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Abstract 

The presence of pharmaceutical residues in surface waters is an emerging environmental issue that provides 

a new challenge to treatment systems for potable water, wastewater and water reuse. Their principle 

pathways into the sewerage system are twofold: first, after being administered to patients they are normally 

excreted as various metabolites together with the unchanged parent compound; secondly, it is common 

practice to dispose outdated or unused medicines either down the drain or flush down the toilet. In either 

case, significant quantities of pharmaceutical residues eventually find their way to wastewater treatment 

plants and the occurrence of these residues in surface waters and groundwaters is due to the inefficient 

removal processes of conventional water treatment and emphasises the need for enhanced or new treatment 

technologies. The removal of pharmaceuticals and other organic micro-pollutants still only provides a 

partial indication of the efficiency of the various treatment methods because of the possible generation of 

nontargeted toxic intermediates more resistant to degradation. When it comes to pharmaceutical residues 

many gaps exist in our knowledge regarding degradation mechanisms, the identity of transformation 

products, and their impact on and their fate in the environment. Insights into this relatively unexplored field 

are hindered by the quantity and the variety of products present at various degrees of transformation. To 

resolve this will require the application of sophisticated instruments capable of providing complementary 

information for structural assignment and robust analytical methods, which require meticulous method 

development and validation. 

 This thesis describes an analytical method for determining key pharmaceutical representatives of 

nonsteroidal antiinflammatory drugs: ibuprofen, ketoprofen, naproxen and diclofenac, in aquatic matrices, 

and its validation at the intralaboratory and interlaboratory level. The analytical method is based on solid 

phase extraction and derivatisation followed by GC-MS. An intralaboratory validation revealed the method 

to be satisfactory in terms of linearity (r
2
 ≥0.990), sensitivity, limits of detection (2 – 6 ng L

-1
), and 

extraction efficiency (>84 %), thus proving its suitability for determining NSAIDs in aqueous 

environmental samples. The method was then applied to various Slovenian surface water, groundwater and 

tap water samples. The concentrations of pharmaceuticals (range 10 – 300 ng L
-1

) determined were 

comparable to those found elsewhere in Europe. Furthermore, naproxen, when compared to the other 

selected pharmaceuticals is dispensed in the highest amounts, was detected in the majority of samples also 

in the highest concentrations. Interlaboratory validation involving GC-MS and LC-MS was also performed 

in two separate round robin studies. In summary, it was shown that the GC-MS method was superior to LC-

MS method when determining ibuprofen, naproxen and ketoprofen in complex matrices, while neither of 

the two methods was satisfactory for determining diclofenac. In addition, the process of filtration and the 

filter material had no affect on the determination of NSAIDs.  

Experiments involving the biological removal of pharmaceuticals with activated sludge revealed two 

groups: readily biodegradable compounds (removal ≥87 %) including ibuprofen, ketoprofen and naproxen, 

and recalcitrant compounds diclofenac, clofibric acid and carbamazepine, showing ≤59 %, ≤30 % and 16 % 

elimination, respectively. The study was performed in laboratory scale bioreactors, and the results were in 

agreement with actual data from municipal wastewater treatment plants. Because the activated sludge in the 

bioreactors was continuously exposed to the selected pharmaceuticals the effects on the makeup of the 

microbial community in the activated sludge were monitored. Overall, the pharmaceuticals in 

concentrations ≥50 µg L
-1

 resulted in a change in the microbial composition in the activated sludge, which 

became exaggerated with increasing concentration. The pharmaceuticals reduced the diversity in the 

activated sludge and especially worrying was the notable absence of Nitrospira, the bacteria responsible for 

2
nd

 stage nitrification.  

This thesis also examines the biotransformation of certain pharmaceuticals. Interestingly, only the 

persistent pharmaceuticals diclofenac, clofibric acid and carbamazepine yielded any discernable 

biotransformation products. Among a number of diclofenac‟s biotransformation products identified was 1-

(2,6-dichlorophenyl)-1,3-dihydro-2H-indol-2-one, hydroxy-diclofenac, a benzoquinone imine derivative 
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and a nitro-analogue of diclofenac. Further, 4-chlorophenol was identified in the bioreactor feed along with 

clofibric acid, and acridine and 9-acridone were formed during the biotransformation of carbamazepine. 

From the literature and according to this study certain transformation products are also formed via different 

mechanisms involving the abiotic breakdown or human and animal metabolism. Among the identified 

biotransformation products most notable is the incorporation of a nitro-group into the diclofenac molecule. 

This study also focused on the complementary use of mass spectrometric techniques including GC-IT, GC-

Q and LC-QqTOF to detect as many transformation products as possible, and to apply different mass 

spectrometric techniques for cross-confirmation of their chemical structures. Among the available mass 

spectrometric techniques the LC-QqTOF was the most powerful in resolving the chemical structures of the 

transformation products because of its unique ability to perform both tandem mass fragmentation and 

accurate mass measurement.  

Similar experiments under abiotic conditions, primarily UV irradiation and chlorine dioxide 

disinfection, were made. Out of the eight metabolites of carbamazepine detected, the structures of seven 

transformation products, formed during at least one of the treatment methods, were determined. In addition, 

one compound was generated by thermal decomposition during sample analysis. This study also compared 

treatment technologies according to the removal of carbamazepine and the production and decay of its 

transformation products. The most efficient at removing carbamazepine was UV treatment (93 %), while 

76 % of acridine and <10 % of acridone were removed. Alternatively, acridine (≤92 %) and acridone (≤40 

%) were more susceptible to biological treatment than carbamazepine (16 %). Therefore, based on the 

enhanced biodegradability of carbamazepine residues achieved by UV irradiation, a coupled treatment 

technology is proposed involving an initial UV treatment step followed by biological treatment. Similarly, 

chlorine dioxide degrades carbamazepine more efficiently (54 %) than acridine (38 %), and it may be 

applied prior to biological treatment.  

Finally, at least three identified transformation products: 4-chlorophenol from clofibric acid; acridine 

and 9-acridone from carbamazepine, were found to be more toxic and hazardous than the parent 

compounds, a fact which supports the original thesis that considering only a parent pharmaceutical, more 

harm can be done by insufficient treatment than by completely avoiding it. Thus, with an aim of achieving 

complete mineralisation of both parent compounds and their transformation products, further development 

of treatment technologies, possibly involving additional and/or sequenced treatments, is needed. The 

efficiency of newly-developed treatment technologies, however, will require scale-up and evaluation, both 

from a scientific and economic perspective. 
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Povzetek 

Prisotnost ostankov zdravilnih učinkovin v okolju, katerih vpliv je, v primerjavi z drugimi onesnaţili, 

razmeroma nepreučen, povzroča naraščajočo zaskrbljenost in prinaša nov izziv za čiščenje pitnih in 

odpadnih vod ter za njihovo ponovno uporabo. Ostanki zdravil se po uporabi v humani ali veterinarski 

medicini običajno izločijo v obliki različnih metabolitov ali kot nespremenjene izhodne zdravilne 

učinkovine. Tako glavni vir tovrstnega onesnaţenja predstavljajo odpadne vode, v katere preidejo ostanki 

zdravil z izločki bolnikov, nemalokrat pa je njihova prisotnost v odpadnih vodah tudi posledica 

nepravilnega odlaganja neporabljenih zdravil ali proizvodnih procesov v farmacevtski industriji. Odpadne 

vode se največkrat iztekajo v površinske vode z ali brez predhodnega čiščenja na čistilnih napravah. Sama 

učinkovitost čiščenja zdravilnih učinkovin na čistilnih napravah je vprašljiva, saj te niso prirejene za 

odstranjevanje tovrstnih spojin. Nekatere zdravilne učinkovine se tekom čiščenja pretvorijo v produkte 

razgradnje, katerih identiteta, kroţenje in učinek na okolje in človeka so v večini primerov nepoznani, 

njihovo prepoznavanje pa temelji na uporabi sofisticiranih analiznih metod in instrumentov. 

Predstavljeno doktorsko delo opisuje razvoj analizne metode za kvantitativno določanje 

najpomembnejših predstavnikov nesteroidnih protivnetnih učinkovin, ibuprofena, ketoprofena, naproksena 

in diklofenaka v vodnih matrikah ter njeno validacijo na notranjem in medlaboratorijskem nivoju. Razvita 

analizna metoda temelji na ekstrakciji na trdnem nosilcu, ki ji sledita derivatizacija in analiza s plinsko 

kromatografijo z masno spektrometrično detekcijo. Na osnovi validacijskih parametrov, linearnosti (r
2
 

≥0.990), občutljivosti, meje zaznavnosti (2 – 6 ng L
-1

) in izkoristka ekstrakcije (>84 %) za posamezen 

analit, sem potrdila primernost analizne metode za določanje nesteroidnih protivnetnih učinkovin v vodnih 

vzorcih. Razvito metodo sem testirala na vzorcih slovenskih površinskih in pitnih vod ter podtalnice. 

Izmerjene koncentracije nesteroidnih protivnetnih učinkovin (območje 10 – 300 ng L
-1

) so bile primerljive 

z vrednostmi, ki so jih določili raziskovalci drugod po Evropi. Med temi spojinami je najbolj izstopala 

razmeroma visoka koncentracija naproksena, ki sem ga določila v večini analiziranih vzorcev, kar je lahko 

posledica izrazito velike porabe te nesteroidne protivnetne učinkovine v Sloveniji. Medlaboratorijska 

validacija, ki je vključevala analizne protokole z GC-MS in LC-MS določanjem, je bila izvedena v dveh 

krogih medlaboratorijskih primerjalnih analiz. Rezultati analiz so pokazali, da je GC-MS analizna metoda 

primernejša za določanje ibuprofena, naproksena in ketoprofena v kompleksnih matrikah, medtem ko se je 

analiza diklofenaka izkazala za teţavnejšo in bi zato, pred uvajanjem na nivoju rutinske analize, 

potrebovala še dodatno optimizacijo. Medlaboratorijski primerjalni analizi sta potrdili tudi stabilnost 

nesteroidnih protivnetnih učinkovin v izbranih matricah in pokazali, da filtracija ne vpliva na določanje 

izbranih analitov. 

V študijo biološkega čiščenja zdravilnih učinkovin na bioreaktorjih z aktivnim blatom sem vključila dve 

skupini zdravilnih učinkovin, biorazgradljive, pri katerih je odstranjevanje ≥87 % (ibuprofen, naproksen in 

ketoprofen) ter učinkovine, obstojne na biološko čiščenje (diklofenak, klofibrinska kislina in 

karbamazepin). Pri slednjih sem določila ≤59 %, ≤30 % in 16 % učinkovitost odstranitve z aktivnim 

blatom. Učinkovitost čiščenja obstojnih zdravilnih učinkovin na naših bioreaktorjih je primerljiva s podatki 

za komunalne čistilne naprave, medtem ko je učinkovitost čiščenja biorazgradljivih učinkovin nekoliko 

večja. Razlog za to je lahko adaptacija zaradi neprekinjene izpostavljenosti biomase izbranim zdravilnim 

učinkovinam ali podaljšan zadrţevalni čas odpadne vode v bioreaktorjih. Tudi sicer je neprekinjena 

izpostavljenost zdravilnim učinkovinam vplivala na strukturo mikrobiološke zdruţbe v bioreaktorjih. Tako 

so koncentracije ≥50 µg L
-1

 zmanjšale strukturno različnost predstavnikov, pri čemer je posebej pomembna 

odsotnost bakterij rodu Nitrospira, ki so odgovorne za drugo stopnjo nitrifikacije v dušikovem ciklu. 

Ena izmed temeljnih nalog predstavljene doktorske disertacije je tudi prepoznavanje produktov 

razgradnje zdravilnih učinkovin tekom postopkov čiščenja odpadne ali pitne vode. Pri mikrobioloških 

pretvorbah je bilo produkte razgradnje mogoče zaznati le pri vseh treh obstojnih spojinah, diklofenaku, 

klofibrinski kislini in karbamazepinu. Med številnimi produkti biorazgradnje diklofenaka sem identificirala 

naslednje: 1-(2,6-diklorofenil)-1,3-dihidro-2H-indol-2-on, hidroksi-diklofenak, benzokinon imin derivat 



VIII 

diklofenaka in nitro analog diklofenaka. S prisotnostjo klofibrinske kisline v bioreaktorjih sem identificirala 

4-klorofenol, medtem ko sta akridin in 9-akridon nastala med mikrobiološko razgradnjo karbamazepina. 

Sodeč po literaturnih podatkih lahko nekateri izmed produktov razgradnje nastanejo tudi po drugih poteh, 

kot so humani ali ţivalski metabolizem ali abiotska razgradnja. Med produkti mikrobiološke razgradnje 

zdravil, ki sem jih identificirala, vključitev nitro skupine v strukturo diklofenaka predstavlja najbolj 

nenavadno in nepričakovano pretvorbo. Za identifikacijo čim večjega števila produktov transformacije in 

navzkriţno potrjevanje njihovih struktur sem pri svojem delu uporabljala komplementarne kromatografske 

in masno-spektrometrične tehnike, med njimi GC-IT, GC-Q and LC-QqTOF. Med izbranimi instrumenti se 

je LC-QqTOF izkazal kot najprimernejši za reševanje kemijskih struktur neznanih spojin, saj omogoča 

tandemsko masno fragmentacijo, visoko ločljivost in natančnost masne meritve. 

Predstavljena doktorska naloga vključuje tudi eksperimente z abiotsko razgradnjo zdravilnih učinkovin, 

predvsem UV razgradnjo in dezinfekcijo s klorovim dioksidom. Pri tem sem uspešno identificirala sedem 

produktov transformacije karbamazepina, še ena spojina pa je nastala med samo analizo kot posledica 

toplotnega razpada karbamazepina v injektorju plinskega kromatografa. Preučevanje učinkovitosti čiščenja 

karbamazepina in dveh izmed njegovih produktov razgradnje, akridina in akridona, je pokazalo, da je za 

odstranjevanje karbamazepina najučinkovitejša UV razgradnja (93 %), medtem ko je učinkovitost čiščenja 

akridina 76 %, akridona pa <10 %. V nasprotju s karbamazepinom (16 %) pa sem ugotovila uspešnejšo 

mikrobiološko razgradnjo akridina (≤92 %) in akridona (≤40 %). Na podlagi teh ugotovitev sem predlagala 

sklopljeno tehnologijo čiščenja, ki vključuje UV razgradnjo in nato mikrobiološko razgradnjo. Podobno se 

karbamazepin (54 %) uspešneje kot akridin (38 %) odstranjuje z oksidacijo s klorovim dioksidom, zaradi 

česar se v zaporedju z biološkim čiščenjem prav tako lahko uporabi za omejevanje oz. preprečevanje 

vstopa ostankov zdravilnih učinkovin v okolje. Predlagani tehnologiji bo potrebno preizkusiti na večjih 

pilotnih in realnih čistilnih napravah in oceniti njuno ekonomsko učinkovitost.  

Literaturni podatki in raziskave znotraj te študije kaţejo, da so vsaj trije izmed identificiranih produktov 

transformacije, 4-klorofenol, produkt razgradnje klofibrinske kisline, in akridin ter akridon, ki nastaneta iz 

karbamazepina, bolj toksični kot izhodne spojine, kar je zaskrbljujoče in še dodatno podkrepi zastavljene 

cilje po doseganju popolne mineralizacije obstojnih mikropolutantov tekom čiščenja odpadne in pitne vode 

in s tem znatno zmanjšanje obremenitve okolja in tveganja za zdravje. 
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1 Introduction 

1.1 Pharmaceuticals in therapeutics  

1.1.1 Pharmacokinetic and pharmacodynamic characteristics 

 

Pharmaceuticals are an indispensable element of modern life. They are administered to humans and animals 

as an aid in the diagnosis, treatment or prevention of disease, for the relief of pain or suffering, or to control 

or improve physiologic or pathologic condition [1]. With an increasing population, increasing life 

expectancy and the continual development and introduction of new pharmaceuticals onto the market, their 

assortment and consumption continues to rise. As a mirror to the knowledge of their importance for our 

well-being is an increase in the awareness regarding their unwanted effects; many of which are only 

recognised long after pharmaceuticals have been launched on the market. To improve our knowledge in 

this field, their fate and behaviour need to be studied within and after being excreted from the target 

organism. 

In this thesis six model compounds comprising four non-steroidal anti-inflammatory drugs, 

carbamazepine and clofibric acid (Table 1) were selected as model pharmaceuticals to study the 

occurrence, fate, removal and transformations of pharmaceuticals during water treatment and in the 

environment. 

An important pharmacological group of drugs are the non-steroidal anti-inflammatory drugs (NSAIDs). 

Non-steroidal anti-inflammatory drugs suppress inflammation in a manner similar to steroids, but without 

the associated side effects, and are commonly used to relieve the symptoms of arthritis, gout, swelling, 

stiffness and joint pain. The pharmacological mode of action for NSAIDs is via the inhibition of the 

synthesis of prostaglandins, prostacyclins and leukotrienes involved in the inflammatory response. These 

pharmaceuticals, in particular those sold over-the-counter as non-prescription drugs, also have analgesic 

(pain-killing) and antipyretic (fever reducing) activities. Among the selected NSAIDs (Table 1), ibuprofen 

(IB) and naproxen (NP) are sold over-the-counter in most countries, while ketoprofen (KP) and diclofenac 

(DF) can only be obtained as prescription drugs [2,3]. 

Carbamazepine (CBZ) is an important drug for the treatment of epilepsy, which is, after stroke, the most 

common central nervous system disease. This drug is also used for the treatment of severe pain syndromes 

associated with neurological disorders (trigeminal neuralgia) and as a psychotropic agent. The drug has 

been introduced in clinical psychiatry for the treatment of schizophrenia, alcohol withdrawal, acute mania, 

and for prophylaxis against both the manic and depressive episodes of bipolar disorder [3]. It is 

administered chronically and usually in high dosages and hence its annual production is high [4,5,6]. 

Lipid regulating drugs, i.e. fibric acid derivatives (fibrates) and 3-hydroxy-3-methylglutaryl-coenzyme 

A (HMG-CoA) reductase inhibitors (statins), are used to lower levels of blood cholesterol among people at 

risk of heart attack or stroke. Fibrates reduce the level of triglycerides and increase the levels of high-

density lipoprotein, thereby decreasing the risk of cardiovascular events [3]. Among the fibrate 

antilipaemics, three compounds are known to transform into a pharmacologically active clofibric acid 

(CLA) during human metabolism. 
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Table 1: Chemical classification of the studied pharmaceuticals 

Pharmaceutical CAS IUPAC name Trade name 
Molecular 

formula 

Molecular 

weight 

IB 15687-27-1 

α-methyl-4-(2-

methyl propyl)-

benzene acetic acid 

Bonifen
®
 

Ibuprofen
®

 
C13H18O2 206.283 

NP 22204-53-1 

6-methoxy-α-

methyl-2-

naphthalene acetic 

acid 

Nalgesin
®
 

Naprosyn
®

 
C14H14O3 230.2616 

KP 22071-15-4 

3-benzoyl-α-

methylbenzene 

acetic acid 

Ketonal
®

 C16H14O3 254.284 

DF 15307-86-5 

 

2-((2,6-

dichlorophenyl)ami

no)benzene acetic 

acid 

 

Naklofen
®

 

Voltaren
®

 

 

C14H10Cl2NO2 296.152 

CLA 882-09-7 

2-(4-chloro 

phenoxy)-2-methyl 

propanoic acid 

 C10H11O3Cl 214.647 

CBZ 298-46-4 

5H-

dibenz(b,f)azepine-

5-carboxamide 

Tegretol
®
, 

Tegretol XR
®
, 

Equetro
®
, 

Carbatrol
®
 

C15H12N2O 236.273 

 

The term „Drug metabolism‟ refers to chemical alterations of a drug in vivo [7]. It takes place 

predominantly in the liver and in general, metabolism modifies the chemical structure of the active 

molecules into more polar and water-soluble derivatives, which in turn facilitates their excretion. Drugs are 

metabolized through a variety of mechanisms such as hydrolysis, oxidation, reduction, dealkylation, which 

are referred to as Phase I metabolic reactions and either introduce or expose a functional group on the 

parent compound. Phase I reactions generally result in the loss of pharmacological activity, although there 

are examples of retention or enhancement of the activity. In some cases, the compound may be a pro-drug, 

which is converted rapidly into its pharmacologically active form, usually during the first-pass liver 

metabolism. Phase II conjugation reactions lead to the formation of a covalent bond between a functional 

group (OH, COOH, NH2 or SH) on the parent compound or a Phase I metabolite and D-glucuronic acid, 

sulphate, glutathione, amino acids, or acetate [7,8,9,10]. In general, conjugation diminishes 

pharmacological activity, though, it may be reversible and the phenomena of deconjugation in the 

environment or during municipal wastewater treatment can occur [4,11,12,13,14,15,16]. Certain drugs like 

CBZ are largely metabolized before they are excreted, while others, such as atenolol, are only poorly 

metabolized and others yet again, such as contrast media, are excreted completely intact. The compounds 

with a high metabolic rate in humans do not necessarily have a short lifetime in the aquatic environment 

[17]. 

 

 

1.1.2 Production and consumption 

 

Pharmaceuticals are produced and used in increasing quantities each year. The available data (Table 2) 

show how the amount of IB, DF and CBZ prescribed in Germany (1995 – 1999) increased for 25, 70 and 

44 %, respectively. The consumption and application of pharmaceuticals varies considerably from country 

to country, but in general the amount of dispensed pharmaceuticals is higher than those values given in 

Table 2, since these numbers do not include hospital applications and non-prescription i.e., so-called over-

the-counter (OTC) drugs. The amounts consumed per person per year (Table 2) were calculated using the 
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data from CIA World Factbook [18]. Among the studied countries, Canada is the largest consumer of IB 

and NP per capita, in Slovenia most KP is dispensed, whereas in Germany most DF and CBZ per person is 

consumed. 
 

Table 2: Estimated prescription amounts of the selected pharmaceuticals. *n.s.: not stated 

Compound 

Defined daily dose 

(adult, oral)  

(mg day
-1

) 

Annual prescribed 

amount  

(t per year) 

Country Year 

Amount per 

capita  

(mg year
-1

) 

Reference 

IB 200 - 3200 

250 Canada 2001 7972 [3] 

18 Switzerland 2001 2420 [19] 

140 Germany 1999 1691 [20] 

105 Germany 1995 1266 [4] 

6.696 Austria n.s. 816 [21] 

0.945 Slovenia 2001 467 [22] 

NP-Na 275 - 1100 
45 Canada 2001 1435 [3] 

1.923 Slovenia 2001 950 [22] 

KP 50 - 200 
0.339 Slovenia 2001 167 [22] 

0.254 Switzerland 2001 34 [19] 

DF-Na 75 - 200 

250 Germany 1999 3021 [20] 

75 Germany 1995 904 [4] 

6.143 Austria n.s. 748 [21] 

3.9 Switzerland 2001 524 [19] 

0.602 Slovenia 2001 297 [22] 

5 Canada 2001 159 [3] 

CLA 
Clofibrate: 2000 mg, 

95–99 % transform.  
16 Germany 1995 193 [4] 

CBZ 100 - 2000 

120 Germany 1999 1450 [20] 

30 Canada 2001 957 [3] 

80 Germany 1995 965 [4] 

6.344 Austria n.s. 773 [21] 

 

Due to their pharmacological activity and the amount used, pharmaceuticals, after they enter the 

environment, represent environmentally relevant compounds. In addition, pharmaceuticals are produced 

and administered with the aim of causing a biological effect, their occurrence, fate and effects on the 

environment are not only of scientific but also of public interest. Besides the active substances, the 

pharmaceutical formulations may also incorporate adjuvants and in some instances pigments and dyes, but 

in terms of the possible impact on the environment, these are of minor importance compared to the 

pharmacologically active substances themselves [8].  
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1.2 Pharmaceuticals in the environment 

1.2.1  Sources 

In human and veterinary medicine, pharmaceuticals are administered orally, parenterally, topically, or 

rectally and are used extensively in hospitals and domestically. Together with their metabolites they enter 

the municipal sewer network and either reach sewage treatment plants, or in rural households directly 

release in to septic tanks [23]. Because the pharmaceutical industry follows Good Manufacturing Practice 

regulations (GMPs), actual emissions during manufacturing are low and only in the case of accidents may 

emissions occur locally; therefore, point source emissions are of minor importance [8].  

 

 

Figure 1: Sources, distribution and sinks of pharmaceuticals in the environment [24]. (DWT: drinking water 

treatment, WWTP: wastewater treatment plant) 

Because pharmaceuticals are not totally eliminated during wastewater (WW) treatment they enter the 

aquatic environment, where they can leach into underlying groundwater, which in turn may be used as a 

source of potable water (Figure 1) [16,25,26]. In addition, outdated and excess medicines are often 

disposed of with household waste or down the drain. It is reported that approximately one third of the total 

volume of pharmaceuticals sold in Germany and USA [27,28] and about 25 % of those sold in Austria [29] 

is disposed of in this manner. In the United Kingdom the predominant method of disposal is in the 

household waste, which is of concern since medicines deposited in their original form in landfill bypass 

metabolism in the human body and degradation in WWTPs [30], and landfill leachate can be a major 

source of groundwater contamination [31,32,33,34].  

Drugs used in animal husbandry, either for veterinary purposes or as growth promoters, are together 

with their metabolites excreted with manure [35]. Farmers use manure and sewage sludge as fertilizer 

allowing drug residues to reach the soil and to enter the water environment in runoff after a heavy rain. 

Application of pharmaceuticals in aquaculture can result in a direct input of these compounds into 

environmental water or to sediments [8] (Figure 1). Pharmaceuticals with sorption properties can enter the 

soil and the subsurface by river bank filtration, artificial groundwater recharge and leaky sewerage systems 

[36]. In addition, groundwater and surface water are intimately linked, and as a result can contaminate one 

another [24]. The passage of pharmaceuticals in raw water resources through drinking water treatment 

plants is their ultimate elimination step before potable water distribution [24].  
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1.2.2 Occurrence 

The important factors determining the occurrence of pharmaceutical residues in the environment are their 

overall consumption, their disposal and the fate of each individual compound in the human body, in the 

WWTPs, and in the aquatic environment itself. Pharmaceuticals occur as persistent residues at the ng to µg 

per liter level in WWTP effluents, which are then discharged into surface waters, where they are detected in 

the several hundred ng L
-1

 level (Table 3). In surface waters pharmaceuticals are subjected to natural 

attenuation processes, which diminish them over time and distance [37]. However, certain compounds can 

persist. These include CLA and CBZ [38], which prove to be excellent anthropogenic markers, as well as 

markers for sewage contamination in surface and groundwaters [16,39,40]. Whenever bank filtration or 

other methods for groundwater recharge are used for potable water production, persistent pharmaceuticals 

may leach from contaminated watercourses into the groundwater aquifers. Depending on the methodologies 

used for potable water production, pharmaceutical residues may also appear at trace-level concentrations in 

tap water. For example, investigations by Stan et al. [41] and Stan and Linkerhägner [42] show that 

samples taken from various districts in Berlin all contained CLA in high concentrations (165 and 270 ng L
-

1
). Table 3 shows the levels of IB, KP, DF and CBZ determined in potable water. However, these 

compounds in potable water occur only sporadically because of their removal in the environment or during 

water treatment. One reason might be the lack of systematic monitoring programs, as currently there are no 

statutory maximum contaminant levels for pharmaceuticals in potable water and no regulatory requirement 

to monitor them. Another reason is the insufficient detection limits of the analytical methods used, since 

pharmaceuticals in potable water usually occur in the sub ng L
-1

 level or below [43].  

 

Table 3: Occurrence of selected pharmaceuticals in the environment: Concentration range, median and 

maximum determined concentrations 

Target 

compound 

Surface waters (ng L
-1

) Groundwater Potable water 

Conc. range (ng L
-1

) Med (ng L
-1

) Max (ng L
-1

) Max (ng L
-1

) Max (ng L
-1

) 

IB 

4.9-32 [44] 

60-152 [45] 

80-220 [17] 

60 [46] 

297 [47] 

826 [48] 

80 [49] 

150 [46] 

146 [39] 

5044 [48] 

200 [50] 
3 [43] 

8.5 [51] 

NP 
10-400 [49] 

90-250 [17] 

70 [45] 

33 [46] 

50 [46,52] 

32 [39] 
  

KP 10-70 [17]  5 [49]  
8.0 [51] 

3.0 [53] 

DF 

20-150 [49] 

26-67 [44] 

26-72 [45] 

10-120 [17] 

29 [46] 

60 [52] 

60 [46] 

69 [39] 

568 [48] 

590 [25] 

300 [50] 
6 [43] 

CLA 

10-20 [46] 

2.4-7.6 [44] 

24-35 [45] 

11 [46] 

22 [39] 

25 [49] 

30 [52] 

7300 [50] 
165 [41] 

270 [43] 

CBZ 
30-250 [49] 

100-500 [17] 

30 [46] 

1200 [39] 

110 [46] 

2500 [39] 
900 [25] 

30 [54] 

258 [55] 

 

The occurrence of pharmaceuticals in surface waters is presented in Table 3 as a concentration range, 

maximum and/or median concentration (ng L
-1

). In groundwater and potable water the concentrations of 

pharmaceuticals are determined less frequently and are often below the detection limit, therefore the 

available literature only provides the maximum determined concentrations. When interpreting the data, 

such as those collected in Table 3, we need to take into account that not all the studies considered daily and 

seasonal fluctuations in concentration of pharmaceuticals, and so Table 3 probably does not present a clear 

picture of pharmaceutical pollution in the aquatic environment. To fully estimate their environmental 

occurrence, load and discharge from WWTPs, their levels would have to be monitored for an appropriate 

period of time and suitable sampling conditions applied. Use of grab or composite sampling does not 

provide a true average of the concentrations of pharmaceuticals present [47]. Samples collected using these 
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methods only represent a snapshot in time and do not mimic the continuous exposure of organisms to these 

chemicals. An alternative way to achieve a time weighted average concentration is to use passive samplers, 

such as “Polar Organic Chemical Integrative Samplers” (POCIS) [56,57,58]. 

 

1.2.3 Fate and behaviour 

Two factors that attenuate pharmaceuticals in environmental waters are dispersion and dilution. Although 

these processes do not result in chemical transformation, they effectively decrease the peak and average 

concentrations of a compound. As a consequence, the ambient concentration may not be sufficient to elicit 

an enzymatic or biological response in aquatic organisms [37]. The dispersion and dilution factors 

principally depend on weather and flow conditions. 

Alternatively, those parameters that determine the fate and distribution into different environmental 

compartments, like sorption, aquatic mobility, (bio)accumulation, bio- and photo- degradation, volatility, 

and environmental persistence, can to some extent, be predicted from their chemical structures (Figure 2) 

and physico-chemical properties (Table 4). 

 

 
 

Figure 2: Chemical structures of the studied compounds 

Table 4: Physical and chemical properties of the test compounds: Solubility, octanol-water partition coefficient 

(KOW), dissociation constant (pKa), organic carbon partition coefficient (KOC), Henry coefficient (KH) 

Compound Solubulity (mg L
-1

) logKOW pKa (20 °C) logKOC 
KH  

(Pa m
3
/mol) 

IB 21 [59] 3.5 [60] - 3.79 [61] 4.52 [62] 2596 [63] 1.5×10
-2

 [64] 

NP 15.9 [64] 3.10 [61] - 3.18 [46] 4.15 [46] - 3.4×10
-5 

[64] 

KP 51 [64] 3.00 [61] - 3.12 [46] 4.45 [46] - 2.2×10
-6

 [64] 

DF 2.37 [65] 4.02 [61] - 4.51 [66] 4.16 [62] 2921 [63] 4.8×10
-7

 [64] 

CLA 582.5 [71] 2.84 [61] 3.18 [67] 1640 [63] 2.2×10
-3

 [64] 

CBZ 112 [5] 2.25 [61] 14.0 [36] 3588 [63] 1.1×10
-5

 [64] 

 

 

Table 4 shows how the solubility of the test pharmaceuticals is notably higher than their actual 

concentrations in the aquatic environment (Table 3) and therefore the solubility does not limit their 

environmental occurrence. Also, because of the low values for the Henry coefficient (KH) (Table 4), the 
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fraction removed by volatilization is negligible [68]. 

Two types of coefficients are commonly used to determine the sorption and affinity of a given substance 

to organic matter: octanol-water partition coefficient (KOW) and the organic carbon partition coefficient 

(KOC) [69], derived from the n-octanol/water distribution coefficient (DOW) and the solid-water distribution 

coefficient (Kd), respectively. DOW is defined as the ratio of the concentration of a chemical in two phases, 

n-octanol (a surrogate for lipids) and water, when the phases are in equilibrium with one another and the 

test chemical is in dilute solution in both phases. The DOW indicates the tendency of an organic chemical to: 

- distribute between lipids and fats; 

- sorb to particulates such as soils or sediments; 

- sorb to biomass and sludge; 

- distribute among environmental compartments. 

However, in most cases the DOW can only be applied to neutral industrial chemicals and pesticides, 

while it does not appear to be as applicable to pharmaceuticals and their transformation products (TPs), 

which are primarily complex, multifunctional organic compounds that are ionized in the aquatic 

environment at environmentally relevant pH levels. Since pH governs the degree of ionization, for 

ionisable compounds, DOW is usually determined at pH 5.7 and 9, while for an environmental risk 

assessment pH 7 is used [7]. In general, logDOW values < 1 indicate that a chemical is unlikely to 

significantly bioconcentrate or sorb onto organic matter. A logDOW value ≥ 3 indicates that a compound 

may bioaccumulate or sorb significantly. The n-octanol/water distribution coefficient (DOW) may be 

corrected for the ionization of the compound so that only the concentration of the un-ionised species is 

considered (KOW). The KOW is given by [70]: 

 

)101( aOWOW pKpHDK     Equation 1. 

 

LogKOW is often represented as logP (Table 4). Where available, both logKOW estimated using the SRC 

Database [61] and the experimentally determined logKOW values show only a slight deviation between each 

other. DF in the form of carboxylic acid exhibits a substantially higher logKOW and lower solubility, which 

may result in significant sorption of the neutral drug. In therapeutics, low solubility may be a problem, and 

therefore, the bioavailability of the compound is improved by producing a sodium salt of DF, which 

exhibits a substantially higher solubility (2425 mg L
-1

) [71] and lower logKOW (0.57) [61], than the 

undissociated compound (Table 4).  

Besides flow conditions and persistence, sorption is key factor controlling input, transport, and the 

transformation of pharmaceuticals in the aquatic environment [36]. Sorption (either adsorption or 

absorption) is a process in which compounds become associated with solid phases. The equilibrium 

distribution of a compound between the solids and the solution depends on concentration and is described 

by a sorption isotherm - most commonly the Freundlich isotherm: 

 
n

wFsorb cKc /1     Equation 2, 

 

where csorb is the concentration of a chemical in the solid phase (mg kg
-1

), KF the Freundlich constant, cw 

the concentration of the chemical in water (mg L
-1

) and 1/n the linearity parameter. The simplest case of the 

Freundlich isotherm occurs when the linearity parameter 1/n = 1, where the isotherm becomes linear and is 

termed the Nernst partitioning (Kd). The solid-water distribution coefficient Kd is the sum of the following 

sorption mechanisms: absorption and adsorption to natural organic matter, intermolecular interactions (van 

der Waals, dipole-dipole forces, H-bonding), specific bonding of reactive moieties and solid surface 

groups, and the ionic interactions between charged species [72].A significant reduction in the variability of 

the sorption coefficients is achieved by normalizing it to the organic carbon content (fraction of organic 

carbon fOC), giving the organic carbon normalized sorption coefficient KOC according to  

 

OC

F
OC

f

K
K       Equation 3. 
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The mechanism and magnitude of sorption is defined by the compound‟s chemical structure. Sorption can 

be an equilibrium process, except when chemical or biological degradation follows, or continued diffusion 

into deeper sediments occurs. At equilibrium, the net uptake of the sediments will cease, unless 

microorganisms adapt and transform the contaminants. In the absence of sediment-mediated (biological or 

chemical) transformation, sediments can be sources of contaminants [37,73]. 

The dissociation constant (pKa) also affects sorption. The pKa is an equilibrium constant that describes 

the degree of ionization of a compound at a known pH. The significance of the dissociation constant is in 

the relationship between pKa and pH and the resulting distribution of a pharmaceutical in the environment. 

The degree of ionization at a particular pH will affect its bioavailability, its chemical and physical 

reactivity, and its ultimate fate. Among the studied pharmaceuticals, five (IB, NP, KP, DF and CLA) are 

carboxylic acids with a pKa of approx. 4 (Table 4), and are negatively charged at an environmental pH (6-9 

[74]). This suggests a much higher water mobility than that proposed by calculating KOC. Alternatively, 

CBZ with a pKa of 14.0 (Table 4) will be present in the environment in an undissociated form, and its 

logKOW equals logDOW. Thus, hydrophobic sorption could be the potential sorption mechanism for CBZ 

[36,75], but is negligible due to its high polarity (Table 4). In addition, Reemtsma et al. [76] propose that 

the sorption of polar pollutants to WW solids by hydrophobic interaction can be neglected, but ionic 

interactions may be important, especially for organic cations; the latter is not the case when considering the 

selected five pharmaceuticals. In general, due to their low sorption properties all the tested compounds tend 

to remain in the aqueous phase, which favours their mobility through WWTP and into the receiving waters 

[77]. 

 

1.2.4 Effects 

Pharmaceuticals are designed to produce an effect on living organisms, either to treat humans and animals, 

or to kill microorganisms. It is therefore expected that their environmental impact will be based on their 

- activity against bacteria, 

- activity against fungi, 

- activity against (non)target higher organisms, or 

- persistence [8]. 

However, the actual concentration levels of pharmaceuticals in the environment are three to four orders 

of magnitude lower than that needed to produce a human pharmacological effect; therefore, the likelihood 

of any acute health risk in humans is low [78]. This is exemplified in the case of CBZ, where according to 

the maximum possible intake of CBZ (Table 3) via potable water over a lifetime (assuming an intake of 2 L 

per day of water for 70 years) is 13 mg, whereas a single therapeutic dose is 100 mg or higher (Table 2). 

The lowest observed effect level (LOEL) is in the case of pharmaceuticals usually the lowest therapeutic 

level, which is considerably lower than the lowest observed adverse effect level (LOAEL), i.e. the toxic 

dose of CBZ. Therefore, any risk of ingesting a toxic dose of CBZ via acute exposure from potable water is 

negligible. However, most studies on the therapeutic effects of pharmaceuticals are based on the short-term 

ingestion of relatively high doses, while little is known about potential health effects associated with long 

term chronic exposure [9]. Moreover, the criteria for potable water is currently based on the toxicity of 

individual compounds and not on a combination of compounds; the possibility that exposure to multiple 

organic compounds, even at low concentrations, may have a synergistic human-health consequence, which 

should not be ignored when making a risk assessment [55].  

While the effects of pharmaceuticals as therapeutics have been studied in detail, and are documented in 

pharmaceutical dossiers, little information is available on their effects on either the aquatic or terrestrial 

environment [9]. High concentrations of certain compounds, i.e. in mg per liter range have been found to 

produce acute effects in environmental organisms. However, because pharmaceuticals are continually being 

introduced into the environment, questions about potential chronic effects on biota have been raised. Thus, 

data concerning chronic effects based on more specific endpoints and/or more realistic tests, e.g., 

biomarkers, long-term exposure, and multigeneration tests, should be included in any risk assessment [71].  

However, the effect of antibiotics on Daphnia, algae and bacteria has been demonstrated using low 

concentrations in chronic tests [79,80,81,82,83,84,85,86]. The presence of antibiotics in the aquatic 

environment is of particular concern because of fears that they may stimulate dissemination of antibacterial 

resistance among native bacterial populations [87]. It is known that antibiotics in sub-inhibitory 
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concentrations can have an impact on cell functions and change the genetic expression of virulence factors 

or the transfer of antibiotic resistance [88,89]. Antimicrobials exhibit a different activity spectra and 

mechanisms of action. Therefore, they can affect different bacterial populations in different ways and to a 

different extent. In vitro experiments show that 100 µg L
-1 

of gentamicin increases the transfer rate of 

resistance in staphylococci, but did not select resistant bacteria. However, other substances, such as 

macrolides, quinolones or vancomycin did not have such an impact [90]. When a complex mixture of 

bacteria is exposed to antibiotics an increased activity can be observed in some cases [81,91]. Single and 

multiple antibiotic-resistant bacteria have been detected in municipal wastewater effluents [92], sewage-

affected surface water systems [93,94], and even potable water [94]. The detection in aquatic 

environmental systems of resistant bacteria and the antibiotics to which they are resistant, clearly merits a 

great deal of concern regarding the fate of antibiotics in relevant water treatment processes. 

Besides antimicrobial resistance, other toxic effects of pharmaceuticals in the environment have been 

reported. For example, DF has been associated with hepatotoxicity in humans, which was caused 

independently of the administered dose [95] and was possibly related to the formation of pharmacologically 

active metabolites [96]. Diclofenac is reported to be ecotoxic in rainbow trout (Oncorhynchus mykiss) 

[97,98] and was found responsible for an unusually high death rate among Asian vultures, fed with 

diclofenac treated livestock [99], which suggests that its pharmacological response may be species specific. 

In addition, it is important to consider bioaccumulation, possible additive or synergistic effects and 

especially, the toxicity of their TPs compared to the parent compound [100]. Ferrari et al. [71] investigated 

the toxicity of DF, CLA and CBZ to organisms from a range of different trophic levels by means of 

standard ecotoxicity methods. The acute tests using bacteria (V. fisheri) and crustaceans (D. magna, C. 
dubia) show the following hierarchy, in decreasing order of toxicity: diclofenac > carbamazepine > 

clofibric acid. Chronic tests on algae (P. subcapitata), crustaceans (C. dubia) and early life stage fish (D. 

rerio) display a higher toxicity than acute tests. Based on the lowest observed effect concentration (LOEC) 

obtained for each pharmaceutical, the toxicity ranking in decreasing order of chronic toxicity was 

carbamazepine > clofibric acid > diclofenac, which contrasts with the global hierarchy of acute toxicity 

[71]. 

 

1.3 Pharmaceuticals in water treatment 

1.3.1 Occurrence 

Studies on the occurrence of pharmaceuticals in wastewaters report their presence in influents and effluents 

of numerous WWTPs across the Europe and America. In Table 5 the available data are presented. It is 

important to observe that individual studies usually provide only limited data, i.e. either concentration 

range, median or maximum concentration. Furthermore, even though all data were obtained from peer 

reviewed publications, the quality of sampling and analyses differed, which hinders the comparability of 

such data. Table 5 shows that IB, DF and CBZ are frequently detected in µg L
-1

 concentrations. In a few 

cases, there is no considerable decrease between the median influent and the median effluent 

concentrations. Such examples involve CBZ [16,17,46], DF [16,17,46] and KP [16], while for CLA [16] 

and NP [46] an increase in concentration is observed. One reason may be that in the complex influent 

samples the MS/MS detector signal is suppressed by a high concentration of organic matter, as has been 

reported [101,102,103,104,105]. It has been hypothesized that this may also arise from deconjugation of 

conjugated metabolites during the treatment process [4,15,16]. Alternatively, the reason may be an 

inappropriate sampling strategy, which does not take into account the fluctuations in concentration. 

Nevertheless, this phenomenon most commonly occurs in case of CBZ and DF, both of which are resistant 

to conventional wastewater treatment [16,19,122,123]. 
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Table 5: Occurrence of pharmaceuticals in WWTPs: concentration range, median and maximum concentrations 

in ng L
-1

 

Target 

compound 

WWTP effluent WWTP influent 

Conc. range Med (ng L
-1

) Max (ng L
-1

) Conc. range Med (ng L
-1

) Max (ng L
-1

) 

IB 

40-800 [46] 

5-1500 [49] 

18-1860 [45] 

266 [46] 

1885 [3]  

2972 [47] 

150 [17]  

100 [16] 

3086 [48] 

24600 [3] 

680 [106] 

27256 [48] 

37-860 [45] 
516 [46] 

3590 [17] 

900 [46] 

1660 [106] 

NP 100-3500 [49] 

108 [46] 

168 [3]  

625 [45] 

250 [17] 

80 [16] 

160 [46] 

855 [3] 
109-455 [45] 

99 [46] 

3650 [17] 

440 [16] 

190 [46] 

 

KP 130-620 [46] 

318 [46] 

130 [3]  

330 [17] 

230 [16] 

200 [49] 

130 [3] 
160-970 [46] 

451 [46] 

131 [45]  

940 [17] 

300 [16] 

 

DF 
100-700 [49] 

32-1420 [45] 

215 [46] 

359 [3]  

289 [47] 

120 [17]  

2510 [16] 

424 [48] 

390 [46] 

28400 [3] 

1680 [106] 

4700 [16] 

2349 [48] 

50-540 [46] 

21-148 [45] 

250 [46] 

160 [17]  

3020 [16] 

1500 [76] 

4470 [106] 

7100 [16] 

CLA 
20-30 [46] 

22-107 [45] 

28 [46] 

30 [3]  

44 [47]  

480 [16] 

60 [49] 

76 [3]  

110 [106] 

730 [16] 

25-58 [45] 
72 [46] 

460 [16] 

110 [46] 

170 [106] 

950 [16] 

CBZ 100-800 [49] 

410 [46] 

107 [3]  

1180 [17] 

1630 [16] 

630 [46] 

2300 [3] 

5000 [16] 

 

420 [46] 

1680 [17] 

1780 [16] 

1200 [76] 

950 [46] 

3800 [16] 

 

Pharmaceuticals may occur in WWTP effluents, either because they are truly persistent under the 

conditions of an activated sludge process, or because their microbial degradation was not fast enough to be 

completed within the typical hydraulic retention time (HRT) of 15 hrs. A partial degradation in the WWTP 

implies, however, that this compound may be further degraded after its discharge into the receiving water 

body. The mere presence of a polar pollutant in WWTP effluents does not imply that it would spread in the 

aquatic environment, but only when it is in a stable form, such a risk must be considered [76,107]. 

Therefore, a moderate effluent concentration of a poorly degradable compound that does not undergo a 

significant decrease in concentration in a WWTP is more problematic than the same effluent concentration 

of a compound that was degraded extensively from a much higher influent concentration. In this sense, an 

evaluation of a pharmaceutical or any other polar WW constituent with respect to its potential to spread in 

an aquatic environment may be based on the ratio of its WWTP effluent concentration (cOUT) and its 

normalized removal in municipal wastewater treatment ((cIN - cOUT)/cIN). This ratio is called the „water 

cycle spreading index‟ (WCSI) [76]: 

 

)( OUTIN

OUTIN

cc

cc

WWTPinremovalnormalized

ionconcentrateffluent
WCSI




   Equation 4 

 

This index has the dimension of a concentration. A higher WCSI indicates a higher potential of a compound 

to spread in the aquatic environment and through the water cycle, and, thus, higher environmental 

concentrations are expected, as compared to a compound with a low WCSI. When the WCSI is calculated 

from the data of only one WWTP, it is site specific, as the amount of a compound discharged into a sewer 
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system, the extent of its removal in a WWTP, and thus its final discharge into receiving waters may differ 

from one plant to another. Poor treatment thus leads to a drastically increased WCSI. To assess the 

spreading of polar compounds in larger catchments, however, the influent and effluent concentration data 

of a larger number of properly operated WWTPs should be considered to calculate the WCSI of a 

compound. The WCSI data are suitable to prioritize pharmaceuticals in terms of their spreading potential, as 

they may actually reflect the two most critical aspects of a water contaminant, i.e. its amount released into 

the system and the persistence in that system, but it should be further noted that the WCSI does not consider 

pharmacological effects toward aquatic organisms or humans [76]. 

 

1.3.2 Removal 

Conventional WW treatment is usually a combination of physical and biological processes designed to 

remove organic matter from solution [108]. The first step in conventional treatment is a sedimentation 

process, which removes the settled and floating organic matter. Secondary treatment is biological 

treatment, where cultures of microorganisms (activated sludge) metabolize the biodegradable organic 

matter from the wastewater. A few municipalities employ a tertiary (advanced or chemical) wastewater 

treatment, where specific chemicals are removed from the partially already purified water, before final 

disinfection. Depending upon the nature of the pollutant, tertiary treatment can include chemical and 

physical processes, such as adsorption of nonpolar organic molecules onto activated carbon, removal of 

phosphate by precipitation as the calcium salt, heavy metal removal by the addition of hydroxide or 

sulphide, iron removal by aeration at a high pH to oxidize it to its insoluble Fe
3+

 state, desalination by 

reverse osmosis, electrodialysis or ion exchange [109]. 

The conventional treatment of groundwater for the production of potable water follows similar stages to 

wastewater treatment, though the quality of the final product meets much stricter quality standards 

compared to WWTP effluent [110]. The technology commonly comprises aeration, flocculation / filtration 

or slow-sand filtration, and disinfection. Aeration removes dissolved gases and volatile organic compounds 

and is followed by precipitation and settling of colloidal particles. This is achieved by adding Al or Fe salts 

(aluminium sulphate, ferric chloride), which form gelatinous hydroxides at neutral and alkaline pH values, 

and physically incorporate the colloidal particles in a removable precipitate. If the content of Ca
2+

 and Mg
2+

 

salts is too high, the water is softened by adding Na2CO3 or NaOH, while to remove colour or odour, 

adsorption on granulated or powdered activated carbon is applied. Disinfection is applied as a last step, 

where the chlorination, UVC radiation or ozonation are most commonly used [43,109].  

Conventional water treatment is designed to remove nutrients, particulate matter, dissolved gases, 

odorous substances, colorants and pathogens. However, literature data reveal that conventional treatment 

processes poorly remove persistent pharmaceuticals [111]. Developments in chemical water treatment have 

led to an improvement in oxidative degradation procedures for the removal of persistent pollutants in 

applying catalytic and photochemical methods, which are referred to as advanced oxidation processes 

(AOP) [112]. The majority of AOPs involve the generation of significant amounts of hydroxyl radicals 

(˙OH), which are an effective nonselective oxidizing agent in aqueous solution [109]. Since the generation 

of ˙OH radicals is a relatively expensive process, AOPs are especially useful in two cases: (i) as a pre-

treatment to transform recalcitrant pollutants into more biodegradable compounds; or (ii) as a post-

treatment, to polish waters before their discharge to the receptor bodies [113].  

The removal efficiencies of pharmaceuticals vary between different WWTPs and depend on the design 

and operation of the treatment systems. The important process conditions for removing pharmaceuticals are 

hydraulic retention time (HRT), sludge retention time (SRT) and temperature [21,51,78]. The effect of 

weather conditions on the elimination rate can also play a role. Such an example is the elimination 

efficiency of the readily biodegradable IB or KP, which in municipal WWTP decreases during wet periods 

compared to dry [19]. For further studies in the area of mitigation, attention should be focused on 

optimizing the WWTP design and operation, possibly involving a multiple-stage treatment, in order to 

improve the removal efficiencies of pharmaceuticals. However, the abatement of parent pharmaceuticals 

only provides a partial indication of the efficiency of the various treatment methods and the possible 

generation of toxic intermediates more resilient to degradation must not be overlooked [114]. 
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1.3.2.1 Physico-chemical processes 

The effectiveness of physico-chemical processes, i.e. coagulation-flocculation and flotation, principally 

depends on physico-chemical characteristics and the chemical structure of each pharmaceutical [69]. 

Generally, coagulation-flocculation processes enhance the removal of suspended solids and colloids, 

because the addition of metal salts causes the agglomeration of these particles, thus allowing their 

elimination by decantation or filtration [115]. Lipophilic trace pollutants in water and wastewater treatment 

systems and, based on the Van der Waals bonds, the positively charged molecules, are likely to be found 

associated with colloids and may thus be removed together with the agglomerates [116]. Literature 

information on pharmaceuticals removal by coagulation-flocculation processes is scarce and sometimes 

contradictory. Westerhoff et al. [117] reported <20 % removal of sulphametoxazole, CBZ, DF and 

iopromide with Fe and Al salts. Alternatively, ferric chloride was found to significantly contribute to the 

improved removal efficiencies of tetracycline [78]. In addition, coagulation-flocculation experiments show 

a 70 % removal of DF, resulting from its possible adsorption to agglomerates via electrostatic interactions. 

In the same study, NP is reduced to a lesser extent (up to 25 %), while IB and CBZ show no removal by 

coagulation-flocculation [69]. 

With flotation techniques, finely suspended particles are separated by adhering to the surface of rising 

bubbles. The removal of pharmaceuticals by flotation depends on their solubility in lipid fractions or 

sorption to small aggregates [69]. For instance, Praxeus [118] associates the removal of CBZ with an 

unusually high content of silicone oil in wastewaters. Accordingly, Carballa et al. [69] show how the 

removal of CBZ, IB, NP and DF by flotation improves in a high fat wastewater. 

 

1.3.2.2 Biological removal 

The activated sludge process is a continuous or semi-continuous aerobic treatment method through which 

wastewater undergoes nitrification [119]. Its performance and characteristics are evaluated by pH, RedOx 

potential, HRT, SRT, chemical oxygen demand (COD) in mg L
-1

, biochemical oxygen demand (BOD) in 

mg L
-1

, nitrates in mg L
-1

 and phosphates in mg L
-1

 [120]. 

Figure 3 illustrates the removal efficiencies of test pharmaceuticals determined in municipal WWTPs. 

In all cases the WWTPs utilised classical treatment methods, based on conventional activated sludge (CAS) 

treatment. Figure 3 shows that CLA and CBZ are poorly removed (<51 % and <30 %, respectively) from 

most WWTPS, while the removal of DF is highly variable (0 to 75 %). The removal of IB, NP and KP is 

satisfactory, but again, as expected, it varies from plant to plant.  

 

 

Figure 3: Removal efficiencies of the target compounds in different CAS WWTP systems 

[4,16,17,19,47,52,121,122,123] 

Membrane bioreactor (MBR) treatment has gained significant popularity as an advanced wastewater 
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treatment. The technique uses ultrafiltration or microfiltration membranes for the complete retention of the 

biomass, as well as of suspended solids [21]. Consequently, the high biomass concentration in the reactor 

results in a highly efficient biological degradation process with reduced sludge production [124,125]. 

MBRs are characterized by having a long SRT, which gives the biomass time to adapt to more recalcitrant 

micropollutants and consequently improves their removal [126]. This is supported by González et al. [127], 

who show that a lag period is needed for microorganisms to start degrading persistent pharmaceuticals, 

such as DF. Alternatively, an improved removal of readily biodegradable pharmaceuticals in the MBR is 

explained by the smaller flock size of the sludge, which enhances mass transfer by diffusion and therefore 

increases elimination [123]. Literature data on removal by MBR is still rather contradictory. Membrane 

bioreactors are proven to be more effective in eliminating pharmaceuticals, such as KP and NP, when 

compared to the CAS [126]. Alternatively, neither MBR, nor CAS result in the satisfactory removal of 

either DF, CLA [126] or CBZ [21,123], while the elimination of readily biodegradable IB was higher than 

90 % [126]. Further, Clara et al. [128] compare MBR with CAS and find comparable removal rates for DF 

for both systems running at a similar SRT, whereas Radjenović et al. [123] find an improvement in 

elimination by MBR for the majority of the test compounds, including DF (87 %) and CLA (72 %). 

 

1.3.2.3 Advanced oxidation processes 

Advanced oxidation processes comprise a range of water reclamation strategies aiming to achieve the 

complete mineralization of organic pollutants using highly reactive oxygen species generated by different 

techniques, including photochemical systems (UV/H2O2, photo-assisted Fenton, TiO2 photocatalysis, 

UV/O3) or ˙OH-generating systems (O3/H2O2, Fenton: Table 6) [129]. Such techniques, making use of 

different reaction systems, are all characterized by the same chemical feature: production of OH radicals 

(˙OH). These are highly reactive and nonselective species, which is an advantageous attribute for an 

oxidant used for the removal of a wide range of organic micropollutants in water treatment. The versatility 

of the AOP is also enhanced by the many ways of generating ˙OH, thus allowing greater compliance with 

the specific treatment requirements [130]. A suitable application of AOP must consider the cost of 

reactants, such as H2O2 and/or O3, which currently means that they cannot compete with established 

treatment technologies, such as biological degradation. Table 6 gives a list of different AOP. 

 

Table 6: Most common advanced oxidation processes (adopted from [130]) 

AOP AOP name 

Photochemical 

systems 

H2O2 / Fe
2+

 (Fe
3+

) / UV Photo-assisted Fenton 

TiO2 / UV / O2 Heterogeneous photocatalysis 

O3 / UV  

H2O2 / UV  

Other ˙OH 

generating 

systems 

O3 / H2O2  

H2O2 / Fe
2+

 Fenton 

H2O2 / Fe
3+

 Fenton-like 

 

Albeit individual UV treatment does not accurately fit into the definition of an AOP, during indirect 

photolysis it makes use of ˙OH radicals and is therefore discussed under this chapter. UV treatment is a 

popular method for disinfecting potable water; however, it is not applicable for the removal of 

pharmaceuticals in WW treatment systems [131]. The effectiveness of UV for removal of pharmaceuticals 

varies depending on the target compound. Kim and Tanaka [131] classified KP and DF as easily 

photodegradable, while NP and CBZ belong to a group of compounds slowly degraded by UV. Also, 

because the degradation rate increases with the production of ˙OH radicals, the use of AOP systems could 

improve the removal of slowly-degrading compounds [131]. In a similar study, Packer et al. [67] 

demonstrate that DF and NP are photolabile and that direct photolysis is the dominant process for removing 

these two pharmaceuticals. On the contrary, the photoresistant CLA and IB are minimally affected by direct 

irradiation, whereas the radical mediated processes are found to be the dominant photochemical loss 

mechanisms [67].  

Many AOPs involve UV radiation energy as an important step in the synthesis of ˙OH radicals, because 

UV energy can increase the reaction rate of AOPs in comparison with the same technology in the absence 

of illumination [112]. The UV-radiation induced oxidation with ozone and/or hydrogen peroxide and the 
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photo Fenton reaction are carried out in the homogeneous phase. The disadvantage of homogeneous 

catalytic processes is the necessity to recover the dissolved catalyst. In the Fenton process, production of 

˙OH occurs by means of the addition of H2O2 to Fe
2+

 salts: 

 

OHOHFeOHFe   3

22

2
   Equation 5 

This reactant is an attractive oxidative system for wastewater treatment since iron is both abundant and 

non-toxic and because hydrogen peroxide is easy to handle and environmentally safe [130]. The Fenton-

like process (Table 6) occurs at the adoption of pH to 2.7 – 2.8 [132], which results in the reduction of Fe
3+

 

to Fe
2+

 and thus its regeneration, which makes the iron act as a catalyst [130]. The rate of degradation of 

organic pollutant with Fenton and Fenton-like reagents is strongly accelerated by UV-VIS light [133,134], 

where the ˙OH radicals are produced at a higher rate (photo-assisted Fenton process). Accordingly, Pérez-

Estrada et al. [135] were able to show a fast decay of DF from the solution using the “dark” Fenton 

treatment, whereas the photo-Fenton treatment leads to complete mineralization (disappearance of 

dissolved organic carbon).   

Similarly, it is shown by Andreozzi et al. [136] that UV direct photolysis yields negligible effects in 

terms of substrate disappearance as compared to the UV/H2O2 process. The initial step for the UV/H2O2 

oxidation process is represented by the photolysis of hydrogen peroxide and the generation of ˙OH radicals 

[136]: 

 

OHOH h  222


    Equation 6 

H2O2 photocatalysis and ozonation have both reached a high level of development and have found 

application on an industrial scale [136]. In general, the reaction of ozone with organic compounds can be 

classified into the direct reactions of ozone with the target molecule and ˙OH radical mediated reactions 

[137]. Oxidation with ozone is commonly applied in water treatment for disinfection or for aesthetic 

reasons, i.e. for removal or coloured and odorous substances, as well as to remove organic micropollutants. 

In comparison with ˙OH radicals, direct oxidation reactions with O3 are highly selective. As a result, rate 

constants range over ten orders of magnitude [138]. Such high reaction rates are observed for 

pharmaceuticals containing double bonds (CBZ), activated aromatic structures like a phenolic group, 

nitrogen heterocycles, or amino (DF, sulfamethoxazole) and sulfur groups. The reaction with ozone is also 

pH dependent, as deprotonated groups are stronger nucleophiles and therefore react more rapidly with 

electrophilic ozone than their protonated forms. The pharmaceuticals lacking the ozone reactive moieties 

(CLA, IB, KP, NP) exhibit low rate constants with ozone. Here direct reactions with ozone play a minor 

role during the ozonation process and the oxidation of such pharmaceuticals is caused by ˙OH radicals 

originating from ozone decomposition in water [43,138,139]. An alternative solution for removing 

pharmaceuticals are hydroxyl radical-based AOPs. Thus, the combined application of H2O2 and O3 will 

enhance the O3 decomposition by the formation of ˙OH radicals [130]. Zwiener and Frimmel studied the 

removal of IB, CLA and DF using O3/H2O2 [137]. In distilled water IB and CLA were degraded to half of 

their initial concentration under the experimental conditions, while DF was quantitatively degraded. 

However, in the case of a river water matrix the degradation efficiency of CLA and IB was significantly 

reduced. This they explain by the presence of radical scavengers (dissolved organic matter, DOM) that 

compete with the pharmaceuticals for the ˙OH radicals. In this sense, the oxidant concentration required for 

water treatment depends on both, reaction kinetics of a specific pharmaceutical and the OH-scavenging 

capacity of the matrix [137]. 

In contrast with the homogeneous photocatalysis, in the heterogeneous photocatalysis two phases are 

present, and the active component is fixed at the surface of the catalyst [140]. Heterogeneous photocatalytic 

processes make use of a semiconductor metal oxide like titanium dioxide (TiO2) as a catalyst and oxygen as 

an oxidizing agent [141]. TiO2 is reactive, inexpensive, non-toxic and chemically stable over a wide pH 

range, and it is not subject to photo-corrosion. The electron/hole pair (e
-
/h

+
) generated under light 

illumination reacts with water oxidized by photoholes (h
+
) and gives rise to the generation of ˙OH radicals, 

responsible for the complete decomposition of the chemical substances [142]. Doll and Frimmel [143] 

report that heterogeneous photocatalysis using TiO2 is a promising technology for removing persistent 

pharmaceuticals, CLA and CBZ. Furthermore, TiO2 photocatalysis results in the complete removal of KP, 

DF and NP under the applied experimental conditions [144]. Thus, heterogeneous photocatalysis may find 

its use as a part of sequential treatment technology, either to remove the persistent organic pollutants, 
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which survived the biological treatment, or as a pre-treatment step, to enhance the biodegradability of 

pollutants [143]. The latter is less favourable from an economic perspective. 

 

1.3.2.4 Disinfection 

Direct UV irradiation and O3 are used for removing of pathogens, but the best known and historically 

most important disinfection agents are chlorinating agents (e.g., molecular chlorine, sodium hypochlorite, 

chloroamine and chlorine dioxide). Molecular chlorine is more reactive in oxidation reactions and in 

reactions with double bonds, while sodium hypochlorite has a higher activity in electrophilic aromatic 

substitutions [145]. However, trihalomethanes and halogenated acetic acids are generated during Cl2 and 

NaClO treatment, and carcinogenic dimethylnitrosamine is also formed from chloroamine. European 

legislation [146] limits the content of these substances in potable water, and, to minimize their formation, 

the use of chlorine, sodium hypochlorite and chloramine for disinfection of potable water is being gradually 

replaced by alternative disinfection agents worldwide. Alternatively, chlorine dioxide does not yield 

halogenated disinfection by-products, nor does nitrosamine under the correct operating conditions, and, in 

this sense, appears to be the chlorinating agent of choice [145,147]. Chlorine dioxide is an oxidant used for 

the disinfection of relatively high quality water, such as groundwater or treated surface water. Appropriate 

dosing of chlorine dioxide to treated water provides residual concentrations, which protects the potable 

water distribution network from microbiological contamination and fouling. In Europe, chlorine dioxide 

residuals are kept at < 0.05 – 0.1 mg L
-1

 [148]. Chemically, chlorine dioxide is a stable free radical that 

reacts with other water matrix components and micropollutants through a one electron reaction. It is a 

highly selective oxidant with respect to specific functional groups, such as phenolic moieties or tertiary 

amino groups. A comparison of NSAIDs, CLA and CBZ reactivity with chlorine dioxide shows an 

appreciable decay only for DF, which is reasoned by the presence of an amine group in its chemical 

structure [147]. Compared to ozone and hypochlorous acid, chlorine dioxide reacts more slowly and with 

fewer compounds, but still appears to be a more powerful oxidizing agent than molecular chlorine. Overall, 

chlorine dioxide can be applied only as a partial barrier for pharmaceuticals [147] and complementary 

treatment methods are needed to achieve their complete mineralisation. 

 

1.3.2.5 Physical methods 

Adsorption on activated carbon depends on the non-polar character of uncharged compounds. The KOW has 

thus proved useful for predicting removal efficiency, offering a good correlation between the percentage 

removal and logKOW values [117]. Exceptions include N-heterocyclic compounds, such as CBZ, 

pentoxifylline and trimethoprim, where, because of specific interactions with activated carbon, their 

removal efficiencies are higher than might be expected from their KOW values. In contrast, removal 

efficiencies for compounds involving carboxyl groups (e.g. CLA, NSAIDs) are much lower; this is because 

in water they dissociate, yielding anionic compounds. The adsorption of charged pharmaceuticals is much 

lower than what would be expected from their logKOW values [117].  

Reverse osmosis (RO) and nanofiltration (NF) are an effective means of removing pharmaceuticals 

from potable water [149]. Reverse osmosis is a physical separation process in which properly pretreated 

source water is delivered against a semipermeable membrane, which rejects most solute ions and 

molecules, while allowing water of very low mineral content to pass through. This process also works as an 

absolute barrier for bacteria and viruses. The process produces a concentrated reject stream and a clean 

permeate product and has been applied to saline groundwaters, seawater and for removing inorganic and 

other organic pollutants. Because the source water needs to pass through very narrow passages in the 

membrane module, larger suspended solids must be removed during the initial treatment phase 

(pretreatment). Nanofiltration is a lower pressure RO technology with lower monovalent ion rejection 

properties, making it more suitable to treat waters with low salinity [150]. Because of the low operation 

pressures necessary for the nanofiltration, the latter is a more economic option. The rejection efficiency, 

however, also correlates with the concentration of dissolved pharmaceuticals and requires greater effort in 

lower concentrations. Also, negatively charged compounds (CLA, NSAIDs) can be rejected very 

effectively in comparison to non-charged compounds, which tend to adsorb to the membrane materials 

[43,149].  
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1.4 Transformation of pharmaceuticals during water treatment and in the 

environment  

 

Physical processes, such as sorption, dilution, dispersion and filtration, all contribute to the natural 

attenuation of pharmaceuticals, but without causing a change in their chemical structure [37]. However, the 

majority of the attenuation processes, either taking place in the environment or as a part of water treatment, 

alter the chemical structure of the substrate micropollutants. It is possible to divide the structural 

transformation processes that organic chemicals undergo into three major categories: chemical, 

photochemical, and biologically mediated transformation reactions. The former two are commonly referred 

to as abiotic transformation processes. Chemical reactions encompass all reactions that occur in the dark 

and without mediation of organisms. In the presence of light a compound undergoes transformation either 

as a consequence of direct absorption of light (direct photolysis), or by reacting with highly reactive oxygen 

species (e.g., free radicals or singlet oxygen) that are formed as a result of the incidence of light on 

sensitized chemical species (indirect or sensitized photolysis). Finally, xenobiotic organic chemicals can be 

transformed by microorganisms. Many types of chemical or photochemical reactions can also be performed 

by microorganisms, and therefore it may not always be clear, whether, in a given environmental or 

treatment system, a reaction occurs strictly abiotically, whether it is mediated by microorganisms, or 

whether both types of processes play a role [151].  

In comparison to environmental breakdown, the transformation processes involved in mitigation 

technologies are far more intense, albeit in principle, the underlying reaction mechanisms only imitate the 

natural processes that take place in the environment. Table 7 lists the most common techniques applied in 

WW treatment or potable water production and naturally occurring processes involving similar reaction 

mechanisms. 

 

Table 7: Transformation processes in the environment and water treatment  

Reaction mechanism Water treatment  Environmental process 

Microbial transformation reactions 

- CAS (WW)  

- biological membrane (WW) 

- MBR (WW) 

- sand filter (potable water) 

- microbial degradation in soils, 

sediments 

Photo-transformation reactions: 

direct and indirect photolysis 
- UV irradiation - exposure to sunlight 

Photocatalytic processes (enhanced 

production of ˙OH) 

Photoassisted AOP: 

- O3 / UV 

- H2O2 / UV 

- H2O2 / Fe
2+

 (Fe
3+

) / UV 

- TiO2 / UV / O2 

- indirect photolysis with dissolved 

organic matter (DOM) 

Chemical oxidation (including the 

reactions involving the reactive 

oxygen species) 

- chlorination 

- chloramination 

- ClO2 treatment 

- ozonation (direct oxidation and 

the decay of O3 to ˙OH) 

- O3 / H2O2 

- H2O2 / Fe
2+

 (Fe
3+

) 

- chemical oxidation by natural or 

anthropogenic oxidants present in 

the environment 

- indirect photolysis with DOM 

 

For transformation processes, especially the environmental chemical and photochemical reactions are 

complex and constantly overlapping, it is therefore impossible to clearly distinguish between them. This 

chapter in particular discusses the transformation reactions leading to a structural alteration of the parent 

pharmaceutical molecule, without respect to where the transformation process takes place (i.e. 

environmental process or mitigation technology). 
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1.4.1 Abiotic transformation 

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

of water treatment, where photochemical transformation is addressed. Two different types of 

photochemical processes may lead to the transformation of organic pollutants in the aquatic environment: 

(i) direct photolysis, when a pollutant absorbs a photon and consequently undergoes transformation, and (ii) 

indirect photolysis, which occurs due to the energy transfer from another excited species 

(photosensitization) or reactive oxygen species (e.g. hydroxyl radicals, peroxy radicals, singlet oxygen) that 

are induced by the presence of light. When a chemical species has been promoted to an excited state, it may 

undergo various physical or chemical processes, as summarised in Figure 4. As indicated, there are several 

physical processes by which an excited species may return to a ground state; that is, it is not structurally 

altered by these processes. Thus, an excited species may return to a ground state by giving off energy as 

either heat or light (luminescence), or an excited species may transfer its excess energy to another molecule 

in a process called photosensitization. Alternatively, there are a variety of chemical reactions, which result 

in a transformation as referred to as direct photolysis of organic pollutants [152].  

 

 
 

Figure 4: Physical processes and chemical reactions of a photochemically excited organic species (adopted from 

[152]) 

The second group of processes initiated through light absorption by other chemicals present in the 

system are commonly referred to as indirect or sensitized photolysis. Figure 5 depicts the most important 

physical (i.e. sensitized C path, singlet oxygen 
1
O2 path) and chemical (i.e. formation of radical species, 

“solvated electrons”, eaq
-
) pathways that may lead to the transformation of an organic chemical (C) as a 

consequence of the excitation of an unknown chromophore (UC) present in DOM. By far the most 

important acceptor of UCs is molecular oxygen in its triplet state, which promotes into its excited state, 

singlet oxygen 
1
O2. The latter may then react with organic pollutants. Organic pollutants are in competition 

with 
3
O2 for the available absorbed light energy; therefore, energy transfer from the 

3
UC* (the triplet state 

of the excited DOM chromophores formed by intersystem crossing from the singlet states, 
1
UC*) to a given 

organic pollutant is most important in waters of low oxygen concentration. In addition to energy transfer to 

“C” ompound 

“C*” 

chemical reactions 

- fragmentation 

- intramolecular 

rearrangement 

- isomerization 

- hydrogen atom abstraction 

- dimerization 

- electron transfer to a 

chemical 

physical processes 

- vibrational loss of energy 

(heat transfer) 

- energy loss by light emission 

(luminescence) 

- energy transfer promoting an 

electron in another chemical species 

(photosensitization) 

transformation product(s) “C” 

h ν 
excitation 
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either molecular oxygen or to organic compounds (including organic pollutants), chemical reactions of 

excited UCs (
1
UC*, 

3
UC*) may lead to other reactive species that react with organic pollutants (Figure 5). 

Such processes include the formation of reactive DOM species (DOM*), the reaction with 
3
O2 to form 

DOM-derived peroxy radicals (ROO˙), the transfer of an electron to 
3
O2 to form superoxide anions (O2

-
˙), 

the formation of solvated electrons (eaq
-
) and the formation of hydroxyl radicals ˙OH [152]. In case of 

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

 

 
 

Figure 5: Pathways for indirect photolysis of organic chemical (C). UC refers to unknown chromophores. Wavy 

arrows symbolize radiationless transition [152].  

The hydroxyl radical is highly reactive and a nonselective oxidant, which plays a major role in AOPs in 

water treatment and is generated by various means (Table 6), H2O2, or, in the surface waters from reactions 

of excited humic acids, nitrite, and nitrate as the major source [152]. During treatment the transformation 

rate of a given pharmaceutical depends primarily on the OH-scavenging capacity of the matrix [137], while 

in the environment, it also includes the latitudes and varying seasons [153]. Table 8 illustrates the most 

common transformations reported as a result of photochemical reactions on NSAIDs, CLA and CBZ. 



19 

 

Table 8: Abiotic transformation reactions reported on selected pharmaceuticals 

Pharmaceutical Primary structural transformation Chemical structures with active sites Reference 

DF 
- aromatic hydroxylation, 

- cleavage of C-N bond 

 

[140,154] 

NP 

- dimerization, 

- oxidation of α-propionic acid 

moiety 

 

[155] 

CLA 

- aromatic hydroxylation, 

- cleavage of ether bond, 

- substitution of chlorine with 

hydroxyl group  

[156] 

CBZ 

- ring contraction to yield 

aromaticy, 

- formation of quinazoline 

derivatives, 

- cleavage of carbamyl side chain, 

- aromatic hydroxylation 
 

[143,157] 

 

 

Breakdown as a result of photochemical processes depends on the physicochemical characteristics of the 

compounds. As derived from Table 8, it typically involves hydroxylation of the aromatic ring by an 

electrophilic attack from the ˙OH radicals, cleavage of C-O or C-N bond and cleavage on the α-position 

from the aromatic moiety [158]. The subsequent breakdown of the aromatic structures generally leads to 

oxidative ring cleavage and the production of carboxylic acid fragments via classical degradation pathways 

[154]. 

 

1.4.2 Biological transformation 

As for chemical and photochemical reactions, the biochemical processes change the structure of an organic 

micropollutant, thereby removing that particular compound from the system. The resulting product(s), e.g. 

TPs, exhibit their own properties, reactivity, fate, and effects. Similarly to the abiotic transformations, the 

biologically mediated transformations do not necessarily end up in complete mineralization. Organisms 

enable biological transformations via two important approaches. The first approach employs enzymes that 

serve as catalysts, and thereby reduce the activation energy that determines the transformation rate [159]. 

Secondly, organisms may convert the matrix compounds into activated species, such as ROO˙, O2
-
˙, or 

˙OH, which evolve further reactions with organic micropollutants.  

Biodegradability studies in WWTPs may be useful in determining the species entering the environment 

after biotransformation or biodegradation through microbial metabolism of the substrate or other 

mechanisms [7]. Studies show that the formation of TPs can vary in wastewater treatment works, 

depending on the composition of the sewage, weather conditions, and the design and operation of the 

treatment process [4,160]. In many cases, the metabolites formed during biodegradation exhibit a higher 

polarity than the parent drugs [161], which, combined with low biodegradability, results in the metabolite 
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passing through the treatment systems and high aquatic mobility. In contrast to human metabolism of 

pharmaceuticals, which has to be studied in detail prior to pharmaceuticals being approved, their microbial 

degradation, their transformation pathways and products are still yet to be recognized [162]. Due to the 

different enzyme systems involved, the enzymatic transformations in waste and environmental waters are 

generally not comparable to those in mammals. This assumption was supported by Jjemba [163], who 

shows that drugs highly metabolized in target organisms (and therefore excreted in low proportions) may 

have an inherently low environmental (bio)degradability. Alternatively, studies [164,165] report similar 

compounds originating from enzymatic biotransformation and human metabolism. The structure of the 

microbial community is critical for different biological conversions and the formation of TPs largely 

depends on the bacterial diversity present in the biological treatment system. Different chemicals present in 

a given system also affect the microbial community structure and thus govern the transformation of these 

compounds. Besides, the presence of chemicals may also cause a microorganism to change the production 

rate of enzyme units suited to degrading a substance, which happens through enzyme induction, depression, 

or mutation [159].  

 

1.5 Determination of pharmaceutical residues in the environment 

This chapter reviews the state-of-the-art in the analysis of selected pharmaceuticals in aquatic 

environmental matrices and wastewater. It describes common methods of sample preparation and discusses 

various aspects of current gas chromatography - mass spectrometry (GC-MS/(MS)) and liquid 

chromatography - mass spectrometry (LC-MS/MS) in quantitative analysis. Furthermore, it focuses on 

qualitative determination, i.e. identification of pharmaceutical TPs, where the potentials or different mass 

spectrometric technologies are compared with respect to their applicability for identification or 

confirmation. Finally, the validation of analytical methods is discussed and basic parameters explained. 

 

1.5.1 Sample preparation 

The procedure for pharmaceutical residue analysis in water samples typically includes an enrichment step 

followed by separation of the target analytes and detection. Nowadays, few enrichment methods are based 

on classical techniques, like liquid-liquid extraction (LLE) [166,167]. Solid phase extraction (SPE) has 

gradually replaced LLE becoming the most common sample preparation technique in environmental 

analysis. SPE offers the following advantages over LLE: 

1. higher recoveries; 

2. improved selectivity, specificity and reproducibility; 

3. no emulsion formation; 

4. reduced organic solvent usage; 

5. shorter sample preparation time; and, 

6. easier operation and the possibility of automation [63]. 

In SPE, the analytes are partitioned between a solid phase and a liquid phase, and should exhibit a 

greater affinity for the sorbent than for the liquid matrix. The choice of a sorbent is the key to successful 

SPE, since it controls parameters, such as selectivity, affinity and capacity [168]. Classical SPE sorbents 

include chemically-bonded silica with C8 and C18 organic group and ion-exchange materials, polymeric 

materials, immunosorbents and molecularly-imprinted polymers [63]. Polymer-based sorbents are the most 

versatile enabling extraction of a wide range of analytes or performing analysis under different matrix 

conditions [168]. Currently, one of the most widely used sorbents for SPE of pharmaceuticals is a 

copolymer of divinylbenzene and vinylpyrrolidone [46,121,169,170,171,172]. In a recent comparison of 

seven polymeric SPE sorbents, this phase showed a superior performance for extracting acidic 

pharmaceuticals (IB, DF and CLA) [44]. In other studies, a polydivinylbenzene resin sorbent containing 

piperidone groups also gave excellent extraction recoveries for pharmaceuticals [173,174,175]. To improve 

the retention on sorbents, a sufficient hydrophobicity of the analytes should be ensured by avoiding the 

deprotonation of the acidic compounds and the protonation of basic compounds. Acidic pharmaceuticals 

should therefore be extracted under acidic conditions, opposite to basic analytes [169]. However, Gómez et 

al. [172] showed that polymeric cartridges offer the possibility to perform multi-residue analysis work at 
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neutral pH, which greatly simplifies the sample-handling procedure and also avoids the risk of acidic 

hydrolysis [176]. 

Figure 6 shows how the next crucial step following sorption is elution of the analytes from the sorbent. 

The choice of elution solvent used to desorb the target compounds from the SPE cartridge depends on the 

physico-chemical properties of the analytes and the elution strength of the solvent. The type and the volume 

of the elution solvent are important factors that affect the recovery [176]. Ethyl acetate, acetone and 

methanol, having different elution strengths and polarities, are examples of commonly used solvents [177]. 

Figure 6 shows the general SPE procedure.  

 

 

 

Figure 6: Common steps in the SPE procedure [63] 

Solid phase microextraction (SPME) differs from SPE in terms of sorbent volume. It involves using a 

fused silica fiber coated with a thin film of a polymeric stationary phase [63]. The technique has several 

advantages over SPE; i.e. it requires less sampling volume, it is solvent free, allowing high enrichment 

factors, and is easily automated [178,179]. When SPME is coupled to GC, analytes are thermally desorbed 

from the fiber in the GC injector, while coupling SPME to HPLC requires a special interface allowing the 

desorption with a small amount of solvent [180]. There are some drawbacks of using SPME, and these 

include limited robustness, often limited sorption capacity and insufficient limits of detection (LOD) and 

quantification (LOQ) [63,176].  

 

1.5.2 Quantitative analysis 

1.5.2.1 GC-MS based procedures 

An advantage of GC hyphenated to MS is that the usual ionization modes, such as electron impact (EI) and 

chemical ionization (CI) are less affected by the matrix suppression compared to ionization modes 

commonly used in LC-MS [169]. Thus, for some families of pharmaceuticals GC-MS(MS) based methods 

can offer lower detection limits than LC-MS [181].  

In reality many pharmaceuticals lack sufficient volatility to be directly compatible with GC, and 
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derivatisation is often necessary after sample clean-up and pre-concentration. The purpose of derivatisation 

is to convert polar substances into less polar analogues with increased volatility and thermal stability. 

Although derivatisation procedures may be time consuming and may introduce errors due to incomplete 

reactions, insufficient stability of derivatives or side-reactions during derivatisation, they are still widely 

used for routine analyses. Derivatisation reactions can be affected by several factors, such as solvent, 

derivatisation time, temperature and reagent dose [121]. A typical derivatisation reagent for NSAIDs, CLA 

and CBZ is the alkyl halide pentafluorobenzyl bromide (PFBBr) in the presence of a catalyst 

(triethylamine) [19,25,182,183], which produces an electron rich derivative that can be analyzed by GC 

with an electron capture detector (GC-ECD) or GC-MS using negative chemical ionization (NCI) [181]. 

Among the available alkylating reagents, diazomethane [49,153] is commonly used for analyzing acidic 

pharmaceuticals. However, on account of its toxicity, carcinogenicity and explosiveness it is being replaced 

by much safer silylating agents. The two main classes are: N-methyl-N-(trimethylsilyl)-trifluoracetamide 

(MSTFA) [52,184], N,O-bis(trimethylsilyl)-trifluoracetamide (BSTFA) [185], which produce trimethylsilyl 

derivatives (TMS), and N,N-(tertbutyldimethylsilyl)-trifluoroacetamide (MTBSTFA), yielding tert-

buthyldimethylsilyl derivatives (MTBS). MTBSTFA is the most commonly applied silylating agent 

[69,121,182,186,187], probably due to the greater thermal and hydrolytic stability of its derivatives. 

Furthermore, EI-MS spectra of the MTBS derivatives show a characteristic MS fragmentation, which 

together with a higher molecular mass, improves the reliability and detectability of the analyses [188]. A 

major drawback is its lower reactivity compared to the TMS producing reagents [181].  

 

1.5.2.2 LC-MS based procedures 

Since the introduction of atmospheric pressure ionization (API) techniques, LC-MS has played an 

increasingly important role in environmental analysis. Electrospray ionization (ESI) and atmospheric 

pressure chemical ionization (APCI) can analyze a broad range of compounds, including non-volatile, 

thermally-labile and polar species. In addition, ESI and APCI provide high sensitivity, which is essential 

for environmental analysis where contaminants are in ng L
-1

 to µg L
-1

 levels [189,190]. However, the 

sensitivity is approximately 10-fold higher in the ESI mode than in the APCI mode [191]. In addition, when 

using ESI, matrix effects can be reduced by decreasing the flow directed into the ion source, which 

decreases the droplet size as well as the number of molecules ionized in a given time [181]. Although 

single quadrupole instruments have been used for pharmaceutical residue analysis during the early-stage 

LC-MS development [192], more sophisticated mass analysers are nowadays considered state-of-the-art. 

Among them, triple quadrupole (QqQ) [169], ion trap (IT) [193] and time-of-flight (TOF) [194] mass 

detectors hyphenated to LC have been applied for the analysis of pharmaceuticals. The QqQ and IT 

instruments enable tandem MS operation, and thus help to avoid false positive determinations, if the ions of 

at least two ion-ion transitions are used in combination with at least one ion intensity ratio. Still, for the 

purpose of quantitative determination of trace level micropollutants the QqQ-MS, provides superior 

performance in terms of dynamic range, selectivity and sensitivity, by enabling multiple reaction 

monitoring (MRM) transitions between the precursor and product ions. The potentials and capabilities of 

mass detectors are in detail discussed in Section 1.5.3. 

Besides avoiding the derivatisation step and the high sensitivity and selectivity, an additional benefit of 

LC-MS techniques is that the analytes do not have to be completely separated. Alternatively, a good 

chromatographic separation reduces matrix effects, and improves both detectability and reproducibility. As 

mobile phases, mixtures of polar solvents, such as acetonitrile, methanol and water, are generally used. In 

LC-MS, there are three strategies for attaining good peak shapes and to achieve sufficient retention of 

weakly acidic compounds in reversed-phase HPLC. First, the pH value of the eluant can be decreased until 

the analyte reaches its undissociated state, by using formic or acetic acid, depending on the pH required. 

However, the acidification and the transformation of an anion into its non-dissociated form may decrease 

signal intensity, when using ESI in a negative mode. Alternatively, ammonium formate can be added to 

form an ion pair with the negatively charged analyte anion, which exhibits a good peak shape and 

dissociates easily in the ionization source to release the molecular ion. Finally, in case of very small and 

polar analytes (salicylic acid), a stronger retention in the chromatographic column can be achieved by using 

organic amines in their protonated form. An example is the ion-pairing agent tri-n-butylamine, which 

notably increases the signal intensity and thus decreases their detection limits [195]. Alternatively, for 

analysing pharmaceuticals with basic character (β-blockers, antidepressants) neutral pH and positive 

ionization mode are preferable. 
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1.5.3 Qualitative analysis 

To make a relevant environmental risk assessment, it is important to identify the relevant chemical species 

that are likely to enter the environment. To date studies that address risk assessment of pharmaceuticals 

have dealt only with the parent compounds, but ignored their TPs [71,196]. However, for a comprehensive 

environmental risk assessment, it is important to include in the test protocols also the stable TPs, due to 

their possible pharmacological activity, which may add up in an additive or synergistic manner to total risk 

related with the presence of the pharmaceutical residues in the environment.  

 

1.5.3.1 Principles and potentials of mass spectrometry  

Mass spectrometry has revolutionized environmental analytical chemistry by allowing the analysis of 

complex organic mixtures for trace amounts of analytes. It can not only generate informative fragmentation 

patterns that give an organic compound a unique molecular signature, which can be resolved using the 

principles of physical organic chemistry to reveal its chemical structure. It may also give an accurate mass 

to confirm the presence of a target compound (targeted analysis), or to reveal an elemental composition of 

an unknown (nontargeted analysis). 

The coupling of a chromatograph with a mass spectrometer requires an efficient interface, which 

connects both components of a GC-MS or LC-MS system. Most common ionization methods in GC-MS 

systems are EI and CI. Whereas EI can result in a loss of a compound‟s molecular ion in a mass spectrum, 

CI is a much “softer”, lower energy alternative to EI that uses a reagent gas (usually ammonia or methane) 

in the ion chamber. The result is a reduction in the residual energy of the charged molecules, so that the 

fragmentation is greatly reduced and the molecular ion in the mass spectra is more prominent [135,197]. 

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

polar analytes must be converted to gas-phase molecules. Fortunately, this physical hurdle was overcome 

by the development of API techniques [198]. API gives „„soft‟‟ ionization with high efficiency, thus 

providing molecular mass information and excellent sensitivity. However, poor fragmentation still makes 

identification of unknown compound a challenge [199]. The most common API interfaces are ESI and 

APCI, while the more recently developed atmospheric pressure photoionization (APPI) is yet to be applied 

for identification. From the literature, it is mainly ESI that is used for determining TPs [135,197]. 

Generally, ESI enhances the analysis of more polar compounds, while less polar and thermally-inert 

compounds are more amenable to APCI (Figure 7). Both techniques are based on the consecutive process 

of nebulisation and vaporization of the sample solution, the ionization of the analyte molecules in the ion 

sampling nozzle, ion transportation in ion transfer optics and mass analysis in a mass spectrometer. These 

processes allow solvent evaporation, efficient ionization of organic compounds and optimal introduction of 

ions into the mass analyser. In this case mostly protonated [M+H]
+
 or deprotonated [M-H]

-
 ions are formed 

in a strong electric field. In ESI, multiple charged ions are favoured, while using APCI the corona 

discharged electrode allows the formation of only singly charged ions. 
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Figure 7: Application range of different GC-MS and LC–MS interfaces as a function of compound polarity and 

molecular mass (adopted from [200]) 

The simplest mass spectrometer is a single-stage quadrupole (Q), which, used to be the most widely used 

analyser due to its ease of use, mass range covered, good linearity for quantitative work, resolution, quality 

of mass spectra and a relatively accessible price. The Q is composed of two pairs of metallic rods. One set 

of rods is at a positive electrical potential, and the other one at a negative potential. A combination of DC 

(direct current) and AC (alternating current) voltages is applied on each set. The positive pair of rods is 

acting as a high mass filter; the other pair is acting as a low mass filter (Figure 8).  

 

 

 

Figure 8: Scheme of single quadrupole mass analyser. Red arrow shows a pathway of a resonant ion passing the 

quadrupole and thus reaching the detector; whereas the blue arrow represents a nonresonant ion destabilised by 

hitting the rods [201]. 

In the Q mass analyzer, both analyte and matrix ions generated in the source undergo fragmentation, which 

results in complex, ambiguous spectral data and hence in non-selectivity, which is its main disadvantage 

[198]. This nonselectivity of the Q is overcome by tandem mass analyzers, which, due to their high 

specificity, can reduce „„chemical noise‟‟. 

A triple-quadrupole (QqQ) mass detector is a „„tandem in-space‟‟ instrument, comprising two mass 

analyzers with a collision chamber in between, in which collision induced dissociation (CID) occurs. The 

QqQ, by allowing multiple-reaction monitoring (MRM), precursor-ion scans and constant neutral-loss 

scans, affords much greater experimental flexibility and precision, when compared to the single Q. 

However, the product ion scan in QqQ shows lower sensitivity compared to IT or TOF instruments, which 

is unfavourable for the structural elucidation of TPs. Thus, while the QqQ represents primarily an 

instrument of choice in targeted quantitative analysis and possesses excellent sensitivity, wide dynamic 

range and repeatability of analyses, its popularity has been overtaken by other mass analysers for 
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qualitative analysis. Such an example is the IT mass detector, e.g. the quadrupole ion trap and linear 

quadrupole ion trap. Its unique ability to isolate and to accumulate ions – by iterating ion trapping and 

scanning – allows the generation of CID spectra of the parent and fragment ions (and their fragment ions), 

resulting in a hypothetically infinite number of fragmentation patterns (i.e. MS
n
) [198]. Combined with 

knowledge of the functional group fragmentation behaviour, the MS
n
 spectra greatly facilitate the 

elucidation of the fragmentation mechanism of unknown species, and increase the level of confidence in 

assigning a particular structure [202]. IT-MS uses three electrodes (a ring electrode and two end cap 

electrodes; Figure 9) to trap ions, where a mass spectrum is generated by changing the electrode voltages to 

eject ions from the trap. In general, the ITs have high sensitivity in the scan mode, but neutral loss scans are 

not possible with this technique, and the quantification is less reliable than MRM with triple quadrupole 

instrument [189].  

 

 

Figure 9: Scheme of IT mass detector 

TOF instrument measures the mass-dependent time it takes ions of different mass-to-charge ratios to 

move from the entrance of the analyzer, where they are orthogonally accelerated in a pulsed fashion, to the 

detector (Figure 10, right). These instruments can now reach resolutions between 10000 and 20000 

FWHM, and have to a large extent replaced traditional high resolution instruments, such as sector field or 

Fourier-transform ion-cyclotron resonance mass analyzers [203]. The instruments are characterized by 

good mass assignment accuracy (< 3ppm), high sensitivity, and allow rapid mass scanning in a theoretically 

limitless scan range [204]. Accurate-mass determination provided by TOF instruments allows specific 

information to be obtained for a given molecule and enables almost unequivocal confirmation of the 

identity of the compound. However, structural elucidation of unknown compounds is feasible primarily for 

compounds with easy in-source fragmentation or compounds having a characteristic isotopic pattern [202].  

To gain sufficient data for reliable structure elucidation, a combinatory analysis should be performed, 

combining tandem MS techniques for fragmentation with high resolution mass spectrometry (HRMS) for 

accurate mass measurements. An established combination of mass spectrometric techniques is IT-MS and 

TOF-MS [205,206]. For instance, the ability to conduct multiple stages of fragmentation in the IT-MS can 

generate MS
n
 spectra with large amounts of structural information that allows the identification of an 

unknown TP. Without multiple-stage MS, isomers may not be distinguishable from each other. Further 

confirmation of the proposed identity of a TP can be achieved by accurate mass measurements using TOF-

MS or other high resolution MS instrument [205,206].  

As an alternative, different types of mass analyzers can be coupled into a hybrid tandem mass 

spectrometer. Many different combinations of mass analyzers offer to find the tandem mass spectrometer of 

choice with good resolving power and rapid switching between various MS/MS modes. Maximum 

versatility is achieved usually with a combination of two analyzers and a collision cell to form an efficient 

hybrid tandem mass spectrometer. The collision cell is usually mounted in the field free region between 

mass analyzers. Introduction of an inert gas into this cell is the most widely used approach for CID. As a 

result of collision of ions and gas molecules fragmentation is achieved. An example is the hybrid QqTOF. 
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In Figure 10, Q refers to the mass-resolving quadrupole, q refers to a collision cell and TOF refers to a 

time-of-flight mass spectrometer [207]. Basically, in QqTOF the final resolving mass filter of a QqQ is 

replaced by a TOF analyzer [158]. Having this configuration the QqTOF not only allows MS
2
 operation but 

also has the high accuracy and the resolution necessary to give exact-mass measurements in a single 

instrument. However, due to the price and the lower sensitivity of QqTOF instruments, the number of 

environmental applications remains low. Despite this, developments expected in QqTOF instruments may 

bring an improved sensitivity and linear dynamic range, which will contribute to a wider acceptability of 

these instruments in the environmental analysis.  

 

 
 

Figure 10: Scheme of QqTOF hybrid tandem mass analyser. Left: quadrupole segment; Right: TOF analyser.   

Another promising hybrid mass spectrometer for the identification of TPs is a quadrupole – linear ion 

trap (QqLIT). The QqLIT configuration is based on an ion path of a QqQ mass spectrometer using the 

collision cell of the final mass analyser as the LIT. The LIT has two major advantages over conventional 

three-dimensional IT, i.e. a larger ion-storage capacity and a higher trapping efficiency, which in turn, 

increases the sensitivity [204].  

Recently, another hybrid MS system has been launched, which may represent an alternative to QqTOF. 

LTQ-MS
n
-FT Orbitrap combines LIT with the Orbitrap analyser, using Fourier-transform MS to attain 

HRMS spectra. The instrument may become important in the field of nontargeted environmental analysis, 

due to its high resolution and high mass accuracy and to its wide dynamic range, when compared to that of 

the QqTOF.  

 

1.5.3.2 Nontargeted identification 

The main drawback of a conventional analytical approach is target compound monitoring, which is often 

insufficient to assess the environmental relevance of emerging contaminants. Generally, there is a lack of 

information on the comprehensive list of TPs formed under various conditions, so, in the open literature 

there is a dearth of data on their occurrence. There are several reasons for this, including that not all the TPs 

are commercially available [208]. This means that in-house chemical synthesis of authentic TP standards is 

often the only option available. 

The detection and identification of TPs require the application of sophisticated instrumentation, of 

which MS is considered to be a head of the field, both in terms of technology development and application 

[202,209]. At the same time, improvements in separation techniques, such as ultra performance liquid 

chromatography (UPLC) or rapid resolution liquid chromatography (RRLC), make this technology more 

attractive and powerful, when combined with MS [194,210,211]. Because of the data intensive nature of 

LC–MS, considerable time and effort are required to interrogate the data in order to extract the results 

needed to identify unknowns. However, holding a certain structural relationship with their parent 

compound, TPs are not complete unknowns. In structure elucidation of pharmaceutical abiotic degradation 

products, a few studies have been published recently [158]. Due to the greater complexity of the task (e.g., 
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screening for trace levels of unknown chemical structures in complex media (wastewater) that involve 

biomass activity), there have been fewer studies involving the identification of their biodegradation 

products [212]. 

In GC-MS the detection of TPs can generally be performed by direct comparison of total ion 

chromatograms (TIC) of untreated (control) and treated samples, where any new-formed peaks in the 

treated samples are considered as potential TPs and subjected to further investigation. In LC analysis, a 

direct comparison of the TIC of the treated and the control samples is, however, not possible. Instead, the 

TPs may be automatically detected by applying the spectral and chromatographic search algorithms, such 

as MetaboLynx
TM

 from Waters, Analyst/MetaboliteID
TM

 from Applied Biosystems, Xcalibur/MetWorks
TM

 

from Thermo Fisher or MassHunter
TM

 from Agilent. Such an algorithm searches the extracted mass 

chromatograms for expected metabolites based on predicted or unpredicted molecular changes relative to 

the parent compound and thus aids in the detection and identification of unknowns, particularly those 

buried within the spectral noise. The software compares mass spectral chromatograms of a control versus 

that of metabolised, stressed or treated sample, and automates the detection, identification and reporting of 

metabolites [213]. Such approach has been used before in a number of studies dealing with identification of 

drug metabolites in ‘in vivo’ metabolism [198] and degradation products in food and environmental 

analytical chemistry [214,215,216,217]. 

Depending on the MS instrumentation available, two common strategies are employed to determine the 

identity of unknown compounds, based on: 

1) structural information gained in tandem MS (MS
n
) experiments and 

2) highly accurate molecular mass measurements [202]. 

Often however, MS alone is insufficient to identify the exact position of oxidation, to differentiate isomers, 

or to provide the precise structure of unusual and/or unstable TPs. In addition, other substances present in 

environmental samples can suppress ionization, complicating metabolite identification. In such cases, 

multiple analytical and wet-chemistry techniques, such as LC with nuclear magnetic resonance (NMR), 

chemical derivatization, and hydrogen/deuterium-exchange combined with MS are used to characterize the 

novel and isomeric TPs of drug candidates [198,158]. Also, having authentic standards available, 

ultraviolet-visible (UV-Vis) spectroscopy is often applied, as it allows rapid and simple analyses of TPs. 

Another possible confirmatory method is matching against spectra of authentic compounds, which may be 

found in extensive GC-MS libraries, i.e. NIST (National Institute of Standards and Techonlogy) [218]. This 

ability to match analytical data with mass spectral libraries is particularly feasible when using EI ionization. 

EI is normally performed at 70 eV, thus yielding mass spectra which are identical over time and between 

instruments for a given compound, which is not the case with the API ionisation techniques.  

 

1.5.3.3 Targeted identification 

The term “targeted identification” refers to identity confirmation of previously known (targeted) organic 

residues and contaminants, which are being screened for in complex environmental matrices. The 

2002/657/EC [219] European Commission Decision set up the quality criteria for the spectrometric 

identification and confirmation of these compounds, based on the use of identification points (IPs). The 

European Guidelines requires a minimum of 4 IPs for banned compounds and 3 for others to satisfactorily 

confirm their identity. In general, when using LC or GC coupled to MS/MS (QqQ) an excellent sensitivity 

is obtained in the selected reaction monitoring (SRM) mode. Confirmation of the identity of the target 

compound is achieved by monitoring two characteristic precursor-product transitions, which earns 4 IPs 

and fulfils the requirements of 2002/657/EC [219,220]. The sensitivity, selectivity, and mass accuracy of 

different MS techniques, and the number of IPs earned for each ion are compared in Table 9. 
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Table 9: Comparison of different MS techniques with respect to sensitivity, selectivity, mass accuracy, dynamic 

range and number of IPs. Adopted from Petrović and Barceló [220] and Hernández et al. [221].  

MS 

technique 
Sensitivity Selectivity 

Mass 

accuracy 

Dynamic 

range 
IPs earned for each ion 

Q medium (SIM) low low high 1 per ion 

QqQ 
medium (full scan) 

high low high 
1 for precursor ion 

high (SRM) 1.5 for transition ion 

TOF high low high low 2 per ion 

QqTOF medium high high medium 
2 for precursor ion 

2.5 for transition ion 

IT medium (MS
2
) high low medium 

1 for precursor ion 

1.5 for MS
2
 and MS

3
 product ions 

QqLIT high (SRM) high low 
medium-

high 

1 for precursor ion 

1.5 for MS
2
 and MS

3
 product ions 

 

Occasionally, however, the fragmentation of a target compound is insufficient (less than two transitions, 

low intensity transitions) to meet the EU Guidelines [219]. As proposed in Table 9 the selectivity of the 

analysis can be increased by using HRMS instruments (TOF and QqTOF) that enable accurate mass 

measurements and, especially when the mass measurements are performed at an error less than 2 mDa 

[221], a high total amount of IPs is achieved. This results in increased certainty in the identification of 

target compounds [220]. 

 

1.5.4 Validation of analytical methods 

In any scientific work, unreliable data may lead to over- and underestimation of effects, to false 

interpretations, and to unwarranted conclusions. If such errors are not obvious, they may remain 

undetected, and may be multiplied within the scientific community or become a part of a general accepted 

knowledge. The basis for achieving high quality data are reliable analytical methods, which requires a 

thorough validation of careful method development. The validation of analytical method can objectively 

demonstrate its inherent quality and thus prove its applicability for the stipulated purpose. This is especially 

true in the context of quality management and accreditation, which have become matters of significant 

relevance in the environmental analytical chemistry in recent years [222]. Owing to the importance of 

method validation in the whole field of analytical chemistry, a number of guidance documents have been 

issued [223,224,225,226,227].  

Environmental analytical methods are used for screening and identification of unknown pollutants and 

transformation products (nontargeted analysis), or for identity confirmation and quantification of 

predetermined analytes (targeted analysis). Whereas for qualitative procedures, a general validation 

guideline is currently not available [228], Figure 11 shows the parameters that should be involved in the 

validation of quantitative analytical procedures.  
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Figure 11: Aspects of an analytical method that may be assessed during a method validation. Adopted from 

[229].  

The validation parameters are explained as follows: 

 Linearity is the ability of a method to obtain test results proportional to the concentration of 

analyte, within a given concentration range. Calibration is performed to determine the relationship 

between the concentration of analyte and the corresponding response of a detector. The 

relationship is described by the linear calibration model, which is normally derived as a least 

squares regression model with a known confidence level [230]. 

 Sensitivity is the change in response of a measuring instrument divided by the corresponding 

change in the stimulus. The sensitivity is arbitrarily determined by the slope of the calibration 

curve [230].  

 Selectivity is the ability of an analytical method to measure unequivocally and to differentiate the 

analytes in the presence of components, which may be expected to be present in a sample matrix 

(metabolites, TPs, matrix components) [226]. One approach to establish method selectivity is to 

prove the lack of response in a blank matrix, i.e. there are no signals interfering with the signal of 

the analyte or the internal standard. 

 Trueness is the closeness of agreement between the expectation of the test result (expected mean 

value) and an accepted reference value (true value). When no certified reference material (CRM) is 

available, the trueness is expressed as a % recovery of a known spiked amount of analyte [230]. 

 Precision is the closeness of agreement between independent test results obtained under stipulated 

conditions and is reported as repeatability and reproducibility. ISO 5725-1 [231] defines 

repeatability as “the precision under repeatability conditions”, i.e. the conditions, where 

independent test results are obtained with the same method on identical test items in the same 

laboratory by the same operator using the same equipment within short intervals of time. 

Reproducibility is defined by ISO as the “precision under reproducibility conditions”, i.e. where 

test results are obtained with the same method on identical test items in different laboratories with 

different operators using different equipment [231].  

 Robustness is a measure of capacity of a method to remain unaffected by small variations in 

method-performance parameters [230]. 

 LOD is the lowest concentration of analyte that can be reliably distinguished from zero [230]. 

 LOQ is the lowest amount of analyte that can be determined quantitatively with an acceptable level 
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of repeatability, precision and trueness [230]. 

 

Besides the intralaboratory or internal method validation, interlaboratory studies can serve this purpose. 

The aims of method performance (validation) studies are to estimate the repeatability and reproducibility of 

a method, which, for a method precision study is predetermined and unique for all participant laboratories. 

Besides method validation, the interlaboratory studies also allow the assessment of the proficiency of 

individual laboratories, estimation of the measurement uncertainty and certification of reference materials 

[232].  
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2 Hypothesis and aims  

To date, commonly used pharmaceuticals have been detected in waste, surface and potable waters. The 

factors influencing their occurrence are their overall consumption and the fate of an individual compound 

during metabolism in the human or animal organism, during the water treatment and in the environment. 

Thus, besides consumption rate, metabolic conjugation and de-conjugation pathways, information about 

their biotic and abiotic degradability, sorption and persistence are needed to predict their behaviour in the 

environment.  

Municipal and hospital WWTP, as well as discharges from pharmaceutical industry, have been found to 

be the major sources of pharmaceuticals in the environment. Pharmaceuticals subjected to the water 

treatment can be, depending on their physical-chemical characteristics, removed by various mechanisms, 

e.g. degradation (biotic or abiotic) or sorption to biomass, soils, sediments and/or on the surfaces of holding 

bodies. By recognizing the response of model pharmaceuticals to potential factors influencing their 

degradation (e.g. UV light, biological treatment and chemical oxidation) it is possible to develop a 

treatment method and integrate it into an existing water treatment process. The idea is to contribute to the 

development of an efficient, sustainable and cost-effective wastewater treatment technology, which will set 

new standards of effluent quality by successfully removing pharmaceuticals and other emerging 

contaminants. In this study pharmaceuticals are used as model compounds, i.e. representatives of widely 

applied environmentally toxic and / or persistent emerging contaminants. Thus, with efficient treatment of 

the model pharmaceuticals, numerous other persistent trace contaminants are believed to follow a 

simultaneous removal. 

For a comprehensive assessment of water treatment (wastewater or potable water) efficiency, 

pharmaceutical TPs formed during treatment must be accounted for. The properties of TPs are unlikely to 

resemble the metabolic products formed in the human body and are yet to be identified and recognized as 

environmental trace-contaminants. To our knowledge, no data exists regarding their toxicity, synergistic 

and additive effects to the environment. For this reason this study attempts to identify pharmaceutical TPs 

and evaluate the wastewater and potable water treatment efficiency with respect to both, removal of parent 

pharmaceuticals, and the formation and the decay of their TPs. 

The aims of the thesis are as follows: 

- to develop analytical methods for the determination of selected pharmaceuticals and their TPs in 

waste and environmental water samples; 

- to compare and to assess the performance of the developed analytical method by participating an 

international interlaboratory exercise; 

- to determine the elimination efficiency of model pharmaceuticals during biological water 

treatment; 

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

- to research abiotic treatment methods for elimination of persistent pharmaceuticals (e.g. ClO2 

disinfection and UV irradiation) and to suggest improvements to existing biological treatment in 

laboratory scale bioreactors by integrating advanced treatment technologies; 

- to identify (bio)transformation products formed during treatment and to estimate the performance 

of different treatment methods according to their production and decay. 
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3 Publications 

3.1 Development and validation of analytical method for determination of 

NSAIDs in aquatic samples 

Pollution with NSAIDs in European surface waters is widespread and their concentrations often reach a 

level of few hundred ng L
-1 

(Table 3). As no data exist on the occurrence of pharmaceuticals in the 

Slovenian aquatic environment, we developed an analytical method for determination of these compounds 

in aquatic matrices. Principally, the analytical method involved a sample pretreatment step (acidifying and 

filtration), enrichment and clean-up by applying SPE, derivatisation with MSTFA and finally, the analysis 

using GC-MS. The intralaboratory validation of the analytical method was performed, which involved 

testing the linearity and sensitivity, determination of instrumental limits of detection, method limits of 

detection, limits of quantification and the extraction efficiency. Overall, the validation parameters 

demonstrated that the developed and optimized analytical method was applicable to environmental 

samples. The developed method was tested on wastewater, river and tap water. While no traces of NSAIDs 

were found in tap and well water samples, the majority of river water samples contained NP and/or DF, 

while KP occurred at concentrations below LOQ. IB was not detected in any of the samples. In general, it 

can be concluded that the concentrations of NSAIDs determined in Slovenia are comparable with those 

found elsewhere in EU surface waters (Table 3). Among the analytes NP was determined in highest 

concentrations, which corresponds to the fact that in Slovenia it is dispensed in highest amounts (Table 2). 

Further, a notably elevated concentration of NP and KP was observed in a sample taken downstream from a 

pharmaceutical manufacturing site. This indicates that the sources of pollution with pharmaceuticals are not 

only attributed to diffusely distributed municipalities, but also point sources. However, in order to assess 

the extent of the pharmaceutical contamination in natural Slovene waters their levels would have to be 

monitored for a sufficient period of time. In this sense, a more comprehensive study taking into account 

more sampling points, different seasonal conditions and an improved sampling strategy, preferably 

including POCIS, should be made. Also the occurrence of NSAIDs in wastewaters was assessed, but this is 

a part of another research and will be published separately. 

The description of development, optimization and intralaboratory validation of analytical method for 

determination of NSAIDs in the aquatic environment, and their determination in environmental samples are 

presented in the paper: 

 Determination of non-steroidal anti-inflammatory drug (NSAIDs) residues in water samples 

(Environment International, 2007) 

 

The first step in validation of an analytical method is generally performed on the intralaboratory level, 

while, to assure the transferability of a method to another expert laboratory, an external (interlaboratory) 

validation should be made. Besides validation itself, the objectives of interlaboratory studies are also 

harmonization and dissemination of the analytical method, which improves the quality and comparability 

of data on pollution with target analytes [233]. In this sense, two interlaboratory studies on the 

determination of NSAIDs in the aquatic environment were organized within the EU FP6 project NORMAN 

(Network of reference laboratories for monitoring of emerging environmental pollutants). The 1
st
 study was 

performed using GC-MS or LC-MS/MS, both of which employed SPE as a purification and concentration 

step. The applied analytical protocols were developed individually by each participant laboratory and 

differed in sample pretreatment, SPE sorbents, elution and reconstitution solvents, and, in case of GC-MS 

protocol, also in derivatising agents. The 2
nd

 round required the use of predetermined GC-MS and LC-

MS/MS procedures, which resulted in a notable reduction in the total number of outliers. This improvement 

was particularly on account of the GC based analytical protocol, where the number of outliers decreased up 

to five-folds in the 2
nd

 round, which is a likely consequence of unifying the derivatising agent (MTBSTFA) 

and adopting the standard derivatising conditions (1 h at 60 ºC).  
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Furthermore, an important outcome of the 2
nd

 interlaboratory study was that the GC-MS protocol 

proved superior for the analysis of IB, KP and NP in matrices with higher complexity, i.e. wastewater and 

river water. This was due to the detector response in GC-MS not being affected by matrix suppression as in 

the case of LC-MS. Alternatively, the determination of DF was not shown to be particularly consistent, 

regardless of an analytical protocol used. Considering its chemical structure, DF differs from other NSAIDs 

(Figure 2), since it involves a secondary amine group and two chlorine atoms. Therefore, a different 

behaviour of this compound during the sample preparation and analysis may be anticipated. A solution to 

improve the determination of DF may be to use a more strongly related internal standard, e.g. isotopically 

labelled DF. Secondly, with the supplementary testing of extraction efficiency we showed a ten-folds 

higher recovery of DF for the GC-MS protocol, when pretreatment involves acidifying to pH 2 – 3. It may 

therefore be proposed that both analytical protocols need to be adopted to improve determination of DF 

before they reach the level of application in routine laboratories throughout Europe.   

The underlying research in the 1
st
 round was to follow the actual stability of NSAIDs during the 

exercise. While a decay of NSAIDs was expected in wastewater and river water, due to biodegradation or 

physico-chemical interactions with the sample matrix, no such effects were observed and a satisfactory 

stability was proved. Furthermore, the 2
nd

 exercise addressed also filtration and compared the influence of 

different filter material categories on the analysis of NSAIDs. The filtration step could potentially have 

affected the analysis in two ways. First, depending on the analyte polarity and filter material, the analytes 

can adsorb to a filter. Secondly, by removing the organic matter present in the matrix, filtration may be one 

way to reduce the ion suppression effect and improve the LC-MS performance. In contrast to our 

expectations, the results of the statistical testing showed that filtration does not affect the analysis. 

The results of both interlaboratory studies are presented in two papers: 

 First interlaboratory exercise on non-steroidal anti-inflammatory drugs analysis in environmental 

samples (Talanta, 2008) 

 Second interlaboratory exercise on non-steroidal anti-inflammatory drugs analysis in 

environmental samples (sent for publication to Talanta, 2009) 
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3.1.1 Scientific paper: “Determination of non-steroidal anti-inflammatory drug 

(NSAIDs) residues in water samples” 
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3.1.2 Scientific paper: “First interlaboratory exercise on non-steroidal anti-

inflammatory drugs analysis in environmental samples” 
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3.1.3 Scientific paper: “Second interlaboratory exercise on non-steroidal anti-

inflammatory drugs analysis in environmental samples” 

Submitted to Talanta, May 2009. 
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3.2 Removal and effects of pharmaceuticals in water treatment 

 

The experiments described under this chapter, and, in part, also in the two subsequent ones, involved 

setting up a series of laboratory-scale bioreactors with activated sludge wastewater treatment technology. 

The following are the objectives of the bioreactor operation and involve studying the following: 

 pharmaceutical  cycling during activated sludge treatment, 

 the formation of biodegradation products for their later identification and toxicity assessment, 

 the biodegradation pathways of pharmaceuticals, 

 the effect of bioreactor operational conditions (HRT, nutrient addition, aeration) on the removal of 

pharmaceuticals and the production of biotransformation products, 

 the possibility of sequential coupling of activated sludge treatment with AOP to improve the 

removal of pharmaceuticals and their TPs, and  

 the effects of pharmaceuticals on the microbial community structure in the activated sludge. 

The laboratory scale bioreactors were operated in parallel, where the operational conditions were adopted 

depending on the objectives of individual experiments. The pharmaceuticals or TPs were added into the 

bioreactor inflow, except for the control bioreactor, which was fed solely with the artificial wastewater, 

without the addition of test compounds. Primarily, the removal of the selected pharmaceuticals (NSAIDs 

and CLA) by the activated sludge treatment was evaluated and compared with the removal of these 

compounds in real municipal WWTPs (data are collected in Figure 3). The removal of readily 

biodegradable pharmaceuticals (IB, KP and NP) was slightly better (5 - 20 %) than that reported by several 

authors [4,16,17,19,47,52,121,122,123] for actual activated sludge WWTPs. The superior removal of these 

three compounds in the bioreactors can be explained by the acclimatization of the activated sludge to the 

substrate pharmaceuticals, as well as the relatively long HRT of 48 hrs, in comparison to actual WWTPs 

which normally apply a HRT of 15 hrs. In contrast to IB, KP and NP, the elimination of DF and CLA was 

found to be relatively poor, agreeing with data presented in Figure 3. As reported by Kimura et al. [126] 

CLA and DF were neither sufficiently removed by conventional active sludge process, nor by MBR, which 

was attributed to the presence of chlorine in their chemical structures [126]. Further, the elimination of 

CBZ, which was studied in the frame of later experiments [218], was within the range of the elimination 

rates determined for actual WWTPs (Figure 3). 

The efficiency of wastewater treatment largely depends on the bacterial diversity present in a WWTP 

[234]. Therefore, a fundamental understanding of the structure of the microbial community and stability as 

well as its response to different contaminants in the wastewater is needed for stable and efficient WWTP 

operation. To our knowledge, there is no study addressing the influence of pharmaceutical residues in 

wastewater on the bacterial community present in activated sludge. Therefore, the changes in bacterial 

communities in activated sludge that were caused by long-term exposure to NSAIDs and CLA were 

investigated. The studies based on the analyses of T-RFLP profiles and clone libraries, and compared the 

activated sludge subjected to the presence of pharmaceuticals with activated sludge from a control 

bioreactor without the addition of pharmaceuticals. NSAIDs and CLA concentrations of 50 µg L
-1

 caused a 

shift in the structure of activated sludge bacterial communities and reduced the microbial diversity. In the 

reactors operated with higher concentrations of pharmaceuticals, i.e. at 200 and 500 µg L
-1

, greater 

structural divergence was observed. Further, the inability to detect Nitrospira in the reactor with the 

addition of pharmaceuticals suggests an important effect on bacteria, which play a key role in the second 

stage of nitrification in a WWTP. Even though the concentrations of pharmaceuticals that caused effects on 

microbial community structure were higher than those usually determined in municipal WWTP (Table 5), 

the results of this research may apply, when considering the treatment in hospital or industrial plants. 

Nevertheless, because there exist no regulatory requirements to monitor the emissions of pharmaceuticals 

from WWTPs, their concentrations are only sporadically being determined, and mostly on municipal 

WWTPs, while hardly any data reported the occurrence of pharmaceuticals in manufacturing or hospital 

plants. 

The results of the experiments described above are presented in two papers: 

 Removal of pharmaceutical residues in a pilot wastewater treatment plant (Analytical and 

Bioanalytical Chemistry, 2007) 

 Influence of pharmaceutical residues on the structure of activated sludge bacterial communities in 
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wastewater treatment bioreactors (Water Research, 2008)  
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3.2.1 Scientific paper: “Removal of pharmaceutical residues in a pilot wastewater 

treatment plant” 
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3.2.2 Scientific paper: “Influence of pharmaceutical residues on the structure of 

activated sludge bacterial communities in wastewater treatment bioreactors” 
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3.3 Transformation of pharmaceuticals during biological water treatment  

While the transformation of pharmaceuticals in the human body and in other mammals has been 

extensively studied, the kinetics, breakdown pathways and mechanisms of their degradation during water 

treatment and in the environment remain largely unknown. Because of this poor knowledge of 

transformations of pharmaceuticals subjected to treatment processes, recognizing their identity was one of 

the core subjects in this thesis. Compared to other treatment processes the studies on biotransformation are 

especially demanding, since these studies by nature involve complex matrices containing significant 

quantities of organic matter, which may interfere with the detection and identification [78]. Another issue 

hindering the identification is that biodegradation experiments do not allow adapting the concentration of 

the analytes as this can potentially alter the structure of the microbial community [235]. Recent studies 

indicated that enzymatic transformations provoke only slight alterations in chemical structures of 

recalcitrant pharmaceuticals [206], which normally results in increased polarity of the TPs.  

In parallel to structural elucidation studies, scientific interest focuses on technological advances and 

developments achieved in mass spectrometry, where increased sensitivity and selectivity play important 

roles. To gain sufficient data for secure structure elucidation of (bio)degradation products, a combinatory 

analysis should be performed combining MS
2
 techniques (e.g., QqQ, IT or Qq-LIT), with HRMS (e.g., 

TOF or Fourier transform) for accurate-mass measurements. Alternatively, hybrid MS systems, such as 

QqTOF or LTQ-Orbitrap, can be applied for the same purpose. Thus, the scientific papers included in this 

chapter discuss the capabilities of different MS techniques for structural elucidation of pharmaceutical TPs 

and, by the use of QqTOF, describe two studies in the field of pharmaceutical biotransformation. 

Biotransformation experiments were performed in laboratory-scale bioreactors and involved two chlorine-

bearing pharmaceuticals, DF and CLA. Even though the applied levels of pharmaceuticals exceeded typical 

environmental concentrations by factor 5 – 10
3
, this was considered an acceptable compromise between 

environmental concentrations and the detection limits of TPs, which are usually in percentage or promile 

amounts [236]. Because of the low levels of the TPs and high amount of data that the QqTOF instrument 

provides, detection of the TPs in complex WW matrices was a particularly challenging task. To facilitate 

the detection, this study exploited an in-source fragmentation, which was based on diagnostic fragment ions 

of DF (m/z 214) and CLA (m/z 127). An alternative detection principle was based on data processing by a 

spectral and chromatographic search algorithm MetaboLynx
TM

 (Waters Corp.), which highlighted any 

suspect TPs in treated samples, irrespective of the structural relationship to the parent compound. 

It was shown that the biotransformation pathways partially mimic abiotic processes or human 

metabolism. Thus, the biodegradation products identified in this study matched those reported to be abiotic 

TPs, i.e. 4-chlorophenol was formed from CLA [156,237] and 1-(2,6-dichlorophenyl)-1,3-dihydro-2H-

indol-2-one from DF [238,239,240], or human metabolites (hydroxy-diclofenac [241]). Alternatively, 

biotransformation yields also unusual and unexpected TPs, such as a nitro-analogue of DF. Research 

further suggests that MS alone is sometimes insufficient for a complete structural elucidation of unknown 

compounds, and complementary investigations applying NMR are necessary. Finally, this research 

demonstrated that the toxicity of a WW may increase during biological wastewater treatment. This supports 

the need for the toxicity evaluation of transformation products, and the further development of new 

treatment techniques to achieve complete mineralization of emerging contaminants is justified. 

The results of this research are in details presented in three papers and a book chapter: 

 Mass spectrometry for identifying pharmaceutical biotransformation products in the environment 

(TrAC, Trends in Analytical Chemistry, 2007) 

 Metabolism studies of diclofenac and clofibric acid in activated sludge bioreactors using liquid 

chromatography with quadrupole - time-of-flight mass spectrometry (Journal of Hydrology, 2009) 

 The use of quadrupole time-of-flight mass spectrometer for the elucidation of diclofenac 

biotransformation products in wastewater (Journal of Chromatography A, 2008) 

 The challenge of the identification and quantification of transformation products in the aquatic 

environment using high resolution mass spectrometry (Spinger Book Edited Series: Xenobiotics in 

the Urban Water Cycle, in press 2009). 
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3.3.1 Scientific paper: “Mass spectrometry for identifying pharmaceutical 

biotransformation products in the environment” 
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3.3.2 Scientific paper: “Metabolism studies of diclofenac and clofibric acid in activated 

sludge bioreactors using liquid chromatography with quadrupole - time-of-flight 

mass spectrometry” 
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3.3.3 Scientific paper: “The use of quadrupole time-of-flight mass spectrometer for the 

elucidation of diclofenac biotransformation products in wastewater” 
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3.3.4 Book chapter: “The challenge of the identification and quantification of 

transformation products in the aquatic environment using high resolution mass 

spectrometry” 

Spinger Book Edited Series: Xenobiotics in the Urban Water Cycle, in press 2009 
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3.4 Transformation of pharmaceuticals during advanced oxidation and 

disinfection processes 

Identification of TPs is justified for clarifying the reactions and the processes in water treatment, for 

improving it, and consequently for minimizing pharmaceutical residues in waste, environmental and 

potable water. In parallel, recognizing TPs and their individual and mixture toxicity, are grounds for a 

comprehensive environmental risk assessment on selected pharmaceuticals. 

The breakdown pathways and the production of TPs depend on water treatment technologies, so 

different intermediates and reaction products may be formed. Breakdown during AOPs depends on the 

physicochemical characteristics of compounds, but typically involves hydroxylation of the aromatic ring by 

an electrophilic attack from ˙OH radicals, cleavage of C-O, C-N or S-N bond, cleavage on α-position from 

the aromatic moiety and ring opening, while chlorine disinfection merely yields chlorinated products. It 

was also observed that LC-MS and GC-MS yield distinctly different TPs, and that implies a need to 

combine both separation methods to obtain a comprehensive view of pharmaceutical transformations.  

This study suggests that attention should be on the origin of TPs, i.e. whether they were formed as a 

result of actual water treatment or during sample preparation or analysis. Also, it highlights the hurdle 

related to the commercial unavailability of authentic TP standards, making in-house chemical synthesis the 

only option available, which indeed is a complex, time consuming and expensive task. Nevertheless, the 

authentic standards are of crucial importance, not only for confirming identity, but also for the continuation 

of the research in view of studying breakdown pathways and fate of the identified TPs. This study is also an 

example of the application of alternative identification methods to support structural elucidation. These 

methods can either involve other instrumental techniques (NMR, UV, complementary MS techniques), or 

use existing data on the investigated compounds found in either the NIST library or published mass spectra.  

Amongst most important outcomes of this research was the finding that the UV irradiation and, to some 

extent, also the ClO2 disinfection enhanced the biodegradability of CBZ residues. This suggests the use of 

sequential application of UV treatment with a second biological treatment step for advanced water 

treatment. The proposed coupled treatment technology for removal of CBZ residues may be relevant in a 

field of raw water for potable water production, employing UV treatment with a subsequent biological 

sandfilter. However, a sandfilter prior to UV is the preferred arrangement, since it improves the quality of 

water for UV to consume less energy. In this sense, the cost-effective solution would be to set up a system 

involving two sandfilters with a UV unit in between. Alternatively, the system involving ClO2 oxidation 

with a subsequent biological treatment is then potentially useful for wastewater treatment, since together 

with an improved elimination of CBZ residues, there will be a decrease in the BOD created from COD 

during the ClO2 oxidation. Naturally, the two proposed systems will require scale-up and further 

evaluation, both from a scientific and economic perspective. 

Finally, this study sets an illustrative example, where the intermediate species are more toxic and 

hazardous than the parent compound. The major intermediates arising from ClO2, UV and biological 

treatment of CBZ belong to the azaarenes, an established class of air and water pollutants, known for their 

photo-enhanced toxicity, mutagenic and carcinogenic activity [242,243,244]. This raises an important issue 

concerning the possible environmental impact of pharmaceutical residues in either domestic wastewaters or 

potable waters. 

 

The results of this research are in details described in two scientific papers: 

 Applications of mass spectrometry to identifying pharmaceutical transformation products in water 

treatment (TrAC, Trends in Analytical Chemistry, 2008) 

 Fate of carbamazepine during water treatment (Environmental Science & Technology, 2009). 
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3.4.1 Scientific paper: “Applications of mass spectrometry to identifying 

pharmaceutical transformation products in water treatment” 
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3.4.2 Scientific paper: “Fate of carbamazepine during water treatment” 
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4 Conclusions 

In conclusion, the findings of this study support my hypothesis that by being able to detect and recognise 

the behaviour of both pharmaceuticals and their transformation products, it is possible to enhance the 

efficiency of water treatment and so limit their discharge into the either receiving or potable water. 

Previously, only a few studies have attempted to investigate this and there has been a significant gap in our 

understanding of the fate and behaviour of these compounds in the aquatic environment and only a few 

pharmaceutical transformation products have been identified. However, the identification of these new 

emerging compounds is essential, not only to provide a comprehensive risk assessment on drug resides in 

the environment, but also for designing improved treatment technologies. 

 

Testing this hypothesis has involved developing sensitive and robust analytical methods capable of 

detecting sub ng L
-1

 levels of pharmaceutical residues in various aqueous matrices. The method was then 

applied to environmental samples and to studies on their behaviour during water treatment using laboratory 

scale bioreactors. The novel contributions to the science made by this study have resulted in eight published 

papers and one accepted for publication in SCI international journals, one book chapter and one paper 

submitted for publication. The work has been presented at twenty five international conferences with 

nineteen oral and nine poster presentations (Appendix 1). The overall conclusions of the present doctoral 

thesis are listed as follows: 

 

1. To measure accurately the individual pharmaceuticals in aquatic matrices required the 

development, optimisation and validation of suitable analytical procedure both for intra and 

interlaboratory determination of NSAIDs: 

 Within this thesis I developed the analytical procedure for determining NSAIDs and 

involved the use of solid phase extraction followed by derivatisation and GC-MS analysis. 

The outcome of a robust intralaboratory validation study (good linearity, sensitivity, low 

limits of detection, high recovery and precision) is a proof that the developed method is 

suitable for determining NSAIDs in aqueous environmental samples. 

 The interlaboratory validation involved two separate round robin studies. It was revealed 

that the GC-MS protocol for the analysis of ibuprofen, ketoprofen and naproxen in more 

complex environmental matrices was superior to LC-MS/MS analysis, which was 

attributed to the matrix suppression effect found. In addition, the process of filtration and 

the filter material had no affect on the determination of NSAIDs. 

 When the method was applied to the determination of NSAIDs in Slovenian aquatic 

matrices revealed concentrations in surface water comparable to those found elsewhere in 

Europe.  

 

2. Experiments were performed to ascertain both the behaviour and effects that pharmaceuticals have on 

activated sludge treatment. The experiments involve the use of laboratory-scale bioreactors, which 

were fed with an artificial wastewater containing various concentrations of pharmaceuticals.  

 An immediate conclusion was that in terms of biological removal it was possible to divide 

the test compounds in two groups, one group consisting of those pharmaceuticals readily 

degraded: ibuprofen, ketoprofen and naproxen, and a second group containing recalcitrant 

compounds: diclofenac, clofibric acid and carbamazepine.  

 An investigation into the effects that pharmaceuticals have on the microbial community 

revealed that concentrations ≥ 50 µg L
-1

 cause changes in the microbial composition of the 

activated sludge, an effect that becomes exaggerated with increasing concentration. 

 Another important conclusion is that bioreactor hydraulic retention time, the presence of 

the nutrient and substrate (pharmaceutical) concentration impact the extent of 

biotransformation in an activated sludge system. 
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3. One of the original aims of the thesis was to identify transformation products formed during water 

treatment. This was achieved by using complementary chromatographic and mass spectrometric 

techniques. In addition, the detection of unknown transformation products hidden in the background 

noise is enabled by applying a spectral and chromatographic search algorithm. For their identification, 

LC-QqTOF was found to be the most powerful among the available mass spectrometric techniques due 

to its ability to perform MS/MS fragmentation, high resolution and good mass assignment accuracy.  

 

4. Only the pharmaceuticals persistent to biological treatment with activated sludge yielded detectable 

biotransformation products. Among a number of diclofenac‟s biotransformation products that were 

detected, 1-(2,6-dichlorophenyl)-1,3-dihydro-2H-indol-2-one, hydroxy-diclofenac, a benzoquinone 

imine derivative and a nitro-analogue of diclofenac were identified. Further, 4-chlorophenol was 

identified in the bioreactor feed with clofibric acid, and acridine and 9-acridone were formed during 

the biotransformation of carbamazepine. Of the seven compounds identified in biological treatment, 

five were detected for the first time as transformation products in this process. 

 

5. The study method was able to identify seven abiotic transformation products of carbamazepine 

generated by UV-radiation and oxidation with chlorine dioxide. Acridine was formed during both 

treatment processes, while acridine 9-carbaldehyde was identified as an intermediate during chlorine 

dioxide oxidation. Further treatment of acridine with chlorine dioxide produced 9-hydroxy-acridine. 

UV-treatment resulted in the formation of acridone, hydroxy-(9H,10H)-acridine-9-carbaldehyde, 

acridone-N-carbaldehyde and 1-(2-benzaldehyde)-(1H,3H)-quinazoline-2,4-dione. In parallel, the 

transformation product iminostilbene was observed during sample analysis. Of these transformation 

products, not only was one compound novel, but it allowed for the first time an overall degradation 

pathway to be constructed involving both biological and abiotic treatments. 

 

6. Another conclusion is that abiotic transformation products are more persistent to advanced oxidation or 

disinfection treatment than the parent compound, but they show enhanced biodegradability. Such 

examples are 4-chlorophenol, the biotransformation product of clofibric acid, and two transformation 

products of carbamazepine, acridine and 9-acridone. This finding suggests that in order to achieve 

optimal elimination of both parent compound and its transformation products a possible solution would 

be to apply a sequential abiotic and biological treatment.  

 

7. An important finding is that at least three (bio)transformation products exhibited a higher toxicity than 

the parent compounds: 4-chlorophenol, acridine and 9-acridone. This supports my original thesis that 

when performing a risk assessment of the effect of pharmaceuticals in the aqueous environment the 

formation of metabolites during water treatment and in the environment, needs to be taken into 

account. In response to this I have already begun to compare the ecotoxicity of parent pharmaceuticals, 

the transformation products and their mixtures, and the results will be published in two SCI 

publications.  

 

With my findings I confirmed that transformation products are formed during water treatment and that it is 

possible to minimise their discharge by implementing the appropriate treatment strategies. These findings 

would be also applicable to other persistent micro-pollutants.  

 

In any future work, I believe that the range of model pharmaceuticals should be extended particularly 

focusing the persistent, genotoxic and widespread used pharmaceuticals, such as substances with 

psychotropic, anticancer and cardiovascular activity. Similarly to the study presented herein, the analytical 

methods should be further developed and applied to assess their environmental occurrence. Elimination 

efficiency should be assessed for each compound subjected to specific treatment technologies. Further 

attempts should be made to identify transformation products by applying alternative analytical techniques, 

such as complementary mass spectrometric detection and NMR. To confirm the proposed chemical 

structures a comparison with authentic standards should be made, where some of them will require in-

house synthesis. Further, the ecotoxicity, genotoxicity and cytotoxicity of the identified transformation 

products and treated mixtures should be studied. Based on the toxicity results and taking into account their 

environmental occurrence a risk assessment may be prepared. Along with these studies, alternative 

treatment technologies should be developed aiming to achieve a complete mineralisation of both parent 
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compounds and the transformation products. Finally, the proposed treatment technologies will require a 

scale-up and evaluation from the scientific and economic perspective. 
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