only in two cases, the opposite trend

was observed for NO2-DCF (Figure A.2b), which would support the hypothesis of transformation of

NO-DCF into NO2-DCF or at least suggest that NO2-DCF would take longer reaction times to be

generated. Lastly, SRT is related with the age, amount and diversity of microbial community

present in the activated sludge, thus the longer SRT more bacteria involved in

nitrification/denitrification processes would be expected. Again, NO-DCF and NO2-DCF showed 

negative  and  positive relationships with SRT (Figure A.2c  and A.2.d), which would  be in

agreement with the hypotheses stated before. Moreover, these findings are in also in accordance 

with the higher biodegradation rates of DCF and SMX observed at longer SRT (Fernández-

Fontaina et al., 2012; García-Galán et al., 2012).

Due to only sporadical detection of quantificable levels of TPs of SMX, no relationships with

N-species or operational parameters of WWTPs were explored. Nevertheless, SMX has been 

proved to undergo microbially mediated biotransformation (Mueller et al., 2013) during the NAS 

treatment, where heterotrophic and autotrophic nitrifying bacteria have been pointed out to be 

potentially involved in the generation of TPs such as NO2-SMX. Thus, in the same line of interest

for TPs of DCF, additional biodegradation experiments of SMX would be required to better 

understand the formation of its TPs in the activated sludge.

Regarding the TPs detected in WWe dominated SW, data acquired cannot reveal wether 

these derivatives are emitted from the WWTPs via effluent discharge and/or they are also 

generated via nitrification/denitrification processes that may take place in rivers as well. All in all,

we consider that further investigations on this issue should be focused on the presence of these 

TPs in the freshwater systems.

Acute toxicity assays

Since there is a need to evaluate whether the potential ecotoxicological risk originating from TPs is

higher than the one identified for their parent compounds, two acute standardized toxicity assays 

(Daphnia magna and Vibrio fischeri) were performed to assess the acute toxicity of DCF, SMX and

their TPs.

Observed acute toxicity effects of DCF to D. magna of DCF (Table 2, EC50 = 53.9 mgL-1)

were in agreement with those reported by Cleuvers (2003), who determined an EC50 value of 68

mgL-1 in the same organisms. The EC50 value calculated by Oliveira et al. (2015) doubled the one
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we reported (EC50 = 123.3 mgL-1). Likewise, the toxicity observed for SMX (EC50 = 75.3 mgL-1) did

not match the EC50 value of 189.2 mgL-1 determined by Kim et al. (2007). Nonetheless, our
resulting EC50 values and those reported in the literature were in the same concentration range
Likewise, the calculated toxicity levels of DCF and SMX to V. fischeri (respective EC50 values of

22.9 and >100 mgL-1) were also in the order of those previously reported for DCF (EC50 = 11.5

mgL-1) (Ferrari et al., 2003); and for SMX (EC50 = 140 mgL−1) (Majewsky et al., 2014). As can be
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seen in Table 2, the LOEC values were in all the cases several orders of magnitude higher than

those concentrations found in the environment. Therefore, it can be confirmed that the studied TPs
did not show acute toxicity, e.g. for the D. magna, the EC50 of DCF and SMX were 53.9 and 86.7

mgL-1, respectively. And, for NO-DCF, NO2-DCF and Des-SMXEC50 were even lower than those 

for their respective precursors. Only NO2-DCF, Des-SMX and NO2-SMX showed to be slightly 

more toxic to V. fischeri than their precursors, DCF and SMX. Similar results were obtained when
Majewsky et al. (2014) investigated on the residual antibacterial activity of 11 TPs of natural

degradation (biodegradation and photodegradation) of SMX in the aquatic environment with regard 

to their in vitro growth and luminescence inhibition on V. fischeri. Results of individual compound

experiments showed that some TPs still exhibit clear antibacterial effects. After 30 min of exposure 

of V. fischeri, the EC50 value of SMX was 140 mgL−1; while NO2-SMX was 3 times more toxic upon

luminescence emission (EC50 = 48 mgL-1). Importantly, this behaviour, was also observed with

other TPs e.g. NO-SMX.

The EU-Directive 93/67/EEC (Commission of the European Communities, 1996), classifies 

substances according to their EC50 value as follows: < 1 mgL-1 very toxic to aquatic organisms; 1-
10 mgL-1 toxic to aquatic organisms; and 10-100 mgL-1 harmful to aquatic organisms. According to

this, none of the compounds studied were considered as toxic to aquatic organisms. However, 

DCF, NO2-DCF and SMX were harmful to D. magna; while for V. fischeri the harmful compounds 

were DCF, TP339, Des-SMX and NO2-SMX. On the other hand, SMX and Des-SMX were not

harmful to V. fischeri; while NO-DCF was not harmful to any of the species tested.

In Figures 2 and 3, the study of potential synergistic or antagonistic effects of DCF, SMX

and NO-DCF as well as with other contaminants in mixtures is summarized. Since NO-DCF was 

demonstrated not to pose any relevant threat to aquatic organisms, we decided to investigate on 

its potential to increase the toxicity of a mixture. As can be seen in Figure2, in most of the cases 

synergism was the predominant effect, indicating the need to further assess the combination of

mixtures. Similarly, synergistic effects of DCF and SMX have been observed in combinations with

other pharmaceuticals. For instance, a mixture of DCF and ibuprofen was slightly more toxic to D.

magna than individual pharmaceuticals, although each individual component was present in a 

concentration below its individual NOEC (Cleuvers et al., 2003). Synergistic effects were also 

observed for a mixture of SMX and trimethoprim in algae (Yang et al., 2008). Therefore, although
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NO-DCF did not showed acute toxicity, at some concentrations can increase the effects of other

toxicants in the same environmental compartments.
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show synergistic effects with other relevant contaminants. There is still a gap of information about

the combined effects of complex mixtures, in particular considering the presence of TPs.

CONCLUSIONS

To our knowledge, we reported the first evidence of the presence of TPs of DCF and SMX in WW 

effluent and in SW impacted with WWe. The detection of TPs of DCF and SMX in WWi suggested

that microbial transformation processes occur along the collecting sewage system. The qualitative

relationships evaluated (among NO-DCF, NO2-DCF and NO-N determined at the WWe, HRT and

SRT of the WWTP) suggested the tentative biotransformation of DCF and SMX into their TPs as a

consequence of nitrification/denitrification processes in the activated sludge. To our knowledge,

we evaluated for the first time the acute toxicity to D. magnia and V. fischeri of TPs of DCF and

SMX as well as of mixtures of these with other PhACs of emerging concern. Overall, the

concentration and associated acute toxicity to D. magna and V. fischeri of TPs were lower than the

corresponding to their parent compounds. Nevertheless,the observed synergism of NO-DCF with

other substances of environmental concern evidenced that these TPs should not be disregarded in 

assessment of such complex mixtures like those found in WW highly impacted SW. In

consequence, we would propose these TPs to be included in environmental studies as a

complement to understand the occurrence, fate and behavior of DCF and SMX in the engineered

systems and the aquatic environment.

Appendix A. Supplementary material

Supplementary data associated with this article shows Tables A.1-A.5 and Figures A.1-A.4.
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FIGURE CAPTIONS556

557
1
5258 Figure 1. Relationships between levels of NO-DCF (a) and NO2-DCF (b) detected in WWE with
3 - -5459

560
6
5761
8
5962
15063
11
15264
13
15465
1566
16
15767
18
15968
25069
21
25270
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

NO-N levels generated after WW treatment calculated as the sum of NO2 -N and NO3 -N

measured in WWE; and relationship between levels of NO-DCF and NO2-DCF detected in

WWE(c).

Figure 2. Synergistic/antagonistic effects of: (a) a mixture of DCF and SMX on the inhibition tests 

with D. magna (b) binary mixtures of DCF with NPL, TCS, MLT, DRN and GPT on the inhibition 

tests with D. Magna; (c) combinations of DCF, SMX and NO-DCF on the inhibition tests with V.

Fischeri.; (d) binary mixtures of DCFwith NPL, TCS, MLT, DNR and GPT on the inhibition tests

with with V. Fischeri and (e) binary mixtures of NO-DCF with SMX, NPL, TCS, MLT, DNR and

GPT on the inhibition tests with with V. Fischeri. (NPL: Nonylphenol; TCS: Triclosan; MLT:

Malathion; GPT: Glyphosate).
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30
31
32
33
34
35

<MQL: below the method quantification limit; <MDL: below the method detection limit.35673
35774
35875
39
40
41
42
43
44
45
46
47
48
49

18

Sampling 
site Matrix

Target Compound

DCF NO2-DCF NO-DCF SMX NO2-SMX Des-SMX

WWTP1 WWi
WWe

587
717

<MQL
4.9

<MDL
6.3

888
327

<MQL
<MQL

<MDL
<MDL

WWTP2 WWi
WWe

540
669

7.1
4.6

<MDL
1.8

1218
425

36.4
<MQL

<MDL
11.4

WWTP3 WWi
WWe

545
603

<MDL
3.6

<MDL
7.8

795
320

<MDL
<MQL

<MDL
<MDL

WWTP4 WWi
WWe

476
562

<MDL
4.0

<MDL
1.1

701
243

<MDL
<MDL

<MDL
<MDL

WWTP5 WWi
WWe

572
999

<MQL
<MDL

<MDL
6.2

894
534

<MDL
<MDL

<MDL
<MDL

WWTP6 WWi
WWe

575
659

4.75
<MDL

8.64
3.55

790
292

<MDL
9.65

<MDL
<MDL

WWTP7
WWi

WWe

454

475

<MDL

<MDL

<MDL

2.47

420

115

<MQL

<MDL

<MDL

<MDL
SW5
SW6
SW7

SW 
SW 
SW

847
711
235

<MQL
2.6

<MDL

5.6
15.9
0.8

173
79
48

<MDL
<MDL
<MDL

8.0
17.7

<MDL

1
2
3
45715
5672
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Table 1. Levels of target compounds determined in the ngL-1 range, in WWi and WWe from WWTPs 1-7 and SW receiving WWe discharge from

WWTPs 5-7.

Table 2.  Toxicity of DCF, SMX and their TPs to D.magna and V.fischeri.576

1

53
54
55
56
57
58
59
60
61
62
63
64
65

19

D. magna V. fischeri

Compound
NOEC LOEC EC20 EC50

(mgL-1) (mgL-1) (mgL-1) (mgL-1)
NOEC LOEC EC20 EC50

(mgL-1) (mgL-1) (mgL-1) (mgL-1)

DCF

NO2-DCF 

NO-DCF 

SMX

Des-SMX

NO2-SMX

5.0 24.9 38.2 53.9

20.0 73.4 80.3 86.7

≥100 >100 >100 >100

0.5 20.2 41.8 75.3

≥100 >100 >100 >100

na na na na

5.0 7.1 10.7 22.9

0.01 1.8 4.9 11.7

15.0 45.1 66.0 >100

10.0 48.4 109 >100

1.0 62.5 76.9 89.3

5.0 5.0 14.8 41.4

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
15877
15978
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

na: not assessed

Table 1. Levels of target compounds determined in the ng L-1 range, in WWi and WWe from WTTPs 
1-7and SW receiving WWe discharge from WTTPs 5-7
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2

3 2

3 2

2
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33 Appendix A

34

35 Synthesis & characterization of standards:
36 Nitro derivates of DCF were synthesized following reported synthesis pathways for similar

37 structures and used as standards for method optimization and quantitative analysis as described

38 by Osorio et al. (2014). The identity and purity of the TPs were confirmed by 1H-NMR and 13C-

39 RMN spectroscopy and by accurate mass measurements obtained from UPLC/ESI- (LTQ-Orbitrap

40 XL) High Resolution MS/MS analysis of target compounds, carried out in full-scan and product ion

41 scan mode Osorio et al. (2014). The transformation product 4-nitro-N-(5-methylisoxazol-3-yl)-

42 benzenesulfonamide (4-Nitro Sulfamethoxazole) was synthesized as described by Rieder et al.

43 (1988). The transformation product N-(5-methylisoxazol-3-yl)-benzenesulfonamide (Desamino

44 Sulfamethoxazole) was shynthetyzed applying the modifications to the previously mentioned

45 methodology, proposed by Nödler et al. (2012).

46

47 Analysis of nitrogen species
48 NO - and NO - were measured by colorimetric spectroscopy. Nitrites reacted with sulfanilamide

49 and N-(1-naphthyl)ethylenediamin in acid conditions to give a pink coloured diazo

50 complex.Colorimetric measures were performed at 520-540 nm. NO - were analysed as NO - by

51 reduction into NO - in a copper/cadmium column. NH4+ levels were analysed by fluorescence

52 spectroscopy with a detector equipped with a 360 nm black fluorescence lamp, a 370 nm

53 excitation filter and a long pass emission filter. The method was based on the reaction of ammonia

54 with orthophtaldialdehyde and sulfite. The limits of detection of the analytical method were 3.84 µg

55 L-1, 4.83µg L-1 and 1.18 µg L-1 for NH4+, NO - and NO -, respectively.
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Sample Matrix
N-species (mgL-1)

NH +-N NO --N - NO --N

WWTP1 WWi
WWe

62.3
70.5

0.01
2.1

0.02
0.56

WWTP2 WWi
WWe

69.1
43.5

0.02
10.9

0.01
4.6

WWTP3 WWi
WWe

51.4
0.8

0.02
10.7

0.01
1.01

WWTP4 WWi
WWe

51.9
15.9

0.01
13.5

0.01
0.62

WWTP5 WWi
WWe

53.6
18.5

0.01
10.6

0.01
1.0

WWTP6 WWI
WWe

45.84
44.7

0.02
27.8

0.01
1.4

WWTP7
WWi

WWe

42.61

33.9

0.03

10.9

0.01

2.5
SW5
SW6
SW7

SW 
SW 
SW

17.9
16.1
9.8

8.4
13.9
9.9

4.6
10.0
0.65

+ - -70 Table A.5. Concentration of N-species: NH4 -N, NO3 -N, and NO2 -N range in WWi and WWe from

71 seven WWTPs and WWe receiving SW from WWTPs 5-7.
72 (a)

4 3 2

73

74

9

75 Figure A.1. Map of the WWTPs and the WW effluent receiving stream/river sites studied.

Urban area of Barcelona (Catalonia, NE Spain)

Llobregat River

Rubí Stream

WWTP3 
(Granollers)

SW5
(Rubí Stream)

WWTP5 
(Terrassa)

WWTP6 
(Rubí)

WWTP1
(Teià)

WWTP2 
(Mataró)

SW6
(Rubí Stream)

WWTP7
(Sant Feliu de Llobregat)

SW7
(Llobregat River) WWTP4 

(El Prat
de Llobregat)
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5.3. Article: “Hydrological variation modulates pharmaceutical levels and biofilm responses in a 
Mediterranean river”

Hydrological variation modulates pharmaceutical levels and biofilm
responses in a Mediterranean river

Victoria Osorio a, Lorenzo Proia b, Marta Ricart b, Sandra Pérez a,⁎, Antoni Ginebreda a, Jose Luís Cortina c,
Sergi Sabater b,d, Damià Barceló a,d

a IDAEA-CSIC, Jordi Girona 18-26, Barcelona, Spain
b Institute of Aquatic Ecology, University of Girona, Girona, Spain
c Cetaqua, Water Technology Centre, UPC North Campus, Paseo de los Tilos, 3, Barcelona, Spain
d Catalan Institute for Water Research (ICRA), Scientific and Technological Park of the University of Girona, Emili Grahit 101, Girona, Spain

H I G H L I G H T S

• Effects of flow changes on pharmaceuticals (PhACs) concentration were evaluated.
• Higher PhACs levels downstream confirmed a pollution gradient along the river.
• Dilution of PhACs occurred after a flash flood event and restored within two weeks.
• Effects of PhACs on biofilms were evaluated and related to flow regime variations.
• PhAC and biofilm relationship was potentially altered after a flood event.

a b s t r a c ta r t i c l e i n f o

Article history:
Received 14 August 2013
Received in revised form 26 October 2013
Accepted 11 November 2013
Available online 17 December 2013

Keywords:
Pharmaceuticals
Biofilms
River
Hydrological variation

The Llobregat is a Mediterranean river that is severely impacted by anthropogenic pressures. It is characterized by
high flow variability which modulates its chemical and biological status. The present work evaluates the effects of
flow changes on the concentration of pharmaceutically active compounds (PhACs) and their relationship to cellular
parameters of river biofilms. To this end, at two selected sampling sites at the lower course of the Llobregat river,
surface water samples were collected twice a week over two hydrologically different periods exhibiting low and
high river flows. Higher levels of PhACswere detected at the downstream sampling site. Irrespective of theflow re-
gime, analgesics, anti-inflammatories and lipid regulators were the most abundant substances at both sampling
siteswith total concentrations of up to1000 ng/L and 550 ng/L at the upstream and downstream sites, respectively.
Antibiotics (fluoroquinolones) and psychiatric treatment drugs were also detected at high levels in the second
campaign achieving concentrations of up to 500 ng/L. The principal component analysis (PCA) performed with
the PhACs concentrations of the two campaigns revealed differences in the various therapeutic groups depending
on sampling site andperiod. After aflashflood event during the second sampling period, dilution of PhACs occurred,
but their average concentrations measured before the flood were restored within two weeks. For the majority of
compounds, PhAC concentrations displayed an inverse relationship with river discharge The effects of water
containing different concentrations of PhACs on biofilm communities were evaluated and related to flow regime
variations. Translocation of biofilm communities from a less to a more polluted site of the river demonstrated an
increase in bacteria mortality in the translocated biofilms. After the flood, extracellular peptidase activity and
chlorophyll-a concentration were significantly reduced, and biofilm growth rate was significantly lower.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The Water Framework Directive (WFD, 2000/60/CE) establishes the
basis to regulate the water bodies in Europe with the aim of conserving,

protecting and improving their quality and their sustainable use. Under
this Directive, all European surface water bodies are entitled to reach a
good ecological and chemical status by 2015. TheWFD goes far beyond
the traditional concept of water quality, and launched a comprehensive
water ecological status assessment based on structural communities by
using biological, hydro-morphological and physical–chemical elements.
Appropriatemetrics for each one of these elements have been developed
and applied by the member states, taking into consideration the diverse

Science of the Total Environment 472 (2014) 1052–1061

⁎ Corresponding author at: IDAEA-CSIC, Department of Environmental Chemistry, Jordi
Girona 18-26, Barcelona 08034, Spain. Tel.: +34 93 4006100x5310.

E-mail address: spsqam@idaea.csic.es (S. Pérez).

0048-9697/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
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bio-geographical characteristics of each region. Whereas the separate
characterization of each element has been more or less satisfactory, the
understanding of their respective interrelations and cross-effects remains
largely unknown and is still matter of research. This fact is particularly
obvious in Mediterranean rivers, which are subject to highly variable
hydrologic conditionsgiving rise toextremeevents suchas severedroughts
andflash-floods (Gasith andResh, 1999). The system's response (ecological
and physical–chemical) to such variations is still poorly understood.

The Llobregat River is an example of aMediterranean river subjected
to heavy anthropogenic pressures (urban, industrial and agricultural),
including both point and diffuse pollution, and water abstraction for
human use (Sabater et al., 2012). The Llobregat suffers from high flow
fluctuations associated to seasonal rainfall that may cause temporary
alterations of the base flow by factors of up to 100 or more (Marcé
et al., 2012). Owing to the strategic relevance of this river to the popula-
tion in the watershed (ca. 3 million inhabitants, including the city of
Barcelona and its metropolitan area) that make use of its waters, it is of
particular interest to understand how much the local hydrology affects
the dynamics of pollutants and their potential effects on organisms.
The studies developed so far concerns the deployment of the WFD
through the application of biological metrics based on macroinverte-
brates, diatoms, macrophytes, and fish fauna (Munné et al., 2012a).
However, these studies mostly refer to structural responses, and neglect
the functional responses of the biota to pollutants. The benthic microbial
biofilms can play an important role in freshwater ecosystems for organic
matter re-mineralization and inorganic nutrient fluxes (Proia et al.,
2012a). In rivers and streams, biofilms are the first to interact with dis-
solved substances and can integrate the effects of environmental condi-
tions over extended periods of time. Because of this, the behavior of
biofilms can be used to detect the effects of disturbances on the ecosys-
temandhave beenwidely used for routinemonitoring, as “earlywarning
systems” after disturbances (Sabater et al., 2007).

Recent studies have already analyzed the effect of certain emerging
contaminants on the biological communities in the Llobregat River
(Muñoz et al., 2009; Damásio et al., 2010; Ricart et al., 2010). Among
these, the pharmaceutically active compounds (PhACs) have been
shown to pollute the water of the Llobregat River as a result of the in-
tense and ever increasing human activities (agricultural, industrial and
urban) (González et al., 2012). PhACs are a group of chemically bioac-
tive substances and they are produced worldwide on a 100,000 t
scale. In the European Union (EU), around 3000 different PhACs are
used in human medicine, and many studies have revealed their pres-
ence in wastewaters, as well as in surface, ground, and drinking waters
(Petrovic and Barceló, 2009). These compounds in surface waters have
been reported up to levels from ng/L to μg/L (Osorio et al., 2012a,b).
Their presence can be attributed to their partial removal during their
treatment in Waste Water treatment Plants (WWTPs), which can be
pointed out as the main source of these micro-pollutants into the river
(Gros et al., 2010). Since PhACs are intrinsically bioactive compounds
and are continuously supplied into surfacewaters, it is necessary under-
standing their effects on biological communities, and hence on aquatic
ecosystems, resulting from long-term low-dose exposure. It is especially
urgent to investigate their response under different hydrological condi-
tions, whichmay affect both their concentration in thewaters as well as
the structure of the receiving communities.

The present study was carried out along a section of the Llobregat
River which receives the outflow from several WWTPs. Interestingly, a
recent research on the exposure of an Italian river to PhACs, the Po
river basin, collecting intense and continuous effluent discharge as
well, was considered as the worst realistic and representative Italian
case scenario to estimate the level of contamination in surface water
bodies (Ferrari et al., 2011). In general, the detected PhACs were
found to be present in the Po surface waters at levels below 100 ng/L
and WWTPs were confirmed as point sources of pollution. Previous
studies performed in the Llobregat river water have already suggested
that levels of PhACs could vary over time depending on the hydrological

conditions (Choi at al., 2008; Kolpin et al., 2004; Tamtam et al., 2008).
For instance, Tamtamet al. (2008) observedhigher inputs of norfloxacin
from FrenchWWTPs discharging into the Seine River and rapid attenu-
ation along the stream during low flow conditions, while sulfamethox-
azole inputs were increased and its dissipation was slower under high
flow conditions. Similarly, cimetidine was detected in U.S. streams at
higher concentrations during low flow periods (Kolpin et al., 2004).
On the contrary, Choi et al. (2008) observed the same compound at
higher levels under high flow conditions. Therefore, the impact of
changing contaminant levels andwater flow conditions on the structure
and function of river biofilms was analyzed in order to understand the
relative influence of hydrology and PhACs on the biological communi-
ties in the river. To this aim, experiments that consisted in transferring
biofilm communities from less to more polluted sites were performed
in the two periods. The hypothesis to be tested was that the chemical
and biological descriptors would quickly respond to the changing
water flow conditions, the PhACs influencing more the biofilms under
basal flow conditions than in the aftermath of a flood event. We based
our prediction on the high sensitivity of biofilms to the bioactive com-
pounds and environmental factors, and we used biofilm translocation
to further emphasize its sensitivity.

2. Materials and methods

2.1. Study area

The Llobregat River basin is located in Catalonia (NE Spain), and
spans from the Pyrenees to the Mediterranean Sea with a total length
of 156 km covering a catchment area of 4957 km2 (Fig. 1). Climate in
the basin is Mediterranean with a strong seasonal fluctuation in tem-
perature and rainfall, which mainly occurs in spring and autumn
(Marcé et al., 2012). The mean annual bulk precipitation in the river is
3330 Mm3with an annual average bulk discharge of 693 Mm3. The dif-
ference between maximum and minimum annual precipitation is
higher than 550 mm (Marcé et al., 2012).

The Llobregat River, together with its twomain tributaries, the River
Cardener and the River Anoia (Fig. 1), constitutes an example of highly
populated, impacted, and severely exploited area in the Mediterranean
region. The complex hydrology of the Llobregat is mainly due to the
several infrastructures for human exploitation of the river such as reser-
voirs, dams, weirs, connections, derivations, withdrawals and returns
that are scattered all over the basin.

This humanmodification of the landscape is especially evident at the
middle–lower part of the basin (Fig. 1), where up to 45 weirs (once
every ~2 km) are distributed along the main channel. Moreover, the
mining activities and salt formations located in several areas of the
middle section of the river (i.e. Sallent, Fig. 1), have caused an increase
in water salinity downstream exceeding water quality standards. In
addition, the highest withdrawal of superficial waters for human
consumption is done along the middle–lower section of the river.
The tree drinking water treatment plants (DWTP) located along this
area (namely, Abrera, Terrassa and Sant Joan Despí, Fig. 1) serve a large
region including Barcelona. The uptake of water is so elevated that the
river is nearly exhausted downstream.

The urban and industrial wastewater discharges account for
137 Mm3/year, the 92% coming from wastewater treatment plants
(WWTPs) as well as surface runoff from agricultural areas that cannot
be diluted by its natural flow (0.68–6.5 m3/s basal flow). Up to 64
WWTPs serve more than 2 million people in the Llobregat basin, ac-
counting for 850,929 m3 of sewage treated per day. Most of the
WWTPs include biological treatment, the 20% of them with capacity to
eliminate phosphorus and nitrogen, but only five of them apply some
kind of tertiary treatment. Forty-eight percent of these WWTPs are
located in the area studied (Fig. 1 and Table A.1).

A volume of water from the Llobregat river is treated in the
DWTP located close to this river (it accounts 205 hm3/year while
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the total stream flow near the mouth is ~600 hm3/year). Nearly 25%
of the river water is used at the DWTPs located in Abrera and Sant
Joan Despí (Marcé et al., 2012). Therefore, the Llobregat River
basin is the main watersource to supply the Barcelona Metropolitan
Area.

2.2. Hydrology measurements

Daily stream flow data from gauging stations located in the two
sampling sites are available at the public website of the Catalan Water
Agency (ACA), (http://www.gencat.cat/aca/) (Figure A.1).

2.3. Chemistry

2.3.1. Sampling and sample preparation
Two sampling sites were selected at the lower course of the

Llobregat River. These were Abrera (ABR) and Sant Joan Despí (SJD),
located 17 km apart. The first sampling point (Fig. 1) is located in a
sparsely populated area in which the Llobregat River receives urban
and industrial wastewater inputs. The second sampling site (SJD) is
located in the greater metropolitan area of the city of Barcelona and
therefore expected to be generally more polluted than ABR. According
to the previously existing monitoring data from the Catalan Water
Agency (ACA) and other studies (Ginebreda et al., 2010), SJD is the
most polluted section of the River. Sampling was performed during the
Winter/Spring season (March 3rd 2010 to April 12th 2010) and the
Spring/Summer season (June 9th 2010 to July 12th 2010). River water

sampleswere collected twice aweek over the twoperiods (9–13 samples
per campaign and monitoring site) from the bank of the river. Water
samples were collected in 500 mL amber PET bottles that had been pre-
rinsed several times with deionized water in the laboratory, and were
rinsed three times with sample water onsite. Bottles were placed in a
cooler (at 4 °C) and delivered to the laboratory within 2 h. Samples
were immediately pre-treated (filtration) and stored in a refrigerator
(−20 °C) until analysis within two days.

2.3.2. Analysis of pharmaceuticals
The determination of 73 PhACs belonging to different therapeutic

groups (see Table A.2), in surface waters, was performed using a
multi-residue analytical method based on SPE–LC–MS/MS (Gros et al.,
2009). All water samples (500 mL) were filtered through 0.7-μm glass
fiber filters, followed by 0.45-μm nylon membrane filters in a Millipore
glass vacuum filter holder. An aqueous solution of 5% Na2EDTA was
added to achieve a final concentration of 0.1%. Within 48 h, the samples
were extracted by SPE, the cartridges rinsed with 5 mL of HPLC grade
water, dried under vacuum for 15–20 min. After elution with 2 × 4 mL
of methanol, the extracts were evaporated to dryness under a gentle
stream of nitrogen and reconstituted with 1 mL of methanol/water
(1:3). For internal standard calibration, 10 μL of a 1 mg/L standard
mixture of the isotopically labeled compounds was added to the
final analytical sample. Instrumental analysis was performed by liquid
chromatography, using a Symbiosis™ Pico (SP104.002, Spark, Holland),
equipped with an auto-sampler and connected in series with a 4000
QTRAP Hybrid Triple Quadrupole–Linear Ion Trap mass spectrometer
equipped with a Turbo Ion Spray source (Applied Biosystems–Sciex,
Foster City, CA, USA). Target compounds were separated with a
Purospher Star RP-18 endcapped column (125 mm × 2.0 mm, particle
size 5 μm) preceded by a C18 guard column (4 × 4,5 μm), both supplied
by Merck (Darmstadt, Germany). Depending on the mode of analysis,
different mobile phases were used. For the negative ionization mode a
mixture of acetonitrile/methanol (1:1, v/v) (eluent A) and HPLC grade
water (eluent B) at flow rate 0.2 mL/min was used. The elution gradient
started with 20% eluent A, increasing to 80% in 20 min, raising to 90% in
4 min and then, back to initial conditions within 3 min. The column
was re-equilibrated for 15 min before another injection with a total
time for chromatographic analysis of 42 min. For analysis in positive ion-
ization mode, acetonitrile (eluent A) and HPLC grade water with 0.1%
formic acid (eluent B) were used. The elution gradient started with 5%
eluent A, increasing to 95% in 25 min, raising to 100% in 5 min and
then, back to initial conditions within 5 min. The column was re-
equilibrated for 10 min and chromatographic analysis lasted 45 min.
The sample injection volume was 20 μL in all chromatographic
methods. Quantification of PhACs was carried out in Selected Reaction
Monitoring (SRM) mode monitoring two transitions per analyte (see
Table A.2).

2.3.3. Analysis of physicochemical parameters
Conductivity, temperature, pH anddissolved oxygenweremeasured

with appropriate multi-parameter sensor probes (HACH LANGE GMBH,
Germany) (Table 1). Water samples were collected for nutrient content
measurement. All water sampleswere filtered (nylonmembrane filters,
0.2 μm; Whatman, Maidstone, UK) prior to analysis. Soluble reactive
phosphate was measured following the method of Murphy and Riley
(1962). Samples for anions and cations analysis were stored frozen
until analysis by ion-chromatography (761 Compact IC, METROHM,
Herisau, Switzerland).

2.4. Biofilm study

2.4.1. Experimental design
A field experimentwas designed to determine the biofilm responses

to the PhACs mixture at ABR and SJD. Biofilms were grown on artificial
substrata (unglazed glass tiles 1 cm2) fixed on methacrylate support,

ABR

SJD

Rubí Stream

Rubí
Abrera

Monistrol de Monserrat
Castellbell i el Vilar

Sant Feliu de Llobregat

Martorell

Manresa Pont de Vilomara

Berga

Solsona

Igualada

Sallent

Jorba

Cardona

Fig. 1. Llobregat River: map of the basin indicating the sampling sites (full triangles):
Abrera before junction with Anoia River (ABR), and Sant Joan Despí (SJD). Main WWTPs
indicated as big full circles along the Llobregat River and its main tributaries, Anoia
River, Cardener River and Rubí stream. Black stars indicated the main drinking water
treatment plants located near, Abrera, Terrassa and Sant Joan Despi.
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suspended in field mesocoms (as shown in Figure A.2). These field
mesocosms were placed on the river bank and received water directly
and continuously from the river. Biofilms sampling before translocation
was carried out at days 8 and 22. After this period, biofilms were
translocated to the site with higher pollution (ABR to SJD (A ➔ S)).
Translocated and control biofilm replicates were collected from the
artificial substrata at days 2 and 9 after translocation (days 24 and 31
from the onset of the experiment, respectively).

2.4.2. Biofilm metrics

2.4.2.1. Bacterial cell viability. Live and dead bacteria, identified as intact
cells and membrane-compromised cells respectively, were stained
using the LIVE/DEAD®Bacteria Viability Kit L7012 (BacLight™, Molecular
Probes, Invitrogen L7012). Colonized glass substrata were sonicated
(b60 s, sonication bath at 40 Wand 40 kHz, Selecta) and scraped (sterile
silicone cell scrapper, Nunc) to obtain a biofilm suspension. Sampleswere
then diluted with pre filtered-sterilized water from the mesocosms, and
2 mL subsamples were incubated with 3 μL of 1:1 mixture of SYTO 9
and propidium iodide, for 15 to 30 min in the dark. At the end of the
incubation, samples were filtered through a 0.2 μm black polycarbonate
filters (Nuclepore, Whatman). Filters were then dried, placed on a slide
with mounting oil (Molecular Probes) and counted by epifluorescence
microscopy (Nikon E600, 1000× in immersion oil). Green and red (live
and dead, respectively) bacteria cells were counted in 20 random fields
per filter.

2.4.2.2. Extracellular enzyme activities. The extracellular activities of
the enzymes leucine-aminopeptidase (EC 3.4.11.1), alkaline phos-
phatase (EC 3.1.3.1-2) and β-D-1,4-glucosidase (EC 3.2.1.21) in the
biofilms were measured by fluorescence spectrometry immediately
after collection, by using the fluorescent-linked substrates L-leu-
cine-4-methyl-7-coumarinylamide (Leu-AMC, Sigma-Aldrich), 4-
methylumbelliferyl-phosphate (MUF-P, Sigma-Aldrich) and 4-
methylumbelliferyl β-D-glucopyranoside (4-MUF β-D-glucoside,
Sigma-Aldrich), as described by Proia et al. (2012b).

2.4.2.3. Chlorophyll-a density. On each sampling day, one glass slide was
collected and the chlorophyll-a was extracted with 90% acetone for
12 h. Sonication during 2 min (40 W power, 40 kHz frequency,
SELECTA, Spain) improved the pigment extraction. The chlorophyll-a
concentration was measured by spectrophotometric measurements
(UV 1800 Shimadzu) following the method of Jeffrey and Humphrey
(1975).

2.4.2.4. In vivo chlorophyll fluorescence measurements. The chlorophyll
fluorescence emission was measured with the PhytoPAM (Pulse
Amplitude Modulated) fluorometer (Heinz Walz GmbH), which uses a
set of light-emitting diodes that excite chlorophyll using four different
wavelengths (470, 520, 645, and 665 nm). For each glass slide sampled
from each glass jar, three fluorescence measurements were performed
in order to represent small scale heterogeneity of biofilm. All the mea-
surements were based on the procedure described by Serra et al.
(2009). The photosynthetic efficiency (Yeff) and capacity (Ymax) of
PSII were measured based on the fluorescence signal recorded at
665 nm and given as relative units of fluorescence. The minimum fluo-
rescence level of the dark adapted sampleswas used as an estimation of
autotrophic biomass. This estimation was based on the fluorescence re-
corded at the four different excitationwavelengths (F1 at 470 nm, F2 at
520 nm, F3 at 645 nm, and F4 at 665 nm). F1 is linked to the green
algae, whereas F2 is mostly related to that of diatoms. The F3 signal is
related to cyanobacteria and the F4 signal is related to the whole algal
community (Ricart et al., 2010).

2.4.2.5. Statistical analysis. Multivariate Principal Component Analysis
(PCA) was applied to the two different dataset (PhAC concentrations
and biofilm metrics) in order to explore the variability of biological
and chemical variables in the different conditions and sites. The PhACs
dataset was previously log10(x + 1) transformed, while biological
data were pre square-root transformed. All the multivariate analyses
were performed using the CANOCO software version 4.5 (ter Braak
and Smilauer, 1998).

The biofilm changes between the two campaignswere analyzed by a
one way analysis of variance (ANOVA) with repeated measures, using
the different metrics at each sampling site and setting the sampling
campaign as the fixed factor. Differences in the measured biofilm de-
scriptors and responses to translocations were also tested daily using
one way analysis of variance (ANOVA), in which the sampling site was
set as the fixed factor. Effects of translocation were also analyzed
using a post-hoc Tukey's b test. The relation between biological metrics
and PhACs concentrations (therapeutic groups) was analyzed using
Spearman correlation test. For all these analysis statistical significance
was set at p = 0.05 and analyses were performed using SPSS Version
15.0.

3. Results

3.1. Hydrological variability

The first sampling campaign (autumn–spring) was characterized by
steady flow conditions, with mean flows of 25.0 ± 10 m3 s−1 in ABR
and 26.0 ± 6.6 m3 s−1 in SJD (Figure S-1). Higherwaterflows character-
ized the second sampling campaign (spring–summer), with mean flows
of 50.0 ± 64.7 m3 s−1 in ABR and 34.0 ± 29.9 m3 s−1 in SJD, and that at
day 9 registered a strong flood event (peak flow of 215.1 m3 s−1 in ABR
and 111.7 m3 s−1 in SJD).

3.2. Occurrence of pharmaceuticals and response to hydrological variations

The occurrence of selected PhACs in the two sites is summarized in
Table A.2 (Appendix A. Supplementary material). The concentration of
detected compounds was usually within the tens to hundreds of ng/L
range. The levels and loads (calculated with river discharge) of
therapeutic groups of PhACs studied along the two sampling campaigns
and the two sampling points are shown in Fig. 2.

PhAC concentrations roughly follow an inverse relationship with
river flow discharge for themajority of compounds, this being reflected
on negative correlation coefficients (Spearman, p ≤ 0.01; Fig. 3) for the
most representative compounds as well as for the sum of all in the two
sites. While in ABR 13 (73%) of the most relevant compounds show a
negative correlation coefficient with water flow, this number increased

Table 1
Physicochemical parameters measured at two sampling sites: Abrera (ABR) and Sant Joan
Despí (SJD). DO = Dissolved Oxygen; T = Temperature. Mean values and standard
deviation (shown in italic and with parenthesis) are reported.

Campaign 1 Campaign 2

ABR SJD ABR SJD

Conductivity (μS cm−1) 1276.8
(204.1)

1299.3
(87.4)

946.0
(127.0)

1066.5
(148.8)

DO (mg L−1) 9.4
(2.6)

9.4
(1.7)

7.6
(2.4)

7.2
(2.3)

T (°C) 11.2
(2.6)

11.7
(3.2)

21.0
(2.0)

22.2
(0.9)

pH 8.3
(0.0)

8.5
(0.4)

8.1
(0.2)

8.2
(0.1)

P-PO4 (mg L−1) 0.09
(0.04)

0.13
(0.08)

0.18
(0.06)

0.12
(0.05)

N-NO3 (mg L−1) 16.5
(2.0)

16.1
(2.6)

9.5
(2.9)

9.0
(2.5)
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to 15 (83%) in SJD, indicating that their concentrations decreased with
higher water flow. Few exceptions seem to contradict the general
case, erythromycin being themost relevant, while others like ibuprofen
or furosemide showamixed behavior depending on the site considered,
and 2 compounds (enrofloxacin and enalapril) had statistically non-
significant correlation coefficients.

In the low water flow campaign, a total of 54 of the 73 compounds
targeted were present in all samples from ABR sampling point.
Gemfibrozil, diclofenac, fenofibrate and ibuprofen were determined at
concentrations in the range of 117–192 ng/L, but the remaining PhACs
were detected in the lower ng/L range (b50 ng/L). Similarly, 55 of
PhACs analyzed were detected in all SJD samples. Only metoprolol,
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fenofibrate, naproxen and ibuprofenwere present at levels of hundreds
of ng/L (97–507 ng/L), being the last one the most concentrated. As in
ABR, the remaining PhACs were present at concentrations lower than
the 50 ng/L. The same therapeutic groups, analgesics and anti-
inflammatories and lipid regulators, showed similar importance in the
two sampling points. Lipid regulators were the most concentrated in
ABR (100–500 ng/L), followed by analgesics and anti-inflammatories
(200–400 ng/L). By contrast, analgesics and anti-inflammatories were
the most concentrated in SJD (600–1000 ng/L), followed by lipid regu-
lators (100–550 ng/L). Concentrations of remaining PhACs were lower
than the 200 ng/L in ABR, as well as in SJD, except for β-blockers,
which were up to the 350 ng/L.

In the higher water flow campaign, up to 56 PhACs of all those
analyzed were detected in all ABR samples. Only Ibuprofen and
Acetaminophen were detected at concentrations higher than the
50 ng/L (98 and 216 ng/L, respectively). On the other hand, 62 com-
pounds targeted were present in all SJD samples. In this campaign
there were generally more compounds determined at levels higher
than 50 ng/L. Nevertheless, ibuprofen and acetaminophenwere equally
themost concentrated (182 and 281 ng/L, respectively). By therapeutic
groups, analgesics and anti-inflammatories were the more abundant
in the two sampling points, accounting for 200–600 ng/L in ABR and
300–700 ng/L in SJD. The antibiotics fluoroquinolones and psychiatric
treatment drugs achieved concentrations up to 500 ng/L in SJD. The re-
maining PhACs therapeutic groups were lower than the 200 ng/L both
in ABR and SJD.

The PCA performed with the PhACs concentrations of the two
campaigns revealeddifferences indifferent therapeutic groups depending
on sampling site and period (Fig. 4). Thefirst axis of the PCAexplained the
61.1% of the variability and separated the concentrations of PhACs down-
stream (SJD) than upstream (ABR) in the two campaigns. The second axis
explained the 15% of the variability and discriminated the tendencies of
each therapeutic group in each campaign. In particular, lipid regulators
(LIR) were more concentrated while psychiatric drugs (PDT) and antibi-
otics fluoroquinolones (ABF) resulted more concentrated in the second
one (Fig. 4).

3.3. Biofilms response to translocation and to the flood event

The biofilm development and responses to translocation differed
between the two campaigns. The biofilms showed higher autotrophic
biomass (chlorophyll-a) and heterotrophic activity (extracellular
enzyme activities) in the first campaign than in the second one (Fig. 5).
In particular, the β-glucosidase and phosphatase activities were
higher in the first campaign at both sampling sites (repeated
measures ANOVA, p b 0.05), while peptidase activity was significantly
higher in the first campaign only in SJD biofilms (Fig. 5, repeated
measures ANOVA, p b 0.05). The accrual of biofilm biomass (calculated
as the increase of chlorophyll-a in time and per site) was lower in the
second campaign (Fig. 6; p b 0.001). The ABR biofilm accrual rate
was of 0.02 ± 0.002 μg Chla cm−2 day−1 in the second campaign
and of 0.5 ± 0.07 μg Chla cm−2 day−1 in the first one. The SJD
biofilms had an accrual rate of 0.44 ± 0.06 μg Chla cm−2 day−1 in
the first campaign, almost two times higher than in the second one
(0.25 ± 0.05 μg Chla cm−2 day−1). The behavior observed indicated
the different biofilm development between thefirst sampling campaign
and the second one. Interestingly, a flood event occurred the day before
the first biofilm sampling of the second campaign.

The translocation from less (ABR) tomore (SJD) polluted site affected
differently biofilm structure and function depending on the sampling
campaign. In general, chlorophyll-a, bacterial density and extracellullar
peptidase activity of biofilms were the parameters that significantly
changed in response to translocations. In particular, chlorophyll-a signif-
icantly decreased in biofilms translocated to SJD during the first
campaign, but did not respond in the second one (Fig. 7). The biofilms
growth in SJD showed a lower proportion of live bacteria in at each
sampling date, and biofilms translocated to this site experienced a signif-
icant increase of bacterial mortality. This behavior in the bacterial sur-
vival was observed in both campaigns (Fig. 7). Finally, only in the
second campaign, the biofilms grown in SJD showed significantly
lower extracellullar peptidase activity than in ABR and a significant de-
crease of this activity was measured in samples translocated from ABR
to SJD (A ➔ S) both 2 and 9 days after translocation (Fig. 7).

4. Discussion

The occurrence of extended periods of lowwater flow combines with
floods in Mediterranean rivers, to produce an unsteady hydrological
template for the solutes and the biota. High water flow episodes are
associated to heavy rain events and cause sediment re-suspension,
altered biogeochemical patterns, and effects on the organisms. These
episodes in the lower Llobregat River can account for up to 170 m3 s−1

(once every 2–10 years), or occasionally up to 800 m3 s−1 (once every
10–50 years) (Munné et al., 2012b). The peak flow reported in this
study (around 200 m3 s−1) produced important effects both on the
dynamics of PhACs and in the biomass and activity of biofilms.

The target compoundswere generally detected at levels in the range
of 10–100 ng/L. These results are in agreement with previous findings
(Ferrari et al., 2011; Gros et al., 2007). The respective concentrations
of PhACs in the two sites did not follow a natural attenuation (Fono
et al., 2006). Instead, the targeted PhACs increased downstream, corre-
sponding to the growing number ofWWTPs in the studied section. This
observation reinforces those elsewhere (Vieno et al., 2005; Gros et al.,
2007; Conley et al., 2008) which propose WWTPs as the main source
of emerging contaminants in receiving waters (Gros et al., 2007;
Ferrari et al., 2011). The low removal rate during theWWTPs processes
can be oneof the causes of their relevance (Petrovic et al., 2010), but low
dilution capacity of the river is also relevant. The higher levels of gemfi-
brozil and diclofenac in ABR (upstream site) with respect to the lower
site during the second sampling campaign (Table S-3) support the rele-
vance of the respective dilution capacity in the two sites (Ellis, 2006;
Osorio et al., 2012b).
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The relative contribution of WWTP effluent discharge to the total
river flow increased in parallel to the flow decline, favoring the increase
of pollutants into the aquatic system. Conversely, high flow episodes
may contribute to the sediment re-suspension and compounds re-
dissolution. The flood in the Llobregat caused both dilution and re-
mobilization of PhACs as a consequence of increased river flow and
higher turbulence. This was also observed with other organic contami-
nants in the Ebro River (Gómez-Gutiérrez et al., 2006), when PCBs,
DDTs and HCB inputs were associated to spate periods that caused an
increase in suspended particulate matter associated to runoff and sedi-
ment re-suspension.

Rainfall eventsmay also affect the sewage systemperformance due to
the lack of separate pluvial networks, which may cause overflow in the
system seriously decreasing the overall removal efficiency of pollutants
(Sidhu et al., 2013; Kim et al., 2012). As a consequence, PhACs input in
the receiving waters may be higher (Sui et al., 2011; Choi et al., 2008;
Tamtam et al., 2008). This trend was confirmed when loads of pollutants
were calculated (Fig. 2 (b, d)). The occurrence of therapeutic groups of
PhACs, as well as their individual concentrations and loads, can vary de-
pending upon the specific site and hydrological conditions (Osorio
et al., 2012a,b). Dilution adds to other factors governing the concentration
levels of pollutants. Other sources of variability include changes of
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temperature, sediment remobilization, and seasonal and local use of
certain drugs (Matthies et al., 2004). In addition, the diverse operating
conditions of the WWTPs distributed along the river section studied,
can contribute to the differences observed in the occurrence of PhACs
between sampling sites. Our results are in agreement with the prepon-
derance of dilution effects of pollutants as a consequence of increased
river flow resulting on a decrease of concentrations, which are
reflected on negative correlation coefficients (see Section 3.2). In gen-
eral, slightly better correlations were observed in ABR. This fact can
be explained by the higher contribution of WWTP effluent discharge
and other anthropogenic pressure to which the river section comprised
between ABR and SJD is subjected, and that may play a significant role
in the variability of flow dynamics in SJD site and consequent PhAC
response.

The continuous release of these compounds fromWWTPs generates
a downstream increase that is maintained under different hydrological
conditions and that can therefore have long-term consequences for
biological communities, with important implications for freshwater
ecosystems.
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The potential consequences on the biota when low flow conditions
co-occur with high nutrient concentration can be the development of
thicker biofilms with higher biomass (Petrovic et al., 2011). Instead,
floods can act as “cleaners” of colonized biofilms, partially or totally
restarting the colonization of the substrata by the microorganisms.
Our study indicated that the flood event occurring during the first
phases of colonization (9 days after colonization started) had important
consequences on the biofilm structure and functioning. The reduced
accrual rates of biofilms after the flood event were result of the flood
shear stress on colonized biofilms, and indicated the slower biofilm
development and recovery after this event. The extracellular enzyme
activities were reduced, decreasing the biofilm capability to decompose
andmineralize organic molecules (Proia et al., 2012a). Biofilms showed
therefore a reduced capacity of processing organicmatter after theflood
event.

The biofilm response to translocations was expressed as significant
changes in the chlorophyll-a, bacterial density and peptidase activity.
Chlorophyll-a significantly decreased in biofilms translocated to
SJD during the first campaign but did not change in the second one.
This chlorophyll-a response during the base flow campaign might
be attributed to the negative effects of the pollutants measured in
SJD. Chlorophyll-a, was significantly correlated with some PhACs
therapeutic groups (psychiatric treatment drugs: r = −0.786,
p = 0.021; antibiotics macrolides: r = −0.833, p = 0.010; antibiotics
fluoroquinoles: r = −0.857, p = 0.007; antibiotics sulfonamides:
r = −0.762, p = 0.028). Several drugs used for psyquiatric treatment
show both chronic and acute toxicity on aquatic organisms (Fent
et al., 2006). In particular, fluoxetine, has been described as the most
toxic compound (EC50 = 24 μg L−1) of psyquiatric treatment drugs
for green algae (Brooks et al., 2003). In previous observations (Osorio
et al., 2012a,b),fluoxetine, aswell as other potentially toxic compounds,
have been reported in Llobregat River surface waters at concentrations
similar to EC50 values reported in literature. It cannot be excluded that
the co-occurrence of low concentrations of a huge number of priority
and emerging pollutants, not measured in this study but occurring in
Llobregat surface waters (Ricart et al., 2010; Proia et al., 2013a,
2013b), could also contribute to the biofilm response.

The decrease of chlorophyll-a in response to the translocation from
ABR to SJDwas not observed in the second campaign. The dilution effect
and the decreased biofilm accrual rate in response to the extreme flood
occurring in the second campaign can account for this difference. In fact,
the negative correlation between chlorophyll-a and the therapeutic
groups observed in the first campaign did not exist in the second.
While under base-flows conditions PhACs (and other potentially toxic
compounds) may affect the autotrophic compartment of river biofilms,
flood eventsmay override the potential effect of pollutants even though
toxicants concentration is still relevant. This result confirms our hy-
pothesis and is supported by the general behavior of biofilm functioning
in the two campaigns. Also , the general heterotrophic capacity of the
biofilm was significantly lower in biofilms during the second campaign
supporting the hypothesis of an important effect after the
flood, masking possible relationships between PhACs and biofilm
responses.

The biofilms grown in SJD showed a lower proportion of live bacteria
in each sampling date, and biofilms translocated to this site experienced a
significant increase of bacterial mortality. This response in the bacterial
survival was observed in the two campaigns, indicating the presence of
harmful factors on bacteria independent from the flood event. The in-
creased bacterial mortality in biofilm transferred from ABR to SJD, after
only two days of translocation in the two campaigns may be related
with the increasing concentration of all antibiotics groups in SJD. In this
study, the negative correlation between antibiotics macrolids and the
number of live bacteria (r b −0.753, p b 0.05) observed in the two cam-
paigns stresses and confirms this possibility. Similarly, Proia et al. (2013b)
found increased bacterial mortality in biofilm transferred from less to
more antibiotic-polluted waters in Llobregat River. The authors reported

significant correlations between biofilm bacteria responses and antibi-
otics levels in river water (Proia et al., 2013b). It has been shown that
antibiotics—either as single compounds or in mixtures—can have
numerous detrimental effects on aquatic life, including direct toxicity
to aquatic microbes, even at low concentrations (Hernando et al.,
2006). Antibiotics are bioactive against natural bacterial communities,
and their presence may lead to short-term physiological alterations, in-
cluding altered metabolic functions (e.g. biomass production, respira-
tion, and excretion of extracellular enzyme activities), cell death, and
long-term changes in microbial biomass or in community composition
(Proia et al., 2013b). Other PhACs belonging to other therapeutic groups,
and frequently detected at relevant concentrations in Llobregat River (i.e.
theβ-blocker propanolol, Bonnineau et al., 2010), have beendescribed to
affect the heterotrophic compartment of the biofilm. In conclusion, the
bacterial compartment of river biofilms was affected mainly by the
higher levels of antibiotics in SJD irrespective to the changes determined
by the flood event. The mentioned bacterial responses were similar in
the two campaigns. This statement confirmed a sensitivity of the bacteria
compartment of the biofilm to antibiotics, despite the dilution effects as-
sociated to flood conditions.

5. Conclusions

Differences observed in the PhAC concentrations and on the re-
sponse of biofilms in changing river water flows stress the importance
that hydrological variations have on the ecological and chemical status
of Mediterranean Rivers. Our study revealed that the differences among
biofilms developed in different flow conditions were more relevant
than those between sampling sites. This difference was highlighted by
the use of translocation of biofilm communities between sites, along
the pollution gradient. This evidence suggests that the flood event regis-
tered played a principal role in the development of biological communi-
ties in Llobregat River. Nevertheless this study also revealed that some
potential negative effects of certain groups of PhACs (i.e. antibiotics) on
biota (i.e. bacteria) may be maintained under different hydrological
scenarios. Thus, disentangling the combined effects of hydrological
and pollution changes on the aquatic ecosystem requires combined
efforts in analytical chemistry, hydrology and ecology.
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Appendix A. Supplementary material

Table A.1. Characteristics of the main WWTP that discharge into the studied section of the Llobregat River.

 

WWTP Effluent Discharge Point
Flow Treated

(m3/day)
h-e treated

Manresa Cardener (before CB) 25.962 118.993

Pont de Vilomara Llobregat (before CB) 514 3.598

Castellbell i El Vilar Llobregat (before CB) 2.537 7.146

Monistrol de Montserrat Llobregat (between CB and MPT) 1.654 9.759

Abrera Llobregat (after MPT) 15.597 77.985

Rubí Rubí (between MPT and SJD) 21.865 171.758

Martorell Anoia (between MPT and SJD) 6.778 46.768

Sant Feliu de Llobregat Llobregat (between MTP and SJD) 72.000 320.000

h-e equivalent per habitant
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Table A.2. Target compounds, identification number (CAS), molecular formula and QqLIT-MS/MS parameters used for 
quantification (SRM 1) and confirmation (SRM 2 and Rt) of each compound by SRM negative ([M-H]-) and Positive 
([M+H]+) ionization.

Therapeutic group Compounds CAS number Molecular formula Rt (min) Precursor ion (m/z) SRM 1 SRM 2

Analgesics and Anti-
inflammatories (AAF) Ketoprofen (a) 22071-15-4 C16H14O3 14.9 253 [M-H]- 209 -

Ibuprofen (a) 15687-27-1 C13H18O2 19.2 205 [M-H]- 161 -

Indometacine (b) 53-86-1 C19H16ClNO4 20.6 356 [M-H]- 312 214

Diclofenac (a) 15307-86-5 C14H11Cl2NO2 19.9 294 [M-H]- 250 -

Mefenamic acid (b) 61-68-7 C15H15NO2 21.1 240 [M-H]- 196 297

Acetaminophen (b) 103-90-2 C8H9NO2 3.6 150 [M-H]- 107

Propiphenazone (c) 479-92-5 C14H18N2O 15.3 231 [M+H]+ 56 148

Phenybutazone (b) 1698-60-8 C10H8ClN3O 20.7 309 [M+H]+ 77 250

Phenazone (b) 50-33-9 C19H20N2O2 9.8 189 [M+H]+ 56 314

Codeine (d) 76-57-3 C18H21NO3 7.4 300 [M+H]+ 152 130

Naproxen (a) 22204-53-1 C14H14O3 14.3 229 [M-H]- 185 285

Lipid regulators (LIR) Clorifibic acid (b) 882-09-7 C10H11ClO3 12.9 213 [M-H]- 127 -

Gemfrobizil 25812-30-0 C15H22O3 24.3 249 [M-H]- 121 180

Benzafibrate (b) 41859-67-0 C19H20ClNO4 16.7 360 [M-H]- 274 85

Fenofibrate (b) 49562-28-9 C20H21ClO4 25.2 361 [M+H]+ 139 160

Atorvastatine (c) 134523-00-5 C33H35FN2O5 19.8 559 [M+H]+ 440 154

Mevastatine (b) 73573-88-3 C23H34O5 21.5 391 [M+H]+ 185 169

Pravastatin 81093-37-0 C23H36O7 14.2 447 [M+H]+ 327 576

Psychiatric drugs
Treatment (PDT) Fluoxetine (b) 54910-89-3 C17H18F3NO 15.1 310 [M+H]+ 44 -

Paroxetine (c) 61869-08-7 C19H20FNO3 14.4 330 [M+H]+ 192 773

Diazepam (d) 439-14-5 C16H13ClN2O 18.1 285 [M+H]+ 193 267

Lorazepam (d) 846-49-1 C15H10Cl2N2O2 15.7 323 [M+H]+ 174 -

Carbamazepine (b) 298-46-4 C15H12N2O 14.7 237 [M+H]+ 194 -

Histamine H1 and H2 
receptor antagonists
(HRA)

Famotidine (b) 76824-35-6 C8H15N7O2S3 6.3 338 [M+H]+ 189 -

Ranitidine (b) 66357-35-5 C13H22N4O3S 6.5 315 [M+H]+ 176 159

Cimetidine (b) 51481-61-9 C10H16N6S 6.3 253 [M+H]+ 95 190

Loratadine (b) 79794-75-5 C22H23ClN2O2 17.5 383 [M+H]+ 337 600

β-Blockers (BBL) Atenolol (b) 29122-68-7 C14H22N2O3 6.2 267 [M+H]+ 145 82

Sotalol (b) 3930-20-9 C12H20N2O3S 6.1 273 [M+H]+ 213 166

Metoprolol (b) 37350-58-6 C15H25NO3 10.2 268 [M+H]+ 121 244

Propanolol (b) 525-66-6 C16H21NO2 12.5 260 [M+H]+ 116 92

Timolol (b) 26839-75-8 C13H24N4O3S 9.8 317 [M+H]+ 261 154

Betaxolol (b) 63659-18-7 C18H29NO3 12.9 308 [M+H]+ 116 -

Carazolol (b) 57775-29-8 C18H22N2O3 11.8 299 [M+H]+ 116 573

Pindolol (b) 13523-86-9 C14H20N2O2 8.8 249 [M+H]+ 116 201

Nadolol (b) 42200-33-9 C17H27NO4 8.5 310 [M+H]+ 254 -

Cancer Treatment
(CAT) Tamoxifen (b) 10540-29-1 C26H29NO 19.4 372 [M+H]+ 72 -

Fungicides (FUN) Metronidazole (b) 443-48-1 C6H9N3O3 5.8 172 [M+H]+ 172

Antibiotics     
Macrolids (ABM)

Erytromicin (b) 114-07-8 C37H67NO13 13.4 734 [M+H]+ 158 65

Azythromicin (b) 83905-01-5 C38H72N2O12 10.9 749 [M+H]+ 591 132
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Roxythromycin (b) 80214-83-1 C41H76N2O15 15.1 838 [M+H]+ 158 158

Clarithromicin (b) 81103-11-9 C38H69NO13 14.6 748 [M+H]+ 591 123

Tylosin (b) 1401-79-0 C46H77NO17 14.1 916 [M+H]+ 174 121

Josamycin (b) 16846-24-15 C42H69NO15 15.6 828 [M+H]+ 174 189

Spyramicin (b) 8025-81-8 C43H74N2O14 10.7 843 [M+H]+ 174 133

Tilmicosin (b) 10850-54-0 C46H80N2O13 11.8 869 [M+H]+ 696 222

Antibiotics 
Fluoroquinolones
(ABF)

Ofloxacine (b) 82419-36-1 C18H20FN3O4 9.2 362 [M+H]+ 261 98

Ciprofloxacine (b) 85731-33-1 C17H18FN3O3 9.4 332 [M+H]+ 288 201

Enrofloxacine (b) 93106-60-6 C19H22FN3O3 9.9 360 [M+H]+ 316 147
Norfloxacin (b) 9.3 320 [M+H]+ 302 -
Enoxacine (b) 74011-58-8 C15H17FN4O3 8.9 321 [M+H]+ 303 261

Danofloxacin (b) 112398-08-0 C19H20FN3O3 9.7 358 [M+H]+ 340 231

Antibiotics 
Tetracyclines (ABT)

Tetracycicline (b) 60-54-8 C22H24N2O8 11.8 445 [M+H]+ 428 444

Doxicycline (b) 564-25-0 C22H24N2O8 9.7 445 [M+H]+ 410 124

Oxytetracycline (b) 79-57-2 C22H24N2O9 9.2 461 [M+H]+ 426 234

Chlortetracycline (b) 57-62-5 C22H23ClN2O8 11.4 479 [M+H]+ 462 540

Antibiotics 
Sulfonamides (ABS)

Sulfamethoxazole (b) 723-46-6 C10H11N3O3S 12.5 254 [M+H]+ 156 -

Sulfadiazine (b) 68-35-9 C10H10N4O2S 7.3 253 [M+H]+ 156 259

Sulfamethazine (b) 57-68-1 C12H14N4O2S 9.5 279 [M+H]+ 186 -

Antibiotics Others 
(ABO) Trimethoprim (b) 738-70-5 C14H18N4O3 8.8 291 [M+H]+ 230 -

Chloramphenicol (b) 56-75-7 C11H12Cl2N2O5 15.1 323 [M-H]- 152 -

Nifuroxazide (b) 965-52-6 C12H9N3O5 12.8 276 [M+H]+ 121 183

Bronchodilators (BCD) Salbutamol (b) 18559-94-9 C13H21NO3 5.7 240 [M+H]+ 148 127

Blood pressure
Regulators (BPR)

Enalapril (b) 75847-73-3 C20H28N2O5 12.5 377 [M+H]+ 234 174

Lisinopril (b) 83915-83-7 C21H31N3O5 8.1 406 [M+H]+ 84 92

Diuretics (DIU) Furosemide (b) 54-31-9 C12H11ClN2O5S 13.3 329 [M-H]- 205 85

Hydrochlorothiazide (b) 58-93-5 C7H8ClN3O4S2 6.1 296 [M-H]- 78 66

Antidiabetic (ADB) Glibenclamide (b) 10238-21-8 C23H28ClN3O5S 20.7 494 [M+H]+ 369 -

Barbiturics (BBT) Phenobarbital (d) 50-06-6 C12H12N2O3 14.2 231 [M-H]- 188 -

Pentobarbital (d) 76-74-4 C11H18N2O3 18.6 225 [M-H]- 182 154

Butalbial (d) 77-26-9 C11H16N2O3 16.6 223 [M-H]- 180 194

Veterinary use (VET) Clenbuterol (b) 37148-27-9 C12H18Cl2N2O 10.3 277 [M+H]+ 203 245

Flumequine (b) 42835-25-6 C14H12FNO3 15.4 262 [M+H]+ 202 -

Internal standards Phenobarbital-d5 (IS) (d) 14.2 236 [M-H]- 193 197
Diazepam-d5 (IS) (d) 17.6 290 [M+H]+ 198 229
Fluoxetina-d5 (IS) (a) 15.3 315 [M-H]+ 153 679
13C-Fenacetin (IS) (a) 12.7 181 [M+H]+ 139 303
Sulfatiazol-d4 (IS) (e) 8.2 260 [M+H]+ 160 115
Ibuprofen-d3 (IS) (g) 19.1 208 [M-H]- 164 85
Mecoprop-d3 (IS) (f) 14.8 218 [M-H]- 146 169
Atenolol-d7 (IS) (g) 6.2 274 [M+H]+ 145 255
Carbamazepina-d10 (g) 14.5 247 [M+H]+ 204 -

(a) Sigma-Aldrich (Steinheim, Germany); (b) Jescuder (Rubí, Spain); (c) LGC Promochem (London, UK); (d) Cerilliant (Texas, USA); (e)
Toronto Research Chemicals (Canada); (f) Dr. Ehrenstorfer (Augsburg, Germany); (g) CDN isotopes (Quebec, Canada).
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Table A.3. Range of concentrations (average, maximum and minimum), expressed in ng/L, of 
pharmaceuticals monitored at the two sampling sites studied (a) ABR and (b) SJD, standard 
deviation and frequency expressed in %. (LOQ : limit of quantification; ND: not detected).
(a)

Campaign 1 Campaign 2
Ave Max Min St dev Fre Ave Max Min St dev Fre

(ng L-1) (ng L-1) (ng L-1) (ng L-1) (%) (ng L-1) (ng L-1) (ng L-1) (ng L-1) (%)

AAF Ketoprofen 5,91 12,11 1,93 2,76 100 5,69 10,55 2,35 2,64 100
Ibuprofen 192,00 430,57 57,89 101,59 100 98,41 172,66 48,14 38,30 100
Indometacine 3,64 7,64 1,46 1,80 100 3,14 5,45 1,21 1,40 100
Diclofenac 132,96 785,93 6,83 272,00 100 49,40 133,06 21,73 38,16 100
Mefenamic acid 0,18 0,98 0,03 0,26 100 1,76 5,96 0,87 1,78 100
Acetaminophen 35,71 79,53 17,53 18,49 100 216,25 424,45 15,19 147,25 100
Propiphenazone 1,49 3,53 0,70 0,93 100 0,19 0,38 0,01 0,15 66,67
Phenybutazone 4,85 11,26 2,43 2,36 100 0,48 1,85 0,17 0,54 100
Phenazone 1,56 3,57 0,55 0,89 100 <LOQ <LOQ <LOQ <LOQ 100
Codeine nq nq nq nq nq nq nq nq nq nq
Naproxen 26,41 57,74 11,99 13,45 100 17,27 25,25 9,63 5,26 100

LIR Clorifibic acid 0,65 2,00 0,01 0,63 100 0,68 2,32 0,13 0,89 100
Gemfrobizil 116,71 1114,56 15,84 300,15 100 18,18 33,68 6,81 7,91 100
Benzafibrate 2,77 5,09 1,28 1,08 100 2,32 3,54 1,76 0,53 100
Fenofibrate 182,12 611,47 4,30 201,71 100 5,13 11,47 0,35 4,87 100
Atorvastatine 1,15 2,87 0,30 0,79 100 0,41 1,48 0,03 0,54 100
Mevastatine 0,30 0,89 0,03 0,26 100 2,94 8,57 0,20 3,20 100
Pravastatin 6,04 10,38 1,59 3,14 100 3,60 6,14 2,76 1,21 100

PDT Fluoxetine 4,39 12,67 2,19 3,42 100 0,39 1,26 0,01 0,48 100
Paroxetine 3,43 12,03 1,64 3,26 100 0,36 0,82 0,02 0,28 100
Diazepam 2,07 5,28 1,02 1,40 100 0,13 0,65 0,00 0,21 100
Lorazepam 21,52 38,75 6,23 9,01 100 7,48 27,86 0,70 9,77 100
Carbamazepine 4,26 6,32 1,21 1,60 100 37,43 177,60 1,78 62,60 100

HRA Famotidine nq nq nq nq nq 0,30 1,47 0,07 0,46 100
Ranitidine 12,34 26,86 4,80 6,31 100 2,38 5,71 0,13 1,86 100
Cimetidine nq nq nq nq nq 11,09 18,42 6,39 3,84 100
Loratadine 0,10 0,12 0,08 0,01 100 ND ND ND ND 0

BBL Atenolol 15,56 30,53 4,67 8,85 100 0,06 0,25 0,00 0,10 100
Sotalol 6,00 11,51 2,47 2,50 100 1,07 3,70 0,08 1,10 100
Metoprolol 3,49 7,68 1,20 1,76 100 0,67 3,96 0,00 1,38 100
Propanolol 3,14 8,98 1,68 2,47 100 ND ND ND ND ND
Timolol nq nq nq nq nq nq nq nq nq nq
Betaxolol 2,49 5,30 1,19 1,45 100 ND ND ND ND ND
Carazolol 0,71 3,57 0,07 1,23 100 <LOQ <LOQ <LOQ <LOQ 100
Pindolol 0,85 3,19 0,59 0,71 100 ND ND ND ND 0
Nadolol 0,76 1,97 0,32 0,51 100 0,03 0,11 0,00 0,04 100

CAT Tamoxifen nq nq nq nq nq 0,10 0,28 0,01 0,11 100

FUN Metronidazole 0,25 0,48 0,05 0,14 100 0,01 0,05 0,00 0,02 100

ABM Erytromicin 6,42 19,44 3,33 5,02 100 9,37 57,73 0,47 18,52 100
Azythromicin nq nq nq nq nq
Roxythromycin 0,82 3,00 0,21 0,96 100 ND ND ND ND 0
Clarithromicin 9,12 19,64 3,73 5,09 100 1,50 5,24 0,00 2,11 100
Tylosin 1,46 6,57 0,78 1,62 100 0,05 0,22 0,00 0,07 100
Josamycin 0,05 0,34 0,01 0,10 100 0,02 0,05 0,01 0,02 100
Spyramicin 7,39 20,06 1,74 5,27 100 1,44 8,80 0,04 2,82 100
Tilmicosin nq nq nq nq nq

ABF Ofloxacine nq nq nq nq nq <LOQ <LOQ <LOQ <LOQ 100
Ciprofloxacine nq nq nq nq nq 3,31 7,43 0,56 2,70 100
Enrofloxacine 18,83 52,46 5,70 12,77 100 2,27 5,28 0,01 2,12 77,78
Norfloxacin 32,00 64,77 9,42 17,80 100 33,87 86,05 4,23 25,78 100
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Enoxacine nq nq nq nq nq ND ND ND ND 0
Danofloxacin nq nq nq nq nq 5,42 14,21 0,41 4,61 100

ABT Tetracycicline nq nq nq nq nq nq nq nq nq nq
Doxicycline nq nq nq nq nq <LOQ <LOQ <LOQ <LOQ 100
Oxytetracycline nq nq nq nq nq ND ND ND ND 0
Chlortetracycline 3,24 5,63 0,35 1,68 100 <LOQ <LOQ <LOQ <LOQ 100

ABS Sulfamethoxazole 13,49 30,13 4,85 7,60 100 5,93 18,83 0,21 8,16 100
Sulfadiazine 7,95 30,02 3,54 7,51 100 1,55 6,14 0,06 2,24 100
Sulfamethazine 5,41 13,48 2,61 3,52 100 0,10 0,46 0,00 0,18 100

ABO Trimethoprim 3,33 4,77 0,54 1,52 100 1,67 5,82 0,01 2,38 100
Chloramphenicol 0,45 1,06 0,36 0,23 100 ND ND ND ND 0
Nifuroxazide 4,31 10,63 2,25 2,61 100 <LOQ <LOQ <LOQ <LOQ 100

BCD Salbutamol ND ND ND ND 0 2,22 2,58 0,95 0,59 100

BPR Enalapril 2,50 8,09 1,04 2,20 100 2,73 8,49 0,03 3,40 100
Lisinopril 30,73 72,24 6,30 21,41 100 1,47 3,38 0,14 1,59 100

DIU Furosemide 45,60 92,93 9,45 28,51 100 38,05 48,71 15,89 10,31 100
Hydrochlorothiazide 24,86 38,05 8,57 10,45 100 26,09 36,10 10,99 7,50 100

ADB Glibenclamide ND ND ND ND 0 ND ND ND ND 0

BBT Phenobarbital 12,38 37,84 4,36 8,89 100 ND ND ND ND 0
Pentobarbital nq nq nq nq nq ND ND ND ND 0
Butalbial nq nq nq nq nq ND ND ND ND 0

VET Clenbuterol nq nq nq nq nq 0,24 0,76 0,00 0,25 100
Flumequine 0,23 2,47 0,03 0,67 100 0,63 1,19 0,07 0,49 100

(b)

Campaign 1 Campaign 2
Ave Max Min St dev Fre Ave Max Min St dev Fre

(ng L-1) (ng L-1) (ng L-1) (ng L-1) (%) (ng L-1) (ng L-1) (ng L-1) (ng L-1) (%)

AAF Ketoprofen 12,26 37,67 3,75 9,67 100 19,95 32,20 8,76 9,09 100
Ibuprofen 507,29 867,95 147,23 184,81 100 141,51 340,69 54,24 95,55 100
Indometacine 5,71 10,66 2,01 3,09 100 8,99 39,19 2,45 11,52 100
Diclofenac 39,05 65,96 12,04 19,78 100 33,69 45,02 20,36 9,46 100
Mefenamic acid 0,45 1,14 0,02 0,35 100 1,09 1,47 0,86 0,19 100
Acetaminophen 33,21 59,85 14,42 12,81 100 280,61 1032,49 7,56 349,80 100
Propiphenazone 1,82 3,92 0,76 0,96 100 <LOQ <LOQ <LOQ <LOQ 100
Phenazone 24,19 67,71 8,40 18,24 100 65,60 336,40 1,56 115,54 100
Phenybutazone 2,11 3,89 0,70 0,92 100 2,76 5,42 0,78 1,83 100
Codeine nq nq nq nq nq nq nq nq nq nq
Naproxen 104,44 575,35 20,20 154,13 100 29,18 42,31 15,31 10,27 100

LIR Clorifibic acid 4,35 9,38 0,99 2,86 100 1,60 6,34 0,16 1,91 100
Gemfrobizil 71,53 119,98 26,21 34,72 100 49,17 89,12 18,85 20,89 100
Benzafibrate 6,86 13,08 2,53 3,34 100 3,78 6,05 2,19 1,09 100
Fenofibrate 250,94 1244,53 3,37 347,49 100 19,25 29,96 6,67 8,70 100
Atorvastatine 2,38 5,19 0,60 1,45 100 1,84 3,75 1,12 0,84 100
Mevastatine 0,28 0,95 0,03 0,27 100 3,65 4,73 3,33 0,41 100
Pravastatin 8,70 13,73 1,15 4,37 100 4,43 6,52 2,54 1,42 100

PDT Fluoxetine 6,69 25,31 2,34 6,53 100 4,12 15,31 0,18 4,95 100
Paroxetine 3,85 13,40 1,90 3,39 100 2,86 5,39 0,51 1,68 100
Diazepam 2,87 6,70 1,07 1,69 100 0,59 2,32 0,12 0,68 100
Lorazepam 26,54 39,82 6,17 10,53 100 106,02 384,29 6,04 138,57 100
Carbamazepine 7,00 10,10 1,67 2,68 100 56,24 192,76 20,87 59,22 88,89

HRA Famotidine nq nq nq nq nq 3,65 12,99 0,02 4,76 100
Ranitidine 22,12 40,82 5,99 9,34 100 10,66 21,02 0,22 6,31 100
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Cimetidine nq nq nq nq nq 13,34 23,60 7,55 5,34 100
Loratadine 0,11 0,20 0,10 0,04 100 2,34 8,41 0,32 3,05 100

BBL Atenolol 31,78 72,00 7,61 18,39 100 6,38 19,92 0,41 6,62 100
Sotalol 11,81 25,68 3,74 6,14 100 6,27 32,95 0,19 11,03 100
Metoprolol 97,31 280,32 8,36 100,15 100 7,66 37,52 0,13 12,67 100
Propanolol 3,64 9,55 1,75 2,56 100 3,28 6,40 2,37 1,25 100
Timolol nq nq nq nq nq nq nq nq nq nq
Betaxolol 2,56 6,47 1,26 1,80 100 2,30 3,91 1,83 0,77 100
Carazolol 0,75 3,18 0,07 0,96 100 <LOQ <LOQ <LOQ <LOQ 100
Pindolol 0,95 2,52 0,59 0,52 100 6,31 6,37 5,82 0,18 100
Nadolol 0,98 2,61 0,34 0,62 100 0,85 2,77 0,05 0,93 100

CAT Tamoxifen nq nq nq nq nq 40,38 115,04 9,69 31,94 100

FUN Metronidazole 1,19 3,98 0,22 1,02 100 0,49 2,73 0,02 0,86 100

ABM Erytromicin 9,28 29,65 3,32 8,79 100 58,09 362,49 12,26 114,36 100
Azythromicin nq nq nq nq nq nq nq nq nq nq
Roxythromycin 1,02 3,11 0,53 0,92 100 1,04 2,34 0,36 0,79 100
Clarithromicin 16,85 38,27 4,70 9,55 100 1,62 6,23 0,10 2,08 100
Tylosin 1,97 7,91 0,78 2,12 100 0,71 2,44 0,12 0,97 100
Josamycin 0,14 0,65 0,01 0,20 100 2,14 11,09 0,01 3,40 100
Spyramicin 13,66 28,83 2,81 8,25 100 31,65 152,09 2,00 53,94 100
Tilmicosin nq nq nq nq nq ND ND ND ND 0

ABF Ofloxacine nq nq nq nq nq ND ND ND ND 0
Ciprofloxacine nq nq nq nq nq 11,50 23,78 3,50 6,21 100
Norfloxacin 27,14 47,09 5,37 12,60 100 12,31 24,36 2,02 8,36 100
Enoxacine 29,28 64,00 10,40 17,67 100 126,88 400,94 74,83 106,88 100
Danofloxacin nq nq nq nq nq 110,76 279,19 6,68 81,91 100
Enrofloxacine nq nq nq nq nq 41,04 129,36 20,48 34,59 100

ABT Tetracycicline nq nq nq nq nq ND ND ND ND 0
Doxicycline nq nq nq nq nq <LOQ <LOQ <LOQ <LOQ 100
Oxytetracycline nq nq nq nq nq 6,61 16,26 1,01 5,21 100
Chlortetracycline 4,66 11,23 0,58 2,97 100 <LOQ <LOQ <LOQ <LOQ 100

ABS Sulfamethoxazole 33,87 150,93 5,83 43,39 100 25,17 109,49 3,39 33,33 100
Sulfadiazine 12,90 41,10 5,48 12,02 100 2,58 9,53 0,18 2,97 100
Sulfamethazine 30,31 198,26 2,69 59,90 100 1,72 6,78 0,22 2,02 100

ABO Trimethoprim 7,88 20,53 0,70 4,91 100 2,01 6,97 0,09 2,53 100
Chloramphenicol 0,36 0,36 0,36 0,00 100 ND ND ND ND 0
Nifuroxazide 9,13 20,14 2,84 5,47 100 12,50 12,50 12,50 - 100

BCD Salbutamol ND ND ND ND ND 3,53 4,23 1,50 0,97 100

BPR Enalapril 4,49 15,26 1,48 4,24 100 6,12 14,58 1,47 5,58 100
Lisinopril 30,87 71,55 10,08 18,52 100 3,03 8,07 0,62 3,06 100

DIU Furosemide 53,63 91,33 13,09 34,13 100 42,50 78,19 22,42 17,63 100
Hydrochlorothiazide 47,42 74,42 16,88 21,14 100 49,82 69,30 30,09 16,78 100

ADB Glibenclamide 0,13 0,46 0,03 0,14 100 0,15 0,93 0,00 0,30 100

BBT Butalbial 12,54 21,12 6,54 4,79 100 ND ND ND ND 0
Pentobarbital nq nq nq nq nq ND ND ND ND 0
Phenobarbital nq nq nq nq nq ND ND ND ND 0

VET Clenbuterol nq nq nq nq nq 6,69 24,00 0,00 8,42 100
Flumequine 0,05 0,20 0,04 0,05 100 9,29 37,54 0,23 11,57 100

<LOQ = Below limit of quantification; ND = Not detected; NQ = Not quantified
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Figure A.1. Flow measurements recorded at study sites ABR and SJD for each sampling day of the two 
monitoring campaigns.
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Chapter 6. General Discussion

The present chapter aims bridging this thesis’ findings with the most recent literature. Overall, it has 
been shown within this thesis that PhACs are widely spread micropollutants in the aquatic environment and 
may be toxic to aquatic ecosystems. The following sub-sections will discuss in detail the results of the three 
main lines of study conducted in this thesis, namely the analysis, occurrence and effects of PhACs in the 
aquatic environment.

6.1. Analysis and identification of PhACs and their TPs in WWTPs and receiving SW

The principal source of entrance of PhACs in the aquatic environment are WWTPs. In many cases, 
the polarity combined with the low microbial degradability as well as other phyisicochemical properties of 
some PhACs and their TPs result in inefficient elimination in WWTPs and as a consequence they can be 
detected in treated effluents. DCF and SMX are two widely detected PhACs leading as well to several human 
metabolites. While their poor degradability under CAS treatment in WWTPs was demonstrated, one study 
reported (Pérez and Barceló, 2008) that the removal of DCF can be enhanced by promoting the growth of 
nitrifying bacteria in batch reactors. Two nitrosation/nitration TPs of DCF were identified in that study. Part 
of the work of the present thesis was to evaluate the presence of these two TPs and others of SMX, in real 
WWTP samples. First, an analytical method was developed using off-line SPE followed by LC-(ESI)-MS/MS 
for the analysis of DCF and SMX, their human metabolites and their nitrifying/denitrifying TPs in WWTPs and 
receiving SW. The developed analytical method enabled to report quantitative levels of DCF and its main 
human metabolites (4’-OH-DCF, 5-OH-DCF, 4’,5-diOH-DCF, 5-OHD-DCFand DCF-gluc) and nitrosation/
nitration derivatives (TP323 or NO-DCF, TP 339 or NO2-DCF) in WWi and WWe (see chapter 3, section 
3.2). The occurrence of these compounds was thoroughly discussed in the publication included in this thesis 
(Osorio et al., 2014b). However, it is worth to note some important findings. Human metabolites were found 
at higher concentrations in WWi relative to WWe, which was also in agreement with levels of 4’-OH-DCF and 
5-OH-DCF recently reported by Larsson et al. (2014). In this thesis, the removal rate of these metabolites 
was not evaluated due to the inappropriate planning of sampling campaigns such as wrong sample collection 
and without considering the HRT of the WWTPs. However it was noticed that DCF is not further microbially 
metabolized into these compounds during the activated sludge treatment. Regarding, the biotransformation 
of DCF in WWTPs, its nitrosation/nitration TPs were detected and quantified for the first time in the present 
thesis. 

Further, the attention was focused on the TPs of PhACs formed during nitrification/denitrification 
processes occurring in the NAS treatment in WWTPs. SMX and its nitrifying/denitrifying derivatives (NO2-
SMX and Des-SMX) were also detected in WW and SW (see chapter 5, section 5.2, Osorio et al., submitted). 
Several novel findings can be mentioned: (i) NO2-SMX and Des-SMX previously identified by Nödler et al. 
(2012) in GW were measurable in WW and SW; and (ii) nitrosation/nitration TPs of DCF were present in SW. 
Based on the findings of Chiron et al. (2010) investigating the nitrosation of acetaminophen, the hypothesis 
in this thesis was that NO· radical species generated during the nitrification/denitrification process may be 
involved in the formation of nitrifying/denitrifying TPs of DCF and SMX. Although the present study was 
conducted in a few WWTPs, the relationships observed between levels of nitrifying/denitrifying TPs of DCF 
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and SMX and some WWTP operational parameters such as HRT and SRT; supported the initial hypothesis on 
the implication of NO· on the formation of these derivatives. Moreover, the levels of nitrifying/denitrifying TPs 
detected in WWi and SW led to consider that microbial mediated biotransformation of DCF and SMX might 
also take place along the collecting sewage system. Indeed, Jelić et al. (2015) demonstrated the in-sewer 
microbial transformation under anaerobic conditions of several PhACs. A high decrease in concentrations 
(25-60%) of diltiazem, citalopram, clarithromycin, bezafibrate and amlodipine was observed during their pass 
through the pressurized pipe. Besides, the authors calculated negative removals for SMX (-66±15%) and 
irbesartan (-58±25%) in sewers, caused by the conversion of conjugates back to their parent compounds in 
sewer. Another explanation could be the formation of these TPs via human metabolism of DCF and SMX, their 
entry into WWTPs through excreta and their subsequent release into receiving SW due to their incomplete 
removal after WW treatment. For instance, NO2-SMX was reported as a minor human metabolite of SMX 
(Bonvin et al., 2012). Thus, further studies should be carried out in order to clarify the source of these 
derivatives. With this in mind, it was set out to gain further insights into the biotransformation mechanisms 
of related DCF compounds under NAS treatment in WWTPs (see chapter 3, section 3.3). Thus, controlled 
biodegradation experiments in batch reactors amended with NAS-mixed liquor from WWTP were conducted. 
DCF and other NSAIDs with analogous chemical structure were used as model compounds. From these 
experiments it was observed that no TPs were formed in control abiotic reactors, thus suggesting that a biotic 
reaction was involved in the formation of nitrosation/ nitration TPs. As the growth of AOB in the batch reactors 
was favored by maintaining high ammonium concentrations (pH control), it was hypothesized that nitrosation/
nitration TPs originate from NH3 oxidation by AOB. In order to demonstrate the last hypothesis, stable isotope-
labeled 15NH4-N was added to the bioreactors amended with DCF. A mass shift of +1 Da expected due to 
incorporation of 15NO and 15NO2 groups into the DCF molecule was observed. Regarding the biodegradation 
of related NSAIDS (i.e. meclofenamic acid, mefenamic acid, tolfenamic acid and flufenamic acid) this study 
reported the first evidence of their nitrosation/nitration TPs. The biotransformation rates of parent compounds 
to their derivatives were generally low possibly due to steric hindrance and/or low microbial biomass. Several 
studies assessed the effect of operating conditions (e.g. SRT, amount of AOB, concentration of pollutants) in 
the activated sludge on biotransformation and/or removal of micropollutants in WWTPs (e.g. Suárez et al., 
2010; Fernández-Fontaina et al., 2012). After Pérez and Barceló work (2008), very few studies attempted 
to understand the underlying microbial processes involved in micropollutants biotransformation reactions 
occurring in WWTPs (Chiron et al., 2010; Helbling et al., 2012; Tran et al., 2013). The lessons learnt from 
these works are that PhACs can be biotransformed through metabolism by heterotroph microbes or through 
co-metabolism by AOB and AOA; and that AOB are involved in the generation of NO radicals during the 
nitrification and denitrification processes. The complete elucidation of the reaction mechanism of the microbial 
mediated biotransformation process of DCF and its related compounds into nitro and nitroso TPs was not 
achieved. Thereby, future research by Dr. Sandra Pérez’s group would address: (i) the study of the reaction 
mechanisms of generation of nitrogen reactive species and the incorporation of NO and NO2 groups into the 
drug molecule; (ii) the characterization of the diversity and activity of the microbial community in the activated 
sludge; and (iii) the effects of varying operational conditions of the WWTP on the process. 

Importantly, TPs themselves can undergo further transformations. For instance, the cleavage of 
glucuronides and sulfates to convert back to their parent compounds was reported by Stadler et al. (2012). 
Unfortunately, this phenomenon was not confirmed when levels of DCF and its glucuronide were measured in 
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in WWi and WWe during this thesis (Osorio et al., 2014b), probably due to a wrong sampling campaign (see 
above). However, the conversion of nitro TPs of DCF and SMX (i.e. NO2-DCF and NO2-SMX) in denitrifying 
soil-aquifer systems was observed (Barbieri et al., 2012). This work was conducted in collaboration with 
Manuela Barbieri (IDAEA-CSIC), and thus the corresponding publication is not included in this thesis. Briefly, 
the authors investigated the removal mechanisms of DCF and SMX in soil-aquifer processes occurring 
during artificial recharge of groundwater. Batch experiments were carried out in aquifer material amended 
with DCF and SMX at environmental concentrations. The observed biotic formation of nitro derivatives of 
DCF and SMX (the same nitration derivatives identified in the batch reactors amended with sewage sludge in 
the present thesis) was related to the presence of nitrite generated during denitrification process. However, 
the reaction mechanism of biotransformation of DCF and SMX and how nitrites were involved could not be 
described. Interestingly, these nitro-TPs converted back to their parent compounds, what was also previously 
observed by Nödler et al. (2012) during abiotic denitrification of SMX. 

Even though the fate and behavior of PhACs under CAS treatment was not investigated in this 
thesis, an important contribution to understand their degradation pathways using AOPs was provided. 
Within the frame of a scientific collaboration with Despo Fatta-Kassinos and Irene Michael (University of 
Cyprus) the elucidation of TPs of ibuprofen, DCF and trimethoprim generated during the application of 
solar photo-Fenton, TiO2 photocatalysis driven by UV-A or simulated solar irradiation, sonolysis, and UV-A 
photocatalysis integrated with ultrasound irradiation (sonophotocatalysis) to several aqueous matrices 
at pilot-scale (Michael et al., 2012; Michael et al., 2014b) was conducted. Briefly, twenty-one, seven and 
ten TPs of trimethoprim, ibuprofen and DCF, respectively, were tentatively identified and attributed to the 
consecutive attack of hydroxyl radicals (HO•) paralleled with the degradation of the primary compounds. Their 
degradation pathways were proposed: (i) trimethoprim was transformed by hydroxylation, demethylation 
and cleavage reactions; (ii) ibuprofen underwent mainly decarboxylation, demethylation and hydroxylation 
reactions; and (iii) the oxidation of DCF mainly proceeded by oxidation and hydroxylation reactions. The poor 
mineralization of the three compounds together with their high rate of transformation and the presence of 
some hydroxylated recalcitrant TPs evidenced that further research is needed before implementing AOPs in 
WWTPs. Furthermore, other studies reported TPs (e.g. Zwiener et al., 2002; Hernández et al., 2011; Ahmed 
et al., 2012) which were tentatively characterized as having the same chemical structures known as human 
metabolites (e.g 1-OH-ibuprofen and carboxy-ibuprofen; 14-OH-clarithromycin; 4’-OH-DCF and 5-OH-DCF, 
respectively). Interestingly, NO2-SMX was also identified among the TPs of SMX formed after the application 
of an ATT based on the sulphate radical reactions (Ahmed et al., 2012). These findings would suggest that 
diverse processes taking place in the aquatic environment might be involved in the transformation of PhACs. 

Different bullet points summarize the issue about TPs: (i) their presence in WW and SW; (ii) their 
formation by different pathways; and (iii) they can be prone to undergo further reactions such as conversion to 
the active parent compound. Therefore, in this thesis emphasis was put on the evaluation of the transformation 
pathways of those not yet studied PhACs and TPs. A given TP can be generated after (i) human metabolism; 
(ii) biotic transformation mainly mediated by AOB in the activated sludge; and/or (iii) abiotic transformation 
mediated by HO• in AOP. Moreover, from the present thesis it can be concluded that there is a need to include 
TPs in thorough monitoring studies in order to improve the understanding of PhACs pathways in the aquatic 
environment. For example, for a detailed description of the fate of PhACs in WWTPs their TPs have to be 
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included in the mass balance. This approach, would help to understand the discrepancies in the evaluation 
of removal efficiencies of PhACs in WWTPs (see table 1.2 in chapter 1). 

6.2. Occurrence of PhACs and their TPs and their temporal and spatial fate along WWTPs and 
Iberian river basins

Regarding the levels of PhACs reported in WW and SW (see section 3.2; and section 5.2), 
concentrations of DCF remained quite similar along their way from the input to the WWTP until the discharge 
of the treated effluent into the river; while levels of SMX gradually decreased (Osorio et al., 2014b; Osorio 
et al. submitted). Although WW treatment has been proved to efficiently remove certain PhACs, the emitted 
concentrations of recalcitrant PhACs and their TPs are still a matter of concern as regards to the impact into 
receiving freshwater ecosystems. 

Aiming to gain knowledge on the presence of PhACs in the aquatic environment, monitoring studies 
were conducted across Iberian river basins. The initial attention was drawn to SW from WWe impacted 
sections of the Llobregat River (NE Spain) (see sections 4.2, 4.2 and occurrence data in section 5.2). 
Afterwards, the study of the occurrence of PhACs was extended to the whole catchment of four major Iberian 
river basins: Llobregat, Ebro, Júcar and Guadalquivir (see section 4.4). In addition to SW, river bed sediments 
were assessed. In all studies, a large list of up to 96 PhACs (see table A.1 in annex) were analysed in 
samples collected during extensive sampling campaigns. In the first study published (Osorio et al., 2012a) a 
selected list of 66 PhACs was studied along a section of the Llobregat river. Afterwards, 7 extra compounds 
were included to the previous list to study up to 73 PhACs in the same river (Osorio et al., 2012b; Osorio et 
al., 2014a). Finally, the most recent study conducted along four Iberian river basins included an updated list of 
76 PhACs (Osorio et al., 2015). For the comprehensive analysis of the large volume of data obtained in each 
study, several approaches were applied, namely: (i) statistics, from simple correlation and sensitivity analysis, 
to ANOVAs, PCAs and NMDS; and (ii) modeling (“plug-flow” model), from simple equations to more complex 
tools such as GREAT-ER. The results of these works have been thoroughly discussed in their corresponding 
publications (Osorio et al., 2012a; 2012b; 2014a; 2015). However, a general discussion tackling the key 
findings is addressed below. 

With respect to the occurrence of therapeutic classes in SW, analgesics and antiinflamatories were 
undoubtedly the most ubiquitous and most abundant drugs. In the case of sediments, this predominance 
was shared with antibiotics. Other relevant families in SW were antibiotics, lipid regulators and lowering 
cholesterol stating drugs and antihypertensives, whereas diuretics and psychiatric drugs were both ubiquitous 
in SW and sediments. As for individual compounds the most detected and concentrated in SW were as 
follows: ibuprofen, DCF, naproxen, indomethacine, ketoprofen, acetaminophen, iopromide, carbamazepine, 
lorazepam, gemfibrozil, bezafibrate, valsartan, irbesartan, losartan, hydrochlorothiazide, furosemide, atenolol, 
tetracycline, ofloxacin, thiabendazole and metronidazole. Sertraline, ketoprofen, hydrochlorothiazide, 
tetracycline, codeine, ibuprofen, clarithromycin and azithromycin were detected at higher levels in sediments. 
Hydrochlorothiazide, gemfibrozil, ibuprofen and azithromyzin were the most ubiquitous in SW and sediments 
at relative similar concentrations. These findings were in agreement with the data reported by Carmona et al., 
2014 but opposite to the findings of Löffler et al., (2005) who reported that ibuprofen showed no significant 
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affinity for sediment, due to its physicochemical properties (see table A.1 in annex). These observations reflect 
the complex distribution processes of PhACs between the water/sediment phases. In addition, it also reveals 
that PhACs partitioning in water compartment is not only dependent on their physicochemical properties such 
as solubility, but it also depends on the conditions of the aquatic system, namely: (i) the physicochemistry, 
such as pH and composition of SPM; (ii) hydrology including river flow regime; and (iii) morphology, such as 
sediment bed topography (e.g. ripples).

The observed temporal and spatial distribution of the studied PhACs along the river basins may be the 
consequence of several factors or a combination of them, namely: (i) high human and animal consumption 
patterns; (ii) high percentage of excretion of un-metabolized drug; (iii) direct flush of non-consumed drugs into 
sewage system; (iv) low removal in WWTPs; (v) re-transformation of TPs back to the active compound; and 
(vi) natural attenuation in rivers.

For example, analgesics and antiinflammatories, lipid regulators and cholesterol lowering statin 
drugs, psychiatric drugs and antihypertensives were among the mostly sold therapeutic groups in Spain 
during 2010 (see figure 1.3 in chapter 1). Besides, acetaminophen, ibuprofen and lorazepam were among 
the top sales. Even though it cannot be assumed a direct correlation between sales data and consumption 
rates, the high environmental levels of some therapeutic groups and individual PhACs observed in this thesis 
closely matched with those identified by the Spanish National System as those mostly sold (SNS, 2012). 
It is a challenging task to relate occurrence of PhACs to consumption trends in Spain since updated and 
detailed data on medical prescriptions of drug products is unavailable. However, predicted consumption 
rates of PhACs (Ortiz et al., 2013) are reliable data to relate with their environmental occurrence. Therefore, 
the potential relationships between levels of PhACs measured in SW and sediments on the one hand with 
the population density and on the other hand with livestock units in the four river basins were examined in 
the present thesis (Osorio et al., 2015). Similarly, a recent study carried out in freshwater systems in Taiwan, 
correlated the spatial distribution of PhACs with the principal source contributors (i.e. domestic inputs from 
human use, antibiotics inputs from animal-use and medication inputs from hospital-use) in the catchments 
(Jiang et al., 2015). However, the relationship between PhACs profile and human/animal pressures of the 
areas studied were merely descriptive (Jiang et al., 2015). Whereas, in this thesis region-specific quantitative 
relationships among levels of PhACs, density of population and livestock were evaluated (Osorio et al., 
2015). Furthermore, a significant positive correlation between human population and livestock density with 
the concentration of PhACs in SW and sediments was demonstrated. Still, this relation was not proportional 
(i.e. levels of PhACs did not increase in the same order than human density or livestock) evidencing the 
contribution of other anthropogenic and natural factors on the variability of the levels of PhACs in the aquatic 
environment. For instance, during this thesis, a gradient of PhACs pollution increasing downstream at the 
Llobregat River together with the number of WWTPs was observed. WWe were regarded as the main 
emission source of PhACs to SW and the principal cause of this pollution gradient (Osorio et al., 2012a; 
2012b; 2015). In fact, this assumption has been recently confirmed in highly urbanized regions across China 
(Wang et al., 2015). In this study, PCA applied to 34 PhACs measured in several urban river samples as 
well as discharging WWe revealed the contribution of the WWTPs distributed along the rivers monitored to 
PhACs pollution observed in their SW. Moreover untreated WWe was identified as the main source of PhACs 
in the Beiyun River (China) (Dai et al., 2015). In the cited work, the influence of untreated and treated WW 
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on the PhACs contamination in the Beiyun River was quantitatively demonstrated (67%) applying PCA-MLR 
analysis on levels of 15 PhACs measured in WWi, WWe of the WWTPs distributed along the river and SW. 

These observations agreed that in river basins characterized by heavy anthropogenic pressure, such 
as the Llobregat, the expected natural attenuation of PhACs along the river course might be counteracted 
by the continuous entry of PhACs via the dominant WWe discharge. Nevertheless, although this effect might 
not occur in less densely populated and industrialized regions, such as rural areas; WWe discharge still 
represents the major burden of PhACs to receiving SW (Nebot et al., 2015). Therefore, the assessment of 
the spatial distribution of PhACs all along the river basins should also include less anthropized areas. On the 
other hand, some of the compounds studied in this thesis (e.g. hydrochlorothiazide, gemfibrozil, norfloxacin 
and DCF) behaved oppositely with decreasing concentrations downstream the water course (Osorio et al., 
2012b). Moreover, it was impossible to describe any clear trend on the behavior of PhACs along the remaining 
river basins assessed in this thesis (Osorio et al., 2015). These findings evidenced the complexity of factors 
influencing the variable behavior of PhACs.

Among these, natural biodegradation and photodegradation processes may play an important role 
on the attenuation of PhACs in the river water. As it was already mentioned in section 1.7.2 (chapter 1), 
the biodegradation activity of microorganisms in the water/sediment interface or the river bed sediments is 
relevant (e.g. Li et al; 2015). For example, the fate of 19 PhACs during experiments performed in bench-scale 
flume simulating the boundary conditions of the hyporheic zone (i.e. the region beneath and alongside the 
stream bed) (Li et al., 2015). The persistence of PhACs was reported to span from readily degradable (DT50 
= 1.8 days (e.g. acetaminophen, ibuprofen) to not degradable (chlorthalidone, and fluconazole). Besides, the 
authors identified the formation of 11 TPs (carbamazepine- 10, 11-epoxide, metoprolol acid) (Li et al., 2015). 
Natural photodegradation of PhACs has been widely investigated (Schulze et al., 2010; Gonçalves et al., 
2011; Bonvin et al., 2012; Zonja et al., 2015). In collaboration with Carlos Gonçalves (IAREN-University of 
Porto), the photodegradation pathways and rates of the antivirals oseltamivir ester and oseltamivir carboxylate 
(Tamiflu) under artificial and natural solar irradiation were evaluated. Simulated solar irradiation at lab-scale 
was proved to photodegradate oseltamivir carboxylate and oseltamivir ester in about 150 and 15 days, 
respectively. However, the identified photo-TPs were more recalcitrant towards further photodegradation than 
their parent compounds. Importantly, this natural attenuation process was demonstrated to occur in the field, 
since half-lives of some TPs, were detectable in the Ebro River (NE Spain). 

Another key factor for attenuation is the dilution effect which is dependent on river flow and water 
anthropogenic uses. In view of that, the aim of this thesis was to determine to what extent the levels of PhACs 
were related to river flow and to identify as well which compounds were more sensitive to dilution effects at 
different flow regimes. Thus, the correlations between measured PhAC concentrations and recorded river 
flow over one month sampling campaigns in the Llobregat River (9-13 samples) were evaluated (Osorio 
et al., 2012a; 2012b). Results, allowed to classify the selected PhACs (66 and 18, respectively out of the 
96 PhACs studied in this thesis) in three categories according to the correlation of concentration to river 
flow by: (i) positively related and thus not affected by dilution effects (only acetaminophen); (ii) negatively 
related and thus affected by dilution effects (e.g. SMX); and (iii) positively and negatively related depending 
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on the location studied and thus similarly related to additional factors (e.g. DCF). In addition, PhACs were 
classified according to their sensitivity to river flow, which allowed to identify those compounds being more 
sensitive to dilution effects (enrofloxacine < furosemide < ibuprofen < fluoxetine < SMX <propylphenazone < 
erythromycin). Moreover, the importance of DOC as a factor influencing the behavior of PhACs in rivers was 
examined. Thus, the relationships between PhAC concentrations and DOC in SW were established (Osorio 
et al., 2012a). Environmentally acceptable positive correlations between concentrations and DOC for the 
majority of PhACs were observed. Besides, PhACs showed a higher sensitivity to DOC, as compared to the 
one determined for river flow. These findings were indeed expected, since association of solutes to DOC 
increases with the amount of chemical in the aqueous phase (Tolls, 2001). However, despite the negative 
correlation between DOC and river flow, several PhACs showed positive correlations with both parameters 
in the work presented in this thesis. The phenomenon of sediments re-suspension under turbulent flow 
regime in rivers was hypothesized as a good explanation for the observed increasing concentrations of 
PhACs with both DOC and river flow. When this process happens, a certain fraction of compounds adsorbed 
to the sediment is transferred to the aqueous phase, thus modifying the water/sediment partitioning of the 
compound. Thus, sediments and SPM can be a sink and an additional source of PhACs to SW during 
seasonal peaks in river flow or under certain circumstances such as dredging or flood events.

The Llobregat River is characterized by highly variable hydrological conditions and seasonal rainfall. 
The expected effects of this temporal variability on the behavior of PhACs in the river were investigated. To 
that aim, the lower course of the Llobregat River was monitored during four months, one in each of the four 
seasons of the year (Osorio et al., 2012b). Overall, results revealed that PhACs were more concentrated 
in SW during dry and cold periods corresponding to fall and winter seasons, whereas they were less 
concentrated in rainy and warm periods corresponding to spring and summer seasons, respectively. Taking 
into account the aforementioned factors affecting the fluctuations of levels of PhACs in rivers, the seasonal 
trends of PhACs levels can be explained. During fall and winter PhAC concentrations in SW where higher 
due to: (i) high human/animal consumption; (ii) low temperatures and thus reduced removal efficiency in 
WWTPs and the freshwater column; (iii) less dilution efficiency due to lower water flow; and (iv) less intensity 
of solar radiation and thus slower photodegradation rates. Obviously due to a higher degradation, lower 
concentrations of PhACs in SW during spring and summer seasons were detected during this thesis. In a 
similar seasonal study carried out in the Beiyun River (China), higher levels of PhACs were observed in late 
winter/early spring (Dai et al., 2015). In the cited work, the concentrations of the 60% of PhACs analyzed 
were higher in the dry season (March), with median concentrations 2.6 times greater than other seasons. 
This observed spring peak concentration was explained by two principal factors: low flow (from November 
to April is the typical low water season in Beijing) and cold-water temperature (the microbial activity and thus 
PhACs biodegradation, decay during periods of cold weather like March when average water temperature 
was 9.6ºC) (Dai et al., 2015). Another work reported dilution effects on PhAC concentrations in WWi from 
urban WWTPs in China after a rainfall episode (Sui et al., 2015). In the cited study, mean concentrations of 
ten PhACs measured in the WWi decreased by 5–76 % after rainfall due to the dilution of raw sewage by 
rainwater, which infiltrated into the sewer system. In the WWTPs located in the suburb area, the increased 
flow of WWi led to decreased removal efficiencies of some compounds. For instance, the removal efficiencies 
of trimethoprim and metoprolol decreased from 78 and 58% to 21 and 29%, respectively, after the flood event. 
On the contrary, the influence of rainfall did not affected the levels of PhACs in urban WWTPs, which was 
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explained by the probably almost unchanged influent flow, good removal performance, or the use of a bypass 
system to pump the incoming extra sewage to receiving waters (Sui et al., 2015). Unfortunately Sui et al. 
(2015) did not analyze the receiving SW to evaluate to what extent levels of PhACs in the river were affected 
by rainfall by passing the WWTPs. The effects of a flash-flood event, which occurred during a heavy rainfall 
episode, on levels of PhACs in SW were evaluated in the Llobregat River during this thesis (Osorio et al., 
2012b; 2014a). While dilution effects were observed upstream the river, concentrations of PhACs increased 
downstream at the river after the flash-flood event. Though WWe were not monitored, the concentration 
effects were hypothesized to be explained by the decreased removal efficiencies of PhACs in WWTPs after 
the flash-flood episode. Importantly, the findings of Sui et al. (2015) support the hypotheses made on this 
thesis. On the other hand, the natural dilution effects of PhACs levels observed in the upper course of the 
Llobregat after the rainfall might not be counteracted due to lower amount of WWTPs distributed along the 
river and thus, the lesser contribution of WWe discharge. 

Even though the efforts made to assess the occurrence and behavior of PhACs along rivers and the 
plausible explanations to the observed trends provided, a holistic understanding combining all the above 
mentioned factors is still lacking. Therefore, a rough “plug-flow” model was applied in this thesis with the aim 
to facilitate the evaluation of the role of factors influencing the fluctuation of PhAC concentrations downstream 
the river (Osorio et al., 2012b). Hence, the concentration of 14 PhACs was modelled at two monitoring sites 
of the Llobregat River, located downstream to an emission source that was assumed to be associated to 
the discharge of a pooled aggregation of several WWTPs. According to the “plug-flow” model described by 
Pistocchi et al. (2010) the following parameters were considered: (i) the river length between the emission 
source and the control point, which was a weighed value including the distance to every upstream WWTP 
and the corresponding annual effluent discharge; (ii) the river flow; (iii) the hydraulic residence time from the 
emission to the point of measurement (calculated as a weighing variable considering the distance to every 
upstream WWTP using a digitized river network in a GIS platform and the corresponding annual effluent 
volume); and (iv) the first-order decay constant (k) of the PhAC which was assumed to embody all the 
contributing attenuation processes (i. e. biodegradation, photodegradation, dilution, sorption to suspended 
solids and sediments). Importantly, the validity of the modeling approach was demonstrated considering 
similar k values for a given PhAC at both locations. In addition, the calculated emissions of PhACs were 
higher at the location downstream the river. These findings were in agreement with the higher levels of 
PhACs determined, that could be explained by the higher amount of WWTPs discharging their WWe along 
the lower course of the river. Consequently, fitted k and emission values were proposed to be used as reliable 
descriptors of aggregate properties of the watershed upstream sampling points. Furthermore, results from 
fitted models allowed the estimation of attenuation trends of PhACs. For example, furosemide, enrofloxacin, 
enalapril, acetaminophen, DCF, and ketoprofen showed k values between −0.04 and −0.10 h−1. Interestingly, 
erythromycin was identified to be apparently more rapidly removed from the water course (k≈ −0.15 h−1); 
while other compounds showed more conservative behavior. A few PhACs such as SMX showed positive 
k values. Owing to the assumptions made in building this simple model, a conclusive explanation could 
not be provided. Possible reasons were proposed: higher human consumption trends of this drug, higher 
emissions from WWTPs due to lower removal rates; or less efficient attenuation in rivers or even sediments 
re-suspension effects. Nonetheless, the approach applied in this thesis was regarded as a reliable tool for the 
prediction of the fate of PhACs in the aquatic environment. 
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More recently, the in-stream attenuation of 75 PhACs in 4 river segments of the Ebro River was 
assessed in order to evaluate the variability of attenuation rates among different PhACs as well as among river 
segments differing in environmental conditions (Acuña et al., 2015). The authors observed that attenuation 
was highly variable among PhACs and river segments, but none of the considered physicochemical 
properties proved to be relevant in determining the mean attenuation rates. Interestingly, they found that 
the log Kow influenced the variability of rates among river segments, which was explained by its effect on 
sorption to sediments and suspended particles, thus influencing the balance between the different attenuation 
mechanisms (biotransformation, phototransformation, sorption, and volatilization). The important conclusion 
of the mentioned study was that all the natural attenuation processes involving PhACs may undergo along 
their fate on river courses as well as dilution effects should be considered as important when aiming to predict 
concentrations in freshwater ecosystems.

Keeping these considerations and previous findings in mind, within the framework of the SCARCE 
project, the collaboration with Joana Aldekoa and Félix Francés (Politecnic University of Valencia) was set 
out to implement the model GREAT-ER in the Llobregat River basin, in order to study the behavior of DCF. 
To that end, the concentrations of DCF measured across the Llobregat River basin (Osorio et al., 2015) 
were used to develop and calibrate the model by estimating the accuracy of DCF predicted concentrations 
(Aldekoa et al., 2013). The geo-referenced model predicted the spatial pattern of DCF concentration across 
the river network. In addition, the model was able to estimate concentration values in most sampling points 
with an acceptable error (i.e. the minimum root mean square error obtained was of 3.9 ng L−1; while the 
average error for all measured concentrations was 28.1 ng L−1), thus proving to be a more accurate model 
than a previously developed one (Alder et al., 2010). As confirmed in other studies (Whelan et al., 1999; 
Johnson et al., 2007; Ort et al., 2009), it was demonstrated that the GREAT-ER model would be a useful 
tool for simulating PhAC concentrations in rivers and thus providing a better understanding of their fate 
along the water course. The application of a modeling approach to environmental studies would ultimately 
benefit the assessment of water quality and as a consequence the management of water resources. In view 
of the previous results on GREAT-ER, it can be considered that when measured PhACs concentration data 
is unavailable, predicted data could be as reliable as measured data in the field, reducing the costs and 
efforts of the large and long-term monitoring studies (i.e. Navarro-Ortega et al., 2012; 2015). Unfortunately, 
the accuracy of predicted data is affected by rather limited and uncertain available data for the calibration 
of models, such as hydrological variables, removal rates and emissions of PhACs from WWTPs, natural 
attenuation rates of PhACs and human/animal consumption trends. Furthermore, predicted data requires 
to be compared with measured data to confirm its validity (Celle-Jeanton et al., 2014). At this point of time 
there is no need, however, to analize all PhACs in the environment. Instead, the efforts should be focused 
on the assessment of those compounds ecotoxicologically relevant to the aquatic environment. To that aim a 
selection criterion, such as described for ERA procedures in section 1.9 (chapter 1), would be needed in an 
initial step. Afterwards PhACs would be rated with a certain degree of relevance, to finally come to a selected 
or prioritized list of those considered more important according to the criteria applied. The WFD pioneered 
these approaches releasing lists of priority hazardous substances, priority substances, and more recently, 
the watch list of concerning substances; which are under permanent revision and thus periodically updated 
(Directive 2013/39/EU and Decision 2015/495/EU). Prioritization is also being included in current research 
on PhACs in the aquatic environment (Riva et al., 2015; Daouk et al., 2015). Several prioritizing criteria 
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can be considered for limiting the number of PhACs to be studied in the aquatic environment, namely: (i) 
the likeliness of their occurrence; (ii) sales volumes or consumption data; (ii) metabolic and excretion rates 
after human/animal consumption; (iii) fate in WWTPs; (iv) persistence in freshwater systems; and (v) risk for 
environmental human health (e.g. toxicity or bioaccumulation) (Riva et al., 2015; Daouk et al., 2015). It can 
be considered that the wider are the selection criteria, the more realistic would be the list of priority PhACs in 
the aquatic environment. 

On the whole, research on the occurrence, fate and behavior of PhACs and their TPs in the aquatic 
environment has steadily spanned mainly due to the development of sensitive analytical techniques capable 
of measuring these substances at trace and ultra-trace levels. Many PhACs have been demonstrated to be 
pseudo-persistent in the aquatic environment, mainly due to high human/animal continuous consumption, 
incomplete removal in WWTPs and limited alternatives in the industry. Until recently, the efforts to prevent 
the entry of PhACs in the aquatic environment have been only directed to the improvement of WW treatment 
technologies and, to a lesser extent, to the collection of unused medicines (Daughton, 2013). Importantly, the 
scientific community is drawing their attention to upstream preventive measures targeting PhACs prescription. 
Thus, the issue of PhACs is being addressed by different sections of their life cycle, from its design to 
release (Daughton, 2014; Daughton and Ruhoy, 2013). Interestingly a recent work has described a Bayesian 
network based on socioecological impact assessment of a set of measures aimed at reducing the entry of 
metformin and metoprolol in the aquatic environment (Brandmayr et al., 2015). The measures investigated 
were selected across three sectors: public health market, environmental politics and drug design innovation. 
The results of the model allowed the identification of a spectrum of measures that should be implemented 
in order to reduce the emission of these PhACs in the aquatic environment (e.g. improved drug removal in 
WWTPs, prescription of alternative drugs, preventive health measures, drug disposal, healthcare consulting 
and improved drug bioavailability).

Nonetheless, the ongoing continuous release of PhACs from WWTPs generally triggers a downstream 
increase in receiving rivers that can be steady under different hydrological conditions and that can therefore 
have long-term consequences for biological communities. For instance, the effects of WWe as the principal 
source of PhACs, regarded as stressors, and nutrients, considered as subsidizers; were assessed on river 
biofilms and ecosystem metabolism in one river segment following a pollution gradient from a WWTP (Aristi 
et al., 2015). The study concluded that WWe can alter the balance between autotrophic and heterotrophic 
processes and produce spatial discontinuities in ecosystem functioning along rivers as a consequence of the 
mixed contribution of stressors and subsidizers. 

6.3. Ecotoxicological effects of PhACs and hydrology as relevant stressors of the aquatic 
ecosystems 

Concerned about the consequences of the pseudo-persistence of PhACs in the aquatic environment 
from an ecological point of view, this thesis also contributed to the knowledge of the effects of PhACs on 
aquatic ecosystems (see chapter 5). The first publication included in this chapter (Osorio et al., submitted; in 
section 5.2) presented the results of the acute toxicity assessment of DCF, SMX and their nitrifying/denitrifying 
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derivatives on aquatic organisms (i.e. D. magna and V. fischeri). Calculated LOECs values for DCF and SMX 
revealed that, at the general levels that these PhACs are present in the aquatic environment, they are not 
expected to pose any ecotoxicological risk to aquatic species such as D. magna and V. fischeri after short-
term exposure. Overall, the results of this thesis were in accordance with literature. For instance, toxicity of 
DCF and SMX to D. magna was in the same concentration order than that observed by Cleuvers (2003) and 
Kim et al. (2007). 

While the ecotoxicological effects of PhACs are relatively well documented compared to other 
substances of emerging concern (Farré et al., 2008; Brausch et al., 2012; Vásquez et al., 2014) there is a 
substantial gap of information referred to the potential threats of TPs of PhACs to aquatic ecosystems. In 
the past, only sparse studies included the toxicity assessment of TPs such as that conducted by Henschel 
et al. (1997), who demonstrated the acute adverse effects of active metabolites of PhACs (e.g. salycilic 
acid and clofibric acid) towards non-target organisms (e.g. D. magna, algae and bacteria). Importantly, the 
contribution to the knowledge of the ecotoxicity of TPs of drugs has gradually increased in the recent years 
(e.g. Rosal et al., 2010; Majewsky et al., 2014; and Rubirola et al., 2014). For example, among the PhACs 
and metabolites tested, Rosal et al. (2010) reported the highest toxicity to V. fischeri of fenofibric acid (i.e. 
EC50 = 1.7 mg L-1), the metabolite of the lipid regulator fenofibrate. Similarly, Rubirola et al. (2014) evaluated 
the potential acute toxicity to V. fischeri of metoprolol and its TPs identified after CAS treatment in lab scale 
batch reactors. Importantly, the ecotoxicity studies conducted by the authors revealed that the metabolite 
O-desmethylmetoprolol exhibited more acute toxicity (i.e. EC50 =18 mg L-1) than its parent compound (i.e. 
EC50 = 65 mg L-1). As a matter of fact, the main interest of the study presented in this thesis was to find out 
whether the nitrifying/denitrifying TPs of DCF and SMX were more toxic to sensitive aquatic species, or not. 
The comparison of toxicity values to V. fischeri determined for SMX, Des-SMX and NO2-SMX revealed that 
TPs displayed higher toxicological effects than their parent drug (e.g. EC50 values for SMX was >>100 mg L-1; 
while for Des-SMX and NO2-SMX these were 89.3 and 41. 4 mg L-1). Moreover, NO2-DCF (EC50 =11.7 mg L-1) 
did also display higher toxicity to V. fischeri than DCF (EC50 = 22.9 mg L-1). However, calculated LOECs for 
TPs were at several orders higher than the concentrations determined in WW and receiving SW. For instance 
LOECs of Des-SMX and NO2-DCF in V. fischeri were respectively 48.4 and 1.8 mg L-1; while respective levels 
determined in WWe were 11.4 and 3.62-4.94 ng L-1 and 8.04-17.7 and <MQL-2.64 ng L-1 in SW (Osorio et 
al., submitted). 

The consequences of long-term exposure to DCF and SMX are still limited or entirely unexplored as 
is the case of their nitrifying/denitrifying derivatives. Particularly, a few examples were discussed by Oliveira 
et al. (2015) who did also report no significant reproductive impairment for D. magna exposed to DCF 
concentrations ranging from 29.5 to 72 mg L-1. On the other hand, Sarma et al. (2013) observed the opposite 
response for the rotifer Plationus patulus and the cladoceran Moina macrocopa at DCF exposure levels of 
1.56-25 mg L-1. Likewise, Lee et al. (2011) reported a significant reduction of population grow rate of D. magna 
exposed to DCF at concentrations of 0.93–25 mg L-1. In addition, they reported a chronic EC50 value of 23.8 
mg L-1, which is several orders of magnitude higher than levels of DCF detected in the aquatic environment 
and thus chronic effects of DCF were not expected to occur in the aquatic environment. Nevertheless, more 
studies that support these observations should be needed, as well as the inclusion of other non-target aquatic 
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organisms (e.g. algae, fish) to come to a definitive conclusion about the potential long-term effects of DCF, 
and likewise any PhAC, to aquatic ecosystems. 

Moreover the co-occurrence of PhACs together with their TPs in complex environmental samples 
such as WW and collecting SW, can lead to additive and synergistic or antagonistic effects on non-target 
aquatic organisms (Farré et al., 2008; Ginebreda et al., 2014; Vásquez et al., 2014; Backhaus et al., 2014). 
For example, low-dose effects of PhACs were observed for a mixture of 10 quinolone antibiotics and also 
for a 12 drugs mixture with different modes of action (Backhaus et al., 2000a; 2000b). Even mixtures of only 
comparatively few compounds often show a similar pattern. A mixture of fluoxetine and clofibric acid killed 
more than 50% of a daphnia population after an exposure of 6 days, although the individual components 
were only present at concentrations that did not induce significant effects (Flaherty and Dodson, 2005). 
Also in binary mixtures it was observed that trimethoprim shifts the concentration response curve of SMX 
and sulfadiazine by a factor of 4-5 towards higher toxicities, even if present only at its NOEC (Egucci et al., 
2004). Similarly, clear synergistic effects to algae were observed for mixtures of flumequine+erythromycin 
and oxytetracycline+flumequine by (Christensen et al., 2006). Acording to these evidences, greater 
ecotoxicological effects than predicted can be expected when assessing the toxicity associated to mixtures of 
PhACs, with both similar and dissimilar modes of action, and with other pollutants of the aquatic environment 
as well. In fact, synergistic, and to a lesser extent antagonistic, effects were observed within this thesis 
when DCF, SMX and NO-DCF were mixed with other environmentally relevant compounds (i.e. nonylphenol, 
malathion, diuron, glyphosate and triclosan) (Osorio et al., submitted). These findings are in agreement with 
the available evidences that have mainly reported synergistic effects for binary mixtures of PhACs (Backhaus 
et al., 2014). To the author’s knowledge, the effects of synergistic or antagonistic interactions among PhACs 
and their TPs are a rarely investigated field. 

Nevertheless, the possible biotransformation of PhACs during WW treatment has been recently 
considered in ecotoxicological assessment studies of treated WW (Michael et al., 2012; 2014b; Czech et al., 
2014). These investigations have been mainly leaded to the implementation of ATTs in WWTPs. For instance, 
Michael et al. (2012; 2014b) performed biolumiscence inhibition assays on V. fischeri and inmobilization tests 
on D. magna to evaluate to what extent the toxicity associated to WW was reduced after the application 
of a solar AOP treatment. As it has been previously described, the authors conducted photodegradation 
experiments on simulated WWe containing individual PhACs (i.e. ibuprofen, DCF and trimethoprim) in 
reactors at lab scale. They assessed the toxicity profile of each drug in WW during the application of the 
advanced treatment and attributed the varying effects observed to the TPs that were generated at different 
stages of the process. The authors concluded that the intermediate TPs generated during the oxidation of 
trimethoprim did not exhibit any toxic effects to V. fischeri. As for DCF and ibuprofen, they demonstrated 
the capacity of sonophotocatalysis treatment to reduce the initial toxicity of these PhACs towards D. magna 
yielding 20% and 40% immobilization, respectively, at the end of the treatment. 

Importantly, a recent research on the ecotoxicological effects of PhACs in the aquatic environment has 
encompassed the potential contribution of natural photo-TPs to the whole toxicity of a given environmental 
mixture (Wang et al., 2014). For instance, despite that solar photodegradation has long been considered a 
significant natural attenuation process of PhACs in SW, and thus decreasing their ecological risk, Wang et 
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al. (2014) identified for the first time the increased toxicity to V fischeri of an irradiated mixture of 27 PhACs 
(e.g. SMX, ofloxacin, trimethoprim, ibuprofen and DCF) in SW at environmental concentrations. Interestingly, 
since the compounds included in the mixture had been previously reported to undergo photo-transformation 
(Chowdhury et al., 2011; Jiao et al., 2008; Li et al., 2011; Lin et al., 2013; Trovó et al., 2009; Wang and Lin, 
2012), they attributed the higher toxicity of the irradiated SW to the synergistic effects of photo-TPs of PhACs 
generated. These findings revealed the lack of comprehension of the environmental implications of natural 
transformation of PhACs and the risk posed by the subsequent TPs to the aquatic ecosystem. 

All in all, although certain PhACs, and their TPs, may not pose any ecotoxicological threat to aquatic 
species under short-term exposure, their contribution to the whole toxicity of complex environmental mixtures 
should be evaluated. Moreover, to unveil their magnitude and biological significance on freshwater ecosystems 
the possible interactions (i.e. synergistic and antagonistic effects) among PhACs, other contaminants of 
environmental concern and their TPs that might occur in the water bodies should be assessed. Therefore, 
understanding the fate of mixtures of pharmaceutical compounds and their chronic effects on aquatic 
organisms is a challenge for water management agencies.

Following up with the exploration of ecotoxicological effects on non-target organisms associated to 
the presence of complex mixtures of PhACs in the aquatic environment, a risk assessment of 55 PhACs 
determined along four Iberian river basins was conducted (Osorio et al., 2015, in section 4.4). To that 
aim, the concentration addition model for mixtures of substances (Ginebreda et al., 2014) combined with 
laboratory-based toxicity data was used to calculate total TUs of PhACs present in every sample collected 
along the water course. Individual TU values estimated for the selected PhACs revealed no significant acute 
risks to the tested aquatic organisms. However potential chronic ecotoxicological effects on algae could be 
expected at two hot spots of PhACs pollution identified in the Llobregat and Ebro basins (i.e. LLO7 and ZAD, 
respectively). At the region-specific level, the Llobregat and the Ebro river basins were characterized as at 
highest ecotoxicological risk, followed by Júcar and Guadalquivir. Hot spots of ecotoxicological risk were 
identified in every basin (e.g. LLO7 in Llobregat; ZAD in Ebro; GUA6 in Guadalquivir; and JUC7 in Júcar). On 
the other hand, the less polluted locations with lower risk were also identified (e.g. CAB5 in Júcar; LLO2 in 
Llobregat; ESE in Ebro; and GUA1 in Guadalquivir). The need for prioritization of PhACs has already been 
mentioned. For that reason, the relative contribution of the different substances to the total toxicity in the 
locations sampled was calculated in order to list the priority PhACs at the Iberian Peninsula catchments. In 
addition, considering that the relative contribution of each PhAC to the ecotoxicity may vary according to its 
individual toxicity and concentration, the compounds that were contributing most to the total toxicity of the 
water at each site were identified. Sertraline, erythromycin, losartan, dimetridazole, loratidine and fluoxetine 
contributed at least 5% to the total toxicity of the SW sample. Among these, sertraline, gemfibrozil and 
loratidine were regarded as the compounds of emerging concern in these river basins (Osorio et al., 2015).

The characterization of PhACs by their potential ecotoxicological risk to non-target aquatic organisms 
was performed in numerous studies (e.g. Hernando et al., 2006; Ginebreda et al., 2010; Gros et al., 2010; 
Damásio et al., 2011; Pereira et al., 2015; Johnson et al., 2015; Kuzmanović et al., 2015; de Castro-Català 
et al., 2015a; 2015b). Importantly, Hernando et al. (2006) applied for the first time a preliminary approach, 
to characterize the environmental risk for PhACs (i.e. antibiotics, analgesics and antiinflammatories, 
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lipid regulators, β-blockers, antiepileptics and steroid hormones) most frequently detected in WWe, SW 
and sediments at the global scale (Hernando et al., 2006). To that aim, occurrence data collected from 
literature was used to calculate HQs based on acute toxicity data on aquatic organisms (bacteria, algae and 
invertebrates). High risk was suspected to be induced in WWe for the following drugs: antibiotics (erythromycin), 
antiinflammatories (ibuprofen, naproxen, DCF, ketoprofen), lipid regulators agents (gemfibrocil, clofibric 
acid), β-blockers (propanolol, metoprolol) and antiepileptics (carbamazepine). High risk was also suspected 
in SW for antiinflammatories (ibuprofen, naproxen, DCF, ketoprofen) and antiepileptics (carbamazepine). 
Reported concentrations in sediments for these drug residues were not suspected to induce risk in this 
compartment (Hernando et al., 2006). More recently, an ERA of eleven PhACs was conducted in WWi and 
WWe from Portuguese WWTPs by means of HQs to different aquatic organisms (i.e. algae, daphnids and 
fish) (Pereira et al., 2015). According to their estimated HQ values (>1), ciprofloxacin, bezafibrate, gemfibrozil, 
simvastatin and DCF; adverse effects were expected to aquatic organisms. A similar study conducted at a 
larger scale, aimed to determine the potential ecotoxicological risk associated to antibiotics (i.e. ciprofloxacin, 
SMX, trimethoprim and erythromycin) present throughout European rivers (Johnson et al., 2015). Levels 
of antibiotics were estimated from reviewed available data on national consumption rates, excretion and 
WW treatment removal rates. As both predicted and observed WWe concentrations were below reported 
effect levels for the most sensitive aquatic organisms, a direct toxicity in rivers was not expected. However, 
predicted and observed river concentrations for ciprofloxacin and erythromycin were closest to effect levels in 
aquatic biota (2 orders of magnitude lower), followed by SMX (3 orders of magnitude lower). In view of these 
results, ciprofloxacin and erythromycin were regarded by the authors as PhACs of concern to the aquatic 
ecosystems (Johnson et al., 2015). 

None of the total TUs calculated in the work presented in this thesis at every site of the Iberian 
catchments assessed for algae, Daphnia and fish, exceeded the unit value (Osorio et al., 2015). Therefore, 
according to standard thresholds (Malaj et al., 2014), no acute risk associated with PhACs was observed. 
However, though only for LLO7 and ZAD, the corresponding total TU values for algae were estimated above 
~1E − 03 in both sampling campaigns, evidencing the potential long-term ecotoxicological effects on this 
primary producers (Malaj et al., 2014). Though the likeliness of acute toxicity effects of PhACs was considered 
as minor in all these studies, their contribution to the mixture toxicity as well as their potential long-term 
effects needs further studies. Thus, further risk considerations should be considered concerning to chronic 
effects of PhACs. These results highlight the importance of conducting such monitoring and ERA studies to 
support future prioritization measures by water authorities.

A critical issue for any of study that strives to analyze the impact of PhAC mixtures in the field, is to 
distinguish effect-directed links between the compounds present in a given compartment of the environment 
(e.g. water column or be sediments) and field observed ecotoxicological effects. This challenging task has 
been tackled by the use of correlation based methods, employing translocation experiments and advanced 
chemical analytical surveys. For instance, Muñoz et al. (2009) investigated the correlation between the 
occurrence of 21 PhACs and benthic community structure. The authors observed adverse effects on the 
diatom diversity at one of the polluted sites, but no significant overall correlation between diatom biodiversity 
and PhAC concentrations. However, such a correlation was found between the occurrence of indomethacin, 
propranolol, atenolol and ibuprofen and the abundance and biomass of several benthic invertebrates 
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(Chironomus and Tubifex). Diversely, Ginebreda et al. (2010) based their mixture risk assessment on the 
addition of hazard indices, following the concentration addition model, and found a good correlation between 
in situ invertebrate biodiversity and the sum of HQs for daphnids. 

Interestingly, de Castro-Català et al. (2015b) conducted an ERA of sediments collected from diverse 
locations of the same river basins. Differently from the study presented in this thesis, they assessed the toxicity 
of the sample, which provided a more realistic and appropriate estimation of the ecotoxicological risks at the 
sites studied. The authors calculated TU values from acute pore water tests (V. fischeri, Pseudokirchneriella 
subcapitata and D. magna) and whole-sediment exposure tests (V. fischeri, Chironomus riparius) and evaluated 
the invertebrate community composition (multivariate analyses) to detect short and long-term responses of 
the organisms. The combination of the different approaches allowed to detect ecotoxicological effects in 
organisms and to identify the main contributors to the toxicity in these multi-stressed rivers. Furthermore, the 
adverse effects observed by the authors on the target aquatic organisms with a large amount of chemicals 
measured in the locations assessed (e.g. metals, PhACs, pesticides) were correlated. Hot spots of toxicity 
risk were identified in the cited work at three sites (the downstream sites of the Llobregat (LLO5) and the 
Júcar (JUC5), and the most upstream site of the Ebro (EBR1)). Besides, organophosphate insecticides and 
metals were identified as the main contributors responsible for this toxicity, particularly in the whole-sediment 
tests (de Castro-Català et al., 2015b). These sites were different from those identified in this thesis (Osorio 
et al., 2015), evidencing the importance of other pollutants present in the mixture that might contribute to the 
overall toxicity of the sediment. Regarding PhACs, only sediments of the Guadalquivir River, which presented 
high toxicity for the V. fischeri short-term bioassay, were related to antibiotics. However, their contribution to 
the toxicity of the whole sediment was shared with metals (i.e. Cu, Ni and Hg). 

The presence of other contaminants of emerging concern, with different modes of action than PhACs, 
in complex environmental matrices, and thus their relative contribution to the toxicity of the whole mixture; 
was already discussed in the publication presented in this thesis (Osorio et al., 2015). Two contemporary 
studies (Kuzmanović et al. 2015; de Castro-Català et al., 2015a), on Iberian river basins, demonstrated that 
PhACs were not the most relevant group of contaminants contributing to the whole toxicity of SW matrices. 
Ten compounds belonging to the groups of organophosphorate insecticides and alkylphenolic endocrine 
disruption compounds (EDCs) were identified as the main contributors of toxicity to aquatic biota (i.e. algae, D. 
magna and fish) in SW (Kuzmanović et al. 2015). However, the authors identified sertraline, erythromycin and 
losartan among the main contributors to the whole toxicity of the SW sample for algae; while sertraline was 
relevant for D. magna and gemfibrozil for fish. Furthermore, de Castro-Català et al. (2015a) found that PhACs 
and EDCs are the most likely chemical families related to benthic invertebrate responses. Furthermore, in the 
follow-up study (de Castro-Català et al. (2015b), metals and some organophosphorate insecticides were the 
main contributors to sediment toxicity. 

In addition, the predicted ecotoxicity of PhACs to aquatic organisms (i.e. algae, daphnids and fish) 
was quantitatively related to human population and animal farming pressure within this thesis (Osorio et al., 
2015). Significantly positive relationships among TUs of PhACs in SW and population density and livestock 
units were empirically proved for the first time. TUs for Daphnia and fish showed a stronger response caused 
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by the increase of population density and livestock units as compared to TUs for algae. However, TUs were 
highest for algae and lowest for fish, with daphnids showing values in between, suggesting that toxicity 
from PhACs would harm the assemblage of primary producers more than other biota. Thus, the effects on 
ecosystem processes in which algae are important, as primary producers, would not change very much 
with population density or livestock units; while other organisms at the top food webs (i.e. invertebrates and 
fish) were expected to become more impaired with the increase of PhACs levels. These inconsistencies 
observed revealed the need to extend the risk characterization of PhACs to the whole food chain of aquatic 
biota, covering the range of different sensitivities to compounds with different modes of action. Analyses of 
community level responses to single compounds and their mixtures provide a more realistic impression of 
the potential range of effects of contaminants and with greater ecological relevance. In this sense, microbial 
communities make excellent surrogates for the ecosystem as a whole, revealing effects involving all trophic 
levels, carbon and energy flow, and impacts on biogeochemical cycles vital to overall ecosystem health and 
function and biodiversity (Lawrence et al., 2012). 

As already introduced in chapter 1 (see section 1.8), river biofilms are useful descriptors of the effects 
of pollutants on freshwater ecosystems. Interestingly, a contribution to the investigation on the effects of 
PhACs detected in the Llobregat River on fluvial biofilms (Proia et al., 2013a) and more specifically on the 
effects of antibiotics on the attached bacterial communities (Proia et al., 2013b) was performed. Biofilms were 
grown under controlled conditions in mesocosms containing water collected from the river at three locations 
following a pollution gradient. After colonization, the biofilms were translocated from less to more polluted 
waters and different responses were measured. The translocation from less to more polluted site was the 
most effective one. Multivariate analysis revealed that analgesics and antiinflammatories significantly affected 
biofilms responses. In particular, ibuprofen and acetaminophen were associated with negative effects on 
photosynthesis, and with the decrease of the green algae/cyanobacteria ratio. Since these descriptors are 
mainly related to autotrophic organisms, these observations suggested that ibuprofen and acetaminophen 
might affect the structure and function of the autotrophic biofilm community (i.e. green algae, cyanobacteria 
and diatoms). On the other hand, DCF did not show any relationship with biofilm autotrophic metrics. Instead, 
the statistical analysis revealed the association of DCF to phosphatase activity. Since phosphatase enzyme in 
biofilms is mainly produced by bacteria, it was suggested that DCF might affect this heterotrophic community 
in biofilms both directly or indirectly. These findings were in agreement with those observed by Lawrence 
et al. (2012). Bacterial communities of biofilms grown in waters from different sites, differed markedly in 
their structure, but less so in terms of function. Interestingly, the abundance of actinobacteria increased 
after translocation to the more polluted site and this effect was associated to the higher concentrations of 
antibiotics. Importantly, species of this bacterial group are natural producers of antibiotics (e.g. the genus 
Streptomyces produce streptomycin) being therefore intrinsically resistant to them (D’Costa et al., 2011). 
In addition, biofilms showed increased bacterial mortality, which was hypothesized to be associated to the 
presence of antibiotics in the water (Proia et al., 2013b). Indeed, there was a significant positive correlation 
between tetracycline concentration and the proportion of dead bacteria in the biofilms translocated to more 
polluted waters. As well as the effects on the structure, also bacterial activity was affected after translocation. 
Indeed, the metabolism capacity of heterotrophic bacteria was observed to decrease. Overall, a significant 
correlation between antibiotic concentrations and biofilm responses was observed. These findings were not 
fully in the line of those reported by Yergueau et al. (2012). Diversely, they observed slight changes in bacterial 
community structure; while the biofilms displayed a variety of functional shifts after a short-term exposure to 
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environmental concentrations of erythromycin, SMX, sulfamethazine and gemfibrozil. In accordance with the 
observations in this collaboration (Proia et al., 2013a; 2013b), they did also observe effects on autotrophs (i.e. 
decrease in cyanobacteria and photosynthetic activity) after exposure to erythromycin and SMX. In addition, 
they reported several shifts in descriptors related with biofilms uptake of nutrients, such as carbohydrate, 
nitrogen and phosphor cycling. However, the list of PhACs included in the previously cited studies (Lawrence 
et al., 2012, Yergueau et al., 2012) was substantially shorter than the one analysed in the studies performed 
within this thesis, thus limiting the comparison of results.

Considering the observed variation of PhACs concentration in SW due to fluctuations in river flow 
(Osorio et al., 2012a; 2012b; 2014a), further investigations aimed to evaluate how this modulation affected the 
biological status of the river. To that end, the effects of flow changes on the concentration of PhACs and their 
relationship to river biofilms responses were evaluated (Osorio et al., 2014a). This was the third work carried 
out within the scientific collaboration with Lorenzo Proia (University of Girona), for more details see chapter 
5 (section 5.3). Valuably, translocation experiments of biofilm communities from a less to a more polluted 
site of the river were carried out in mesocosms settled in the field. Interestingly, the relevant flash-flood 
event that occurred at the beginning of the second study campaign, which corresponded to the initial phases 
of colonization of biofilms, had important consequences on their structure and functioning. After the flash-
flood episode, it was observed that the growth rate of biofilms was significantly reduced indicating lessened 
accrual rates and subsequent slow recovery. Interestingly, chlorophyll-a, a descriptor related with autotrophic 
community, significantly decreased in biofilms translocated to the more polluted sites during the first campaign 
but did not change in the second one. According to the significant negative correlations between chlorophyll-a 
and some therapeutic groups, it was suggested that the decrease in chlorophyll-a in the more polluted site 
might be a consequence of the higher levels of PhACs. On the other hand, chlorophyll-a did not response at 
all to translocation during the second sampling campaign. Since PhACs were substantially diluted due to the 
flash-flood event, it was suggested that their potential effects on biofilms might be counteracted. Regardless 
of hydrological conditions, results showed an increase in bacteria mortality in the biofilms translocated to the 
more polluted site. Besides, it was observed a significant negative correlation between antibiotics macrolides 
and the amount of live bacteria. These findings supported the hypothesis of the increase of bacteria mortality 
in river biofilms as a direct consequence of the increase of antibiotic concentrations in SW. Therefore, the 
bacterial compartment of biofilms demonstrated to keep sensitive to antibiotics in spite of the dilution effects 
associated to flood conditions. 

A similar study assessed the long-term effects of a mixture of selected PhACs at environmental 
concentrations combined with river flow intermittency in indoor artificial streams (Corcoll et al., 2015). Results 
of the cited work were regarded as complementary to the findings of this thesis, since the authors investigated 
on the effects of the subsequent PhACs concentration during dry periods, a phenomenon that had been 
demonstrated previously within this thesis (Osorio et al., 2012b). In agreement with the findings of this thesis, 
they observed that biofilms were negatively affected by PhACs, such as changes in the bacterial community 
structure or the metabolism of green algae and heterotrophs. Besides, flow intermittency also modulated 
these effects on biofilms. For instance, the algal community became more sensitive to short-term exposure of 
PhACs during water intermittency, indicating cumulative effects between the two assessed stressors (Corcoll 
et al., 2015). These effects are in accordance with those observed during this thesis after the flash-flood 
event for the particular case of the chlorophyll-a, a descriptor related with the algae metabolism (Osorio et 
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al., 2014a). 

The observed effects of PhACs on biofilms structure and function, led to conjecture that the presence 
of these micropollutants in rivers might cause important alterations in river ecosystem functioning. In fact, 
river biofilm communities are generally net primary producers very effective in organic matter transformation 
(Romaní et al., 2004), and are transducers of energy to higher trophic levels (Lamberti, 1996). Moreover, 
they play a key role on nutrient uptake and remineralisation (House, 2003; Von Schiller et al., 2007), being 
thus relevant for self-depuration processes occurring in rivers (Pusch et al., 1998). Nevertheless, the co-
occurrence of many other trace pollutants, not considered in the study conducted within this thesis (Osorio 
et al., 2014a) but detected in the Llobregat River (e.g. Köck-Schulmeyer et al., 2012), may also interfere with 
the observed results. Biofilms responses can be explained by both direct and indirect effects of environmental 
factors and chemical pollution on community structure and function. Therefore, no conclusive causality 
between PhACs studied and the effects observed could be stated. Moreover, these findings manifested that 
the potential environmental risk of PhACs to fluvial ecosystems is subjected to flow regime of the river, and 
particularly sensitive to flash-flood events or flow intermittence. Overall, the interpretation of the complex 
interactions among multiple stressors of freshwater ecosystems, such as the continuous load of PhACs or the 
high variability of hydrological regime, and their combined effects on biofilms; turned out as a cumbersome 
task. Interactions among different stressors might be mainly non-additive (i.e. synergies or antagonisms) 
suggesting that multiple stressors may more commonly interact to generate ‘ecological surprises’ rather than 
simple additive effects (Darling and Côté, 2008). Determining which specific stressors interact to generate 
these effects on the aquatic ecosystems and what is the prevalence and magnitude of these interactions 
remains a challenge for the scientific community. Consequently, the analysis, quantification and prediction 
of responses to multiple stressors at the community level should be the major targets for future work in the 
ecotoxicological assessment of the aquatic environment.

The findings of this thesis, together with the observations of other authors aforementioned discussed, 
have evidenced the importance of integrating chemical, toxicological and ecological disciplines for an 
appropriate assessment of the fate and risk of PhACs in the aquatic environment.
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Chapter 7

Conclusions and future recommendations

1. In this thesis a novel multi-residue analytical method, based on offline SPE-LC–MS/MS, for the 
simultaneous determination of DCF, SMX, five of their human metabolites (4’-OH-DCF, 5-OH-DCF, 
4’,5-diOH-DCF, 5-OHD-DCFand DCF-gluc) and four nitrifying/denitrifying TPs (NO2-DCF, NO-
DCF, NO2-SMX and Des-SMX) in WW and SW waters was developed and validated. The method 
was successfully applied to the analysis of WWi, WWe and SW reporting the occurrence of the 
metabolites and TPs of DCF in the ng L−1 range (i.e. [16-5,800] ng L−1 for its metabolites and [1-105] 
ng L−1 for its NO-DCF and NO2-DCF). As for SMX, levels of NO2-SMX and Des-SMX detected in WWi, 
WWe and SW ranged from 8 to 36 ng L−1. To our knowledge this is the first time that the presence 
of nitrosation/nitration TPs of DCF and SMX in WWTPs and WWe-impacted SW is described. The 
calculated relationships between NO-DCF, NO2-DCF and N-species (N-NO2

- and N-NO3
-) suggested 

that the biotransformation of DCF into their nitrosation/nitration TPs is associated with the nitrification/
denitrification process occurring in the activated sludge. We recommend the inclusion of these TPs in 
environmental monitoring studies as complementary information to understand the occurrence, fate 
and behaviour of DCF and SMX in the aquatic environment. 

2. During the biodegradation of DCF (Pérez et al., 2008), the incubation of a series of close structural 
analogs (i.e. 2-anilinophenylacetic acid (APAA), mefenamic acid, tolfenamic acid, meclofenamic 
acid and flufenamic acid) with WW bacteria produced a number of nitrosation/nitration TPs. This 
experiment showed as well that the reaction pathway is not unique to DCF. The use of HR-MS/MS 
allowed the identification of their tentative chemical structures. By addition of stable isotope-labeled 
15NH4-N in bioreactor, +1 Da mass shift was observed in the MS spectra of isotope-labeled 15N NO2-
DCF (TP340) compared to NO2-DCF (TP340), the position of an NO2 group in the molecule could be 
confirmed. All compounds studied confirmed the formation of the nitrosation/nitration TPs identified 
by biotic mechanisms.

3. Several PhACs (73 out of the total 96 compounds studied in this thesis) belonging to the most 
consumed therapeutic groups were determined in SW from a sewage impacted section of the 
Llobregat River. The selected PhACs were measured over time in four monthly (9-13 samples per 
campaign) monitoring sampling campaigns. In addition, the temporal variability of levels of PhACs 
determined over the four seasons (CX for a given X compound) was related with hydrological 
factors such as river flow (Q) (during the four campaigns) and DOC (during the first campaign) (i.e. 
respective correlations r(CX/Q) and r(CX/DOC)). Besides, the impact of flow and DOC changes on 
the concentration of PhACs in the river was assessed by relative sensitive coefficients (s(CX/Q) and 
s(CX/DOC, respectively)). Based on the collected data, the specific conclusions from objectives 3 
and 4 were: 

(i) PhACs demonstrated to be widespread micropollutants in the Llobregat River. More than 50 
out of the selected 73 target compounds were present in all analyzed samples.

(ii) Analgesics and antiinflammatories were the most ubiquitous [67-100 % of samples] and 
concentrated therapeutic groups ([200-1,100] ng L-1 in ABR and [200-18,000] ng L-1 in 
SJD). Individual concentrations were usually within the tens to hundreds of ng L-1 range. 
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Ibuprofen, acetaminophen and DCF were the most concentrated anti-inflammatory drugs, with 
concentrations in the mid-to-high ng L-1 range (100–500 ng L-1).

(iii) A gradient of pollution was observed along the section of the river studied. On average, minimum 
concentrations of PhACs were determined in ABR (~2,000 ng L-1), while the maximum were 
observed in SJD (~16,800 ng L-1). Such trend was explained by the increasing loads of PhACs 
from the WWTPs distributed along the section of the river basin assessed.

(iv) Maximum levels of PhACs were determined during cold and dry periods corresponding to 
autumn and winter seasons. Higher total concentrations of PhACs determined during autumn 
and winter were up to 2,000 and 2,500 ng L-1 in ABR and 35,000 and 12,000 ng L-1 in SJD, 
respectively. On the opposite site, lower levels were determined in spring and summer: only 
up to 1,400 and 1,200 ng L-1 in ABR and similar levels in both seasons up to 3,500 ng L-1. The 
general minimum levels observed during spring and summer seasons were explained by: 
dilution effects due to rainfall; high temperatures and thus better elimination rates of PhACs 
in WWTPs; improved natural degradation processes (photodegradation due high UV solar 
radiation, biodegradation); and lower human consumption of drugs during this period. 

(v) The response of PhACs to river flow was negative (significant values of r(CX/Q) ranged from 
−0.305 for DCF to 0.807 for SMX), principally due to expected dilution effects. Only in a few 
cases, positive relationships between drug concentrations and flow were detected, suggesting 
an important role of other hydrological phenomena like sediment re-suspension as well as 
pollutants’ sources. 

(vi) The response of PhACs to DOC was positive, due to anticipated association of drugs to DOC. 
These results suggested that, concentration of PhACs increases with DOC, which also means 
that high DOC increments mobility of the chemicals in the aqueous phase.

(vii) Sensitivity calculations showed that the majority of compounds were sensitive to flow 
variations. PhACs presented s(CX/Q) values in the range of 0.33 for tetracycline to −1.43 for 
lorazepam; while s(CX/DOC) values ranged from 0.04 for butalbial to 2.40 for ciprofloxacin. 
Overall, arrangements of sensitivity to both hydrological parameters were the same for all 
compounds. However, PhACs showed to be more sensitive to DOC than to Q, suggesting the 
importance of the response of PhACs to organic matter.

4. Modeling was applied aiming to understand the pattern that 14 relevant PhACs described along the 
river water course after their emission from WWTPs. A “plug-flow” model was successfully developed, 
which allowed to explain the observed temporal variations in the loads of the selected PhACs analyzed 
in two locations influenced by WWe discharges. The model described the fate of PhACs in terms 
of river flow and compound-specific parameters, i.e. PhAC emission (E), associated to the average 
load discharged upstream and the overall decay constant (k) interpreted as the PhAC attenuation 
over time. Models for most compounds showed larger E values in SJD, a result previously noticed 
by the occurrence data at main WWTPs in the basin. Erythromycin presented k values of −0.15 h−1 
in both sites being the compound more efficiently removed from the water column. In addition, the 
proposed model approach proved to be consistent (i.e. E and k values estimated for every compound 
at both locations studied (ABR and SJD) were similar) and thus qualified as potentially useful for 
management purposes at basin or water-body scale.
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5. Several PhACs (an updated list of 76 relevant compounds out of the 96 studied in this thesis) 
belonging to the most consumed therapeutic groups were measured in SW and sediments from four 
major Iberian river basins: Llobregat, Ebro, Júcar and Guadalquivir. The spatial occurrence of PhACs 
was determined in SW and sediments collected in two extensive sampling campaigns performed 
in consecutive years along the four catchments (77 locations in total). The use of several statistical 
methods performed in R (e.g. ANOVA analyses followed by TukeyHSD pairwise comparisons, Non-
metric Multidimensional Scaling (NMDS), permanova analyses, ANOVA based on permutation and 
linear mixed effect models (LME models)) enabled to unveil the general and most important trends 
of the PhACs studied in the four river basins. Based on the collected data, the specific conclusions 
from objectives 3 and 4 were: 

(i) PhACs were widespread and pseudo-persistent micropollutants in the Iberian aquatic 
environment. The concentration of PhACs in SW varied from the low to high ng L−1 range; 
while in sediments they were determined at the low ng g−1 level. About the 60% of the 
compounds studied was present in at least half of the SW and sediment samples analyzed in 
both sampling campaigns. The 22 and 18% of these compounds were detected in all SW and 
sediment samples, respectively. Thiabendazole, hydrochlorothiazide and glibenclamide were 
present in all SW samples; while azithromycin and thiabendazole were the most ubiquitous 
compounds in sediments. 

(ii) Frequency of detection of PhACs was higher in SW from the Llobregat River, followed by 
Ebro, Júcar and Guadalquivir. 

(iii) Analgesics/antiinflammatories were the most relevant therapeutic group in SW. Among them, 
ibuprofen and DCF were of the more concentrated with respective levels in the four river 
basins as follows: 37 and 31 ng L−1 in Llobregat; 37 and 14 ng L−1 in Ebro; 3 and 8 ng L−1 in 
Guadalquivir and 2 and 3 in ng L−1 Júcar. In river sediments, antibiotics averaged the higher 
concentrations. These levels were determined in the same order of magnitude in all the 
catchments (i.e. 43 ng g−1 on average). Levels of analgesics/antiinflammatories determined 
in sediments were close to those reported for antibiotics. To indicate as well as antibiotics, 
levels of analgesics/antiinflammatories differed slightly among the catchments (19 ng g−1 in 
Llobregat, 15 ng g−1 in Ebro, 27 ng g−1 in Júcar and 18 ng g−1 in Guadalquivir). The gradient of 
pollution observed in the sewage impacted section studied of the Llobregat River previously 
was confirmed in the present work for the whole catchment. However, no clear pollution trend 
was observed for the remaining basins. 

(iv) Significantly positive relationships were found among levels of PhACs and population density 
and livestock units in both SW and sediment matrices, thus responding to the anthropic 
pressures in the catchments. 
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6. The acute toxicity of DCF, SMX and their nitrifying/denitrifying TPs NO2-DCF, NO-DCF, NO2-
SMX and Des-SMX to Daphnia magna and Vibrio fischeri was assessed both individually and in 
mixtures with other compounds of environmental concern (i.e. nonylphenol, diuron, malathion, 
gliphosate and triclosan). Overall, the associated acute toxicity to D. magna and V. fischeri of 
microbial TPs were lower than the corresponding to their parent compounds. However, NO2-DCF, 
Des-SMX and NO2-SMX showed to be slightly more toxic to V. fischeri than their precursors, DCF 
and SMX. Nonetheless, the LOEC values were in all the cases several orders higher than those 
concentrations found in the environment. These findings confirmed that the studied PhACs and 
TPs, tested individually, did not showed acute toxicity to the target aquatic organisms. In addition, 
the potential synergistic or antagonistic effects of DCF, SMX and NO-DCF in binary mixtures 
of themselves and with other contaminants (i.e. nonylphenol, diuron, malathion, gliphosate and 
triclosan) were assessed. In general, synergism was the predominant effect, indicating the need 
to further assess the combination of mixtures. In these cases, although NO-DCF did not showed 
acute toxicity, at some concentrations it can increase the effects of other toxicants in the same 
environmental compartments. These findings evidenced the existing lack of knowledge about the 
combined effects of complex mixtures, in particular considering the presence of TPs. 

7. The ecotoxicity of 55 PhACs (out of the 96 compounds studied in this thesis) was assessed in 
SW of the entire four river basins. TU values were estimated on the basis of acute toxicity to 
algae, Daphnia and fish species for each location studied. Algae were the most sensitive aquatic 
organisms towards PhACs, followed by Daphnia and fish. Estimated average ecotoxicological risk 
to aquatic organisms was most relevant in Llobregat (2.50E − 04), closely followed by Ebro (2.28E 
− 04) and then Guadalquivir (6.35E−05) and Júcar (3.97E−05). Similar to what was observed for 
PhACs concentrations, the potential risk of PhACs to aquatic organisms increased downstream 
at the Llobregat River basin, but no clear trend of increasing concern was observed for the 
remaining basins. The compounds contributing at least 5% to the total predicted toxicity in the 
samples were sertraline, erythromycin, losartan and dimetridazole with values of 22, 20, 11 and 
6%, respectively, when considering TU based on algae for SW. For TU based on Daphnia there 
were again four PhACs reaching the 5%- threshold, namely, sertraline (29%), gemfibrozil (12%), 
loratidine (10%) and fluoxetine (5%). As regards to TU values for fish, gemfibrozil was found to 
be the PhAC that most contributed to the predicted toxicity of SW samples, 43% on average. 
Sertraline (11%), loratidine (10) and azithromycin (6) also showed predicted toxicities over 5% of 
the total TU of the sample. Estimated total toxicity of PhACs, was positively related to population 
density and livestock units in the upstream sub-basin, thus responding to the anthropic pressures 
in the catchments.The extensive data presented on the predicted ecotoxicological risk of PhACs 
to non-target aquatic organisms as well as the computation of their relative contribution to the 
whole toxicity of the sample, provided valuable information for further prioritization exercices in 
the risk assessment of Spanish river basins. Overall, sertraline, gemfibrozil and loratidine were 
regarded as the most relevant PhACs in terms of ecotoxicological risk. 
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8. The exposure experiments of fluvial biofilms grown in mesocosms to WWe influenced SW of 
the Llobregat River and the relationships established between the changes observed in biofilms 
descriptors and the measured PhACs, lead to the following conjectures:   
 

(i) PhACs affected the structure and functioning of fluvial biofilms. 
(ii) The effects observed and their relationships with individual PhACs varied among the different 

microbial communities attached to biofilms. 
(iii) Development and functioning of biofilms exposed to PhACs varied under different hydrological 

conditions. 
(iv) The biotic response to the two main stressors studied, namely PhACs pollution and hydrology, 

varied among the different biofilm compartments examined (photoautotrophs and bacteria).
(v) Differences observed in the PhAC concentrations and on the response of biofilms in changing 

river water flows indicate the importance of hydrology when studying river conservation in the 
Mediterranean catchments.

(vi) The flash-flood event reported during among the sampling campaigns of this thesis played 
a key role on the development of biofilms. Nevertheless the potential negative effects of 
antibiotics on the bacterial community were steady under different hydrological scenarios. 
   

9.  Considering all the studies conducted during this thesis and according to our findings   
 regarding the fate, behaviour and risk of PhACs in the aquatic environment, we propose   
 the following compounds to be included in a future list of priority relevant substances: DCF,  
 SMX, their nitration TPs (i.e. NO2-DCF and NO2-SMX), sertraline, gemfibrozil and loratidine.
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Chapter 8

Resumen en español

8.1. Introducción

8.1.1. Descripción de los fármacos estudiados

Los compuestos farmacológicamente activos (del inglés pharmaceutically active compounds, PhACs) 
son substancias químicas naturales o sintéticas que se aplican para el diagnóstico, tratamiento o prevención 
de enfermedades. Éstos compuestos están diseñados para desarrollar una determinada actividad biológica 
y desempeñar propiedades terapéuticas beneficiosas para la salud humana y animal. Estas substancias 
presentan una amplia variedad de estructuras químicas y propiedades fisicoquímicas. 

Los grupos terapéuticos estudiados con mayor frecuencia en el medio ambiente acuático son los 
antibióticos, y entre ellos los siguientes compuestos: eritromicina, ofloxacina, ciprofloxacina, amoxicilina, 
sulfametoxazol (SMX), metronidazol y trimetoprima. Los antibióticos son un grupo terapéutico que presenta 
una amplia variedad de estructuras químicas con la habilidad de inhibir el crecimiento de microorganismos. 
Estas sustancias se aplican en medicina humana y veterinaria con el propósito de prevenir o tratar 
infecciones microbianas (Kümmerer, 2009), como por ejemplo el SMX, del grupo de las sulfonamidas. Otros 
grupos terapéuticos relevantes son los analgésicos y antiinflamatorios, como diclofenaco (DCF), ibuprofeno, 
naproxeno, ácido acetilsalicilíco y acetaminofén. Los antiinflamatorios no esteroideos (del inglés nonsteroidal 
antiinflammatory drugs, NSAIDs), son un amplio y heterogéneo grupo terapéutico que se usa principalmente 
para tratar la inflamación, el alivio del dolor moderado y la reducción de la fiebre, como por ejemplo el DCF. 
También los β-bloqueantes, como atenolol y metoprolol; los reguladores de lípidos, como gemfibrozilo y 
bezafibrato; los PhACs de tratamiento psiquiátrico, como carbamazepina, diazepam, fluoxetina o paroxetina 
(Petrovic et al., 2010). 

La figura 1.1 (ver chapter 1) enumera los PhACs de uso humano y animal agrupados según su 
actividad terapéutica que se estudiaron durante la presente tesis. En la tabla A.1 (ver Annex) se muestran 
sus correspondientes números CAS, fórmulas moleculares, pesos moleculares y propiedades fisicoquímicas 
estimadas y experimentales (constante de disociación, pKa; solubilidad en agua, coeficiente de partición 
octanol-agua, Kow; coeficiente de partición sólido-líquido, Kd y coeficiente de partición de carbono orgánico 
del suelo, Koc). 

Los PhACs constituyen un grupo de compuestos de relevancia medioambiental debido a su intrínseca 
actividad biológica, pero también debido al continuo incremento de su consumo.

8.1.2. Consumo humano y uso veterinario de PhACs

En la actualidad existen alrededor de 4.000 PhACs que se aplican en medicina humana y veterinaria 
(Daughton, 2013). El consumo anual de principios activos está estimado en unas 100.000 toneladas 
(Sadezky et al., 2008) y la cantidad de PhACs aprobada para su consumo en unas 25.000 (Daughton, 2013). 
De éstos, 9.524 y 9.700 principios activos se han aprobado para su uso humano y humano/veterinario, 
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respectivamente. Además, se estimó que unas 6.051 toneladas de principios activos fueron destinadas 
a la producción de PhACs de uso veterinario para animales de consumo en la Unión Europea en 2004, 
incluyendo 5.393 y 194 toneladas de antibióticos y antiparasitarios, respectivamente (Kools et al., 2008a). 
Los PhACs NSAIDs, como por ejemplo ibuprofeno y DCF, y los antibióticos, como SMX, se encuentran 
entre los PhACs con mayores índices de consumo (García et al., 2006; Lázaro et al., 2010; Michael et al., 
2014a). El grupo de los antibióticos es particularmente preocupante, ya que se usan en grandes cantidades 
en ganadería no sólo para finalidades terapéuticas (Kools et al., 2008), sino que también se administra en el 
ganado para promover el crecimiento (Van Boeckel et al., 2015). 

El mercado mundial de PhACs en 2013 se estimó en unos 655.222 millones €. En la figura 1.2 (ver 
chapter 1) se muestran cifras de expedición de PhACs (como precios de venta en dólares americanos) de 
catorce países durante el periodo [2004-2012] (OECD, 2014). Entre los mercados mayoritarios, el mercado 
Norte-Americano (EEUU y Canadá) se ha mantenido entre los mayores mercados muy por encima de Europa 
y Japón con respectivos porcentajes de ventas del 41.0; 27.4; y 9.7% en 2013 (EFPIA, 2014). En cuanto 
a España, se ha mantenido en el cuarto puesto entre los cinco mercados punteros Europeos (después de 
Alemania, Francia, Italia y antes de Reino Unido). Además, España ocupó la octava posición entre los países 
con mayor Mercado a escala mundial en 2010 (IMS Health, 2011). 

Así, debido al elevado e incesante consumo de estas substancias a escala global, los PhACs son 
actualmente reconocidos como contaminantes ampliamente extendidos en el medio ambiente (Petrovic et 
al., 2010).

Dados los efectos combinados de la mejora de los estándares de salud en los países en desarrollo y 
el envejecimiento de las poblaciones en naciones industrializadas, se anticipa un incremento del consumo 
de PhACs en los próximos años y por último, su riesgo para el medio ambiente (European Environmental 
Agency, 2010; Van der Aa et al., 2011). Además, dado que también se espera que la producción mundial de 
carne y el mercado de animales de compañía se incrementen en los próximos años, también se espera que 
aumente el mercado de PhACs de uso veterinario (Alexandratos and Bruisma, 2012).

La información fiable sobre patrones de consumo de PhACs en el tratamiento de humanos y ganadería 
es relativamente escasa pero su evaluación indirecta a través de la determinación de concentraciones de 
PhACs en aguas superficiales impactadas por descargas de efluentes de aguas residuales es una más 
aproximación más sencilla.

8.1.3. Fuentes y rutas de entrada de los PhACs al medio ambiente acuático

Los PhACs pueden alcanzar los sistemas acuáticos mediante diversas fuentes de emisión (ver figure 
1.6 en chapter 1). Éstas pueden ser los residuos industriales, residuos domésticos o ganaderos, las aguas 
residuales (del inglés waste water, WW) urbanas o de hospitales (Daughton 2013). 

El consumo veterinario, y en especial para animales de engorde (Van Boeckel et al., 2015), se 
considera la principal fuente importante de los antibióticos en las aguas superficiales (del inglés surface 
waters, SW). De hecho, el papel de las unidades ganaderas y la actividad ganadera ha sido propuesto como 
la principal fuente de contaminación de antibióticos en el Río Huangpu (China) (Jiang et al., 2011). En otros 
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estudios, se identificó la actividad humana como principal fuente de los antibióticos sulfonamidas y otros 
PhACs presentes en las aguas de los ríos Liaodong Bay y Beiyun (China) (Jia et al., 2011; Dai et al., 2015). 
Por lo tanto, después de la actividad ganadera, el consumo en la población humana es considerado como 
la segunda fuente más importante de antibióticos en el medio ambiente. No obstante, en lo que concierne 
a la literatura disponible, nunca se han llevado a cabo estudios que relacionen de un modo cuantitativo la 
presencia y el riesgo asociado de los PhACs en el medio ambiente con la población humana y ganadera. 

Por lo tanto, la principal ruta de entrada de los PhACs al medio ambiente acuático se produce por vía de 
la excreción humana/animal además, aunque en menor grado, del vertido directo del PhAC no consumido a 
través de las aguas residuales domésticas. Generalmente, el metabolismo de los PhACs es incompleto, por 
lo que un porcentaje del PhAC no alterado llega al medio ambiente acuático a través de la orina y las heces. 
Este porcentaje, puede variar dependiendo de las propiedades fisicoquímicas y biológicas del PhAC. Por 
ello, tras el consumo y excreción de los PhACs, éstos entran en el medio ambiente acuático combinados con 
sus productos de transformación (del inglés transformation products, TPs) generados durante el metabolismo 
humano durante su destino a través del sistema colector de WW y de las estaciones depuradoras de WW 
(del inglés waste water treatment plants, WWTPs) (Kümmerer et al., 2008: Kunkel and Radke, 2012). Por 
ejemplo, tras el consumo humano de NSAIDs, entre el 30 y el 90% del PhAC pasa a través del cuerpo 
humano sin ser metabolizado y finalmente es excretado totalmente inalterado. Tras el consumo de DCF, el 
metabolismo humano reduce su biodisponibilidad oral hasta en un 50% (Willis et al., 1978; 1980). Durante 
el metabolismo hepático, la molécula de DCF se hidroxila para dar mayoritariamente 4’-hidroxidiclofenaco 
(4’-OH-DCF) y en menor proporción 5-hidroxidiclofenaco (5-OH-DCF), así como la glucuronización de su 
ácido carboxílico produce el 1-O-aciloglucurónido (DCF-gluc) (Kenny et al., 2004). Por lo tanto, el DCF junto 
con sus metabolitos humanos entra en las WWTPs a través del sistema colector de aguas residuales.

Tras el consumo humano/animal, la principal fuente de entrada de los PhACs, la principal fuente 
emisora al medio ambiente acuático son las WWTPs. Su presencia en los sistemas acuáticos, se atribuye 
principalmente a su eliminación parcial en las WWTPs durante el tratamiento de las WW (Gros et al., 2010). 
En muchos casos, la polaridad combinada con la baja degradabilidad microbiana de los PhACs, resulta en 
una ineficiente eliminación en las WWTPs que propicia su entrada en el medio ambiente acuático.

8.1.4. Presencia de PhACs y sus TPs en WWTPs y ríos

De los 3,193 PhACs comercialmente disponibles a nivel mundial, sólo 275 substancias se han 
analizado en el medio ambiente (Howard & Muir, 2011). Los PhACs son detectados en influentes y efluentes 
de aguas residuales (del inglés waste water influents y effluents, WWe y WWi, respectivamente) a niveles 
en el intervalo del µg L-1; mientras que en SW y subterráneas (del inglés ground waters, GW) los niveles son 
generalmente mucho menores, en el órden del ng L-1 (Fent et al., 2006; Celiz et al., 2009; Kassinos et al., 
2011; Kunkel and Radke, 2012; Ying et al., 2013, Michael et al., 2014). Las evidencias sobre la presencia de 
PhACs y sus TPs en el medio ambiente acuático a escala mundial son numerosas (Halling-Sørensen et al., 
1998; Daughton and Ternes, 1999; GWRC, 2004; Fent et al., 2006; Sadezky et al., 2008; Mompelat et al., 
2009; Pal et al., 2010; Hugues et al., 2012; Ying et al., 2013; Michael et al., 2014; Evgenidou et al., 2015).

Respecto a los niveles de PhACs encontrados en WW, Verlicchi y colaboradores (2012) publicaron un 
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estudio interesante en el cual se compilaron todas las referencias bibliográficas concernientes a la presencia 
de 118 PhACs de diversos grupos terapéuticos en WWi y WWe de 264 WWTPs Europeas (ver figure 1.7 en 
chapter 1). Como se puede observar en la figura 1.7, las diversas familias de PhACs fueron detectadas en 
Europa en intervalos de concentración diferentes, siendo mayores en las WWi con respecto a las WWe. El 
grupo terapéutico detectado en mayores concentraciones en WWi fueron los analgésicos y antiinflamatorios, 
aunque en WWe se detectaron a niveles por debajo de los observados para los reguladores de lípidos y los 
β-bloqueantes. Es interesante ver como las concentraciones de reguladores de lípidos y β-bloqueantes se 
detectaron generalmente a mayores niveles en las WWe que las WWi. A su vez,  las drogas de tratamiento 
psiquiátrico se detectaron generalmente en los mismos niveles tanto en WWi como en WWe, lo cual indica 
su carácter recalcitrante al tratamiento en las WWTPs. Respecto a los compuestos individuales, los más 
ubicuos fueron ibuprofeno, DCF, naproxeno, ketoprofeno y tramadol. De entre éstos, ibuprofeno y tramadol 
mostraron las mayores concentraciones absolutas en WWi, mientras que en WWe el compuesto más 
concentrado fue atenolol. Respecto a los antibióticos, trimetoprima, SMX, eritromicina y ciprofloxacina fueron 
los más ubicuos, y entre éstos ciprofloxacina fue el antibiótico detectado en mayores concentraciones.

Las aguas superficiales reciben considerables cantidades de contaminantes no regulados, como es el 
caso de los PhACs (Kemper, 2008; Awad et al., 2014). Hasta el momento, se ha demostrado la presencia 
de más de 200 PhACs en lagos, ríos y rivieras, por ejemplo en concentraciones hasta un máximo de 6.5 
mg L−1 para el antibiótico ciprofloxacina (Petrie et al., 2015; Hughes et al., 2012). Incluso en el peor de los 
casos, han sido detectados en aguas tratadas para el consumo humano (del inglés drinking water, DW) 
(Benotti et al., 2008). La figura 1.8 (ver chapter 1), muestra el mapa de niveles de presencia de PhACs en 
WWe y SW a escala global que se elaboró a partir de los datos proporcionados en el reciente review de 
Hugues et al. (2012). En dicho trabajo, se analizaron los datos de niveles de 203 PhACs en WWe i SW 
en 41 paises alrededor del mundo. La base de datos (Hughues et al., 2012) corresponde a la mediana de 
las concentraciones de un amplio espectro de PhACs diferentes medidos en 236 estudios llevados a cabo 
durante el periodo 1998-2010. Estos compuestos se encuentran a escala global en concentraciones que van 
desde 50 ng L-1 a 1.800 µg L-1. Como se puede ver claramente, España y los EE.UU. se encuentran entre 
los países con mayores niveles de drogas medicinales presentes en sus SW, con concentraciones medias 
que van desde 4.400 a 9.000 ng L-1. Sin embargo, las naciones en las cuales se han detectado los niveles 
más altos de PhACS, entre los países examinados en el estudio (Hughes et al., 2012), fueron India, Méjico 
y Turquía, con concentraciones medias que llegaron a superar los 9.999 ng L-1.

Del total de los medicamentos estudiados, 61 se detectaron con frecuencia tanto en WWe como en 
SW (Hugues et al., 2012). De estos 61 compuestos, 39, 21, 20 y 3% eran antibióticos, analgésicos, y drogas 
empleadas para tratamientos cardiovasculares (como agentes β-bloqueantes, diuréticos y bloqueadores 
de canales de calcio), reguladores lipídicos en la sangre, y antidepresivos (medicamentos psiquiátricos), 
respectivamente. La frecuencia de detección de PhACS en SW, clasificados por su actividad terapéutica, 
se comparó entre los ríos receptores de WWe en todo el mundo. Los analgésicos fueron los más ubicuos 
en Europa, con el 34% de los estudios reportados, mientras que los antibióticos fueron el grupo más 
frecuentemente detectado en América del Norte y Asia (38% y 42%, respectivamente). Sin embargo, a 
escala global, los analgésicos resultaron ser la clase terapéutica más ubicua con el 31% de todos los datos 
reportados y una concentración media de 230 ng L-1, seguidos de los antibióticos (21%, 8,128 ng L-1). Es 
importante destacar que, en una comparación entre los 10 países más estudiados, los niveles de PhACs 
en España fueron sustancialmente por encima de la concentración media mundial (171- 441%) para las 
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principales familias terapéuticas analizadas: analgésicos, PhACs cardiovasculares, reguladores lipídicos y 
antidepresivos.

En cuanto a los compuestos individuales, carbamazepina, bezafibrato, ácido clofíbrico, ibuprofeno y 
DCF fueron los PhACs más relevantes en la WWe y SW, entre los 61 más frecuentemente detectados según 
Hugues et al. (2012). Posteriormente, Ying et al. (2013) compilaron los niveles de 61 PhACs pertenecientes 
a diferentes clases terapéuticas detectados en SW de ríos de 14 países alrededor del mundo. Entre los 
antibióticos estudiados, SMX, ciprofloxacina, norfloxacina, ofloxacina y claritromicina fueron los más ubicuos 
en niveles de hasta varios µg L-1. Las concentraciones determinadas a escala mundial para los analgésicos 
y antiinflamatorios más frecuentemente detectados (es decir, el ibuprofeno, el DCF, ácido mefenámico, 
naproxeno, ketoprofeno, ácido salicílico, ácido acetilsalicílico, ácido meclofenámico, ácido tolfenámico, y la 
indometacina) abarcaron de varios ng L-1 a más de varios µg L-1. Varios reguladores lipídicos, tales como 
ácido clofíbrico, bezafibrato y gemfibrozilo, se observaron también en la mayoría de las SW de todo el mundo. 
En cuanto a las drogas de tratamiento psiquiátrico, carbamazepina fue el compuesto más frecuentemente 
detectado en concentraciones que varían desde no detectado a varios µg L-1. El último grupo revisado fue 
el de los beta-bloqueantes, de los cuales metoprolol, propranolol, y atenolol fueron los más detectados con 
niveles en el intervalo de no detectado a varios miles de ng L-1.

A diferencia de la extensa literatura sobre la presencia de PhACs en aguas naturales, el número de 
estudios que evalúan su presencia en los sedimentos es sustancialmente menor. Un buen ejemplo es la 
revisión realizada por Ying et al. (2013) mencionada anteriormente. Este trabajo, además de SW, también 
proporciona una compilación de datos de presencia de PhACs en sedimentos de ríos a escala global. Por 
ejemplo, los antibióticos norfloxacina, ofloxacina y ciprofloxacina fueron detectados con frecuencia en tres ríos 
chinos en concentraciones de 5.770, 1.290 y 653 ng g-1, respectivamente (Zhou et al., 2011). Por lo contrario, 
los analgésicos y antiinflamatorios como el ibuprofeno, DCF, y ácido clofíbrico se encuentran raramente en 
los sedimentos de la región del Mediterránea española y se detectaron en niveles por debajo de los límites 
de cuantificación del método analítico (Vázquez-Roig et al., 2012). En este estudio, los reguladores lipidícos 
fenofibrato, ácido clofíbrico; las drogas de tratamiento psiquiátrico como la carbamazepina y diazepam 
y los β-bloqueantes metoprolol y propranolol fueron algunos de los compuestos detectados con mayor 
frecuencia y en concentraciones altas. Otros estudios detectaron concentraciones de drogas de tratamiento 
psiquiátrico en el orden de ng g-1 en sedimentos de rivieras estadounidenses (Schultz et al., 2010). Entre 
ellos, la venlafaxina y fluoxetina fueron los PhACs más relevantes, detectados a niveles de 26 y 19 ng g-1, 
respectivamente. En la línea del trabajo de Vázquez-Roig et al. (2012), se estudió la distribución de una lista 
más amplia de PhACs a lo largo de un río español (da Silva et al., 2011). De los 34 compuestos estudiados, 
las concentraciones más altas que se midieron fueron de paracetamol (222 ng g-1), mevastatina (99 ng 
g-1) y tilosina A (71 ng g-1). Otros PhACs, tales como eritromicina, ibuprofeno y ranitidina se detectaron en 
concentraciones máximas de 33, 19 y 25 ng g-1, respectivamente, mientras que la cimetidina y ácido clofíbrico 
se detectaron a niveles inferiores a 20 ng g-1. Los compuestos restantes se encontraron en concentraciones 
inferiores a 10 ng g-1.

Aunque la presencia de PhACs en el medio ambiente acuático está bien documentada, la falta de 
literatura sobre la presencia de TPs de PhACs ha sido evidenciada por Celiz et al. (2009) y Mompelat 
et al. (2009). Sin embargo, algunos estudios han identificado y detectado niveles de TP en el medio 
ambiente acuático. Por ejemplo, norfluoxetina, el principal metabolito humano de fluoxetina, se detectó en 
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concentraciones de entre 4 y 25 ng L-1 en WWe (Vanderford et al., 2006); 0.9 y 14 ng L-1 en SW; y 0.02 y 3 
ng g-1 en los sedimentos (Schultz et al., 2010). En este último estudio citado, los niveles de norsertralina, 
se determinaron en valores que van desde 1.13 a 26.7 ng L-1 en SW y desde 0.02 a 10.7 ng g-1 en los 
sedimentos. Del mismo modo, se detectaron cinco metabolitos humanos de la carbamazepina a niveles entre 
8.5 y 1571 ng L-1 en la WWi y entre 9.3 y 1325 ng L-1 en WWe (Miao et al., 2003). Sólo el 10,11-dihidro-10,11 
dihydroxycarbamazepine se encontró en SW pero en concentraciones alrededor de 3 veces más altas que 
la de su compuesto padre. Es importante destacar que los estudios de evaluación de la presencia, destino y 
comportamiento de los TPs de PhACs en el medio ambiente acuático han aumentado considerablemente en 
los últimos años (Fatta-Kassinos et al, 2011a; Michael et al, 2014a; Evgenidou et al, 2015). Por ejemplo, se 
detectaron 13 metabolitos de PhACs pertenecientes a diferentes clases terapéuticas, tales como el 4 ‘OH-
DCF, el glucurónido del oxazepam o el N-acetylsulfametoxazol, en las SW de un río español a niveles entre 
los 0.96 y los 1.670 ng L-1 (López-Serna et al., 2012).

DCF y SMX se detectaron frecuentemente tanto en WWi y WWe Españolas a niveles de 200-1.100 
ng L-1 (Gros et al., 2010; Díaz-Cruz et al., 2008). A pesar de que la mayoría de los metabolitos humanos del 
DCF se identificaron hace décadas (Stierlin et al. 1979), su presencia en aguas residuales ha sido descrita 
recientemente. Respecto al DCF,  se demostró que los dos metabolitos hidroxilados 4’-OH-DCF y 5-OH-DCF 
estaban presentes en aguas residuales de entrada de WWTPs en concentraciones en el intervalo desde 
0,06 a 3,0 µg L−1 y desde  0,06 a 0,7 µg L−1, respectivamente (Pérez y Barceló, 2008; Langford y Thomas, 
2011; Scheurell et al., 2009). El metabolito mayoritario del DCF, 4’-OH-DCF, junto con 5-OH-DCF y la lactama 
de 4’-OH-DCF (4’-OHD-DCF), se detectaron en concentraciones de 0,71 µg L−1, 0,45 µg L−1, y 0,42 µg L−1, 
respectivamente mientras que las concentraciones de DCF variaron desde 1,3 a 3,3 µg L−1 en muestras de 
aguas residuales (Stülten et al., 2008). Desde nuestro conocimiento, los metabolitos humanos nunca se han 
analizado en aguas superficiales. Asimismo, hasta la fecha tampoco existe información cuantitativa sobre 
la presencia de otros metabolitos humanos del DCF como el 4’,5-dihydroxydiclofenac (4’,5-diOH-DCF) y el 
DCF-gluc en WWTPs.

No obstante, el conocimiento acerca del transporte y comportamiento de estos compuestos una vez 
se han emitido al río a través de los WWe es todavía muy limitado.

8.1.5. Destino y transformación de PhACs y sus TPs en WWTPs

El destino de PhACs en WWTPs se rige por las propiedades fisicoquímicas y biológicas del compuesto 
(ver tabla A.1 en annex) y el tipo de procesos aplicados durante el tratamiento de WW en la WWTP. Los 
mecanismos que determinan el comportamiento de los PhACs durante del tratamiento en WWTPs y su posible 
degradación y/o distribución a lo largo de la WWTP son la adsorción a las partículas y la biodegradación en 
los lodos activados del tratamiento secundario (Fent et al., 2006). Muy pocos PhACs son volátiles, por lo 
tanto el proceso de evaporación no es significativo. El destino de PhACs lo largo de las WWTPs se muestra 
en la figura 1.9 (ver chapter 1). 

La biodegradación es el mecanismo de eliminación de PhACs más importante durante el tratamiento 
biológico convencional con lodos activos (del inglés conventional activated sludge, CAS) (Joss et al, 2006; 
Johnson et al, 2008). La biodegradación de PhACs se atribuye principalmente a la actividad co-metabólica 
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de los microorganismos heterótrofos y autótrofos. Dentro de este grupo, las bacterias y las arqueas que 
oxidan amonio (AOB y AOA, respectivamente) co-metabolizan una variedad de PhACs mediante enzimas 
no específicos tales como la Amonio Monooxigenasa (AMO). Estas bacterias nitrificantes pueden aumentar 
la eficiencia de eliminación de algunos compuestos orgánicos en las WWTPs. Por ejemplo, Vader y 
colaboradores (2000) demostraron la degradación de etinil estradiol (EE2) en lodos nitrificantes con una alta 
actividad amoníaco-oxidante. Además pruebas realizadas con cultivos mixtos de nitrificantes sugieren que 
la enzima AMO podría mediar el co-metabolismo de EE2/amoníaco. 

La investigación ha demostrado que muchos productos farmacéuticos no se eliminan completamente 
durante el tratamiento convencional de aguas residuales, y esto lleva a que su presencia se detecte en 
WWe, SW y más raramente en GW (Michael et al., 2014a). Como consecuencia de la deficiente eliminación 
de algunos PhACs durante el tratamiento CAS, se ha sugerido la aplicación de tratamientos terciarios 
avanzados (del inglés advanced tertiary treatments, ATTs) en las WWTPs con el fin de mejorar la calidad 
química de la WWe (Klavarioti et al, 2009; Ziylan y Ince, 2011) (ver figura 1.9 en chapter 1). Varios ATTs han 
sido evaluados en los últimos años con el fin de aumentar las tasas de eliminación de PhACs. Estos incluyen 
el uso de carbón activado en polvo (del inglés powdered activated carbon, PAC) y las membranas (por 
ejemplo, nanofiltración y ósmosis inversa) (Mailler et al, 2015; García et al, 2013), la oxidación química como 
la cloración o procesos de oxidación avanzada (POAs), (OMS 2011; Oller et al, 2011;.Hey et al, 2012; Lester 
et al, 2013; Prieto-Rodríguez et al, 2013;. Fatta-Kassinos et al, 2011a; Malato et al, 2014); y humedales 
artificiales (Matamoros y Bayona, 2013, Verlicchi et al, 2014; Luo et al, 2014) (ver figura 1.9 en chapter 1).

Entre los ATTs, la oxidación química y en particular los procesos avanzados de oxidación (del inglés 
advanced oxidation processes, AOPs), los cuales son capaces de oxidar y degradar una amplia variedad 
de contaminantes orgánicos en agua y WW (Ikehata et al., 2006) son los más efectivos (Oller et al., 2011). 
Estos tratamientos generan reactivos potentes, como los radicales hidroxilo (•OH), que oxidan compuestos 
recalcitrantes y no biodegradables a su TPs y finalmente convertirlos en dióxido de carbono, vapor de agua 
y sales inorgánicas (Klavarioti et al., 2009; Ikehata et al., 2006; Antoniadis et al., 2010; Klamerth et al., 2010, 
Oller et al., 2011).

La mayoría de las WWTPs están generalmente diseñadas para la eliminación eficiente de materia 
orgánica y nutrientes inorgánicos (por ejemplo carbón biodegradable, nitrógeno y fósforo) que se encuentran 
presentes en WWi en niveles del orden de los mg L−1 a g L−1. Éstas, son WWTPs convencionales que no 
están equipadas específicamente para la eliminación de microcontaminantes como son los PhACs (Verlicchi 
et al., 2012). Por este motivo, los sistemas convencionales de tratamiento biológico han demostrado con 
frecuencia no ser totalmente eficaces, presentando diversos grados de eliminación de PhACs que van 
desde inferiores al 20% hasta superar el 90% (Chiron et al., 2010; Forrez et al., 2011) (ver tabla 1.2 en 
chapter 1). Por ejemplo, en WWTPs que aplican CAS como tratamiento secundario biológico, las tasas de 
eliminación de DCF y SMX varian ampliamente, [7-80]% y [0-98]%, respectivamente (Onessios et al.,2009), 
por lo que es complicado identificar patrones de comportamiento durante su biotransformación y evaluar su 
grado. Esta variabilidad en los grados de eliminación de PhACs en WWTPs puede ser debida a parámetros 
operacionales asó como a factores medio ambientales (Verlicchi et al., 2012). Entre PhACs, las diferencias 
relevantes que se observan se pueden explicar por la diversas propiedades fisicoquímicas y biológicas que 
los fármacos presentan (Verlicchi et al., 2012) (ver tabla A.1 en annex). Además, las condiciones climáticas 
y meteorológicas pueden afectar la eficacia de eliminación de PhACs en WWTPs a través de cambios de 
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temperatura del agua y dilución por el agua de lluvia, que pueden afectar en último caso el estado biológico 
de la comunidad microbiana (Fent et al., 2006; Castiglioni et al., 2006; Vieno et al., 2005; 2007; Zhang et al., 
2015). El diseño de las WWTPs y factores operacionales como el tiempo de retención de los lodos (del inglés 
sludge retention time, SRT), el tiempo de retención hidráulico (del inglés hydraulic retention time, HRT), la 
temperatura en el reactor biológico y las propiedades de los lodos activados pueden afectar a la eliminación 
(Suárez et al., 2008; 2012; Alvarino et al., 2014). Las propiedades de la comunidad de los lodos activados, 
como por ejemplo la actividad de la biomasa (Majewsky et al., 2010) y el potencial nitrificante pueden afectar 
también a la eliminación (Koh et al., 2009; McAdam et al., 2010). Ambos HRT y SRT gobiernan el tiempo 
de reacción y la carga (McAdam et al., 2010), y por ende, afectan a la actividad de la biomasa y a su 
concentración. 

Varios estudios han demostrado que los lodos activados nitrificantes (del inglés nitrifying activated 
sludge, NAS) tienen la capacidad de degradar microcontaminantes mediante co-metabolimo (Batt et al., 
2006; Yi et al., 2007; Forrez et al., 2008; Zhou et al., 2010; Martínez-Hernández et al., 2011). Además, 
dado que el proceso de nitrificación propicia la eliminación de determinados PhACs, es posible aumentar la 
eficacia de eliminación mediante el enriquecimiento de los nitrificantes de los lodos activados (Han-Tran et 
al., 2009). 

La biodegradación en el reactor secundario, puede degradar los PhACs y biotransformarlos en TPs 
(Richardson and Ternes, 2014). Por lo tanto, además de la presencia de metabolitos humanos en WWTPs, la 
formación microbiana de TPs es el siguiente aspecto a tener en cuenta en el estudio del destino de los PhACs 
en el sistema acuático. Además, los metabolitos de excreción humana pueden experimentar siguientes 
transformaciones durante el tratamiento de WW. Por ejemplo, el acetilsulfametoxazol, que es un metabolito 
del SMX, puede ser transformado de nuevo a su compuesto padre en WWTPs (Gobel et al., 2005). Otro 
ejemplo de este fenómeno es el observado en el glucurónido de DCF. Se ha especulado que el enlace éster 
de el conjugado del DCF es inestable hidrolíticamente lo cual podría llevar a la liberación nuevamente de la 
molécula de DCF durante el tratamiento biológico en la depuradora. Este fenómeno de reconversión de un 
metabolito a su compuesto padre, explicaría  los elevados niveles de DCF en los efluentes de las WWTPs, 
relativos a las aguas residuales de entrada, que se han observado en algunas ocasiones (Bailey y Dickinson, 
2003). Por lo tanto, no sólo el estudio de los procesos de transformación de los PhACs a sus derivados 
relacionados estructuralmente es interesante, sino que también los son los procesos de reconversión de los 
TPs a sus compuestos padre. 

En comparación con la cantidad de información que trata sobre la distribución de los PhACs en el 
medio ambiente, bien pocas evidencias se han publicado acerca de las rutas metabólicas que siguen estos 
compuestos expuestos a comunidades microbiológicas complejas tales como las que se encuentran en los 
tanques de aereación del tratamiento de lodos activados. Éste es el caso del DCF y SMX, de los cuales 
su presencia en el medio ambiente acuático se ha estudiado extensamente, pero bien poco se conoce 
acerca de su destino en las WWTPs, particularmente en lo que respecta a su (co)metabolismo microbiano 
con bacterias nitrificantes. Uno de los pocos ejemplos descritos en la literatura es el trabajo de Pérez y 
Barceló (2008), en el cual los nitroso (TP324) y nitro (TP340) derivados del DCF fueron tentativamente 
identificados mediante el uso de la espectrometría de masas de tiempo de vuelo. Además de la eliminación 
de la materia orgánica, el proceso más importante que tiene lugar durante el tratamiento con CAS, cuando 
opera bajo condiciones nitrificantes, es la eliminación de nitrógeno. Este proceso dirigido por la comunidad 
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microbiana de los lodos, consiste en dos pasos principales que son la nitrificación y la denitrificación. Durante 
este proceso las bacterias nitrificantes generan especies reactivas de nitrógeno (Chiron et al., 2010) que 
pueden estar involucradas en la formación de TPs tales como los nitro y nitroso derivados del DCF (TP339 
o NO2-DCF y TP323 o NO-DCF, respectivamente) (Pérez y Barceló, 2008), o en la reacción de nitración 
del acetaminofén (3-nitro-acetaminofén) (Chiron et al., 2010). Por otra parte, las bacterias denitrificantes 
son otra fuente potencial de especies reactivas de nitrógeno (Nödler et al., 2012). La formación biótica de 
especies de nitrógeno derivadas del DCF y el SMX (concretamente NO2-DCF y 4-NO2-SMX) se observaron 
en experimentos a escala laboratorio con microcosmos de agua/sedimento bajo condiciones anóxicas 
de denitrificación  (Nödler et al 2012 y Barbieri et al., 2012). Teniendo en cuenta que la nitrificación y la 
denitrificación son procesos que también ocurren durante el tratamiento biológico en la WWTP, uno podría 
conjeturar que la formación de estos productos de transformación del DCF y el SMX también se podría dar 
en las WWTPs. Por otro lado, el aumento de la concentración de nitrógeno (especies de amonio, NH4

+-N) se 
observó con frecuencia en rivieras receptoras de descargas de aguas residuales de salida de WWTPs (Martí 
et al., 2004). Estas grandes contribuciones de NH4

+-N desde las WWTPs se relacionaron posteriormente con 
puntos de elevada actividad microbiana nitrificante que se observaron en rivieras impactadas por el aporte 
de efluentes de WWTPs (Merseburger et al., 2005).

Por lo general, dependiendo de los grados de eliminación y de transformación de los PhACs y sus TPs 
durante su destino a lo largo de las WWTPs, es muy probable que una combinación de PhACs  y también 
sus TPs alcancen los sistemas acuáticos de aguas naturales mediante su descarga en las SW a través de 
las WWe. 

8.1.6. Atenuación natural de PhACs en los sistemas colectores de aguas residuales y ríos

De la vasta cantidad de PhACs que son capaces de alcanzar las aguas continentales y debido al 
amplio abanico de propiedades fisícoquímicas que éstos presentan, se anticipa una distribución de estos 
compuestos entre los diversos compartimentos acuáticos (por ejemplo entre agua, sedimento y partículas 
en suspensión) que a menudo resulta compleja de interpretar. 

A parte de los procesos de atenuación antropogénicos que los PhACs y TPs experimentan en 
WWTPs descrito en la sección anterior, estas substancias pueden experimentar procesos de atenuación 
naturales durante su camino hacia las depuradoras una vez son descargados a las SW colectoras. Cuando 
los PhACs y TPs alcanzan el sistema colector urbano de WW o los ríos, su destino está sujeto a numerosos 
factores, incluyendo sus propiedades fisicoquímicas (ver tabla A.1 en annex), factores medioambientales 
y condiciones climáticas (por ejemplo temperatura del agua, pH y radiación solar) y lo más importante, la 
presencia y actividad de microorganismos capaces de biodegradarlos (Jelic et al., 2015; Caracciolo et al., 
2015). La atenuación natural de los PhACs y TPs se puede dar por varios procesos: (i) la dilución en SW; (ii) 
la adsorción en sedimentos y material particulado en suspensión (del inglés suspended particulate matter, 
SPM); (iii) la biodegradación biótica; (iv) la fotodegradación directa o indirecta; y (v) la bioacumulación 
en biota y su biomagnificación a través de la escala trófica (Mompelat et al., 2009). Cuando llegan a los ríos 
mediante las WWe, los niveles de PhACs y TPs son atenuados mediante dilución en las SW receptoras. Por 
lo general, la concentración de estos micocontaminantes disminuye al menos un orden de magnitud en el río 
con respecto a los de WWe (desde elevados ng L-1-µg L-1 a bajos ng L-1) (Gros et al., 2010). La adsorción de 
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los PhACs y TPs a sólidos del medio ambiente acuático depende de sus propiedades fisicoquímicas como 
pKa, el peso molecular, log kow, log Koc; y otros muchos parámetros medioambientales como capacidad de 
intercambio de iones, el contenido de carbono orgánico, la calidad de los sólidos, el pH o la presencia y el 
tipo de materiales iónicos y coloidales (Delle, 2001). Debido a la naturaleza polar y frecuentemente iónica de 
los PhACs, su adsorción a los sólidos está gobernada por diversos procesos como la partición hidrofóbica, 
el intercambio iónico, la adsorción en la superficie, la complejación y los enlaces de hidrógeno (Tolls, 2001; 
Schwarzenbach et al., 2003). En función del tipo de compuesto y de la heterogeneidad del río, se puede 
esperar que los fármacos se adsorban en los sedimentos (da Silva et al., 2011; Zhou et al., 2011), SPM 
(Maskaoui and Zhou, 2010; da Silva et al., 2011) y/o la fase coloidal (Yang et al., 2011). Una vez los PhACs 
alcanzan los ríos, éstos son transportados a lo largo de la columna de agua y pueden adsorberse al material 
particulado en suspensión y posteriormente acumularse en los sedimentos. Sin embargo, tras la adsorción 
estos compuestos pueden ser re-mobilizados y re-suspendidos e incluso desorberse para disolverse de 
nuevo en la columna de agua. Por ejemplo, se ha demostrado la presencia de algunos PhACs en partículas 
en suspensión (Matamoros and Bayona 2006) y estudios más recientes han sugerido que la fase coloidal 
de la columna de agua puede representar un adsorbente de PhACs más potente que las partículas en 
suspensión y los sedimentos (Maskaoui and Zhou 2010 and Yang et al. 2011). 

Además, las concentraciones de PhACs en el medio ambiente acuático pueden atenuarse mediante 
diversos procesos naturales de degradación. Estudios realizados en microcosmos acuáticos demostraron 
que la foto-degradación es el proceso más relevante en la atenuación de PhACs en el medio ambiente 
acuático, siendo la hidrólisis y la degradación microbiana procesos minoritarios (Lam et al. 2004, 2005). 
No obstante, es probable que la foto-degradación sea menos importante en condiciones de radiación solar 
reducida debido al alto contenido en materia orgánica disuelta y partículas en suspensión en la columna de 
agua, por ejemplo. 

La biodegradación en el medio ambiente acuático está gobernada por los microorganismos asociados 
a los biofilms en la interfase agua/sedimento o en los sedimentos de base (Radke et al. 2014). La atenuación 
natural de los PhACs mediante la biodegradación se da un grado que depende del número y el tipo de 
microorganismos presentes así como de las propiedades fisicoquímicas del compuesto (Fent et al., 2006; 
Alvarino et al., 2014). 

La fotodegradación directa o indirecta es el principal mecanismo abiótico por el cual se produce la 
atenuación de PhACs en el medio ambiente acuático, dado que la mayoría de estos compuestos están 
diseñados para el consumo oral y por ende son resistentes a la hidrólisis. Mientras que la fotólisis directa se 
da por la adsorción de la luz solar, en la fotólisis indirecta hay involucradas especies fuertemente oxidantes 
(por ejemplo radicales hidroxilo y singuletes de oxígeno) generadas de forma natural por fotosintetizadores 
como nitratos y ácidos húmicos (Andreozzi et al., 2003). 

Se ha sugerido que la bioacumulación de PhACs en biota está determinada por el transporte 
activo a través de las membranas biológicas (Daughton et al., 2011). En general, estas substancias son 
moderadamente lipofílicas y por ende, su potencial de bioacumulación es bajo. No obstante, algunos 
compuestos como las drogas de tratamiento psiquiátrico han sido detectados en biota acuática (Brooks et 
al., 2005). 

La efectividad de los procesos naturales de atenuación está fuertemente influenciada por las 
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condiciones climatológicas y meteorológicas como la intensidad de radiación solar y la temperatura o el 
régimen hidráulico en el río (Vieno et al., 2005).

Además, la efectividad de todos estos procesos está estrechamente sujeta a la variación climatológica 
estacional, que influye sobre varios factores medioambientales tales como la duración de radiación solar, la 
temperatura o la precipitación. Se ha observado que los niveles de PhACs pueden disminuir (Kolpin et al. 
2000) o bien incrementarse (Boyd et al. 2004) cuando aumenta el caudal del río debido a episodios de lluvia. 

8.1.7. Riesgo ecotoxicológico de los PhACs y sus TPs en los organismos acuáticos

Por lo general las concentraciones de PhACs a las que se encuentran en el medio ambiente acuático, 
del orden de los ng L-1, son de tal nivel que no suponen ningún riesgo toxicológico en humanos (Christensen, 
1998). No obstante, los organismos acuáticos son susceptibles de experimentar una exposición continuada 
a los PhACs a través de las WW a lo largo de toda su vida y por lo tanto sufrir efectos adversos a largo plazo 
(Oaks et al., 2004; Richard and Hinton, 2008). 

Puesto que los PhACs son compuestos intrínsecamente bioactivos y su entrada en el medio ambiente 
acuático es continua, es de vital importancia entender cuáles podrían ser los efectos en las comunidades 
biológicas y por ende, en los ecosistemas acuáticos resultantes de la exposición a largo plazo de bajas 
dosis de estos compuestos. Desafortunadamente, a pesar de de las intensas investigaciones sobre esta 
problemática ecológica llevadas a cabo en los últimos 15 años, aún quedan amplias lagunas de conocimiento 
en términos de efectos crónicos en organismos acuáticos no-diana y los efectos en el funcionamiento del 
ecosistema, así como la pérdida de biodiversidad (Bartelt-Hunt et al., 2011; Hughes et al., 2013). 

Varios estudios recientes realizados a escala laboratorio han demostrado que algunos PhACs pueden 
actuar como disruptores endocrinos siendo sospechosos de causar la feminización en peces; mientras que 
para los antibióticos, se ha probado que su amplia distribución en el medio ambiente ha llevado al desarrollo 
de bacterias resistentes a los antibióticos. 

A pesar de la pseudo-persistencia del DCF y el SMX en el medio ambiente acuático, es poco 
probable que éstos PhACs supongan un riesgo para los ecosistemas acuáticos, al menos en términos de 
toxicidad a corto plazo, ya que sus concentraciones medioambientales son del orden 103-107 veces menores 
que los valores de toxicidad aguda (EC50) en organismos acuáticos no-diana que se conocen (Fent et al., 
2006). Además, debido a la diversidad estructural que presentan los PhACs, las mezclas complejas de 
estas substancias pueden exhibir efectos diferentes a los correspondientes a los compuestos por separado 
(Pomati et al., 2008). En mezclas, los PhACs pueden interactuar entre ellos para derivarse en efectos 
ecotoxicológicos sinérgicos o antagónicos. Como consecuencia de las miríadas de PhACs presentes en 
el medio ambiente acuático, es muy probable que se desencadenen efectos crónicos en los organismos 
acuáticos, incluyendo adición, antagonismo y sinergismo (Daughton and Ternes, 1999; Forrez et al., 2011). 
Sin embargo, la atribución directa de los efectos toxicológicos en los ecosistemas a los fármacos es un punto 
difícil de probar y se debe tratar con cautela, dada la concurrencia simultánea de muchos otros compuestos 
químicos, así como otros estresores medio ambientales (como por ejemplo nutrientes o condiciones 
hidrológicas).
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Se ha aceptado de forma natural que el metabolismo y la transformación de los PhACs lleva a una 
disminución de su toxicidad asociada. Por ejemplo, los TPs hidroxilados del DCF mostraron actividades 
farmacológicas menores que el propio DCF o incluso ninguna actividad (Menassé et al., 1978). Sin 
embargo, en otro trabajo se observó la formación de TPs bioactivos a partir de varios PhACs (incluyendo 
acetaminofén, carbamazepina y DCF), los cuales se relacionaron con reacciones adversas hepatológicas 
(Walgren et al., 2005). A pesar de que la toxicidad de los PhACs se conoce ampliamente, la ecotoxicidad 
que pueden presentar los TPs es un área prácticamente inexplorada (Michael et al., 2014). No obstante, los 
estudios publicados han demostrado que incluso los metabolitos pueden ejercer efectos perjudiciales en los 
organismos acuáticos (Celiz et al., 2009; Escher et al., 2011). De igual modo, los TPs generados mediante 
la transformación microbiana o fotodegradación tanto en los compartimentos medioambientales (como por 
ejemplo sedimentos o SW) como en sistemas de ingeniería (CAS o AOPs en WWTPs) pueden suponer un 
riesgo ecotoxiclógico para las especies acuáticas (Escher and Fenner, 2011). Así pues, la desaparición de un 
PhAC durante el tratamiento en la WWTP, no implica necesariamente la reducción de la toxicidad asociada 
a la WWe ya que los TPs formados pueden conservar la actividad biológica del compuesto padre (Calza et 
al., 2006). Por consiguiente, los TPs son considerados como aditivos de concentración en mezclas con sus 
compuestos padre, de los que también se anticipan potenciales efectos sinérgicos (Escher et al., 2011). 

8.1.8 Efectos de la presencia de PhACs en los ecosistemas acuáticos Mediterráneos

Además del impacto que pueden provocar los efluentes de las WWTPs, los ríos pueden sufrir el 
cambio hidrológico global como resultado del cambio climático, los cambios en el uso de la tierra, el agua 
y la ingeniería de ríos. Estos impactos se manifiestan en cambios del caudal del agua que desencadenan 
efectos en la erosión de los suelos, la transferencia y almacenamiento de carbono, nutrientes, contaminantes, 
aporte de sedimentos a los océanos, biodiversidad continental de los ecosistemas acuáticos, además de 
la sostenibilidad del desarrollo humano. Por ejemplo, cuando ocurren periodos de sequía, los caudales 
de los ríos se reducen y por ende su capacidad de dilución de contaminantes, de modo que el riesgo 
medioambiental asociado a la presencia de estas sustancias se incrementa. En este sentido, son muchos 
los estudios que han informado sobre el aumento de la frecuencia e intensidad de episodios hidrológicos 
extremos (New et al. 2001; Huntington 2006; Hirabayashi et al. 2008) en las últimas décadas. 

Según las predicciones del Panel Intergubernamental para el Cambio Climático (IPCC) (Christensen 
et al., 2007), se ha pronosticado que la región Mediterránea experimentará alteraciones severas en el 
régimen de caudal de sus sistemas acuáticos, no sólo por el descenso de días de precipitación, sino también 
por el aumento de días de fuertes lluvias. Además, los modelos climáticos regionales pronostican para el 
sur de Europa una crecida de la frecuencia y duración de las olas de calor y de las precipitaciones severas 
durante el verano y remarcan que la región Mediterránea será especialmente vulnerable al cambio climático 
(Sánchez et al. 2004; Giorgi y Lionello, 2008). Debido a ello, se prevén episodios hidrológicos más extremos 
e impredecibles, como las riadas o las sequías, además de temperaturas más altas y mayor variabilidad de 
éstas creando, en consecuencia, nuevas condiciones medioambientales en los ecosistemas acuáticos de esta 
región (Acuña y Tockner, 2010). Además, los ríos Mediterráneos presentan una contaminación severa debida 
a la elevada presión humana que proviene de las extensivas actividades urbanas, industriales y agricultoras, 
que afectan a los recursos y al ecosistema. Por estos motivos, los niveles de contaminación en los ríos 
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Mediterráneos son con frecuencia sustancialmente mayores que en otras cuencas Europeas (Ginebreda et 
al., 2010). Un buen ejemplo de ello es el río Llobregat (Cataluña, NE España), el cual experimenta condiciones 
de bajo caudal en condiciones normales (5 m3s-1) y eventos de picos extraordinarios (máximo registrado de 
2.500 m3s-1) que reajustan periódicamente el sistema (Marcé et al., 2012). Adicionalmente, el río recibe las 
descargas de aguas residuales de salida de más de 55 WWTPs, y en algunos puntos especialmente durante 
periodos de sequía, los WWe llegan a representar casi el 100% del total del caudal del río. 

Esta situación puede explicar a los elevados niveles de contaminantes orgánicos que se detectan 
en el río y que aumentan de acuerdo con el creciente número de WWTPs y presión de población desde la 
cabecera hasta la desembocadura del río en el mar Mediterráno (Céspedes et al. 2005; Huerta-Fontela et al. 
2008). Por otra parte, el río Llobregat abastece de agua de consumo humano a la gran ciudad de Barcelona, 
por lo que abstracción de agua de este río es considerable. 

En lo que concierne a la contaminación, como resultado del estatus hidrológico previamente 
descrito, diversos fenómenos fisicoquímicos pueden desencadenarse a la vez: primero, la ausencia de 
dilución durante periodos de sequía puede incrementar la concentración de los contaminantes: segundo, 
y trabajando en la dirección opuesta, caudales bajos aumentan el tiempo de residencia, lo cual facilita los 
procesos de degradación (Lam et al., 2004); finalmente, las riadas pueden contribuir a la re-mobilización de 
los contaminantes desde los sedimentos (Petrovic et al., 2011).

La Directiva Marco del Agua (del inglés, Water Framework Directive, WFD, 2000/60/CE)) establece 
las bases para regular los sistemas acuáticos en Europa con el objetivo de conservar, proteger y mejorar 
la calidad de sus aguas y favorecer su uso sostenible. Bajo esta Directiva, todas las aguas superficiales 
Europeas están llamadas a alcanzar un buen estado químico y ecológico previsto para el año 2015. La 
WFD fue más allá del concepto tradicional de calidad de aguas e inició el seguimiento del estado ecológico 
basándose en las estructuras de las comunidades biológicas mediante el uso de elementos biológicos, 
hidromorfológicos y fisicoquímicos. Los estados miembros desarrollaron y aplicaron sistemas de medida 
apropiadas, teniendo en consideración las diversas características biogeográficas de cada región. Mientras 
que la caracterización por separado de cada elemento ha sido más o menos satisfactoria, el entendimiento 
de sus respectivas interrelaciones y efectos cruzados es un tema que permanece prácticamente 
desconocido. Este hecho es particularmente obvio para el caso de los ríos Mediterráneos, los cuales están 
sujetos a severas sequías y riadas súbitas (Gasith and Resh, 1999). La respuesta del sistema (ecológica 
y fisicoquímica) a tales variaciones es aún apenas entendida. Como ya se ha descrito previamente, el río 
Llobregat es un buen ejemplo de un sistema acuático altamente antropizado (Sabater et al., 2012), que 
experimenta también importantes variaciones de caudal debido a los cambios estacionales que pueden 
causar alteraciones temporales del caudal base en factores que incluso llegan a superar los 100 (Marcé 
et al., 2012). Debido a esta relevancia, es de gran interés entender en qué grado la hidrología local afecta 
la dinámica de los contaminantes y sus efectos potenciales en los organismos acuáticos. Los estudios 
realizados no van más allá de la aplicación de la WFD mediante el uso de sistemas de medida biológicos 
basados en macroinvertebrados, diatomeas, macrófitos y peces (Munné et al., 2012a). Sin embargo, la 
mayoría de estos estudios hacen referencia a respuestas estructurales e ignoran las respuestas funcionales 
de la comunidad biológica a los contaminantes. 

Los biofilms de los ríos son comunidades biológicas complejas compuestas mayoritariamente por 
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algas, cianobacterias, bacterias, hongos y microfauna que viven sumergidos en un sustrato (Lock, 1993). 
Las comunidades microbianas adheridas a los biofilms de los ecosistemas de aguas naturales pueden jugar 
un papel clave en la cadena trófica y en los ciclos biogeoquímicos que tienen lugar en los ecosistemas 
acuáticos. El ciclo de vida corto de los microorganismos del biofilm y las interacciones tróficas entre la biota 
(algas, bacterias, hongos, protozoos) permiten la detección de efectos a corto y largo plazo y efectos directos 
e indirectos en el consorcio de los biofilms (Proia et al., 2012a). Además, en ríos y rivieras, los biofilms son 
los primeros en interaccionar con substancias disueltas que pueden integrar los efectos de variación de las 
condiciones en el sistema fluvial durante largos periodos de tiempo. Este comportamiento característico 
de los biofilms hace que sean útiles descriptores de los efectos microcontaminantes relevantes, como los 
PhACs, en el ecosistema y por ello, apropiados bioindicadores del estado ecológico de los ríos (Sabater et 
al., 2007). Varios estudios, tanto a escala laboratorio como de campo, han empleado las comunidades de 
biofilms fluviales para evaluar los efectos agudos y crónicos de los PhACs (Lawrence et al., 2005; Bonnineau 
et al., 2010; Lawrence et al., 2012; Rosi-Marshall et al., 2013; Proia et al., 2013; Corcoll et al., 2014).

Por estos motivos sería de máximo interés estudiar la respuesta combinada de la contaminación 
de PhACs y la estructura y funcionamiento de las microcomunidades biológicas unidas a las biofilms a 
variaciones del caudal del río.

8.1.9. Legislación y medidas de estudio del riesgo ambiental de PhACs

De acuerdo con la WFD, los PhACs nos están incluidos en la lista de substancias peligrosas prioritarias 
ni en la de substancias prioritarias (Directivas 2008/105/EC and 2013/39/EU) y por lo tanto, no se dispone 
de estándares medioambientales de calidad. No obstante, la misma Directiva establece claramente que 
las substancias descargadas en las cuencas hidrográficas, como es el caso de los PhACs, deberían ser 
controladas. Además, la Directiva 2013/39/EU reconoce la relevancia de los PhACs para el medio ambiente 
acuático de la Unión Europea (del inglés European Union, EU) (Art. 8c “Specific provisions for pharmaceutical 
substances) y compromete a la Comisión a desarrollar una aproximación estratégica para 2015 y proponer 
una serie de medidas específicas para 2017.

De hecho, la Comisión estableció una lista de observación de substancias para la recolección de 
datos de seguimiento en la UE con los que puedan elaborarse ejercicios de prioritización en el futuro 
(Directiva 2013/39/EU and Decision 2015/495/EU). Es interesante ver como en la citada lista se han incluido 
6 PhACs incluyendo el NSAID DCF, las dos hormonas etinil estradiol (EE2) y estradiol (E2); y los antibióticos 
eritromicina, claritromicina y azitromicina.

La Directiva 2004/27/EC en medicina humana y la Directiva 2004/28/EC en medicina veterinaria, 
establecieron una evaluación del riesgo medioambiental (del inglés Environmental Risk Assessment, ERA) 
en el marco de la aprobación de nuevos productos medicinales. De acuerdo con la Directiva 2004/27/
EC en PhACs humanos, para todas las nuevas autorizaciones de PhACs, se deben examinar los efectos 
medioambientales y este seguimiento debe estar incluido en cada aprobación de su aplicación. De acuerdo con 
los límites d seguridad establecidos por la EU de 0.01 µg L-1 (EMA, 2006), sólo los compuestos que excedan 
estas concentraciones en el medio ambiente deben de estar sujetos a una ERA. Los procedimientos para 
realizar ERA de PhACs se han desarrollado en base a datos publicados de ecotoxicidad, mayoritariamente 
mediante unidades de toxicidad (del inglés toxic units, TU) o cocientes de riesgo (del inglés hazard quotients, 
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HQ). Los valores de TUs o HQs están asociados al riesgo ecotoxicológico de un determinado compuesto, 
o de una mezcla de compuestos, para ejercer efectos a corto o largo plazo en organismos no-diana (Gros 
et al. 2010, Ginebreda et al., 2010; Ginebreda et al., 2014). Los TUs o HQs se definen como la razón 
entre la concentración medio ambiental medida (del inglés measured environmental concentration, MEC) 
de un determinado compuesto y su valor de toxicidad aguda EC50 o LC50 (Sprague, 1970) o su toxicidad 
crónica, normalmente expresada como concentraciones de efectos no observados (del inglés non-observed 
effect concentrations, NOEC) (Castiglioni et al., 2004; Cooper et al., 2008). Los valores de EC50, LC50 y 
NOEC se determinan normalmente empleando tests de ecotoxicidad acuática estándares en dafnias, algas 
o peces. En el caso que los valores de NOEC o MEC no se han podido determinar, los TUs o HQs se 
pueden estimar teóricamente. Si no se ha podido estimar la toxicidad crónica, lo cual ocurre frecuentemente 
para los PhACs, las concentraciones estimadas de efectos no observados (del inglés non-observed effect 
concentrations, PNEC) se pueden extrapolar mediante la división de los valores de EC50 or LC50 de toxicidad 
aguda mediante un factor de evaluación (del inglés assessment factor, AF) que es normalmente de 1000. 
De igual modo, si los valores MEC no se han podido determinar, se pueden aplicar las concentraciones 
medioambientales estimadas (del inglés predicted environmental concentrations, PEC). El valor de PEC se 
estima normalmente en base al porcentaje de penetración en el Mercado, la dosis diaria máxima, el grado de 
excreción metabólica, la cantidad de WW por habitante, las tasas de eliminación en las WWTPs y el factor 
de dilución (EMA, 2006; Riva et al., 2015). De acuerdo con los documento de guías de seguridad sobre 
ERA (EMA, 2006), si los valores de TU o HQ estimados para un compuesto determinado o una mezcla de 
compuestos están por debajo de la unidad no se espera ningún riesgo ecotoxicológico. No obstante, si los 
valores estimados igualan o superan la unidad, se anticipa un riesgo medioambiental potencial.

  

8.1.10. Aplicación de modelos matemáticos para el estudio del destino de los PhACs en el 
medio ambiente acuático 

El uso de modelos matemáticos como herramientas de predicción para interpretar la compleja realidad 
en un contexto de escasa disponibilidad de información experimental, como en el caso de la evaluación del 
destino de los compuestos químicos, ha crecido sustancialmente durante las últimas décadas (por ejemplo 
Beven, 2006). La incorporación de Sistemas de Información Geográfica (del inglés Geographic Information 
Systems, GIS) para la modelización ha mejorado en gran medida sus posibilidades (Pistocchi 2014). Como 
complemento a las concentraciones medidas en campañas de muestreo, se han desarrollado modelos 
de calidad del agua para generar predicciones de concentraciones efectivas (del inglés Predicted Effect 
Concentration, PEC) desde fuentes puntuales o difusas de productos químicos en el medio ambiente. De 
hecho, los estudios de modelización han demostrado que las concentraciones de PhACs en la WWe y en 
SW se pueden predecir con una exactitud razonable cuando datos realistas sobre las emisiones químicas y 
de caudal están disponibles (Pistocchi et al., 2010). 

El uso de enfoques de flujo simples en el campo de la modelización del destino de los compuestos 
químicos, ha permitido la evaluación de los patrones de concentración de compuestos derivados de una 
determinada fuente. Entre estos modelos, el modelo de flujo de pistón (del inglés Plug-flow, PF) es a menudo 
la herramienta elegida para la simulación de la calidad del río (por ejemplo Chapra, 1997). Esta aproximación 
describe la concentración de una sustancia química a lo largo de la red fluvial aguas abajo de una fuente de 
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emisión. 
Además, estos modelos simplificados, pueden implementarse directamente utilizando análisis GIS, 

proporcionando distribuciones espaciales de concentraciones químicas estimadas razonablemente realistas, 
a través de cálculos matemáticos extremadamente simples. Esto se ha demostrado con referencia a la 
distribución continental de muchas sustancias químicas de relevancia ambiental, aunque su aplicación con 
PhACs es muy limitada (Pistocchi et al., 2010).

 Los modelos de calidad de agua que dependen de los programas de ordenador georreferenciados se 
están volviendo cada vez más populares. Ejemplos de este tipo de modelos son el GREAT-ER (Geography-
referenced Regional Exposure Assessment Tool for European Rivers) (Feijtel et al., 1997) o su equivalentes 
estadounidenses PhATE (Pharmaceutical Assessment and Transport Evaluation), y LF2000 -WQX (Keller et 
al 2004; Johnson et al 2007), entre otros (Pistocchi et al 2010). Estos modelos muestran las concentraciones 
ambientales estimadas de sustancias químicas a lo largo de toda una cuenca fluvial así como perfiles de 
concentración a escala regional y también puntos calientes de elevada concentración, lo que permite ubicar 
las fuentes puntuales. Estos enfoques, que integran los procesos que influyen en el destino de PhACs en el 
medio acuático (por ejemplo, el metabolismo humano, la eliminación en las WWTP, la dilución en las aguas 
y otros procesos de atenuación natural en los sistemas fluviales receptores), pueden predecir con resolución 
espacial las concentraciones de compuestos que se liberan a las SW a través de la WWe de WWTPs como 
principal fuente de emisión (Alder et al., 2010). 

La ventaja de este tipo de programas de simulación respecto a modelos más genéricos es el aumento del 
realismo en la evaluación de la exposición química mediante la incorporación de características espaciales y 
temporales del medio receptor. Por otra parte, estas metodologías son fáciles de usar y altamente rentables 
económicamente (Alder et al., 2010). 

Uno de los programas de simulación de ordenador georreferenciados más relevantes es el GREAT-ER, 
un programa informático basado en GIS desarrollado y validado por el Centro Europeo de Ecotoxicología 
y Toxicología de las Sustancias Químicas (del inglés European Centre for Ecotoxicology and Toxicology of 
Chemicals, ECETOC), como una herramienta exacta de predicción de la exposición a sustancias químicas 
en el medio ambiente acuático para su uso dentro del esquema de ERA de la EU. El software acopla datos 
específicos del mercado de sustancias con información relevante de los compuestos en el medio ambiente 
con el fin de calcular la distribución de los PECs reales de los productos químicos de consumo en SW, tanto 
para tramos de ríos, así como para cuencas enteras, generando un mapa georreferenciado (Schowanek et 
al ., 2000). GREAT-ER ya se ha aplicado con éxito y validado para un número de productos de consumo en 
las cuencas fluviales europeas (Wind et al., 2004).

8.2. Objetivos

En el contexto de la problemática asociada a los PhACs y TPs comentada anteriormente; el objetivo 
general de esta tesis es el estudio de su destino en WWTPs y en los ríos Ibéricos y la evaluación del riesgo 
ambiental que estas sustancias pueden suponer  para los ecosistemas acuáticos.
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Los objetivos específicos son:

1.  El desarrollo de un método analítico basado en cromatografía de líquidos acoplada a espectrometría 
de masas en tándem (LC-MS/MS) para la cuantificación a niveles traza DCF y SMX, sus metabolitos 
humanos y sus nitro/nitroso productos de transformación, de los cuales su formación en bioreactores a 
escala laboratorio fue previamente descrita en Pérez y Barceló (2008) y Nödler et al. (2012), con el fin de 
evaluar si también son detectados en muestras reales de WWTPs. 

2. Investigación de la biodegradación de análogos estructurales del DCF 

(ácido 2-anilinofenilacético, ácido mefenámico, ácido tolfenámico, ácido meclofenámico y ácido flufenámico) 
para averiguar sin también son capaces de biotransformarse para generar nitro/nitroso productos de 
transformación bajo las mismas condiciones experimentales de biodegradación de DCF en reactores 
nitrificantes a escala laboratorio en las cuales se identificaron sus correspondientes TPs (Pérez y Barceló, 
2008) mediante el análisis por espectrometría de masas de alta resolución.

3. Llevar a cabo estudios de seguimiento a gran escala de un total de 96 PhACs en muestras de 
aguas superficiales y sedimentos muestreadas a lo largo de cuatro importantes cuencas hidrográficas de la 
Península Ibérica, caracterizadas por una elevada presión antropogénica, identificando los factores clave 
que afectan su presencia en los ríos. 

4. El uso de la quimiometría para la evaluación temporal y especial de la distribución de una selección 
de 76 PhACs (del total de 96 compuestos estudiados en esta tesis) en aguas superficiales y sedimentos 
medidos en el punto 3, y la aplicación de un modelo de tipo “plug-flow” (Pistocchi et al., 2010) para estimar 
la atenuación natural de 14 PhACs a lo largo del curso del curso del Río Llobregat. 

5. La evaluación del riesgo ecotoxicológico que los PhACs pueden representar para los ecositemas 
acuáticos mediante (i) la medida de la toxicidad aguda de PhACs y sus productos de transformación en 
Daphnia magna y Vibrio fischeri; (ii) la identificación de los PhACs que contribuyen en mayor grado a la 
toxicidad total de muestras de agua superficial y (ii) la evaluación del impacto de la variabilidad de los 
niveles de PhACs y del caudal del río Llobregat en la estructura y funcionamiento de los biofilms.

8.3. Análisis e identificación de DCF, compuestos relacionados y sus TPs. 

8.3.1 Determinación simultánea de DCF, sus metabolitos humanos y sus nitro/nitroso 
productos de transformación en aguas residuales por cromatografía de líquidos 
acoplada a espectrometría de masas en tándem de quadrupolo/trampa linear de iones.

En la actualidad, existe un creciente interés por el estudio de la presencia, comportamiento y destino 
de los PhACs en las WWTPs y en el medio ambiente acuático, el cual es ampliamente propiciado por 
los avances tecnológicos en la instrumentación apropiada para el análisis de estos compuestos orgánicos 
polares en matrices tan complejas. 

Estudios sobre el destino del DCF durante el tratamiento de aguas residuales en WWTPs, fueron el 
objetivo de Pérez y Barceló (2008), quienes investigaron sobre la biotransformación del DCF en bioreactores 
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a escala laboratorio que contenían licor mixto tomado del bioreactor secundario de una WWTP municipal. 
Mediante el uso de varias aproximaciones de la espectrometría de masas de alta resolución, dos productos 
de transformación del DCF, desconocidos hasta el momento, concretamente el nitroso derivado (TP323 o 
NO-DCF) y el nitro derivado (TP339 o NO2-DCF) fueron descritos por primera vez (Pérez y Barceló, 2008). Sin 
embargo, dado que sus correspondientes patrones estándar puros no estaban disponibles comercialmente, 
la detección en WWTPs de estos TPs no se pudo llevar a cabo. 

Una de las mayores dificultades a la hora de analizar TPs es la necesidad de patrones estándar puros 
para el desarrollo de los métodos analíticos apropiados y también la cuantificación de las muestras, que no 
están disponibles comercialmente. Una alternativa razonable para obtener estos compuestos de referencia 
es mediante su preparación “en-casa” aplicando la síntesis orgánica clásica o la síntesis bioquímica. Con el 
objetivo de generar metabolitos humanos que no estaban disponibles comercialmente en aquel momento, 
para el análisis de muestras de aguas residuales, Pérez y Barceló (2008) biosintetizaron 4’-OH-DCF mediante 
la recombinación del citocromo humano P450. 

En base a la problemática medioambiental comentada en la introducción concerniente al DCF y sus 
TPs, identificados a escala laboratorio, en esta tesis ha sido desarrollado y validado un novedoso modelo 
analítico multi-residuo, para la determinación simultanea de DCF, cinco de sus metabolitos humanos (4’-OH-
DCF, 5-OH-DCF, 4’,5-diOH-DCF, 5-OHD-DCFand DCF-gluc) y dos TPs de nitrificación/desnitrificación (NO2-
DCF, NO-DCF) en WWi y WWe con el fin de entender mejor el destino general del DCF. El método de 
análisis se basó en la determinación del DCF y sus derivados (algunos de ellos sintetizados químicamente) 
por extracción en fase sólida “off-line” usando como material sorbente un polímero de balance hidrofílico-
lipofílico, seguido de CL acoplada QqLIT-MS. La cuantificación se llevó a cabo por el método de calibración 
de patrón interno, para corregir los posibles efectos de matriz. 

La exactitud del método fue generalmente por encima del 40% para aguas residuales de entrada 
y de salida con una precisión por debajo del 12%. Los límites de detección para a la mayoría de los del 
compuestos fueron entre el 0.3-2.5 ng L-1 y 0.1-3.1 ng L-1, respectivamente. 

Con el fin de obtener una herramienta adicional para la identificación y confirmación de los compuestos 
derivados del DCF estudiados, se llevaron a cabo experimentos de adquisición de información dependiente 
(IDA), con monitorización por selección de reacción (SRM) y barrido electrónico del ión producto mejorado 
(EPI) como barrido dependiente. 

El DCF y su metabolito humano mayoritario, el 4’-OH-DCF, se detectaron en todas las muestras de 
WWi en concentraciones de 447-1080 ng L-1 y 3.000-6.000 ng L-1, respectivamente; t también de WWe a 
niveles de 331-1.150 ng L-1 y 585-2.610 ng L-1, respectivamente. Por otra parte, 5-OHDCF se detectó solo 
en una WWi a 417 ng L−1 y en cinco de las diez WWe analizadas, en concentraciones en el intervalo de 180 
hasta 755 ng L−1. En cambio, 4’,5-diOH-DCF se detectó con mayor frecuencia, siendo detectado en seis 
y siete WWi y WWe, respectivamente, de las 10 WWTPs estudiadas. Las concentraciones determinadas 
para 4’,5-diOH-DCF en WWi fueron entre 255 y 1.028 ng L−1, mientras que en WWe el intervalo fue 
considerablemente menor de12 a 229 ng L−1. Por el contrario, 5-OHD-DCF se detectó en todas las muestras 
en concentraciones que no excedieron los 111 ng L−1. En lo que respecta al DCF-gluc, se detectó en seis de 
las diez WWi mientras que en WWe sólo se detectó en 4 muestras. Ninguno de los TPs del DCF se detectó 
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en las muestras de WWi analizadas. Por el contrario, NO-DCF se detectó en seis de las 7 WWe analizadas 
en concentraciones en el intervalo de 4 a 105 ng L-1, mientras que NO2-DCF sólo se detectó en tres WWe 
a niveles desde 20 a 29 ng L-1.

8.3.2. Comportamiento de DCF y otros NSAIDs estructuralmente relacionados en NAS de 
WWTPs.

Con la finalidad de ampliar la investigación de los procesos de nitración y nitrosación del DCF, que se 
dan en el reactor biológico de las WWTPs, se estudió la biodegradación en condiciones nitrificantes de otros 
compuestos con estructuras químicas similares al DCF pero que varían en el tipo y número de sustituyentes 
halogenados. Los compuestos objeto de estudio fueron: el DCF y los ácidos 2-anilinofenilacético, fenámico, 
mefenámico, flufenámico, tolfenámico y meclofenámico.

Para ello, se llevaron a cabo experimentos de biodegradación de los compuestos de interés en 
bioreactores nitrificantes a escala laboratorio, preparados a partir de licor mixto obtenido del reactor biológico 
de una WWTP. Las muestras de biodegradación se analizaron mediante LC-MS/MS usando un espectrómetro 
de masas híbrido de tipo quadrupolo-trampa orbital (Q-Exactive)-MS para la identificación de TPs. Bajo las 
mismas condiciones experimentales que se aplicaron cuando se llevó a cabo la biodegradación del DCF 
(Pérez y Barceló, 2008), la incubación de los NSAIDs análogos estructuralmente al DCF con bacterias 
procedentes de la WWTP, generó una serie de TPs de nitrosación/nitración. De hecho, todos los compuestos 
estudiados confirmaron la formación de TPs de nitrosación/nitración identificada mediante mecanismos 
bióticos. Así, este experimento demostró que el camino de reacción que sigue el DCF bajo condiciones 
nitrificantes en los lodos activados, no es único para este PhAC.

El análisis de las muestras de biodegradación mediante la espectrometría de masas de alta resolución 
permitió la identificación y proponer tentativamente las estructuras químicas de los nuevos TPs observados. 
Se determinaron los perfiles de degradación de todos los compuestos y de sus correspondientes TPs, en 
los diversos reactores y controles. La evaluación de estos perfiles de degradación proporcionó información 
valiosa sobre el comportamiento del DCF y otros compuestos con estructuras análogas en los reactores 
biológicos de las WWTPs. Se observó una cinética de biotransformación del análogo no halogenado del 
DCF, ácido 2-anilinofenilacético, a su nitro-derivado mayor que la correspondiente a la del DCF. Este 
comportamiento se explicó por los efectos estéricos que los dos átomos de cloro de la molécula del DCF 
posiblemente impidan la aproximación enzimática en las reacciones de nitración y nitrosación. 

Mediante la adición del isotopo marcado estable 15NH4-N en el bioreactor, se observó en el espectro 
de masas un incremento de +1 Da en la masa del 15N NO2-DCF marcado isotópicamente, comparado con el 
mismo TP no marcado NO2-DCF. De este modo se pudo confirmar la posición del grupo NO2 en la molécula. 

8.4. Estudio de la presencia y modelización de PhACs en WWTPs y ríos Mediterráneos. 

8.4.1. PhACs en una sección impactada por aguas residuales de WWTPs de un río Mediterráneo 
(Río Llobregat, NE España) y su relación con la variación de las condiciones hidrológicas.

En este estudio se determinaron las concentraciones de PhACs en un tramo seleccionado del 
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río Llobregat y se correlacionaron estos resultados con parámetros hidrológicos del río como el caudal 
y el carbón orgánico disuelto. Se recabó más información acerca del destino de los PhACs en un tramo 
severamente impactado por efluentes de WWTPs de un río típicamente Mediterráneo y se quiso estudiar en 
qué modo éstos se pueden ver afectados por las concentraciones de los PhACs y los principales eventos del 
cambio climático, concretamente las riadas y las sequías. Además, los niveles determinados de PhACs (CX 
para un determinado compuesto X) se relacionaron con los factores hidrológicos como el caudal del río (Q) 
y el carbono orgánico disuelto (del inglés dissolved organic carbon, DOC) y se calcularon las correlaciones 
respectivas r(CX/Q) y r(CX/DOC). Además, se evaluó el impacto de los cambios del caudal y el DOC en la 
concentración de los PhACs en el río mediante el cálculo de coeficientes relativos de sensibilidad s(CX/Q) y 
s(CX/DOC), respectivamente.

Para ello se tomaron muestras de agua fresca del río dos veces por semana durante un periodo de 
cinco semanas en tres puntos de muestreo. La sección estudiada del río Llobregat, que se dividió en tres 
puntos de muestreo localizados entre el tramo superior al tramo inferior en Castellbell i el Vilar, Abrera (ABR) 
y Sant Joan Despí (SJD), está caracterizada por recibir la descarga de aguas residuales de salida de un 
elevado número y diversidad de WWTPs, así como del aporte de diversos afluentes y rivieras tributarias. 

Se analizó una lista inicial de 66 PhACs considerados relevantes (según su elevado consumo) 
pertenecientes a diversos grupos terapéuticos mediante LC-MS/MS. Las muestras de aguas superficiales, 
previamente filtradas a 0,45 µm se pre-concentraron y pre-limpiaron mediante la extracción en fase sólida 
usando cartuchos de balance hidrofílico-lipofílico, dada la variedad de PhACs analizados. Para el posterior 
análisis de los compuestos seleccionados para el estudio en los extractos, se usó un método analítico 
multiresiduo previamente desarrollado y validado por Gros et al (2009) mediante LC-MS/MS (QqLIT) acoplado 
a una fuente de ionización por electroespray trabajando tanto en modo positivo como negativo. El analizador 
de masas trabajó en modo de monitorización por selección de ión. Para la separación cromatográfica se 
usó una columna cromatográfica precedida por una precolumna C18, dada la complejidad de las matrices 
analizadas. 

Se determinaron los niveles de PhACs en aguas superficiales entre los órdenes de ng L-1 y µg L-1. 
Entre los diversos grupos terapéuticos estudiados, los analgésicos y antiinflamatorios fueron las familias de 
PhACs más detectados en el intervalo de 700-1.700 ng L-1 para todos los puntos de muestreo. Del total de 66 
PhACs estudiados, todos fueron detectados en más del 85% de las muestras. Las concentraciones máximas 
detectadas para los compuestos individuales fueron las correspondientes al ibuprofeno, acetaminofén, 
naproxeno, metoprolol, lorazepam, tetraciclina y SMX; que alcanzaron valores superiores a los 500 ng L-1. 

Se observó un incremento de la contaminación de PhACs directamente relacionado con el aumento 
del número de WWTPs distribuidas a lo largo de la sección estudiada, así como el aumento del volumen de 
WWe en las WWTPs más importantes localizadas en el tramo bajo del río. 

Se observaron correlaciones positivas y negativas entre los compuestos objeto de estudio y las 
variables hidrológicas como el caudal del río y el carbono orgánico disuelto. La respuesta de los PhACs al 
caudal del río fue negativa (los valores significativos de r(CX/Q) fueron desde −0,305 para DCF hasta 0,807 
para SMX), básicamente debido a los esperados efectos de dilución. Sólo en pocos casos se observaron 
relaciones positivas entre las concentraciones de los compuestos detectados y el caudal del río, sugiriendo 
la relevancia de los diversos fenómenos hidrológicos tales como los efectos de dilución y la re-suspensión de 
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sedimentos asó como las fuentes de estos contaminantes. La respuesta de los PhACs al DOC fue positiva 
debido a las asociaciones anticipadas de estas substancias al DOC. Estos resultados sugirieron que la 
concentración de los PhACs aumenta con el DOC, lo cual significa también que cuando los valores de DOC 
son elevados, la movilidad de estos compuestos en la fase acuosa aumenta a su vez.

Los análisis de sensibilidad respecto al caudal del río y el carbono orgánico disuelto, mostraron que 
la mayoría de los PhACs estudiados eran sensibles a estas variables hidrológicas. Los PhACs mostraron 
valores de s(CX/Q) en el interval de 0,33 para tetraciclina a −1,43 para lorazepam; mientras que para s(CX/
DOC) los valores variaron desde 0,04 para butalbial hasta 2,40 para ciprofloxacina. En general, la ordenación 
en la sensibilidad a ambos parámetros hidrológicos fue la misma para todos los compuestos. No obstante, 
los PhACs mostraron mayor sensibilidad al DOC con respecto al Q, sugiriendo la importancia de la respuesta 
de estas substancias a la materia orgánica.

8.4.2. Presencia y modelización de PhACs en una sección impactada por aguas residuales de 
WWTPs de un río Mediterráneo y su dinámica bajo condiciones hidrológicas diferentes.

En este estudio, se continuó siguiendo la presencia de PhACs en un tramo seleccionado del río 
Llobregat en el curso bajo del río, donde las concentraciones de PhACs presentaron mayores niveles en el 
estudio anterior. Respecto a la lista anterior de PhACs, se incluyeron 7 PhACs para analizar un total de 73 
compuestos. El principal interés fue estudiar la presencia y el destino de estos contaminantes orgánicos bajo 
condiciones hidrológicas diferentes mediante el muestreo de dos puntos diferenciados del río (ABR y SJD) 
durante diversas estaciones.

Además se establecieron relaciones cuantitativas entre las concentraciones de PhACs detectadas y el 
caudal del río bajo condiciones hidrológicas diferentes. Para este fin, se aplicó un modelo sencillo denominado 
“plug-flow” tal y como propuso Pistocchi et al. (2010), para poder realizar una evaluación cuantitativa sobre 
(a) la carga de cada PhAC generado por el sistema de aguas residuales aguas abajo desde el punto de 
control, y (b) la desaparición general observada en los diferentes compuestos a lo largo del río. 

El seguimiento de PhACs en aguas superficiales se realizó durante un año, en 4 campañas de muestreo 
(periodos de 4-5 semanas cada una y 9-13 muestras por campaña) correspondientes a las cuatro estaciones 
y por tanto, bajo condiciones climáticas y por ende, hidrológicas diferentes. 

El protocolo analítico que se empleó para el análisis de las muestras de aguas superficiales fue el 
mismo que se describió en la sección anterior y que se basó en la extracción en fase sólida “off-line” seguida 
de la LC- MS/MS (QqLIT) (Gros et al., 2009). 

De nuevo, se demostró que los PhACs son microcontaminantes ampliamente extendidos en el río 
Llobregat. De entre los 73 compuestos analizados, 50 se encontraron presentes en todas las muestras 
analizadas. Los niveles detectados de PhACs fueron entre los órdenes del ng L-1 y del µg L-1. Entre los 
diversos grupos terapéuticos estudiados, los analgésicos y antiinflamatorios fueron la familia de PhACs más 
representativa, con frecuencias de detección entre el 67% y el 100% de las muestras y valores medianos 
superiores a los 350 ng L-1 para todos los puntos de muestreo ([200-1.100] ng L-1 en ABR y [200-18.000] 
ng L-1 en SJD). Por lo general, las concentraciones individuales fueron elevadas, entre las decenas y los 
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centenares del orden del ng L-1. Ibuprofeno, acetaminofén y DCF presentaron las mayores concentraciones 
en el intervalo medio-alto de los ng L-1 (100–500 ng L-1). 

Se observó un gradiente de concentración a lo largo de la sección del río estudiada. En promedio, las 
concentraciones menores de PhACs se determinaron en ABR (~2.000 ng L-1), mientras que las máximas se 
observaron en SJD (~16.800 ng L-1). Esta tendencia se explicó por las crecientes cargas de PhACs desde 
las WWTPs que aumentan en número río abajo. 

En cuanto a la variabilidad temporal de los niveles de PhACs, se detectaron niveles máximos durante 
periodos fríos y secos correspondientes a las estaciones de otoño e invierno. Las mayores concentraciones 
totales de PhACs determinadas durante otoño e invierno alcanzaron los 2.000 y 2.500 ng L-1 en ABR y 
35.000 y 12.000 ng L-1 en SJD, respectivamente. En cambio, en primavera y verano, las concentraciones 
totales medidas sólo llegaron a los 1,400 y 1,200 ng L-1 en ABR y niveles similares en ambas estaciones de 
hasta 3.500 ng L-1 en SJD. Los niveles más bajos observados en primavera y verano se explicaron por los 
efectos de dilución debidos a los episodios de lluvias fuertes, elevadas temperaturas y por ende mayores 
grados de eliminación de PhACs en WWTPs; procesos de degradación naturales (fotodegradación debida 
a la radiación solar y/o biodegradación); y la disminución de su consumo humano durante estos periodos.

Se detectaron tres episodios de picos de caudal que proporcionaron información sobre la respuesta 
de los PhACs estudiados a episodios hidrológicos extremos típicos de un río Mediterráneo como es el río 
Llobregat. Para evaluar los factores que influyen en la variabilidad de las concentraciones, se seleccionaron 
14 PhACs considerados relevantes (de acuerdo con las concentraciones elevadas detectadas) y se aplicó 
el modelo “plug-flow” para obtener constantes de desaparición “k” de los PhACs seleccionados. El modelo 
aplicado describió el destino de los PhACs en términos del caudal del río y parámetros específicos del 
compuesto; la emission del PhAC (E), asociada a la carga promedio liberada río arriba y la constante general 
de atenuación (k) interpretada como la atenuación del PhAC a lo largo del tiempo. Los modelos aplicados 
para muchos compuestos mostraron valores mayores de E en SJD, lo cual cabía esperar teniendo en cuenta 
las mayores concentraciones de PhACs en las principales WWTPs que descargan sus WWe en la cuenca.

La eritromicina mostró valores de k de −0,15 h−1 en ambos puntos de muestreo, siendo el compuesto 
que se eliminó de la columna de agua con la máxima eficiencia. Los siguientes PhACs presentaron valores 
de k inferiores; ibuprofeno, furosemida, enrofloxacina, enalapril, acetaminofén, DCF o ketoprofeno que 
fueron entre −0,04 and −0,10 h−1 mostrando menor grado de desaparición de la columna de agua que la 
eritromicina. Sin embargo, otros compuestos mostraron valores de k <0,06, lo cual sugirió el comportamiento 
conservativo de estos compuestos en la columna de agua.

La aproximación del modelo propuesta, demostró ser consistente (por ejemplo los valores de E y k estimados 
para cada compuesto en ambas localizaciones estudiadas, ABR and SJD, fueron similares), y por tanto la 
fiabilidad de los valores calculados de desaparición de estos compuestos en las aguas de los ríos. Además 
se consideró por tanto potencialmente útil para fines de administración a nivel de cuenca o de todo el 
sistema acuático.
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8.4.3. La concentración y el riesgo de los PhACs en los sistemas acuáticos están relacionados 
con la densidad de población y las unidades ganaderas en los ríos Ibéricos.

Con el fin de contrastar los datos de contaminación por PhACs en el Río Llobregat con otras cuencas de la 
península Ibérica, en el presente trabajo se analizó la presencia de PhACs en cuatro cuencas hidrográficas 
representativas: Llobregat, Ebro, Júcar y Guadalquivir. También se evaluaron las distribuciones espaciales 
y temporales en las aguas superficiales y los sedimentos de dichas cuencas. Además se evaluó el riesgo 
ecotoxicológico de la presencia de los PhACs en los sistemas acuáticos puede suponer para los organismos 
acuáticos (concretamente, algas, Dafnia y peces). Para evaluar la ecotoxicidad de una selección de 55 PhACs 
(de los 96 compuestos estudiados en esta tesis) en SW de las cuatro cuencas estudiadas, se estimaron 
valores de TU en base a los datos consultados en la literatura sobre la toxicidad aguda de estos compuestos 
en algas, dafnias y peces para cada punto de muestreo analizado. Por último, tanto las concentraciones de 
PhACs determinadas como su riesgo estimado, se correlacionaron con sus principales fuentes de emisión: el 
consumo humano y animal. Así, se presentó el primer estudio cuantitativo que relaciona la presencia de los 
PhACs y su ecotoxicidad estimada con la densidad de población humana y las unidades ganaderas. Dado 
el gran volumen de datos obtenidos, se aplicaron herramientas estadísticas y quimiométricas desarrolladas 
en R, como por ejemplo análisis ANOVA seguidos de comparaciones; “TukeyHSD pairwise“; escalado 
multidimensional no métrico, del inglés Non-metric Multidimensional Scaling, (NMDS); permanovas, y ANOVA 
basados en la permutación de modelos lineares de efectos mixtos, del inglés linear mixed effect models, 
(LME models). Estas herramientas facilitaron la interpretación de los resultados y evaluar así las tendencias 
generales más importantes de los PhACs estudiados en las cuatro cuencas hidrográficas.

Esta vez se preparó una nueva lista de PhACs (76) considerados relevantes para el estudio de acuerdo 
con su consumo y la literatura consultada sobre su relevancia para el medio ambiente acuático. Se realizaron 
dos campañas de muestreo en años consecutivos a lo largo de las cuatro cuencas hidrográficas en un total 
de 77 puntos de muestreo. En ambos muestreos se tomaron muestras puntuales de aguas superficiales 
(77) y sedimentos (77). Para el análisis cuantitativo de los PhACs objeto de estudio en dichas matrices, 
se siguieron los protocolos analíticos desarrollados y validados previamente (Gros et al., 2012; Jelic et al., 
2009). La extracción de las muestras de aguas superficiales, previamente filtradas a 0,45 µm, se realizó 
mediante la extracción en fase sólida utilizando un material sorbente de tipo balance hidrofílico-lipofílico 
dada la variedad de los 76 PhACs analizados. Respecto a los sedimentos, la extracción de los analitos 
se llevó a cabo mediante la técnica de líquidos presurizados seguida de la etapa de purificación mediante 
extracción en fase sólida utilizando un material sorbente de tipo balance hidrofílico-lipofílico. El análisis de 
los extractos se realizó mediante LC-MS/MS (QqLIT) acoplado a una fuente de ionización por electroespray 
trabajando tanto en modo positivo como negativo. El analizador de masas trabajó en modo de monitorización 
por selección de reacción. Para la separación cromatográfica se usó una columna cromatográfica precedida 
por una precolumna C18, dada la complejidad de las matrices analizadas. 

Se demostró que los PhACs son microcontaminantes ampliamente distribuidos y pseudo-persistentes 
en el medio ambiente acuático Ibérico. Se detectaron niveles de PhACs del orden del bajo a alto ng L-1 en 
SW y del nivel de pocos ng g-1 en sedimentos. Alrededor del 60% de los compuestos estudiados estaba 
presente en al menos la mitad de las muestra de SW y sedimentos analizadas en ambas campañas de 
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muestreo. El 22% y el 18% de compuestos fueron detectados en todas las muestras de SW y sedimentos.

Los PhACs se detectaron con la mayor frecuencia en las SW del río Llobregat, seguidos del Ebro, 
Júcar y Guadalquivir. Los niveles más elevados de PhACs se detectaron en la cuenca del Llobregat, seguida 
del Ebro, el Guadalquivir y el Júcar. 

El grupo terapéutico detectado con mayor frecuencia y concentración fueron los analgésicos y 
antiinflamatorios, seguidos de los antibióticos, los diuréticos y los PhACs de tratamiento psiquiátrico. En SW 
los analgésicos y antiinflamatorios fueron el grupo más relevante. Entre ellos, ibuprofeno y DCF fueron de 
los más concentrados en las cuatro cuencas hidrográficas presentando los siguientes niveles: 37 y 31 ng L−1 

en Llobregat; 37 y 14 ng L−1 en Ebro; 3 y 8 ng L−1 en Guadalquivir y 2 y 3 en ng L−1 Júcar. En los sedimentos, 
los antibióticos mostraron las mayores concentraciones. Estos niveles se detectaron en el mismo orden 
de magnitud en todas las cuencas (43 ng g−1 como promedio). No obstante, los niveles de analgésicos y 
antiinflamatorios determinados en sedimentos se acercaron a los observados para los antibióticos. Estas 
concentraciones fueron ligeramente diferentes entre las cuencas (19 ng g−1 en Llobregat, 15 ng g−1 en Ebro, 
27 ng g−1 en Júcar y 18 ng g−1 en Guadalquivir). 

El gradiente de concentración de PhACs que se observó previamente en una sección del río Llobregat 
impactada por descargas de WWe (Osorio et al., 2012a; 2012b), se confirmó en el presente estudio para toda 
la cuenca. Sin embargo, para el resto de cuencas no se observó ninguna tendencia clara de contaminación.

Respecto a los compuestos individuales, la hidroclorotiazida y el gemfibrozilo, así como la azitromicina 
y el ibuprofeno fueron los PhACs más ubicuos y concentrados en SW y sedimentos, respectivamente. 

El riesgo ecotoxicológico promedio de los PhACs en los organismos acuáticos fue más relevante 
en el Llobregat (2.50E − 04), seguida de cerca del Ebro (2.28E − 04) y el Guadalquivir (6.35E−05) y Júcar 
(3.97E−05). Del mismo modo que se observó para las concentraciones de PhACs, el riesgo potencial de 
estos compuestos en los organismos acuáticos fue en aumento río debajo de la cuenca del Llobregat, aunque 
no se pudo observar una clara tendencia en el resto de cuencas. Los compuestos que contribuyeron con un 
mínimo del 5% a la toxicidad total estimada fueron sertralina, eritromicina, losartan y dimetridazol, con valores 
del 22, 20, 11 y 6%, repectivamente, considerando TUs en algas para SW. Considerando Tus estimadas para 
dafnias, se encontraron de nuevo 4 PhACs que alcanzaron el mínimo del 5%: sertralina (29%), gemfibrozilo 
(12%), loratidina (10%) and fluoxetina (5%). Para Tus estimadas en peces, gemfibrozilo fue el PhAC que más 
contribuyó a la toxicidad total estimada en SW con un 43% de promedio. Sertralina (11%), loratidina (10%) y 
azitromicina (6%) también mostraron toxicidades totales estimadas por encima del 5% del total del TU de la 
muestra. A pesar de que la presencia de los PhACs no supuso ningún riesgo ecotoxicológico estimado para 
los organismos acuáticos estudiados expuestos a corto plazo, sí que se observaron TUs en el límite de los 
considerados efectos crónicos. Respecto a los compuestos individuales, sertralina, gemfibrozilo y loratidina 
fueron identificados como los compuestos más relevantes en términos de riesgo ecotoxicológico y por tanto 
los que merecen especial atención en futuras evaluaciones de las contaminaciones de PhACs en las cuencas 
hidrográficas. La extensa cantidad de datos presentada sobre la estimación del riesgo ecotoxicológico de 
los PhACs en organismos acuáticos no-diana, así como la computación de las contribuciones relativas a la 
toxicidad total de una determinada muestra, proporcionaron información valiosa para futuros ejercicios de 
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priorización para la realización de ERA en cuencas hidrográficas Españolas. 

Se encontraron relaciones positivas significativas entre la presencia y la toxicidad de los PhACs y la 
densidad de población humana y las unidades ganaderas., respondiendo así a las presiones antropogénicas 
en las cuencas. 

8.5. Riesgo de los PhACs en los ecosistemas acuáticos.

8.5.1. Investigando la formación y la toxicidad de productos de transformación microbiana 
de DCF y SMX en WWTPs.

En esta tesis se ha desarrollado y validado un novedoso modelo analítico multi-residuo, basado 
en SPE-LC-MS/MS offline, para la determinación simultanea de DCF, SMX y cuatro TPs de nitrificación/
desnitrificación (NO2-DCF, NO-DCF, NO2-SMX and Des-SMX) en WWi, WWe y SW.

El método analítico desarrollado se aplicó para profundizar en el conocimiento del destino de los PhACs 
frecuentemente detectados en WWTPs y SW, el antiinflamtorio no esteroideo DCF y el antibiótico SMX y la 
posible formación de sus correspondientes TPs en WWi y de WWe de diversas WWTPs de Cataluña que 
operan bajo el tratamiento NAS. Para ello, se determinó la presencia de los derivados microbianos del DCF 
y del SMX en muestras de WW tomadas de diversas WWTPs y SW del río Llobregat que reciben WWe de 
las mismas WWTPs. También se investigó la relación entre los niveles de las especies de nitrógeno (NO2

--N 
and NO3

--N) involucradas en los procesos de nitrificación y denitrificación y los TPs detectados en las WW.

 Además, se contribuyó al conocimiento del riesgo potencial ecotoxicológico que suponen estos TPs 
del DCF y el SMX para los ecosistemas acuáticos mediante la medida de la toxicidad aguda individual 
y combinada en Dafnia magna y Vibrio fischeri. Se amplió y aplicó un método de análisis previamente 
desarrollado y validado para el DCF y sus TPs (ver sección 8.3.1) para el análisis adicional de SMX y 
sus TPs, basado en extracción en fase sólida “off-line” seguida de LC-MS/MS (QqLIT), con una fuente de 
ionización de electroespray trabajando en ambos modos positivo y negativo.

En las WWi se detectaron los TPs NO2-DCF, NO-DCF y NO2-SMX con frecuencias del 43%, 14% y 
43%, respectivamente. En cambio, en las WWe se detectaron todos los TPs analizados y la frecuencia de 
detección fue más elevada: NO2-DCF 71%, NO-DCF 100%, NO2-SMX 57% y Des-SMX 14%. El DCF y el 
SMX se detectaron en WW y en SW en respectivas concentraciones de [500-1000] ng L-1 y [50-1000] ng L-1, 
respectivamente. Sus TPs se detectaron por primera vez en ambas WW y SW en concentraciones un orden 
de magnitud inferiores a las correspondientes a sus compuestos padre. Los TPs del DCF NO2-DCF y NO-
DCF se detectaron en los siguientes intervalos de concentración en WWi [<MQL- 7,1] ng L-1 y 8,64 ng L-1 (NO-
DCF se detectó solo en una muestra de WWi); mientras que para WWe se detectaron en los intervalos [4- 
4,9] ng L-1 y [1.1- 7,8] ng L-1.En cuanto a SMX, los niveles de NO2-SMX y Des-SMX detectados en WWi, WWe 
y SW variaron en el intervalo entre 8 y 36 ng L−1. A nuestro entender este es el primer estudio que describe 
la presencia de TPs de nitrificación/desnitrificacion de DCF i SMX en WWe y SW en ríos impactados por 
entradas de WWTPs.
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 Las relaciones que se observaron entre los niveles del NO-DCF, NO2-DCF, las especies de nitrógeno 
determinadas en los WWe, el HRT y el SRT de las WWTPs; sugirió tentativamente que los procesos de 
nitrificación y denitrificación están involucrados en la nitración y nitrosación del DCF durante el tratamiento 
biológico de las WW. Por lo tanto, sería interesante incluir estos TPs en los estudios de monitoreo ambiental 
como información complementaria para entender la ocurrencia, el destino y el comportamiento del DCF y 
SMX en el medio ambiente acuático.

En general, la toxicidad aguda de los TPs en D. magna y V. fischeri fueron menores que las 
correspondientes a sus compuestos padre. Sin embargo, NO2-DCF, Des-SMX y NO2-SMX se mostraron 
ligeramente más tóxicos en V. fischeri que sus precursores DCF y SMX. No obstante, los valores de LOEC 
fueron en todos los casos de varios órdenes mayores que las concentraciones encontradas en el medio 
ambiente acuático. Por lo tanto, los efectos observados en D. magna y V. fischeri que mostraron tanto DCF y 
SMX como sus TPs por separado resultaron no ser tóxicos. Sin embargo, se observaron efectos sinérgicos 
en mezclas binarias de DCF, SMX, NO-DCF y otros compuestos de relevancia medio ambiental (nonilfenol, 
diurón, malatión, glifosato y triclosan). Estas observaciones indicaron la necesidad de llevar a cabo más 
evaluaciones sobre los efectos combinados de mezclas de contaminantes. En todos los casos, a pesar de 
que NO-DCF no mostró toxicidad aguda alguna, en determinadas concentraciones puede aumentar los 
efectos de otros contaminantes tóxicos presentes en los mismos compartimentos medioambientales. Estos 
resultados evidenciaron la carencia de conocimiento de los efectos combinados de las mezclas complejas, 
en especial considerando la presencia de TPs.

8.5.2. La variabilidad hidrológica regula los niveles de PhACs y la respuesta de los biofilms en 
un río Mediterráneo.

En este trabajo se enfocó el interés en la evaluación del impacto de las fluctuaciones de concentraciones 
de PhACs y las condiciones variables de caudal del río en la estructura y funcionamiento de los biofilms 
bénticas fluviales con la finalidad de comprender la influencia relativa de la hidrología y la presencia de 
PhACs en las comunidades biológicas del río. Para ello, se llevaron experimentos de translocación de 
biofilms desde un punto del río menos contaminado (ABR) a otro más contaminado (SJD) durante dos 
periodos caracterizados por condiciones hidrológicas diferentes. Con esto se propuso probar la hipótesis de 
que los descriptores químicos y biológicos podrían responder a las fluctuaciones de condiciones de caudal, 
los PhACs influyendo más en condiciones de caudal de base del río que después de un episodio de riada.

Esta conjetura se fundamentó en la elevada sensibilidad que han mostrado los biofilms a los compuestos 
bioactivos así como a los factores medioambientales. Además, se emplearon biofilms translocados para 
enfatizar esta sensibilidad. Así pues, en este trabajo se evaluaron los efectos de la fluctuación del caudal y 
de las concentraciones de PhACs del río y su relación con los parámetros celulares de los biofilms. 

Para ello, en dos puntos de muestreo seleccionados en el curso bajo del río Llobregat (ABR y SJD) 
se tomaron muestras de agua dos veces por semana durante dos campañas de muestreo que duraron 4-5 
semanas cada una y durante las que se produjeron condiciones hidrológicas diversas de caudal alto y bajo. 



Chapter 8. Resumen

357

Se determinaron niveles elevados de PhACs que siguieron un gradiente de contaminación entre ABR 
y SJD. Al margen del régimen hidrológico, los analgésicos y antiinflamatorios y los reguladores de lípidos 
fueron los grupos terapéuticos más abundantes en ambos puntos de muestreo, presentes en concentraciones 
totales de hasta 1.000 ng L-1 y 550 ng L-1 en ABR y SJD, respectivamente. Los antibióticos fluoroquinolonas 
y las drogas de tratamiento psiquiátrico también se detectaron a altas concentraciones llegando a presentar 
niveles totales de hasta 500 ng L-1. 

El análisis por componentes principales realizado para las concentraciones de PhACs medidas en las 
dos campañas y en los dos puntos de muestreo, reveló diferencias entre los diversos grupos terapéuticos 
que dependían del lugar y el periodo de muestreo. Tras un episodio súbito de riada, que ocurrió durante la 
segunda campaña de muestreo, se diluyeron las concentraciones de los PhACs, pero el promedio de las 
concentraciones medidas antes de la riada se restableció en dos semanas. 

Para la mayoría de los compuestos, las concentraciones de PhACs mostraron una relación inversa 
con el caudal del río. Se evaluaron los efectos de la presencia de los PhACs de las aguas a las que se 
encontraban expuestos los biofilms y se relacionaron con las fluctuaciones del caudal.

 Las translocaciones de las comunidades de biofilms desde el punto menos contaminado al más 
contaminado, demostraron un aumento de la mortalidad de las bacterias en los biofilms translocados. 
Después del episodio de riada, la actividad extracelular de la peptidasa y la concentración de clorofila-a se 
redujeron significativamente y la tasa de crecimiento de los biofilms fue significativamente más baja. Los 
experimentos de exposición de biofilms fluviales preparados en mesocosmos a SW influenciadas por WWe 
del río Llobregat y las relaciones establecidas entre los cambios observados en los descriptores de los y las 
concentraciones medidas de PhACs, llevaron a varias conjeturas:

(i) Los efectos observados y sus relaciones con los PhACs individuales, variaron a entre las diferentes 
comunidades microbiológicas adheridas a los biofilms.

(ii) El desarrollo y funcionamiento de los biofilms expuestos a PhACs varió bajo condiciones 
hidrológicas diferentes.

(iii) La respuesta biótica a los dos principales estresores estudiados, la contaminación de PhACs y 
la hidrología, varió entre los diferentes compartimentos del biofilm examinados (fotoautrófos y 
bacterias).

(iv) Las diferencias observadas en las concentraciones de PhACs y en la respuesta de los biofilms 
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a los cambios de caudal en el río indicaron la importancia de la hidrología cuando se estudia la 
conservación de los ríos en las cuencas Mediterráneas.

(v) El episodio de riada súbita que se registró a lo largo del estudio, jugó un papel importante en el 
desarrollo de los biofilms. No obstante, los efectos negativos potenciales de los antibióticos en 
las comunidades de bacterias se mantuvieron iguales bajo condiciones hidrológicas diferentes.

8.6. Discusión general

En general, en esta tesis se ha mostrado que los PhACs son microcontaminantes ampliamente 
distribuidos en el medio ambiente acuático y que pueden ser tóxicos para los ecosistemas acuáticos.

8.6.1. Análisis e identificación de los PhACs y sus TPs en WWTPs y SW receptoras

El método desarrollado basado en SPE seguida de LC-(ESI)-MS/MS para el análisis de DCF y SMX, 
sus principales metabolitos humanos y sus TPs de nitrificación/denitrificación en WW y SW, permitió la 
determinación de DCF, sus metabolitos humanos 4’-OH-DCF, 5-OH-DCF, 4’,5-diOH-DCF, 5-OHD-DCF y 
DCF-gluc) y sus TPs NO-DCF y NO2-DCF en WWi y WWe (Osorio et al., 2014b). Los metabolitos humanos 
se encontraron a elevadas concentraciones en WWi comparadas con las correspondientes a WWe, lo cual 
se también observaron Larsson et al. (2014) para los principales metabolitos 4’-OH-DCF y 5-OH-DCF. 
También se observó que DCF no se continúa metabolizando microbiológicamente a estos compuestos 
durante el tratamiento CAS, o al menos que las posibles transformaciones posteriores de los metabolitos 
se dan a mayor velocidad con respecto a la formación de los mismos en el reactor biológico. En cuanto a la 
biotransformación del DCF en WWTPs, los nitroso/nitro TPs se detectaron y cuantificaron por primera vez 
en la prsente tesis.

Después, se dirigió la atención a los TPs de los PhACs formados surante los procesos de nitrificación/
denitrificación que se dan durante el tratamiento NAS en las WWTPs. SMX y sus derivados de nitrificación/
denitrificación (NO2-SMX and Des-SMX) también se detectaron en WW y SW (Osorio et al., submitted). 
El estudio dio nuevos e interesantes descubrimientos: (i) NO2-SMX y Des-SMX previamente identificados 
por Nödler et al. (2012) en GW se pudieron determiner en WW y SW; y (ii) los TPs de nitrosación/nitración 
del DCF se encontraron presentes en SW. Considerando los descubrimientos de Chiron et al. (2010) que 
investigó sobre la nitrosación del acetaminofén, se formuló la hipótesis que las especies radicales de NO· 
generadas durante los procesos de nitrificación/denitrificación posiblemente estén implicadas en la formación 
de los TPs de DCF y SMX. Las relaciones observadas entre los niveles de TPs de nitrificación/denitrificación 
del DCF y el SMX y algunos parámetros operacionales como HRT y SRT, respaldan la hipótesis inicial sobre 
la implicación de las especies radicales de NO· en la formación de estos derivados. Además, los niveles de 
TPs de nitrificación/denitrificación detectados en WWi y SW llevaron a considerar que la biotransformación 
del DCF y el SMX mediada por la comunidad microbiana de los lodos activados, se puede dar también 
en el sistema colector de las WW urbanas. De hecho, Jelić et al. (2015) demostraron la transformación 
microbiana dentro del sistema colector de WW. Por ejemplo, los autores observaron un acusado descenso 
de las concentraciones (25-60%) de diltiazem, citalopram, claritromicina, bezafibrato y amlodipina durante su 
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paso a través del sistema. Además, los autores calcularon eliminaciones negativas para SMX (-66±15%) y 
irbesartán (-58±25%), las cuales se explicaron por la reconversión de los TPs conjugados a sus compuestos 
padre a lo largo del sistema colector. Otra explicación podría ser la formación de estos TPs mediante el 
metabolismo de DCF y SMX, su entrada en las WWTPs mediante la excreción humana y su emisión a las 
SW receptoras debido a su eliminación ineficiente en la WWTP. Por ejemplo, NO2-SMX se consideró un 
metabolito minoritario de SMX (Bonvin et al., 2012). Por lo tanto, se deberían llevar a cabo más estudios para 
esclarecer la fuente de estos derivados.

Con esto en mente, se decidió recabar más información acerca de los mecanismos de biotransformación 
de compuestos relacionados con el DCF bajo condiciones de tratamiento NAS en WWTPs (Osorio et 
al. submitted). Por lo tanto, se llevaron a cabo experimentos de biodegradación en reactores a escala 
laboratorio con licor mixto NAS de WWTP. Los compuestos de estudio fueron DCF y otros NSAIDs con 
estructuras químicas análogas a la del DCF. De estos experimentos se observó que no se formaban TPs 
en los reactores control abióticos, lo cual sugirió que una reacción biótica es la responsable de la formación 
de los TPs de nitrosación/nitración. Dado que el crecimiento de las AOB en los reactores estaba favorecido 
bajo condiciones de elevada concentración de amonio (pH controlado), se conjeturó que la nitrosación/
nitración de los TPs se origina con la oxidación de NH3 por AOB. Con el fin de demostrar esta hipótesis, 
se adicionó 15NH4-N marcado isotópicamente a los reactores con DCF. Como se esperaba, se observó un 
cambio de masa de +1 Da debido a la incorporación de los grupos 15NO y 15NO2 en la molécula de DCF. 
Respecto a la biodegradación de los NSAIDs relacionados (i.e. ácido meclofenámico, ácido mefenámico, 
ácido tolfenámico y ácido flufenámico), este estudió documentó la primera evidencia de TPs de nitrosación/
nitración de otros PhACs. Los grados de biotransformación de los compuestos padre y sus derivados fueron 
generalmente bajos, probablemente debido a los impedimentos estéricos o a la poca cantidad de biomasa 
microbiana. Bastantes estudios evaluaron los efectos de las condiciones de operación en las WWTPs (e.g. 
SRT, cantidad de AOB, concentración de contaminantes) en los lodos activados y/o las eliminaciones de 
microcontaminantes en las WWTPs (e.g. Suárez et al., 2010; Fernández-Fontaina et al., 2012). Tras el estudio 
de Pérez y Barceló (2008), pocos fueron los trabajos que trataron de entender los procesos subyacentes 
microbianos involucrados en las reacciones de biotransformación que tienen lugar en las WWTPs (Chiron 
et al., 2010; Helbling et al., 2012; Tran et al., 2012). Las lecciones aprendidas de estos trabajos son que los 
PhACs se pueden biotransformar mediante el metabolismo de los microbios heterotrófos o el co-metabolismo 
mediante AOB o AOA; y que AOB están involucradas en la generación de radicales NO radicales durante los 
procesos de nitrificación y denitrificación. La elucidación completa del mecanismo de reacción del proceso 
de biotransformación por mediación microbiana de DCF y sus compuestos relacionados a nitro y nitroso 
TPs, no se consiguó. Por lo tanto, las investigaciones futuras llevadas por el grupo de la Dra. Sandra Pérez  
deberían enfocarse en: (i) el estudio de los mecanismos de reacción de las especies reactivas de nitrógeno 
y la incorporación de los grupos NO y NO2 en la molécula; (ii) la caracterización de la diversidad y actividad 
de la comunidad microbiana de los lodos activados; y (iii) los efectos de la variación de los parámetros de 
operación de las WWTPs.

Es interesante ver como los TPs por ellos mismos pueden experimentar siguientes transformaciones. 
Por ejemplo, Stadler et al. (2012) demostraron la rotura de los glucurónidos y los sulfatos para dar lugar a 
su compuesto padre. Desafortunadamente, este fenómeno no se pudo confirmar cuando se determinaron 
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niveles de DCF y su glucurónido en WWi y WWe (Osorio et al., 2014b), porque no se implementaron los 
requerimientos necesarios en el muestreo para llevar a cabo la evaluación de eliminaciones. Sin embargo, se 
observó la conversión de los nitro TPs del DCF y el SMX (NO2-DCF y NO2-SMX) en sistemas suelo-acuífero 
bajo condiciones denitrificantes (Barbieri et al., 2012). Este trabajo se llevó a cabo en colaboración con 
Manuela Barbieri (IDAEA-CSIC), por lo que la publicación correspondiente no se ha incluido en esta tesis. 
Brevemente, los autores investigaron los mecanismos de eliminación del DCF y SMX en procesos suelo-
acuífero que tienen lugar durante la recarga artificial de GW. Se llevaron a cabo experimentos en material 
de acuífero fortificados con DCF y SMX en concentraciones medioambientales. La formación biótica de nitro 
derivados de DCF y SMX (los mismos nitro derivados identificados en los reactores con lodos activados 
estudiados en la presente tesis) que se observó, se relacionó con la presencia de nitritos generados durante 
la denitrificación. No obstante, no se pudo describir el mecanismo de biotransformación del DCF y SMX ni 
en qué modo estaban involucrados los nitritos. Como dato de interés, estos nitro-TPs se reconviertieron en 
sus compuestos padre, lo cual ya se había observado para SMX durante la denitrificación abiótica (Nödler 
et al., 2012).

En esta tesis también se contribuyó al entendimiento de los caminos de degradación que pueden 
seguir los PhACs bajo los tratamientos AOP. En el marco de la colaboración científica con Despo Fatta-
Kassinos e Irene Michael (Universdad de Chipre) se llevó a cabo la elucidación de TPs de ibuprofeno, 
DCF y trimetoprima generados durante la aplicación del tratamiento foto-fenton solar, fotocatálisis con TiO2 

mediante UV-A o irradiación solar simulada, sonólisis, y fotocatálisis integrada con irradiación de ultrasonidos 
(sonofotocatálisis) en varias matrices en experimentos a escala piloto (Michael et al., 2012; Michael et al., 
2014). Brevemente, 21, 7 y 10 TPs de trimetorpima, ibuprofeno y DCF respectivamente, fueron identificados 
y atribuidos al ataque consecutivo de radicales hidroxilo (HO•) junto con la degradación de los compuestos 
primarios. Se propusieron sus mecanismos de degradación: (i) trimethoprima se transformó mediante 
hidroxilación, demetilación y reacciones de rotura; (ii) ibuprofeno experimentó principalmente reacciones 
de decarboxilación, demetilación e hidroxilación; y (iii) la oxidación de DCF se produjo mediante reacciones 
de oxidación e hidroxilación. La poca mineralización de estos compuestos junto con su elevado grado de 
transformación y la presencia de algunos TPs hidroxilados recalcitrantes; evidenció que es necesario llevar 
a cabo más investigaciones antes de implementar AOPs en WWTPs.

Además, otros estudios (Zwiener et al., 2002; Hernández et al., 2011; Moussa et al., 2012) documentaron 
la elucidación de nuevos TPs con estructuras similares a metabolitos humanos conocidos (1-OH-ibuprofen 
and carboxy-ibuprofen; 14-OH-clarithromycin; 4’-OH-DCF and 5-OH-DCF, respectivamente). Como dato de 
interés, NO2-SMX también se identificó entre los TPs de SMX formados tras la aplicación de un ATT basado 
en reacciones de radicales sulfato (Ahmed et al., 2012). Estos descubrimientos sugieren que se los diversos 
procesos que tienen lugar en el medio ambiente acuático pueden estar involucrados en la transformación 



Chapter 8. Resumen

361

de los PhACs.

De las observaciones de esta tesis, se puede señalar que existe una necesidad de incluir TPs en 
los estudios de seguimiento de los PhACs con el fin de mejorar el entendimiento del destino de estos 
compuestos en el medio ambiente acuático. 

8.6.2. Presencia de PhACs y sus TPs y su destino temporal y espacial a lo largo de las WWTPs 
y las cuencas hidrográficas Ibéricas 

Respecto a los niveles de PhACs documentados para WW y SW (Osorio et al., 2014a; Osorio et 
al. submitted), las concentraciones de DCF fueron similares en su camino desde la entrada a WWTPs, 
su emisión en las WWe y su llegada a las SW receptoras; mientras que para SMX fueron disminuyendo 
gradualmente. A pesar de que se ha probado que el tratamiento de WW resulta eficiente para eliminar 
ciertos PhACs, las concentraciones emitidas de PhACs y sus TPs recalcitrantes son todavía un tema de 
preocupación para los ecosistemas de aguas naturales receptores.

Con el propósito de ampliar el conocimiento de la presencia de PhACs (hasta 96) en el medio ambiente 
acuático, se llevaron a cabo estudios de seguimiento a lo largo de cuencas hidrográficas Ibéricas (Osorio 
et al 2012a,b; 2014a; 2015). Con respecto a la presencia de grupos terapéuticos en SW, los analgésicos 
y los antiinflamatorios fueron sin duda los más ubicuos y abundantes. En el caso de los sedimentos, su 
predominancia fue compartida con los antibióticos. Otras familias relevantes en SW fueron los antibióticos, 
reguladores de lípidos y colesterol y los antihipertensivos; mientras que las drogas de tratamiento psiquiátrico 
y los diuréticos fueron igualmente ubicuos en ambos SW y sedimentos.

Respecto a los compuestos individuales, aquellos detectados en mayores concentraciones fueron: 
ibuprofeno, DCF, naproxeno, indometacina, ketoprofeno, acetaminofén, iopromida, carbamazepina, 
lorazepam, gemfibrozilo, bezafibrato, valsartán, irbesartán, losartán, hidroclorotiazida, furosemida, 
atenolol, tetraciclina, ofloxacina, tiabendazol y metronidazol. Respecto a los sedimentos, los compuestos 
en concentraciones más elevadas fueron: sertralina, ketoprofeno, hidroclorotiazida, tetraciclina, codeína, 
ibuprofeno, claritromicina y azitromicina. Los más ubícuos fueron: hidroclorotiazida, gemfibrozilo, ibuprofeno 
y azitromizina en SW y sedimentos en concentraciones relativamente similares. Estas observaciones están 
de acuerdo con aquellas documentadas por Carmona et al. (2014) pero no con las de Löffer et al. (2005), quien 
observó que el ibuprofeno no mostraba una afinidad significativa por el sedimento debido a sus propiedades 
físicoquimicas (ver table A.1 en annex). Estas observaciones reflejan lo complicados que pueden resultar 
los procesos de distribución de los PhACs entre las fases SW-sedimento. Además, esto también revela que 
la partición de los PhACs en el compartimento acuático no sólo depende de sus propiedades físicoquímicas 
como la solubilidad, sino que también depende de las condiciones del sistema acuático, concretamente: (i) 
la físicoquimica, como el pH y la composición del SPM; (ii) la hidrología incluyendo el régimen del caudal del 
río; y (iii) la morfología, como la topografía de los sedimentos en el fondo del río.
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La distribución espacial y temporal observada para los PhACs estudiados a lo largo de las cuencas 
hidrográficas puede ser la consecuencia de diversos factores o bien una combinación de ellos, concretamente: 
(i) elevados patrones de consumo humano y animal; (ii) elevados porcentajes de excreción de drogas no 
metabolizadas; (iii) descarga directa de PhACs al sistema colector de WW, (iv) bajas tasas de eliminación en 
WWTPs; (v) re-transformación de los TPs al compuesto activo; y (vi) atenuación natural en ríos.

En la presente tesis se evaluaron las relaciones entre los niveles de PhACs determinadas en SW 
y sedimentos por una parte con la densidad de población y por otra parte con las unidades ganaderas en 
las cuatro cuencas hidrográficas estudiadas. De modo similar, un estudio reciente llevado a cabo en SW 
en Taiwan, correlacionó la distribución espacial de los PhACs con las principales fuentes de aporte (por 
ejemplo, doméstica por el uso humano, antibióticos por el uso animal y en hospitales) en los ríos (Jiang et 
al., 2015). Sin embargo, la relación entre el perfil de los PhACs y las presiones humana/animal de las áreas 
estudiadas fueron meramente descriptivas (Jiang et al., 2015), mientras que las relaciones entre los niveles 
de Pacas y la densidad de población y unidades ganaderas evaluadas en esta tesis fueron cuantitativas y 
específicas de cada localización (Osorio et al., 2015). 

Además, en la presente tesis se demostraron correlaciones positivas significativas entre la densidad 
de población humana y unidades ganaderas y la concentración de los PhACs detectados en SW y 
sedimentos (Osorio et al., 2015). Aun así, esta relación no fue proporcional lo cual evidenció que otros 
factores antropogénicos y naturales pueden influenciar en la variabilidad de los niveles de PhACs en el medio 
ambiente acuático. Por ejemplo, tras haber documentado un gradiente de concentración de PhACs en el río 
Llobregat, que se incrementó con el número de WWTPs distribuídas río abajo (Osorio et al., 2012a; 2012b; 
2015), se consideraron las WWe como la principal fuente de emisión de PhACs a las SW y la principal causa 
de este gradiente de contaminación. De hecho, esta asunción se ha confirmado recientemente en regiones 
altamente urbanizadas de China (Wang et al., 2015). En este estudio, la aplicación de PCA a niveles de 34 
PhACs determinados en diversas muestras de río y WWe reveló la contribución de las WWTPs distribuidas 
a lo largo de los ríos estudiados a la contaminación observada en sus SW.

Estas observaciones, ponen de manifiesto que en las cuencas hidrográficas caracterizadas por una 
elevada presión antropogénica, como es el caso del río Llobregat, los esperados efectos de atenuación 
natural de PhACs a lo largo del curso del río pueden ser contrarrestados por la entrada continua de 
estas substancias a través de las descargas de WWe. Por otra parte, algunos compuestos (por ejemplo, 
hidroclorotiazida, gemfibrozilo, norfloxacina y DCF) se comportaron de modo opuesto, con concentraciones 
que disminuyeron río abajo (Osorio et al., 2012b). Además, no fue posible describir ninguna tendencia clara 
para el comportamiento de los PhACs a lo largo del resto de cuencas estudiadas (Osorio et al., 2015). Estos 
descubrimientos evidenciaron la complejidad de los factores que afectan el comportamiento variable de los 
Pacas en el medio ambiente acuático.

Entre éstos, los procesos naturales de biodegradación y fotodegradación pueden jugar un papel 
clave en la atenuación de los PhACs en el río. Se ha demostrado que la actividad de los microorganismos 
en la interfaz agua-sedimento de los sedimentos del fondo del río es relevante para la biodegradación de 
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los PhACs (e.g. Li et al; 2015). Por ejemplo, se estudió el destino de 19 PhACs en experimentos a escala 
laboratorio reproduciendo la zona hiporhéica (i.e. la región por debajo y a lo largo del sedimento del fondo) 
(Li et al., 2015). Se document la persistencia de los PhACs entre fácilmente degradable (DT50 = 1.8 días 
(por ejemplo acetaminofén, ibuprofeno) y no degradable (clorotalidona, y fluconazol). Además, los autores 
identificaron 11 TPs (incluyendo carbamazepina- 10, 11-epóxido, ácido metoprolol) (Li et al., 2015). Los 
procesos naturales de fotodegradación de PhACs han sido ampliamente investigados (Schulze et al., 2010; 
Gonçalves et al., 2011; Bonvin et al., 2012; Zonja et al., 2015). En colaboración con Carlos Gonçalves (IAREN-
Universidad de Porto), se evaluaron los caminos y grados de fotodegradación de los antivirales oseltamivir 
ester y oseltamivir carboxilato (Tamiflu) bajo radiación solar artificial y natural (Gonçalves et al., 2011). Se 
probó que la radiación solar simulada a escala laboratorio es capaz de fotodegradar oseltamivir ester y 
oseltamivir carboxilato en 15 y 150 días, respectivamente. Sin embargo, los foto-TPs identificados fueron 
más recalcitrantes a la siguiente fotodegradación que sus compuestos padre. Es interesante mencionar que 
se demostró la ocurrencia de este proceso natural en el campo, ya que las vidas medias de algunos TPs se 
pudieron detectar en el río Ebro.

Otro factor clave en la atenuación es el efecto de dilución el cual depende del caudal del río y de los 
usos antropogénicos del agua. Por ello, uno de los objetivos de esta tesis fue determinar en qué grado los 
niveles de PhACs están relacionados con el caudal del río e identificar qué compuestos eran más sensibles 
a los efectos de dilución bajo diferentes regímenes de caudal. Para ello, se evaluaron las correlaciones entre 
las concentraciones medidas de PhAC y el caudal registrado en el río Llobregat a lo largo de cuatro campañas 
de muestreo de un mes de duración cada una (9-13 muestras) (Osorio et al., 2012a; 2012b). Los resultados 
permitieron clasificar los compuestos seleccionados para el estudio (66 y 18, respectivamente de los 96 
PhACs estudiados en esta tesis) en tres categorías de acuerdo con la correlación de las concentraciones 
con el caudal del río: (i) positivamente relacionadas y por tanto no afectadas por los efectos de dilución 
(sólo acetaminofén); (ii) negativamente relacionadas y por tanto afectadas por los efectos de dilución (por 
ejemplo SMX); y (ii) positivamente y negativamente relacionadas dependiendo de la localización y por lo 
tanto relacionados a otros factores adicionales de igual modo (por ejemplo DCF). Además, se clasificaron 
los PhACs de acuerdo con su sensibilidad al caudal del río, lo cual permitió identificar aquellos compuestos 
que son más sensibles a los efectos de dilución (enrofloxacina < furosemida < ibuprofeno < fluoxetina < SMX 
<propilfenazona < eritromicina). Además, se examinó la importancia del DOC como un factor influyente en el 
comportamiento de los PhACs en los ríos. Para ello, se evaluaron las relaciones entre las concentraciones 
de los compuestos y el DOC en SW del río Llobregat (Osorio et al., 2012a). Se observaron correlaciones 
positivas medioambientalmente aceptables entre las concentraciones de PhACs y el DOC para la mayoría 
de los compuestos estudiados. Además, los PhACs se mostraron más sensibles al DOC, comparados con la 
sensibilidad al caudal del río observada previamente. Estas observaciones eran en realidad esperadas, ya 
que la asociación de los solutos al DOC aumenta con el incremento del compuesto en la fase acuosa (Tolls, 
2001). No obstante, a pesar de la correlación negativa entre DOC y caudal, diversos PhACs mostraron 
correlaciones positivas con ambos parámetros. Se conjeturó que el fenómeno de re-suspensión de sedimentos 
bajo condiciones de régimen de caudal turbulento en el río podría dar explicación a las concentraciones de 
PhACs en aumento con DOC y caudal del río a la vez. Cuando ocurre este proceso, una cierta fracción de 
los compuestos adsorbidos en el sedimento se transfiere a la fase acuosa, modificando así la partición agua-
sedimento del compuesto. Por lo tanto, los sedimentos y SPM pueden ser una reserva y fuente adicional de 
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PhACs a las SW durante aumentos estacionales del caudal del río o bajo ciertas condiciones como drenados 
o eventos de riadas.

En la presente tesis se investigaron los efectos esperados de la variabilidad de las condiciones 
hidrológicas y las lluvias estacionales en el comportamiento de los PhACs en el río Llobregat. Para ese 
fin, se monitoreó el río durante cuatro meses correspondientes a las cuatro estaciones del año (Osorio et 
al., 2012b). En general, los resultados revelaron que los PhACs se encuentran a mayores concentraciones 
en SW  durante periodos fríos y secos correspondientes al otoño e invierno, mientras que las menores 
concentraciones se dan en periodos lluviosos y templados correspondientes a primavera y verano. Las 
tendencias estacionales de los niveles de PhACs observadas, se pueden explicar teniendo cuenta todos los 
factores mencionados anteriormente que afectan la fluctuación de los niveles de PhACs en los ríos. Durante 
otoño e invierno, las concentraciones de PhACs en SW fueron mayores probablemente debido a: (i) elevado 
consumo humano/animal; (ii) bajas temperaturas y por ende eliminación reducida en las WWTPs y en el río; 
(iii) menor dilución debido al caudal más bajo; (iv) menor intensidad de radiación solar y por tanto menor 
grado de fotodegradación. En un estudio similar llevado a cabo en el río Beiyun (China), se observaron 
niveles elevados de PhACs al final del invierno-inicio de la primavera (Dai et al., 2015). En este trabajo, las 
concentraciones del 60% de los PhACs analizados fueron mayors durante la estación seca (marzo), con 
concentraciones medianas que llegaron a ser 2.6 veces mayores que en otras estaciones. El máximo de 
concentraciones que se observó en primavera se explicó por dos factores principales: bajo caudal del río 
(desde noviembre hasta abril es la estación típica de bajos caudales en China) y temperatura del agua baja 
(por lo que la actividad microbiana y por ende la biodegradación de los PhACs es reducida) (Dai et al., 2015). 
Otro trabajo documentó los efectos de dilución de los PhAC en WWi de WWTPs urbanas en China después 
de un episodio de lluvias (Sui et al., 2015). En este estudio se midieron concentraciones de 10 PhACs en WWi 
que disminuyeron entre 5 y 76% después de las lluvias debido a la dilución de las WWi por el agua de lluvia, 
la cual se infiltró en el sistema colector de WW. Sin embargo, en las WWTPs localizadas fuera de las zonas 
urbanas, el aumento del caudal llevó a una disminución de las eficiencias de eliminación de los compuestos 
(Sui et al., 2015). Por ejemplo el porcentaje de eliminación de trimetoprima y metoprolol se redujo de un 78 
y 58% a un 21 y29%, respectivamente, tras el episodio de lluvias. Por el contrario, la influencia de las lluvias  
no afectó a los niveles de PhACs en WWTPs urbanas, lo cual se explicó por el caudal de WWi prácticamente 
igual, buenas eficiencias de eliminación, o el uso de sistemas de bypass para bombear a las aguas SW 
receptoras el exceso de WWi entrante del sistema colector de WW (Sui et al., 2015). 

Cabe destacar que durante esta tesis se evaluaron los efectos de un evento súbito de riada, que 
ocurrió tras un episodio de fuertes lluvias, en los niveles de PhACs en SW del río Llobregat (Osorio et al., 
2012b; 2014a). Mientras que se observaron efectos de dilución río arriba, las concentraciones de los PhACs 
estudiados aumentaron río abajo como consecuencia del evento súbito de riada. A pesar de que las WWe 
de las WWTPs distribuidas a lo largo del río no fueron analizadas, se atribuyeron estas concentraciones en 
aumento a la disminución de las eficiencias de eliminación de estas sustancias en las WWTPs tras el evento 
súbito de riada. Las observaciones de Sui et al. (2015) apoyan nuestras hipótesis. Por otra parte, es posible 
que los efectos naturales de dilución de las concentraciones de PhACs observadas río arriva tras el episodio 
de lluvias, no sean contrarrestadas debido al menor número de WWTPs distribuidas en esta sección del río 
y por tanto un menor aporte de descargas de WWe.
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A pesar de los esfuerzos realizados para evaluar la presencia y el comportamiento de los PhACs a lo 
largo de los ríos y las explicaciones proporcionadas para las tendencias observadas, su estudio teniendo 
en cuenta todos los factores mencionados previamente aún resulta complicado. Por lo tanto, se aplicó un 
modelo “plug-flow” con el propósito de facilitar la evaluación del rol de los factores que afectan a la variación 
de los niveles de PhACs río abajo desde las principales fuentes de emisión (Osorio et al., 2012b). así, se 
modelaron las concentraciones de 14 PhACs en dos puntos de muestreo del río Llobregat, localizados 
río abajo de fuentes de emisión que se asumieron como un agregado de descargas de WWe de diversas 
WWTPs. De acuerdo con el modelo descrito por Pistocchi et al. (2010) se consideraron los siguientes 
parámetros: (i) la longitud del río desde la fuente emisora hasta el punto de control, el cual fue un valor 
ponderado incluyendo la distancia a cada WWTP localizada río arriba y la correspondiente descarga de 
WWe anual; (ii) el caudal del río;  (iii) el tiempo de residencia hidráulico desde el punto de emisión hasta el 
de medición (calculado como un valor ponderado variable considerando la distancia a cada WWTP usando 
una red del río digitalizada en una plataforma GIS y el correspondiente volumen de WWe anual); y (iv) la 
constante de atenuación de primer orden (k) del PhAC la cual se asumió que comprendía todos los procesos 
de atenuación que pueden contribuir (es decir, biodegradación, fotodegradación, dilución y adsorción a 
sedimentos y SPM).

Es importante señalar que se demostró la validez de la aplicación del modelo, ya que se obtuvieron 
valores de k similares para un determinado compuesto en ambas localizaciones estudiadas. Además, las 
emisiones calculadas para los PhACs fueron mayores en el punto localizado río abajo. Estas observaciones 
eran concordes con los elevados niveles de PhACs detectados que se pueden explicar por la mayor cantidad 
de WWTPs que descargan sus WWe al río distribuidas a lo largo del curso bajo. Como consecuencia, 
se propusieron los valores ajustados de k y de emisión para su uso como descriptores razonables de 
agregados de propiedades de la red de aguas río arriba de puntos de muestreo. Además, los resultados 
de los modelos ajustados permitieron estimar las tendencias de atenuación de los PhACs. Por ejemplo, 
furosemida, enrofloxacina, enalapril, acetaminofén, DCF y ketoprofeno mostraron valores de k entre −0.04 
y −0.10 h−1. Cabe destacar se identificó la eritromicina como el compuesto que aparentemente se elimina 
de la columna de agua con mayor rapidez (k≈ −0.15 h−1); mientras que otros compuestos mostraron un 
comportamiento más conservativo.

Debido a las suposiciones hechas en la construcción de este modelo simple, no se pudo proporcionar 
una explicación concluyente. Sin embargo, se propusieron posibles razones: tendencias de consumo humano/
animal más alta, mayores emisiones de WWTPs debido a tasas de eliminación más bajas; o atenuación menos 
eficiente en los ríos o incluso efectos re-suspensión de sedimentos. No obstante, el enfoque desarrollado 
fue considerado como una herramienta fiable para la predicción del destino de PhACs en el medio ambiente 
acuático. Más recientemente, la atenuación en la corriente de 75 PhACs en 4 segmentos fluviales del río 
Ebro se evaluó con el fin de evaluar la variabilidad de las tasas de atenuación entre diferentes PhACs así 
como entre los segmentos de río que difieren en las condiciones ambientales (Acuña et al., 2015 ). Los 
autores observaron que la atenuación era muy variable entre PhACs y segmentos de los ríos, pero ninguna 
de las propiedades físicoquímicas consideradas resultaron ser relevantes en la determinación de las tasas 
medias de atenuación. Curiosamente, se encontraron con que el log Kow influyó en la variabilidad de las 
tasas entre los segmentos de los ríos, lo que se explica por su efecto sobre la absorción de los sedimentos 
y partículas suspendidas, influyendo así en el equilibrio entre los diferentes mecanismos de atenuación 
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(biotransformación, fototransformación, adsorción y volatilización). La conclusión importante de este estudio 
fue que todos los procesos de atenuación naturales que PhACs pueden someterse a lo largo de su destino 
en el curso de los ríos deben ser considerados tan importantes como los efectos de dilución, cuando el 
objetivo es predecir las concentraciones en los ecosistemas acuáticos.

Teniendo las consideraciones y conclusiones anteriores en mente, en el marco del proyecto SCARCE, 
la colaboración con Joana Aldekoa y Félix Francés (Universidad Politécnica de Valencia) se dispuso a poner 
en práctica el modelo GREAT-ER en la cuenca del río Llobregat, con el fin de estudiar el comportamiento 
de DCF. A tal efecto, las concentraciones de DCF medidas a lo largo de la cuenca del río Llobregat (Osorio 
et al., 2015) se utilizaron para desarrollar y calibrar el modelo mediante la estimación de la precisión de las 
concentraciones estimadas de DCF (Aldekoa et al., 2013). El modelo georreferenciado estimó el patrón 
espacial de la concentración de DCF en toda la red fluvial. Además, el modelo fue capaz de estimar valores de 
concentración en la mayoría de los puntos de muestreo con un error aceptable (es decir, la raíz mínima de error 
cuadrático medio obtenido fue de 3,9 ng L-1, mientras que el error promedio para todas las concentraciones 
medidas fue 28,1 ng L-1), lo que demuestra ser un modelo más preciso que otro desarrollado previamente 
(Alder et al., 2010). Como se confirma en otros estudios (Whelan et al., 1999; Johnson et al, 2007; Ort et al, 
2009), se demostró que el modelo GREAT-ER sería una herramienta útil para simular concentraciones de 
PhACs en los ríos y por lo tanto comprender mejor su destino a lo largo del curso de agua. Esta aplicación 
de un enfoque de modelado de estudios ambientales en última instancia, beneficiará a la evaluación de la 
calidad del agua y la gestión de los recursos hídricos. En vista de los resultados anteriores sobre GREAT-
ER, se puede considerar que cuando los datos medidos de concentración de PhACs no están disponibles, 
los datos estimados podrían ser tan fiables como los datos medidos en la hora de tratar de reducir costes y 
esfuerzos en los largos y amplios estudios de vigilancia que se llevan a cabo actualmente (Navarro-Ortega 
et al, 2012; 2015). Por desgracia, la exactitud de los datos estimados se ve afectada por la limitación de 
datos disponibles e inciertos para la calibración de los modelos, como las variables hidrológicas, las tasas de 
eliminación y las emisiones de PhACs de WWTPs, las tasas de atenuación natural de PhACs y tendencias 
de consumo humano / animal. Además, la estimación de datos requiere que sean comparados con los datos 
medidos para confirmar la validez del método (Celle-Jeanton et al., 2014). 

Sin embargo, actualmente no es necesario el análisis de todos los PhACs en el medio ambiente. En 
lugar de ello, los esfuerzos deberían centrarse en la evaluación de los compuestos ecotoxicológicamente 
relevantes para el medio ambiente acuático. Con ese objetivo un, tal como se describe para los procedimientos 
de ERA en la sección 1.9, sería necesario aplicar un criterio de selección en una etapa inicial. Después los 
PhACs serían valorados con un cierto grado de relevancia, para llegar finalmente a una lista de los que se 
consideran más importantes de acuerdo con los criterios aplicados de selección o prioridad. La WFD fue 
pionera en estos enfoques y promulgó las listas de sustancias prioritarias peligrosas, sustancias prioritarias, 
y más recientemente, la lista de vigilancia de sustancias; que son objeto de revisión permanente y por 
lo tanto actualización periódicamente. Los ejercicios de priorización también están siendo incluidos en la 
investigación actual sobre PhACs en el medio acuático (Riva et al, 2015; Daouk et al, 2015). Varios criterios 
de priorización se pueden considerar para limitar el número de PhACs que se deben estudiar en el medio 
ambiente acuático, a saber: (i) la probabilidad de su ocurrencia; (ii) el volumen de ventas o de los datos 
de consumo; (ii) las tasas metabólicas y excreción después del consumo humano / animal; (iii) el destino 
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en la WWTP; (iv) la persistencia en los sistemas de agua dulce; y (v) el riesgo para la salud humana del 
medio ambiente (por ejemplo, toxicidad o bioacumulación) (Riva et al, 2015;. Daouk et al, 2015). Se puede 
considerar que cuanto más amplio sea el criterio de selección, más realista será la lista de PhACs prioritarios 
en el medio ambiente acuático.

En general, la emisión continua de PhACs de WWTPs generalmente desencadena un aumento de 
concentraciones aguas abajo en los ríos receptores que puede ser constante bajo diferentes condiciones 
hidrológicas y que, por tanto, puede tener consecuencias a largo plazo para las comunidades biológicas.

8.6.3. Efectos ecotoxicológicos de PhACs y la hidrología como factores relevantes de estrés de los 
ecosistemas acuáticos

Preocupados por las consecuencias de la pseudo-persistencia de PhACs en el medio ambiente 
acuático desde el punto de vista ecológico, esta tesis también ha contribuido al conocimiento de los efectos 
de PhACs en los ecosistemas acuáticos. La primera publicación incluida en este capítulo (Osorio et al., 
submitted) presentó los resultados de la evaluación de la toxicidad aguda de DCF, SMX y sus derivados 
de nitrificación/denitrificación derivados en los organismos acuáticos (es decir, D. magna y V. fischeri). Los 
valores de LOEC calculados para DCF y SMX revelaron que, en los niveles generales que estos PhACs 
están presentes en el medio ambiente acuático, no se espera que supongan ningún riesgo ecotoxicológico 
a las especies acuáticas como D. magna y V. fischeri después de la exposición a corto plazo . En general, 
estos resultados estaban de acuerdo con la literatura. Por ejemplo, la toxicidad de DCF y SMX a D. magna 
estaba en el mismo orden que la concentración observada por Cleuvers (2003) y Kim et al. (2007).

Si bien los efectos ecotoxicológicos de PhACs están relativamente bien documentados en comparación 
con otras sustancias de riesgo emergentes (Farré et al, 2008; Brausch et al, 2013; Vásquez et al, 2014). Hay 
una brecha sustancial de la información a que se refiere a la amenaza potencial de los TPs de PhACs a los 
ecosistemas acuáticos. En el pasado, sólo los estudios dispersos incluyeron la evaluación de la toxicidad de 
los TPs como el realizado por Henschel et al. (1997), que demostró los efectos adversos agudos de metabolitos 
activos de PhACs (por ejemplo ácido salicílico y ácido clofíbrico) hacia los organismos no diana (por ejemplo, 
D. magna, algas y bacterias). Es importante destacar que la contribución al conocimiento de la ecotoxicidad 
de los metabolitos y TPs de drogas ha aumentado progresivamente en los últimos años (por ejemplo Rosal et 
al, 2010; Majewsky et al, 2014; Rubirola et al, 2014). Por ejemplo, entre los PhACs y metabolitos analizados 
Rosal et al. (2010) informaron de la más alta toxicidad para V. fischeri del ácido fenofíbrico (es decir, EC50 
= 1,7 mg L-1), el metabolito del regulador de lípidos fenofibrato. Del mismo modo, Rubirola et al. (2014) 
evaluaron el potencial de toxicidad aguda a V. fischeri de metoprolol y sus TPs identificados después del 
tratamiento de lodos activados en reactores a escala de laboratorio. Es importante destacar que los estudios 
de ecotoxicidad llevados a cabo revelaron que el metabolito O-desmethylmetoprolol exhibió toxicidad aguda 
más (es decir, EC50 = 18 mg L-1) que su compuesto padre (es decir, EC50 = 65 mg L-1). De hecho, el principal 
interés del estudio en la presente tesis era averiguar si los TPs de nitrificación/denitrificación de DCF y SMX 
eran más tóxicos para especies acuáticas sensibles, o no. La comparación de los valores de toxicidad a V. 
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fischeri determinado para SMX, Des-SMX y NO2-SMX reveló que los TPs mostraron efectos toxicológicos 
más altos que su PhAC original (por ejemplo, el valor de EC50 para SMX fue >> 100 mg L-1, mientras que para 
Des-SMX y NO2-SMX éstos fueron 89,3 y 41, 4 mg L-1). Por otra parte, NO2-DCF (EC50 = 11,7 mg L-1) también 
mostró mayor toxicidad a V. fischeri que DCF (EC50 = 22.9 mg L-1). Sin embargo, los LOEC calculados para 
los TPs eran en varios órdenes superiores a las concentraciones determinadas en WW y SW receptoras. Por 
ejemplo los LOEC de Des-SMX y NO2-DCF en V. fischeri fueron respectivamente 48,4 y 1,8 mg L-1; mientras 
que los niveles respectivos determinados de la WWe fueron 11,4 y 3,62 a 4,94 ng L-1 y 8,04 hasta 17,7 y 
<MQL-2,64 ng L-1 en SW.

A pesar de que los PhACs estudiados y sus derivados de nitrificación/denitrificación no ejercieron 
efectos toxicológicos agudos relevantes sobre las especies acuáticas evaluadas, las consecuencias de la 
exposición a largo plazo a DCF y SMX son todavía limitadas o completamente inexploradas como en el caso 
de sus TPs de nitrificación/denitrificación. En particular, algunos ejemplos fueron discutidos por Oliveira et al. 
(2015) que informan sobre el deterioro reproductivo significativo para D. magna expuesta a concentraciones 
DCF desde 29,5 hasta 72 mg L-1. Por otro lado, Sarma et al. (2013) observaron la respuesta frente al rotífero 
Plationus patulus y el cladócero Moina macrocopa a niveles de exposición de DCF de 1,56 a 25 mg L-1. Del 
mismo modo, Lee et al. (2011) informaron de una reducción significativa de la tasa de población D. magna 
expuesta a DCF en concentraciones de 0,93 a 25 mg L-1. Además, se informó de un valor de EC50 de 23,8 
crónica mg L-1, que era varios órdenes de magnitud más altos que los niveles de DCF detectados en el medio 
ambiente acuático y por tanto no se esperaron efectos crónicos de DCF en el medio ambiente acuático. No 
obstante, serían necesarios más estudios que apoyen estas observaciones, así como la inclusión de otros 
organismos acuáticos no diana (por ejemplo, algas, peces) para llegar a una conclusión definitiva acerca de 
los posibles efectos a largo plazo de DCF, y asimismo cualquier PhAC, a los ecosistemas acuáticos.

Además, la co-ocurrencia de PhAC junto con sus TPs en muestras ambientales complejas, como 
WW y SW receptoras, puede dar lugar a efectos aditivos y sinérgicos o antagónicos en los organismos 
acuáticos no diana (Farré et al, 2008; Ginebreda et al., 2014; Vásquez et al, 2014; Backhaus et al, 2014). 
Por ejemplo, no se observaron efectos de dosis bajas de PhACs para una mezcla de 10 quinolonas y 
también para una mezcla de 12 PhACs con diferentes mecanismos de acción (Backhaus et al, 2000a; 
2000b). Incluso las mezclas de pocos compuestos a menudo muestran un patrón similar. Una mezcla de 
fluoxetina y ácido clofíbrico mató a más del 50% de una población de D. magna después de una exposición 
de 6 días, a pesar de que los componentes individuales se encontraban a concentraciones que se habían 
demostrado no causar efectos significativos (Flaherty y Dodson, 2005). También en mezclas binarias se 
observó que la trimetoprima desplaza la curva de respuesta a la concentración de SMX y sulfadiazina por 
un factor de 4 a 5 hacia toxicidades superiores, incluso si está presente solamente en su NOEC (Egucci et 
al., 2004). De manera similar, se observaron claros efectos sinérgicos en algas para mezclas de flumequina 
+ eritromicina y oxitetraciclina + flumequina por (Christensen et al., 2006). Según estas evidencias, se 
pueden esperar mayores efectos ecotoxicológicos en la hora de evaluar la toxicidad asociada a mezclas 
de PhACs, con modos de acción similares o diferentes y con otros contaminantes del medio ambiente 
acuático también. De hecho, se observaron efectos sinérgicos, y en menor medida antagónicos, durante 
esta tesis cuando DCF, SMX y NO-DCF se mezclaron con otros compuestos de relevancia ambiental (es 
decir, nonilfenol, malatión, diurón, glifosato y triclosan) (Osorio et al. submitted). Estos resultados están 
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de acuerdo con las evidencias disponibles que han documentado principalmente efectos sinérgicos de 
las mezclas binarias de PhACs (Backhaus et al., 2014). Para conocimiento de los autores, los efectos de 
las interacciones sinérgicas o antagónicas entre PhACs y sus TPs es un campo raramente investigado. 
Sin embargo, la posible biotransformación de PhACs durante el tratamiento WW ha sido considerado 
recientemente en los estudios de evaluación ecotoxicológicos de WW tratadas (Hidaka et al., 2012; Michael 
et al, 2012; 2014b; Czech et al, 2014). Estas investigaciones se han llevado a cabo principalmente para 
la implementación de ATTS en WWTPs. Por ejemplo, Michael et al. (2012; 2014b) realizaron ensayos 
de inhibición de biolumiscencia en V. fischeri y pruebas de inmovilización sobre D. magna para evaluar 
en qué medida la toxicidad asociada a WW se redujo después de la aplicación de un tratamiento solar 
AOP. Como se ha descrito anteriormente, los autores llevaron a cabo experimentos de fotodegradación en 
WWe artificial fortificada con PhACs individuales (es decir, ibuprofeno, DCF y trimetoprima) en reactores a 
escala laboratorio. Se evaluaron el perfil de toxicidad de cada medicamento en WW durante la aplicación 
del tratamiento avanzado y atribuyeron los diversos efectos observados para los TPs que se generaron en 
las diferentes etapas del proceso. Los autores concluyeron que los TP intermedio generados durante la 
oxidación de trimetoprims no mostraron ningún efecto tóxico a V. fischeri. En cuanto a DCF e ibuprofeno, 
demostraron la capacidad de tratamiento sonophotocatalysis para reducir la toxicidad inicial de estos PhACs 
hacia D. magna con un rendimiento de 20% y 40% de inmovilización, respectivamente, al final del tratamiento. 
Es importante destacar que un estudio reciente sobre los efectos ecotoxicológicos de PhACs en el medio 
acuático ha abarcado la contribución potencial de los recursos naturales de foto-TPs a toda la toxicidad de 
una mezcla medioambiental dada (Wang et al., 2014). Por ejemplo, a pesar de que la fotodegradación solar 
ha sido considerada como un proceso de atenuación natural significativa de PhACs disminuyendo así el 
riesgo ecológico, Wang et al. (2014) identificaron por primera vez el aumento de la toxicidad a V fischeri de 
una mezcla irradiada de 27 PhACs (por ejemplo SMX, ofloxacina, trimetoprima, ibuprofeno y DCF) en SW 
en concentraciones ambientales. Curiosamente, ya que la foto-transformación de los compuestos incluidos 
en la mezcla se había estudiado previamente (Chowdhury et al, 2011; Jiao et al, 2008; Li et al, 2011; Lin 
et al, 2013; Trovó et al., 2009; Wang y Lin, 2012), se atribuyeró la mayor toxicidad del SW irradiado a los 
efectos sinérgicos de los foto-TPs de PhACs generados. Estos resultados revelaron la falta de comprensión 
de las implicaciones ambientales de la transformación natural de PhACs y el riesgo que plantea la posterior 
formación de TPs para el ecosistema acuático.

Con todo, a pesar de que ciertos PhACs y sus TPs, puede que no representen una amenaza 
ecotoxicológica para las especies acuáticas expuestas a corto plazo, su contribución a la toxicidad total 
de mezclas ambientales complejas deben ser evaluados para mejorar la evaluación del riesgo asociado a 
estos compuestos. Por otra parte, las posibles interacciones (es decir, los efectos sinérgicos y antagónicos) 
entre PhACs, otros contaminantes de preocupación ambiental y sus TPs que podrían ocurrir en los sistemas 
acuáticos se deben evaluar para dar a conocer su magnitud e importancia biológica en los ecosistemas 
acuáticos. Por lo tanto, la comprensión del destino de mezclas de compuestos farmacéuticos y sus efectos 
crónicos en organismos acuáticos es una investigación difícil, así como un tema de preocupación para los 
organismos de gestión del agua.

Siguiendo con la exploración de los efectos ecotoxicológicos sobre organismos no diana asociados a 
la presencia de mezclas complejas de PhACs en el medio ambiente acuático, se realizó en la presente tesis 



Chapter 8. Resumen

370

una evaluación del riesgo asociado a 55 PhACs a lo largo de cuatro cuencas de los ríos ibéricos (Osorio 
et al., 2015, en sección 4.4). Con ese objetivo, el uso del modelo de concentración, además de mezclas 
de sustancias (Ginebreda et al., 2014) se combinó con datos de toxicidad para calcular las TUs de PhACs 
presentes en cada muestra recogida a lo largo del curso de agua. Los valores individuales de TU estimados 
para los PhACs seleccionados no revelaron riesgos agudos significativos en los organismos acuáticos 
objeto de ensayo. Sin embargo, se pueden esperar efectos ecotoxicológicos crónicos potenciales sobre 
las algas en dos puntos calientes de contaminación de PhACs identificados en las cuencas del Llobregat y 
Ebro (es decir LLO7 y ZAD, respectivamente). En el ámbito específico de la región, el Llobregat y el Ebro se 
caracterizaron como con mayor riesgo ecotoxicológico, seguidos de Júcar y Guadalquivir. Se identificaron 
los puntos calientes de riesgo ecotoxicológico en cada cuenca (por ejemplo LLO7 de Llobregat; ZAD en 
Ebro; GUA6 en Guadalquivir, y JUC7 en el Júcar). Por otro lado, se determinaron también a lo largo de 
toda la cuenca los lugares menos contaminados, y por ende en menor riesgo (por ejemplo CAB5 en el 
Júcar; LLO2 de Llobregat; ESE en Ebro, y GUA1 en Guadalquivir). Ya se ha mencionado la necesidad 
de establecer prioridades de PhACs. Por esa razón, se calculó la contribución relativa de las diferentes 
sustancias a la toxicidad total en la muestra en los lugares estudiados con el fin de enumerar los principales 
PhACs en las cuencas de la Península Ibérica. Además, teniendo en cuenta que la contribución relativa 
de cada PhAC a la ecotoxicidad puede variar de acuerdo a su toxicidad individual y la concentración, se 
identificaron los compuestos que estaban contribuyendo más a la toxicidad total del agua en cada sitio. La 
sertralina, eritromicina, losartán, dimetridazol, loratadina y fluoxetina fueron los compuestos identificados 
para contribuir al menos el 5% a la toxicidad total de la muestra de SW. Entre ellas, la sertralina, gemfibrozilo 
y loratadina fueron considerados como los compuestos más relevantes, y por lo tanto los PhACs para los 
cuales se debería concentrar el mayor interés si la contaminación de los sistemas acuáticos por PhACs 
necesita ser controlada.

La caracterización de PhACs por su potencial riesgo ecotoxicológico para los organismos acuáticos 
no diana se ha realizado en numerosos estudios (por ejemplo, Hernando et al, 2006; Ginebreda et al, 2010; 
Gros et al, 2010; Damásio et al, 2011; Pereira et al, 2015; Johnson et al, 2015; Kuzmanovic et al, 2015; de 
Castro-Català et al, 2015b). Es importante destacar que, Hernando et al. (2006) aplicó por primera vez una 
primera aproximación, para caracterizar el riesgo ambiental para PhACs (es decir, antibióticos, analgésicos y 
antiinflamatorios, reguladores de lípidos, β-bloqueantes, antiepilépticos y hormonas esteroides) detectados 
con mayor frecuencia en la WWe, SW y sedimentos a escala global (Hernando et al., 2006). Con ese 
objetivo, se utilizaron datos de presencia recogidos de la literatura para calcular HQs basados en datos 
de toxicidad aguda en los organismos acuáticos (bacterias, algas e invertebrados). Se sospechaba del 
alto riesgo que la presencia de los siguientes medicamentos en las WWe pueden inducir: antibióticos 
(eritromicina), antiinflamatorios (ibuprofeno, naproxeno, DCF, ketoprofeno), agentes reguladores de lípidos 
(gemfibrocilo, ácido clofíbrico), β-bloqueantes (propranolol, metoprolol) y antiepilépticos (carbamazepina). 
También se sospechaba de un elevado riesgo en SW de antiinflamatorios (ibuprofeno, naproxeno, DCF, 
ketoprofeno) y antiepilépticos (carbamazepina). Las concentraciones conocidas en los sedimentos de estos 
residuos de medicamentos no eran sospechosas de inducir riesgo. Más recientemente, se llevó a cabo un 
ERA de once PhACs en WWi y WWe de WWTPs Portuguesas mediante el cálculo de HQs en diferentes 
organismos acuáticos (es decir, algas, dafnias y peces) (Pereira et al., 2015). De acuerdo a sus valores 
estimados de HQ (> 1), se estimaó que los siguientes compuestos podían suponer efectos adversos para 
los organismos acuáticos: ciprofloxacina, bezafibrato, gemfibrozil, simvastatina y DCF. Un estudio similar 
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llevado a cabo a mayor escala, tuvo como objetivo determinar el potencial riesgo ecotoxicológico asociado 
a los antibióticos (por ejemplo, ciprofloxacina, SMX, trimetoprima y eritromicina) presentes en ríos europeos 
(Johnson et al., 2015). Los niveles de antibióticos se estimaron a partir de datos disponibles revisados de 
las tasas de consumo nacionales, excreción y tasas de eliminación tras el tratamiento de WW. Como ambas 
concentraciones medidas y estimadas en WWe estaban por debajo de los niveles documentados de efectos 
para los organismos acuáticos más sensibles, no se esperaba una toxicidad directa en los ríos. Sin embargo, 
las concentraciones medidas y estimadas de los ríos observados para la ciprofloxacina y eritromicina eran 
más cercanas a los niveles de efectos en la biota acuática (2 órdenes de magnitud inferior), seguido por 
SMX (3 órdenes de magnitud inferiores). En vista de estos resultados, ciprofloxacina y eritromicina fueron 
considerados por los autores como los PhACs de interés para los ecosistemas acuáticos.

En cuanto al estudio incluido en esta tesis (Osorio et al., 2015), ninguno de los valores totales de 
TUs calculados en cada localización para las algas, Daphnia y peces, superó el valor unitario, por lo tanto, 
de acuerdo con los umbrales estándar (Malaj et al., 2,014), no se observó riesgo agudo asociado a PhACs. 
Sin embargo, aunque sólo para LLO7 y ZAD, los correspondientes valores totales de TUs de algas se 
estimaron por encima de ~ 1E - 03 en ambas campañas de muestreo, lo que evidencia los potenciales 
efectos ecotoxicológicos a largo plazo sobre estos productores primarios (Malaj et al., 2014). Aunque la 
probabilidad de efectos de toxicidad aguda de PhACs fue considerada como de menor importancia en 
todos estos estudios, su contribución a la toxicidad total de la mezcla, así como sus posibles efectos a 
largo plazo necesitan más estudios. Por lo tanto, otras consideraciones de riesgo deben mantenerse en 
la caracterización de PhACs relativos a los efectos crónicos. Estos resultados destacan la importancia de 
realizar este tipo de estudios de seguimiento y ERA para apoyar futuras medidas de priorización por las 
autoridades del agua.

Un elemento crucial para cualquier estudio que se esfuerza por analizar el impacto de las mezclas 
de PhACs en el campo, es desentrañar los vínculos causales entre los compuestos presentes en un 
compartimento determinado del medio ambiente acuático (por ejemplo, la columna de agua o los sedimentos) 
y los efectos ecotoxicológicos observados. Este reto ha sido abordado mediante el uso de métodos basados 
en correlación, empleando experimentos de translocación y estudios avanzados de análisis químicos. Por 
ejemplo, Muñoz et al. (2009) investigaron la correlación entre la presencia de 21 PhACs y la estructura de 
la comunidad bentónica. Los autores observaron efectos adversos sobre la diversidad de diatomeas en uno 
de los lugares contaminados y una correlación significativa entre la biodiversidad global de diatomeas y las 
concentraciones de PhACs. Sin embargo, esta correlación se encontró entre los niveles de indometacina, 
propranolol, atenolol e ibuprofeno y la abundancia y biomasa de varios invertebrados bentónicos (Chironomus 
y Tubifex). En cambio, Ginebreda et al. (2010) basó su evaluación del riesgo de una mezcla en la adición 
de índices de riesgo, siguiendo el modelo de la concentración, y encontró una buena correlación entre la 
biodiversidad de invertebrados y la suma de los cocientes de riesgo para dafnias.

Curiosamente, de Castro-Català et al. (2015b) realizaron una evaluación de riesgos de los sedimentos 
recogidos de diversos lugares de las mismas cuencas. A diferencia del estudio presentado en esta tesis, 
se evaluó la toxicidad de la muestra sobre la que proporciona una estimación más realista y adecuada de 
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los riesgos ecotoxicológicos en los sitios estudiados. Los autores calcularon los valores de TU de las aguas 
intersticiales (V. fischeri, Pseudokirchneriella subcapitata y D. magna) y pruebas de exposición de todo el 
sedimento (V. fischeri, Chironomus riparius) y evaluaron la composición de la comunidad de invertebrados 
(análisis multivariante) para detectar respuestas a corto y largo plazo de los organismos. La combinación de 
los diferentes enfoques les permitió detectar los efectos ecotoxicológicos en los organismos e identificar los 
principales contribuyentes a la toxicidad de estos ríos multi-estresados. Por otra parte, se correlacionaron 
los efectos adversos observados en organismos acuáticos con una gran cantidad de productos químicos 
medidos en los lugares evaluados (por ejemplo, metales, PhACs, pesticidas). Los puntos calientes de 
riesgo de toxicidad se identificaron en tres sitios (los sitios aguas abajo del Llobregat (LLO5) y el Júcar 
(JUC5), y el sitio más aguas arriba del Ebro (EBR1)). Además, los insecticidas organofosforados y metales 
fueron identificados como los principales contribuyentes responsables de esta toxicidad, particularmente 
en los sedimentos. Estos sitios fueron diferentes de los encontrados en esta tesis (Osorio et al., 2015), lo 
que evidencia la importancia de otros contaminantes presentes en la mezcla que podrían contribuir a la 
toxicidad global del sedimento. Respecto PhACs, sólo los sedimentos del río Guadalquivir, que presentan 
una alta toxicidad para la exposición de V. fischeri a corto plazo, estaban relacionados con los antibióticos. 
Sin embargo, su contribución a la toxicidad de todo el sedimento fue compartida con metales (es decir, Cu, 
Ni y Hg).

La presencia de otros contaminantes de interés emergente, con diferentes modos de acción 
que PhACs, en matrices ambientales complejas, y por lo tanto su contribución relativa a la toxicidad de 
la mezcla completa; ya se discutió en la publicación se presenta en esta tesis (Osorio et al., 2015). En 
dos estudios contemporáneos (Kuzmanovic et al 2015; De Castro-Català et al, 2015b), el ERA realizado 
para la caracterización de los contaminantes de interés ambiental (incluyendo PhACs) sobre SW de las 
mismas cuencas ibéricas, demostraron que PhACs no eran el grupo más relevante de contaminantes que 
contribuyen a toda la toxicidad de matrices SW. Diez compuestos que pertenecen a los grupos de insecticidas 
organofosforados y compuestos de disrupción endocrina alquilfenólicos (EDCs) fueron identificados como 
los principales contribuyentes de la toxicidad para la biota acuática (es decir, las algas, D. magna y peces) en 
SW (Kuzmanovic et al. 2015). Sin embargo, la sertralina, la eritromicina y losartán fueron identificados entre 
los principales contribuyentes a toda la toxicidad de la muestra SW para las algas; mientras que la sertralina 
era relevante para D. magna y gemfibrozilo para los peces. Por otra parte, de Castro-Català et al. (2015a) 
encontró que PhACs y EDCs en SW de los mismos ríos son las familias químicas más probablemente 
relacionadas con las respuestas de los invertebrados bentónicos. En cambio, en el siguiente estudio de los 
mismos autores (de Castro-Català et al. (2015b), los metales y algunos insecticidas organofosforados fueron 
los principales contribuyentes a la toxicidad de los sedimentos.

Además, dentro de esta tesis también se relacionó cuantitativamente la ecotoxicidad estimada de 
PhACs para los organismos acuáticos (es decir, algas, dafnias y peces) con la presión de la población y 
la agricultura humana animal (Osorio et al., 2015). Relaciones significativamente positivas entre TUs de 
PhACs en SW y la densidad de población y unidades ganaderas fueron empíricamente demostradas por 
primera vez. TUs para Daphnia y peces mostraron una respuesta más fuerte, al aumento de densidad de 
la población y unidades ganaderas con las TUs de algas. Sin embargo, las TUs eran más altas para las 
algas y más bajas para los peces, con las de dafnias mostrando valores en el medio, lo que sugiere que la 
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toxicidad de PhACs perjudicaría el conjunto de los productores primarios más que otra biota. Por lo tanto, 
los efectos sobre los procesos del ecosistema en el que las algas son importantes, ya que los productores 
primarios, no cambiará mucho con de densidad de población o unidades ganaderas; mientras que se 
espera que otros organismos en las redes alimentarias principales (es decir, invertebrados y peces) se vean 
más afectados con el aumento de los niveles de PhACs en los ecosistemas acuáticos evaluados. Estas 
inconsistencias observadas revelaron la necesidad de ampliar la caracterización de riesgo de PhACs a toda 
la cadena alimentaria de la biota acuática, cubriendo la gama de sensibilidades diferentes a los compuestos 
con diferentes modos de acción. Los análisis de las respuestas a nivel de la comunidad a los compuestos 
individuales y sus mezclas proporcionan una impresión más realista de la gama potencial de los efectos de 
los contaminantes y con mayor relevancia ecológica. En este sentido, las comunidades microbianas son 
excelentes sustitutos para el ecosistema en su conjunto, los efectos que implican todo el flujo de los niveles, 
el carbono y la energía trófica y los impactos sobre los ciclos biogeoquímicos vitales para la salud general y 
función del ecosistema y la biodiversidad que revela (Lawrence et al., 2012) .

Cabe destacar que durante esta tesis se contribuyó a la investigación sobre los efectos de PhACs 
detectados en el río Llobregat en biofilms fluviales (Proia et al., 2013a) y más específicamente a los efectos 
de los antibióticos en las comunidades bacterianas adjuntas (Proia et al., 2013b). Los biofilms se cultivaron 
en condiciones controladas en mesocosmos que contenían SW del río de tres localizaciones siguiendo 
un gradiente de contaminación. Después de la colonización, los biofilms fueron trasladados a aguas de 
diferentes grados de contaminación y se midieron las diferentes respuestas. La translocación del sitio menos 
contaminado al más contaminado fue la más efectiva. El análisis multivariante reveló que los analgésicos 
y antiinflamatorios afectaban significativamente las respuestas de los biofilms En particular, el ibuprofeno y 
acetaminofén se asociaron con efectos negativos sobre la fotosíntesis, y con la disminución de la relación 
de algas verdes/cianobacterias. Dado que estos descriptores están relacionados principalmente con los 
organismos autótrofos, las observaciones sugieren que el ibuprofeno y el acetaminofén podrían afectar 
a la estructura y función de la comunidad autótrofa del biofilm (es decir algas verdes, cianobacterias y 
diatomeas). Por otro lado, DCF no mostró ninguna relación con los autótrofos del biofilm. En cambio, el 
análisis estadístico reveló la asociación de DCF a la actividad de fosfatasa. Dado que el enzima fosfatasa en 
los biofilms se produce principalmente por bacterias, se sugirió que el DCF podría afectar a esta comunidad 
heterotrófica en biofilms tanto de forma directa o indirecta. Estos resultados están de acuerdo con los 
observados por Lawrence et al. (2012). Las comunidades bacterianas de los biofilms que crecieron en las 
SW de los diferentes sitios, difirieron notablemente en su estructura, pero no tanto en términos funcionales. 
Curiosamente, la abundancia de actinobacteria aumentó después de la translocación al sitio más contaminado 
y este efecto se asoció a las concentraciones más altas de antibióticos presentes en el agua. Es importante 
destacar que las especies de este grupo de bacterias son productores naturales de antibióticos (por 
ejemplo, género Streptomyces producen estreptomicina) siendo, por lo tanto intrínsecamente resistentes a 
ellos (D’Costa et al, 2011). Además, los biofilms mostraron aumento de la mortalidad bacteriana, lo cual se 
asoció a la presencia de antibióticos en el agua. De hecho, se observó una correlación positiva significativa 
entre la concentración de tetraciclina y la proporción de bacterias muertas en los biofilms translocados a 
las SW más contaminadas. Además de los efectos sobre la estructura, también la actividad bacteriana 
fue afectada después de la translocación. De hecho, se observó que la capacidad de metabolismo de 
las bacterias heterótrofas disminuyó. En general, se observó una correlación significativa entre las 
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concentraciones de los antibióticos y las respuestas de biofilm. Estos resultados no fueron totalmente en la 
línea de los reportados por Yergueau et al. (2012). En cambio, los autores observaron ligeros cambios en 
la estructura de la comunidad bacteriana; mientras que los biofilms muostraron una variedad de cambios 
funcionales después de una exposición a corto plazo a las concentraciones ambientales de eritromicina, 
SMX, sulfametazina y gemfibrozilo. De acuerdo con las observaciones de la colaboración relaizada en esta 
tesis, también se observaron efectos en autótrofos (es decir, disminución de las cianobacterias y la actividad 
fotosintética) después de la exposición a la eritromicina y SMX. Además, se observaron de varios cambios 
en los descriptores relacionados con los biofilms de absorción de nutrientes, tales como hidratos de carbono, 
nitrógeno y fósforo. Sin embargo, la lista de PhACs incluida en los estudios citados (Lawrence et al., 2012, 
Yergueau et al., 2012) fue sustancialmente más corta que la analizada en los estudios realizados en esta 
tesis, lo cual limita la comparación de los resultados.

Teniendo en cuenta la variación observada de concentración PhACs en SW, debido a las fluctuaciones 
en el caudal del río (Osorio et al, 2012a; 2012b; 2014a), se llevaron a cabo nuevas investigaciones encaminadas 
a evaluar cómo esta modulación afectada la situación biológica del río. Con ese fin, se evaluaron los efectos 
de los cambios de caudal en la concentración de PhACs y su relación con las respuestas de los biofilms 
fluviales. Este fue el tercer trabajo realizado dentro de la colaboración científica con Lorenzo Proia (Universidad 
de Girona), para más detalles, véase el chapter 5 (sección 5.2). Valiosamente, se realizaron experimentos 
de translocación de las comunidades del biofilm de un un lugar menos contaminado a otro más contaminado 
del río en mesocosmos asentados en el campo. Curiosamente, el evento de riada súbita relevante que 
se produjo al comienzo de la segunda campaña de estudio, lo que corresponde a las fases iniciales de 
colonización de biofilms, tuvo consecuencias importantes en su estructura y funcionamiento. Después del 
episodio de riada súbita, se observó que la tasa de crecimiento de biofilms se redujo significativamente 
indicando la disminución de las tasas de acumulación y recuperación posterior lenta. Curiosamente, la 
clorofila-a, un descriptor relacionado con la comunidad autótrofa, disminuyó significativamente en biofilms 
translocados a los sitios más contaminados durante la primera campaña, pero no cambió en la segunda. De 
acuerdo con las correlaciones negativas significativas entre la clorofila-a y algunos grupos terapéuticos, se 
sugirió que la disminución de la clorofila-a en el sitio más contaminado podría ser una consecuencia de los 
niveles más altos de PhACs. Por otro lado, la clorofila-a no respondió en absoluto a la translocación durante 
la segunda campaña de muestreo. Dado que los PhACs se diluyeron sustancialmente debido al evento de 
riada repentina, se sugirió que sus posibles efectos sobre las biopelículas podrían haber sido contrarrestados. 
Independientemente de las condiciones hidrológicas, los resultados mostraron un aumento de la mortalidad 
de bacterias en los biofilms trasladados al lugar más contaminado. Además, se observó una correlación 
negativa significativa entre los antibióticos macrólidos y la cantidad de bacterias vivas. Estos hallazgos 
apoyan la hipótesis del aumento de la mortalidad de bacterias en los biofilms fluviales como consecuencia 
directa del aumento de las concentraciones de antibióticos en SW. Por lo tanto, el compartimento bacteriano 
de biofilms ha demostrado mantenerse igualmente sensible a los antibióticos a pesar de los efectos de 
dilución asociados a condiciones de inundación. 

Un estudio similar evaluó los efectos a largo plazo de una mezcla de PhACs en concentraciones 
ambientales combinados con la intermitencia del caudal de los ríos en los arroyos artificiales de interior 
(Corcoll et al., 2015). Los resultados de este trabajo fueron considerados como complementarios a las 
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conclusiones de esta tesis, ya que los autores investigaron sobre los efectos de la concentración PhACs 
posteriores durante los períodos de sequía, un fenómeno que se había demostrado anteriormente (Osorio 
et al., 2012b). De acuerdo con las conclusiones de esta tesis, observaron que los biofilms se vieron 
afectados negativamente por PhACs, tales como cambios en la estructura de la comunidad bacteriana o 
el metabolismo de las algas verdes y heterótrofos. Además, la intermitencia de caudal también moduló 
estos efectos en biofilms. Por ejemplo, la comunidad de algas se hizo más sensible a la exposición a corto 
plazo de PhACs durante la intermitencia del agua, lo que indicó efectos acumulativos entre los dos factores 
de estrés estudiados. Estos efectos están de acuerdo con los observados durante esta tesis después del 
evento de inundación repentina para el caso particular de la clorofila-a, un descriptor relacionado con el 
metabolismo de las algas. Los efectos observados de PhACs sobre la estructura y función de los biofilms, 
llevó a conjeturar que la presencia de estos microcontaminantes en los ríos podría causar alteraciones 
importantes en el funcionamiento del ecosistema fluvial. De hecho, las comunidades de biofilms del río son 
productores primarios netos generalmente muy eficaces en la transformación de la materia orgánica (Romaní 
et al., 2004), y son transductores de energía a niveles tróficos superiores (Lamberti, 1996). Además, juegan 
un papel clave en la absorción de nutrientes y la remineralización (House, 2003; Von Schiller et al, 2007), 
siendo por lo tanto relevantes para los procesos de auto-depuración que se producen en los ríos (Pusch et 
al., 1998). Sin embargo, la co-ocurrencia de muchos otros contaminantes traza, no considerados en este 
estudio, pero detectados en el río Llobregat (por ejemplo Köck-Schulmeyer et al., 2012), también puede 
interferir con los resultados observados. La dirección de las respuestas de los biofilms se explicó por los 
efectos directos e indirectos de los factores ambientales y la contaminación química sobre la estructura y 
función de la comunidad.

 Por lo tanto, podría decirse que no se encontró una causalidad concluyente entre los PhACs estudiados 
y los efectos observados. Por otra parte, estos resultados manifiestan que el potencial riesgo ambiental de 
PhACs en los ecosistemas fluviales está sujeto al régimen de caudal del río, y es particularmente sensible 
a los acontecimientos de riadas súbitas o de intermitencia del caudal. En general, la interpretación de las 
complejas interacciones entre múltiples factores de estrés de ecosistemas acuáticos, como la carga continua 
de PhACs o la alta variabilidad del régimen hidrológico y sus efectos combinados sobre biofilms; resultó ser 
una tarea complicada. Las interacciones entre los diferentes factores de estrés podrían ser principalmente 
no aditivas (es decir, sinergias o antagonismos) que sugieren que múltiples factores estresantes pueden 
interactuar con más frecuencia para generar “sorpresas ecológicas” en lugar de efectos aditivos simples 
(Darling y Cote, 2008). Determinar qué factores estresantes específicos interactúan para generar estos 



Chapter 8. Resumen

376

efectos en los ecosistemas acuáticos y la prevalencia y magnitud de estas interacciones sigue siendo un reto 
para la comunidad científica. En consecuencia, el análisis, la cuantificación y la predicción de las respuestas 
a múltiples factores de estrés a nivel comunitario deben ser los principales objetivos para el trabajo futuro en 
la evaluación ecotoxicológica del medio acuático.

Las conclusiones de esta tesis, junto con las observaciones de otros autores mencionados 
anteriormente discutidas, han evidenciado la importancia de integrar diversas disciplinas, concretamente la 
química, toxicología y ecotoxicología para la evaluación apropiada del destino y riesgo de los PhACs en el 
medio ambiente acuático.

8.7. Conclusiones 

(i) El método analítico desarrollado basado en extracción en fase sólida “off-line” seguido de 
LC-MS/MS permitió la detección simultánea de ocho compuestos. El método proporcionó límites de 
detección en el orden de pocos ng L−1 y una buena precisión para aguas residuales, proporcionando un 
protocolo fiable y robusto para el análisis de rutina de un compuesto tan ubicuo como es el DCF, sus 
principales metabolitos humanos y sus TPs de nitración/nitrosación microbiana en aguas residuales. 
La aplicación del método en las aguas residuales de entrada y de salida de las WWTPs demostró la 
presencia de los metabolitos y TPs del DCF en tales matrices en el orden del ng L−1. Por lo que respecta 
a la literatura disponible, ésta es la primera evidencia de la presencia de TPs de nitración/nitrosación 
microbiana del DCF en WWTPs. Estos resultados corroboran los estudios previos de los coautores 
en los cuales se observó la transformación del DCF en nito/nitroso compuestos en reactores a escala 
laboratorio a través de reacciones biológicas. El conocimiento de la presencia de metabolites y TPs en 
el medio ambiente acuático es todavía limitado y serían necesarios más estudios para evaluar el destino 
global de los PhACs en las WWTPs.

(ii) Se descubrieron TPs de nitración/nitrosación microbiana de antiinflamatorios no esteroideos 
relacionados con el DCF en reactores con licor mixto de WWTPs. Estos resultados corroboran las 
hipótesis formuladas previamente acerca de la transformación del DCF mediante reacciones biológicas 
para generar estos TPs en reactores a escala laboratorio, por tanto demostrando que este camino de 
reacción no es solo único para el DCF. Además de la elucidación y la determinación de metabolitos y 
TPs desconocidos, la evaluación de la toxicidad de estos compuestos seria así mismo relevante para 
definir los efectos toxicológicos potenciales en los ecosistemas acuáticos.

(iii) Los valores elevados de PhACs detectados (el intervalo de concentraciones totales fue 
de LOQ-1.500 ng L-1) y su ubicuidad en las muestras analizadas se explican por la elevada tasa de 
consumo de estos PhACs, así como por su resistencia a la biodegradación en WWTPs convencionales 
que aplican tratamiento secundario biológico. La información acerca de las relaciones entre los niveles 
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de concentración de PhACs en los ríos y las condiciones hidrológicas es aún escasa y por tanto sería 
necesario poner mayor interés en este tema. Los PhACs pueden adsorberse a los sólidos en suspensión, 
la fase coloidal y los sedimentos y por tanto la adsorción es uno de los procesos claves que controlan 
en el transporte y destino de estos compuestos en los sistemas acuáticos. Por este motivo, sería de 
especial interés determinar los coeficientes de partición de los PhACs entre las diversas fases sólida 
y acuosa de la columna de agua del río, así como los factores involucrados en sus mecanismos de 
distribución. Los resultados sugieren interacciones complejas entre las fuentes de contaminación, el 
transporte y la degradación de los PhACs en un río tan dinámico como es el río Llobregat. Otros factores 
medioambientales  se deberían también tener en cuenta, como la foto-degradación y la biodegradación, 
los cuales pueden afectar al destino de los PhACs en las aguas superficiales.

(iv) La presencia de PhACs en ríos Mediterráneos como el río Llobregat está sujeta a una fuerte 
variación estacional. Este hecho se puede explicar parcialmente en términos de cambios extremos de 
caudal característicos de la hidrología Mediterránea.  Por ejemplo, durante la estación de lluvias se 
produjeron picos de caudal que sobrepasaron hasta dos órdenes de magnitud  el caudal de base del río, lo 
cual afectó directamente a la concentración de los PhACs. Sin embargo, varios fenómenos concurrentes 
(con el tiempo operando en sentido opuesto) como la re-suspensión, la adsorción, la degradación, la 
variabilidad del tiempo de residencia hidráulico del río, o la eficiencia de las WWTPs pueden dar lugar a 
un patrón complejo, el cual sólo puede ser desenmarañado a través de una modelización apropiada. En 
este contexto, se trató de desarrollar un modelo de tipo “plug-flow”, que permitió explicar las variaciones 
observadas en la carga de los compuestos analizados en las dos localizaciones del río estudiadas 
en términos del caudal y de dos parámetros característicos de cada compuesto, concretamente un 
parámetro asociado a la carga promedio descargada aguas arriba y otro interpretable como la constante 
general de desaparición durante el tiempo de circulación. Los resultados obtenidos para los dos puntos 
de muestreo estudiados, mostraron consistencia y por tanto el método se propuso para ser aplicado en 
la gestión de las cuencas o en tramos concretos de sistemas acuáticos.

(v) Se demostró la ubicuidad de los PhACs en aguas superficiales y sedimentos de los ríos 
Ibéricos, a pesar de que algunos puntos de muestreo presentaron concentraciones extraordinariamente 
elevadas, lo cual indicó que se debería poner especial atención en estas localizaciones concretas. Tanto 
las concentraciones medianas de PhACs como sus ecotoxicidades estimadas, mostraron relaciones 
positivas con la densidad de población humana así como con las unidades ganaderas, respondiendo 
así a la presiones antropogénicas en las cuencas hidrográficas. A pesar de que la contribución de los 
PhACs a la toxicidad total estimada en aguas superficiales es dependiente del lugar específico analizado, 
cinco compuestos (eritromicina, gemfibrozilo, loratidina, losartan y sertralina) fueron los responsables de 
más del 50% de las unidades de toxicidad calculadas para algas, dafnias y peces y por lo tanto estos 
compuestos deberian ser especialmente considerados cuando se aborda el tema de la contaminación de 
PhACs en las aguas superficiales. Los resultados de este estudio resaltaron que las aguas superficiales 
pueden recibir cantidades ingentes de PhACs que pueden interferir en la organización natural de los 
organismos acuáticos y afectar a los procesos ecosistémicos y, así, a los servicios.

(vi) De acuerdo con la literatura consultada, se mostró por vez primera la evidencia de la presencia 
de TPs del DCF y SMX en aguas residuales así como en aguas superficiales impactadas por efluentes 
de WWTPs. La detección de los derivados del DCF y SMX en aguas residuales de entrada a las WWTPs 
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sugirió que los procesos de transformación microbiana pueden ocurrir a lo largo del sistema colector de 
aguas residuales. Las relaciones de los niveles de NO-DCF y NO2-DCF con las especies de nitrógeno 
(NO2

--N and NO3
--N) sugirieron tentativamente la biotransformación del DCF en NO-DCF y NO2-DCF y 

del SMX en NO2-SMX y Des-SMX; como consecuencia de los procesos de nitrificación y denitrificación 
que tienen lugar en los lodos activados. Según los trabajos publicados, también se evaluó por vez 
primera la toxicidad aguda en D. magnia y V. fischeri de los productos de transformación microbiana del 
DCF y el SMX de modo individual así como en mezclas binarias con otros contaminantes relevantes del 
medio ambiente acuático (nonilfenol, diurón, malatión, glifosato y triclosan). Por lo general, la toxicidad 
aguda en D. magnia y V. fischeri de los TPs fue inferior a la correspondiente a sus productos padre. 
No obstante, el sinergismo observado para NO-DCF en mezclas, demostró que estos derivados no 
deberían ser descartados en la evaluación de muestras tan complejas como son las aguas residuales o 
las aguas superficiales receptoras de efluentes de WWTPs. Debido a este fenómeno, los productos de 
transformación microbiana del DCF y el SMX deberían incluirse en los estudios medioambientales de 
estos PhACs como complemento para el entendimiento de la presencia, destino y comportamiento del 
DCF y el SMX en el medio ambiente acuático.

(vii) Las diferencias observadas en las concentraciones de PhACs y la respuesta de los biofilms 
a las fluctuaciones del caudal del río, puntualizó la importancia que las variaciones hidrológicas tienen 
en el estado químico y ecológico de los ríos Mediterráneos. El estudio reveló que las diferencias 
entre los biofilms desarrolladas bajo condiciones de caudal diferentes, eran más relevantes que las 
diferencias observadas entre los puntos de muestreo. Esta diferencia fue más marcada por la aplicación 
de la translocación de comunidades de biofilms entre puntos de muestreo, siguiendo un gradiente de 
polución. Esta evidencia sugiere que el episodio de riada ocurrido, representó un papel fundamental en 
el desarrollo de las comunidades biológicas en el Río Llobregat. No obstante, este estudio también reveló 
que algunos efectos potencialmente negativos de ciertos grupos de PhACs, como los antibióticos, en los 
organismos acuáticos, como las bacterias, se pueden mantener inalterables bajo diversas situaciones 
hidrológicas. En base a estos resultados, se concluye que para esclarecer los efectos de la combinación 
de los cambios en la hidrología y en la contaminación en los ecosistemas acuáticos, se requiere la 
unificación de esfuerzos en la química analítica, la hidrología y la ecología. 
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