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ABSTRACT 

Pharmaceuticals are environmental contaminants causing steadily increasing 
concern due to their high usage, ubiquitous distribution in the aquatic environment, 
and potential to exert adverse effects on the ecosystems. After being discharged 
from wastewater treatment plants (WWTPs), pharmaceuticals can undergo trans-
formation processes in surface waters, of which microbial degradation in river sed-
iments is considered highly significant. In spite of a substantial number of studies 
on the occurrence of pharmaceuticals in aquatic systems, a comprehensive under-
standing of their environmental fate is still limited. First of all, very few consistent 
datasets from lab-based experiments to field studies exist to allow for a straight-
forward comparison of observations. Secondly, data on the identity and occurrence 
of transformation products (TPs) is insufficient and the relation of the behavior of 
TPs to that of their parent compounds (PCs) is poorly understood. In this thesis, 
these knowledge gaps were addressed by integrating the TP identification using 
suspect/non-target screening approaches and PC/TP fate determination. The over-
arching objective was to improve the understanding of the fate of pharmaceuticals 
in rivers, with a specific focus on water-sediment interactions, and formation and 
behavior of TPs. In paper I, 11 pharmaceutical TPs were identified in water-sedi-
ment incubation experiments using non-target screening. Bench-scale flume exper-
iments were conducted in paper II to simultaneously investigate the behavior of 
PCs and TPs in both water and sediment compartments under more complex and 
realistic hydraulic conditions. The results illustrate that water-sediment interactions 
play a significant role for efficient attenuation of PCs, and demonstrate that TPs are 
formed in sediment and released back to surface water. In paper III the environ-
mental behavior of PCs along stretches of four wastewater-impacted rivers was re-
lated to that of their TPs. The attenuation of PCs is highly compound and site spe-
cific. The highest attenuation rates of the PCs were observed in the river with the 
most efficient river water-pore water exchange. This research also indicates that 
WWTPs can be a major source of TPs to the receiving waters. In paper IV, suspect 
screening with a case-control concept was applied on water samples collected at 
both ends of the river stretches, which led to the identification of several key TPs 
formed along the stretches. The process-oriented strategies applied in this thesis 
provide a basis for prioritizing and identifying the critical PCs and TPs with respect 
to environmental relevance in future fate studies. 

Keywords: pharmaceuticals, transformation products, fate, river, suspect screen-
ing, non-target screening
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SAMMANFATTNING 

Läkemedels relevans som miljöföroreningar ökar ständigt på grund av dess höga 
användning, dess spridning i akvatisk miljö och dess möjliga negativa påverkan på 
ekosystem. Läkemedel släpps ut från avloppsreningsverk och kan i ytvatten bilda 
omvandlingsprodukter. Mikrobiell nedbrytning i sediment är en mycket viktig pro-
cess, speciellt i rinnane vatten. Trots att ett stort antal studier har påvisat förekom-
sten av läkemedel i miljön, har vi fortfarande en begränsad förståelse av dess öde i 
miljön. Detta beror delvis på att det finns mycket få överrensstämmande dataset 
(med avseende på ämnen) från labbaserade och fältbaserade undersökningar, vil-
ket krävs för jämförande studier. En annan begränsning i dagsläget är tillgänglig 
data på förekomst och identifiering av omvandlingsprodukter, samt kunskap om 
förhållandet mellan läkemedel och dess omvandlingsprodukter i miljön. Dessa kun-
skapsluckor adresserades i den här doktorsavhandlingen genom att integrera iden-
tifiering av omvandlingsprodukter med studier av miljöprocesser som påverkar 
omvandling, både av läkemedel och dess produkter. Det huvudsakliga syftet med 
avhandlingen var att förbättra förståelsen av läkemedels öde i rinnande vatten, med 
speciellt fokus på interaktioner mellan vatten och sediment, samt bildande och be-
teende av omvandlingsprodukter. I artikel I identifierades 11 omvandlingsprodukter 
bildade i inkubationsexperiment med vatten och sediment. “Non-target screening” 
användes för att identifiera substanserna. I artikel II användes en flodränna i ett 
uppskalat system för att simultant undersöka beteende av läkemedel och dess 
omvandlingsprodukter under mer realistiska förhållanden. Resultaten illustrerar den 
viktiga roll som interaktioner mellan vatten och sediment spelar för en effektiv ned-
brytning av läkemedel. Resultaten visar också att många omvandlingsprodukter 
bildas i sediment, varifrån de sprids till ytvatten. I artikel III undersöktes koncen-
trationer och förhållandet mellan läkemedel och dess identifierade omvandling-
sprodukter längs med en flodsträcka på ca 10 km. Fyra olika floder som alla var 
recipienter till avloppsreningsverksvatten jämfördes. Högst nedbrytningshastighet 
av läkemedel observerades i floden med det effektivaste utbytet mellan vatten och 
sediment. Avloppsreningsverk fanns utgöra en signifikant källa av omvandling-
sprodukter till de undersökta floderna. Den här studien visar också att nedbrytning 
av läkemedel i miljön är både ämnesspecifik och beroende av miljöfaktorer. I artikel 
IV, användes “suspect-screening” på vattenprover tagna från båda ändar av de un-
dersökta flodsträckorna (i artikel III), vilket resulterade i identifiering av flera viktiga 
omvandlingsprodukter. De processbaserade metoder som användes i den här 
doktorsavhandlingen kan utgöra en grund för prioritering och identifiering av ämnen 
med hög miljörelevans i framtida studier.
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INTRODUCTION 

Pharmaceuticals ‒ emerging organic micropollutants 

Our aquatic systems are ubiquitously contaminated with a considerable num-
ber of anthropogenic organic micropollutants, which are present at trace levels 
(pg L-1 to ng L-1) and have the potential to adversely affect ecosystems and 
human beings (Fenner et al., 2013; Schwarzenbach, 2006). During the last dec-
ade, a particular focus of science and regulation has been put on so-called 
emerging pollutants, which include not only newly developed compounds but 
also those only recently discovered in the environment (Brack et al., 2015; How-
ard and Muir, 2011; Richardson and Ternes, 2014; Schlüsener et al., 2015). 
Pharmaceuticals are a group of such emerging organic micropollutants, since 
1) they are consumed by the general population at high rates; 2) they are ubiq-
uitously present in the aquatic environment; and 3) they have the potential to 
exert adverse effects on biota (Boxall et al., 2012). Pharmaceuticals include a 
wide variety of substances with different physical-chemical and biological 
properties. Households and hospitals are the major sources of pharmaceuticals 
to the environment, as a result of excretion and improper disposal of unwanted 
or expired medications. Due to their high polarity, pharmaceuticals are often 
incompletely removed by conventional wastewater treatment processes and 
consequently discharged into surface water (Petrie et al., 2015; Prasse et al., 
2015). As a consequence, their occurrence has been extensively reported in 
receiving waters (e.g. rivers and lakes), groundwater and even drinking water 
(Hass et al., 2012; McEneff et al., 2014; Padhye et al., 2014; Writer et al., 2013). 

In general, photolysis in surface water (e.g., diazepam, sulfamethoxazole) 
(Bonvin et al., 2013; West and Rowland, 2012), biotransformation in river sedi-
ments (e.g., ibuprofen, naproxen) (Radke and Maier, 2014; Radke et al., 2010), 
and sorption to stream biofilms and sediment particles (e.g., metoprolol, ciprof-
loxacin) (Kibbey et al., 2007; Ramil et al., 2010; Wunder et al., 2011) are the 
most relevant processes for the attenuation of pharmaceuticals in surface wa-
ters. Based on information on the specific characteristics of an aquatic system, 
the contribution of photolysis in the water column to the overall attenuation can 
be estimated reasonably well (Fono et al., 2006; Kunkel and Radke, 2012; Lin 
and Reinhard, 2005; Radke et al., 2010). Understanding attenuation in water-
sediment systems is more challenging due to the coupled hydraulic-biogeo-
chemical processes (Bertelkamp et al., 2014; Kunkel and Radke, 2011; Prasse 
et al., 2011; Riml et al., 2013). Generally, the surface water-sediment interac-
tions as can be found in the hyporheic zone ‒ the transition region beneath and 
alongside the stream bed ‒ has been demonstrated to play an essential role for 
the attenuation of pharmaceuticals in both laboratory and field studies (Kunkel 
and Radke, 2008; Lewandowski et al., 2011; Löffler et al., 2005). However, the 
fate of pharmaceuticals is not only substance-specific but also to a great extent 
influenced by the large variation in field parameters (e.g., redox status, micro-
bial communities) (Jelic et al., 2015; Tülp et al., 2009; Yamamoto et al., 2009). 
For instance, experiments with activated sludge demonstrated that microbial 
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transformation of micropollutants is highly pH-dependent and correlated with 
the speciation of ionizable substances (Gulde et al., 2014). So far, there are very 
few consistent datasets (in terms of the studied compounds) from lab-based 
to field studies, hampering a straightforward comparison between observa-
tions. There is a strong incentive to design experiments under well-controlled 
yet realistic conditions to achieve reasonable extrapolation from the laboratory 
to the real environment. 

 

Transformation products 

The holistic assessment of the environmental fate of all kinds of organic mi-
cropollutants needs comprehensive information on their transformation prod-
ucts (TPs). While transformation is frequently associated with detoxification of 
pollutants, persistent and/or toxic products may also be formed. This should be 
taken into consideration in the environmental risk assessment of the parent 
compounds (PCs) (Celiz et al., 2009; Escher and Fenner, 2011; Gasser et al., 
2007; Kern et al., 2011). For instance, an increase in toxicity was reported after 
UV irradiation of surface water resulting in formation of persistent and toxic 
TPs (Herrmann et al., 2015; Wang and Lin, 2012). Two polar TPs from an anti-
viral drug were found to significantly reduce the level of reproduction of Daph-
nia magna and inhibited the growth of green algae (Schlüter-Vorberg et al., 
2015). These TPs may be formed at relatively high yields in the field, as shown 
for atenolol acid (TP of atenolol) which was formed at a yield of almost 100% 
in a study on the degradation of organic micropollutants during riverbank filtra-
tion (Huntscha et al., 2013). Studies have also demonstrated that some TPs 
may even back-transform into the original PCs under certain conditions (Qu et 
al., 2013). The formation routes of TPs from pesticides is well evaluated (Fen-
ner et al., 2013). However, while knowledge of the environmental fate of phar-
maceuticals is increasing, our understanding of the fate of their TPs is limited. 

The investigation of TPs currently faces several challenges, which above all is 
their unknown identities (Picó and Barceló, 2015). This limits traditional tar-
geted analytical approaches, which require information on target analyte iden-
tity. The complexity of natural matrices makes it even more challenging to iden-
tify unknown compounds, let alone the relatively low concentrations of TPs in 
the environment (Huntscha et al., 2012; Trautwein et al., 2014). Consequently, 
studies are usually performed at elevated concentrations under laboratory con-
ditions with minimum matrix interferences (Helbling et al., 2010; Kern et al., 
2010). Identification of TPs is performed using suspect and/or non-target 
screening methods (Krauss et al., 2010; Schymanski et al., 2015). These ap-
proaches have been enabled by the advances within the field of high resolution 
mass spectrometry (HRMS), mainly the development of time-of-flight (ToF) or 
Orbitrap technology (Bletsou et al., 2015; Negreira et al., 2015; Schymanski et 
al., 2015; Singh et al., 2015). In suspect screening, compounds that are sus-
pected to be present in a sample are used for identification; e.g., a TP suspect 
list can be compiled using TPs predicted from computer-based software and/or 
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those reported in the literature. Common information of the compounds on the 
suspect list often includes (but is not limited to) molecular formulas and struc-
tures, physical-chemical properties, and sometimes retention time and spec-
trum on a specific instrument, depending on availability of reference standards. 
HRMS full-scan datasets are automatically compared against the suspect list 
for the compound identification through chromatographic and spectral confir-
mation processes. In contrast to suspect screening, non-target screening starts 
without any a priori information. Rigorous non-target screening of unknowns 
needs thorough examination of exact mass, isotopic pattern and fragmentation 
information etc. The screening of TPs often falls in between these two catego-
ries, since in lab experiments with a small number of PCs the TPs are antici-
pated to have a close structural relationship with their PCs. 

In the past few years, there has been a rapidly growing number of suspect/non-
target screening studies focusing on identifying currently overlooked organic 
micropollutants including TPs in natural waters (Gago-Ferrero et al., 2015; 
Gómez et al., 2010; Kern et al., 2009; Moschet et al., 2013b; 2014; Ruff et al., 
2015; Zonja et al., 2015). Given the extensive work in chromatogram inspection 
and structural elucidation inherent to any suspect/non-target screening 
method, the approach can be highly labor intensive and thus most methods are 
only applicable to a very limited number of compounds (Brezina et al., 2015; 
Kormos et al., 2009; Zonja et al., 2015), and the vast majority of PCs/TPs will 
remain unassessed. Furthermore, many studies end by reporting the occur-
rence of TPs in different types of waters, and there has not been much focus 
on the actual fate of TPs in the real environment. Given the substantial number 
of unknowns, efficient and systematic ways are incorporating to prioritize and 
identify critical unknown compounds in terms of environmental relevance (Kern 
et al., 2011; Moschet et al., 2013a; Schollée et al., 2015). Strategies using pre-
dicted environmental processes need to be further developed and evaluated to 
make more use of the extracted information from suspect/non-target screening 
in a more efficient way. 
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THESIS OBJECTIVES 

The overall objective of this thesis was to improve the understanding of the 
environmental fate of pharmaceuticals in rivers, with a specific focus on wa-
ter/sediment interactions and on the formation and behavior of TPs. To this 
end, four studies were conducted (referred to as paper I-IV). The major objec-
tives of each study are shown in Figure 1 and detailed below. 

Paper I aimed at establishing a HRMS data-processing method to identify 
pharmaceutical TPs formed in batch-scale water-sediment systems. 

Paper II aimed at generating new knowledge on the attenuation of PCs and the 
formation and behavior of their TPs under simulated hyporheic zone conditions. 

Paper III aimed at investigating the fate of both PCs and TPs in situ and ex-
ploring to what extent the presence of TPs can be explained by the attenuation 
of their PCs. An additional aim was to test the suitability of passive samplers 
to determine the attenuation of polar organic micropollutants along rivers. 

Paper IV aimed at identifying TPs formed from organic micropollutants along 
rivers receiving treated wastewater. 

 
Figure 1. Major objectives of the four papers in this thesis. 



Fate of Pharmaceuticals and Their Transformation Products in Rivers 

 5 

METHODOLOGY 

An overview of the overall study design is illustrated in Figure 2 and briefly de-
scribed below. The chemicals and analytical methods used for the research in-
cluded in this thesis are summarized in Table 1 and Table 2, respectively. 

 

Batch-scale incubation 

Experimental details 

Batch experiments were conducted to screen for TPs formed primarily from 
microbial degradation in a lab-controlled water-sediment system. Sediment 
was collected from two rivers in Germany, while artificial river water was pre-
pared in the laboratory. Incubation was performed in 1 L glass bottles filled with 
approximately 200 g of wet sediment and 600 mL of artificial river water. After 
equilibration of the system for one week, the supernatant was replaced with 
artificial river water containing a mixture of nine PCs (Table 1). Two concentra-
tions (200 and 500 µg L-1) were used in the experiments. Three types of control 
experiments were conducted: 1) blank control (artificial river water and sedi-
ment, no addition of PCs); 2) sterile control (artificial river water spiked with 
PCs, sterilized sediment); and 3) water-only control (artificial river water spiked 
with PCs, no sediment). For all experiments, the bottles were continuously aer-
ated with pressurized air and kept in darkness at a temperature of 15 ºC. The 
incubation lasted for 35 days, during which water samples were collected at 
nine time points. The samples were filtered and analyzed by ultra-high perfor-
mance liquid chromatography (UHPLC) coupled to HRMS operated under full-
scan mode. 

Non-target screening 

A three-step data-processing strategy, based on i) peak detection, ii) time-
trend filtration and iii) structure assignment, was established to identify the 
TPs that have a potential environmental relevance in terms of persistence. 
Briefly, in step I two open-source programs (MZmine and enviMass) were ap-
plied for HRMS full-scan data deconvolution and peak alignment. In step II, a 
script written in Visual Basic for Applications was used to plot the intensity 
curve against time for each detected feature. The components showing a 
meaningful time trend (i.e., absent in the initial sample and had an increasing 
trend of intensity, see Figure 2) were labeled as TP candidates and retained to 
step III, where the exact mass of these TP candidates was compared to a list 
of expected TPs. This suspect list was based on predictions made with the 
University of Minnesota ‒ Pathway Prediction System (UM-PPS) and comple-
mented by TPs reported in literature. Matches between the TP candidates and 
compounds on the suspect list were annotated as tentatively identified TPs and 
further confirmed by reference standards in case these were available.  
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Bench-scale flume experiments 

Paper II was based on experiments in a flume that allows continuous sediment 
and water transport (Kunkel and Radke, 2008). A sketch of this flume is illus-
trated in Figure 2. Collection of pore water is possible through sampling ports 
installed at two depths in the sediment compartment and the flow velocity of 
surface water can be regulated by a propeller. The experiments were conducted 
with water and sediment from Lake Largén located close to Norrtälje, Sweden. 
The sediment was collected from the top 20 cm and wet sieved <2 mm. Two 
experiments were conducted with different sediment bed morphologies, i.e., flat 
sediment surface and artificial sediment ripples to generate low and more in-
tense hyporheic exchange, respectively. In both experiments, the flume was 
filled with approximately 100 L of water and 60 L of sediment. After equilibra-
tion of the system for one week, an aqueous solution containing 19 PCs (nine 
of them were in common to the PCs included in paper I, see Table 1), repre-
senting varying therapeutic classes and physical-chemical properties, were 
spiked to yield an initial concentration of approximately 10 µg L-1 in the surface 
water. The flow rate of surface water was set to 0.13 m s-1, at which no sediment 
transport was observed during the experiments. The experiments were per-
formed in darkness at a temperature of 17 ºC for 29 days, during which both 
surface water and pore water from the upper and lower sediment layers were 
sampled at up to eight time points. Additionally, two types of control experi-
ments (sterile control and water-only control) were carried out in glass bottles 
during the same experimental period. The target analytes in this study included 
the 19 PCs as well as 11 TPs that were identified in the batch-scale incubation 
in paper I. The dissipation half-lives (DT50) of the PCs in the surface water were 
calculated to describe their transformation kinetics. In order to eliminate the 
influences by mixing between surface water (to which PCs were spiked) and 
pore water during the equilibration of the system, concentrations in surface 
water at each time step were corrected for dilution using the persistent refer-
ence compound fluconazole. All samples were analyzed by UHPLC/MS/MS. 

 

Field study 

Paper III and paper IV were both based on experiments carried out in four 
small- to medium-sized European rivers with varying hydraulic boundary con-
ditions: Gründlach (GR; Germany), Fyris (FY; Sweden), Rönne (RO; Sweden) 
and Viskan (VI; Sweden). The rivers were selected based on the following cri-
teria: 1) continuous discharge of WWTP effluent as the main source of organic 
micropollutants; 2) a sufficient proportion of WWTP effluent in the river water 
to facilitate detection of the studied compounds; and 3) existence of a stretch 
downstream of the WWTP outfall with no major tributaries or additional sources 
of organic micropollutants. The capacities of the WWTPs from which the rivers 
received wastewater varied from 12000 population equivalents for river GR to 
164200 for river FY. The river discharge ranged from 0.06 m3 s-1 for river GR to 
4-6 m3 s-1 for the three Swedish rivers. 
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Figure 2. Illustration of the study design for the four papers in this thesis. 
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Sampling was carried out at both ends of a stretch downstream of the WWTP 
outfall. Site A was located after the complete mixing of the WWTP effluent with 
the river water, while site B was located 6-12 km further downstream of site A 
before the next substantial source of organic micropollutants. Water was con-
currently sampled over one week during June-August in 2014 with both active 
and passive sampling approaches. Briefly, for active sampling time-integrated 
water samples were collected with automatic water samplers. At each site, 50 
mL of surface water was sampled every hour and 24 consecutive samples were 
combined to a daily composite sample. Aliquots of these daily samples were 
combined to deliver a weekly composite sample at the end of the sampling pe-
riod. During the sampling period, all samples were kept in darkness in the sam-
ple container, which was filled with ice to immediately refrigerate the samples. 
Samples were stored in 1 L HDPE containers and transported frozen to the 
laboratory. For passive sampling, POCIS containing 200 mg of Oasis® HLB 
solid-phase sorbent were deployed at each site during the same period as the 
active sampling took place. The POCIS samplers were transported back to the 
laboratory tightly wrapped with aluminum foil and kept frozen until analysis. 20 
PCs (all 19 PCs included in paper II plus acesulfame) and 11 TPs (all identified 
in paper I and included in paper II) were analyzed. All river water samples from 
the active sampling approach were concentrated by a solid phase extraction 
(SPE) method that was optimized for these target compounds and the passive 
samples were treated according to the standard operating procedure from the 
manufacturer. All samples were analyzed by UHPLC/MS/MS. 

Attenuation determination 

For the samples from both the active and the passive samplers, the concentra-
tion changes of all target compounds (PCs and TPs) were calculated by using 
concentrations normalized to those of the persistent reference compound flu-
conazole to account for dilution by infiltrating groundwater or minor tributaries 
along the stretch. Based on these normalized concentrations, the relative at-
tenuation (Attx) of a compound was calculated by equation 1:  

Att# = (1 −
(),+,-./
(),+,-.0

(123,+,-./
(123,+,-.0

)×100%	 (1)	

where Cx,siteA and Cx,siteB are the concentrations (ng L-1) of substance x at site A 
and B, respectively, CREF,siteA and CREF,siteB are the concentrations (ng L-1) of the 
reference compound at site A and B. 
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Table 1. Target analytes included in this thesis. Compounds marked with an aster-
isk are transformation products (TPs) identified in paper I. 

TARGET	ANALYTE	 CLASSIFICATION	 log	KOW
a	 pKaa	 PAPER	

acesulfame	 artificial	sweetener	 -0.55	 3.02	 III	

acetaminophen	 analgesic	 0.91	 9.46	 II;	III	

bezafibrate	 lipid	regulator	 3.99	 3.83	 I;	II;	III	

4-chlorobenzoic	acid*	 TP	of	bezafibrate	 2.23	 4.07	 II;	III	

bicalutamide	 antiandrogen	 2.71	 12.0	 II;	III	

carbamazepine	 anticonvulsant	 2.77	 16.0	 I;	II;	III	

carbamazepine-10,11-epoxide*	 TP	of	carbamazepine	 2.58	 5.13	 II;	III	

chlorthalidone	 diuretic	 1.60	 8.58	 II;	III	

clofibric	acid	 lipid	regulator	 2.90	 3.37	 II;	III	

diclofenac	 NSAIDb	 4.26	 4.00	 I;	II;	III	

4’-hydroxydiclofenac*	 TP	of	diclofenac	 3.96	 3.76	 II;	III	

fluconazole	 antifungal	 0.56	 12.7	 II;	III	

furosemide	 diuretic	 1.75	 4.25	 I;	II;	III	

saluamine*	 TP	of	furosemide	 0.66	 4.38	 II;	III	

glimepiride	 antidiabetic	 3.12	 4.32	 II;	III	

hydrochlorothiazide	 diuretic	 -0.58	 9.09	 I;	II;	III	

chlorothiazide*	 TP	of	hydrochlorothiazide	 -0.44	 9.10	 II;	III	

4-amino-6-chloro-1,3-ben-
zenedisulfonamide*	 TP	of	hydrochlorothiazide	 -1.04	 9.19	 II;	III	

ibuprofen	 NSAIDb	 3.84	 4.85	 I;	II;	III	

2-hydroxyibuprofen*	 TP	of	ibuprofen	 2.37	 4.63	 II;	III	

carboxyibuprofen*	 TP	of	ibuprofen	 2.78	 3.97	 II;	III	

ketoprofen	 NSAIDb	 3.61	 3.88	 II;	III	

metoprolol	 beta-blocker	 1.76	 9.67	 I;	II;	III	

α-hydroxymetoprolol*	 TP	of	metoprolol	 0.84	 9.67	 II;	III	

metoprolol	acid*	 TP	of	metoprolol	 -1.24	 3.54	 II;	III	

naproxen	 NSAIDb	 2.99	 4.19	 I;	II;	III	

propranolol	 beta-blocker	 2.58	 9.67	 I;	II;	III	

1-naphthol*	 TP	of	propranolol	 2.66	 9.60	 II;	III	

sotalol	 beta-blocker	 -0.40	 9.43	 II;	III	

sulfamethoxazole	 antibiotic	 0.79	 6.16	 II;	III	

tramadol	 opioid	analgesic	 2.45	 9.23	 II;	III	

a log KOW and pKa were obtained from ChemAxon; 
b	non-steroidal anti-inflammatory drug. 
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Table 2. Analytical methods used in this thesis. 

PAPER	 ANANLYSIS	TYPE	 SPIKING	LEVELa	 EXTRACTIONa	 INSTRUMENT	

I	 non-target	screening	 200/500	µg	L-1	 n.a.	 LC/HRMS	

II	 target	analysis	 10	µg	L-1	 n.a.	 LC/MS/MS	

III	 target	analysis	 n.a.	 SPE		
(Oasis®	HLB	cartridge)	 LC/MS/MS	

IV	 suspect	screening	 n.a.	 SPE	
(Oasis®	HLB	cartridge)	 LC/HRMS	

a n.a.: not applicable, as a direct injection method was used in paper I-II and real 
environmental samples were analyzed in paper III-IV. 

Suspect screening with a case-control concept 

Identification of TPs formed along the studied river stretches was done by using 
a case-control concept (paper IV), meaning that sites A (downstream of the 
WWTP outlet) and B (further downstream) were considered as control and case 
sample, respectively. The samples collected from active sampling approaches 
were extracted following a different SPE procedure from the one used in paper 
III, aiming to cover a broader range of compounds. To differ from the quantita-
tive term, Attx, in paper III, a qualitative term, Attxʼ, was introduced for each 
river to indicate the concentration change of a substance along the stretch. Attxʼ 
was calculated using the response (i.e., peak area) of the instrument. Again, 
fluconazole was used to compensate for dilution. Positive values of Attxʼ indi-
cate a decreasing trend from site A to B, while negative values indicate an in-
creasing trend. The Attxʼ for a substance x along the studied stretch is thus 
given by equation 2: 

Att#′ = 1 −
0:.;),+,-./
0:.;),+,-.0

0:.;123,+,-./
0:.;123,+,-.0

	 (2)	

where Areax,siteA and Areax,siteB are the peak areas of substance x at site A and B, 
respectively; AreaREF,siteA and AreaREF,siteB are the peak areas of the reference 
compound at sites A and B. 

The TP screening procedure consisted of three major steps (Figure 2): i) 
screening for PCs attenuated along the stretch; ii) prediction of TPs for these 
PCs; and iii) screening for TPs predicted in step ii) which have an increasing 
trend along the stretch (Attxʼ <0). In step I, suspect screening was performed 
using a library containing 2560 known organic micropollutants. The tentatively 
identified micropollutants with a concentration decrease >30% (Attxʼ >0.3) 
along the stretch were used to predict TPs from microbial transformation using 
the EAWAG-BBD Pathway Prediction System (former UM-PPS) in step II. In 
step III, the compounds showing a higher concentration at site B than at site A 
were retained as TP candidates for further inspection and structure elucidation. 
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RESULTS AND DISCUSSION 

Identification of transformation products 

Batch-scale experiments 

In paper I, an integrated approach combining laboratory incubation experi-
ments and non-target screening was established to identify pharmaceutical 
TPs formed primarily through microbial degradation pathways. From step I 
(peak detection) only around 3% of the HRMS full-scan data (initial peak num-
ber approximately 10000) were passed to step II (time-trend filtration), where 
the peak list was further narrowed down to less than 1% of the initial peak 
number. In total, 16 TPs from nine PCs were tentatively identified (see Table 
1); 11 of these TPs were confirmed by reference standards while no reference 
standards were available for the remaining compounds. Thirteen of these TPs 
have been reported in the scientific literature as biodegradation products. 
Three identified TPs (chlorothiazide, 4-amino-6-chloro-1,3-benzenedisulfona-
mide and saluamine) have only been reported as products generated from abi-
otic processes such as hydrolysis and photodegradation. In combination with 
the results from the control experiments, it was concluded that in this study 
chlorothiazide and 4-amino-6-chloro-1,3-benzenedisulfonamide (both TPs of 
hydrochlorothiazide) were formed through abiotic transformation processes, 
most likely hydrolysis, while saluamine was formed exclusively from microbial 
transformation. Additionally, among the TPs identified in the water-sediment 
experiments, carbamazepine-10,11-epoxide (PC: carbamazepine), saluamine 
(PC: furosemide), chlorothiazide and 4-amino-6-chloro-1,3-benzenedisulfona-
mide (PC of both: hydrochlorothiazide), and 1-naphthol (PC: propranolol) accu-
mulated over the entire incubation period of 35 days. This suggests a slower 
dissipation rate than rate of formation and suggests that these TPs may be 
persistent in the environment. 

Field studies 

In paper IV, suspect screening was used on the samples from the four Euro-
pean rivers, focusing on the TPs with an increasing concentration trend along 
the studied river stretches. From the 2560 library suspects in step I, 48 organic 
micropollutants were tentatively identified, of which 32 by >30% along the 
stretch. These compounds were passed on to step II for TP prediction. From 
the 1315 TPs on the prediction list, eight were tentatively identified with in-
creasing concentrations (Attxʼ <0) along the stretch. The identification of these 
TPs was not confirmed with reference standards, mainly due to a lack of au-
thentic standards on the market. However, the identification of TPs was sup-
ported by the interpretation of the MS/MS data, with the assistance from the 
web-based software MetFrag. The identification confidence of the present 
screening approach thus falls into the “Level 2b ‒ Probable structure by diag-
nostic evidence” category as proposed by Schymanski et al. (2014) to communi-
cate the identification confidence of a suspect/non-target screening method 
(Schymanski et al., 2014). In order to raise the confidence level to the category 
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“Level 1 ‒ Confirmed structure”, reference standards are necessary. Further-
more, good qualitative agreements were observed between the suspect screen-
ing results from this study and the target analysis results from paper III on the 
same samples, suggesting a high confidence of the screening approach. 

Uncertainty during transformation product identification 

The uncertainty evaluation of a suspect/non-target screening method usually 
includes two types of false identifications: false positives and false negatives. 
In the present studies on TP identification, false positives refer to TP-like com-
pounds that were rejected due to failure in structural confirmation. The exist-
ence of false positives can only be proven by a reference standard of the pro-
posed compound. Only one such false identification occurred in paper I, which 
was hypothesized to be a TP from diclofenac but failed to be confirmed by a 
reference standard. False negatives were defined as TPs formed in the incuba-
tion system (paper I) or in the field (paper IV), but excluded during the screen-
ing process. The number of false negatives is difficult to quantify. A concentra-
tion/sensitivity issue or a low ionization efficiency that is inherent to any 
method may cause such occurrences. Nevertheless, the PC spiking concentra-
tion (500 µg L-1) in paper I was already 3-4 orders of magnitude higher than 
typical environmental concentrations to facilitate the detection of TPs without 
the need of any sample enrichment before analysis. Any TP present at even 
lower levels will most likely be inevitably omitted. Another cause of false nega-
tives can be related to inadequate extraction methods resulting in discrimina-
tion of TPs. However, for samples from field studies (e.g. paper IV), extraction 
methods are aften required to minimize matrix effects. This limitation may be 
potentially overcome with complementary extraction techniques used. 

 

Fate of pharmaceuticals and their transformation products 

Bench-scale flume experiments 

Based on the information of the 11 TPs identified in paper I, bench-scale ex-
periments were conducted using a flume, which enabled simultaneous exami-
nation of PC/TP behavior in both water and sediment compartments in a more 
realistically simulated river environment. Generally, the concentrations of all 
PCs but chlorthalidone and fluconazole decreased continuously from surface 
water following first-order kinetics. The DT50 values of the PCs cover a wide 
range, from <2 days (for some acidic compounds including acetaminophen, 
bezafibrate, ibuprofen and naproxen) to 1-2 months (for bicalutamide, sulfa-
methoxazole and tramadol) to far beyond the one-month experimental time 
frame for carbamazepine as supported by an estimated DT50 of >300 d for car-
bamazepine in a water-sediment test system (Löffler et al., 2005). 

Seven out of the 11 TPs identified in paper I were detected in the flume exper-
iments (exceptions: 4ʼ-hydroxydiclofenac, 2-hydroxyibuprofen, carboxyibu-
profen and α-hydroxymetoprolol), which confirms that the dissipation of their 
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PCs was at least partly attributed to transformation processes. In combination 
with the results from the control experiments, it was concluded that all detected 
TPs but 4-chlorobenzoic acid (TP of bezafibrate), chlorothiazide and 4-amino-
6-chloro-1,3-benzenedisulfonamide (both are TPs of hydrochlorothiazide) were 
generated from microbial transformation processes. The behavior of the stud-
ied compounds in the water-sediment system is illustrated in Figure 3 using 
three representative pairs of PCs and TPs. Bezafibrate was one of the acidic 
PCs that was completely removed during the experiment, while the concentra-
tion of its TP 4-chlorobenzoic acid increased rapidly during the first week, fol-
lowed by a fast elimination from the system due to a depletion of the PC (Figure 
3A). The concentration of carbamazepine decreased by 5% from surface water 
compared to the calculated equilibrium concentration, with the concentration 
of its TP carbamazepine-10,11-epoxide constantly increasing in both surface 
and pore water (Figure 3B). This confirms that the decrease of carbamazepine 
was to a certain extent attributed to transformation in the sediment compart-
ment. For metoprolol, both the delayed detection and peak concentration in the 
lower layer pore water indicate a retardation during transport within the sedi-
ment compartment (Figure 3C). This is attributed to the sorption property of 
the positively charged beta-blockers to negatively charged sites in sediment 
through electrostatic interactions. In contrast, the polar TP metoprolol acid was 
much more mobile as it was detected in both surface and pore water only one 
day after the start of the experiment. 

In general, the concentration time trends of most TPs in surface water also 
qualitatively agree with the observations from paper I. The concentrations of 
four TPs (carbamazepine-10,11-epoxide, saluamine, chlorothiazide and 4-
amino-6-chloro-1,3-benzenedisulfonamide) increased constantly, implying a 
secondary contamination by TPs far from the emission source of the original 
PCs into a stream. The concentrations of the TPs 4-chlorobenzoic acid and 
metoprolol acid peaked at day 2 and day 10, respectively, followed by a con-
centration decrease towards the end of the experiment. In addition, four TPs 
(carbamazepine-10,11-epoxide, metoprolol acid, 1-naphthol and saluamine) 
were exclusively formed in the sediment compartment and released back to 
surface water. 

For all PCs except for the three beta-blockers (metoprolol, propranolol and so-
talol), the DT50 values determined in the two experiments with different types 
of sediment bed morphologies were not significantly different. The three beta-
blockers had longer DT50 in the experiment with rippled sediment surface, 
which can be attributed to a combination of the sorption properties of these 
compounds and the differences in establishing sorption equilibrium depending 
on the small-scale hydraulic conditions in the sediment compartment. 
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Figure 3. Time trends of three parent compounds (PCs) and their corresponding 
transformation products (TPs) in surface and pore water during the flume experi-
ment with flat sediment bed morphology. Relative yield of a TP refers to the ratio of 
its molar concentration to the initial value of its corresponding PC. Dashed lines 
represent the calculated equilibrium molar concentrations in surface water ac-
counting for the complete mixing of surface and pore water (paper II). 

 

Field studies 

Paper I and II demonstrated that the behavior of the studied pharmaceuticals 
and their key TPs were relatively consistent between both batch-scale (paper 
I) and flume (paper II) experiments. In paper III, the fate of these compounds 
in situ and the extent to which the attenuation of PCs can be explained by the 
formation of the corresponding TPs was studied in four rivers (i.e., GR in Ger-
many and FY, RO and VI in Sweden). Of the 20 studied PCs, 17 were detected 
in at least one river. All but acesulfame, carbamazepine and fluconazole were 
attenuated along the river stretches, with the largest decrease observed in the 
shallowest river GR (Figure 4), which was expected to have the most intense 
hyporheic exchange. The attenuation of the PCs determined for the three Swe-
dish rivers showed no systematic pattern unless the compounds were grouped 
according to their dominant ionic species at the ambient pH values of the rivers 
(7.0-8.0). As shown in Figure 4, the attenuation of all PCs was quite similar in 
river RO and VI, while substantial differences were observed in river FY. The 
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attenuation of the anionic PCs was 
generally higher in FY than in RO 
and VI. The results indicate that the 
attenuation of PCs is highly depend-
ing on site conditions. In addition, 
seven out of 11 TPs (exceptions: 4ʼ-
hydroxydiclofenac, 2-hydroxyibu-
profen, carboxyibuprofen and 1-
naphthol) were detected at sam-
pling site A (close to the WWTP out-
lets) in all rivers; the concentrations 
ranged from 0.29 ng L-1 for α-hy-
droxymetoprolol in RO to 890 ng L-1 
for metoprolol acid in GR. An in-
creasing trend of TPs (negative Attx 
values) was expected along with the 
attenuation of PCs in a given river 
system, as was found for most TPs 
in paper II. However, this was only 
observed for two TPs (4-chloroben-
zoic acid and metoprolol acid) while 
significant decreases along the 
stretch were observed for many of 
the other TPs. The most plausible 
explanation to the lack of increasing 
trend of TP along with attenuation of PCs is that the emission of TPs from 
WWTPs was significantly higher than the in-stream formation. Hence, the re-
sults from this field study suggest that WWTP effluent can be a significant 
source of pharmaceutical TPs to the surface water. The TPs may be formed 
during the wastewater treatment and then emitted into the recipient water, 
where some TPs can undergo rapid further transformation. 

An additional aim in paper III was to compare the performance of active and 
passive sampling for determining the attenuation of organic micropollutants 
along rivers. The results show that for the majority of PCs, the Attx values ob-
tained using POCIS were not significantly different from those using the auto-
matic water samplers. With an appropriate reference compound sharing similar 
characteristics, the site-specific uptake kinetics of the target compounds by 
POCIS are not always necessary. Consequently, for a broad range of com-
pounds the less costly POCIS can be a reliable alternative for quantitative as-
sessment of attenuation of organic micropollutants in natural waters. 

 

 

Figure 4. Box-whisker plots of the overall 
attenuation of the 14 parent compounds 
that were attenuated between sites A 
and B in at least one of the studied rivers. 
Boxes represent the interquartile ranges 
of all values. The horizontal lines within 
the boxes represent the median values. 
Upper and lower ends of the whiskers 
represent the maximum and minimum 
values, respectively (paper III). 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

Over the last decade, the occurrence and environmental behavior of organic 
micropollutants such as pharmaceuticals has been intensively studied and 
some compounds are now included in national monitoring programmes as well 
as on the list of prioritized chemicals under the Water Framework Directive. 
TPs are an important aspect in pesticide regulation, and they have been grad-
ually included in research on pharmaceuticals as well. Nevertheless, there is a 
lack information with respect to the environmental fate of TPs and how they 
are related to their PCs. The fragmented knowledge of dominant TPs formed in 
surface water limits the development of target analysis for these potential en-
vironmental contaminants and thus hampers comprehensive research on the 
distribution, persistence, and (eco)toxicological effects of both PCs and TPs. 
This doctoral thesis contributes to narrowing the knowledge gap on the envi-
ronmental fate of pharmaceuticals in the aquatic environment, by combining 
experiments at different scales (bottle incubations to flume experiments to field 
studies) and integrated computational data-processing methods to provide 
new data on the formation, behavior and attenuation of TPs. 

The data-processing approaches in this thesis provide efficient and reliable 
ways to process LC/HRMS full-scan acquisition data, leading to the identifica-
tion of previously unreported TPs. While paper I used the time trend as an im-
portant component to screen for TPs, paper IV focused on the spatial trend in 
the field to look for potential TPs of high environmental relevance with respect 
to their formation along rivers. Given the countless number of unknown organic 
pollutants in the environment, such concepts have broad environmental appli-
cations. 

Consistency in TP formation and behavior was found between the batch exper-
iments and the flume experiments, indicating that information on TPs gener-
ated from simple batch incubation experiments can be qualitatively transferred 
to a more complex system. A majority of the TPs formed in the lab-controlled 
experiments were also detected in the field study, where the behavior of TPs 
along streaming waters were investigated simultaneously with their PCs. This 
might indicate that it is possible to transfer certain findings from lab-scale ex-
periments to real environmental systems. However, contradictory to the behav-
ior in the simplified systems, most of the detected TPs were substantially at-
tenuated along the studied river stretches. These results suggest that TPs are 
to a certain extent emitted from WWTPs and are readily degradable under nat-
ural conditions. In addition, the findings from the field study also indicate that 
attenuation rates of PCs are highly compound- and river-specific. General con-
clusions can be derived from large datasets of fate of pharmaceuticals in rivers. 
Still, interpretation of individual compounds requires comprehensive infor-
mation on the characteristics of the studied sites in combination with the phys-
ical-chemical properties of the substances. 
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Based on the knowledge gained in this thesis of the behavior of PCs and their 
TPs in rivers, and the limitations of the approaches currently applied, the fol-
lowing perspectives are proposed for future work towards a more comprehen-
sive picture of environmental fate of organic micropollutants: 

• As the fate of organic micropollutants highly depends on the characteristics 
of the specific system as well as on additional boundary conditions, more 
studies are necessary to assess and compare their behavior within and be-
tween river systems. This will help us to better understand how biogeo-
chemical processes affect temporal and spatial distributions of pollutants. 
Among others, it is crucial to explore the connections between microbial 
communities and transformation rates. 

 
• The mass balance between PCs and TPs is difficult to establish when mul-

tiple transformation pathways and processes occur simultaneously, which 
is very often the case in the environment. Therefore, to provide more exclu-
sive and mechanistic explanations on field observations, the role of individ-
ual processes and boundary conditions for the attenuation of organic mi-
cropollutants needs further exploration. Given that many TPs can be emitted 
directly from the WWTPs, which inhibits a consistent interpretation of the 
TP behavior along the rivers, future studies should sample influent and ef-
fluent continuously and at a sufficient temporal resolution to quantify the 
fate of TPs in the aquatic environment. 

 
• The formation and detection of TPs highlights the need of TPs to be in-

cluded when investigating the environmental fate of organic micropollu-
tants. Detection of certain TPs at higher concentrations even 10 km down-
stream of the WWTP outlet points to a need for (eco)toxicological risk as-
sessments. In addition, in order to reduce the number of TPs neglected by 
regulators, improved transformation estimation tools (especially for abiotic 
transformation processes) are necessary to extend the suspect libraries and 
to reduce the number of overlooked dominant TPs. 

 



Zhe  Li 

 18 

ACKNOWLEDGEMENTS 

“Life is what happens while you are busy making other plans.” 

How true of it when applied to our Ph.D. life! Now that I am approaching the end of this 
journey, I would love to express my sincere gratitude to those people who have been 
supporting me during these years. 

The most special appreciation goes to my supervisors, Anna Sobek and Michael Radke. 
Your faith and confidence in my work and me walked me through this thesis. Anna, you 
are a great mentor and a super wonderful friend. Thank you for sharing your knowledge 
in science and life. I will forever be grateful to you. Michael, it has been an invaluable 
experience working with you. You guided me into the scientific world and provided me 
with great ideas and opportunities, which have helped me to grow. I wish we had been 
working together for a longer period. 

I would also like to express my gratitude to Michael McLachlan. Thank you, Michael, for 
always showing interests in my work and progress. I feel lucky to have the access to your 
knowledge and I enjoy our conversations since day zero (the day I was interviewed). 

To Jon Benskin. Jon, thank you for all the insightful comments. Your enthusiasm and 
working attitude are truly encouraging. 

Special thanks to my supervisors Ian Cousins and Matt MacLeod during my Masterʼs 
thesis work. You showed me how good scientific work is produced and a high standard 
for quality that I will forever be striving to achieve. 

To dear Tomas and Anne-Sofie. I had plenty of good time in the PAX group. Thank you 
for all the support, warmth and kindness along this way. I will miss you a lot! 

To Lotta and Karin N. You are the most helpful and efficient administrative officers that 
we can ever expect. Thank you for taking good care of an important work for us. 

My ~1500 days at ITM+ACES would not have been such delightful without myself being 
surrounded by many wonderful people. Especially I would like to thank Lukas, Leena and 
JooHui. The years sharing office T502 with you were full of joyful memories. Deguo, I am 
forever thankful to your help. Merle, your Ph.D. defence in May 2011 was the first one I 
attended and I saw an outstanding scientist standing there. Thank you for everything, 
especially during these last months. Robin, thank you for all the cheerful talks and en-
couragements. Dämien, thanks for being a good friend and a frequent early-lunch com-
panion. :) Marko, your passion is highly contagious! Dimi, I felt happier each time after 
chatting with you. Berit, I wish we had met earlier. 

To the long-term friendship outside ACES. Xiaole, Ge, Rong, and Kang, you make my 
days in Xiamen-Umeå-Stockholm. All I can say is that I am so lucky to be your friend. 

To my dearest family. I am eternally grateful for your faith in me. Mom and Dad, you are 
the greatest parents. Without your ultimate love and understanding, I would be nowhere. 

To my beloved husband, Lo. Knowing you always being there loving me who I am with 
my flaws and endeavoring to support me under any condition, I have found my path to 
inner peace, even in this dark winter while I am working at my keyboard day and night 
alone. Without you, no single piece of this would make any sense. 



Fate of Pharmaceuticals and Their Transformation Products in Rivers 

 19 

REFERENCES 

Bertelkamp, C., Reungoat, J., Cornelissen, E.R., Singhal, N., Reynisson, J., Cabo, 
A.J., van der Hoek, J.P., Verliefde, A.R.D., 2014. Sorption and biodegradation 
of organic micropollutants during river bank filtration: A laboratory column 
study. Water Res. 52, 231‒241. doi:10.1016/j.watres.2013.10.068 

Bletsou, A.A., Jeon, J., Hollender, J., Archontaki, E., Thomaidis, N.S., 2015. Targeted 
and non-targeted liquid chromatography-mass spectrometric workflows for 
identification of transformation products of emerging pollutants in the aquatic 
environment. TrAC, Trends Anal. Chem. 66, 32‒44. 
doi:10.1016/j.trac.2014.11.009 

Bonvin, F., Omlin, J., Rutler, R., Schweizer, W.B., Alaimo, P.J., Strathmann, T.J., 
McNeill, K., Kohn, T., 2013. Direct photolysis of human metabolites of the an-
tibiotic sulfamethoxazole: evidence for abiotic back-transformation. Environ. 
Sci. Technol. 47, 6746‒6755. doi:10.1021/es303777k 

Boxall, A.B.A., Rudd, M.A., Brooks, B.W., Caldwell, D.J., Choi, K., Hickmann, S., 
Innes, E., Ostapyk, K., Staveley, J.P., Verslycke, T., Ankley, G.T., Beazley, K.F., 
Belanger, S.E., Berninger, J.P., Carriquiriborde, P., Coors, A., DeLeo, P.C., 
Dyer, S.D., Ericson, J.F., Gagné, F., Giesy, J.P., Gouin, T., Hallstrom, L., Karls-
son, M.V., Larsson, D.G.J., Lazorchak, J.M., Mastrocco, F., McLaughlin, A., 
McMaster, M.E., Meyerhoff, R.D., Moore, R., Parrott, J.L., Snape, J.R., Murray-
Smith, R., Servos, M.R., Sibley, P.K., Straub, J.O., Szabo, N.D., Topp, E., 
Tetreault, G.R., Trudeau, V.L., Van Der Kraak, G., 2012. Pharmaceuticals and 
personal care products in the environment: What are the big questions? Envi-
ron. Health Perspect. 120, 1221‒1229. doi:10.1289/ehp.1104477 

Brack, W., Altenburger, R., Schüürmann, G., Krauss, M., López Herráez, D., van 
Gils, J., Slobodnik, J., Munthe, J., Gawlik, B.M., van Wezel, A., Schriks, M., Hol-
lender, J., Tollefsen, K.E., Mekenyan, O., Dimitrov, S., Bunke, D., Cousins, I., 
Posthuma, L., van den Brink, P.J., López de Alda, M., Barceló, D., Faust, M., 
Kortenkamp, A., Scrimshaw, M., Ignatova, S., Engelen, G., Massmann, G., 
Lemkine, G., Teodorovic, I., Walz, K.-H., Dulio, V., Jonker, M.T.O., Jäger, F., 
Chipman, K., Falciani, F., Liska, I., Rooke, D., Zhang, X., Hollert, H., Vrana, B., 
Hilscherova, K., Kramer, K., Neumann, S., Hammerbacher, R., Backhaus, T., 
Mack, J., Segner, H., Escher, B., de Aragão Umbuzeiro, G., 2015. The SOLU-
TIONS project: Challenges and responses for present and future emerging 
pollutants in land and water resources management. Sci. Total Environ. 503-
504, 22‒31. doi:10.1016/j.scitotenv.2014.05.143 

Brezina, E., Prasse, C., Wagner, M., Ternes, T.A., 2015. Why small differences mat-
ter: Elucidation of the mechanisms underlying the transformation of 2OH- 
and 3OH-carbamazepine in contact with sand filter material. Environ. Sci. 
Technol. 49, 10449‒10456. doi:10.1021/acs.est.5b02737 

Celiz, M.D., Tso, J., Aga, D.S., 2009. Pharmaceutical metabolites in the environ-
ment: Analytical challenges and ecological risks. Environ. Toxicol. Chem. 28, 
2473‒2484. 



Zhe  Li 

 20 

Escher, B.I., Fenner, K., 2011. Recent advances in environmental risk assessment 
of transformation products. Environ. Sci. Technol. 45, 3835‒3847. 
doi:10.1021/es1030799 

Fenner, K., Canonica, S., Wackett, L.P., Elsner, M., 2013. Evaluating Pesticide Deg-
radation in the Environment: Blind Spots and Emerging Opportunities. Sci. 
341, 752‒758. doi:10.1126/science.1236281 

Fono, L.J., Kolodziej, E.P., Sedlak, D.L., 2006. Attenuation of wastewater-derived 
contaminants in an effluent-dominated river. Environ. Sci. Technol. 40, 7257‒
7262. doi:10.1021/es061308e 

Gago-Ferrero, P., Schymanski, E.L., Bletsou, A.A., Aalizadeh, R., Hollender, J., Tho-
maidis, N.S., 2015. Extended suspect and non-target strategies to character-
ize emerging polar organic contaminants in raw wastewater with LC-
HRMS/MS. Environ. Sci. Technol. 151007081252001. 
doi:10.1021/acs.est.5b03454 

Gasser, L., Fenner, K., Scheringer, M., 2007. Indicators for the Exposure Assess-
ment of Transformation Products of Organic Micropollutants. Environ. Sci. 
Technol. 41, 2445‒2451. doi:10.1021/es062805y 

Gómez, M.J., Gómez-Ramos, M.M., Malato, O., Mezcua, M., Férnandez-Alba, A.R., 
2010. Rapid automated screening, identification and quantification of organic 
micro-contaminants and their main transformation products in wastewater 
and river waters using liquid chromatography-quadrupole-time-of-flight mass 
spectrometry with an accurate-mass database. J. Chromatogr. A 1217, 7038‒
7054. doi:10.1016/j.chroma.2010.08.070 

Gulde, R., Helbling, D.E., Scheidegger, A., Fenner, K., 2014. pH-Dependent bio-
transformation of ionizable organic micropollutants in activated sludge. Envi-
ron. Sci. Technol. 48, 13760‒13768. doi:10.1021/es5037139 

Hass, U., Duennbier, U., Massmann, G., 2012. Occurrence and distribution of psy-
choactive compounds and their metabolites in the urban water cycle of Berlin 
(Germany). Water Res. 46, 6013‒6022. doi:10.1016/j.watres.2012.08.025 

Helbling, D.E., Hollender, J., Kohler, H.-P.E., Singer, H., Fenner, K., 2010. High-
throughput identification of microbial transformation products of organic mi-
cropollutants. Environ. Sci. Technol. 44, 6621‒6627. doi:10.1021/es100970m 

Herrmann, M., Menz, J., Olsson, O., Kümmerer, K., 2015. Identification of photo-
transformation products of the antiepileptic drug gabapentin: Biodegradability 
and initial assessment of toxicity. Water Res. 85, 11‒21. doi:10.1016/j.wa-
tres.2015.08.004 

Howard, P.H., Muir, D.C.G., 2011. Identifying new persistent and bioaccumulative 
organics among chemicals in commerce II: Pharmaceuticals. Environ. Sci. 
Technol. 45, 6938‒6946. doi:10.1021/es201196x 

Huntscha, S., Rodriguez Velosa, D.M., Schroth, M.H., Hollender, J., 2013. Degrada-
tion of polar organic micropollutants during riverbank filtration: Complemen-
tary results from spatiotemporal sampling and push‒pull tests. Environ. Sci. 
Technol. 47, 11512‒11521. doi:10.1021/es401802z 



Fate of Pharmaceuticals and Their Transformation Products in Rivers 

 21 

Huntscha, S., Singer, H.P., McArdell, C.S., Frank, C.E., Hollender, J., 2012. Multi-
residue analysis of 88 polar organic micropollutants in ground, surface and 
wastewater using online mixed-bed multilayer solid-phase extraction coupled 
to high performance liquid chromatography‒tandem mass spectrometry. J. 
Chromatogr. A 1268, 74‒83. doi:10.1016/j.chroma.2012.10.032 

Jelic, A., Rodriguez-Mozaz, S., Barceló, D., Gutierrez, O., 2015. Impact of in-sewer 
transformation on 43 pharmaceuticals in a pressurized sewer under anaero-
bic conditions. Water Res. 68, 98‒108. doi:10.1016/j.watres.2014.09.033 

Kern, S., Baumgartner, R., Helbling, D.E., Hollender, J., Singer, H., Loos, M.J., 
Schwarzenbach, R.P., Fenner, K., 2010. A tiered procedure for assessing the 
formation of biotransformation products of pharmaceuticals and biocides dur-
ing activated sludge treatment. J. Environ. Monit. 12, 2100‒12. 
doi:10.1039/c0em00238k 

Kern, S., Fenner, K., Singer, H.P., Schwarzenbach, R.P., Hollender, J., 2009. Identi-
fication of transformation products of organic contaminants in natural waters 
by computer-aided prediction and high-resolution mass spectrometry. Envi-
ron. Sci. Technol. 43, 7039‒7046. doi:10.1021/es901979h 

Kern, S., Singer, H., Hollender, J., Schwarzenbach, R.P., Fenner, K., 2011. As-
sessing exposure to transformation products of soil-applied organic contami-
nants in surface water: Comparison of model predictions and field data. Envi-
ron. Sci. Technol. 45, 2833‒2841. doi:10.1021/es102537b 

Kibbey, T.C.G., Paruchuri, R., Sabatini, D.A., Chen, L., 2007. Adsorption of beta 
blockers to environmental surfaces. Environ. Sci. Technol. 41, 5349‒5356. 
doi:10.1021/es070152v 

Kormos, J.L., Schulz, M., Wagner, M., Ternes, T.A., 2009. Multistep approach for 
the structural identification of biotransformation products of iodinated X-ray 
contrast media by liquid chromatography/hybrid triple quadrupole linear ion 
trap mass spectrometry and 1H and 13C nuclear magnetic resonance. Anal. 
Chem. 81, 9216‒9224. doi:10.1021/ac9011717 

Krauss, M., Singer, H., Hollender, J., 2010. LC‒high resolution MS in environmental 
analysis: from target screening to the identification of unknowns. Anal. Bio-
anal. Chem. 397, 943‒951. doi:10.1007/s00216-010-3608-9 

Kunkel, U., Radke, M., 2012. Fate of pharmaceuticals in rivers: Deriving a bench-
mark dataset at favorable attenuation conditions. Water Res. 46, 5551‒5565. 
doi:10.1016/j.watres.2012.07.033 

Kunkel, U., Radke, M., 2011. Reactive tracer test to evaluate the fate of pharma-
ceuticals in rivers. Environ. Sci. Technol. 45, 6296‒6302. 
doi:10.1021/es104320n 

Kunkel, U., Radke, M., 2008. Biodegradation of acidic pharmaceuticals in bed sedi-
ments: Insight from a laboratory experiment. Environ. Sci. Technol. 42, 7273‒
7279. doi:10.1021/es801562j 

Lewandowski, J., Putschew, A., Schwesig, D., Neumann, C., Radke, M., 2011. Fate 
of organic micropollutants in the hyporheic zone of a eutrophic lowland 



Zhe  Li 

 22 

stream: Results of a preliminary field study. Sci. Total Environ. 409, 1824‒
1835. doi:10.1016/j.scitotenv.2011.01.028 

Lin, A.Y.-C., Reinhard, M., 2005. Photodegradation of common environmental 
pharmaceuticals and estrogens in river water. Environ. Toxicol. Chem. 24, 
1303‒1309. doi:10.1897/04-236R.1 

Löffler, D., Römbke, J., Meller, M., Ternes, T.A., 2005. Environmental fate of phar-
maceuticals in water/sediment systems. Environ. Sci. Technol. 39, 5209‒
5218. doi:10.1021/es0484146 

McEneff, G., Barron, L., Kelleher, B., Paull, B., Quinn, B., 2014. A year-long study of 
the spatial occurrence and relative distribution of pharmaceutical residues in 
sewage effluent, receiving marine waters and marine bivalves. Sci. Total Envi-
ron. 476-477, 317‒326. doi:10.1016/j.scitotenv.2013.12.123 

Moschet, C., Götz, C., Longrée, P., Hollender, J., Singer, H., 2013a. Multi-Level Ap-
proach for the Integrated Assessment of Polar Organic Micropollutants in an 
International Lake Catchment: The Example of Lake Constance. Environ. Sci. 
Technol. 7028‒7036. doi:10.1021/es304484w 

Moschet, C., Piazzoli, A., Singer, H., Hollender, J., 2013b. Alleviating the Reference 
Standard Dilemma Using a Systematic Exact Mass Suspect Screening Ap-
proach with Liquid Chromatography-High Resolution Mass Spectrometry. 
Anal. Chem. 85, 10312‒10320. doi:10.1021/ac4021598 

Moschet, C., Wittmer, I., Simovic, J., Junghans, M., Piazzoli, A., Singer, H., Stamm, 
C., Leu, C., Hollender, J., 2014. How a complete pesticide screening changes 
the assessment of surface water quality. Environ. Sci. Technol. 48, 5423‒
5432. doi:10.1021/es500371t 

Negreira, N., Regueiro, J., López de Alda, M., Barceló, D., 2015. Degradation of the 
anticancer drug erlotinib during water chlorination: Non-targeted approach 
for the identification of transformation products. Water Res. 85, 103‒113. 
doi:10.1016/j.watres.2015.08.005 

Padhye, L.P., Yao, H., Kung'u, F.T., Huang, C.-H., 2014. Year-long evaluation on 
the occurrence and fate of&nbsp;pharmaceuticals, personal care products, 
and&nbsp;endocrine disrupting chemicals in an urban drinking water treat-
ment plant. Water Res. 51, 266‒276. doi:10.1016/j.watres.2013.10.070 

Petrie, B., Barden, R., Kasprzyk-Hordern, B., 2015. A review on emerging contami-
nants in wastewaters and the environment: Current knowledge, understudied 
areas and recommendations for future monitoring. Water Res. 72, 3‒27. 
doi:10.1016/j.watres.2014.08.053 

Picó, Y., Barceló, D., 2015. Transformation products of emerging contaminants in 
the environment and high-resolution mass spectrometry: a new horizon. Anal. 
Bioanal. Chem. 407, 6257‒6273. doi:10.1007/s00216-015-8739-6 

Prasse, C., Stalter, D., Schulte-Oehlmann, U., Oehlmann, J., Ternes, T.A., 2015. 
Spoilt for choice: A critical review on the chemical and biological assessment 
of current wastewater treatment technologies. Water Res. 87, 237‒270. 
doi:10.1016/j.watres.2015.09.023 



Fate of Pharmaceuticals and Their Transformation Products in Rivers 

 23 

Prasse, C., Wagner, M., Schulz, R., Ternes, T.A., 2011. Biotransformation of the an-
tiviral drugs acyclovir and penciclovir in activated sludge treatment. Environ. 
Sci. Technol. 45, 2761‒2769. doi:10.1021/es103732y 

Qu, S., Kolodziej, E.P., Long, S.A., Gloer, J.B., Patterson, E.V., Baltrusaitis, J., Jones, 
G.D., Benchetler, P.V., Cole, E.A., Kimbrough, K.C., Tarnoff, M.D., Cwiertny, 
D.M., 2013. Product-to-parent reversion of trenbolone: Unrecognized risks for 
endocrine disruption. Sci. 342, 347‒351. doi:10.1126/science.1243192 

Radke, M., Maier, M.P., 2014. Lessons learned from water/sediment-testing 
of pharmaceuticals. Water Res. 55, 63‒73. doi:10.1016/j.watres.2014.02.012 

Radke, M., Ulrich, H., Wurm, C., Kunkel, U., 2010. Dynamics and attenuation of 
acidic pharmaceuticals along a river stretch. Environ. Sci. Technol. 44, 2968‒
2974. doi:10.1021/es903091z 

Ramil, M., Aref, El, T., Fink, G., Scheurer, M., Ternes, T.A., 2010. Fate of beta 
blockers in aquatic-sediment systems: Sorption and biotransformation. Envi-
ron. Sci. Technol. 44, 962‒970. doi:10.1021/es9027452 

Richardson, S.D., Ternes, T.A., 2014. Water analysis: Emerging contaminants and 
current issues. Anal. Chem. 86, 2813‒2848. doi:10.1021/ac500508t 

Riml, J., Wörman, A., Kunkel, U., Radke, M., 2013. Evaluating the fate of six com-
mon pharmaceuticals using a reactive transport model: Insights from a 
stream tracer test. Sci. Total Environ. 458-460, 344‒354. doi:10.1016/j.sci-
totenv.2013.03.077 

Ruff, M., Mueller, M.S., Loos, M., Singer, H.P., 2015. Quantitative target and sys-
tematic non-target analysis of polar organic micro-pollutants along the river 
Rhine using high-resolution mass-spectrometry ‒ Identification of unknown 
sources and compounds. Water Res. 87, 145‒154. doi:10.1016/j.wa-
tres.2015.09.017 

Schlüsener, M.P., Kunkel, U., Ternes, T.A., 2015. Quaternary triphenylphosphonium 
compounds: A new class of environmental pollutants. Environ. Sci. Technol. 
xxx, xxx-xxx. doi:10.1021/acs.est.5b03926 

Schlüter-Vorberg, L., Prasse, C., Ternes, T.A., Mückter, H., Coors, A., 2015. Toxifi-
cation by Transformation in Conventional and Advanced Wastewater Treat-
ment: The Antiviral Drug Acyclovir. Environ. Sci. Technol. Lett. xxx, xxx‒xxx. 
doi:10.1021/acs.estlett.5b00291 

Schollée, J.E., Schymanski, E.L., Avak, S.E., Loos, M., Hollender, J., 2015. Prioritiz-
ing unknown transformation products from biologically-treated wastewater 
using high-resolution mass spectrometry, multivariate statistics, and meta-
bolic logic. Anal. Chem. xxx, xxx-xxx. doi:10.1021/acs.analchem.5b02905 

Schwarzenbach, R.P., 2006. The challenge of micropollutants in aquatic systems. 
Sci. 313, 1072‒1077. doi:10.1126/science.1127291 

Schymanski, E.L., Jeon, J., Gulde, R., Fenner, K., Ruff, M., Singer, H.P., Hollender, 
J., 2014. Identifying small molecules via high resolution mass spectrometry: 
Communicating confidence. Environ. Sci. Technol. 48, 2097‒2098. 
doi:10.1021/es5002105 



Zhe  Li 

 24 

Schymanski, E.L., Singer, H.P., Slobodnik, J., Ipolyi, I.M., Oswald, P., Krauss, M., 
Schulze, T., Haglund, P., Letzel, T., Grosse, S., Thomaidis, N.S., Bletsou, A., 
Zwiener, C., Ibáñez, M., Portolés, T., de Boer, R., Reid, M.J., Onghena, M., 
Kunkel, U., Schulz, W., Guillon, A., Noyon, N., Leroy, G., Bados, P., Bogialli, S., 
Stipaničev, D., Rostkowski, P., Hollender, J., 2015. Non-target screening with 
high-resolution mass spectrometry: critical review using a collaborative trial 
on water analysis. Anal. Bioanal. Chem. 407, 6237‒6255. doi:10.1007/s00216-
015-8681-7 

Singh, R.R., Lester, Y., Linden, K.G., Love, N.G., Atilla-Gokcumen, G.E., Aga, D.S., 
2015. Application of metabolite profiling tools and time-of-flight mass spec-
trometry in the identification of transformation products of iopromide and io-
pamidol during advanced oxidation. Environ. Sci. Technol. 49, 2983‒2990. 
doi:10.1021/es505469h 

Trautwein, C., Berset, J.-D., Wolschke, H., Kümmerer, K., 2014. Occurrence of the 
antidiabetic drug Metformin and its ultimate transformation product Guanylu-
rea in several compartments of the aquatic cycle. Environ. Int. 70, 203‒212. 
doi:10.1016/j.envint.2014.05.008 

Tülp, H.C., Fenner, K., Schwarzenbach, R.P., Goss, K.-U., 2009. pH-Dependent 
sorption of acidic organic chemicals to soil organic matter. Environ. Sci. Tech-
nol. 43, 9189‒9195. doi:10.1021/es902272j 

Wang, X.-H., Lin, A.Y.-C., 2012. Phototransformation of cephalosporin antibiotics 
in an aqueous environment results in higher toxicity. Environ. Sci. Technol. 46, 
12417‒12426. doi:10.1021/es301929e 

West, C.E., Rowland, S.J., 2012. Aqueous Phototransformation of Diazepam and 
Related Human Metabolites under Simulated Sunlight. Environ. Sci. Technol. 
46, 4749‒4756. doi:10.1021/es203529z 

Writer, J.H., Ferrer, I., Barber, L.B., Thurman, E.M., 2013. Widespread occurrence of 
neuro-active pharmaceuticals and metabolites in 24 Minnesota rivers and 
wastewaters. Sci. Total Environ. 461-462, 519‒527. doi:10.1016/j.sci-
totenv.2013.04.099 

Wunder, D.B., Bosscher, V.A., Cok, R.C., Hozalski, R.M., 2011. Sorption of antibiot-
ics to biofilm. Water Res. 45, 2270‒2280. doi:10.1016/j.watres.2010.11.013 

Yamamoto, H., Nakamura, Y., Moriguchi, S., Nakamura, Y., Honda, Y., Tamura, I., 
Hirata, Y., Hayashi, A., Sekizawa, J., 2009. Persistence and partitioning of 
eight selected pharmaceuticals in the aquatic environment: Laboratory pho-
tolysis, biodegradation, and sorption experiments. Water Res. 43, 351‒362. 
doi:10.1016/j.watres.2008.10.039 

Zonja, B., Delgado, A., Pérez, S., Barceló, D., 2015. LC-HRMS suspect screening 
for detection-based prioritization of iodinated contrast media photodegra-
dates in surface waters. Environ. Sci. Technol. 49, 3464‒3472. 
doi:10.1021/es505250q 




